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Abstract. Nitrous oxide (NO) is a trace gas that contributes isotopic measurements orp® from these cultures to iden-
to the greenhouse effect and stratospheric ozone depletiotify the biochemical mechanisms behind variations iFON
The NO yield from nitrification (moles MO-N produced yield. Based on measurementss8PNPUK site preference
per mole ammonium-N consumed) has been used to estiSP =s1°N“—§1°N#), ands180 of N,O (§180-N,0), we esti-
mate marine MO production rates from measured nitrifi- mate that nitrifier-denitrification produced between 11% and
cation rates and global estimates of oceanic export produc26% of N,O from cultures grown under 20%2>Gnd 43%
tion. However, the MO yield from nitrification is not con- to 87% under 0.5% & We also demonstrate that a posi-
stant. Previous culture-based measurements indicate théive correlation between SP aatfO-N,O is expected when
N>O yield increases as oxygen{Jaoncentration decreases nitrifying bacteria produce pD. A positive relationship be-
and as nitrite (N@) concentration increases. Here, we have tween SP and80-N,O has been observed in environmental
measured yields of pO from cultures of the maring- N2O datasets, but until now, explanations for the observation
proteobacteriunNitrosomonas marin&-113a as they grew invoked only denitrification. Such interpretations may over-
on low-ammonium (50 uM) media. These yields, which were estimate the role of heterotrophic denitrification and underes-
typically between 4 10~4 and 7x 10~ for cultures with  timate the role of ammonia oxidation in environmentalN
cell densities betweenx210? and 21 x 10* cells mi-1, were  production.

lower than previous reports for ammonia-oxidizing bacte-
ria. The observed impact of &oncentration on yield was
also smaller than previously reported under all conditions] |ntroduction

except at high starting cell densities§k 10° cells mi-1),

where 160-fold higher yields were observed at 0.5% O The atmospheric concentration of the greenhouse gas nitrous
(5.1uM dissolved @) compared with 20% ©(203 uM dis-  oxide (N,O) has risen steadily over the last century. Pro-
solved Q). At lower cell densities (% 107 and 21x 10" cesses in the microbial nitrogen cycle are the largest source
cellsmit), cultures grown under 0.5%:Chad yields that  of atmospheric MO and 20% of this source may come from
were only 1.25- to 1.73-fold higher than cultures grown un-the oceansIPCC, 2007. Humans have greatly increased
der 20% Q. Thus, previously reported many-fold increases the amount of fixed nitrogen entering the ocea@alloway

in N20 yield with dropping Q could be reproduced only at et al, 1995, and the functioning of marine microbial ecosys-
cell densities that far exceeded those of ammonia oxidizers inems is shifting in responsé&lweiler et al, 2007 Beman

the ocean. The presence of excess,NOp to 1 mM) inthe et al, 2005 Nagqvi et al, 2000. Understanding the impact of
growth medium also increasecb@ yields by an average of anthropogenic activity on the size of the maringNsource
70% to 87% depending on@oncentration. We made stable requires knowledge of which microbes are involved isCN
production and how the production is controlled by chemical
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Nitrification, and in particular ammonia oxidation, is tase (NOR, encoded by the gemarB). All of the ammonia-

thought to dominate pD production in oxic water columns
(Elkins et al, 1978 Cohen and Gordqnl979 Goreau
et al, 1980 Ostrom et al.200Q Popp et al.2002. Over-
saturations of dissolved 40 (AN2O, nmol L‘l) are of-

oxidizing bacteria that have been screened to date contain
the nirk andnorB genes Casciotti and Ward2001;, Shaw
et al, 2006 Casciotti and Ward2005 Cantera and Stejn
2007 Norton et al, 2008 Arp et al, 2007, and the conver-

ten positively correlated with apparent oxygen utilization sion of 1°NO, to 1°N,O has been demonstrated in several

(AOU, pmolL™1) (Yoshinarj 1976 Cohen and Gordgn
1978 Elkins et al, 1978. AOU is a tracer of organic matter

genera Poth and Fochtl985 Shaw et al.2006. Archaeal
ammonia oxidizers also appear to possess andnorB ho-

remineralization. Therefore, the direct relationship betweenmologs {reusch et a).2005 Hallam et al, 2006 Walker

AOU and AN2O is taken as evidence thab® is produced
as nitrifying organisms convert regeneratedgN6iNO, and
NO;.

Stoichiometric relationships among 2@ production,

et al, 2010 but it is not known whether the proteins encoded
by these genes are involved in® production.

The enzymes involved in nitrifier-denitrification are ho-
mologous to those found in a subset of heterotrophic deni-

NO; regeneration, and AOU have been used to convertrifying bacteria. However, unlike heterotrophic denitrifica-

oceanographic nutrient anc@ata to estimates of XD pro-
duction (e.g.Codispoti and Christensgh985 Fuhrman and
Capone 199% Jin and Gruber2003 Suntharalingam and
Sarmient92000 or to use NO concentration data to calcu-
late nitrification rates (e.gl,aw and Ling 2001). However,
there is not a universal AOUAD ratio and linear AOU:NO
relationships break down unpredictably in lovg-@nviron-
ments Cohen and Gordqri979. Several different factors
may contribute to this break-down: 1) at low ©oncentra-

tion, nitrifier-denitrification may not be a strictly anaerobic
process $haw et al. 200§. Ammonia-oxidizing bacteria
expressnirkK in aerobic environments in response to NO
(Beaumont et aJ.2004) and it has been hypothesized that
NIR’'s main role is in detoxifying NQ (Poth and Focht
1985 Beaumont et al.2002. Nevertheless, a role for O

is suggested by the fact thairK expression increases in
low-O> conditions Beaumont et al.2004, and yields of
N2O from cultures of ammonia-oxidizing bacteria increase

tions, ammonia-oxidizing bacteria produce higher yields of more than 40-fold when £concentrations drop below 5 puM

N2O per mole of NH oxidized Goreau et a).198Q Lip-
schultz et al.1981; Jorgensen et al1984), 2) heterotrophic
denitrifying bacteria produce morez® in low-O, condi-
tions Knowles et al. 1981, Payne et a).19717), 3) in stably

(Goreau et a).1980.

N2O with biologically distinct origins can be identified
using stable isotopic signatures. The oxygen isotopic sig-
nature §180-N,0) has been used to distinguish nitrifica-

anoxic environments denitrifying bacteria are net consumergion and denitrification MO sources @strom et al. 200Q

of N20O, which they reduce to nitrogen gasyNCline et al,

Toyoda et al.2005 Wrage et al.2005 Kool et al, 2007).

