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Abstract 

Physiological and environmental controls on the nitrogen and oxygen isotope fractionation of 

nitrate during its assimilation by marine phytoplankton 

by 

Kristen Leigh Karsh 

Advisers: Thomas Trull and Daniel Sigman 

 
 

Nitrogen (N) is an essential nutrient for phytoplankton growth and its availability 

often limits primary production in the surface ocean. Quantifying the inputs, losses, and 

internal cycling of N is thus a major goal in marine biogeochemical research. The N isotope 

effect (15εorg) for nitrate assimilation is a key parameter in using N isotope distributions 

(15N/14N) to study the marine N cycle. Unexplained variability in its magnitude is a major 

source of uncertainty to N isotopic studies in the modern and past ocean. The ratio of the 

oxygen (O) and N isotope effects for nitrate assimilation (18εorg:15εorg) is also an important 

parameter; the association of nitrate assimilation with an 18εorg:15εorg near 1 is the cornerstone 

of studies using coupled nitrate N and O isotope measurements to separate co-occurring N 

cycle processes that have counteracting effects on the N isotopes alone. The association of 

nitrate assimilation with an 18εorg:15εorg near 1 is based on empirical evidence without full 

understanding of the physiological mechanisms generating the ratio. A better understanding 

of the controls on both the magnitude and ratio of N and O isotope effects for nitrate 

assimilation would strengthen environmental application of N and O isotopes.  

Towards this goal, the individual N and O isotope effects for each fractionating step 

in nitrate assimilation (nitrate reduction, uptake, and efflux) were measured. The reduction of 

nitrate to nitrite is catalyzed by the intracellular enzyme eukaryotic assimilatory nitrate 

reductase (eukNR). An N isotope effect of 26.6 ± 0.2‰ and nearly equivalent N and O 



   ii 

fractionation were measured in two distinct forms of eukNR (the NADPH form in cell-free 

extracts from the fungus Aspergillus niger and the NADH form in cell homogenates from the 

marine diatom Thalassiosira weissflogii), suggesting these values will apply to the eukNR 

family as a whole.  These are the first reliable N and O isotope effect measurements for an 

enzyme that catalyzes the rate-limiting step in nitrate assimilation for all eukaryotic plants 

and algae.  

The N and O isotope effects for nitrate uptake and efflux were measured in the marine 

diatom T. weissflogii. Nitrate uptake and efflux were isolated from nitrate reduction by 

growing the cells in the presence of tungsten, which substitutes for molybdenum in 

assimilatory nitrate reductase, yielding an inactive enzyme.  The N isotope effects for nitrate 

uptake and efflux were 2.0 ± 0.3‰ and 1.2 ± 0.4‰, respectively. The O isotope effect was 

2.8 ± 0.6‰ for both uptake and efflux, yielding ratios of O to N isotopic fractionation greater 

than 1 for both processes. In sum, these results confirmed the existing physiological model 

for isotopic fractionation during nitrate assimilation where the isotope effect associated with 

intracellular nitrate reductase is high, the isotope effect associated with nitrate uptake is low, 

and the magnitude of 15εorg depends on the degree to which intracellular fractionation by 

nitrate reductase is expressed outside the cell by efflux. They also provided the first step in 

establishing how the 18εorg:15εorg near 1 for nitrate assimilation originates at the cellular level. 

Finally, the whole cell N and O isotope effects (15εorg and 18εorg) for nitrate 

assimilation were measured in steady state cultures of T. weissflogii to assess how 

environmental and physiological parameters affected the extent of nitrate efflux and thus the 

magnitude of 15εorg and 18εorg. Steady state cultures ensured 15εorg was not affected by 

transients in culture conditions and that 15εorg could be related to intracellular nitrate 

concentration and N and O isotopic composition. As observed in previous studies, 15εorg and 

intracellular [NO3
-] increased under light limitation (a 3-fold and 5-fold increase respectively, 
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relative to results in non-limited cultures). 15εorg and intracellular [NO3
-] were invariant under 

phosphate limitation. The ratio 18εorg:15εorg was near 1 under all conditions. In conjunction 

with previous results from iron- and temperature-limited batch cultures, these results suggest 

the N and O isotope effects for nitrate assimilation are (i) invariant under most environmental 

conditions and that (ii) irradiance may be the major driver of variability in 15εorg and 18εorg in 

the ocean.  

The measurements also yielded insight into the regulation of nitrate efflux and 

suggest a role for intracellular NO3
- storage in the environment. The near-constant magnitude 

of 15εorg observed under phosphate-limited growth suggests that the ratio of nitrate efflux to 

uptake remains 12-15% across a 4-fold increase in growth rate. The constant, non-zero efflux 

rate this implies suggests a component of efflux is inevitable and correlated with growth rate. 

The high 15εorg measured under light limitation show that efflux rates increase to 60% of 

gross nitrate uptake rates, suggesting that an additional component of efflux is correlated with 

high intracellular [NO3
-]. The high intracellular [NO3

-] observed under light limitation may 

suggest an adaptation to rapidly changing irradiance in the turbulent mixed layers of the 

surface ocean: excess intracellular NO3
-  storage may maximize assimilation rates and/or 

provide an electron sink to dissipate excess energy.  
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1.1. THE MARINE NITROGEN CYCLE 

Nitrogen (N) is a major component of all living biomass. In many regions of the open 

ocean, N is the nutrient that limits the growth of phytoplankton. As such, the availability and 

distribution of fixed N in the ocean is a major factor in determining global marine primary 

productivity and thus affects the direction and strength of ocean-atmosphere exchange of 

CO2. Changes in the balance of nutrient supply and consumption has been proposed as a 

potential driver of glacial / interglacial changes in atmospheric CO2 (e.g.Knox and McElroy, 

1984, Sarmiento and Toggweiler, 1984, Siegenthaler and Wenk, 1984, Falkowski, 1997, 

Sarmiento et al., 2003). Constraining the magnitude of the fluxes and pools of N in the ocean 

promises to improve understanding of ocean biogeochemistry and the mechanisms of 

changes in atmospheric CO2. 

The marine N cycle is dominated by biological transformations. Major N cycle 

processes are shown in Figure 1.1a. The major source of fixed N to the ocean is nitrogen 

fixation, the reduction of dinitrogen gas (N2) to ammonia by nitrogen-fixing prokaryotes 

(Figure 1.1a). The major sink of fixed N is denitrification, dissimilatory nitrate reduction, or 

the reduction of nitrate (NO3
-) to N2 gas (via reduction to nitrite, nitric oxide NO, and nitrous 

oxide N2O) (Figure 1.1a). Denitrification occurs in the water column and in sediments where 

the oxygen concentration is low (< 5 µM). Nitrate is the largest fixed pool of N in the ocean. 

The internal cycling of nitrate affects its distribution though not its mean abundance. In the 

surface ocean, nitrate and ammonium (NH4
+) are assimilated into biomass, or particulate 

organic N. Degradation of organic N to ammonium, and subsequent nitrification or oxidation 

of ammonium (via nitrite) to nitrate, returns organic N to the nitrate pool. Figure 1.1a shows a 

highly simplified view of the marine N cycle, including only those pools and processes 

necessary to provide context for the research presented in this dissertation. Dissolved organic 

nitrogen (DON) is not included in the N assimilation and remineralization pathway. Also 
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omitted are anammox (oxidation of ammonium and nitrite to N2 in anoxic and suboxic 

environments), an alternative pathway to denitrification for fixed N loss from the ocean (e.g. 

Arrigo, 2005 and references therein), and dissimilatory nitrate reduction to ammonia (DNRA) 

that also occurs in anoxic environments (Burgin and Hamilton, 2007). 

The biological transformations that compose the marine N cycle are by their nature 

spatially and temporally heterogeneous. The nitrogen (N) and oxygen (O) isotopes of nitrate 

(NO3
-) are in many ways ideal tools with which to study N cycle processes. The natural 

abundances of the isotopes integrate over small-scale variability to yield coherent mean rates 

of processes. Their measurement does not alter the system they are being used to study. 

Finally, nitrate is the largest fixed pool of N in the ocean and is involved as substrate, 

product, or energy source in nearly all transformations (Figure 1.1a) such that its isotopic 

composition provides an integrative measure of the major sources, sinks, and routes of 

internal cycling of N in the ocean.  

1.2. NITRATE N AND O ISOTOPIC FRACTIONATION AND THE KINETIC 

ISOTOPE EFFECT 

Of the stable isotopes of N (14N and 15N) and O (16O and 18O are relevant to this 

study), 14N and 16O are by far the more abundant in the environment (99.6337% and 

99.7630%, respectively). The absolute abundance of the trace isotopes 15N and 18O is too low 

to measure accurately, thus they are measured as the abundance ratio between sample and a 

standard material.  The ratios are reported in delta notation in units of permil (‰): 

 

    (1) 

          

    (2) 
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where the 15N/14N reference is N2 in air and the 18O/16O reference is Vienna standard mean 

ocean water (VSMOW). 

The isotope 15N possesses an additional neutron relative to 14N; 18O possesses an 

additional two relative to 16O. In general, the bond strength of heavier isotopes is greater and 

thus the energy barrier is higher for the reaction of molecules containing the heavy isotope. 

Therefore, when nitrate is consumed, nitrate molecules bearing 14N and 16O react faster, and 

the residual nitrate pool becomes enriched in the heavier isotopes 15N and 18O (Table 1.1, 

Figure 1.2). A notable exception to this rule is nitrite oxidation, where 15N and 18O react 

faster (Table 1.1) (Casciotti, 2009). The kinetic isotope effect quantifies the relative rates of 

reaction of nitrate molecules containing the heavy versus light isotopes and therefore the 

change in isotopic composition of reactant and product as a reaction progresses: 

 

ε =1− heavyk lightk( )          (3) 

 

(reported in permil, ‰). In this formulation, ε is positive for a ‘normal’ reaction, where the 

lighter isotope reacts faster, leaving 15N and 18O behind.  

