UCONN

University of Connecticut

LIBRARY OpenCommons@UConn
Master's Theses University of Connecticut Graduate School
12-14-2014

Nitrogen Isotop es in the Measurement of
N2-Fixation and the Estimation of Denitrification

in the Global Ocean

Richard Dabundo
University of Connecticut - Avery Point, richard.dabundo@uconn.edu

Recommended Citation

Dabundo, Richard, "Nitrogen Isotopes in the Measurement of N2-Fixation and the Estimation of Denitrification in the Global Ocean"
(2014). Master’s Theses. 703.

https://opencommons.uconn.edu/gs_theses/703

This work is brought to you for free and open access by the University of Connecticut Graduate School at OpenCommons@UConn. It has been
accepted for inclusion in Master's Theses by an authorized administrator of OpenCommons@UConn. For more information, please contact

opencommons@uconn.edu.


http://lib.uconn.edu/
http://lib.uconn.edu/
http://lib.uconn.edu/
https://opencommons.uconn.edu
https://opencommons.uconn.edu/gs_theses
https://opencommons.uconn.edu/gs
mailto:opencommons@uconn.edu

Nitrogen Isotopes in the Measurement of N,-Fixation and the Estimation
of Denitrification in the Global Ocean

Richard Dabundo

B.S. Pennsylvania State University, 2014

A Thesis
Submitted in Partial Fulfillment of the
Requirements for the Degree of
Master of Science
At the
University of Connecticut

2014



APPROVAL PAGE

Masters of Science Thesis

Nitrogen Isotopes in the Measurement of N,-Fixation and the
Estimation of Denitrification in the Global Ocean

Presented by

Richard Dabundo, B.S.

Major Advisor
Julie Granger

Associate Advisor

Craig R. Tobias

Associate Advisor

Pieter T. Visscher

University of Connecticut

2014

i1



Acknowledgements

I would like to thank everyone at the University of Connecticut who has assisted me in
the pursuit of my MS. Julie Granger, who was essential in providing support, the initial ideas
behind the research projects, and continued guidance throughout the research process. Lija
Treibergs, who helped to both provide important insights and to keep our laboratory moving.
Craig Tobias for his patience and assistance even though he always seemed to have too much to
do. Pieter Visscher, for sharing his in-depth knowledge of microbiology. David Cady, for his
help whenever we had problems, and his uncanny knowledge of seemingly every scientific
instrument. Claudia Koerting, who provided my introduction to the Avery Point laboratory
environment. The Dam lab for help with my excursion into the growth of phytoplankton. And,

finally, George McManus for readily providing access to his equipment and assistance in its use.

1



Table of Contents

| E A 0 =1 o) (T USRS
LISE Of FIGUIES ..eieiiieeiee ettt ettt e et e e et e e s te e e s sbeeessbeeesseeensseeennseesnsaeennnes

Chapter 1: Environmental controls on the isotope effect of denitrification in Paracoccus

denitrificans and its implications for a global oceanic nitrogen budget...........ccccceeevuveernnenne.

IO OAUCTION et e e e e e et eeeeeeeeeeaa e eaeeeeeeeeanenaaaeeeeaeaes

REAOX QNG Sonit ++oeevvvnnneermmmeeeetteeeettaeee et eeeetaeeeetaaeeeettraesestaesestanesessanaeseesnns
Isotope effect of water-column denitrification .............coeeeeeviieiniieeniieenieenne
APPEIAIX 1 oeiiiiiiiiiiiee ettt et e sttt e st e st e st e e st e e sabee e

RETEIEIICES oo e e e e e e et eee e e e e e e e e e e e eaeeeeeeeeanenaaaaeeaaaeaes

Chapter 2: Contamination of ’N-labeled nitrogen gas with ’N-labeled bioavailable

CONMEAMUNANIES ...vtieniiteeiieeeitee ettt e et e e sttt e e eabeeesubeeeaabeesbteeeabaeesasteesabeeeasbeeeasseesnbeesnsteesaseeesnbeeenanes
INEFOAUCTION ...ttt ettt et sb e st e e st e e sabee e sabee e e
1\ (11 4 1076 RO R UPPRTPPR
RESUILS ...ttt e ettt e et e e st eesnbaeennbaeenabaeenneeenneas
DISCUSSION ...ttt ettt ettt e st e st e e e bt e e sabbeesabeeesabeeesaseesabeesaneas
ACKNOWIEAZEMENLS ...c..etiiiiiiieiiiieiite ettt sttt e e eeesabeesabeesaaees

RETEIEIICES ..ot e e e e e e e e e e eeeeeeeeereaaaaaaaseeeeeaannns

iv



List of Tables

Table 1. Past nitrogen budget €StMALES.......ccccueerriieiriieiiieeeiee ettt stee et e et e e sareesiree s 56
Table 2. Nitrogen fixation vs. denitrification rates in past nitrogen budgets..........ccccceeevveerruneenns 57
Table 3. Reported values of the isotope effect of denitrification.............cceevvveeniiiiiniiieiniieennieenns 58
Table 4. Summary of denitrifier eXPEeriMEeNtS ..........ccccueerriieiiieeriieeeiee ettt e sieee e 59
Table 5. The quantity of '’N-labeled contaminants detected per mole of "Ny ........cccccooovvernenn. 94
Table 6. N, fixation rates that could be falsely inferred from the detected contaminants............. 95



List of Figures

Figure 1. Example of a nitrogen budget calculation ............cccccevveriiieiiiniiinicniiieieeiceeceeeeee 46
Figure 2. A model of isotopic fractionation in ProKaryotes..........cocceeeeerveeneeriieeneeneenneeniueenneenne 47
Figure 3. Nitrate consumption and specific respiration rate derivation..........c.ccceeeeeceeeneeriueenneenne 48
Figure 4. The N isotope enrichment of nitrate vs. nitrate consumed.........cc.ccecveevveriiernieeniieenneene 49
Figure 5. The lssdenit vs. the carbon substrate 0Xidation State .............ccceeeveviiiiiiiiiiiiii, 50
Figure 6. Direct cell counts of citrate and ethanol cultures ..........c.ccoeeeeviiniiniiencniiineceeeene 51
Figure 7. The lssdenit vs. the Specific reSPIration Tate ..........c.eevvveeriiieiiiieeniieeriee et 52
Figure 8. Picogreen flUOTESCENCE .....c...eiruiiiiiiiieiieeiieete ettt 53
Figure 9. The change in 8'°0 vs. the change in 8'°N (A" 0:A8""N) ......oovivvieeeeeeeeee. 54
Figure 10. lssdenit VS A O AG N oo e 55
Figure 11. 8"°N and apparent 8'*0 of nitrate + NItrite ..........co..coveevveveeeeeerseeeeeeseeeesessees s 96
Figure 12. 8"°N and apparent 'O of nitrate + nitrite in high sensitivity treatments.................... 97
Figure 13. 8"°N enrichment of aMmMONIUI ..............o.ovviveiiveeeeeeseeeseeseeeeseees s 98
Figure 14. Dunaliella tertiolecta 8N enrichment ...............co.ccooovvovveevvereeeseeeeseeseesesses s 99

vi



Chapter 1

Environmental controls on the isotope effect of denitrification in
Paracoccus denitrificans and its implications for the global oceanic

nitrogen budget



Introduction

Nitrogen (N) is an essential nutrient for all living organisms, as well as a major limiting
nutrient of primary production in the ocean. As a limiting nutrient, fixed N, which consists of all
organic N and inorganic N compounds that are more biologically accessible than N,, exhibits
significant control over ocean productivity, thus influencing food web dynamics and oceanic
carbon sequestration (Vitousek and Howarth 1991; Gruber and Galloway 2008). While fixed
nitrogen undergoes numerous biological and chemical reactions within the environment, there
exist few marine inputs and outputs. N inputs to the ocean consist of both natural and
anthropogenic fixed N added via terrestrial runoff (river and groundwater fluxes), atmospheric
deposition, and microbial N, fixation. N, fixation is the biological reduction of gaseous N, to
ammonium (NH,"), which is subsequently incorporated into organic matter. Its activity in the
surface ocean constitutes the dominant oceanic input of fixed N. Outputs from the marine system
consist of water-column and benthic denitrification, anaerobic ammonium oxidation (anammox),
and sedimentary burial (Gruber and Galloway 2008). Denitrification is the biological conversion
of nitrate (NO3’) to N, via the enzymatic reduction of NO3™ to nitrite (NO;"), NO, to nitrous
oxide (N,O), and finally N,O to N, gas. It is an important respiratory process that occurs only in
the near or total absence of oxygen (Stouthamer et al. 1982). Anammox is a more recently
discovered route for the conversion of reactive N to N, gas, reducing NO, to N, using
ammonium (NH;") as the reductant (van de Graaf et al. 1996). Both denitrification and anammox
are inhibited by oxygen, and thus, within the marine environment, these processes predominately
take place within oxygen minimum zones and sediments where the decomposition of organic

matter has depleted ambient oxygen (Gruber 2008).



Estimates of total oceanic N inputs and outputs (i.e. nitrogen budgets) have been
developed using a variety of techniques, resulting in a wide range of estimates (Table 1), and
leading to much debate. While direct measurement of N flux processes is the best way to obtain
accurate rates, financial and temporal restrictions render the complete measurement of inputs and
outputs impractical. The formulation of an overall nitrogen budget thus requires indirect
calculations, such as extrapolations from semi-conservative, nutrient based tracers (such as N*,
Gruber and Sarmiento 1997) and/or from isotopic tracers. N* is a term used to estimate local net
N flux, and is derived from the concept of the Redfield ratio. Based on the premise that the
remineralization of plankton material in the ocean’s subsurface yields inorganic nitrogen and
phosphorous (P) in a ratio of nearly 16:1, given the stoichiometry of phytoplankton nutritional
requirements (Redfield et al. 1963; Anderson and Sarmiento 1994), local or regional deviations
from the 16:1 ratio in subsurface nutrients can be interpreted as the integrated magnitude of local
inputs and/or outputs of N (Gruber and Sarmiento 1997). Net nitrogen input is assumed to be a
result of biological N, fixation and net output a result of water-column or benthic denitrification,
including anammox (Dalsgaard et al. 2003; Lam et al. 2009; Dalsgaard et al. 2012). While
useful, N* is biased by non-Redfield N:P remineralization fluxes (Deutsch et al. 2012), and
requires the extrapolation of patterns derived from finite measurements to the entire ocean.
Moreover, N* is insensitive to nutrient fields that integrate concomitant regional N, fixation and
denitrification (Gruber 2004). Nitrogen isotopic tracers can provide complimentary constraints in
this respect. This is done using knowledge of the isotopic composition of environmental N pools
(reported as 8'°N) and the isotope effect (¢) of different N cycle processes (explained in detail
below). The isotope effect of a process affecting N isotopic ratios (*¢) is a function of the

relative reaction rates of '*N and "°N in said process ("*k and "k, respectively), where a positive



isotope effect indicates preferential use of the light isotope in a given reaction. 8N and "¢ are

reported in per mil (%o) units, and are defined by equations 1 and 2, respectively:

15Nsam e 14NSam e
(1 815Nsample = [ ple/ P — 1|« 1,000

1SNreference/:l‘}l\llﬂefverer‘lce
15 14k
2) e = (—15k - 1) 1,000

Where the °N/!*N reference is atmospheric Nj.

Nitrogen budget estimates have not been consistent over the past few decades. The most
disputed N budget terms are N, fixation and sedimentary denitrification. Nj-fixation rate
estimates have grown considerably over time as the number of field measurements have been
expanded and techniques have evolved, from 15 Tg N yr'' (Codispoti and Christensen 1985) to
120 £ 50 Tg N yr'1 (Gruber 2004). However, the more recent N, fixation rate estimates cover a
narrow range relative to the wide range of estimated denitrification rates, which are on the order
of 165 to 450 Tg yr' (Table 2). While the lowest estimated denitrification rates have led to
overall nitrogen budgets that are approximately in balance, many are massively out of balance -
with outputs far outweighing inputs (Table 1). Whether or not the marine N budget is in balance
is unknown, however, the predicted imbalances appear excessive. If the disproportionately high
magnitude of N loss deemed possible by some of these nitrogen budgets is real, it has significant
implications for oceanic productivity and carbon sequestration through time. For example, a net
200 Tg N yr”' loss leads to depletion of oceanic N in about 3,000 years, and, barring a temporal
change in the Redfield Ratio, would release about 0.1 Gt CO, yr' to the atmosphere due to lost
productivity (Brandes and Devol, 2002). CO, generation of this magnitude is not seen during the
Holocene (Barnola et al. 1995; Indermiihle et al. 1999). Furthermore, the N budgets predicting

large-scale net N loss are potentially flawed. For example, it has been argued by Gruber (2008)



that the N budget of Codispoti et al. (2001) greatly over estimates open ocean benthic
denitrification since the budget requires about 90% of the nitrogen that reaches the sea floor be
denitrified, implying that the (commonly oxygenated) waters overlying the sediments perform
very little nitrification. Additionally, Brandes and Devol (2002) acknowledge that their N
budget, developed using isotopic constraints, is reliant on a high ¢ of water-column
denitrification (ggenit) Of ~25%0, while a “ggenie of 10-15%0 would bring the budget into
approximate balance. Beenic has been seen to vary from 5 to 30%o in field and laboratory
measurements (Table 3).

The cause(s) of variation in the isotope effect of water-column denitrification are the
primary concern of the research outlined herein, as the accuracy of “ggen is essential to the
formulation of a valid isotopically constrained N budget. An N isotopic budget is constructed by
pairing known mass fluxes with their isotopic composition to determine the remaining unknown
term using a mass balance calculation. As the average 8'"°N of oceanic fixed N is expected to
have changed negligibly from 5%o during the Holocene (Kienast 2000), isotopic steady state can
be assumed — meaning that the 8N of input and output fluxes must be equivalent. The N budget
constructed by Brandes and Devol (2002) used the following mass flux and isotopic constraints,
as determined from the compilation of numerous reported values: Terrestrial runoff and
atmospheric deposition each represent a 25 Tg N yr”' input, and have opposite 8N values of
+4%0 and -4%o respectively, thus constituting a net 8'°N input of 0%o. The greatest input,
nitrogen fixation, has an estimated rate of 110 Tg N yr'1 and a ¢ of about -1%e.. Since the
substrate of Nj-fixation is dissolved atmospheric N, gas, with a 8N of 0%0, N,-fixation
generates NH; with a 8'°N of about -1%.. Hence, inputs, and consequently outputs, have a net

8'°N of approximately -1%o. With respect to N sinks, sedimentary burial accounts for 25 Tg N yr~



1, and has a 8"°N of +6%o. As denitrification in the water-column and in the sediments have

different isotope effects, they must be considered separately. The cellular level isotope effect of
water-column denitrification in this exercise was considered to be 25%o, with an estimated rate of
75 Tg N yr''. Water-column denitrification thus removed nitrogen with a 8"°N of -20%o. The
isotope effect exhibited by sedimentary denitrification is much lower than that of water-column
denitrification since the majority of nitrate that enters the sediments is denitrified, and thus little
remains to reflect the resulting fractionation. Sedimentary denitrification was estimated to have
an isotope effect of 1.5%o, meaning that it results in N losses with a 8"°N slightly below that of
the ocean, at 3.5%0. From these numbers, a mass balance calculation then yields a sedimentary
denitrification rate of 278 Tg N yr', resulting in a net loss of about 218 Tg N yr' from the ocean
(Figure 1, Brandes and Devol 2002).

A downward shift in the isotope effect of water-column denitrification would decrease
the calculated sedimentary denitrification mass flux, as less benthic denitrification would be
required to offset the N-enrichment induced by water-column denitrification. For example, a
15adenit of 15%o results ina ~111 Tg N yr'1 benthic denitrification rate, reducing total N losses by
~167 Tg N yr'. The 25%o0 “egenit value used in the N budget of Brandes and Devol (2002) is
supported by 15 €denit €Stimates derived from measurements of 815NN03 in field and in laboratory
studies with both marine and freshwater denitrifying organisms (Table 3). However, the value of
Begenit has been observed to fall well below the presumed 25%o in several of the culture
experiments and field measurements. In addition, field approximations may be over-estimated
due to uncertainties in accounting for lateral transport of NOs; along isopycnals into oxygen

minimum zones (Deutsch et al. 2010).



€denit 18 controlled by the physiological regulation of respiratory nitrate reduction and its
effect on the ratio of cellular nitrate uptake to efflux. The current understanding of this
fractionation mechanism, dubbed the “efflux model”, is derived from the study of nitrate
reduction during both bacterial denitrification and the analogous process of nitrate assimilation
by unicellular marine algae. In both processes, the dominant nitrate isotope fractionating step
occurs during intracellular enzymatic reduction of nitrate to nitrite - by assimilatory nitrate
reductase (NR) during nitrate assimilation, or by respiratory nitrate reductase (NAR) during
denitrification. Other paths by which nitrate isotopic ratios could potentially be altered are by
fractionation during nitrate transport, which has been shown to be relatively minor or absent
(Granger et al. 2004; Needoba et al. 2004; Granger et al. 2008; Karsh et al. 2012; Karsh et al.
2014), or by the re-oxidation of product NO, back to NOs’, which is not observed during
bacterial denitrification (Wunderlich et al. 2012). The intracellular reduction of nitrate to nitrite
enriches the cytoplasm in 15NNO3 and 1801\103 due to the preferential reduction of 14NN03 and
1601\103 to nitrite. It thus follows that export of nitrate from the cell is necessary for the isotope
effect of NR or NAR (€cnzyme) to be expressed in the external medium (Figure 2), resulting in the
measured cellular level isotope effect (referred to as “e.;”” here to encompass both denitrification
and nitrate assimilation). As the rate of nitrate efflux approaches the rate of uptake €cnzyme 15 more
completely expressed and & i1s maximized, yielding the qualitative equation:

(3) &cen = efflux/uptake * €enzyme
Presuming the magnitude of nitrate efflux increases in conjunction with the intracellular nitrate
concentration, efflux/uptake must increase in response to an increase in nitrate uptake, as, upon
the saturation of enzymatic nitrate reduction, nitrate reduction constitutes a smaller proportion of

total nitrate outputs from the cell.