1987, and 4) mixing between waters with different chemical The §180 of N,O depends on the proportion of oxygen in

properties influences the slopes of AOYMllinear regres-
sions (Nevison et al.2003. There is also potential niche
overlap among nitrifiers and denitrifiers in lowy@nviron-

N2O that is derived from @vs. HO, as well as any frac-
tionation factors associated with incorporation or loss of the
oxygen atoms in the metabolic precursors ofON(Fig. 1)

ments, making it especially difficult to distinguish between (Casciotti et al. 2010. N»>O derived from NHOH con-
these two NO sources. Ammonia-oxidizing bacteria are tains only oxygen atoms from Owhereas NO produced

able to thrive at low @ concentrationsGarlucci and Mc-
Nally, 1969 Goreau et a).1980 Codispoti and Christensen

by nitrifier-denitrification or heterotrophic denitrification de-

pends on the&'80 of NO, (and thes'80 of NO3, in the

1985 and it has been suggested that denitrification occursase of heterotrophic denitrification), which is derived from
in oxic ocean waters in the anaerobic interiors of organicboth @ and HO (Andersson et al.1982 Casciotti et al.

particles Yoshida et al.1989 Alldredge and Coherl987).
To understand how the JO budget may respond to global

201Q Buchwald and Casciott?010. Since thes180 values
of marine HO are typically at least 20%o less than those of

change, we need methods for determining the individual condissolved @ (Kroopnick and Craig1976, marine NO pro-

tributions of nitrification and denitrification to thesl bud-
get.
Understanding the PO source from ammonia-oxidizing

duced with different amounts of oxygen fromp® and G

will reflect this in thes180 signature. Indeed, positive corre-

lations between oceanograplt®0-0, ands180-N,O data

bacteria is particularly complicated because these organismisave been interpreted as evidence that th® Ié a product
contain two distinct NO-producing pathways that may re- of nitrification because oxygen fromy@s most directly in-
spond differently to geochemical controls. One pathway iscorporated into MO through NHOH during NH; oxidation

the oxidative decomposition of hydroxylamine (MBH), or
one of its derivatives, during the conversion of jtd NO,

(Ostrom et al.200Q Andersson and Hoopget983.
However, there may be isotope effects associated with the

(Hooper and Terry1979. The other mechanism, known as incorporation of oxygen atoms fromyx@nd HO into N,O

nitrifier-denitrification, is the sequential reduction of KO

(Casciotti et al. 2010. If these isotope effects are signif-

to NO and then MO by the action of the nitrite reductase icant and variable among different species of ammonia ox-

(NIR, encoded by the gemerK) and the nitric oxide reduc-
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idizers, it may prove difficult to extract source information
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2H,0 taneously, failure to account for this mixing may cause errors
in these end-member SP estimates. HONfrom NH,OH
H,O decomposition has a SP that is much higher than the SP of

J N>O from nitrifier-denitrification, as proposed Butka et al.

2 NH;=»2 NH,OH—>»2 NO, (2003 2004 2006, then source mixing would cause under-
estimation of the SP of N)OH decomposition and overesti-

H,O (_/l /i\-) 2 H,0 mation of the SP of nitrifier-denitrification.
Here we have used!®0-N,O and SP measurements

“Ew 2 NO . .
0, N,O to make mixing-corrected estimates of the end-member
\ / \i\_} H,O SP values for NO produced by NHOH decomposition
BEnH,0m and nitrifier-denitrification by the marine ammonia-oxidizing
2 acteriumNitrosomonas marin&-113a. These end-member
N,O bacteriumiit €-113a. Th d b
values were then used to calculate th€Nyields from nitri-
Fig. 1. During ammonia oxidation, the Oxygelnsatoms incorporated fication and nitrifier-denitrification in different growth con-
into N2O come from either @ or H,O. Thes™®0-N2O depends  djtions, including a range of Hheadspace concentrations
upon the isotopic signatures of these two substrates as well as iSC(QO% 2%, and 0.5%), excess §@0.2 to 1 mM), at different
tope effects %) that may be a§sgciated with the individual forma- .| gensities, and in the presence of nitrite-oxidizing bacte-
tion F‘“eChaf"?f.“Sathmx.V'?m'g %nH20H) decomposition and ria. Each experiment was carried out with an eye towards
nitrifier-denitrification of nitrite {8p). . . . .,
simulating environmental conditions more closely than pre-
vious studies by using growth medium that contains a frac-

based on oxygen isotopes alone. Furthermoresth@ of tion 9f the_ N"H presgnt in commonly used recipes for am-
N,O produced by ammonia-oxidizing bacteria may changeMonia oxidizer media (S0uM vs. 5 to 10mM B and
depending on what fraction of the oxygen atoms are delower cell densities.
rived from & (via NH,OH decomposition and nitrifier-
denitrification) vs. HO (via nitrifier-denitrification) (Fig. 1).
The 1°N site preference (SP) is another isotopic signa-
ture used to interpret environmentai® data Toyoda et al.
2002 Sutka et al. 2003 2004 Toyoda et al. 2005 Sutka
et al, 2006 Koba et al, 2009. SP as defined bjoyoda and
Yoshida(1999 is the difference in the isotopic enrichment of
the internal &) and external £) nitrogen atoms in the linear
N20O molecule:

2 Materials and methods
2.1 Culture maintenance and experimental setup

Nitrosomonas marinaC-113a cultures were maintained
semi-continuously in Watson medium containing 5mM
NHI (Watson 1965. All maintenance cultures were kept
in the dark at 22C with shaking at 100 rpm. The cultures
SP= s15N® — §15N5. used to inoculate experiments were periodically tested for
heterotrophic contamination as follows: 1 ml of each culture
Unlike 8180 and §°NbUk values, SP is thought to reflect was added to 2 ml of a sterile 1:4 mixture of tryptic soy broth
the NbO production mechanism while remaining indepen- and artificial seawater and incubated 3 to 4 weeks in aerated
dent of the substrate’s isotopic signature. This is becausgulture tubes. Contamination was of particular concern dur-
the reactions that produce® involve two identical precur-  ing experiments on high density C-113a cultures because the
sor molecules (either NO or NiDH) (Toyoda et al. 2002 abundance of cellular material was a potential source of or-
Schmidt et al. 2004 that are presumably drawn simultane- ganic substrate for the growth of heterotrophic denitrifiers,
ously from the same substrate pool. SP measurements madéhich can also produce D at low G, concentrations. For
on N,O produced by ammonia-oxidizing bacteria and deni-this reason, additional purity tests were done by inoculat-
trifying bacteria support this ides(tka et al.200§. Cul-  ing 5ml of each high density culture (16 10°cells mi~t)
tures of ammonia-oxidizing bacteria producgONwith a SP into 10 ml of the sterile tryptic soy/artificial seawater mix-
of about 33.5%. via NHOH decomposition. However, inthe ture amended with 1 mM NaNO These cultures were in-
presence of NQ and low G concentrations, the same bac- cubated in closed, inverted 15 ml centrifuge tubes for 3 to 4
teria make NO with a SP that is closer to that of denitrifying weeks. All tubes remained free of turbidity and showed no

bacteria ¢0.8%o) (Sutka et al.2003 2004 2009. production of gas bubbles that would indicate heterotrophic
Previous workers have estimated the “end-member” Spdenitrification.
signatures for the two different sources gfin ammonia Experiments were carried out in 545 ml glass serum bot-

oxidizer cultures by manipulating Oconcentrations in or-  tles (Wheaton, 223952) that contained 100 ml sterile Wat-
der to favor production via one process over the otBetka ~ son medium with 50uM NEi. Parallel experiments in

et al, 2003 2004 2006. However, since NBOH decompo-  80-enriched water were set up by adding 1 ml of 5000%o
sition and nitrifier-denitrification can give rise teM simul- §180-H,0 into each bottle. The headspace of each bottle

www.biogeosciences.net/7/2695/2010/ Biogeosciences, 7, 28992010
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was sealed using 30 mm gray butyl rubber septa (Wheatorhottle (by purging and trapping, see below) on a Finnigan

224100-331) and aluminum crimps (Wheaton, 224187-01) Delta-YS Isotope ratio mass spectrometer (IRMS) and us-

Atmospheric @ and NO were removed by purging for 3h ing the linear relationship between peak areandéf 44 and

with N flowing at> 60 mImin—! and appropriate amounts nanomoles of MO to determine total ND. The average

of high-purity O (5180 =+ 25.3%0) were injected back into blank determined by analyzing bottles flushed with high-

each headspace to achieve 20%, 2%, or 0.5%0/4Y) (203, purity N> was 0.08+ 0.04 nmol NO.