Two models are typically used to interpret nitrate isotope ratios in the environment, 

the Rayleigh model and the steady state model (see Sigman et al., 2009b). If the system is 

‘closed’, or reactant and product are not added or lost from the system, Rayleigh fractionation 

kinetics are used to describe the progress of the reaction. The key determinants of the system 

are the isotopic composition of the initial reactant pool (δ15Ninitial), the kinetic isotope effect ε, 

and the degree of consumption of the reactant pool (f). The isotopic composition of (i) the 

residual reactant pool (δ15Nreactant), (ii) the instantaneous product (δ15Ninstantaneous, and (iii) the 
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integrated product (δ15Nintegrated) as the reaction progresses are (Mariotti et al., 1981) (Figure 

1.3): 

 

δ 15Nreactant = δ
15Ninitial − ε ln f         (4) 

 

δ 15N instantaneous = δ
15Nreactant − ε         (5) 

 

δ 15N integrated = δ
15N initial + ε f 1− f( )( ) ln f       (6) 

 

In contrast, in a steady state system, reactant N is continuously supplied and unused reactant 

continually exported. The rate of supply of reactant N is equal to the sum of the product N 

and the exported unused reactant. Under this system, the isotopic composition of (i) the 

reactant N and (ii) the product N are (Figure 1.3): 

 

δ 15Nreactant = δ
15N initial + ε 1− f( )        (7) 

 

1.3. THE N ISOTOPES OF NITRATE AS TRACERS OF MARINE N CYCLE 

PROCESSES 

Representative isotope effects for the major marine N cycle processes are given in 

Table 1.1 and shown in Figure 1.1b. Particulate N derived from N2 fixation has a low δ15N 

around -1 – 0‰ (Delwiche and Steyn, 1970, Carpenter et al., 1997) (Figure 1.1b). In contrast, 

the N isotope effect associated with denitrification is high (~20 – 30‰) (e.g.Cline and 

Kaplan, 1975, Brandes et al., 1998, Altabet et al., 1999, Voss et al., 2001, Sigman et al., 

2003) (Figure 1.1b). Denitrification in the water column thus imparts significant fractionation 
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on isotopes of nitrate, leaving residual nitrate enriched in 15N. In sediments, available nitrate 

in pore spaces is completely consumed such that no isotopic fractionation is expressed in the 

overlying water, and the effective N isotope effect for sedimentary denitrification is 0‰ 

(e.g.Sigman et al., 2003) (Figure 1.1b). N2 fixation and denitrification are the ultimate input 

and output of the N atoms of nitrate (Figure 1.1b). The isotope effects of these processes and 

the division of N output between water column (with a high isotope effect of 20-30‰) and 

sedimentary denitrification (with an effective isotope effect of 0‰) sets the mean deep ocean 

nitrate δ15N of 5‰ (Sigman et al., 2009a).  

The internal cycling of N through nitrate assimilation and nitrification does not affect 

the mean deep ocean nitrate δ15N, but it does affect the distribution of N isotopes throughout 

the ocean. In the surface ocean, measurements of the N isotope effects for nitrate assimilation 

range from ~ 3.5 to 10‰, although most center around 5 – 6‰ (e.g. Wu et al., 1997, Altabet 

and François, 2001, DiFiore et al., 2006, Trull et al., 2008). The range observed in algal 

cultures is much greater (up to 24‰ has been measured) (e.g. Granger et al. 2004, Wada and 

Hattori 1978) Nitrate assimilation will therefore raise nitrate δ15N is regions of the ocean 

where nitrate is incompletely consumed in the surface, such as high latitude regions like the 

Southern Ocean (e.g. Sigman et al., 1999b) and upwelling regions like the Equatorial Pacific 

(Altabet, 2001) (Figure 1.1b). Assimilation of regenerated N forms like ammonium is 

typically complete such that no change in δ15N of the substrate is observed. Algal culture 

studies suggest an isotope effect for ammonium assimilation of up to ~20‰, decreasing as 

ammonium concentration decreases. Where ammonium does accumulate is estuaries, isotope 

effect estimates for ammonium assimilation vary from 6.5 to 18.5‰. A high isotope effect 

(~17‰) has been measured for the conversion of ammonium to nitrite, one step in 

nitrification (Casciotti et al., 2003) (Figure 1.1b). The oxidation of nitrite to nitrate is 

associated with an inverse isotope effect of -13‰ (Casciotti, 2009). Less is known regarding 
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the isotope effects associated with degradation of particulate N to ammonium. Because 

ammonium is typically completely consumed by assimilation in the surface ocean and by 

nitrification at depth, the high isotope effects associated with these processes have little effect 

on N isotope dynamics. Where ammonium assimilation and nitrification co-occur, their 

isotope effects will impact the δ15N of their products particulate organic nitrogen and nitrate 

(Figure 1.1b) (e.g. Sigman et al., 2005, Wankel et al., 2007, DiFiore et al., 2009). 

Interpreted within the framework provided by the models described above and N 

isotope effect estimates, the δ15N of nitrate has been used to: infer input of N via N2 fixation 

(e.g. Brandes et al., 1998, Karl et al., 2002, Knapp et al., 2005); estimate loss of N via water 

column and sedimentary denitrification (e.g. Cline and Kaplan, 1975, Brandes et al., 1998, 

Voss et al., 2001), estimate the relative contribution of water column and sedimentary 

denitrification to total N loss (e.g. Brandes and Devol, 1997, Brandes and Devol, 2002, 

Sigman et al., 2003), and at a regional scale, determine the contribution of lateral versus 

vertical transport to supplying ambient nitrate (e.g. Sigman et al., 2000, DiFiore et al., 2006).  

The N isotopes of nitrate and sedimentary N have also been used to infer the extent of 

nutrient utilization in oceanic regions where nitrate assimilation in surface waters is 

incomplete (e.g. François et al., 1992, Altabet and François, 1994, François et al., 1997, 

Sigman et al., 1999b). The progressive increase in δ15N of the residual nitrate pool is 

recorded in the biomass that subsequently assimilates it. The 15N/14N of nitrate and 

phytoplankton thus both increase as the nitrate pool is consumed, resulting in a direct 

correlation between 15N/14N (of nitrate, sinking particulate matter, and surface sedimentary 

N) and the degree of nitrate consumption (e.g. François et al., 1992, Altabet and François, 

1994, François et al., 1997, Sigman et al., 1999b). 15N/14N distributions have therefore been 

used to constrain surface ocean nitrate supply and biological consumption in the present (e.g. 

Sigman et al., 1999b, DiFiore et al., 2006) and past (e.g. François et al., 1997, Robinson et 
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al., 2005). In particular, the N isotopes have provided insight into the capability of regions 

within the Southern Ocean to sequester CO2 (e.g. François et al., 1992, François et al., 1997, 

Sigman et al., 1999a, Robinson et al., 2005, Robinson and Sigman, 2008) or alternatively, 

supply excess nutrients to fuel productivity in low latitudes (e.g. DiFiore et al., 2006).   

1.4. THE COUPLED O AND N ISOTOPES OF NITRATE: ISOLATING THE 

EFFECTS OF CO-OCCURRING N CYCLE PROCESSES  

A limitation of using N isotopes to study marine N cycling is that they cannot separate 

co-occurring N cycle processes that have counteracting effects on 15N. The use of both N and 

O isotopes of nitrate overcomes this limitation. The N and O atoms of nitrate have different 

sources and sinks (Figure 1.1c). The sink for the O atoms of nitrate is the consumption of 

nitrate, via its conversion to organic matter (nitrate assimilation) or N2 gas (denitrification) 

(Figure 1.1c). The source of the O atoms is nitrification, which adds O atoms dominantly 

from water with a δ18O of ~0‰ (Figure 1.1c). The major nitrate consuming processes nitrate 

assimilation and denitrification fractionate N and O isotopes in a ratio near 1 (i.e. 18ε:15ε ~ 1) 

in laboratory cultures and in the environment (e.g. Casciotti et al., 2002, Granger et al., 2004, 

Sigman et al., 2005, Granger et al., 2008, Granger et al., 2010) (Figure 1.1c). Deviations from 

an 18ε:15ε of ~ 1 in environmental samples therefore indicate addition of nitrate via 

nitrification. One can derive the isotopic composition of the nitrate added by nitrification 

based on deviation in δ18O and δ15N from a ratio of ~ 1 and in so doing, gain information on 

its ultimate source (e.g. nitrogen fixation or nitrate cycling within a water parcel) (Sigman et 

al., 2005). Thus, coupled N and O isotopes have been used in a broad range of applications, 

including (i) quantifying N2 fixation in regions of marine denitrification (Sigman et al., 

2005), (ii) identifying nitrification in rapidly denitrifying marine sediments (Lehmann et al., 

2004, Granger et al., 2011), (iii) identifying the source of nitrate in the surface mixed layer of 
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the ocean (nitrate regenerated in situ via nitrification versus ‘new’ nitrate supplied from 

depth) (Wankel et al., 2007, DiFiore et al., 2009), and (iv) delineating the source, sinks, and 

cycling of N in watersheds, estuaries, and river basins (Kendall et al., 2007, Clough et al., 

2011, Brookshire et al., 2012). The association of nitrate assimilation and marine 

denitrification with an 18ε:15ε ~ 1, the foundation of the use of coupled N and O isotopes, is 

based on empirical evidence from culture- and field-based studies (Granger et al., 2004, 

Granger et al., 2008, Granger et al., 2010) without full understanding of the physiological 

mechanisms generating the signature ratio. 

1.5. INTERPRETATION OF NITRATE ISOTOPES: UNDERSTANDING THE 

CELLULAR PROCESSES THAT GENERATE ISOTOPIC FRACTIONATION 

The use of the N and O isotopes of nitrate in studying the marine N cycle relies on 

knowing the magnitude and the O-to-N ratio of isotopic fractionation associated with the 

relevant N cycle processes. As is the case for most biological processes, the isotope effects 

for nitrate transformations can vary. Because of this, developing a biochemical and 

physiological understanding of how these isotope effects are generated at the cellular level 

would greatly strengthen environmental applications of nitrate isotope measurements. 