Several lines of evidence from the study of nitrate assimilation in unicellular
phytoplankton support the validity of the efflux model outlined above. (1) The highest observed
Beeen values (~30%o) in laboratory and field experiments (Table 3) are approximately the same as
the in vitro isotope effect of purified NR (27-30%0) (Schmidt and Medina, 1991; Karsh et al.
2012). A maximum 158ce11 value equivalent to ISSGHZyme implies that the isotope effect of enzymatic
reduction is indeed expressed to the extracellular medium, invoking nitrate efflux as essential for
ISSGHZyme expression. (2) In a cultured marine diatom the magnitude of the difference between the
8N of internal nitrate vs. external nitrate was found to be inversely proportional to the
measured e (Needoba et al. 2004). Since a high efflux rate minimizes the difference between
intra- and extracellular nitrate 8'"°N values, it was implied that a greater efflux to uptake ratio
increases the expression of lssenzyme. (3) The ratio of efflux to reduction was increased via the
partial inhibition of nitrate reductase activity with tungstate, resulting in an elevated 1580611.
(Shearer et al. 1991). (4) Phytoplankton cultures’ intracellular and extracellular nitrate were
found to have a co-varying change in 8180N03 to change in 815NN03 ratio (ASISO:ASISN) of ~1:1
across a range of 15 €cenl magnitudes during nitrate assimilation (Granger et al. 2004; Needoba et
al. 2004). Coherently, purified NR fractionates nitrate oxygen and nitrogen isotopes with the
same constant A5'*0:A8"N ratio of ~1:1 (Karsh et al. 2012). This suggests that nitrate reduction
is the dominant fractionating step, as uptake and efflux exhibit a A8'*0:A8"°N of 1.4 + 0.4%o and
2.3 £ 0.9%o, respectively (Karsh et al. 2014). If fractionation were significant during transport,
isotopic discrimination during transport would have to result in fractionation with an equivalent
A8"80:A8" N ratio to maintain equal values between the intra- and extracellular nitrate pools.

Evidence that denitrification fractionates with a mechanism analogous to nitrate

assimilation by macroalgae includes: (1) NAR and NR have equivalent molybdenum (Mo)



reaction centers, which are considered likely to induce similar relative rates of isotopic
fractionation (Melander and Saunders 1980). (2) Like NR, purified NAR has been observed to
fractionate nitrate with a '’ of 27-30%o (Treibergs personal communication) (3) Denitrifying
organisms fractionate nitrate O and N with the same co-varying extracellular A8"0:A8"N of
~1:1 as nitrate assimilation (Granger et al. 2008; Kritee et al. 2012; Wunderlich et al. 2012). (4)
B approaches zero when nitrate uptake becomes the rate limiting step during denitrification at
low nitrate concentrations (Granger et al. 2008; Kritee et al. 2012). The absence of an isotope
effect at low substrate concentrations indicates that nitrate transport did not noticeably contribute
to the observed "¢ of denitrifying microorganisms.

The intraspecific isotope effect of denitrification displays a broad range (Granger et al.
2008, Kritee et al. 2012), implicating environmental conditions, rather than exclusively
differences between organisms, as a major driver of variation in lssdenit. The environmental
conditions that control this relationship have not yet been resolved. The physiological
mechanism by which denitrifying bacteria regulate nitrate respiration in response to the presence
of oxygen provides clues as to factors that can influence the magnitude of €qepit, granting insight
with respect to the controls of variability in the cellular nitrate uptake and respiration rates.
Exposure of most denitrifiers to sufficient oxygen concentrations results in the complete
termination of cellular nitrate reduction (John 1977, Robertson and Kuenen 1985, Hernandez and
Rowe 1988, Baumann et al. 1996). The best supported mechanism by which oxygen inhibits
cellular nitrate respiration is via the cessation of nitrate uptake into the cell, rather than by the
inhibition of intracellular nitrate reduction. For one, inside-out membrane vesicles of Paracoccus
denitrificans have been observed to reduce oxygen and nitrate simultaneously (John 1977), and

the permeabilization of the P. denitrificans plasma membrane by treatment with Triton X-100



detergent allowed nitrate reduction under aerobic conditions (Alefounder and Ferguson 1980). In
both studies, nitrate respiration occurred when the cytoplasmic face of the plasma membrane, the
location of NAR (John 1977), was made accessible to nitrate without the need for active uptake —
despite the presence of oxygen. Due to the possibility that Triton X-100 addition allowed aerobic
nitrate  respiration because of an unknown side-effect, two other detergents
(cetyltriethylammonium bromide and lauryldimethylamine oxide) were tested in P. denitrificans
cultures, and, similarly, were found to release the regulation of nitrate respiration by oxygen
(Alefounder et al. 1983). Second, cellular nitrate respiration in the presence of oxygen is not
stimulated by durohydroquinone, a compound capable of directly reducing NAR, suggesting that
oxygen prevents nitrate from contacting NAR. Inhibition of nitrate uptake by oxygen as the
mechanism for oxygen regulation of nitrate respiration has been extended beyond P.
denitrificans to a variety of denitrifying bacteria, as Hernandez and Rowe (1988) demonstrated
that, in 11 of 12 species, cell free extracts were capable of nitrate reduction in the presence of
oxygen, while nitrate respiration was completely inhibited by oxygen in whole cells. Since
oxygen regulates nitrate uptake, and nitrate uptake controls €genic (as per the efflux model), the
physiological mechanism by which oxygen regulates nitrate uptake may yield essential insights
in the understanding of the magnitude of €gepit.

Several studies implicate oxidation of the electron transport chain (ETC) as the
mechanism by which oxygen regulates nitrate uptake (Alefounder et al. 1981, Kucera et al. 1981;
Alefounder et al. 1983; Kucera et al. 1983). The rate of electron flow in the ETC and nitrate
respiration were first linked by the use of the antimycin to inhibit electron flow through
cytochrome ¢ (Alefounder et al. 1981; Kucera et al. 1981). In P. denitrificans, cytochrome c

leads to nitrite reductase, nitrous oxide reductase, and two cytochrome oxidases (co and aas;) -
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but not to a third cytochrome oxidase, cytochrome o (Stouthamer et al. 1991). As it blocks
electron flow to two of three cytochrome oxidases, antimycin inhibits aerobic respiration by up
to 50%, while simultaneously allowing aerobic nitrate reduction (Alefounder et al. 1981; Kucera
et al. 1981). In these studies, decreasing the number of outlets for the passage of electrons to
oxygen may have reduced the ETC by slowing electron flow. This expectation was supported by
correlation between the inhibition of nitrate respiration and slight changes in the redox state of
the ubiquinone pool, which lies upstream of cytochrome c in the ETC. Oxygen and nitrous oxide
were found to induce complete or near complete inhibition of nitrate reduction, respectively,
while nitrite did not cause inhibition (Alefounder et al. 1983) or caused significantly weaker
inhibition (Kucera et al. 1983). The degree of nitrate respiration inhibition corresponded with the
extent of ETC oxidation, which was measured directly, while oxidation of the ETC was
purportedly caused by the greater rate of electron consumption by nitrous oxide and oxygen than
nitrite, as determined from the relative rates of substrate reduction. In summary, oxygen prevents
nitrate respiration by inhibiting uptake (John 1977; Alefounder and Ferguson 1980; Alefounder
et al. 1983; Hernandez and Rowe 1988), and the magnitude of nitrate respiration inhibition by
oxygen, nitrous oxide, and nitrite has been correlated with their relative effects on the oxidation
state of the ETC (Alefounder et al. 1981; Kucera et al. 1981; Alefounder et al. 1983; Kucera et
al. 1983).

It is important to make the distinction that the inhibition of nitrate respiration by oxygen
and other compounds is not always complete. If inhibition were always either complete or
entirely absent, it would not be possible for fluctuations in the oxidation state of the ETC to
result in a range of nitrate uptake rates. As per the efflux model, a range of nitrate uptake rates is

necessary for the cell to express intermediate values of lssdenit. Indeed, in P. denitrificans
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cultures, nitrate respiration in the presence of oxygen or nitrous oxide was found to increase
concomitantly with the concentration of antimycin (Alefounder et al. 1981; Kucera et al. 1981,
Alefounder 1983), and the presence of trace oxygen has been observed to decrease denitrifying
organisms’ cell specific nitrate respiration rate and average lssdenit without abolishing nitrate
respiration all-together (Kritee et al. 2012). Furthermore, direct reduction of the ETC can relieve
inhibition of nitrate reduction. The inhibition of NAR activity by nitrite and nitrous oxide was
progressively released in proportion to the concentration of N,N,N’,N’-tetramethyl-p-
phenylenediamine (TMPD) added to P. denitrificans cultures (Kucera et al. 1983). TMPD
donates electrons directly to cytochrome c, which is located upstream of nitrite and nitrous oxide
reductases, but does not lead to NAR. Therefore, increased reduction of cytochrome ¢ may
alleviate the electron demand of nitrite and nitrous oxide reductases, diminishing the oxidative
effects of these enzymes on the redox state of the ETC, and elevating nitrate uptake.

Concluding that a high rate of nitrate uptake increases lssdenit, and that nitrate uptake is, in
turn, elevated as the ETC is reduced, we hypothesize that the redox state of the carbon substrate
used in a P. denitrificans culture will correlate with lssdenit — with more reduced carbon substrates
resulting in a greater 158denit, While oxygen oxidizes the ETC by increasing the rate of electron
consumption, more reduced carbon substrates may reduce the ETC by increasing the rate at
which electrons are supplied. Conceivably, this would occur because more reduced carbon
sources have a greater potential to produce reducing equivalents (e.g. NADH), forcing cells to
dissipate more electrons per atom of carbon obtained. Analogously, the redox state of carbon
sources have been observed to correlate with the rate of periplasmic nitrate reductase (NAP)
activity in aerobic Paracoccus pantotrophus cultures (Richardson and Ferguson 1992). NAP

activity rose when the carbon redox state decreased, ostensibly to consume electrons and
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maintain redox balance. Furthermore, the role of carbon substrates in controlling the amplitude
of egenit has been suggested by Kritee et al. (2012). Cultures were grown on complex organic
matter until the complete consumption of nitrate. Then, upon the re-amendment of nitrate to
spent cultures, these cultures expressed a lower 158denit. It is likely that the more energetically
favorable carbon from the complex organic source was consumed first, contributing to the
increased reduction of the ETC during initial growth, then, after the second nitrate amendment,
the degraded carbon contributed to a lower 15 Edenit-

In order to clarify the relationship between carbon substrates and 15 €denit, 1N this study, P.
denitrificans will be grown upon carbon sources exhibiting a range of oxidation states in

otherwise identical batch cultures.

Methods

Strain — Cultures were initiated with the strain Paracoccus denitrificans (American Type
Culture Collection [ATCC] 19367). P. denitrificans is a facultatively aerobic, chemotrophic
bacterium capable using nitrate as its terminal electron acceptor in anaerobic conditions. It is a
model organism commonly used in the study of denitrification. Respiratory nitrate reduction
occurs through the use of respiratory nitrate reductase (NAR), which is bound on the cytoplasmic
face of the plasma membrane. Two other nitrate reducing enzymes may be expressed,
assimilatory nitrate reductase (NR) and periplasmic nitrate reductase (NAP). NR activity can be
repressed by providing P. denitrificans cultures with excess ammonium (Warnecke-Eberz and
Friedrich 1993). NAP may be used to dissipate excess electrons generated from carbon oxidation
(Richardson and Ferguson 1992; Ellington et al. 2002), but its activity was unknown in cultures

herein.
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Growth conditions and sampling — Freshwater medium was prepared using high purity
water (HPW) amended with 250 uM KNOs, 250 uM NH4Cl, 5 mM KH,PO,, 5 g K;HPO,, 304
uM MgSO4,*7H,0, 136 uM CaCl,*2H,0, 68.4 uM sodium ethylenediaminetetraacetic acid
(EDTA), 1 mL L Teknova T1001 trace metal mixture, and 5 mL L™ Sigma-Aldrich RPMI 1640
vitamins solution. The trace metal mixture contains 50 mM ferric chloride, 20 mM calcium
chloride, 10 mM manganese chloride, 2 mM cobalt chloride, 2 mM cupric chloride, 2 mM nickel
chloride, 2 mM sodium molybdate, 2 mM sodium selenite, 2mM boric acid. The media was
further amended with 0.2 g/L of a carbon substrate, either malate, succinate, acetate, glucose,
pyruvate, citrate, or ethanol. The medium was sterilized by autoclave following the addition of
KNO;, NH4Cl, KH,PO4, K;HPO4, MgSO4*7H,0, CaCl,*2H,0, and EDTA, and was then
supplemented with filter sterilized solutions of the trace metal mixture, vitamin solution, and
carbon substrate. A single culture set, one of two batches using acetate as the carbon source, had
a NOs concentration of 500 uM instead of 250 uM.

P. denitrificans was initially grown upon solid medium plates containing 15 g L™ Fisher
Scientific Agar and 5 g L' Bacto™ Tryptic Soy Broth produced with artificial freshwater.
Artificial freshwater consisted of HPW amended with 304 uM MgSO,*7H,0, 136 uM
CaCl,*2H,0O, and 68.4 pM sodium ethylenediaminetetraacetic acid (EDTA).  Aerobic
precultures were then inoculated with cells grown on the solid medium plates to acclimate the
cells to the freshwater medium and the carbon substrate associated with their destined final batch
cultures. Upon reaching visible cellular concentrations, 0.5 to 8 mL preculture was used to
inoculate the final cultures. Final cultures consisted of acid washed tri-laminate, polyethylene
lined, TEDLAR™ gas tight bags containing 200 mL aerobic freshwater medium. Cultures were

held within a Fisher Scientific Isotemp incubation chamber or a University of Connecticut
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Department of Marine Sciences environmental chamber at a constant temperature of 20°C, and
were sampled periodically to test for the onset of denitrification, resulting from eventual
anaerobiosis. Denitrification was determined to have begun upon the accumulation of nitrite,
which was detected colorimetrically using Greiss reagents (Parsons et al. 1984). Concurrent
measurement of the cultures’ total NOs;™ + NO, concentration (explained below) ensured that a
lack of nitrite accumulation did not cause the onset of denitrification to be missed. Upon the
detection of denitrification, samples were collected at 30 minute to several hour intervals, with
more frequent sampling at higher denitrification rates, and stored in acid washed polypropylene
bottles. Subsamples were obtained anaerobically by extracting the medium using a Henke Sass
Wolf NORM JECT Luer Lock syringe fitted to Leur Lock connectors, and were then placed in
ice. Their nitrate concentration was immediately measured, and the samples were subsequently
frozen in a -10°C freezer for later analysis of nitrate N and O isotopes. Subsamples taken for
picogreen growth analysis (described below) were flash frozen in liquid nitrogen or with dry ice,
then stored in a -80°C freezer. Subsamples from ethanol and citrate grown cultures were
preserved in a 2% formaldehyde solution (final concentration) in preparation for direct cell
counts.

Prior to isotopic analyses, accumulated nitrite in the subsamples was removed using
sulfamic acid (Granger and Sigman, 2009), to prevent the measurement of nitrite isotopic ratios
through use of the denitrifier method (see below). Moreover, the decomposition of nitrite to
nitric oxide and nitrogen dioxide followed by oxidation to nitrate can interfere with nitrate
isotope values after long term storage at low nitrate concentrations (Granger et al. 2008).

Nitrate and nitrite analysis — Nitrate + nitrite concentrations were measured by their

simultaneous reduction to nitric oxide in hot vanadium (II) solution, and the subsequent
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detection of nitric oxide by a chemiluminescence using an NOy analyzer (model T200 Teledyne
Advanced Pollution Instrumentation; Braman and Hendrix 1989). Nitrite was removed from
samples using N-(1-naphthyl)ethylenediamine dihydrochloride and sulfanilamide (Parsons et al.
1984), allowing for the acquisition of nitrate concentrations.

Respiration and growth monitoring — The specific respiration rate (h") of P. dentrificans
cultures corresponds to the linear slope of the natural logarithm of the respired nitrate
concentration vs. time (e.g. Figure 3), where respired nitrate is equivalent to the nitrate
drawdown at a given point. Direct cell counts were performed for cultures grown on ethanol and
citrate. For these two culture sets, formaldehyde preserved samples were gathered on 0.2 um
polycarbonate track etched membrane filters and stained with a 0.1 g L™ acridine orange solution
using the techniques of Hobbie et al. 1977. Cells were then counted using an Olympus BX50
epifluorescence microscope. Alternatively, growth was measured using the Quant-iT Picogreen
dsDNA reagent. Picogreen is a fluorescent probe, which binds to dsDNA, allowing for the
determination of cellular concentration by spectrofluorometric analysis (Tranvik, 1997). This
was done using an AJN Scientific Inc. f-2500 Fluoresence Spectrophotometer using 480 nm
excitation and 525 nm emission wavelengths.