20, or 5 uM dissolved @ respectively). Headspace@nd

N,O concentrations were checked before and after each ex2.3 Isotopic analyses

periment by electron capture gas chromatography (see be-

low). The ratio of headspace to liquid volumes was such thaisotopic analyses of }0 were conducted using a Finni-

complete NH oxidation consumed less than 10% of the total gan Delt&-YS XP IRMS. Bottles were purged with He and

O, in the lowest Q headspaces. N>O was cryo-trapped on-line with a custom-built purge and
Immediately before each experiment, 1-21 of late expo-trap system Nicllvin and Casciotti 2010 operated man-

nential or early stationary phase cultures were centrifuged/ally with 545ml serum bottles. The following modifi-

at 100009 for 30min, washed to remove residual jNH cations made large volume gas extraction possible: bot-

and NG, and re-suspended in 30 ml sterile media without tlés were loaded manually, the helium flow rate was in-

NH; . Experiments were initiated by the injection of 500 p creased to 60mimin', and the purge time was extended

of washed and resuspended cells into each bottle. In th& 45min. As described iMcllvin and Casciotti(2010),

co-culture experiments, ammonia oxidizers with cell den-CO2 Was largely removed from the gas stream by passage

sities of approximately 2 10° cells mi-! were added with ~ through a Carbosorb trap, then,® was separated from

washed and resuspended cells of the nitrite oxiditio-  'eSidual CQ using a capillary column (25m 0.32mm)
coccus mobilig10f cells mi-2). lined with Poraplot-Q before injection into the mass spec-

Initial and final cell densities were measured in samplesifOMeter through an open split. Mass/cha(gez) peak
preserved with 2% formalin (0.22-um filtered) by making areas were automatically integrated using Isodat 2.0 soft-

18 15pbulk 515 15
microscopic counts of DAPI-stained cells, or by using flu- Ware. Values foB="0-Nz0, NI, 57N, and § NP
orescence assisted flow cytometry (FACS) to count SYBRWEre obtained from the 45/44, 46/44, and 31/30 peak area
green-stained cells on a FACS Calibur flow cytometer (Bec-atios and referenced to our laboratory'stank as de-

ton Dickinson). Uninoculated bottles served as a control forS¢ribed in Aigpendix Ao‘ This reference t&nkbumfs Pse%n cal-
abiotic NbO production and were analyzed in parallel with ibrated foré™*0-N20 (%o vs. VSMOW), 67N, §™N¢,

15 -
experimental bottles. All bottles were incubated in the dark2nd? NP (%o vs. AIR) by S. Toyoda (Tokyo Institute of

at room temperature with constant shaking. The progress oi'echnology). 'Flurtr}ermore, tTFz UIg’OtOpomer-spemﬁngNO
NH3 oxidation was monitored by measuring accumulation of ragme’?t ion yields for our De XP were determined
NO, and disappearance of I\jHrom the medium (see be- for the ion source conditions used in these measurements

low). Once NH; oxidation was complete, experiments were (see Appendix B). For quality-control, two or three tropo-
terminated by injecting each bottle with 1 ml of 6 M NaOH, spher_|c NO samples were analyzed between every 7 to_ 10
lysing the cells. experimental samples to check the consistency of our iso-

topomer analyses. These samples were created by allowing
2.2 Chemical analyses 100 ml of artificial seawater to equilibrate with outside air
in 545 mL serum bottles, sealing the bottles, and analyzing
The concentrations of NH were determined colorimetri- them as described above. Triplicate samples of tropospheric
cally by the phenol-hypochlorite metho8dlorzangp1969  N20 from Woods Hole, MA analyzed during a typical run
and NQ; concentrations were determined by the Griess-hads™N® = 15.0=+ 0.1%o, §'>NF = —1.9+ 0.1%o,5'%0 =
llosvay colorimetric methodRai and Yang1990 using a  44.4%0.2%o, 8NP =651 0.1%,, SP =16.% 0.1%0, and
1cm path-length flow cell. Headspace @oncentrations M/z44 peak area=15460.2mV-s (7.8 0.1 nmol).
were determined using a gas chromatograph witiNaelec- We also measured tt3é%0 ands'®N of NO; that was pro-
tron capture detector (Shimadzu GC-8A). Theg@aks from  duced by cultures as Ny-oxidation progressed. NPOwas
20 to 250 pl injections of sample headspace were recordedonverted to MO using the azide method developed\bgll-
and integrated using Shimadzu EZStart software (v.7.2.1)vin and Altabet(2005. The conversion to pD was carried
Sample peak areas were calibrated with standard injectionsut immediately after sampling to avoid shifts in the oxy-
of air. Headspace D concentrations were also measured gen isotopic values by abiotic exchange with waagciotti
before and after each experiment using the GC-8A. Samplet al, 2007) or continued biological production of NOfrom
peak areas were calibrated against commercigD Mix- residual NH. Individual sample volumes were adjusted so
tures (10, 1, and 0.1 ppm) and fresh atmospheric air (apthat a consistentamount ob® (5 or 10 nmol) was produced
proximately 320 ppb). When total headspacgONvas less  for each set of azide reactions. Each sample set included
than 20 nmol, NO was quantified by analyzing the whole at least three sets of three different NGtandards (N-23,

Biogeosciences, 7, 269809 2010 www.biogeosciences.net/7/2695/2010/
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N-7373, and N-10219Casciotti et al.2007) that were used

to calculate samplé'>-NO; (%o vs. AIR) and$80-NO,

(%0 vs. VSMOW) values. These samples were analyzed in
20 ml headspace vials using the autosampler setup described
by Casciotti et al(2002, modified with the addition of an
—60°C ethanol trap and column backflus¥llvin and Cas-
ciotti, 2010.

m 1.5x10°+/- 1.4 x 10° cells mI™*
@ 2.1x10% +/- 2.9 x 10° cells mI™*
o ~2x 10 cells mi™*

220510

8x10™
!

6
|

3 Results and discussion
%%

W
AN
N
N |
¥
DY

Nitrifier-denitrification depends on the presence of N©
produce NO (Ritchie and Nicholas1972 Poth and Focht
1985 Yoshida 1988, and the accumulation of NOin envi-
ronments such as oxygen deficient zones (ODZs) could con-
tribute to increased O production in these regions. To date, ~
the roles of substrate concentration and cell density in de- -

N,O yield (N-N,O / N-NH,")
4
|

termining NbO yield have not been systematically investi- Z -Z Z
gated. This study was designed to test the impact.of@l © - ‘ A L
NO, concentrations on the D yield of marine ammonia- 20% 02 202 0:5% 02
oxidizing bacteria at a lower substrate (R)Htoncentration,
and at a broader and lower range of cell densities than an
previous work. NO yield data are presented in the same
form used in oceanographico® studies so that yields are
the fraction of N-atoms converted to,® out of the total
amount of NH that is oxidized (i.e. Z moles NO/moles
NHz). In other words, a yield of % 10~ indicates that 1 in
every 2000 N-atoms from oxidized NHvill go into an NbO
molecule.

Fig. 2. N»O yields vs. cell density. Each bar represents the average
¥t 5 replicate cultures. Error bars are for one standard deviation
among replicates.