In the research presented here, I focus on the N cycle process of nitrate assimilation 

for two reasons. One, the isotope effect for nitrate assimilation is a key parameter in the 

application of N isotopes to a wide variety of questions in the modern and past ocean, such as 

constraining surface ocean nitrate supply and biological consumption in the present (e.g. 

Sigman et al., 1999b, DiFiore et al., 2006) and past (e.g. François et al., 1997, Robinson et 

al., 2005) and evaluating the source of nitrate in the surface ocean (e.g. Wankel et al., 2007, 

DiFiore et al., 2009). Unexplained variability in the magnitude of 15ε for nitrate assimilation 

is a source of uncertainty to these and other applications of the stable N isotopes. For 
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example, the spatial variability in 15ε for nitrate assimilation across the modern Southern 

Ocean (DiFiore et al., 2010) is in some cases equivalent to the temporal changes in δ15N in 

sediment cores from the region (addressed in Robinson and Sigman, 2008). An understanding 

of the physiological processes that generate 15ε and thus the conditions under which its 

magnitude may vary makes it possible to segregate changes in the magnitude of 15ε from real 

changes in nutrient utilization. Secondly, the association of nitrate assimilation with 

equivalent fractionation of N and O isotopes is a key assumption of the use of coupled N and 

O nitrate isotopes to separate the effects of co-occurring N cycle processes. How this 

equivalent fractionation is generated at the cellular level, and therefore how broadly it applies 

in the environment, is not fully understood.  

The net organism-level N isotope effect associated with nitrate assimilation, εorg, is 

the result of isotopic fractionation associated with each step in assimilation, up to the first 

irreversible step of nitrate reduction. The steps and associated individual isotope effects are 

uptake in to the cell (εin), reduction by the enzyme nitrate reductase (εNR), and efflux out of 

the cell (εout) (Figure 1.4). The organism-level isotope effect (εorg, i.e. the net isotope effect 

expressed in the environment), is approximated by: 

 

εorg = εorg +
E
U

εNR − εout( )         (8) 

!

where E/U is the relative proportion of efflux to gross uptake (Farquhar et al., 1982).  

When this research began, the prevailing view of isotopic fractionation associated 

with nitrate assimilation was that it originates with intracellular nitrate reduction by the 

enzyme nitrate reductase, εNR (e.g. Wada and Hattori, 1978, Mariotti et al., 1982, Shearer et 

al., 1991, Granger et al., 2004, Needoba et al., 2004, Granger et al., 2008). Efflux of high 
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15N/14N-nitrate to the ambient medium expresses this fractionation outside the cell. The 

degree to which εNR is expressed extracellularly by efflux determines the magnitude of 15εorg 

(e.g. Shearer et al., 1991, Granger et al., 2004, Needoba et al., 2004, Granger et al., 2008, 

Granger et al., 2010). Isotopic fractionation by nitrate uptake (εin) was thought to be minimal 

such that εorg is largely a function of εNR and f in equation 8. Several observations have led to 

this reduction-driven model of isotopic fractionation, including (1) high N isotope effects 

measured for the nitrate reductase enzyme (15 – 29‰, Olleros-Izard, 1983, Ledgard et al., 

1985); (2) elevated δ15N and δ18O of the internal nitrate pool relative to the ambient medium 

(Granger et al., 2004, Needoba et al., 2004, Granger et al., 2010); (3) equivalent fractionation 

of N and O isotopes in internal and ambient nitrate, suggesting an internal and single source 

of fractionation (Granger et al., 2004, Granger et al., 2010); and (4) an inverse relationship 

between isotopic fractionation of the internal nitrate pool and the organism-level isotope 

effect, suggesting that greater external expression of isotopic fractionation, and hence a 

higher organism-level isotope effect, is linked to greater efflux (Needoba et al., 2004). 

Some of these same observations suggested that fractionation by nitrate reductase was 

likely the driver behind the equivalent fractionation of nitrate N and O isotopes during nitrate 

assimilation (Granger et al., 2004). The observations of 1) equivalent fractionation of N and 

O isotopes in intracellular nitrate (the nitrate pool reduced by nitrate reductase) as well as 

ambient nitrate (Granger et al., 2004) and 2) elevated δ15N and δ18O in intracellular (relative 

to ambient) nitrate (Granger et al., 2004, Needoba et al., 2004) led to the hypothesis that the 

nitrate reductase fractionates N and O isotopes of nitrate with an 18ε:15ε of ~ 1 (Granger et al., 

2004). 

Among environmental conditions tested to date (Needoba et al., 2004), irradiance has 

been identified as a cause of variability in the magnitude of  15ε. 15ε increased dramatically 

with light limitation in cultures of two marine diatoms and in E. huxleyi (Needoba and 
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Harrison, 2004). Changes in 15ε with irradiance is a major consideration in interpretation of 

Southern Ocean δ15N measurements, where the modern Subantarctic Zone is characterized by 

deep mixed layers and therefore low mean irradiance and sedimentary δ15N may be affected 

by shoaling of the mixed layer (Francois et al., 1997) and thus a decrease in 15ε.  

1.6. OBJECTIVES 

The objective of this dissertation was to better understand the controls on nitrate N 

and O isotopic fractionation during its assimilation by marine phytoplankton. Towards this 

end, I measured the N and O isotope effects for nitrate reduction, uptake, and efflux. With the 

context these measurements provided, I then examined environmental and physiological 

factors that influenced whole cell N and O isotope effects for nitrate assimilation in steady 

state culture. 

Chapter 2 reports measurements of the N and O isotope effects for the enzyme 

responsible for nitrate reduction, eukaryotic assimilatory nitrate reductase (eukNR). I 

measured a high isotope effect of 26.6 ± 0.2‰ for the enzyme and equivalent N and O 

fractionation. The results support nitrate reductase as the dominant driver of isotopic 

fractionation during nitrate assimilation and provide the first step in understanding the 

cellular origin of equivalent N and O fractionation observed in the environment.  

Chapter 3 presents N and O isotope effect measurements for nitrate uptake and efflux.  

While the evidence to support a reductase-driven model of fractionation for nitrate 

assimilation is compelling, there were several reasons to suggest nitrate uptake across the cell 

membrane may make a significant contribution to the net N isotope fractionation observed in 

the environment. For example, an algal culture study reported an invariant isotope effect of 5 

– 6‰ in the marine diatom Thalassiosira weissflogii when growth was varied with iron-

limitation or temperature-limitation (in contrast with the dramatic increase observed with 
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light limitation) (Needoba et al. 2004). One interpretation of the low and relatively constant 

15εorg observed in the light-sufficient studies is that efflux is a remarkably constant fraction of 

the gross nitrate uptake of nitrate by the algal cells. Alternatively and perhaps more plausibly, 

the relatively invariant N isotope effect of ~ 5 - 6‰ may simply be due to uptake alone (i.e. E 

= 0 in equation 8) (Figure 1.4). In Chapter 3, I show that the N isotope effect is non-zero but 

cannot account for the full magnitude of fractionation observed in the environment.  

In Chapter 4, I present results of growing T. weissflogii in continuous culture under 

light limitation and phosphate limitation. Continuous cultures are optimal for isolating effects 

of individual growth conditions and for making the precise measurements of ambient nitrate, 

intracellular nitrate, and particulate N concentration and isotopic composition needed to 

develop a quantitative understanding of the physiology underlying isotopic fractionation 

during nitrate assimilation. I confirm the dramatic increase in 15ε with light limitation 

observed previously (Needoba et al, 2004; Needoba and Harrison, 2004; Wada and Hattori, 

1978). More importantly, I show that 15ε is invariant over a four-fold change in growth rate 

when light-sufficient under phosphate limitation. The near-constant magnitude of 15εorg 

observed under phosphate-limited growth, as well as under temperature- and iron-limited 

growth in a previous study (Needoba et al. 2004), implies a remarkably constant proportion 

of nitrate efflux to uptake across changing growth conditions. If results for T. weissflogii are 

applicable to other algal species, they suggest environmental variables other than irradiance 

are unlikely to cause variation in 15εorg. 
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Table 1.1 Representative estimates of isotope effects for N cycle processes (modified from 

Sigman et al., 2009b). 

Process Isotope 

effect 

(15ε) 

Details Reference 

N2 fixation   

(N2 !  PN) 

 

1.8 - 3.0 ‰ Trichodesmium spp. Carpenter et al. (1997) 

0.2 ‰ Western Tropical North 

Pacific 

Karl et al. (1997) 

-0.4 - 0.2‰ Western Tropical Atlantic Carpenter et al. (1997) 

Denitrification   5 - 30 ‰ Pseudomonas stutzeri 

(marine) 

Wellman et al. (1968), 

Granger et al. (2008) 

(NO3
- !  N2) 

 

18 - 28 ‰ Paracoccus denitrificans 

(terrestrial) 

Barford and Montoya (1999), 

Granger et al. (2008) 

Water column 25 - 30 ‰ 

 

Eastern Tropical North 

Pacific and Arabian Sea 

Liu and Kaplan (1989), 

Brandes et al. (1998), Altabet 

et al. (1999), Voss et al. 

(2001), Sigman et al. (2003) 

Sedimentary ≤ 3 ‰ Various coastal regions and 

Eastern North Pacific 

Margin 

Brandes and Devol (1997), 

Lehmann et al. (2004) 
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NO3
- assimilation   5 - 17 ‰ Thalassiosira weissflogii Needoba (2003), Granger et al. 