Nitrate N and O isotope analyses — The "N/"*N and '*0/'°O isotopic ratios of nitrate
samples were measured using the “denitrifier method” (Sigman et al. 2001; Casciotti et al. 2002).
The denitrifier method consists of the bacterial conversion of sample nitrate (and any present
nitrite) to nitrous oxide by a denitrifying strain lacking nitrous oxide reductase, in our case,
Pseudomonas chlororaphis f. sp. aureofaciens (ATCC 13985). The isotopic composition of the
resulting N>,O was then measured using a Delta V Advantage Isotope Ratio Mass Spectrometer

(IRMS) pre-empted by a front-loading Gas Bench II gas chromatograph (Thermo Fisher) purge

16



and trap system. The isotope ratio measurements are reported in the conventional delta (d)

notation in per mille (%o) units, defined for N in equation 1 and O by the following equation:

18OS(’:U’)’I e 16Osam e
4) 8" 0gample = ple/ ple _ 1]%1,000

18 16
Oreference/ Oreference

The '®0/'°0 reference is Vienna standard mean ocean water (V-SMOW). The analyses will be
standardized via reference to a N,O gas injections. Individual analyses on the GC-IRMS were
referenced to injections of N,O from a pure N,O gas cylinder, and then standardized through
comparison to the international nitrate standards USGS-34 (815N of -1.8%0 vs. air; 5'%0 of -
27.9%o vs. V-SMOW), USGS-32 (3 "°N of +180%o vs. air; 3'°O of +25.7%0 vs. V-SMOW), and
TAEA-NO-3 (8"N of +4.7%o vs. air; 8'°0 of +25.6%0 vs. V-SMOW; see Gonfiantini et al. 1984,
Bohlke et al. 1995, Bohlke et al. 2003), using standard bracketing techniques. Isotopic
measurements had an average standard deviation of 0.1%o. between replicate measurements for
both 3'°N and 5'°0.

The isotope effect on N and O isotopes of nitrate (g and "%, respectively) was derived from
the Rayleigh Model linearization of isotope ratios versus the logarithm of the nitrate remaining in
the medium, in which the resulting slope approximates € (Mariotti et al. 1981). The isotope effect
of denitrification is thus the slope of the following linear equations, which were calculated using

Model I geometric mean linear regression analysis:

(5) In(8"°N + 1) = —4e0it 4 In(f) + In (§*°N + 1)

18
(6) In(8%0 + 1) = —4enit 4 In(f) + In (6°0 + 1)

Where “f” is the fraction of initial nitrate remaining in the medium (f = [NO3 |/[NOj3 Jinitial)-
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Results

Following initial growth on oxygen, cultures of P. denitrificans began anaerobic
respiration of nitrate. The amplitude of the nitrate nitrogen isotope effect (lssdenit), derived from
Equation 5, was found to span a broad range during growth on a variety of carbon substrates.
8N enrichment vs. In([NO3]/[NO3 Jinitia1) for each individual culture can be seen in Figure 4,
where the slope of the linear regression of the data series is the value of lssdenit. Cells grown on
citrate displayed the minimum observed lssdenit, of 12.9 + 1.4%0, while glucose grown cells
displayed the maximum observed lssdenit, of 29.7 + 0.3%o. lssdenit values of 23.8 + 0.7%o0, 26.5 +
0.8%0, and 28.4 + 1.1%0 were observed for malate, ethanol, and pyruvate cultures, respectively.
Two discrete batches of acetate and succinate cultures were grown, referred to hereafter as
“acetate 17, “acetate 27, “succinate 1, and “succinate 2”. lssdenit values of 24.0 + 0.2%o, 22.1 +
2.5%0, 17.0 £ 0.7%0, and 23.6 + 1.4%0 were measured for acetate 1, acetate 2, succinate 1, and
succinate 2, respectively (Table 3). While the standard deviation for most treatments is that for
B¢ of experimental replicate cultures, only a single ethanol culture was measured, and the
reported standard deviation was thus calculated from model II geometric mean linear regression
analysis of the ethanol 5N vs. In([NO3)/[NO;3 Jinitia) data.

Contrary to the original hypothesis, no clear relationship was observed between B¢ denit
and the oxidation state of a culture’s carbon substrate (Figure 5). Nevertheless, the lowest lssdenit
value of 12.9 + 1.4%¢ did correspond to growth on one of the two most oxidized carbon
substrates (citrate), although the low lssdenit may have been the result of the limited ability of P.
denitrificans to grow upon citrate under anaerobic conditions, rather than direct correlation to the
oxidation state of citrate. Nitrate respiration was inordinately slow in citrate cultures, with

replicate cultures taking approximately 24 hours to remove 100 uM nitrate after the onset of
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denitrification, a feat which took cultures grown on other carbon sources 1.5 to 4 hours at
comparable cell densities. Additionally, direct cell counts revealed that cells grown upon citrate
were apparently dying off during nitrate respiration (Figure 6). P. denitrificans has been reported
to be incapable of growth upon citrate under anaerobic conditions (Robertson and Kuenen 1983).
Furthermore, at the same carbon oxidation state, malate grown cultures exhibited a much higher
Bedenic of 23.8 + 0.7%o, thus suggesting that oxidation state, in and of itself, does not control the
value of Pggenit. As the carbon oxidation state decreased from the 1.0 value of citrate and malate
to 0.67 (pyruvate), Begenic increased to 28.4 + 1.1%. Proceeding to the 0.5 oxidation state of
succinate, however, ggenit was found to then decrease, varying from 17.0 £ 0.7%o (succinate 1)
to 23.4 + 0.1%o (succinate 2). At an oxidation state of 0 the greatest isotope effect was measured,
at 29.7 £ 0.3%o (glucose), but reached as low as 22.1 + 2.5%o in acetate 2 cultures. 158denit then
declines slightly from the glucose value to 26.8 + 0.8%o at the lowest tested oxidation state of -
2.0 (ethanol).

In contrast to the oxidation state of carbon, the specific respiration rate (h) of nitrate was
positively correlated to the measured lssdenit of respective cultures (Figure 7, Table 3). The
specific respiration rate is used as an estimate of the specific growth rate. Equivalence between
the specific respiration and specific growth rate requires that the rate of respiration remains
constant throughout exponential growth phase, which has been observed in Escherichia coli
(Andersen and Meyenburg 1980). Ethanol and citrate cultures were excluded from this
comparison of ¢ genic and specific respiration rate, as they were not in exponential growth phase
during denitrification, meaning a specific respiration rate could not be calculated. The specific
respiration rate ranged from 0.44 + 0.08 (hr'") for growth on succinate to 1.06 + 0.07 (hr™") for

growth on glucose, with the minimum rate associated with the lowest “ggenii (17.0 * 0.7%o,
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succinate 1), and the greatest rate associated with the greatest lssdenit (29.7 £ 0.3%o, glucose).
Even among cultures grown on a single carbon substrate where Begenit can be seen to differ
significantly between culture batches (i.e. succinate 1 and succinate 2), “ggeny remained
correlated to the specific respiration rate. The specific respiration rate of succinate 2 cultures was
elevated alongside their lssdenit, at 0.67 + 0.07 hr'! and 23.6 + 1.4%o, respectively, relative to the
low values measured among succinate I cultures, at 0.44 + 0.08 (hr'l) and 17.0 £ 0.7%c. The
difference between the two acetate batches was less striking. Within acetate 1 treatments a B denit
of 24.0 £ 0.2%o is associated with a specific respiration rate of 0.72 + 0.04, while in acetate 2
treatments a 158denit of 22.1 + 2.5%o is associated with a specific respiration rate of 0.64 + 0.02
(Table 3). The difference in lssdenit between acetate 1 and acetate 2 is thus within one standard
deviation. A positive relationship between 158denit and specific respiration rate extends to all
cultures for which a specific respiration rate could be measured, approaching an asymptote of
approximately 30%o (Figure 7).

Direct cell counts of ethanol and citrate cultures allowed for the calculation of the
average rate at which a single cell reduced nitrate to nitrite, known as the cell specific nitrate
reduction (CSNR) rate. The CSNR rates of two citrate cultures were measured at 6.06 * 107" +
2.40 * 10" and 4.81 * 10" £ 1.69 * 10! pmol NO5” L' cell' min™, while the CSNR rate of the
single ethanol culture was approximately an order of magnitude higher, at 3.80 * 1010 + 0.34 *
10710 umol NOs’ L' cell! min™!. As the lssdenit of the ethanol grown culture (26.5 + 0.8%0) was
much greater than 158denit measured between citrate cultures (12.9 + 1.4%o), ¢ displayed a
positive relationship with CSNR within these limited culture sets. However, this may relate to
the respective growth phases of the ethanol and citrate cultures, as the ethanol culture appeared

to be in stationary phase, with an approximately constant cellular concentration of 1.60 * 10° +
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0.15 * 10° cell ml™", while the citrate culture entered the death phase after the 47 hour mark
(Figure 6).

Measurement of culture growth by spectrofluorometric analysis using the picogreen DNA
probe was attempted, but largely unsuccessful. After extended periods in a -80°C freezer, ranging
from weeks to months, it was found that DNA degraded, leading to inconsistent measurements.
This was seen most clearly in malate grown cultures. Growth was measured by picogreen
spectrofluorometric analysis for identical malate culture samples in August 2013 and January
2014. The cultures were originally grown in June, and measurement in August yielded erratic
changes in fluorescence height (unitless) with time. Repeated measurement of the same samples
in January yielded significantly decreased fluorescence, with heights ranging from ~400 to 550
in August, and ~100 to 170 in January (Figure 8a). While the degradation of DNA precludes
these measurements from use in the quantification of accurate growth rates, the observed regular
increase in fluorescence with time (coinciding with the occurrence of denitrification) detected in
succinate, acetate, pyruvate, glucose, and some malate cultures is a qualitative indication that
cultures using these carbon sources were in growth phase over the course of denitrification
(Figure 8). Acetate 1 cultures were not analyzed using this method.

The effect of denitrification on the isotopes of O compared to N is examined through the
slope of the linear regression of the change in 8'®0 vs. the change in 8'°N (A8'*0:A8"°N) of
nitrate remaining within the medium as denitrification progresses. The pooled AS"0:A8°N
calculated among all cultures was 0.92 + 0.00 (Figure 9). The AS"0:A8°N relationship was
consistent, with a correlation coefficient greater than 0.999 derived from a model II geometric
mean linear regression of all data points. The lowest observed A8'*0:A8"°N of 0.87 + 0.02

occurred among succinate 1 cultures, whereas the greatest observed value was measured within
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an individual citrate culture, at 1.13 + 0.04 (Figure 10). Similar to what was seen with respect to
B denit VS. specific respiration rate, the varied A8"0:A8"N values between succinate 1 and
succinate 2 treatments correlated with lssdenit. The average AS'B0:A8N of succinate 2 cultures,
at 0.93 £ 0.01, being much greater than that of succinate 1, at 0.87 £ 0.02, vs. their respective
lssdenit values of 23.6 + 1.4%0 and 17.0 £ 0.7%oc. Acetate 1 and acetate 2 cultures were, again,
found to be relatively similar, with respective A5'®0:A8"N ratios of 0.93 + 0.01 and 0.96 + 0.00
(Figure 9, Table 3). The maximum reported A8'*0:A8"°N of 1.13 % 0.04 is aberrant, as, for a
total of 21 measured values, the second greatest A8"0:A8"N ratio in a single culture was 0.96 +
0.02 (one of two acetate 2 cultures). The 1.13 £+ 0.04 value is, however, heavily reliant on a
single data point lying near the inception of nitrate respiration, and the exclusion of this point
from the calculation of the culture’s A5'®0:A8"°N results in a reduced ratio of 0.99 + 0.06. The
inflation of A8'80:A8"°N during the early stages of denitrification may be related to a slower
initial nitrate reduction rate, and thus increased influence from the competing isotope effects of
nitrate uptake and efflux (see Discussion). Aside from the relatively low A8'"®0:A8"N ratio
observed in succinate 1 cultures and the high ratio within an individual citrate culture,
A8'80:A8"N remained nearly constant across a broad 158denit range (Figure 10). Therefore, while
B denic and Egenit vary significantly between treatments, they remain nearly equal within a given

culture.

Discussion
Redox and &4epis
In this study, cultures of Paracoccus denitrificans were grown using a variety of carbon

sources, and the discrimination of the N and O isotopes of ambient nitrate during denitrification
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(lssdenit and lgsdenit, respectively) was monitored in each culture. Cultures grown on different
carbon sources exhibited distinct gq4epi¢ Values, which, except for differences between two discrete
sets of succinate grown cultures, were consistent among replicate cultures. The variation in €gepit
among cultures grown with different carbon substrates was correlated with the culture’s specific
respiration rate. We hypothesized that the oxidation state of the cultures’ carbon source would
control ggenir. More oxidized carbon substrates were expected to lead to lower €gepir values. This
hypothesis is based on two assumptions: (1) nitrate uptake into the cell is regulated by the redox
state of some component(s) of the electron transport chain, and (2) growth fuelled by more
oxidized carbon substrates will lead to a more oxidized electron transport chain. Contrary to
expectations, however, no clear correlation was found between the carbon substrate oxidation
state and the magnitude of &q4epis (Figure 5). This result suggests that one or both of the
assumptions inherent to the hypothesis could be erroneous, or that nitrate isotope fractionation
responds to physiological mechanisms for which we have not accounted.

In regard to the first assumption, experimental evidence indicates that nitrate uptake does
not occur when the ETC is overly oxidized, and the extent of ETC reduction has been correlated
with nitrate respiration rates (John 1977; Alefounder et al. 1981; Kucera et al. 1981; Alefounder
et al. 1983, Kucera et al. 1983). In combination with the failure of alternative hypotheses to
explain nitrate respiration inhibition, such as the direct regulation of ETC components or
transport proteins by inhibiting compounds (John 1977, Alefounder et al. 1981), these
observations strongly suggest that nitrate uptake is modulated through the ETC oxidation state.
Nonetheless, the evidence does not preclude the possibility that, while a threshold ETC oxidation
state may be required for nitrate uptake to occur, other physiological controls may then

contribute to the regulation of the nitrate uptake rate. For instance, evidence that small changes
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in the oxidation state of the ETC will result in proportional modifications to the nitrate uptake
rate may reflect competition by intermediates of denitrification, nitrite and nitrous oxide, for
electrons, rather than direct control over nitrate transport. While inhibition of nitrate reduction
by nitrite and nitrous oxide was correlated with the extent to which the respective compounds
oxidized the ETC (Alefounder et al. 1983; Kucera et al. 1983), it is not known to what degree
inhibition was induced by changes in the ETC redox state vs. competition between these final

electron acceptors for electrons.

Redox and &404is — growth

Supposing that a more reduced ETC will lead to greater nitrate uptake, and thus a higher
e genit, the hypothesis that growth on more oxidized carbon sources will lead to a more oxidized
ETC, does not hold up. The lack of correlation seen in this study between carbon substrate
oxidation state and ggenic SUggests that a culture’s carbon substrate oxidation state does not
predominantly control the ETC redox state in and of itself. We had made the simplifying
assumption that the reducing power of a given carbon source translates to a proportional electron
flux to metabolic processes. This was expected to be the case due to past observations that
electron flux to periplasmic nitrate reductase (NAP) increases alongside the reducing power of
the carbon substrate (Richardson and Ferguson 1992; Sears et al. 1997; Ellington et al. 2002).
This relationship did not extend to NAR, presumably due to the greater influence of factors other
than carbon oxidation state in controlling the net oxidation state of the ETC.

The mean oxidation state of the electron transport chain (ETC) is necessarily a function
of (a) the rate at which electrons are provided and (b) the rate at which electrons are consumed

by the final electron acceptors. Electrons are provided to the ETC by reductants (such as NADH)
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produced from the catabolism of carbon compounds, and by the direct oxidation of some carbon
substrates (e.g., the conversion of succinate to fumarate by succinate dehydrogenase; Madigan
and Martinko 2006). The redox state of the carbon substrate thus offers a first order measure of
the potential for electron supply to the ETC. However, a number of additional factors can also
affect the rate at which the ETC is supplied with electrons - including the rate of catabolism and
alternative routes of electron consumption. Alternative routes include anabolism and the activity
of electron sinks, such as NAP. In turn, the potential rate at which electrons can be consumed by
respiration is a function of the kinetics of the catalysts and enzymes involved in respiration. The
respective kinetics of electron transport catalysts and enzymes are intrinsic to each, and sensitive
to the concentration(s) of terminal oxidant(s) (e.g., Oy, nitrate, nitrite, and nitrous oxide).

The fact that a culture’s specific respiration rate and lssdenit value have been seen to be
positively correlated in this study (Figure 7) provides evidence that the rate of catabolism is the
predominate factor in increasing the electron supply in growing cultures, presuming positive
correlation between the specific respiration rate and growth rate. For one, the rate of catabolism
must increase to produce a significantly greater growth rate, as catabolism provides the carbon
intermediates and energy necessary to construct cellular components. Secondly, if the diversion
of reducing equivalents to the ETC were responsible for its decreased oxidation state, it would be
drawing electrons from processes like anabolism or periplasmic nitrate reduction. A decline in
reducing power provided to anabolic processes would eventually limit growth, and there is little
evidence for high NAP activity in this study (see Redox and nitrate uptake — NAP). While
growth rate and e genic are related, reducing equivalents can be distributed between respiratory
processes and biosynthesis (or other oxidative processes) with varying ratios in response to the

utilization of different carbon substrates. This is a potential explanation for the variability seen in
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the relationship between growth rate and lssdenit, as it could cause a particular growth rate to be
associated with a range of respiration rates. The irregular partitioning of reducing equivalents
between growth and respiratory processes was observed indirectly in the study of Constantin and
Fick (1997), in which the use of ethanol or acetate as the carbon source appeared to result in a
different growth to respiration ratio during denitrification in high nitrate industrial wastewater by
Pseudomonas species. When grown on ethanol, the cultures exhibited greater growth and less
nitrate respiration than cultures grown with acetate. Ethanol is much more reduced than acetate
(an oxidation state of -2 vs. 0), and thus provides more electrons per molecule of carbon.
Nonetheless, ethanol led to the production of more biomass per molecule of respired nitrate.