In this study, low-Q conditions only resulted in substan-
tial increases in RO yield when cell densities were greater
than 16 cells mI-1. N,O yields were relatively low and less
sensitive to @ when cell densities were closer to those ob-
served in the ocean (3010* cells-1; Ward et al, 1982.

3.1 Cell density and @ concentration This draws into question the oceanographic applicability of
previous culture-based yield measurements, where a many-

Cell density influenced the observed®lyields in both low  fold increase in NO yield was observed as,@ropped from

02 (0.5% and 2%) and high £X20%) conditions. @ con- 20% to 0.5% Goreau et a).1980. Goreau et al(1980

centration had the greatest impact og\yield at the high-  worked with a marineNitrosomonasstrain at cell densities

est starting cell density tested (x5L0° cells mI-1) (Fig. 2). (1 x 10° cells mi-1) comparable to our high density exper-

At 20% O, the high density cultures had the lowest aver- iments and observed @ yields of 800- 1000x 10~ for

age yields observed, (1:30.4x 10~%) while at 0.5% Qthe  cultures grown at 0.5% £on 24 mM NH[. The implication

high density cultures had the highest average yields observedf the present study is that factors such as cell density can

(220+40x107%). In contrast, @ had a much smaller im- influence the relationship between® yield and Q con-

pact on NO vyield in the medium density cultures (start- centration.

ing density =2.1x 10* cellsmi-1) and the low density cul- The mechanisms that explain the highQyields of high

tures (starting density =2 10? cells mi-1). In fact, the NO density cultures at low @could be chemical or biological.

yields of the medium density cultures were not significantly O, has a major influence on the half-life of nitric oxide (NO),

different among the high and lowQreatments (at 20%4)  the gaseous precursor 0b® during nitrifier-denitrification.

5.1+ 0.5x 1074, at 2% Q, 5.5+ 0.8x 1074, and at 0.5%  Therefore, concentration-dependent changes in the rate of

02, 6.4+ 1.4x 107%). Low density cultures produced aver- N,O-production could be related to,@s a consequence of

age yields of 3.9 0.3x 1074 at 20% Q, 4.7+0.1x 104 the abiotic oxidation of NO:

at2% @, and 6.740.5x 10* at 0.5% Q.

The average yields of the cultures at 20%w@ere compa-
rable.to the production yield§®—5.4 x 10~%) measured by 2NO,+H,0—>HNO,+HNOs, (Ritchie and Nicholas 972,
Yoshida et al(1989 in the oxic surface waters of the western
North Pacific using®NH; tracer techniques. However, they where nitrous acid (HNg), is the major decomposition
are lower than previously reported yields fditrosomonas product of the second reactiotggarro et al. 1993. In
cultures at 20% @(26—30x 10~* in Goreau et al(198Q  aerobic environments, Js the major reactant and any NO
and 10-390x 10~# in Remde and Conrad 990. present reacts away soon after it is produckews and

2NO+ 0o — 2NO,

www.biogeosciences.net/7/2695/2010/ Biogeosciences, 7, 26992010
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Deen 1994. However, in low-Q environments the half- the N;O yields measured for those cultures. However, we
life of NO increases, so that during bacterial Nékidation,  were unable to entirely eliminate NOaccumulation in the

it can accumulate to concentrations that are similar ®N low-O, experiments. Future work should focus on identify-
(Remde and Conrad99(Q Lipschultz etal.1981). Thismay  ing the impact of NQ on N>O production by nitrifiers in
allow the enzymes that carry out NO reduction to competelow-O, environments.

for NO with the above @-dependent reaction. StudiesNof The addition of 1 mM NQ had a greater impact on®
europaeahave also shown that the expressiomoK dur-  yield than the differences in {zoncentration did (Fig. 3b).
ing nitrifier-denitrification is controlled by a repressor pro- The increase due to the additional N@as apparent in both
tein Beaumont et a).2002 2004 that belongs to a fam- |ow and high Q conditions. Furthermore, the averageN
ily of NO-sensitive transcription regulatorRgdionov et al. yields increased as the amount of added;Ni@creased.
2009. If NO inducesnirK transcription, the abiotic reaction Cyltures under 20% Owith no added NG had an aver-
of Oz with NO could reduce NIR-dependeng® production age vyield of 4.6t 0.03x 10~ while those with 1 mM added
by consuming the inducer. Finally, high cell densities may beNOg had an average yield of 7460.5x 10-4. Cultures un-

necessary for either of these effects to become important bey, "5 504 Q@ with no added NG had an average yield of
cause the ability of NO-reducing enzymes to compete with6 O£0 5% 10~ and those with 1 mM added NOhad an

O, for NO will d d the diffusiviti f d NO
2 for will depend on the diffusivities of Han average yield of 10.2 0.3x 10~4. N»O yields were calcu-

relative to the average distance between cells. . . :
. . . _.__lated as a fraction of the total N in NHconsumed during
It is unclear why cultures with the highest cell densities . 5
the experiment£ 5 x 10~° moles).

had significantly lower NO yields at 20% @ than cultures ) N .
with lower densities (Fig. 2). Time, Np(or NO), and in- Erom this work, it is clear_that. increased l§lOl:oncen.—
creasing cell numbers could all enhancgNoroduction by~ trations enhance 20 production in cultures of ammonia-
nitrifier-denitrification. There were significant differences in ©Xidizing bacteria. This is consistent with a detoxification
the amount of time that it took cultures of each density to role for_nltnte reductase in nitrifying bacteria, as _sugggsted
oxidize all the NH present. The low and medium density by previous work Beaumont et al.2004. The relationship
cultures took 14 and 3.5d to oxidize 50 uM l}lHrespec- between N@, nitrifier-denitrification, and KO production
tively, while the high density cultures took only 7h. Cell is glso complex. AerobinirK gxpression occurs in response
numbers also doubled approximately 7, 2, and O times, in théb0 Inprea:(smgkNg concentratlonslllieaugont et a,I.ZO(r)]AI),

low, medium, and high density cultures, respectively. Thus,PUtnITK knock-out mutants actually produce moreQithan

in the low and medium density cultures, lJ@nd cells ac- the wild-type strain. The authors suggest that the@H-

cumulated over longer periods of time than they did in thedeplenzdent pathway has a role in this increaSeatimont
high density cultures. Further research is needed to deteft @l 00_3' ] ) .
mine the behavioral and/or kinetic effects that influence the ©Oceanic Q concentrations may influence a number of dif-

N0 yields from ammonia oxidizers. ferent biogeochemical variables that enhane®©Nvroduc-
tion by ammonia oxidizers. For example, low dissolved O
3.2 NO;, and O, concentration concentrations are often associated with elevated Nan-

centrations Codispoti et al.2001). When dissolved @con-
centrations are low, the biological turnover time of N@lso
increasesiashimoto et a).1983 in part because the activity
of nitrite-oxidizing bacteria ceases at a higher@@ncentra-

In pure batch cultures of ammonia oxidizers, N@xposure
is an unavoidable result of growth because N&ccumu-

!ates up to thellmtlaI.NE{l concgntrapgn. Excess NOmay tion than the activity of ammonia-oxidizing bactertdglder

increase @_O ylelds.lf ammonia oxidizers convert NOto and de Vries1983. Charpentier et a2007) also suggest

N0 to avoid the toxic effects of ND(Poth and Fochl985 4t high concentrations of organic particles found in cer-

Beaumont et a].2002 2004. To test the impact of NDon  tain productive waters enhance® production by creating