(2004) 

(NO3
- !  PN) 5 - 6 ‰ Coastal Antarctic  Sigman et al. (1999b), DiFiore 

et al. (2006) 

 3.4 - 10 ‰ 

 

Open Antarctic and 

Subantarctic 

 

Sigman et al. (1999b), Altabet 

and François (2001), Karsh et 

al. (2003), Trull et al. (2008), 

DiFiore et al. (2009) 

 5 ‰ Subarctic Pacific Wu et al. (1997) 

 5 ‰ Equatorial Pacific Altabet (2001) 

NH4
+ 

assimilation 

(NH4
+ !  PN) 

20 ‰ 

8 – 27 ‰ 

6.5 – 8 ‰ 

9 ‰ 

18.5 ‰ 

Thalassiosira pseudonana 

Skeletonema costatum 

Chesapeake Bay 

Delaware Estuary 

Scheldt Esturary 

Waser et al. (1998b) 

Pennock et al. (1996) 

Horrigan et al. (1990) 

Cifuentes et al. (1989) 

De Brabandere et al. (2007) 

Nitrification  

Ammonium 

oxidation 

(NH4
+ !  NO2

-) 

14 ‰ 

 

19 ‰ 

 

Nitrosomonas marina 

(marine) 

Nitrosomonas C-113a 

(marine) 

Casciotti et al. (2003) 

 

Casciotti et al. (2003) 

 35 – 38 ‰ 

 

Nitrosomonas europaea 

(terrestrial) 

Casciotti et al. (2003) 

 12 - 16 ‰ Chesapeake Bay Horrigan et al. (1990) 

Nitrite oxidation  

(NO2
- !  NO3

-) 

-13 ‰ Nitrococcus mubilis 

(marine) 

Casciotti (2009) 
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Figure 1.1 a) A simplified marine N cycle b) The major N transformations from the 
perspective of the N atoms of nitrate. c) The major N transformation from the perspective of 
the O atoms of nitrate. The distinction between the ultimate sources and sinks of N and O 
atoms in nitrate  underlies the use of the coupled N and O isotopes to study co-occurring N 
cycle processes. This figure is based on one that appears in Sigman et al., 2005.  
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Figure 1.2 The increase in δ15N (open circles) and δ18O (open triangles) of residual nitrate 
that accompanies nitrate consumption (filled squares). In this case, the nitrate pool is being 
consumed by its reduction to nitrite by the eukaryotic assimilatory nitrate reductase enzyme. 
Data are from Chapter 2.



18 

 

 

 

 

 

 

 

 

 

Figure 1.3 The δ15N of reactant and product as a function of the reactant pool remaining for 
the two different models discussed in the text. The Rayleigh equations apply to a closed 
system where reactant is not resupplied (black lines). The steady state equations apply to an 
open system where reactant is supplied continuously (gray lines). An initial reactant δ15N of 
5‰ and an isotope effect (ε) of 5‰ is used for both models. The figure is reproduced from 
Sigman et al., (2009). 
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Figure 1.4 Schematic of isotopic fractionation associated with algal nitrate assimilation.  
Isotopic fractionation associated with steps up to and including the first irreversible step of 
nitrate reduction (NR) contributes to the net isotope effect for assimilation. The steps and 
associated individual isotope effects are uptake (εin), reduction (εNR), and efflux (εout). The 
prevailing view is that the high isotope effect associated with nitrate reduction (εNR, 26.6 ± 
0.2‰) (Karsh et al., 2012) dominates isotopic fractionation associated with assimilation 
(Granger et al., 2004, Needoba et al., 2004). Nitrate is taken up into the cell and fractionated 
intracellularly by reduction; the extent of efflux of intracellular nitrate determines the extent 
to which this signal is expressed in the environment.
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ABSTRACT 

The nitrogen (N) isotope effect for nitrate assimilation (15εorg) is a key parameter in 

the application of N isotopes to a wide variety of questions in the modern and past oceans. To 

improve understanding of the controls on its magnitude, we measured 15εorg during 

continuous culture of the marine diatom Thalassiosira weissflogii. Under phosphate 

limitation, 15εorg and intracellular [NO3
-] were relatively invariant (5 – 6‰ and ~25 mmol (L 

cell vol)-1 , respectively) across a 4-fold change in N incorporation rate. Under light 

limitation, 15εorg and intracellular [NO3
-] increased 3-fold and 6-fold, respectively. The ratio 

of oxygen (O) and N isotope effects (15εorg:15εorg) did not diverge coherently from ~ 1 across 

all growth conditions, suggesting that the observed variation in 15εorg is driven by variation in 

the nitrate efflux to uptake ratio. The relative constancy of 15εorg observed under phosphate-

limited growth, as well as under temperature- and iron-limited growth in a previous study, 

implies a constant low ratio of nitrate efflux to uptake (12 – 15%) and thus tight coupling 

between nitrate uptake into the cell and cellular N demand. In contrast, under light-limitation, 

high intracellular nitrate storage and a high efflux to uptake ratio (60%) indicate that nitrate 

uptake exceeds cellular N demand by a factor of at least 2.5. The apparently unique effect of 

irradiance on 15εorg and by inference, the regulation of nitrate uptake, may reflect an adaption 

to prepare for rapid growth upon an increase in light availability within the turbulent surface 

mixed layer. On a cellular level, we find that the δ15N of intracellular nitrate is lower than 

predicted by ~ 5‰, which seems to require input of low- δ15N nitrate unfractionated by 

reduction. We speculate this occurs through nitrate entering the vacuole in a way spatially or 

temporally separated from cytoplasmic nitrate reduction. If applicable to other algal species 

and field communities, results for T. weissflogii suggest that irradiance is likely the dominant 

and possibly sole driver of variability in the magnitude of 15εorg. More clearly defining the 

relationship between 15εorg and irradiance across taxa and advancing a physiological 
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understanding of this relationship are clear targets for future research into controls on the 

magnitude of 15εorg in the surface ocean.  

4.1. INTRODUCTION 

The stable isotopes of nitrogen (N) are an important tool in studying the marine N 

cycle, providing constraints on the inputs, transport, internal cycling, and losses of N. Natural 

abundance stable isotope ratios provide advantages over methods that directly measure rates 

in that they integrate over broad spatial and temporal scales, do not alter the system being 

studied, and in some cases provide a record of N cycling in the past ocean through their 

preservation in sediments. 

Environmental variations in 15N/14N occur dominantly because in most biological 

transformations, the reaction rate coefficient of 14N-bearing substrate (14k) is higher than that 

of substrate bearing 15N (15k). The extent of the difference and thus isotopic fractionation for 

any given N cycle transformation is given by the kinetic isotope effect 15ε (‰) = (14k /15k -1). 

The isotope effect for nitrate assimilation is a key parameter in the application of N isotopes 

to a wide variety of questions in the modern and past ocean, such as constraining surface 

ocean nitrate supply and biological consumption in the present (e.g. Sigman et al., 1999b, 

DiFiore et al., 2006) and past (e.g. François et al., 1997, Robinson et al., 2005) and evaluating 

the source of nitrate in the surface ocean (e.g. Wankel et al., 2007, DiFiore et al., 2009). 

Unexplained variability in the magnitude of 15ε for nitrate assimilation is a source of 

uncertainty to these and other applications of the stable N isotopes. In the surface ocean, 

measurements of the N isotope effects for nitrate assimilation range from ~ 4 to 10‰, 

although most center around 4 – 6‰ (e.g. Wu et al., 1997, Sigman et al., 1999b, Altabet and 

François, 2001, DiFiore et al., 2006, Trull et al., 2008). The range observed in algal cultures 

is much greater (up to 24‰ has been measured) (e.g. Wada and Hattori, 1978, Granger et al., 
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2004). Achieving a predictive understanding of the magnitude of 15ε in algal cultures and the 

open ocean requires an understanding of how 15ε is generated at the cellular level. 

 The organism-level isotope effect, 15εorg (i.e. the net effect imparted by a nitrate 

assimilating organism on the isotopic composition of seawater nitrate) reflects the individual 

isotope effects and relative rates of all steps up to and including the first unidirectional step of 

nitrate assimilation (Mariotti et al., 1982) (Fig. 1). These steps are nitrate uptake across the 

cell membrane (15εin), nitrate reduction (15εNR), and nitrate efflux from the cell (15εout) (Figure 

4.1). The organism-level isotope effect can be approximated by (François et al., 1993): 

 

15εorg =
15ε in +

E
U

15εNR −
15εout( )        (1) 

 

where U is the rate of gross nitrate uptake into the cell, and E is the rate of nitrate efflux out 

of the cell. For values of 15εorg that exceed 15εin, the magnitude of 15εorg depends on the degree 

to which intracellular fractionation by nitrate reductase is expressed outside the cell by nitrate 

efflux (equation 1) (e.g. Shearer et al., 1991, Granger et al., 2004, Needoba et al., 2004, 

Granger et al., 2008). In separate studies, we have measured the magnitude of 15εNR (Karsh et 

al., 2012), and 15εin and 15εout (Karsh et al., in press), so that a clear framework exists for 

relating 15εorg to E/U and hence regulation of nitrate uptake and efflux. 

Algal culture studies have pinpointed irradiance as a major source of variability in 

15εorg, where 15εorg increases at low irradiance (Wada and Hattori, 1978, Needoba and 

Harrison, 2004, Needoba et al., 2004). An inverse relationship between 15εorg and irradiance 

provides a logical explanation for the variation in 15εorg observed in the Southern Ocean (e.g. 

DiFiore et al., 2010 and references therein), and a compilation of Southern Ocean 15εorg 
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results indeed shows an inverse relationship between 15εorg and mixed layer depth and thus 

PAR (DiFiore et al., 2010).  

 In algal cultures studies that have investigated the effect of environmental variables 

on 15εorg, the increase in 15εorg with light limitation was the dominant result (Needoba et al., 

2004). The observation that 15εorg remained relatively invariant when growth was limited by 

other factors (temperature and iron) (Needoba et al., 2004) received relatively little attention. 