Disproportionate partitioning of reducing power is a result of growth using different
carbon substrates due to the variety of metabolic pathways through which the substrates are
processed. In P. denitrificans ethanol and acetate are metabolized using the glyoxylate cycle,
succinate, malate, citrate, and pyruvate by the citric acid cycle, and glucose by the citric acid
cycle preceded by the hexose monophosphate and Entner Douderoff pathways. Ethanol and
acetate metabolism are closely related, as ethanol is converted to acetaldehyde, then to acetate
via aldehyde dehydrogenase (Dimmer et al. 2012). During the conversion of acetaldehyde to
acetate, aldehyde dehydrogenase is capable of reducing NAD" to NADH or NADP* to NADPH
(Ghose and Badra 1985). As NADH is used in respiratory processes and NADPH is used in
biosynthetic processes (Madigan and Martinko 2006), NADPH production by aldehyde
dehydrogenase is a route by which ethanol may have provided biosynthetic processes with a
greater proportion of its reducing power relative to acetate in the study of Constantin and Fick
(1997). In the current study, however, the ethanol and acetate culture’s lssdenit cannot be

compared by their respective assimilatory pathways since the ethanol culture was not growing
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measurably during denitrification. The distinction between growth phases is discussed further
below.

Compounds metabolized via the citric acid cycle exhibited nearly the full range of B¢ denit
values seen in this study. No correlation between oxidation state and 158denit was seen within this
subset of carbon compounds. However, the citric acid cycle in P. denitrificans can produce
NADH or NADPH through the decarboxylation of isocitrate via NAD* or NADP" dependent
isocitrate dehydrogenase (Kanehisa et al. 2000; Madigan and Martinko 2006, Kanehisa et al.
2014). With the exception of citrate cultures, which did not grow during denitrification, a
possible explanation for the range of 158denit values seen among carbon substrates metabolized by
the citric acid cycle may then be the disproportionate use of NADP" vs. NAD" dependent forms
of isocitrate dehydrogenase, both of which are present in P. denitrificans. 1t is, however, unclear
what may cause one form of isocitrate dehydrogenase to be used over the other. Glucose grown
cultures exhibited the greatest lssdenit value in this study. This is consistent with the fact that the
biosynthesis of polysaccharides requires glucose and its derivatives. As a result, cells grown on
the carbon substrates metabolized by the citric acid cycle and the glyoxylate cycle must
synthesize glucose via gluconeogenesis in order to grow, consuming reducing equivalents in the
process (Madigan and Martinko 2006).

The supposition that an increased growth rate will elevate catabolism and thus increase
the electron supply to the ETC, amplifying nitrate uptake and B¢ genit, does not apply to organisms
that are not growing. Cultures using ethanol or citrate as the carbon source did not exhibit
exponential growth phase during denitrification in this study (Figure 6). In the citrate cultures,
the cells ceased to grow upon the switch from aerobic to anaerobic conditions, then proceeded to

die off, as suggested by direct cell counts. This is explained by the fact that P. denitrificans is
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incapable of anaerobic growth using citrate (Robertson and Kuenen 1983). Nonetheless,
denitrification occurred in anaerobic citrate cultures, but with the lowest measured 158denit. The
reason P. denitrificans is unable to grow anaerobically using citrate is not known. However,
ineffective metabolism of citrate could conceivably lead to a more oxidized ETC by providing a
limited supply of catabolically derived reducing equivalents, with stored citrate derivatives
and/or cell lysis products allowing for diminutive catabolic activity. In contrast, the single
culture grown on ethanol performed denitrification during stationary phase with a relatively high
e denit f 26.5 % 0.8%o. The high Begenit Of the ethanol culture is consistent with our expectation
that high nitrate uptake results from a more reduced ETC. The total electron supply per
metabolized ethanol molecule would have been high due to ethanol’s exceptionally low (-2)
carbon oxidation state. Furthermore, while the cells in the ethanol culture were not multiplying
and exhibited no evidence for elevated NAP activity (discussed below), nitrate drawdown within
the culture medium occurred over a time-span comparable to exponentially growing cultures. In
other words, the culture exhibited no obvious decline in nitrate respiration, but alternative routes
of electron consumption were not active, potentially leaving the ETC reduced. A lower 158denit
than was seen in the ethanol culture may be typical for organisms in stationary phase as a result
of the catabolism of more oxidized carbon sources, high NAP activity, or other unknown
reasons. Alternatively, organisms may commonly maintain high nitrate respiration rates while in
stationary phase, but only when a carbon source is available (unlike the citrate cultures). The
lack of growth in stationary phase cultures could lead to a reduced ETC due to the decreased
diversion of reducing equivalents to anabolic processes, while electrons continue to be provided
to the respiratory chain to generate energy for living cells. Unfortunately, a detailed

understanding of the relationship between growth phase and lssdenit cannot be reached, as studies
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investigating lssdenit are typically performed under conditions which lead to measurements of
158denit during exponential growth phase (e.g., Granger et al. 2008; Kritee et al. 2012; Wunderlich
et al. 2012) and due to our small sample size of only one ethanol culture and two citrate cultures.
Since the ETC oxidation state is a function of both electron sinks and sources, the
argument may be posed that an increase in electron supply need not be met with a reduction in
the oxidation state if the supply is countered by an equally high respiration rate. However, I
propose that the greater electron supply imposed by a higher growth/catabolic rate necessarily
leads to a more reduced ETC oxidation state until an appropriately high intracellular nitrate
concentration is reached, proportional to the size of the electron supply. In other words, initially,
the high electron supply reduces the ETC because the concentration of intracellular nitrate
cannot sufficiently promote catalysis of nitrate reduction at an equivalent rate. Eventually,
enough intracellular nitrate accumulates (and enough NAR is synthesized), that the respiratory
consumption of electrons approaches the rate at which electrons are provided. At this point,
approximate redox steady state would be achieved in the ETC. If the intracellular nitrate

concentration falls too low, the ETC redox state would likewise fall and increase nitrate uptake.

Redox and &4.,is — Cell-specific nitrate respiration rate

An alternative explanation to our hypothesis that growth rate drives change in the nitrate
uptake rate through ETC oxidation state is that nitrate uptake is driven by NAR activity. The
cell-specific nitrate respiration (CSNR) rate has been proposed to be linked to NAR activity due
to the energy dependence of uptake upon respiration (Rowe et al. 1994; Kritee et al. 2012), and
due to positive correlation between CSNR and lssdenit (Kritee et al. 2012). This claim is supported

by the observation that NarG™ mutants, which are impaired in their ability to produce a catalytic
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subunit of NAR, had greatly reduced nitrate uptake rates relative to controls (Rowe et al. 1994).
Nitrate can be transported into the cell by either a nitrate/nitrite antiporter or a nitrate/H"
symporter (Boogerd et al. 1983; Goddard et al. 2008). The symporter is reliant upon nitrate
respiration to generate energy in the form of a proton gradient across the plasma membrane, and
the antiporter is dependent upon nitrate respiration to generate nitrite via nitrate reduction. While
the activity of both of these proposed transporters thus requires products of nitrate respiration,
they are not necessarily limited by nitrate respiration. The case may be that an increase in cell-
specific nitrate respiration is a result of elevated nitrate uptake, rather than its cause. The notion
that nitrate respiration is the direct driver of nitrate uptake is incompatible with the view that the
uptake rate is a function of the electron transport chain oxidation state. Presuming that a more
reduced ETC leads to a higher uptake rate, then, with the electron supply held constant, an
elevated nitrate respiration rate would decrease the uptake rate by oxidizing the ETC. A co-
occurring process must thus be amplifying the supply of electrons to the ETC (i.e. catabolism).
The relationship between cell-specific nitrate respiration and Begenic does, however,
provide support for the notion that the magnitude of 158denit is a function of the nitrate uptake rate.
In the experiments of Kritee et al. (2012) the value of g4epi¢ increased as CSNR rose among three
species, P. denitrificans, Pseudomonas chlororaphis, and Marinobacter. The use of different
carbon substrates resulted in different g4enic values, but the proportional relationship between €genit
and CSNR remained. Cultures grown on ethanol and citrate in this study behaved consistently
with this relationship. The CSNR of the ethanol culture was an order of magnitude higher than
citrate cultures, while ethanol and citrate cultures exhibited lssdenit values of 26.5 + 0.8%o0 and

12.9 £ 1.4%o, respectively. CSNR rates were not obtained for other carbon sources.
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The CSNR rate of a cell may be elevated by concentrating more nitrate in the cell and by
concentrating the NAR enzyme. The observed proportional relationship between the CSNR rate
and ggenit reveals that an increase in intracellular nitrate plays a prominent role in the
maximization of the CSNR rate. This is because, in the context of the efflux model, an increase
in CSNR will decrease €4enit by lowering a cell’s uptake to efflux ratio if its nitrate uptake rate is
held constant. Without an increase in uptake, efflux becomes a smaller proportion of the
potential nitrate output from the cell. Therefore, the nitrate uptake and efflux rates must rise to a
greater extent than the CSNR rate in order to prevent gqepit from falling.

The concentration of enzymatic substrates in the intracellular pool is often preferred to
the synthesis of enzymes (Button 1985). This is consistent with the observation that, in P.
denitrificans, the K, of nitrate uptake, at <5 pmol L' (Parsonage et al. 1985), is significantly
lower than that of NAR, which has been reported in the range of 13 umol L™ to 300 pmol L.
However, it should be noted that a wide range of K;,, values have been reported for NAR, which
are seemingly dependent on the reductant provided in vitro. The highest K;,, values, ranging from
300 umol L' in P. denitrificans (Craske and Ferguson 1986) to 3.8 mmol L' in Pseudomonas
stutzeri (Blumle and Zumft 1991), have been measured using non-physiological reductants,
methyl viologen (MV) and benzyl viologen (BV). Lower K, values for NAR in P. denitrificans
have been reported using physiological reductants. The use of durohydroquinone or NADH as
the reductant resulted in K, values of 13 pumol L™ (Craske and Ferguson, 1986) and 40-70 pmol
L' (Parsonage et al. 1985), respectively. The values reported for the physiological reductants
should be taken as a lower limit for NAR activity, which may have been limited by the

enzymatic rate of NADH or durohydroquinone oxidation.
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Redox and &4.,is — electron consumption by NAP

An alternative sink for electrons, in the form of periplasmic nitrate reduction by the NAP
nitrate reductase, bears further consideration, as it provides a potential explanation for the lack of
correlation seen between carbon substrate oxidation state and €genit. NAP is a dissimilatory nitrate
reductase present in denitrifying bacteria. It can act as an electron outlet for redox balance, as its
activity has been seen to increase in response to growth on more reduced carbon substrates, but,
in most strains studied to date, is not linked to the generate of a proton motive force or to growth
(Richardson and Ferguson 1992; Sears et al. 1997; Ellington et al. 2002). The use of NAP as an
electron outlet is one possible explanation for the lack of correlation seen between the oxidation
state of carbon substrates and &4enit, as €xcess electrons supplied by more reduced carbon sources
may have been fed to NAP rather than NAR. The difference between the isotope effect of NAP
and NAR on N and O isotopes of nitrate can potentially be used to determine the relative activity
of the respective enzymes. In cultures of Rhodobacter sphaeroides NAP had a ¢ ranging from
12.6 £0.2t0 19.9 + 0.2 and an '*¢ ranging from 7.9 to 13.1. Despite the variation in isotope
effects across cultures, the change in 8'°0 to change in "N ratio (A5'*0:A8'°N) was consistent,
at 0.62 £ 0.2 (Granger et al. 2008). Because NAP is located in the periplasm, the expression of
its isotope effect is not reliant upon nitrate efflux from the cell. Transport to and from the
periplasm is a result of fractionation-free diffusion (Mariotti et al. 1988), and, as such, the
isotope effect of NAP should be fully expressed to the surrounding media. In contrast, a variable
€denit Of Up to 30%o, with a consistent A8'80:A8"N ratio of 1:1, is expected for NAR by analogy
to the eukaryotic assimilatory nitrate reductase and repeated measurements among several

denitrifying species (Granger et al. 2008; Kritee et al. 2012; Karsh et al. 2012; Wunderlich et al.
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2012). Therefore, in denitrifier cultures, €4enic values below 30%o0 with A8'80:A8N ratios below
1:1 may be indicative of NAP activity.

In this study, A5'®0:A8"°N was seen to range from 0.87 + 0.02 to 1.04 + 0.12, with
measurements for all but succinate 1 (0.87 £ 0.02) and citrate (1.04 £ 0.12) cultures lying
between 0.92 and 0.96 (Figure 10). The relatively low lssdenit of 17.0 £ 0.7 and AS'*0:A8°N of
0.87 £ 0.2 make succinate 1 cultures the best candidate for NAP influence within this study.
Unexpectedly, succinate I had a A8'80:A8"N and a 158denit below that of succinate 2. While
NAP is a possible explanation for this difference, succinate 1 and succinate 2 cultures were
intended to be grown under identical conditions, so it is not clear what would cause its
disproportionate expression. Succinate’s moderate oxidation state of +0.5 does not invoke much
need for NAP in redox balancing. Nonetheless, growth with succinate has been seen to induce
some NAP activity, with aerobic conditions inducing roughly twice as much activity as
anaerobic conditions in Paracoccus pantrotrophus cultures (Ellington et al. 2002). With an
oxidation state of -2 the ethanol grown culture would seem to be the most likely to induce high
NAP activity from a redox perspective. Its '>¢ was indeed below the maximum allowable by
NAR, but its A5'®0:A8"N ratio was approximately the same as glucose and pyruvate cultures -
which exhibited greater isotope effects. Similarly, acetate 1 and acetate 2 cultures had relatively
low ’¢ values, but A8'®0:A8"N ratios equivalent to or greater than those of glucose and
pyruvate (Table 4). A major contribution to nitrate reduction by NAP in the ethanol and acetate
cultures is thus not likely.

There are three caveats to the use of € and A5'30:A8"N ratios to determine NAP activity.
The first being that the fractionation of N and O isotopes of nitrate by NAP has only been

measured in one species, R. sphaeroides (Granger et al. 2008). It is unknown whether other
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species would exhibit the same ’¢ and '®¢ for NAP, as its genetic expression differs significantly
between organisms (Moreno-Vivian et al. 1999). The second caveat is that the isotope effect of
NAR has not been studied in isolation from NAP. A A8'30:A8"N ratio of 1:1 is supported for
NAR by analogy to the eukaryotic assimilatory nitrate reductase and repeated measurements near
1:1 among several denitrifying species (Granger et al. 2008; Kritee et al. 2012; Karsh et al. 2012,
Wunderlich et al. 2012). Variability in these measurements is considerable, however, with
A8"0:A8"N ranging from about 0.79 to 1.02, and this variability may itself be a result of NAP.
Lastly, the isotope effect of transport is thought to have a AS"0:A8°N greater than 1:1,
counteracting NAP. The transport isotope effect is small, purportedly only becoming significant
if the overall € observed in a culture is ~5%o or less (Karsh et al. 2014). Ambiguity introduced by
the first two issues may be the reason the € and A8'*0:A8'"°N values of cultures in this study did

not reveal clear NAP activity.

Isotope effect of water-column denitrification

Despite the wide range of values measured for 158denit in laboratory cultures and in the
field (Table 3), the water-column denitrification isotope effect on N isotopes of nitrate (Pewe) is
frequently considered to be 20-30%o (e.g. Brandes et al. 2002; Sigman et al. 2003; Deutsch et al.
2004; Alkhatib et al. 2012; Eugster et al. 2012). This predicted 15swc is high relative to some
measurements in laboratory and field studies, and has led to the calculation of a massive
imbalance in the N budget of the contemporary ocean using an estimated average Bewe of 25%o
(Brandes and Devol 2002; see Introduction). The mean lssdenit measured among all cultures in
this study cultures was 23.2 + 5.3%o. While this value approximates the 25%o Bewc used to

generate the N budget of Brandes et al. (2002), the variability among cultures is considerable and
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it is unclear which cultures would best represent the average lsswc of the world ocean. For
example, use of the 17.0%o lssdenit measured for succinate 1 cultures would lower the total
outputs estimated in the Brandes et al. (2002) N budget by almost 40%, bringing it much closer
to balance. Large imbalances predicted by some modern N budgets (Table 1) have been used in
support of the N cycle’s role in controlling global climate on geologic time scales (e.g.,
Codispoti et al. 2001; Karl et al. 2002; Galbraith et al. 2004; Galloway et al. 2004). For further
discussion of the role of nitrogen and other limiting nutrients in controlling global climate see
Appendix 1.