N20 yields, we increased NPDconcentrations by adding 0.2 high-NQ, , low-O, microenvironments necessary to support

or 1mM NQ, to some cultures, and decreased accumulatedhitrifier-denitrification. Future oceanographic work should

NO; concentrations in others by adding the nitrite-oxidizing investigate how MO production rates in oxygen deficient

bacteriumNitrococcus mobiligo create a co-culture. zones (ODZs) relate to these different biogeochemical vari-
In the co-cultures, N© concentrations remained below ables.

detection at 20% @and below 17 uM at 0.5% £ Although

co-culturing kept NG concentrations lower than they were 3.3 Pathway dependence af*>NP'-N,0

in the pure cultures, PO yields were not significantly lower

in the presence of the nitrite-oxidizing bacteria (Fig. 3a). TheAmmonia-oxidizing bacteria make J® through two dif-

insignificant differences between the yields with and withoutferent pathways, so that the observed isotopic signatures

nitrite oxidizers suggests that the 50 uM N@hat accumu-  of N2O are a function of the pathways’ mixing fractions,

lated in our pure cultures did not have a major impact onthe isotopic signatures of their different substrate molecules,

Biogeosciences, 7, 269809 2010 www.biogeosciences.net/7/2695/2010/
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Fig. 4. Pathway dependence &°NPUK N,O. Symbol shapes cor-
respond to different starting cell densities: circles correspond to

Fig. 3a. N,O yields in the presence and absence of nitrite-oxidizing 1.5x 10° cells m1, squares to % 10° cells mf~1, triangles to

bacteria (NOB). Starting fol concentrations were 50 uM.

11x10" 4

o 20%0,
104 | m 05%0,

N,O yield (N-N,O / N-NH,")

OmMMNO2- ' 0.2mMNO2- | 1mM NO2-

Fig. 3b. N2O yields increased when NOwas added to the starting

media. Initial Nl—ﬁ concentrations were 50 uM. Added JQvas
either 0, 0.2 mM, or 1 mM.

2.1x 10% cells mr1, and diamonds to 210? cells mi~1. Colors
correspond to headspace @vels, with black symbols represent-
ing 0.5% Q, blue symbols 2% @, and red symbols 20%4 The
slope and intercept of a Type Il linear regressiorﬁb’?Nb“'k and
1/Mn,0 are givent one standard deviation. In making a linear
fit to the data, we assume that any differences in topaD ldre due
to nitrifier-denitrification. The y-intercept of the line is equal to
the s15NPUK of N,O from nitrifier-denitrification. Data points that
were less than 1 nmol4O were not included.

N,O produced by all C-113a cultures was depletetPh
relative to the substrateS](5N-NHj{:—3%o), although the
range varied widely §3NPUYK-N,O = —54.9%0 to —6.6%o,
Fig. 4). Culture conditions affected the degreel®f de-
pletion, with cultures grown under 0.5%,@roducing the
most depleted PO (—54.9%0 to —15.2%o0), while cultures
grown with 20% Q generally produced pO with higher
815N values (13.6%o to—6.7%o0). The low-Q cultures that
produced the most depletecb® also produced the most
N2O (the highest yield). We interpret the observed varia-
tion in s15NPUk-N,O to have arisen from pathway-dependent
mixing, which implies that a single isotope effect will not
adequately relate thE#>NPYK-N,O to the substrate nitrogen

and the different isotope effects associated with those path€®mpounds.

ways.

Complete biochemical decoupling of the nitrifier-

We assume that each datapoit®NEUK, Migtal, where M

refers to moles of BO) represents a two-component mix-

denitrification pathway from the N#OH decomposition
pathway is difficult to achieve with intact C-113a cells be- ture of a constant or “basal” 20 source from NHOH de-
cause the bacteria require Nkb support their respiratory composition (Mix,0on) and a variable source of J® from
electron transport chain, and,® production stops once nitrifier-denitrification (Myp) that tended to be larger in low-
NH3 oxidation is complete (Supplementary Fig. S.3). There-O2 cultures. This is the basis for performing the type Il linear
fore, while we manipulated growth conditions such as O regression 085N vs, ﬁzo in Fig. 4. Equation (3b), the
concentration and cell density in order to favor ongNpro-  model for the linear regression was developed using the mass
duction mechanism over another, in interpreting the resultssalance Egs. (1 and 2) (Table 1).

we account for NO contributions from both sources. According to Eq. (3b), the y-intercept of the regression
is the $15NPUk of the more depleted nitrifier-denitrification

www.biogeosciences.net/7/2695/2010/ Biogeosciences, 7, 28992010
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Table 1. Equations used to model td&SNPUKN,O data in Fig. 4.

C. H. Frame and K. L. Casciotti: Biogeochemical controls and isotopic signatures of nitrous oxide production

(1) 515Nbulk

— ¢15p(bulk
ota) < Mtotal = 8T°NRIp x Mnp +

(2) MND = Mtotal — MNH,0H

alSNbulk

NH,0H X MNH,0H

SIINBUIK 5 (Miotal — MNH,0H) +815NR,LL'120H x MNH,0H

(3a)615Nb“"< —

total ~ Miotal

(3b) 8 *ONEE = (6™ NRitom < Mnk;0H -

SIONRHK 5 My, 0H) x

1 15pbulk
+
Miom T NND

end-member8(15NR,‘f)'k). This is because as the amount of ciotti et al, 2010. The conversion of Ngito NO, incorpo-

N20O approaches infinity, the">NR should overwhelm the

i 5nybulk
basal end-member signatuse?NY{¥ op-

The value ofs'>NR¥K obtained in this way is-59.9%,

4 3.8%o (errors are given as one standard deviation of the y

intercept). The difference between #&NPUK of the prod-
uct NbO and the§°N of the substrate Njlis the overall
isotope effect associated witho@ formation by nitrifier-
denitrification {%e\p = —56.9%0). The most enriched 4O

produced in these experiments had?aN®" of —6.7%o,

providing a minimum fors*>NRi 5. This is a minimum
because if a fraction of this XD was produced by nitrifier-

rates oxygen atoms fromz0n the first step and bD in the
second stepAndersson et 811982 Andersson and Hooper
1983:

- 1
NH3 + EOg—) NH>OH

NH20H + H20— HNO2 + 4H-

We expect thé*80 of N,O derived from NHOH decom-
position to be independent of t#&%0 of H,O because ®is
the sole contributor of oxygen during the first reaction. How-
ever, thes'80 of N,O produced by NQ reduction during

denitrification, we would not observe the heaviest possiblejifier-denitrification depends upon both t8&0-0, and

value for the NHOH end-member.

§180-H,0, in proportions that are affected by the amount

This end-member mixing model does not account for theof oxygen atom exchange between N@and HO (Ander-
Rayleigh effects that kinetic isotopic fractionation has in sson and Hooperl983 Casciotti et al. 2002 Kool et al,
closed systems such as batch cultures. These effects changgo7 Casciotti et al.2010. The fact that thé180 of N,O

the isotopic signatures of the NHhat is consumed and the
NO; that accumulates as NHbxidation proceedsMariotti

produced by nitrifier-denitrification is sensitive to changes
in 8180-H,0 is the basis for a technique that uses parallel

et al, 1981 so that at any instant during the reaction, the experiments int80-labeled and unlabeled® to identify
81°N of N2O produced from these substrates will also reflectthe proportion of NO produced by nitrifier-denitrification
these isotopic shifts. However in this study, the end-membegwrage et al.2005.

mixing model is not a serious violation of Rayleigh assump-

The impact of thé180-H,0 on thes 180 of N,O produced

tions because all cultures were allowed to oxidize the sameyy C-113a is demonstrated in Fig. 5, where cultures grown

amount of NH to completion before the totalJO was an-
alyzed. Abrupt changes inJ® production rates during the

in water with a5180 of +40%. (labeled) produced 40 that
was 5%o to 40%o more enriched O than cultures grown

NHz oxidation reaction could also make this model problem-in H,0 with a§180 of —5%. (unlabeled). The difference in
atic in a Rayleigh system. In these experiments, howevers180-N,O between labeled and unlabeled cultures was great-

N2O accumulated steadily as Niéxidation progressed and
NO, accumulated (Supplementary Fig. S.3).