The observed invariance in 15εorg (Needoba et al., 2004) echoes the consistency of field-based 

estimates of 15εorg that converge on 5‰ in regions of the surface ocean where irradiance is 

unlikely to limit growth (e.g. Wu et al., 1997, Sigman et al., 1999b, Altabet and François, 

2001, DiFiore et al., 2006, DiFiore et al., 2009). If we know that 1) irradiance is a driver of 

change in 15εorg, and can show that 2) 15εorg is largely invariant under other environmental 

conditions, we would be closer to a predictive understanding of the controls on the magnitude 

of 15εorg and to reducing uncertainty in interpretation of N isotope distributions. 

In this study, we measured 15εorg during nitrate assimilation by the marine diatom T. 

weissflogii in steady state culture to assess if the magnitude of 15εorg is invariant when 

environmental variability is controlled. Steady state cultures are also suited to characterizing 

the relationships between ambient nitrate, intracellular nitrate and particulate N concentration 

and isotopic composition that are necessary to developing a quantitative understanding of the 

physiological mechanism by which 15εorg is generated. 
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4.2. METHODS 

4.2.1. Culture conditions 

The marine diatom T. weissflogii (CCMP1336) was obtained from the Provasoli-

Guillard National Center for Culture of Marine Phytoplankton (West Boothbay Harbor, 

USA). All steady state cultures were grown in 2 L growth chambers at 20°C, stirred with a 

magnetic stirrer at 120rpm and aerated with 0.2 µM sterile-filtered laboratory air at a rate of 

100 ml min-1. The polycarbonate growth chambers, associated tubing, and polycarbonate 

medium reservoirs were acid-cleaned by soaking in 10% HCl and rinsing 5 times with 18.2 

MQΩ cm. Low-nutrient seawater for the culture media was collected from surface waters 

east of Tasmania, Australia. Following addition of macronutrients (detailed below), Aquil 

trace metals (Morel et al., 1979), and f/2 vitamins (Guillard, 1975), the resulting culture 

medium was sterilized via filtration through a 0.2 µm capsule filter (Starsedt). As an extra 

precaution against bacterial contamination, inflowing media passed through an in-line 0.2 µm 

filter (Startsedt) prior to reaching the growth chamber.  

Light was provided via banks of daylight fluorescent tubes (Ge F20 C75 Chroma 75) 

at the back and side of each growth chamber. Irradiance was measured with a Biospherical 

Instruments Inc., model QSL100 with a 4π collector. The collector was placed into a growth 

chamber filled with low-nutrient seawater prior to the start of each experiment and compared 

with measurements made dry outside the growth chamber. Irradiance was then monitored 

outside the growth chamber throughout each experiment to ensure irradiance levels remained 

constant. Irradiance was also measured within test cultures grown to similar cell 

concentrations to experimental cultures to ensure self-shading in the reaction chamber was 

minimal. 
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T. weissflogii was grown in three types of continuous culture systems: phosphate-

limited, light-limited, and non-limited (where the growth rate is limited only by the maximum 

growth rate of T. weissflogii under the growth conditions). In all systems, the growth rate of 

the phytoplankton at steady state must equal the growth chamber dilution rate, which in turn 

equals the overflow rate divided by the volume of the growth chamber. The growth chamber 

volumes were measured on 5 occasions, with a standard deviation of 0.17% of the mean. As 

noted in Laws et al. 2005, the main uncertainty in knowing the growth rate of the 

phytoplankton is the precision of the flow rate into the growth chamber via the peristaltic 

pump. The reproducibility of the growth chamber dilution rate was ± 0.010 – 0.014 d-1 across 

the experiments, equivalent to 1 – 2% of the dilution rates used in this study. 

For the phosphate-limited cultures (experiments 1 – 3, Table 4.1), macronutrients 

were added to the medium at [NO3
-] = 140 µM and [SiO4] = 130 µM.  The [NO3

-] in the 

supply was higher than intended by 50 µM due to nitric acid unknowingly present in trace 

metal stocks added to the medium. Cells under phosphate limitation adjust their cellular 

demand for phosphorus (P) in proportion to degree of limitation (Droop, 1973). Under 

phosphate limitation, a changing demand for P without a concomitant change in demand for 

N leads to changes in cellular N:P (Perry, 1976). Accordingly, using a constant [PO4
3-] in the 

supply would lead to varying cell density and therefore ambient [NO3
-]. [PO4

3-] in the 

medium was therefore adjusted for each dilution rate to maintain a relatively consistent cell 

density and ambient [NO3
-] in the reaction chamber (for phosphate-limited cultures with N 

incorporation rates of 0.31, 0.74, and 1.22 d-1 (Table 4.1), [PO4
3-] =1, 1.5, and 2 µM, 

respectively, using data from Perry 1976 to predict P cell quota at varying degrees of 

phosphate limitation). Ambient [NO3
-] in the growth chamber varied between 81 – 87 µM, 

higher than desired due to the contamination in the supply mentioned above. Irradiance for all 

phosphate-limited cultures was 350 µmol quanta m-2 s-1.  
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The light-limited cultures (experiment 4 – 5, Table 4.1) and non-limited culture 

(experiment 6, Table 4.1) were operated as turbidostats (e.g. Olson et al., 1980, Post et al., 

1984, Yin et al., 1998). Nutrients were provided in excess at [NO3
-] = 90 µM, [SiO4] = 90 

µM., and [PO4
3-] = 8 µM. T. weissflogii was acclimated in batch culture to each growth 

irradiance and the growth rate measured. The acclimated batch culture was used to inoculate 

the reaction chamber. At the desired cell concentration, the pump was turned on to deliver 

medium at the same rate as the growth rate. Cell concentration was monitored twice daily and 

if necessary, the dilution rate adjusted to maintain constant cell concentration in the growth 

chamber. The cultures were maintained at low cell concentration to minimize heterogeneity 

in irradiance within the growth chamber.  

Sampling was begun after each culture had achieved at least four doublings at a given 

growth rate, over which time cell counts in the growth chamber had varied less than 5%. The 

cell concentration of T. weissflogii in the reaction chamber was monitored daily through cell 

counts obtained using a Multisizer 2 Coulter Counter fitted with a 50 µm aperture and 

through in vivo fluorescence on a Turner Designs model 10 AU fluorometer. [NO3
-] in the 

reaction chamber was monitored using ultraviolet absorption spectrometry as described in 

(Collos et al., 1999) and later determined more precisely as described in section 4.2.3. 

4.2.2. Sampling 

Samples for [NO3
-], [NO2

-], δ15N of particulate organic nitrate, and δ15N and δ18O of 

NO3
- were collected from the same subsample of culture. Triplicate subsamples were taken 

from each steady state culture either on the final day of sampling, or when possible, on 

consecutive days prior to final sampling to demonstrate steady state in these parameters. 

Samples were collected by gently (<50mm Hg) filtering 180 mL of culture through pre-

combusted 25mm QMA filters.  



!
 

 146 

4.2.3. Dissolved nutrients 

Filtrate from the sampling step was subsequently filtered through a 0.2µm Supor 

25mm syringe filter into triplicate 15mL acid-washed polypropylene tubes and immediately 

frozen for later analysis. [NO3
-], [NO2

-], and [PO4
-], were measured colorimetrically on a 

LeChat autoanalyzer at CSIRO Marine and Atmospheric Research, Hobart, Australia. The 

standard deviation of calibration standards for [PO4
-] was typically < 0.05 µM. For [NO2

-], 

the standard deviation of calibration standards was typically < 0.03 µM. Sample [NO3
-] 

spanned a large range in concentration. The standard deviation of calibration standards for 

[NO3
-] was < 0.1 µM for low concentrations (([NO3

-] < 14 µM), < 0.5 µM for mid-range 

concentrations (([NO3
-] = 14 – 70 µM), and 1 µM for high concentrations ([NO3

-] > 70 µM). 

Standard deviation for replicate intracellular nitrate samples with relatively low [NO3
-] was < 

0.8 µM, typically < 0.2 µM. While standard deviation for replicate samples from the growth 

media and growth chamber with relatively high [NO3
-] was < 1.2 µM, typically < 0.6 µM, we 

found problems with accuracy discussed further in section 4.3.1. 

4.2.4. N and O isotopes of nitrate 

Filtrate from the sampling step was subsequently filtered through a 0.2 µm Supor 

25mm syringe filter into triplicate 25mL acid-washed polypropylene bottles and immediately 

frozen until analysis. The N and O isotopic composition of nitrate was measured using the 

denitrifier method (Sigman et al., 2001, Casciotti et al., 2002). Isotope ratios are reported in 

delta (δ) notation in units of per mil (‰): 

 

    (2a) 

    (2b) 
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where the 15N/14N reference is N2 in air and the 18O/16O reference is Vienna standard mean 

ocean water (VSMOW). Samples were referenced to air and VSMOW through comparison to 

reference material IAEA-N3, with assigned δ15N of +4.7‰ (Gonfiantini et al., 1995) and 

δ18O of 25.6‰ (Böhlke et al., 2003), and corrected for the analysis blank when necessary. O 

isotope data were corrected for exchange of oxygen atoms with water during reduction of 

nitrate to N2O by comparing the observed and reported δ18O difference between IAEA-N3 

and the reference material USGS-34 (assigned δ18O of -27.9‰; (Böhlke et al., 2003)) 

(Sigman et al., 2009a). Reproducibility of replicate measurements of reference materials and 

samples was generally 0.2‰ for δ15N and 0.3‰ for δ18O (n  ≥ 3 for all samples), consistent 

with previously reported analysis standard deviations for the denitrifier method. 

4.2.5. Particulate organic nitrogen 

Filters from the sampling step were dried at 60ºC, pelleted into tin capsules, and 

analysed on a Finnigan Delta-S IRMS coupled with a Carlo Erba/Fisons 1108 elemental 

analyser (EA) via a ConFlo II interface at CSIRO Marine and Atmospheric Research, Hobart, 

Australia.  IAEA standards IAEA-N1 ((NH4)2SO4, 15N = 0.43 ± 0.07‰) and IAEA-N3 were 

run with each set of analyses with a standard deviation of < 0.17‰. When necessary, a 

correction value was added to sample 15N results based on the offset between the measured 

15N of standards and their specified values during each analysis period. Analysis of 

combusted blank filters demonstrated negligible 15N levels in comparison to samples.  