As long as the global mean value of 15swc remains ambiguous, its use will be a large
source of error in the calculation of marine nitrogen budgets. In order to better elucidate
environmental controls on lssdenit we examined the response of lssdenit to growth using a variety
of carbon substrates. Cultures grown using different carbon sources exhibited distinct 158denit
values, which were positively correlated with the culture’s specific nitrate respiration rate in
cultures undergoing exponential growth (Figure 7). We interpret correlation between B¢ genic and
specific nitrate respiration rate to indicate a direct causal relationship, in which high growth rates
elevate lssdenit by reducing the ETC (see Redox and nitrate uptake - growth). To understand how
the relationship between lssdenit and growth may alter lsswc, we must consider denitrification in
the context of the oxygen minimum zones (OMZs) in which water-column denitrification occurs.

The vast majority of water-column denitrification in the world ocean occurs in three
OMZs, the Eastern Tropical North Pacific (ETNP), Eastern Tropical South Pacific (ETSP), and
the Arabian Sea (Kamykowski and Zentara 1990; Paulmier et al. 2009). OMZs manifest as a
result of oxygen respiration during heterotrophic metabolism of organic matter descending

through the water-column. Once oxygen has reached a sufficiently low concentration
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denitrification occurs. Since OMZs are often carbon limited (Voss et al. 2001; Ward et al. 2008;
Chang et al. 2014) and hypoxia is reliant upon heterotrophic metabolism, denitrification rates in
OMZ’s are linked to carbon input from the overlying euphotic zone (Liu and Kaplan 1984). An
oxygen gradient exists across OMZs, allowing for a mixture of oxygen and nitrate respiration,
while the OMZ core approaches anoxia (Paulmier and Ruiz-Pino 2009). As, at most, 0.1% of the
global ocean can be defined as an OMZ (Codispoti et al. 2001), the conditions required to
produce and maintain an OMZ are not common. More specifically, the three major OMZs
develop in stratified waters that receive exceptionally elevated organic matter input due to high
productivity in euphotic zones fed nutrient rich water from proximal upwelling zones. Being
reliant on euphotic zone productivity, OMZs are subject to the influence of intra and inter-
seasonal productivity changes. Seasonality is evident in the intensity of the ETNP and ETSP
OMZs, though the Arabian Sea exhibits by far the greatest temporal variation, as seen through
seasonal changes in the spatial extent and oxygen concentrations within the respective OMZs
(Paulmier and Ruiz-Pino 2009). Enhanced upwelling during the summer in the Arabian Sea
(Nagvi et al. 2000) and during the northern hemisphere winter in the ETNP (Thunell 1998,
Altabet et al. 1999) and ETSP (Echevin et al. 2008) leads to phytoplankton blooms, which then
feed the OMZ with pulses of organic matter. Pulses of organic matter input lead to successional
changes in the microbial composition of the OMZ (Jayakumar et al. 2009), and are capable of
releasing carbon limitation (Ward et al. 2008).

Spatial and temporal shifts in the value of lssdenit may be associated with carbon
availability in OMZs. With lssdenit increasing as a direct result of elevated growth rates, the
average Bewe in an OMZ may increase during intensified denitrification immediately following

high organic carbon input. The connection between growth rate and lssdenit further implies that
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15swc may decrease with depth. Unlike the culture incubations performed here, carbon substrates
in OMZs are a mixture of decaying organic matter and breakdown products resulting from the
remineralization of this organic matter. As such, available carbon substrates should become more
refractory as the organic matter descends through the water-column and favorable compounds
are consumed. Additionally, overall availability of carbon decreases with depth, as is seen in the
Arabian Sea (Roullier et al. 2014), increasing the likelihood of carbon limitation in deeper
portions of the OMZ. With more refractory carbon available at relatively low concentrations,
growth slows, and Bewc may thus decrease. Analogously, in cultures grown using a complex
organic carbon source (bactopeptone and casein extracts) lssdenit was high during initial nitrate
respiration, but declined after nitrate was completely respired and then re-amended (Kritee et al.
2012). The reduced lssdenit may have resulted from a reduction in the lability of the organic
carbon source after initial growth.

Large pulsed inputs of carbon and intermittent periods of carbon limitation within OMZs
could cause “gwc to change in response to the growth phase of denitrifying microorganisms. As
the carbon supply subsides and it becomes limiting following a large input event, cells will not
be able to maintain growth. As carbon limitation persists following the cessation of growth and
the microbial population stabilizes in response to the lower carbon input, cells may persist in
stationary phase. Though little is known in regard to the relationship between growth phase and
lssdenit, the ethanol and citrate cultures grown in this study may provide some clues (see Redox
and "€ genis — growth). The period following a decline in carbon input may be analogous to citrate
grown cultures. Citrate cultures had entered stationary phase, and eventually the cell count
declined, following the switch from aerobic to anaerobic conditions. This resulted in the lowest

measured ggen;; in this study, at 12.9 + 1.4%o, presumably due to the inhibited ability of the cells
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to provide electrons to the ETC via citrate catabolism. Extreme carbon limitation in the water-
column may thus similarly exhibit a low lssdenit. Cells in stationary phase, but with an available
carbon source (ethanol), exhibited a much higher 158denit of 26.5 + 0.8%0. Whether this indicates
that stationary phase cells in the water-column will denitrify with a high lsswc is unclear due to
our sample size of a single culture with a single carbon source. Stationary phase denitrification
resulting in both a high lssdenit, as seen in the ethanol culture, or a low 158denit, as a result of the
metabolism of more oxidized or recalcitrant carbon sources, is consistent with the notion that
e genit i controlled by the oxidation state of the ETC (discussed above). The relationship
between growth phase and lssdenit may be an important consideration in understanding 15swc
under nutrient limited conditions, and thus requires further investigation.

The 25%0 “ewc used in the N budget of Brandes and Devol (2002) is rationalized by the
fact that it is based on field measurements in the studies of Liu (1979), Brandes et al. (1998),
Altabet et al. (1999), and Voss et al. (2001), which encompass each of the three major global
OMZs (the ETSP, ETNP, and Arabian Sea). Variability related to carbon availability may
explain their high “ewc values. Of these studies, temporal variation in particulate carbon flux
was only reported in Altabet et al. (1999). Consistent with the expectation that high carbon flux
will lead to a greater lsswc, a spike in carbon flux from late May to early June occurred, while
the lssdenit of 22.7%o0 was estimated during June (Altabet et al. 1999). Furthermore, 158wc values
substantially lower than 25%0 have been measured in the field. For example, the studies of
Sigman et al. (2003) and Ryabenko et al. (2012) contained 15swc estimates of <7%o and 7.6 to
16.0%o, respectively. In both cases, an actual 158wc of 25%0 was assumed and the measured
isotope effects were hypothesized to have been skewed by the influence of sedimentary

denitrification, due to its much lower isotope effect of ~0-4%. (Brandes and Devol 2002,
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Lehmann et al. 2007). The influence of sedimentary denitrification was supported in the study of
Ryabenko (2012) by the observation that the measured ¢ value increased with distance from the
shore. In light of the wide range of lssdenit values measured in this study and in other culture
studies, however, “ewc values measured below 25% cannot be assumed to stem solely from the
influence of sedimentary denitrification, as the 15swc end-member may itself be below 25%eo.

The association between high growth rates and high lssdenit values allows for the
prediction of general trends in lssdenit in response to carbon input, but it does not allow for the
calculation of a precise Bewc due to the potential significance of other poorly understood factors,
such as the following: (1) Since pulsed carbon inputs and carbon limitation are common in
OMZs (Thunnel et al. 1999; Voss et al. 2001; Ward et al. 2008; Chang et al. 2014) it is important
to understand how the resulting changes in bacterial growth phase may affect their expressed
lssdenit. To the best of my knowledge, laboratory measurements of 158denit have not been reported
during the stationary phase of bacterial growth, aside from three cultures in this study. (2) The
existence of significant interspecific responses to environmental conditions would complicate the
expression of lssdenit, as OMZ bacterial populations are diverse and exhibit successional changes
in their composition following large organic carbon inputs (Jayakumar et al. 2009). It is clear
that lssdenit exhibits intraspecific variation in response to environmental conditions (Granger et al.
2008; Kritee et al. 2012), however, the dearth of knowledge with respect to the control of 158denit
by environmental conditions has prevented the detailed investigation of how species respond
differentially to environmental changes. (3) Denitrification occurs in the presence of oxygen if
oxygen concentrations are sufficiently low, and under such conditions oxygen may affect lssdenit
by partially inhibiting nitrate uptake or by competing with nitrate for electrons. The e genit Of P.

denitrificans cultures in the study of Barford et al. (1999) did not change in response to oxygen
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concentrations ranging from 0.0 to 0.3 uM. However, given a larger range of oxygen
concentrations a relationship may be observed, as denitrification can occur in the presence of 10
uM oxygen or more (Lloyd et al. 1987; Yakusev and Neretin 1997). Growth of denitrifying
organisms in the presence of 4 uM oxygen has yielded a reduced average B geni: relative to
anaerobic cultures, though in some cases oxygen had no noticeable effect (Kritee et al. 2012).
Oxygen gradients in OMZs may thus cause “ewc to decrease away from the OMZ core, as the
oxygen concentration increases. (4) Temperature may affect 158denit in the water-column. Soil
samples had observed values of 29.4 + 2.4%. at 20° C and 24.6 + 0.9%o at 30° C (Mariotti et al.
1981). A comparable effect during marine denitrification is another potential cause of variation
in 15swc.

The combined complexity of the environmental controls on lssdenit and the spatial and
temporal variability of the oxygen minimum zone environment does not allow for the confident
assignment of a Bewe value without extensive further study. The most effective way to resolve
this complexity is through combined study of denitrification in sifu and in the laboratory.
Investigations in the laboratory give clues as to what environmental conditions affect B genic and
the sign and magnitude of their effect. This knowledge can be used in in situ studies to determine
what conditions must be monitored during Pewe measurement in order to accurately extrapolate
its value to the global ocean. Field measurements of 15swc could be the temporary result of
ephemeral conditions, rather than a representative average of Bewc in the marine environment.
Due to the connection between growth rate and lssdenit observed in this study, and the potential
connection between lssdenit and growth phase, it is important for future in situ lsswc
measurements to be made in the context of changes in carbon flux and limitation. If minimal

5

variation is seen in ~ewc in response to changes in carbon limitation and availability, these
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factors could be ruled out as important controls of Bew. Significant variation in Bewc that is
consistent with respect to changes in carbon limitation and availability may allow for the
prediction of an average marine 15swc when combined with detailed knowledge of conditions
within OMZs and a better understanding of the influence of temperature and oxygen. Significant
variation in “gwc that is inconsistent with respect to changes in carbon limitation and availability

would indicate the importance other determining factors, such as oxygen concentration,

temperature, and interspecies variability.

Appendix 1 — A brief overview of nutrient limitation and climate change

In the past few decades much work has been done in the attempt to elucidate the
relationship between nutrient limitation in the ocean and global climate. Life within the ocean is
connected to climate via carbon dioxide (CO;). Phytoplankton fix carbon from CO, into organic
matter, partitioning carbon between the atmosphere and the marine organic pool. The resulting
export of organic matter to the deep sea sequesters carbon within the ocean before the carbon in
organic matter is respired back to CO,, subsequently upwelled, and allowed to re-equilibrate
with the atmosphere (Prentice et al. 2001). Carbon sequestration in the ocean as a result of
biological activity is dubbed the “biological pump”. The magnitude of carbon sequestered in this
manner is a function of the productive capacity of the ocean, as controlled by the availability of
nutrients, and the physical dynamics of the ocean. The roles of three limiting nutrients in
regulating the strength of the biological pump, nitrogen, phosphorous, and iron, have been
heavily debated.

In the attempt to understand how nutrient limitation affects primary production, the initial

point of contention was whether nitrogen or phosphorous (P) acts as the dominant limiting
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nutrient in the ocean (Broecker 1982; McElroy 1983). Phosphorous limitation would lend great
importance to terrestrial weathering and sedimentary burial as drivers of marine productivity, as
these processes are the dominant input and output of P in the ocean, respectively (Delaney 1998).
On the other hand, nitrogen limitation would shift importance to the N budget of the ocean
(Gruber 2008). In this case, the question of balance in the N budget arises, as disproportionate N
inputs and outputs over long time scales would lead to large fluctuations in marine primary
production. Importance then shifts from drivers of the marine P inventory to the primary controls
of balance in the N budget, N input from N,-fixation and N loss from denitrification (Brandes et
al. 2002). Iron’s influence further complicates the issue. Iron has the potential to both limit
growth directly, as it stimulates growth in high nutrient low chlorophyll zones in high latitude
regions (Martin 1990; Boyd et al. 2007), and indirectly, as iron availability has been proposed to
limit N»-fixation in mid and low latitudes (Falkowski 1997).

The argument for P as the limiting nutrient of marine productivity is attractive at face
level. The marine phosphorous cycle operates over a greater span of time than the N cycle, as P
has a residence time of >30,000 years (Delaney 1998) while fixed N has a residence time of
1,500 (Codispoti et al. 2001) to 3,500 years (Gruber and Sarmiento 1997). The input of P to the
marine ecosystem is not directly controlled by biology, as it is dominated by riverine transport
(Delaney 1998). In contrast, the primary input process (N,-fixation) for oceanic N is microbial.
The abundance of dissolved N, in seawater grants N»-fixing organisms (diazotrophs) practically
unlimited access to N, which potentially allows them to add fixed N to the marine environment
until phosphorous limitation occurs. The notion that fixed N can be readily added to the marine
ecosystem according to the needs of biology, while P cannot, has led many to believe that P is

the ultimate limiting nutrient in the ocean on geological timescales (Redfield 1958; Broecker et
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al. 1982; Tyrrell 1999). However, P may act merely as an upper limit to primary productivity —
becoming important only in the special case that N and Fe are not.

Evidence for the role of iron in regulating climate through its deposition in HNLC zones
is growing. Iron deposition at high latitudes allows organisms to grow using N and P that is
already abundant in HNLC zones (Martin 1990). Stimulation of growth by iron addition to
HNLC regions has been clearly demonstrated, as summarized in Boyd et al. (2007).
Additionally, isotopic evidence from sedimentary cores in HNLC regions correlates increased
iron flux with increased growth, decreased surface ocean nutrient concentrations, decreased
atmospheric CO,, and decreased temperature over the course of multiple glacial-interglacial
cycles (Martinez-Garcia et al. 2014; Sigman et al. 2014).

Substantial support exists for N as the major limiting nutrient in contemporary
oligotrophic expanses of the modern ocean. This is implied by the fact that the global average
inorganic N:P ratio in the ocean falls below the average N:P seen in organic matter (Fanning
1992; Anderson and Sarmiento 1994; Gruber and Sarmiento 1997) and is indicated directly by
the existence of vast expanses of the ocean in which N, but not P, is completely depleted (Moore
et al. 2013). With N as the limiting nutrient, sufficient imbalances in the N budget of the ocean
could lead to alterations in primary production large enough to modulate the concentration of
CO; in the atmosphere on the scale of glacial-interglacial cycles. For instance, assuming that the
C:N:P ratio of organic matter is constant (106:16:1, Redfield 1958), there is a N deficit of 2.7
pumol kg'1 in the modern ocean (Anderson and Sarmiento 1994), and P is the ultimate limiting
nutrient, Falkowski (1997) estimated that adding enough N to the ocean to bring the total marine

N:P to 16:1 could sequester 600 Pg C. For comparison, 800 Pg carbon was lost from the
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atmospheric CO, pool as CO; declined for ~10,000 years during the last glacial maximum
(LGM) (Reynaud et al. 1993).

The induction or amplification of a glacial event based upon the stimulation of
productivity by changes in the N cycle requires an increase in N-fixation and/or a decrease in
denitrification. A greater Fe flux to oligotrophic regions of the ocean has been hypothesized to
stimulate N,-fixation (Falkowski et al. 1997; Broecker and Henderson 1998). However, iron
additions to such waters have, thus far, failed to stimulate growth without the simultaneous
addition of N or P (Graziano et al. 1996; Mills 2004; Moore et al. 2008; Moutin et al. 2008).
Furthermore, recent studies suggest that N,-fixation in the Pacific and the Atlantic was actually
reduced during the LGM (Ren et al. 2009; Ren et al. 2012). A decrease in denitrification during
glaciation is better supported. Reduced water-column denitrification during the LGM is implied
by isotopic evidence from several studies (e.g. Altabet et al. 1995; Ganeshram et al. 1995; Pride
et al. 1999; Robinson et al. 2007). Additionally, sedimentary denitrification is expected to be
diminished during glaciation. Sedimentary denitrification predominantly occurs in the
continental shelf benthos, the area of which would decrease during glaciation as a result of fallen
sea levels (Christensen 1994).

Evidence for the occurrence of reduced denitrification during the LGM grants some
weight to the notion that the N cycle influences glacial-interglacial cycles. To play such a role,
however, the reduction in denitrification would have to overcome its coupling to N»-fixation, a
self-induced negative feedback loop (Gruber 2008), and the release of CO, from the ocean
resulting from any increased burial of CaCOj3 associated with greater productivity (Sigman and
Boyle 2000). Two mechanisms of N cycle stabilization have been proposed: (1) Increased

denitrification would lower the N:P of upwelled water, lowering export production from the
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surface ocean. Lower export production would then reduce the size of oxygen minimum zones,
in which the majority of water-column denitrification occurs. Sedimentary denitrification would
also decrease as its organic N supply is depleted (Broecker and Peng 1982; Codispoti et al.
1989). (2) If N-limitation becomes severe as a result of increased denitrification, nitrogen fixing
phytoplankton would become more competitive, elevating overall N, fixation rates. While
denitrification self-regulates by reducing overall surface export, N,-fixation would act to increase
the surface export. Eventually, N,-fixation would cause the ocean to approach P limitation, and
the associated high export production would stimulate denitrification (Michaels et al. 2001).
Whether a reduction in denitrification is capable of overcoming these feedbacks and producing a
large scale decline in atmospheric CO, is not known.