3.4 Covariation of SP and§180-N,0O

The 5180 of N,O is like thes1oNPUK in that these signatures

est at 0.5% @, when more NO was produced. At higherO
concentrations, lessJ® was produced and there was con-
vergence of thé180-N,O values from labeled and unlabeled
experiments. The difference $80-N,O from ammonia ox-
idizers grown in labeled and unlabeled®lis directly pro-
portional to the fraction of the total 2O that is produced

are both process-dependent and substrate-dependent. THat nitrifier-denitrification. The pattern is consistent with rel-

is, thes180 of N,O produced by ammonia-oxidizing bacte-

ria depends on the mixing fraction of the twa®producing

atively more NO production by nitrifier-denitrification as
the @ concentration drops and: contributes more to the

pathways as well as the isotopic signatures of the substratesverall $180-N,O. Note that in these experiments, side-by-
(02 and HO) that contribute oxygen atoms to those path- side comparisons between labeled and unlabeled replicates
ways and isotopic fractionation during oxygen atom incorpo-assume that nitrifier-denitrification and NEBH decomposi-

ration or loss in the reactions that make(Fig. 1) Cas-

Biogeosciences, 7, 269809 2010

tion contribute the same proportion ob® to both labeled
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Table 2. Equations used to model the SP #180-N,O data in Figure 5.

(4a) SRotal = FND X SRD + (1 — Fnp) < SANH,0H

_ SRotal — SRNH,0H
(4b) Fnp = SR — SPNHZZOH

(5) 8180-N20ygtal = Fp x (8180-NO, — 18enp) + (1 — Frp) x (8180-0; — Benm,on)

SRotal — SRy _ SRotal — SRy
(6) 5180'N20total = gﬂi\)‘:;‘l,ig:}\l::gﬁ X (5180"\102 —enp) +(1— %) X (5180‘02 — €NH,0H)

60 ®  y-(0904: 0087)x+504:11 [@ WA 050 when growing aerobically on N4 (Sutka et al. 2006 but
omA el can also produce low-SP® (—0.8+5.8%o) in the pres-
ence of NQ and anaerobic conditionSqtka et al. 2003

2004).

Knowing the end-member SP signatures ofONfrom
NH2OH decomposition and nitrifier-denitrification is pow-
erful because these values can then be used to calculate the
size of each pathway’s contribution to a culture’s totalON
output based on its SP signature (g (Charpentier et a|.

A a A 2007). We developed the following model in order to ex-
tract these end-member SP signatures from our data while
0, \ \ \ \ \ \ \ \ \ accounting for the fact that the SP of the® from each
-10 -5 0 5 10 15 20 25 30 35 . .
Site Preference (%) culture is a mixture of these end-members. FollowGitar-
pentier et al.(2007), we set up a system of isotopic mass
Fig. 5. Pathway dependence 6180-N,O and SP. Filled sym- balance equations (Table 2) that describe isotopic mixing
bols are data from cultures grown in labeled water (about 40%.)between low-SP PO from nitrifier-denitrification (SRp)
while open symbols are data from cultures _in unlabeleql_waterand high-SP O from NH,OH decomposition (S4,0H),
(about—5%o). Clrclles correspond to cultures Wltlh cell dgnS|t|es of where R is the fraction of total MO that is produced by
15 x 10° cells mi, squares to 2 10° cells mi™, and triangles | ivifier_denitrification. Solving Eq. (4a) fordp produces
to 2.1 x 10% cells mr1. Colors correspond to headspace Iev- Eq. (4b) which cannot be solved fog without knowing

els, with black symbols representing 0.5%,®lue symbols 2% .
Oy, and red symbols 20% £ Regression slopes and intercepts th? end-.member. values, g and SR,on, or having ad-
ditional information about the value of\b for each data

are givent one standard deviation. Data from low-density cultures

r’=0.78

50+

y=(0.152 + 0.044) x + 16.4 £ 0.6

2
r°=0.40
20 o MO

were not included to avoid the impact of relaxation of H1E0- point. Therefore, ‘l’\ée devel(_)p a complementary mixing equa-
NO, towards equilibrium with HHO over the course of the NH  tion based on thé=*0-Nz0 in Eq. (5) (Table 2).
oxidation reaction. Data points that were less than 1 nm@ Were As discussed above, the measur&’(?O-NZO (3180_

f 18 .. .
not included. Alls+°0O values are referenced to VSMOW. N2Oxotal) depends not only on the mixing fractiomg, but

also the isotopic signatures of the substrate molecalée¢

and unlabeled replicates and that theONrom NH,OH de-  ©2 ands80-NO;) and kinetic and/or branching isotope ef-
composition has the sant€O signature in both labeled and fects associated with either reactidfieyr,on and*®enp).
unlabeled experiments. This will be addressed in more detailn these equationsleni,on and'®enp are the respective net
below. isotope effects expressed during oxygen incorporation from
In contrast ta3*80-N,0, SP signatures of /D from am- Oz or NG, into N2O. Here we do not consider the impact of

monia oxidizers are thought to be process-dependent anayleigh fractionation on th&'®0-O, because the Opool
substrate-independent: SP signatures vary as a result of mitS large relative to the fraction that is consumed 0%) and
ing among NO sources with distinct SP valueButka etal, 1S expected to raise th#80-0, less than 2%.. Substituting
2003 2004 2006, but they do not depend on th&N values (4b) into (5) produces E_q. (6) _(Ta_ble 2), which includes both
of the NbO precursor moleculed¢yoda et al.20029. Inthe ~ SP values and oxygen isotopic signatures.

present study, C-113a produced high-SFNup to 33.2%o) The best-fit values of the parametersngfdH, SR,
under 20% @ and low-SP NO (down to —9.1%0) under  8enp,on, and Beyp (Table 3) were obtained by fitting
0.5% & (Fig. 5). Similar results have been observed for Eqg. (6) to our dataseh(= 33) using a Levenberg-Marquardt
N. europaeawhich produces high-SPJ0 (31.4+ 4.2%o) non-linear regression prograndraper and Smith1981).

www.biogeosciences.net/7/2695/2010/ Biogeosciences, 7, 28992010
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Table 3. Isotope effects and signatures derived in this paper f Nroduction byN. marinaC-113a. Best fit values of model parameters
for Eq. (6) are given with standard deviations based on covariance estim8asi(1974).

parameter value o description

L5enD 56.9% 3.8% N isotope effect of nitrifier-denitrification

18D —8.4% 1.4% O isotope effect of nitrifier-denitrification

18 NH,0H 2.9% 0.8% effective O isotope effect of NI®H decomposition
SR\D —10.7% 2.9%0 site preference of@ from nitrifier-denitrification
SANH,0H 36.3% 2.4%0 site preference of® from NH,OH decomposition