Samples for concentration of particulate nitrogen and carbon were collected by gently 

(<50mm Hg) filtering 30 ml of culture through pre-combusted 13mm QMA filters. Filters 

were dried at 60°C, pelleted into tin capsules, and analyzed for total carbon and nitrogen on a 

Carlo Erba CHN analyzer at the University of Tasmania, Hobart, Australia.  
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4.2.6. Intracellular nitrate 

Intracellular NO3
- was collected from triplicate subsamples from each chemostat 

according to the method described by (Thoresen et al., 1982). 300 mL of culture was gently 

(<50mm Hg) filtered onto pre-combusted 47mm GF/F filters and rinsed with 10mL 3% NaCl 

in Ω18 MilliQ water ([NO3
-] < 0.3 µm) to remove remaining extracellular NO3

-. 70mL 

boiling Ω18 MilliQ water ([NO3
-] below detection) was poured over the harvested cells and 

the filtrate collected for further analysis. Repetition of the boiling water step demonstrated 

negligible NO3
- (< 0.3 µm) remained in the harvested cells. The filtrate was subsequently 

filtered through a 0.2uM Supor 25mm syringe filter into triplicate 15mL tubes for [NO3
-] and 

[NO2
-], triplicate 25mL acid-washed polypropylene bottles for N and O isotopes of NO3

-, and 

5mL polypropylene tube for [NH4
+] and immediately frozen until analysis.  

[NO3
-] and [NO2

-] were analyzed as described above. Intracellular [NO3
-], as per 

convention, is reported in units mmol per liter of cell volume (mmol (L cell vol)-1). This was 

calculated using the cell concentration obtained from the Coulter Counter and cylindrical cell 

volume based on cell dimensions measured via microscopy using Axiovision software on a 

Zeiss inverted microscope on cells collected on the day of sampling. The standard deviation 

of intracellular [NO3
-] was typically < 1.5 mmol (L cell vol)-1, incorporating uncertainties 

associated with measurements of both [NO3
-] and cell dimensions.  

The δ15N and δ18O of intracellular NO3
- were analyzed as described in section 2.4. 

The δ18O of the MilliQ water used in extraction (-21.5‰) was incorporated in the oxygen 

exchange correction, replacing the δ18O of deep or surface seawater typically used for field 

samples. It was particularly important to accurately set sample water δ18O in data correction, 

as using a more typical sample water δ18O of 1‰ (for surface seawater) would have produced 

δ18O results ~0.5‰ less than the accurate values. The increase in MilliQ δ18O caused by 

boiling was assessed and proved insignificant to the final result.  
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4.3. RESULTS 

4.3.1. Derivation of N and O isotope effects 

In a steady state system, the net isotope effect 15εorg can be calculated in three ways. 

First, 15εorg can be approximated as the simple difference between the δ15N of the residual 

nitrate in the growth chamber (extracellular nitrate; δ15Next) and the particulate organic 

nitrogen (δ15Norg) (Goericke et al., 1994):  

 

15εorg = δ
15Next −δ

15Norg         (3) 

 

This approximation is valid for our experimental system, as the inaccuracy of this 

approximation is less than the uncertainty of measurement. The N isotope effect can 

alternatively be calculated according to the equations, which take advantage of measurements 

of the δ15N of the nitrate supplied to the growth chamber (δ15Nsupp) and the degree to which 

this nitrate is consumed within the system (f): 

 

δ 15Next = δ
15Nsupp +

15εorg(1− f )        (4) 

 

or 

 

δ 15Norg = δ
15Nsupp −

15εorg( f )         (5) 

 

N isotope effects derived from equations 3, 4, and 5 are listed in Table 4.1, labeled 15εorg(Next-

Norg), 15εorg(Next), and 15εorg (Norg) respectively.  
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The three approaches produced slightly different 15εorg for each steady state culture 

and did so in a consistent pattern, with estimated 15εorg decreasing from equation 4 (Next), to 

equation 3 (Next-Norg), to equation 5 (Norg) (Table 4.1). We identify two sources of 

uncertainty that could affect the 15εorg estimates and the relationship between the different 

estimation approaches.  

First, the simplest explanation is that f (extracellular [NO3
-] / supply [NO3

-]) is too 

high (Table 4.1, equations 4 and 5), because the measured values for supply [NO3
-] are too 

low. Both accuracy and precision of [NO3
-] measurements was problematic at high [NO3

-] (> 

80 µM) (with and without sample dilution), and the measurements for supply [NO3
-] were 

typically less than the values expected based on NO3
- added to the media. To test this 

hypothesis, we calculate the f value for each culture, and in turn supply [NO3
-], that would 

yield the same 15εorg value from all three equations (equations 3 - 5). The difference between 

predicted and measured supply [NO3
-] increases with [NO3

-], as expected, with an average 

difference of 5%. In order to avoid uncertainty in 15εorg values due to potential inaccuracies in 

high [NO3
-] measurements, we use 15εorg values calculated with equation 3 (dependent on the 

δ15N of extracellular NO3
- and particulate organic nitrogen only) throughout this chapter 

(indicated with bold type in Table 4.1). 

The other source of uncertainty is the possible inclusion of intracellular [NO3
-] in the 

measured concentration and isotopic composition of particulate organic nitrogen Norg. 

Samples for [Norg] and δ15Norg were vacuum filtered onto QMA filters until dry, and the 

filters subsequently dried at 60°C. If the cells on the filter remained intact, it is possible that 

N from intracellular nitrate was measured as Norg. Intracellular [NO3
-] comprised from 1.0% 

(non-limited culture) to 8.7% (light-limited culture) of [Norg] (Table 4.1) and had a very high 

δ15N. To assess the effect of the most extreme case, if all intracellular NO3
- were measured as 

Norg, we calculate revised δ15Norg values by subtracting intracellular NO3
- from measured 
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[Norg] and δ15Norg. 15εorg values calculated via equation 3 and equation 5 increase as a result. 

For phosphate-limited and non-limited cultures, the magnitude of the increase for 15εorg based 

on equation 3 is 0.4 – 0.8‰. For light-limited cultures, the increase is ~ 2.0‰. These 

maximum shifts in 15εorg do not affect the conclusions reached in the Discussion. Because we 

cannot constrain how much intracellular NO3
- may have been measured as Norg, we use 

measured [Norg] and δ15Norg values without any correction for possible inclusion of 

intracellular NO3
-.  

The O isotope effect 18εorg was calculated using nitrate isotope data alone (as there is 

no equivalent particulate fraction) using the equation: 

 

δ 18Oext = δ
18Osupp +

18εorg(1− f )        (6) 

 

(Goericke et al., 1994), where δ18Oext is the δ18O of nitrate in the growth chamber, δ18Osupp is 

the δ18O of nitrate in the supply, and f is the fraction of nitrate remaining. When we report the 

ratio 18εorg:15εorg, both 18εorg and 15εorg are calculated using this form of equation (equations 4 

and 6). The ratio of these two values is independent of f and thus not affected by the 

uncertainty in high [NO3
-] measurements and f.  

4.3.2. 15εorg 

15εorg (based on equation 3, discussed above) was relatively invariant in the phosphate-

limited cultures, ranging from 5.05 ± 0.44‰ to 5.78 ± 0.24‰ (Figure 4.2a, Table 4.1). We 

observed a similar, slightly higher 15εorg in the non-limited culture, 7.35 ± 0.22‰ (Fig 4.2a, 

Table 4.1). The light-limited cultures yielded much higher values of 15εorg, 17.47 ± 0.42‰ 

and 17.36 ± 0.41‰ (Figure 4.2a, Table 4.1).  
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4.3.3. Intracellular [NO3
-] and δ15N 

Intracellular [NO3
-] showed a similar pattern to that observed for 15εorg. Intracellular 

[NO3
-] was relatively constant within the phosphate-limited cultures, with a mean value of 

23.6 ± 3.4 mmol (L cell vol)-1 (Figure 4.2b., Table 4.1). Intracellular nitrate was similarly low 

in the non-limited culture, 14.0 ± 1.6 mmol (L cell vol)-1. Intracellular [NO3
-] was much 

higher in the light-limited cultures, 152.2 ± 4.4 mmol (L cell vol)-1 and 120.0 ± 4.4 mmol (L 

cell vol)-1(Figure 4.2b, Table 4.1). The δ15N and δ18O of intracellular nitrate was consistently 

higher than extracellular nitrate (Table 4.1). In the phosphate-limited cultures, δ15N and δ18O 

of intracellular NO3
- increased with growth rate (Table 4.1). 

4.3.4. Fractionation of N and O isotopes of nitrate 

We observed equivalent fractionation of N and O isotopes of both extracellular and 

intracellular nitrate, relative to the supply (Figure 4.3). The mean change in δ18O versus δ15N 

relative to supply (i.e. Δδ18O:Δδ15N) for all data was 1.02 ± 0.01. The ratio of N and O 

isotope effects 18εorg:15εorg was near 1 for each culture (Table 4.1).  

4.3.5. Cellular quotas and ratios 

We observed contrasting relationships in elemental ratios under phosphate limitation 

and light limitation, consistent with previous observations (e.g. Laws and Bannister, 1980) 

(Table 4.1). Under phosphate limitation, we observed high C:N ratios that show an inverse 

relationship with growth rate. The high cellular C quotas (e.g. Perry, 1976, Laws and 

Bannister, 1980) and decrease in cellular N quota with decrease in growth rate (e.g. Laws and 

Bannister, 1980) (Table 4.1) that contribute to the observed C:N ratios have both been 

documented in previous studies of phosphate-limited algal cultures. Under light limitation, 

we observed low C:N ratios resulting from low C quotas and N quotas similar to or higher 
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than non-limited cells (Table 4.1). Maintaining a constant or higher N quota under light-

limitation demonstrates a strategy to maintain NO3
- uptake and assimilation when light- and 

thus energy-limited, perhaps in part through higher Chla and lower C quotas to maintain 

reductant supply (e.g. Thompson et al., 1989) (Table 4.1).  