While studies on past changes in the magnitude of N, fixation and denitrification
demonstrate that the N cycle is subject to climate correlated variability, the data is too sparse and
imprecise to indicate whether N»-fixation and denitrification have ever been sufficiently
decoupled to induce or exacerbate climate change (e.g., Altabet et al. 1995; Ganeshram et al.

1995; Pride et al. 1999; Robinson et al. 2007 Ren et al. 2009; Ren et al. 2012).
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Figure 1. An oceanic nitrogen isotope budget using isotope enrichment and mass flux values
compiled in Brandes et al. (2002). The 8N of oceanic fixed nitrogen is constant throughout the
Holocene at 5%o. Thus, at steady state, the net 8N of nitrogen inputs and outputs must be
equivalent. Nitrogen inputs were estimated from past studies, and have a net 3"°N of ~0%o,
meaning that outputs must have a net 3°N of ~0%o. The benthic denitrification rate was the sole
unknown in the model, and was estimated at 250-300 Tg N yr-1 by a mass balance calculation.
However, a smaller 5¢ for water-column denitrification would lower the calculated benthic

denitrification output rate, bringing the nitrogen isotope budget closer to a balance.
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Periplasm

Plasma Membrane

Cytoplasm

Outer membrane

Figure 2. Nitrate isotope fractionation in a gram negative bacterium. NOs’ is actively transported
into the cell against an electrochemical gradient. It is then reduced by respiratory nitrate
reductase (NAR) to nitrite. During NOj3™ reduction, NO3™ bond breakage by NAR enriches the
intracellular NO3™ pool in N, with an isotope effect of approximately 27%¢. The subsequent
diffusion of NOj3 to the outside of the cell enriches the medium with an elevated SISNNog. A
NO;3/NO; antiporter takes up nitrate while exporting nitrite to the periplasm. The exported NO,
may then be reduced to N,O by respiratory nitrite reductase (NiR), which is embedded on the

periplasmic face of the plasma membrane.
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Figure 3. An example of NOj respiration measured within a culture using malate as the carbon

substrate. (A) The concentration of NOj; respired, NO,, and NOs vs. time. The difference

between the concentration of nitrate respired and the nitrite concentration indicates nitrite

reduction. (B) The natural logarithm of nitrate respired vs. time. The slope of the linear

regression of this data series, seen here to be 0.64 hr'', equates to the specific respiration rate of

the culture.
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Table 1. Past Nitrogen Budget Estimates

Reference Sources (Tg N/yr)  Sinks (Tg N/yr) Net (Tg N/yr)
Codispoti and Christensen, 1985 90 158 -68
Middelburg et al. 1996 90 to 293 313t0 418 -328 to -20
Gruber and Sarmiento, 1997 181+44 18429 ~Balanced
Codispoti et al. 2001 287 482 -195
Brandes and Devol 2002 160-380" 350 to 400 -240 to +30
Gruber and Sarmiento 2002 238 +44 204 + 29
Galloway et al. 2004 202 342 -140
Gruber 2004 265 £ 55 275+ 55 ~Balanced

*The high source magnitude listed here is not robust. This nitrogen budget was developed using
N isotopic constraints, and the N, fixation rate was thus allowed to vary over an extreme range of
110 to 330 Tg N yr”' due to its minimal effect on the '°N of the ocean.
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Table 2. Nitrogen fixation vs. denitrification rates estimated in past N budgets

Reference Nitrogen Fixation (Tg N/yr) Denitrification (Tg N/yr)
Gruber and Sarmiento, 1997 110 £50 165 + 40
Codispoti et al. 2001 117 450
Karl et al. 2002 100 to 200 -
Brandes and Devol 2002 110 to 330* 275 to 355
Gruber 2004 120 £ 50 245 +£70
Galloway et al. 2004 106 312

*The high source magnitude listed here is not robust. This nitrogen budget was developed using
N isotopic constraints, and the N, fixation rate was thus allowed to vary over an extreme range of
110 to 330 Tg N yr”' due to its minimal effect on the '°N of the ocea
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Table 3. N isotope effects of denitrification observed in monoculture and measured in the
field.

Reference B¢ denit (%0) Conditions
Wellman et al. 1968 20-30 Laboratory culture of Pseudomonas stutzeri
Delwiche and Stein 1970 13 t0 20 Laboratory culture of Paracoccus denitrificans
Brandes et al. 1998 22 to 25 Arabian Sea
Brandes et al. 1998 25to0 30 Eastern Tropical North Pacific
Altabet et al. 1999 22.7 Eastern Tropical North Pacific
Barford et al. 1999 28.6 Laboratory culture of Paracoccus denitrificans
Voss et al. 2001 22 to 30 Eastern Tropical North Pacific
Sigman et al. 2003* T* Eastern Tropical North Pacific
Granger et al. 2008 16.9 to 23 Laboratory culture of Pseudomonas aureofaciens
Granger et al. 2008 5.41t019.7 Laboratory culture of Pseudomonas stutzeri
Granger et al. 2008 17.6 to 24.8 Laboratory culture of Paracoccus denitrificans
Kritee et al. 2012 9.3t022.3 Laboratory culture of Paracoccus denitrificans
Kritee et al. 2012 11 to 29.5 Laboratory culture of Pseudomonas stutzeri
Ryabenko et al. 2012 7.6 to 16.0* Eastern Tropical South Pacific OMZ

*These low water-column lssdenit values were hypothesized to result from the influence of
sedimentary denitrification.
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Table 4. The nitrate nitrogen isotope effect ('’¢), specific respiration rate, ratio of the change in

880 vs. the change in 8N (ASISO:ASISN), and carbon oxidation state for cultures of P.

denitrificans. The reported values correspond with simultaneously grown replicate cultures

containing the given carbon substrate, and are stated +1 standard deviation. Since only a single

ethanol cultures was measured, the standard deviation of ethanol data points corresponds with

the linear regression analyses associated with their calculation.

Carbon — # Replicate 15, ¢ Respiration 540 4515y oi?ézﬁﬁn
Source Cultures Rate (hr') State
Acetate 1 2 24.0+0.2 0.72 +0.04 0.93 +0.01 0
Acetate 2 2 22.1+£25 0.64 +£0.02 0.96 +0.00 0
Citrate 2 129+14 - 1.04 £0.13 1.0
Ethanol 1 26.5+0.8 - 0.93 +0.01 -2
Glucose 3 29.7+0.3 1.06 +£0.07 0.94 +£0.01 0
Malate 3 23.8 +0.7 0.58 +0.05 0.94 +0.00 1
Pyruvate 3 284 +1.1 0.71 £0.04 0.92 +0.00 0.67
Succinate 1 3 17.0 £ 0.7 0.44 +0.08 0.87 +0.02 0.5
Succinate 2 2 23.6+14 0.67 £0.07 0.93 +0.01 0.5
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Introduction

Nitrogen (N) is a major nutrient required universally by photosynthetic organisms. Its
availability in the environment can directly affect the ecology and productivity of terrestrial and
marine ecosystems, with important implications for the regional and global carbon cycles. The
natural input of bioavailable N to the biosphere is dominated by nitrogen fixation, the biological
reduction of dinitrogen (N,) gas to ammonium (NH;"). Two methods are commonly utilized to
measure N, fixation rates in the field, the 15N2 tracer assay (e.g., Montoya et al. 1996) and the
acetylene (C;H;) reduction assay (Stewart et al. 1967, Hardy et al. 1968). The 15N2 tracer assay
was originally developed when artificially "N-enriched substrate N, first became available
(Burris and Miller 1941). This approach was then superseded by the acetylene reduction
technique, as the cost and availability of high precision isotope ratio measurements proved
restrictive (Hardy et al. 1968). The acetylene reduction assay, however, is associated with
variations in the factor used to convert C;H, reduction into N, equivalents, and with potentially
biasing effects of C,H, on the physiology of N, fixing organisms, among other issues (Giller
1987, Hardy et al. 1973, Staal et al. 2001). Interest in the 15N2 tracer assay later regained
momentum, owing to the increased affordability of Isotope Ratio Mass Spectrometry (IRMS)
instrumentation and to concurrent developments in N tracer techniques. Today, it is generally
the preferred method to quantify N, fixation rates in both terrestrial and aquatic environments
(Montoya et al. 1996), owing to its high sensitivity, and ability to provide qualitative and
quantitative constraints on the translocation and the fate of biologically fixed N (Addison et al.
2010, Belay et al. 1988, Scharff et al. 2003).

A salient strength of the "°N; tracer assay is that ’N-enrichment detected in biomass can be

ascribed to the biological reduction of N, exclusively, as no interfering processes can carry out
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the reduction of N, gas concurrently. This premise requires that the >N, stock be devoid of any
contaminant '’N-species that could be assimilated into biomass simultaneously. However, during
recent research projects on N, fixation conducted independently in our laboratories at the
University of Connecticut Avery Point and the University of Massachusetts Dartmouth,
convergent observations indicated that some commercial 15N2 stocks could be contaminated with
>N-enriched N-species other than N,, including nitrate, nitrite and/or ammonium. These reactive
forms of N would be readily assimilated by microorganisms, leading to significantly biased (i.e.,
overestimated) N, fixation rate measurements.

These observations motivated the current study, with the goal of testing whether
commercially available 15N2 stocks contain >N-contaminants at levels that would interfere with
5N, tracer N, fixation assays, particularly in the open ocean, and to assess if such contaminants
are prevalent among "N, stocks from different suppliers. We thus uncovered substantial
contamination of one of three brands of commercial "N, gas with bioavailable inorganic N-
species. Our findings raise important concerns regarding the pervasiveness of reactive N
contamination of the 15N2 stocks, and the extent to which these contaminants may have affected
the magnitude of the N, fixation rate estimates reported in the literature. We outline steps to

contend with this issue to ensure the veracity of future N, fixation estimates.

Methods

Reagents — Four 33 mL lecture bottles of 98+ at% '*N-labeled N, gas were purchased from
Sigma-Aldrich (produced by their subsidiary, Isotec Stable Isotopes; St. Louis, MO; Stock
Keeping Unit 364584), three from lot # SZ1670V, synthesized in 2010, and one from lot #
MBBB0968V, synthesized in 2014. Two 1L lecture bottles of 98+ at% '’N, were purchased
from Cambridge Isotopes (Tewksbury, MA, part # NLM-363-1-LB) from respective lot #'s I1-
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11785A and 1-16727. One 1L lecture bottle of 98+ at% N, was purchased from Campro
Scientific (Berlin, Germany; catalogue # CS01-185_261) from lot # EB1169V. Ammonium and
nitrate solutions were prepared with salts or with solutions obtained from different distributors:
sodium nitrate (NaNOs: CAS 7631-99-4), potassium nitrate (KNOs;: CAS 7757-79-1), and
ammonium chloride (NH4Cl: CAS 12125-02-9) from Fisher Scientific (Pittsburgh, PA);
analytical-grade potassium nitrate (CAS 7757-79-1) from Fluka Analytical and a gravimetric
solution of ammonium chloride (catalogue # AS-NH3N9-2Y) from SPEX CertiPrep (Metuchen,
NJ).

Preparation of nitrate and ammonium solutions equilibrated with N, gas - In order to
determine whether the "N, gas stocks contained 'SN-labeled ammonia (NH3) or nitrate and/or
nitrite (NOy) contaminants, aqueous solutions of natural abundance (unlabeled) ammonium and
nitrate salts were equilibrated overnight with an air headspace supplemented with an injection of
>N, gas. After equilibration, the ""N/'*N ratio of ammonium and the ""N/**N and '®0/'°O ratios
of nitrate/nitrite in solution were measured, as well as the BN/™N ratio of N, gas in the
headspace, as described below. The isotope ratios of nitrate and ammonium were compared to
those in control solutions, which were not supplemented with N, gas. Experiments with the
Campro Scientific 15N2 stock were verified for ’N-nitrate/nitrite contaminants only (and not for
SN-ammonium).

Initial experiments consisted of 40 mL or 100 mL solutions of 10, 50, 100, 200, or 300 pmol
L™ nitrate and 5 pmol L™ ammonium chloride in 60 mL or 120 mL serum vials that were sealed
with Thermo Scientific gas-impermeant stoppers (part # C4020-30) or with Bellco Glass septum
stoppers (catalogue # 2048-11800). The 20 mL of air headspace in each of the treatment vials

was supplemented with 0.1 mL of N, gas from respective bottles from each of the three
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suppliers (three lecture bottles from Sigma-Aldrich lot # SZ1670V and one bottle from lot #
MBBB0968V, two bottles from Cambridge Isotopes lot # 11-11785A and lot # [-16727, and one
bottle from Campro Scientific lot # EB1169V). The solutions were equilibrated overnight on a
shaker, after which the "N/**N and "*0/'°0 isotope ratios of nitrate were analyzed as described
below. The “N/“N isotope ratio of ammonium was also analyzed (described below) in
experimental solutions treated with the Sigma-Aldrich and Cambridge Isotopes stocks, but not
the Campro Scientific stock.

The experimental sensitivity to '’N-contaminants was increased in subsequent experiments
involving "N, stocks that did not show clear evidence of contamination in the experiments
described above (see Results) by increasing the volume of N, gas injections and decreasing
solution volumes. Experiments were initiated in which 2 mL "N, gas was equilibrated overnight
in 20 mL serum vials containing 10 mL solutions of 10 umol L' sodium nitrate, after which the
PN/“N and '0/'°O ratios of nitrate were measured as described below. Similarly, 10 mL
solutions of 5 umol L' ammonium chloride were dispensed in 20 mL serum vials and
equilibrated overnight with 2 mL N, gas, after which the PN/MN isotope ratios of ammonium
were analyzed (described below).

The measured '*0/'°O ratios of nitrate/nitrite in solutions equilibrated with °N, gas from
some stocks suggested the presence of “*N,O contamination. As our analyte for isotope ratio
analysis is N,O, and 46NZO can be explained by both BNBNO and 14N14N180, N,O that is
doubly labeled with BN is falsely detected as 8180N03 enrichment. The presence of 46NZO
contamination in "N, gas was verified directly for one of the Sigma-Aldrich stocks (Lot #

SZ1670V) by adding 0.0125, 0.020, or 0.025 mL of 15N2 stock to 20 mL serum vials containing
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10 nmoles of reference N,O in helium. The N and O isotopic composition of the N,O was
analyzed as described below, and compared to unamended N,O injections.

Dunaliella tertiolecta cultures — The marine green alga Dunaliella tertiolecta was cultured
in growth media equilibrated with PN, gas in order to ascertain the susceptibility of '>N-labeled
gas contaminants to assimilation by non-Nj-fixing organisms. Culture medium was prepared
from filtered Long Island Sound sea water supplemented with 50 pmol L"' NaNO3, 36.3 pmol L
! NaH,PO,*H,0, and 107 pmol L! Na,Si05*%9H,0, as well as /2 trace metals and f/2 vitamins
(Guillard and Ryther 1962), added from filter sterilized stock solutions. Medium (200 mL) was
dispensed in 250 mL stoppered glass bottles. Experimental treatment bottles were equilibrated
overnight with 0.2 mL PN, gas from either a Cambridge Isotopes (lot #I-16727) or Sigma-
Aldrich (lot # SZ1670V) lecture bottle. Following inoculation, cultures were left loosely capped
and placed on a windowsill with exposure to natural light. Nitrate concentrations were monitored
daily. Upon the complete depletion of nitrate, 8 days after inoculation, the cultures were
harvested on pre-combusted GF/F filters. Filters were dried at 60°C for 18 h pending N isotopic
analysis of the particulate nitrogen (described below).

Nitrate and ammonium concentrations - Nitrate concentrations in the experimental
solutions were verified via reduction to nitric oxide in hot vanadium (III) solution followed by
detection with a chemiluminescence NOy analyzer (model T200 Teledyne Advanced Pollution
Instrumentation; Braman and Hendrix 1989). Ammonium concentrations were measured by
derivatization with orthophthaldialdehyde (OPA) and fluorometric detection on an AJN
Scientific f-2500 Fluorescence Spectrophotometer (Holmes et al. 1999).