Inputs were the values of Ry, §180-N,0, ands'80-NO,
measured for each culture, as well as the kn@#fO of

dressed the isotope effects for oxygen atom incorporation by
C-113a Casciotti et al.2010, but was not able to separate

the high-purity Q used in the headspaces (+25.3%o). Our fractionation during @ and HO incorporation.

estimates of the end-member SP values gDNare signif-
icantly lower for NO produced by nitrifier-denitrification
(—10.74 2.9%0) and higher for DO produced by NHOH
decomposition (36.3 2.4%0) than previous estimateSitka
et al, 2003 2004 2006. A sensitivity analysis of the model
reveals that the value of {B is sensitive to the values of
the isotope effects®enp,on (Supplementary Fig. S.4A and
S.4C and Supplementary Table 1) afdnp (Supplemen-

Equations (5) and (6) assume that the oxygen atoms in
N2O produced by NHOH decomposition come only from
0. If a fraction of this oxygen actually comes from
H»>O, then the model value o]f8€NH20H reported in Ta-
ble 3 could be too high for data from experiments in un-
labeled HO (5180-H,0 < §180-0,) and too low for data
from labeled HO (5180-H,0 > §180-0,). However, this
structure was not apparent in the residualéseﬁHZOH from

tary Fig. S.4A) but that this sensitivity decreases in labeledlabeled vs. unlabeled experiments. When a parameter for
water (Supplementary Fig. S.4B and S.4D and Supplemenoxygen-exchange between,® and NBOH was included
tary Table 2). Drawing data from both labeled and unlabeledin Eq. (6), we were unable to resolve it with the present

experiments, as we have done here, leads to acceptable levelgta set.

of uncertainty (Table 3).

However, if an exchange term is included in
Eq. (6) so that 20% of the oxygen atoms ipQ\produced by

These results expand the range of SP values produced HyH20H decomposition are from®, then using the values
ammonia oxidizers by more than 10%.. This has an impactof SFuH,0H, SRup, and “®enp from Table 3 and values of

when Eq. (4b) is used to calculate the fraction gfdNfrom
nitrifier-denitrification using oceanographic SP datadrp-

SRotal, 8180-N2Oxotal, $180-NO;, ands180-0O, from Sup-
plementary Tables 1 and 2, estimates&fyn,on would de-

entier et al. 2007. We used the new end-member SP valuescrease to-3.7%o in unlabeled water and increase to 6.7%o
to calculate that nitrifier-denitrification by C-113a accounted in labeled water if we assume that the oxygen atoms from

for 11% to 26% of NO production under 20% £and 43%
to 87% of production under 0.5%;@Table 4). The variabil-
ity for a given @ level occurred among cultures with differ-

water are incorporated without any isotope effect. However,
20% exchange is an extreme case and available evidence
does not support significant exchange of oxygen atoms be-

ent cell densities; on average, the denser cultures produceiveen NHOH and water during ammonia oxidatioGds-

relatively more NO by nitrifier-denitrification at low-@and
less at high-@ concentrations (also see Fig. 5).

Our estimated values ofe\p and 8enp,on were
—8.4+1.4%0 and +2.9t 0.8%o., respectively. This means
that NbO produced via nitrifier-denitrification was enriched
in 180 by 8.4%. relative to the ND, and NO produced from
NH>OH was depleted if80 by 2.9%. relative to @. The
180 enrichment from nitrifier-denitrification is most likely

ciotti et al, 201Q Hollocher et al. 1981 Dua et al, 1979.
Additional experiments if®O-labeled water could shed light
on the issue of oxygen exchange.

The 8180 and SP signatures of the,® in these exper-
iments covaried (Fig. 5). The covariation depended on the
8180 of the HO in the media: the slope of the linear regres-
sion of SP and180-N,O was negative-{£0.904+ 0.087) for
experiments performed ifO-enriched HO (+40%.) and

the result of a combination of kinetic and branching isotopeposzfive (0.1520.044) for experiments in unlabelec@
effects. There are few published estimates of these isotopk—5%e) (Fig. 5). Our model pSrOVIdes an explanation for the
effects that we can compare with our model results. Work oncovariation between SP ad®0-NoO because it describes

the heterotrophic denitrifidPseudomonas aureofacieinsli-
cates that the branching oxygen isotope effect of, N€duc-
tion is approximately 15%JGasciotti et al.2007). However,

it is not known whether the same isotope effect applies t

nitrifier-denitrification or if there is also a kinetic isotope ef-
fect that influences th&80-N,O. Recent work has also ad-

Biogeosciences, 7, 269809 2010

mixing between two MO sources with distinct SP values and
different proportions of oxygen from£and HO. Accord-
ing to Eq. (6), the sign and magnitude of the regression slope

owill depend upon the difference betwegfO-0, ands*8o-

Ha
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Table 4. The fraction of NO produced by nitrifier-denitrification (§p) calculated using measured SP values, Eq. (4b), and the best fit
values for SRp and SRiH,0H in Table 3.

density (cells/mtl)  20% O, 2% O, 0.5% O

2x 107 0.26+0.06,n=5 0.38+0.04,n=5 0.43+0.09,n=4
2.1x 104 0.1940.03,n=5 0.18£0.04,n=5 0.48+0.11,n=5
2x10° 0.11+0.03,n=6 0.58+0.11,n=6
1.5x 10° 0.87+£0.09,n =5

Positive correlations betweeh®0-N,O and SP observed biogeochemistry is whether archaeal ammonia oxidizers also
in environmental data have been interpreted as signs thairoduce NO and if so, what their impact is on the® bud-
N2O consumption by denitrification is an importarg@®lcy- get and the isotopic signatures of@ in the ocean.
cling process in the system under scrutikplpa et al, 2009
Yoshida and Toyod&200Q Popp et al.2002 Toyoda et al.

2002 Schmidt et al.2004. Indeed, there is experimental ev- 4 Conclusions

idence demonstrating that progressive consumption @ N

by denitrifier cultures results in a simultaneous increase inAS shown previously, culturing conditions influence

both SP and80-N,O (Ostrom et al.2007. The theoret- Yields from ammonia-oxidizing bacteria. ~However, the
ical basis for this behavior is the fact that the N-O bondsYields observed in this study were much lower than those
formed by the heavier nitrogen and oxygen isotopes havédbtained in previous culture-based measurements, and they
lower zero-point energies and are therefore more resistant tgid not increase as dramatically at low oxygen concentra-
being broken than bonds between the lighter isotoaaq  tions except at high cell densities. These results are in
and Miller, 1997 Toyoda et al.2002. As a result, decom- line with modeling- and incubation-based oceanographic es-
position of a symmetrical O-N-N-O intermediate during timates of NO yields from nitrification and may be useful

formation and also C|eavage of the N-O bond durir@\ﬂe- in future modeling of NO production and distributions in
duction to N will produce NO with positively correlated the ocean. Recent work interpreting isotopic signatures of
5180 and SP values. biogenic NO has often relied on the assumption that a di-

rect relationship betweet0-N,O and SP was indicative of
Our work demonstrates that SP MQ'N_ZO can also  N,0 consumption and production by denitrification. How-
covary as a result of 0 production by nitrification, with-  eyer, our work suggests that a direct relationship between
out invoking NO consumption by heterotrophic denitrifiers. {hese signatures may also occur as a result of nitrification, at
The sign and magnitude of the correlation depends on thgaast when the SP values vary betweetD%o and 36%o. Ni-
difference between th#0 of the G and the HO thatcon-  gification produces this relationship through mixing between

tribute oxygen atoms to theJd®. In contrast to this study, high-SP80-enriched NO produced by NHOH decompo-
where we manipulatesf80-H,0, there is little natural vari-  sition and low-SP80-depleted MO produced by nitrifier-
ation in §*80-H,0 in the open ocean but much larger vari- genitrification.