4.3.6. Extracellular [NO3
-] 

Extracellular [NO3
-] (i.e. the ambient [NO3

-] in the growth chamber) was higher in the 

phosphate-limited cultures than the light-limited and non-limited cultures by ~ 50 - 70 µM 

due to contamination from nitric acid present in trace metal stocks added to the culture 

medium (Table 4.1). We suggest the difference in extracellular [NO3
-] among cultures is 

unlikely to affect the magnitude of 15εorg. Extracellular [NO3
-] would most directly affect 

15εorg through nitrate uptake rate and hence efflux / uptake ratio. The half saturation constant 

for nitrate uptake (Km) is 2.8 µM in T. weissflogii (Lomas and Glibert, 2000) such that little 

variation in nitrate uptake rates would be expected, or has been observed (Lomas and Glibert, 

2000), across the range of extracellular [NO3
-] used here.  

A constitutive, low affinity nitrate transport system with linear kinetics may be 

important at high [NO3
-] in algae (Collos et al., 2005). The extracellular [NO3

-] at which this 

system becomes important to gross nitrate uptake in T. weissflogii is unclear; culture results 

suggest from 40 – 50 µM to 150 µM (Collos et al., 2005 and references therein). If the 

constitutive, low affinity uptake system led to additional nitrate uptake at high extracellular 

[NO3
-], we would presumably see an increase in efflux / uptake ratios and 15εorg. This is the 

opposite direction of change we observe when comparing 15εorg from the high [NO3
-] and low 

[NO3
-] cultures. Moreover, the linear regressions observed between the δ15N of extracellular 

nitrate and ln[NO3
-] in batch cultures with [NO3

-] exceeding 200 µM (e.g. Granger et al., 
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2004, Needoba et al., 2004) are not consistent with a shift in [NO3
-] transport affecting 15εorg 

within this concentration range.  

4.4. DISCUSSION 

4.4.1. 15εorg is generally invariant 

With the notable exception of light-limited growth, 15εorg in T. weissflogii is relatively 

invariant with changes in N incorporation rate (the apparent slight positive slope between 

15εorg and N incorporation rate in phosphate-limited cultures is not statistically significant (p > 

0.05)) (Figure 4.2a). The magnitude of 15εorg reflects the regulation of nitrate metabolism, as 

it is in large part determined by the relative rate of cellular nitrate efflux to gross nitrate 

uptake. The magnitude of 15εorg is a function of the individual isotope effects associated with 

nitrate uptake, nitrate efflux, and nitrate reduction, and their relative rates (equation 1 shown 

again): 

 

 
15εorg =

15ε in +
E
U

15εNR −
15εout( )  

 

where E/U is the ratio of nitrate efflux to nitrate uptake (François et al., 1993). The relatively 

invariant 15εorg observed under most conditions for T. weissflogii indicates either 1) all nitrate 

taken up into the cell is consumed (i.e. E=0 in equation 1), in which case 15εorg is equal to the 

isotopic fractionation associated with nitrate uptake (15εin) or 2) the relative rates of efflux, 

uptake, and reduction remain constant (i.e. E/U is non-zero and constant) even as the absolute 

rates of these processes change. We recently reported a 15εin of 2.0‰ for nitrate uptake in T. 

weissflogii (Karsh et al. in press). The 15εorg values of 5 - 6‰ observed in our phosphate-

limited cultures, and values of 6 – 8‰ in iron-and temperature-limited cultures can thus 
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clearly not derive from the isotopic fractionation associated with uptake alone. The remainder 

results from isotopic fractionation by the intracellular nitrate reductase enzyme, expressed 

outside the cell by efflux of high-δ15N nitrate. Thus, the relative rates of nitrate uptake, 

reduction, and efflux must remain remarkably constant even as their absolute rates change by 

a factor of 4 (Figure 4.2a, Table 4.1).  

Based on our measured values for 15εorg (Table 4.1), equation 1, and reported values 

for 15εNR (26.6‰) (Karsh et al., 2012), 15εin (2.0‰), and 15εout (1.2‰) (Karsh et al., in press), 

the efflux / uptake ratio (f in equation 1) falls within a narrow range of 12 - 15%. The 15εorg 

values measured under iron- and temperature-limitation (6.0 – 6.2‰ and 7.1 – 8.0‰, 

respectively, Needoba et al., 2004) indicate a similar range of efflux / uptake ratios of 16 - 

17% and 20 - 24%. These ratios are less than those reported in Needoba et al. 2004, because 

the former incorporate 15εNR, 15εin, and 15εout values only recently measured. We note that 

15εNR was measured using the artificial reductant methyl viologen (Karsh et al., 2012). If 

15εorg differs using NADH, it will be higher (Karsh et al. 2012), and the true efflux / uptake 

ratios will be less than those reported above. 

The near constant values of 15εorg and narrow range of efflux / uptake ratios imply that 

nitrate uptake is tightly correlated with nitrate reduction in the non-light limited cultures. This 

is to be expected given that nitrate uptake occurs via active transport against a strong 

electrochemical gradient (e.g. Miller and Smith, 1996, Forde and Clarkson, 1999), such that 

regulating nitrate uptake to nitrate reduction minimizes energy expenditure. We note that a 

similar pattern of invariant isotope effect with growth rate is predicted for carbon isotopic 

fractionation when active carbon uptake (versus diffusive flux) fulfills the majority of cellular 

demand (Keller and Morel, 1999). 

Nitrate uptake rates may respond to cellular N demand via gene transcription and 

post-translational regulation sensitive to negative feedback from N metabolites (e.g. Miller et 
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al., 2007). In particular, the ability of phytoplankton to regulate the number of transport sites 

on the cell surface provides a way to dynamically adjust nitrate uptake in response to nitrate 

reduction (e.g. Bonachela 2011, Armstrong 2008). Less well-characterized, physical 

parameters of the cell such as membrane potential and cytoplasm and medium pH may also 

affect uptake rates, as a decrease in membrane potential can decrease the energy available for 

transport and the transport protein’s affinity for NO3
- (Miller et al., 2007). Ambient [NO3

-] 

should only affect uptake rates and thus 15εorg at very low [NO3
-] (i.e. < 0.06 uM) as the half-

saturation constant for nitrate assimilation among phytoplankton communities in the surface 

ocean is ~ 0.02 – 0.03 µM (Harrison et al. 1996). When uptake rates become limiting at low 

[NO3
-], 15εorg will approach 15εin (equation 1). 

The fact that efflux occurs at all when nitrate uptake is highly regulated suggests that 

efflux is inevitable and / or beneficial to the organism. Several authors have proposed that 

efflux may confer a regulatory advantage to cells by providing a means to rapidly fine-tune 

net nitrate uptake and intracellular [NO3
-] (e.g. Miller and Smith, 1996, Forde and Clarkson, 

1999, Miller et al., 2007). The data reported here, especially in combination with the recently 

reported constraints on 15εin, 15εout, and 15εNR (Karsh et al., 2012, Karsh et al., in press), 

provides exceedingly strong evidence that such efflux is indeed occurring.   

One mechanism proposed for efflux is simply a ‘leak,’ or unregulated passive 

diffusion that is a function of intracellular [NO3
-], based on correlation between efflux rates 

and intracellular [NO3
-] in some studies in higher plants (e.g. Ter Steege et al., 1999). Efflux 

is clearly not proportional to total intracellular [NO3
-] in T. weissflogii. We observe near-

constant intracellular [NO3
-] among phosphate-limited cultures, as well as in the iron- and 

temperature-limited cultures from Needoba et al. 2004 (mean intracellular [NO3
-] is 23.6 ± 

4.0 mmol (L cell vol)-1 among all non-light-limited cultures) (Figure 4.2b, Table 4.1). In the 

same cultures, for efflux, uptake, and reduction rates to remain in constant proportion and 
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yield constant 15εorg, the absolute efflux rate must vary by a factor of 4. Efflux may, however, 

be proportional to cytoplasm [NO3
-]. Total intracellular [NO3

-] shown in Figure 4.2b is the 

sum of NO3
- in the cytoplasm (where NO3

- is subject to reduction and efflux) and NO3
- stored 

in the vacuole. 

The contrast between the constancy of intracellular [NO3
-] and implied 4-fold increase 

in efflux rate suggests more complex regulation of efflux (Britto and Kronzucker, 2003). 

Efflux may occur via regulated anion channels (e.g. (e.g. Miller and Smith, 1996) or 

transporters (Segonzac et al., 2007) where transport is still thermodynamically downhill but 

gated via membrane voltage, for example. Efflux may also simply occur as a back reaction at 

the nitrate transporter sites; if so, our data would require that the forward and back reactions 

occur in a near-constant ratio.  

4.4.2. Light limitation causes an increase in 15εorg and intracellular [NO3
-] 

We observe a dramatic increase in 15εorg and intracellular [NO3
-] in cultures grown 

under light limitation (Figure 4.2a and b). 15εorg and intracellular [NO3
-] reach 17.5‰ and 

152.2 mmol (L cell vol)-1. A compilation of measurements from light-limited algal cultures 

clearly shows a consistent, inverse relationship between N isotope effect and irradiance 

(Figure 4.4) (Wada and Hattori, 1978, Needoba and Harrison, 2004, Needoba et al., 2004). 