Nitrate N and O isotope ratio analyses — Nitrate/nitrite nitrogen ("N/*N) and oxygen

("*0/°0) isotope ratios were measured using the denitrifier method (Sigman et al. 2001,
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Casciotti et al. 2002). Nitrate (and nitrite) in experimental samples was converted
stoichiometrically to nitrous oxide (N,O) by a denitrifying bacterial strain (Pseudomonas
chlororaphis f. sp. aureofaciens, ATCC 13985) that lacks nitrous oxide reductase. The N and O
isotopic composition of N,O was then measured on a Delta V Advantage Isotope Ratio Mass
Spectrometer (IRMS) interfaced with a modified Gas Bench II gas chromatograph (Thermo
Fisher) purge and trap system. The isotope ratio measurements are reported in the conventional

delta (8) notation in per mille (%o) units, defined for N and O by the following equations:

[ 15 14 T
N N
8" Nsample = sample/ Nsample _ _ 1|+ 1,000

15 14
| Nreference/ Nreference

18 16
Osample/ Osample

18 16
| Oreference/ Oreference

8% 0sample = — 1| *1,000

The "N/"N reference is N, in air, and the 80/'%0 reference is Vienna Standard Mean Ocean
water (V-SMOW). Individual analyses on the GC-IRMS were referenced to injections of N,O
from a pure N,O gas cylinder, and then standardized through comparison to the international
nitrate standards USGS-34 (3"°N of -1.8%o vs. air; 8'°0 of -27.9%0 vs. V-SMOW), USGS-32 (3
PN of +180%o vs. air; 8'°0 of +25.7%o vs. V-SMOW), and IAEA-NO-3 ("N of +4.7%o vs. air;
§'%0 of +25.6%0 vs. V-SMOW; see Gonfiantini et al. 1984, Bohlke et al. 1995, Bohlke et al.
2003), using standard bracketing techniques. Nitrate samples from experiments with Campro
Scientific 15N2 were standardized with USGS-32 and JAEA-NO-3, and an additional internal lab
nitrate standard (UBN-1; §"°N of 14.15%o vs. air; 8'°0 of +25.7%o vs. V-SMOW). Precision for
analytical replicates was < 0.2%o for SISNNog and < 0.2%o for 8180N03 for isotope ratio amplitudes
encompassed by the standards. Above 200%o, the precision decreased in proportion to 8" Nno3
amplitude, with standard deviations of 7.5%c for 615NN03 at or above 1000%oc. Similarly,
precision decreased with increasing SISONog, with standard deviations of 1.3%o to 6.1%0 for
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8'® Onos values > 80%o. The poor precision of the higher range measurements is likely due to the
variable contribution of a trace NOx contaminant in denitrifier preparations with 8N and 8"0
values that are in the range of natural abundance samples (see Mcllvin and Casciotti, 2011).

Nitrous oxide N and O isotope ratio analyses — N,O isotope ratios were measured directly
on the GC-IRMS, and referenced against the N,O tank, which was standardized indirectly by
comparison to the 8"°N and 8'°0 of nitrate standards.

Ammonium N isotope ratio analyses — The ammonium SISNNH4 was measured using the
hypobromite-azide method (Zhang et al. 2007). Ammonium in basic solution was converted to
N,O via oxidation to nitrite (NO,) with hypobromite, followed by reduction of nitrite to N,O
with sodium azide in acetic acid. The 8"°N of the N,O analyte was measured on the GC-IRMS,
as outlined above. Measurements were calibrated using solutions made from the international
standard ammonium salts, IJAEA-N1 and IAEA-N2, with assigned 8N values of +0.4%eo,
+20.3%o vs. air, respectively (Gonfiantini 1984, Kendall 1990, Bohlke et al. 1993, Bohlke et al.
1995). Our standard error for analytical replicates was < 0.6%o at relatively low '>N-abundances,
but increased substantially for SISNNH4 from 100%0 to 9000%o, varying from 2.9%o to as high as
59.7%o0. As with the nitrate analyses, the low precision of higher range measurements likely
stems from the variable contribution of a trace ammonium or nitrite contaminant with a natural
abundance 8"°N value, inadvertently introduced during the analyses.

Headspace N isotope ratio analyses - To measure the '°N of N, gas in the headspace of
experimental samples, 75 uL of headspace was injected into 12 mL Exetainer® vials previously
flushed with helium, then analyzed on a Gas Bench II GC-IRMS (Delta V Advantage Plus)
operated in continuous flow mode. N, and (O, + Ar) were separated on a 5-A mole-sieve

capillary gas chromatography column. The analyses were standardized with parallel analyses of
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ambient N, gas in air. These direct N, gas measurements were carried out for experiments
conducted using two of three lecture bottles from Sigma-Aldrich lot # SZ1670V, and for
experiments conducted using the lecture bottle from Cambridge Isotopes lot # I1-11785A. The
5N, concentration in the headspace of other experiments was estimated from the tracer injection
volume rather than from direct measurements.

Particulate nitrogen isotope ratio analyses — The 8'°N of particulate nitrogen (PN) was
analyzed using a Costech Instruments elemental combustion system (model 4010) coupled to a
Thermo Scientific Delta V Advantage IRMS. Analyses were standardized using L-glutamic acid
reference materials, USGS-40 (5"°N of -4.52%o vs. air) and USGS-41 (8°N of +47.57%0 vs. air)

(Qi et al. 2003).

Results

Nitrate solutions equilibrated with any of three PN, gas stocks from Sigma-Aldrich lot #
S7Z1670V (referred to hereafter as ‘Sigma Al, A2 and A3’) showed a substantial increase in the
8N of nitrate (and possibly nitrite) compared to control solutions in the lower sensitivity nitrate
dilutions (Fig 11a). Respective N enrichments evidenced by the 815NN03+N02 were inversely
proportional to the concentration of nitrate in the solutions, from nearly 1000%o at 10 pmol L™
nitrate to 30%c at 290 pmol L nitrate, compared to a 8 Nyoz of 23.5 + 0.5%c in the
corresponding potassium nitrate control solutions. The "N enrichments imparted on the nitrate
solutions were comparable among the three lecture bottles from this lot (# SZ1670V). The
8" Nno3N02 resulting from equilibration with a single Sigma-Aldrich gas stock from lot #
MBBBO0968V (‘Sigma B’) was relatively modest, but still significant, averaging 28.4 + 0.3%o at

10 umol L™ nitrate, compared to 23.5 + 0.5%o in the corresponding control solutions (Fig. 1a).
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When tested at the more sensitive experimental dilution, equilibrations of nitrate solutions with
the Sigma B stock resulted in a 615NN03+N02 of 200.2 + 70.9%o0, compared to a SISNNog of 1.3 +
0.1%0¢ in control solutions (Fig. 12a). These measurements thus indicate that N, gas stocks
sourced from lot # SZ1670V contained 410 + 80 pmoles of '*N-nitrate and/or nitrite per mole of
15N2, whereas the bottle from lot # MBBB0968V contributed 1.8 + 0.6 pmoles of SN-nitrate
and/or nitrite per mole of 15N2 (Table 5). The N-nitrate additions were determined by a mass

balance calculation:

15 - 15 -
(6" Nnos+No02 final * NO3 fina1) — (6 "NNosz initial * NO3 initial)

15
0"°NN03+N02,added

®NO3 + "°NO3 aqded =

where 15NO3' + NO3 44deq 1S the moles of >N-labeled nitrate and/or nitrite added by the 15N2 gas
injection, SISNN03+N02,added is presumed to be equivalent to the SN of 15N2 tracer gas
(266,540%0), NO3 iniat and NOj3 gna refer to the moles of nitrate in solution before and after 15 N,
equilibration, and 51 NNO3sinitial and 51 NNo3+NO2sfinal Tefer to the 5P Nnos of nitrate solutions
before and after '°N, equilibration. The quantity of '’N, gas added to experimental treatments
was measured explicitly in Sigma Al and A2 bottles, and was calculated from the '°N; injection
volumes for experiments treated with Sigma A3 and B stocks.

In contrast to the Sigma-Aldrich stocks, ISNNQ3+N02 contaminants were significantly
lower, or possibly absent, in Cambridge Isotopes and Campro Scientific °N, stocks. The
815NN03+N02 values of solutions treated with Cambridge Isotopes 15N2 gas (lots # I1-11785A and
1-16727, hereafter referred to as Cambridge A and Cambridge B, respectively) and with Campro
Scientific °N; gas (lot # EB1169V) were indistinguishable from those of control solutions at all
experimental nitrate concentrations in the lower sensitivity tests (Fig. 1a). In the more sensitive
experimental treatments, however, solutions treated with Cambridge B 15N2 gas (lot # 1-16727)
had a 8" Nyozsno2 of 4.8 + 0.8%o, compared to a 8" Nyos of 1.3 + 0.1%o in control solutions (Fig.
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12a). This stock thus contributed trace contaminants on the order of 0.024 + 0.006 umoles of
N-nitrate and/or nitrite per mole of 15N2 (Table 5). Nitrate isotope ratios in the Cambridge A
(lot # I1-11785A) and Campro Scientific N, gas stocks were not tested at these lower
experimental dilutions.

In treatments using several 15N2 gas stocks, 8180N03 was found to be elevated relative to
control solutions. The denitrifier method, employed for 6180N03 measurements, involves the
bacterial reduction of NO3; and NO, to N,0, and the subsequent analysis of N,O using an
IRMS. However, the elevated 6180N03 values detected within experimental treatments are
expressly not explained by the formation of HNMN'0 during bacterial reduction of N-enriched
nitrate, which could only account for a negligible portion of the observed 6180N03+N02 increase.
Instead, the values are best explained by the presence of doubly-labeled PN-N,O (i.e., **N,0) in
the 15N2 gas stocks. The apparent 8180N03+N02 of nitrate solutions equilibrated with all of the
Sigma-Aldrich stocks, the Campro Scientific stock, and the Cambridge B 5N, stock proved to be
greater than that of control solutions in the low sensitivity treatments (Fig. 11b). At 10 pmol L™
nitrate, the apparent 6180N03+N02 of treated solutions was 188.5 + 83.8 among the Sigma AI-A3
stocks (lot # SZ1670V), 169.8 £ 17.9%o for the Sigma B stock (lot # MBBB0968V), and 20.1 +
0.2 for the Cambridge B stock, compared to 18.9 + 0.3%o in corresponding control solutions. The
apparent 8" Ono34n02 Of the Campro Scientific stock at 10 umol L™ nitrate was 70.4 + 1.4%e,
compared to 25.7 £ 0.1%o in corresponding control solutions. The apparent 8180N03+Noz of the
samples decreased coherently with increasing nitrate concentrations for respective stocks. The
apparent 8" Ono3n02 values of solutions equilibrated with the Cambridge A stock, at 19.1 +
0.2%o, were not distinguishable from the control solutions. In the more sensitive equilibrations,

nitrate solutions equilibrated with Sigma B "N, gas had a 8"®*Onoznoz Of 13,129 + 1186%0
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compared to 23.9 £ 0.2%o¢ in control solutions, whereas the 6180N03+N02 of the Cambridge B
stock was 216.7 + 78.4%0 (Fig. 2b). Given that the apparent 8'%0n03 enrichments are explained
by the presence of N0, the inverse relationship between 8'%0 values and nitrate concentration
stems from the fact that the detected @NZO derives from 46NZO dissolved in the nitrate solutions,
and solutions containing higher nitrate concentrations require lower sample volume injections
when using the denitrifier method for IRMS analysis. The observed excess 46NZO levels indicate
BNIN'0O contaminants (umole 46NZO per mole of 15N2) on the order of 41 + 21 among the
Sigma AI-A3 bottles, 49 £ 17 in Sigma B, 11 £ 3 in Campro Scientific, and 0.81 + 0.24 in
Cambridge B (Table 5). The Cambridge A bottle was not tested in higher sensitivity dilutions
that could have revealed the presence of some N,O therein. The presence of 46NZO contaminant
was verified directly for the Sigma A2 lecture bottle from analyses of N,O amended with
injections of N, gas. Among four experimental samples, 109 + 5 pmoles of **N,O were
detected per mole of Sigma A2 15N2 added, more than double the 46NZO that was detected in
samples analyzed by the denitrifier method (39 + 8 umole *N,O per mole of '>N,). This
discrepancy likely resulted because samples analyzed by the denitrifier method were uncapped
immediately prior to their injection into P. aureofaciens denitrifier cultures, allowing N>O to
escape to the atmosphere. As contaminant N>O was not the target analyte of the denitrifier
measurements, precautions were not taken to prevent N,O gas loss at this step. The *N,O
concentrations derived from solution equilibrations of respective >N, stocks thus constitute
lower limits (Table 5).

Solutions equilibrated with Sigma-Aldrich PN, gas showed substantial >N-enrichments
of ammonium compared to control solutions (Fig. 13a): Equilibration with 5N, from the Sigma

Al lecture bottle (lot # SZ1670V) resulted in a 815NNH4 of 99 + 39%o, compared to 0.6 = 0.5%¢
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for the control solution (NH4Cl, SPEX CertiPrep); equilibration with 15N2 from the Sigma A2
bottle (lot # SZ1670V) yielded a SISNNH4 of 940 + 60%o, compared to 7.6 + 0.3%o for the control
solution (NH4CI salt, Fisher Scientific); equilibration with 15N2 from the Sigma B bottle (lot #
MBBB0968V) resulted in a 5" Nyua of 7030 * 2100%o, compared to 9.0 + 0.06%o for the
corresponding control solutions (NH4Cl salt, Fisher Scientific). Mass balance calculations based
on these isotope ratio values thus evidence the presence of 34 £ 11, 518 + 26, and 1890 + 560
umoles of N-ammonium per mole of 15N2 injected from Sigma Al, A2, and B 15N2 bottles,
respectively (Table 5). Unlike N-labelled nitrate/nitrite contaminants, the ’N-ammonium
contaminants appeared to be variable among bottles of lot # SZ1670V (Fig. 13a). The Sigma A3
lecture bottle was not tested for ’N-ammonium.

In contrast to Sigma-Aldrich stocks, ammonium solutions equilibrated with 15 N, from the
Cambridge A bottle had a 815NNH4 of 8.3 + 1.0%¢, comparable to that of the corresponding
control solution of 7.6 * 0.3%0 (NH4Cl salt, Fisher Scientific) in the lower sensitivity
experiments (Fig. 13a). In the more sensitive dilutions, however, SN-ammonium contaminants
were detected in both of the Cambridge A and B stocks (Fig. 13b). Solutions equilibrated with
Cambridge A had a 8" Nnma of 24.0 + 5.9%, compared to 8.7 £ 0.1%o for the control solutions
(NH,CI salt, Fisher Scientific) and solutions equilibrated with Cambridge B had a 8"°Nyus of
13.1 £ 1.1%o0, compared to 9.0 + 0.1%o for the control solutions ((NH4Cl salt, Fisher Scientific).
The enrichment relative to control solutions invariably originates from a “N-ammonium
contaminant, and cannot be attributed to a trace N,O (15N14N16O) contaminant, because the
samples were purged when conducting '"N-ammonium analyses, following the oxidation of
ammonium to nitrite with hypobromite. These more sensitive treatments thus reveal the presence

of minuscule ’N-ammonium concentrations in the Cambridge Isotopes stocks, on the order
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0.052 + 0.020 and 0.014 + 0.004 umoles of ’N-ammonium per mole of '°N, gas in lots # I1-
11785A and 1-16727, respectively (Table 5).

The control solutions in the '’N-ammonium experiments prepared from a single Fisher
Scientific NH4Cl salt stock revealed progressively heavier mean 8""Nnms values among
experiments, at 7.6 + 0.3%o, 8.7 £ 0.1%o, or 9.0 = 0.06%o. The solutions with a 8" N estimated
at 7.6 = 0.3%o0 and 8.7 £ 0.1%0 were made fresh from the salts for each experiment, such that the
"N-enrichment of ammonium cannot be attributed to the progressive degassing of ammonia in
solution during storage. In turn, isotopic standards for NH;* (IAEA-N1 and N2) were stored in
acidic solution, and thus were not subject to progressive degassing. Moreover, degassing of the
isotopic standards would manifest as progressively lower 8'°N values measured for control
solutions. Inter-batch variability intrinsic to the hypobromite-azide method (Zhang et al. 2007) is
plausible, as this technique is relatively recent, such that subtle sensitivities may not yet be
apparent.

D. tertiolecta cultures grown in medium equilibrated with PN, gas from the Sigma A3
bottle expectedly showed substantial "N enrichment of particulate nitrogen (8'°Npy), averaging
44.3 + 6.1%0 among triplicate treatment cultures compared to 1.9 £ 0.1%o in control cultures (Fig.
14). Conversely, the SISNPN of cultures equilibrated with Cambridge B 15N2 gas was 2.1 + 0.2%o,

and thus not detectably different from that of control cultures, at 1.9 + 0.1%0 (Fig. 14).

Discussion

This study reveals that some commercial 15N2 gas stocks contain contaminant N-labeled
bioavailable nitrogen species, including nitrate/nitrite, ammonium and nitrous oxide. Substantial

levels of “N-labeled nitrate/nitrite, ammonium, and nitrous oxide were detected in Sigma-
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Aldrich stocks from lot # SZ1670V. Another Sigma-Aldrich stock from a different lot (#
MBBB0968V) contained considerably less, but still significant, SN-nitrate/nitrite contaminants,
similar nitrous oxide concentrations, and a greater concentration of SN-ammonium. Cambridge
Isotopes stocks, in turn, contained relatively low concentrations of 15N—nitralte/nitrite, BN-
ammonium and "“N-nitrous oxide. A "N, stock from Campro Scientific contained no detected
'SN-nitrate/nitrite contaminants in low sensitivity experiments, but measurable 'SN-nitrous oxide.
Indeed, a certificate of analysis provided by Campro Scientific attests that stocks may contain up
to 15 ppm N;O. >N-ammonium was not analyzed in Campro Scientific gas, nor was the stock
tested at more sensitive 15N2 dilutions, which could have revealed trace SN-nitrate or ammonium
contaminants in the stock. In any case, >N-contamination with nitrous oxide is of no obvious
consequence for biological PN, applications, such as N, fixation rate measurements. However,
the presence of 15N—nitralte, nitrite and ammonium has serious implications for measurements of
N, fixation, as these contaminants could lead to the detection of false positives or inflated rates.
The propensity of the detected '°N-labeled contaminants to be assimilated into biomass was
verified directly from cultures of D. tertiolecta, which acquired elevated 8'°N of PN in media
equilibrated with a Sigma-Aldrich "N, stock. Expectedly, media equilibrated with °N, from a
Cambridge Isotopes stock did not cause detectable "N-enrichment of biomass. At the given
experimental conditions, however, the complete assimilation of the contaminant N-
nitrate/nitrite from the Sigma-Aldrich stock should have yielded greater 8'°Npy values than those
observed, of at least 56.3 + 5.4%o (vs. control 8" Npy values of ~1.9%0), notwithstanding the
additional contribution of any '“N-ammonium contaminant ('’N-ammonium was not measured
explicitly in the Sigma A3 stock). This discrepancy is difficult to reconcile. We tentatively posit

that °N-nitrite comprises a substantial fraction of the trace SN-nitrate/nitrite contaminant, and
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that D. ftertiolecta may not be able to transport nitrite at nanomolar to sub-nanomolar
concentrations. Indeed, such trace nitrite concentrations are likely below the thresholds
achievable by micro-algal nitrite transport systems (e.g., Cordoba et al. 1986).