ation in §180-0, as a result of isotopic fractionation as-

sociated with respiratory £ consumption Kroopnick and

Craig 1976 Bendey 1990 Levine et al, 2009. According  Appendix A

to model Eq. (6), we would expect the slopes of 8A80-

N2O:SP regressions (such as those in Fig. 5) to increase asalculating the position-specifict>N /14N ratios

8180-0; rises relative ta*80-H,0 (or $180-NO;). Nitri-  of N,O

fication may therefore influence tté80-N,O:SP dynam-

ics in the oxycline in two opposing ways : 1) a drop in O Data collected during continuous flow isotopic analyses
concentration may promote nitrifier-denitrification and thus of N2O included simultaneous signal intensities (in volt-
the incorporation of lows80 oxygen atoms from D into seconds) of 30, 31, 44, 45, and 46 mass/charge detec-
low-SP NO, and 2) respiratory ©consumption increases tors. The delta values and site preferences reported here
the 5180 of the remaining @ pool, raising thes’®0 of the ~ were calculated using the raw peak area ratios of 31/30,
N20 produced by NHOH decomposition as well as nitrifier- 45/44, and 46/44 for a reference gas injection and the
denitrification. In the future, the combined use of SB0- eluted sample peak. Isodat software reports these raw ra-
N»O, ands180-0, may be used to resolve these effects. Antios as rR 31NO/30NO, etc. For each run, sample raw
important unknown that remains in the maringNisotope  ratios were referenced to the standard ratios and these
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“ratios of ratios” were multiplied by the appropriate standard behavior of individual isotopologues in our mass spectrome-
ratios f Rstandard= 0.004054063% Rstandard= 0.007743032,  ter (see supplementary material). We also compared this ap-
46Rstandar= 0.002103490) to calculat%Rs;,‘mme 45F€samp|e proach to the results of a simpler approach using two scram-

and46Rsamp|e respectively. For example, bling coefficients,y and«, to describe the relative produc-
a1 tion of 3°NO™T ions from 1“N1®NO and3INO* ions from
Rsample=[FR 31INO/30NQsampid/ 15N14NO, respectively. These coefficients were used in the
system of equations that convéfRr, 4°R, and*éR to 15R*,
[ rR 31NO/30NGstandard * *'Rstandard 15RA 1R, and!®R for each sample (see Appendix A for the

. full set of equations).

The %tandarax/alugs are the Sgl'culated ratios thatthe Farraday )/ calculatedy and« using a series of dual inlet mea-
cups in the Casciotti DelfAYS isotope ratio mass Spectrom- o\ e ments of two sample gases with known isotope and iso-
eter (IRMS) should detect V\_/henever_t_he standard gas is arl'opomer ratios referenced to a standard gas that also has a
alyzed under normal operating conditions. They depend o nown isotopic composition. In this case, the sample gases
the actual isotopic/isotopomeric composition of the standar ere from the laboratories of K. Koba (Tokyo University of
gals flnshalsotrrl]ow thalt gas1s fragrgintedl ';%FMSSN;O CalAgriculture and Technology) and N. Ostrom (Michigan State
cua ?8 ese three values we used 1) valu § ’ University), and the standard gas was the reference gas from
and3- “Q for our standard gas as measured by Sakae TOyOdﬁwe Casciotti lab (WHOI). These three® reference gases

: : 5N14
and 124) I?e relative yields gﬁ/z 30 and 31 from™>N NQ were all calibrated by S. Toyoda (Tokyo Institute of Technol-
and “*N-°NO when these isotopomers are analyzed in the

o , ) ogy).
Casciotti IRMS (see Appendix B for details). For each sample gas the *measured” value of

31 45 46
- Reamplo’ Rsample and’ Rsampievallies are then entered. R 31N0/30NQampd/IiR 3INO/30Nuandard Was deter-
into the Tollowing equations: mined by averaging the results of a series of 10-cycle dual
SIR=((1—y)°R* + «°RF + BRIRA | 1TTR(1 + y15R* inlet analyses on the Casciotti IRMS. Then the “calculated”
value of [rR 31NO/30N@mpd/[rR 31NO/30NQtandard

+(1— 1) ®RP)) /(1 + y IR + (1 — )5RF) (equivalent t0*'Rsampld>*Rstandard Was obtained by insert-
ing Toyoda’s calibrated values PR, 1°R?, 1’R, and®R
PR = PR 4 PR L 1R for the sample and standard gases into the equation below
46 15pa | 15pp17 18 15pa15pp and guessing values gfandx:
R=(CR"+"R)R+ "R+ "“R*"R 31R=((1_y)lSRa+K15Rﬁ+15Ra15R/3+17R(1+y

BRY+ (1 — ) BREY) (1 +y 1R + (1 — «) 15RF)
The problem is one of optimization where the ob-
where y and « are the yields of the scrambled fragment Jﬁd Is to g’f‘ryy and « until the calcula_ted values of
Rsample/ *“Rstandarg@re as close as possible to the mea-

; 14015 30NO+ 15014 3INOF i
ions f.rO’I“ N 'XO ( (’;‘.OB) aT”ﬁ fN NO (*'NO )’b "€ Sured [rR 31NO/30NQmpid/[lR 31NO/30NQuandard for
spectively (see Appendix B). The four equations above Carboth sample gases. This two-coefficient model automati-

?oer ?\S/SLual%ngﬁwEla 223{?; ?;fg;?;'ig;ﬂ;fr to obtain Valuesc':ally obeys the constraint dbyoda and Yoshidf1999 that

§15Nbulk = (15R« + 156)/2 - The optimized values obtained
here arey = 0.1002 andc = 0.0976. These coefficients are

17R/0.0003799= (18R/0.0020052°-516

Appendix B consistent with reported values for fragment ion yields and
scrambling coefficients (between 0.08-0.10)kétley et al.
Calculating m/z30 and 31 yield coefficients 2007 Toyoda and Yoshida 999.

Following the alternative approachWfestley et al(2007)

When NO is introduced into the ion source of the mass spec-we found that ionization of thé>N14NO ICON standard
trometer, NO fragment ions are produced. While most of produced approximately one tenth as mahfO* as the
these ions contain N from the position, a small amount of 1“N1®NO ICON standard (see supplementary material for
“scrambling” occurs, yielding NO ions containing thes N. data and calculations). This result is an independent con-
Accurate measurements bIR* and1°R? require quantifi-  firmation of the scrambling coefficient approach described
cation of the scrambling behavior for the mass spectrometeabove (because/(1—y)=0.108) and it does not require a
under standard operating conditions. priori knowledge of the isotopomeric compaosition of the ref-

Westley et al. (2007) use six separate coefficients to deerence gas.
scribe the®®NO* and 3INO* fragmentation behaviors of For the data presented in this paper, we opted to use two
the “N1°NO, 15N1*NO, and®N15NO molecules. We fol-  coefficients and assumed that the fragment ion yields of 30
lowed their recommendation and performed mixing analy-and 31 sum to 1 for both*N°NO and'®N1*NO. Using this
ses using purified*N1°NO, 1°N14NO, and'>N'°NO gases  approach we were able to reproduce the isotopomer ratio val-
from ICON (Summit, N. J.) to investigate the fragmentation ues of sample gases with a broad range of site preferences
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