The contaminants in the "N, stocks ostensibly derive from the method of PN, gas
production. PN, gas is generally produced by the catalytic oxidation of >N ammonia (‘*°NH3)
gas with cupric oxide (e.g., Bergersen 1980). The bulk of the oxidation product is N, gas,
although more oxidized N species are also produced in lesser quantities, specifically N,O and
NO (II’chenko 1976). Thus, potential contaminants in a PN, gas stock would expectedly consist
of unreacted ammonia gas, N,O, and nitric oxide (NO). In contact with any oxygen and water
vapor, NO would inadvertently be oxidized to nitric and nitrous acid (Ashmore et al. 1962),
which would, in turn, dissociate to nitrate and nitrite upon dissolution in water, respectively.
Purification of the "N, gas from unreacted ammonia and from the generated nitrogen oxides
involves sequential acid and alkaline scrubbing, respectively (e.g., Ohyama and Kumazawa
1981) and/or cryo-trapping of ammonia and NOx gases. Upon personal communication,
Cambridge Isotopes and Campro Scientific did not provide details on their method of N,
production, whereas Sigma-Aldrich reported that the company’s subsidiary, Isotec, produces
N, gas by the catalytic oxidation of >N-ammonia gas with cupric oxide, followed by sequential
rounds of cryo-trapping and alkaline scrubbing of the N, gas to increase purity.

In order to gauge the extent to which the observed 'SN-ammonium contamination of Sigma-
Aldrich and Cambridge Isotopes '°N, gas could skew estimates of N, fixation in incubations with
N, gas, we modeled a field incubation experiment in which microorganisms assimilate the PN-
ammonium contaminant rather than reduce "N, gas. A simple finite-differencing model of a

‘typical’” oceanic N fixation assay was devised, in which 0.1 mL of N, gas was equilibrated in
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two different water sample volumes, 0.25 L or 4.5 L, then incubated for 24 hours. Prescribed
biomass and growth rates were characteristic of those at the oligotrophic surface ocean, namely,
a particulate N stock of 0.2 umol L™ assimilating ammonium at a specific growth rate coefficient
() of 0.1 d'to 0.3 d", with a recycling rate (the rate at which particulate N is returned to the
ammonium pool) equivalent to the respective growth rate. The prescribed 8N of the initial
particulate N was 0%o (Altabet 1988), and the 85N of ambient ammonium was -2%. (Fawcett et
al. 2011). Incremental initial concentrations of ambient ammonium were prescribed, from 1 nmol
L' to1 pumol L"'. Ammonium concentrations in surface oligotrophic waters are typically very
low (< 10 nmol L), however, ammonium is a pervasive contaminant that could easily be
introduced during sample preparation, as well as leached from incubation vial septa. We note
that the ’N-ammonium introduced by the 15N2 gas, while substantial in terms of the SN/™N ratio
of ammonium, is on the order of ~20 nanomolar ar most (under the modeled conditions), and
thus has minimal effect on ambient ammonium concentrations. '*N-ammonium contamination is
expected to be negligible, given the method of PN, gas synthesis. Finally, >N-ammonium
assimilation was simulated for the broad range of N-ammonium contaminant concentrations
observed among Sigma-Aldrich and Cambridge Isotopes lecture bottles. N, fixation rates
inferred from the simulated 8N increase of particulate N were computed based on the

formulation of Montoya (1996):

[PN] _ Apns — Apno
[PN]¢  Anz — Apno

1 [PN],

~ At [PN];
\Y

p=gx [PN]¢
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[PN]a is the change in particulate nitrogen concentration, [PN]; is the final particulate nitrogen
concentration, Apny is the final 5N enrichment of particulate nitrogen, Apno is the initial 5N
enrichment of particulate nitrogen, Ay is the 5N enrichment of the N, available for fixation, V is
the specific rate of N, uptake, and p is the volumetric rate of N fixation.

The model-derived ‘N, fixation rates’ resulting from Sigma-Aldrich N-ammonium
contaminant levels ranged from undetectable, < 0.01 nmol N Lt d'l, to as high as 530 nmol N Lt
d!' under the modeled conditions (Table 6). Rates were clearly sensitive to the concentration of
15N—contaminant, the ambient ammonium concentration, the incubation volume, and the specific
growth rate. At the lower level of ’N-ammonium contaminant observed in the Sigma-Aldrich
stocks, N, fixation rates were comparable to rates observed in situ for nearly all parameter
permutations, from < 0.01 to 9 nmoles N | D N, fixation rates reported for marine
environments cover a broad range, from 0.01 nmoles L™ d” to tens of nmoles N L' d! (e.g.,
Dore et al. 2002, Montoya et al. 2004, Needoba et al. 2007). Rates simulated with the highest
observed level of contaminant, in smaller incubation volumes at given 15N2 additions, and/or
with low ambient ammonium concentrations, tended to surpass rates observed in situ by 10 to
100 fold. The N, fixation rates modeled using the minute contaminant level detected in a
Cambridge Isotopes stock ranged from undetectable to 0.02 nmoles N L' d' (Table 6),
approximating the lower limit of some N, fixation rates reported in the literature (e.g., Dore et al.
2002, Fernandez et al. 2011, Hamersley et al. 2011, Blais et al. 2012, Halm et al. 2012,
Dekaezmaker et al. 2013). These simulated rates can be deemed conservative since the model
does not account for any assimilation of contaminant 15N—nitrate/nitrite, and the 0.1 mL 15N2
injection volume used in the model is on the lower end of '°N, injection volumes typically used

in open ocean N fixation rate measurements.
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Based on the simulations above, the likelihood of N, fixation rates being inflated when using
contaminated 15N2 gas stocks is high. It is surprising, then, that contamination of the 15N2 stocks
has not been reported previously. While growth solely upon N from N fixation would eliminate
the effect of ’N-labeled bioavailable contaminants, it is expected that nitrate and ammonium
assimilation would be rapid relative to N, fixation due to the prohibitive energetic cost of N,
fixation (Stam et al. 1987). A review of pertinent literature reveals that soil scientists were once
aware of the possible contamination of '°N, with bioavailable N, and took steps to mitigate it
(De-Polli et al. 1977, Ohyama and Kumuzawa 1981). However, to the best of our knowledge,
there is no mention of potential contamination of 15N2 stocks in the marine literature, or in more
recent terrestrial literature. The fact that this issue has gone unnoticed could mean that major
contamination of 15N2 gas stocks, such as that observed here in Sigma-Aldrich stocks, could be
limited to the current lots. Supporting the notion that contamination is rare is the observation of
undetectable N, fixation rates at the surface ocean, where phytoplankton readily assimilate
ammonium (e.g., Dekaezemacker et al. 2013) — even in investigations utilizing the Sigma-
Aldrich (Isotec) 5N, gas (e.g., Dore et al. 2002). However, a representative at Isotec stated that
their procedures for synthesis and purification of N, gas have not changed in past decades,
which suggests that '>N-contaminants may have been pervasive in previous lots. Failure to detect
interferences from '°N-contaminants in previous studies may then stem from incubation
conditions conspiring to yield expected rates of apparent N, fixation in spite of the presence of
SN contaminants (Table 6). Interference of >N contaminants on N, fixation rate measurements
may then be relatively minor in systems where bioavailable N assimilation rates are low and/or

where ambient nitrate and ammonium concentrations are relatively elevated (> 100 nmol L;
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Table 6), as ambient assimilable N effectively diminishes >N enrichment resulting from N-
labeled contaminants.

It is difficult, if not impossible, to discern whether N, fixation rate estimates in previous
studies may have been confounded due to the assimilation of >N contaminants in "N, gas
stocks. Given that "N, stocks from only one of the three suppliers tested here contained
contaminants to an extent that would interfere with any but the lowest reported N, fixation
measurements, there is a strong likelihood that published estimates performed with N, from the
other two suppliers have not been significantly inflated by labeled contaminants. In fact, many
estimates may be lower than reality due to the incomplete equilibration of PN, gas with the
incubation medium, a pervasive problem with aqueous 15N, fixation assays that was diagnosed
only recently (Mohr et al. 2010, Grosskopf et al. 2012, Wilson et al. 2012). Nevertheless, it is
advisable at this point to analyze commercial 1N, stocks prior to their use to ensure their relative
purity. In doing so, particular attention must be paid to the lower limit of detection for N,
fixation rates. In recent years, workers have reported estimates of very low rates (< 0.1 nmol L'
d") in environments where N, fixation is otherwise unexpected, which include oxygen-deplete
regions of the water-column at Pacific margins (Fernadez et al 2011, Hamersley et al. 2011,
Dekaezmacker et al. 2013), as well as in the Beaufort Gyre of the Arctic Ocean (Blais et al.
2012). Such minimal rates are questionable, considering that the relatively clean Cambridge
Isotopes '°N, gas was found to contain enough '’N-ammonium to infer N, fixation rates of up to
0.02 nmoles N L™ d”. Campro Scientific and other commercially available N, gas stocks could
similarly contain minute, but significant, concentrations of ’N-nitrate or ammonium. Therefore,

it behooves investigators to not only verify the purity of their commercial PN, prior to use, but
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also to generate constraints as to the lower limit of detection, allowing for the possibility that a

trace-level ’N-contaminant could interfere with the detection of diminutive N, fixation rates.

Steps toward mitigation

The catalytic synthesis of '’N; gas from '"N-ammonia gas invariably entails the incidence of
>N-ammonium and '"N-NOx contaminants, the removal of which is dependent on the stringency
of scrubbing procedures to which a given batch is subjected. The consistency of N-
nitrate/nitrite measurements among bottles from an individual lot from Sigma-Aldrich (Sigma
Al-A3), in contrast to the lower SN-nitrate/nitrite detected in a subsequent lot (Sigma B),
supports the premise that the levels of >N-contaminants are associated with discrete batch
syntheses, identified by lot numbers, rather than with individual lecture bottles. The variability in
SN-ammonium among lecture bottles of the same lot suggests that ammonia gas does not
disperse homogeneously in compressed N, gas. In any case, large-scale batch syntheses of N,
occur relatively infrequently, on the order of every 2 years at Isotec (subsidiary of Sigma-
Aldrich). We currently have a verbal agreement with Isotec to perform nitrate and ammonium
isotopic analyses of >N, batches, toward providing a certificate of analysis ensuring adequate
purity for N, fixation assays. In the meantime, we advise that workers procure low-contaminant
stocks from lots that we tested here. The very high purity of the batches from these suppliers
suggests stringent and efficacious purification protocols, such that batches synthesized by these
groups in the future are likely to be equally pure, notwithstanding the potential for human error

during synthesis or subsequent purification.
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Regardless of ‘expected’ purity, we recommend that workers explicitly test new batches
availed by respective suppliers for ">N-nitrate and ammonium prior to using them in N, fixation
assays, and actively disseminate the results to targeted web-based forums. To test a given batch,
>N, gas can be equilibrated with nitrate and ammonium solutions following protocols akin to the
low and high sensitivity equilibrations herein. A number of laboratories perform commercial
nitrate isotope analyses routinely at a modest cost per sample. Ammonium isotope analyses are
substantially more involved, but are also performed routinely by a number of laboratories.

We further recommend that pertinent publications include not only the brand of 15N, stock, but
also the associated lot number, and references to reported contaminants. With continued testing,
our understanding of the prevalence of commercial ’N, contamination will grow and shed light

on this problem, which may have plagued N, fixation estimates in the past.
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Table 5. The quantity of '°’N-labeled contaminants detected relative to '°N, additions

pmoles 15NX per mole 15N2

NO;/NO, =\ ¢ P 46N,0
Sigma Al 420+ 110 34+ 11 >21+3
lot # SZ1670V
Sigma A2 420 + 40 520 + 30 109 + 5°
lot # SZ1670V
Sigma A3' 350 + 80 N/A >63+15
lot # SZ1670V
Sigma B' 1.8+0.6 1900 + 560 >49 + 17
lot # MBBB0968V
Cambridge A n.d.” 0.052 + 0.020 nd.”
lot #11-11785A
Cambridge B' 0.024 + 0.006 0.014 + 0.004 >0.81 +0.24
lot #1-16727
Campro Scientific’ n.d.” N/A >11+3

lot # EB1169V

The pmoles of N contaminants (NOs;™ + NO>", NH;*, and N,O) detected per mole of 15N2 gas

from lecture bottles provided by different suppliers. N/A = not available; n.d. = not detected.

*Not explicitly tested in high sensitivity '°N, dilutions

"Moles of N; estimated from the injection volume rather than direct measurements

$4°N20 measured directly.
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Table 6. Inferred N, fixation rates (nmoles N L! d'l) resulting from >N-labeled contaminants

Cambridge Isotopes Sigma-Aldrich Sigma-Aldrich
Ambient Cambridge A Sigma Al Sigma B
[NH4'] Lot # I11-11785A Lot # SZ1670V Lot # MBBB0968V
0.52 umol “NH,*/mol N, 25 umol "NH,*/mol °N, | 1900 pmol "NH,*/mol °N,
@molLY) | p=01 p=02 p=03|p=01 p=02 p=03|p=01 p=02 p=03 ‘I,‘(‘ﬁzﬁf‘:‘(‘i“)
0.001 0.019 0.019 0.019 9.0 9.0 9.0 310 460 530
0.01 0.014 0.016 0.016 7.5 8.5 8.6 250 400 470 =
0.1 n.d. n.d. n.d 1.6 2.7 3.6 90 170 220 bl
1 n.d. n.d. n.d. 0.17 0.32 0.45 13 24 34
0.001 n.d. n.d. n.d. 0.50 0.50 0.50 38 38 38
0.01 n.d. n.d. n.d. 0.42 0.47 0.48 30 35 36 ~
0.1 n.d. n.d. n.d. 0.08 0.15 0.19 6.5 11 15 o
1 n.d. n.d. n.d. n.d. 0.012  0.017 0.7 1.4 1.9

N, fixation rates that would be inferred from 24-h field N, fixation assays conducted with 15N2

stocks containing the respective concentrations '°N-ammonium contaminants detected in Sigma-

Aldrich and Cambridge Isotopes N gas. In the simulations, microbial plankton assimilate °N-

ammonium rather than fix 15N2. Incubations are simulated in volumes of 0.25 L or 45 L

equilibrated with 0.1 mL of '*N, gas, with 2.0 x 10”7 pmol L™ of plankton nitrogen (with a 8"°N
q g u P g

= 0%o0) assimilating at a range of specific growth rates, p (d'), countered by equivalent recycling

rates, at incremental concentrations of ambient ammonium (815NNH4 = -2%o). Inferred rates of

<0.01 nmoles N L d"! are considered undetectable (n.d.).
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Figure 11. (a) 8" NNo3no2 (log scale) of nitrate solutions (10-300 umol L'l) following

equilibration with 0.1 mL N, gas from lecture bottles procured from three distributors.
Solutions were 40 mL for Sigma-Aldrich and Campro Scientific equilibrations, and 100 mL for
Cambridge Isotopes equilibrations. The solid line corresponds to the &' Nyos of the control
solutions for Sigma-Aldrich and Cambridge Isotopes experiments (8" Nnos = 23.5 + 0.5%0); the
dashed line corresponds to controls for Campro Scientific experiments (SISNNog = 14.15 +
0.1%0). Paired symbols identify replicate experimental treatments. (b) Corresponding apparent
8180N03+N02 of the experimental nitrate solutions. The solid line corresponds to the 8180N03 of
control solutions for the Sigma-Aldrich and Cambridge Isotope experiments (8180N03 =189
0.3%o0); the dashed line corresponds to controls for Campro Scientific experiments (25.4 +

0.3%o).
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Figure 12. (a) S NNo3+NO2 (log scale) of higher sensitivity equilibrations of 10 umol L nitrate
solutions (10 mL) with 2 mL of "°N, gas from a Cambridge Isotopes or a Sigma-Aldrich bottle.
(b) Corresponding apparent 8'*Onos (log scale) of higher sensitivity equilibrations of the two

stocks. n = the number of experimental replicates.
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Figure 13. (a) 8" N4 (log scale) of 5 umol L' ammonium solutions after equilibration with 0.1
mL "N, gas from respective Sigma-Aldrich and Cambridge Isotopes lecture bottles vs. control
solutions. Sigma-Aldrich treatments utilized 40 mL ammonium solutions, whereas Cambridge
Isotopes treatments utilized 100 mL ammonium solutions. (b) BISNNH4 of higher sensitivity
equilibrations of 5 umol L' ammonium solutions (10 mL) with 2.0 mL "N, gas from Cambridge

Isotopes lecture bottles vs. control solutions. n = the number of experimental replicates.
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Figure 14. The 5"°N of particulate nitrogen (8" Npn) of D. fertiolecta harvested in stationary
phase following growth in media containing sodium nitrate (and no ammonium) and equilibrated

with N, gas from Sigma Aldrich or Cambridge Isotopes. n = the number of experimental

replicates.
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