The data from algal cultures is too sparse to characterize the nature of the inverse relationship 

between 15εorg and irradiance, although the data from Wada and Hattori 1978 are consistent 

with a linear one (Figure 4.4). If we assume a linear relationship for all algal culture data sets 

shown in Figure 4.4, the mean slope for the relationship between 15εorg and irradiance is  -

0.041 ± 0.019 (µmol quanta m-2 s-1)-1, or -2.18 (MJ m-2 d-1)-1. Figure 4.4 also shows the 

inverse linear relationship observed between 15εorg measurements and mean irradiance in the 

Southern Ocean, with a slope of -1.46 and intercept of 10.3‰ (data from DiFiore et al. 2010, 
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mean irradiance derived from mixed layer depth and climatology, PAR measurements 

converted from MJ m-2 d-1 to µmol quanta m-2 s-1 using the conversion factor in (Morel and 

Smith, 1974)).  

 Based on the observed 15εorg values (17.4 – 17.5‰) (Table 4.1) and equation 1, 60% 

of the nitrate taken up by the light-limited cells was subsequently effluxed; that is, nitrate 

uptake exceeded reduction by a factor of 2.5. Intracellular NO3
- storage in light-limited cells 

was 5 – 7 times higher than in light-sufficient cells. The excess uptake and storage of nitrate 

under light limitation presumably offers an advantage to the cell that outweighs the energetic 

cost associated with maintaining a high nitrate uptake rate. In contrast with our observations 

for nitrate assimilation, the isotope effect for carbon assimilation decreases in magnitude and 

varies less with growth rate under light limitation versus nutrient limitation (Burkhardt et al., 

1999, Riebesell et al., 2000, Cassar et al., 2006). This suggests an effort to conserve ATP 

when light-limited by reducing active uptake to more closely meet demand (Riebesell et al., 

2000). We suggest, as others have done (Needoba and Harrison, 2004, Needoba et al., 2004), 

that the excess nitrate uptake and storage observed under light limitation is linked to the 

ability of algal cells to store nitrate in vacuoles. The light available to a phytoplankton cell 

can change dramatically and abruptly in the open ocean, for example, as the cell is 

transported in a water parcel that moves vertically within the surface mixed layer. 

Maintenance of large intracellular nitrate pools in light-limited algae may be a way to prepare 

for rapid growth after an abrupt increase in light availability (Needoba et al., 2004, DiFiore et 

al., 2010). This adaptation would suggest that nitrate reductase activity can adapt more 

quickly to changing irradiance than nitrate uptake machinery.  

As discussed earlier, it has not yet been determined if the isotope effect associated 

with nitrate reductase may vary in magnitude. If it does, the change will be an increase with 

decreasing strength and / or concentration of reductant (Karsh et al., 2012). The availability 
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of NADH may decrease with increasing light limitation. We suggest that any increase in 

15εNR with [NADH] would be too small to account for the increase in 15εorg observed under 

light limitation. Preliminary measurements using NADH as reductant resulted in a 15εNR of 

30‰ (Schmidt and Medina, 1991) relative to the value of 26.6‰ obtained using the strong 

artificial reductant methyl viologen. A similar shift in enzymatic isotope effect was observed 

when using succinate as reductant versus methyl viologen in the dissimilatory NAR enzyme 

(Treibergs and Granger, personal communication). We suggest a decrease in [NADH] is 

unlikely to cause a shift in 15εNR that exceeds that resulting from the switch from methyl 

viologen to natural reductant, yet this is what would be required to cause the increase 

observed in 15εorg at low irradiance.  

The effect of light limitation on 15εorg requires consideration in interpreting the δ15N 

of bulk sedimentary N and diatom-bound N in the Southern Ocean. The range in 15εorg 

observed in modern Southern Ocean surface waters suggests that an increase in δ15N of up to 

3‰ in LGM sediments in some regions of the Antarctic and Subantarctic Zones could be 

supported by a decrease in 15εorg with a lessening of light limitation (Robinson and Sigman, 

2008). Because a lessening of light limitation (presumably through shoaling of the mixed 

layer) would also lead to increased nutrient consumption, the fundamental link between 

higher δ15N in the LGM and higher nutrient utilization remains, but variability in 15εorg with 

irradiance complicates quantification of the change (Robinson and Sigman, 2008). 

4.4.3. Relationship between 15εorg and δ15Nint  

15εorg is related to the difference between the δ15N of intracellular and extracellular 

nitrate according to the equation: 

 

15εorg = − δ 15N int −δ
15Next( )+ 15εNR

       (7) 
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as δ15Nint – δ15Next is a measure of the nitrate efflux-to-reduction ratio, increasing as this ratio 

falls (Needoba et al., 2004), as follows. Intracellular nitrate is elevated in δ15N by reduction 

by nitrate reductase; efflux of high-δ15N intracellular nitrate expresses this fractionation 

outside the cell. When only a small fraction of intracellular nitrate is effluxed, the difference 

between intracellular and extracellular δ15N will be high, and 15εorg will be low (i.e. in the 

phosphate-limited cultures) (Figure 4.5a). Conversely, when the efflux / uptake ratio is high, 

intracellular and extracellular δ15N will approach similar values, the difference δ15Nint – 

δ15Next will be low, and 15εorg high (i.e. in the light-limited cultures) (Figure 4.5a).  

We can derive equation 7 based on the relationships shown in Figure 4.1:  

 

δ 15Next −δ
15Norg = δ

15Next −δ
15Nint +δ

15Nint −δ
15Norg     (8) 

 

Replacing δ15Next – δ15Norg with 15εorg on the left-hand side of the equation, and replacing 

δ15Norg with δ15Nint – 15εNR on the right-hand side, where 15εNR is the isotope effect for nitrate 

reduction, yields: 

 

15εorg = −(δ 15Nint −δ
15Next )+δ

15Nint − (δ
15Nint −

15εNR )     (9) 

 

which then yields equation 7 above. 

As dictated by equation 7, in 15εorg vs δ15Nint – δ15Next space, we expect data from all 

cultures to fall along a line with slope of -1 and y-intercept equal to the isotope effect for 

enzymatic nitrate reduction, 26.6‰ (Karsh et al., 2012) (Figure 4.5a). Furthermore, we 
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expect cultures with similar 15εorg to have similar δ15Nint – δ15Next values, such that data from 

non-light-limited cultures will group around a single point.  

In Figure 4.5a, we find two unexpected results. First, the data falls along a line with 

slope near -1 (-0.95 ± 0.14) but with a y-intercept of 20.2 ± 1.7‰, significantly lower than 

15εNR (26.6 ± 0.2‰) (Figure 4.5a). Secondly, the phosphate-limited cultures, with near-

invariant 15εorg, show a range along the x-axis of 2.6‰ where δ15Nint – δ15Next decreases with 

decreasing N incorporation rate (Figure 4.5a). The apparent positive slope between 15εorg and 

δ15Nint – δ15Next in the phosphate-limited cultures is not significant (p > 0.05), so we focus on 

the lateral change in δ15Nint – δ15Next only.  

There are two ways to move off the predicted line with slope of -1 and y-intercept of 

15εNR of 26.6‰. First, the isotope effect for nitrate reduction expressed in these cultures may 

be lower than the published enzymatic isotope effect of 26.6‰ (Figure 4.5b). It seems 

unlikely that the enzyme eukaryotic assimilatory nitrate reductase enzyme fractionates with 

an isotope effect less than the published value of 26.6‰. The reported value of 26.6‰ was 

measured in cell homogenates of T. weissflogii, the same diatom used to generate all data 

shown in Figure 4.5, as well as in purified cell extracts of the enzyme (Karsh et al. 2012).  

The isotope effect for nitrate reductase is not expected to vary among forms of the enzyme, 

among species, or with [NO3
-] (Karsh et al., 2012). As discussed above, the isotope effect for 

nitrate reductase may increase with a slower reductant and/or with decreasing concentration 

of reductant (Karsh et al., 2012). The published values for 15εNR were measured using the 

artificial reductant methyl viologen which donates electrons to the enzyme at a much faster 

rate than the natural reductant NADH used in vivo, such that the published values represent 

the minimum values for 15εNR. We are not aware of a mechanism by which the isotope effect 

expressed by nitrate reduction in the cells could differ from the isotope effect for the enzyme.  
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If we assume the published 15εNR of 26.6‰ is the isotope effect for nitrate reduction 

expressed within the cells, the remaining option to move off the predicted line is an offset 

between predicted and measured values of δ15Nint – δ15Next. This requires an intracellular 

process or pool that lowers δ15Nint (and thus δ15Nint – δ15Next) but does not affect δ15Next or 

δ15Norg (and thus 15εNR). In the phosphate-limited cultures, the 2.6‰ range in δ15Nint – δ15Next 

is driven entirely by change in δ15Nint. In addition, as intracellular [NO3
-] is similar among 

these cultures, the process must change intracellular δ15N without a change in concentration. 

We note that the presence of intracellular nitrite cannot explain these results. Intracellular 

nitrite was less than 3% of total intracellular nitrate + nitrite in all phosphate-limited cultures 

and showed no variation among the cultures (Table 4.1). Mass balance in all cultures was 

well conserved (Table 4.1), so that it is difficult to imagine an additional unmeasured N pool 

that could vary enough to yield the observed change in intracellular δ15N. 

Thus, to explain the data, we need a source of low δ15N nitrate that contributes to total 

intracellular δ15N. Low-δ15N extracellular nitrate is one possible source of contamination in 

the intracellular nitrate samples. Cells are collected on a GF/F through gentle vacuum 

filtration, rinsed with an isotonic NO3
--free NaCl solution, and then boiling deionized water 

poured over the cells to collect intracellular NO3
- (using osmotic and heat shock to break 

open the cells) (Thoresen et al., 1982).  This protocol represents a compromise between 

minimizing contamination with extracellular NO3
- and minimizing intracellular NO3

- loss. 

For example, filtering cells until they are dry minimizes contamination with extracellular 

solution but risks breaking cells and thus loss of intracellular NO3
- during the rinse step. We 

conducted tests, measuring [NO3
-] in three sequential rinses on cells grown under similar 

conditions to the phosphate-limited chemostats (in particular, with similar extracellular [NO3
-

] and number of cells collected on the filter). After the initial rinse prescribed in the published 

protocol (Thoresen et al., 1982), we measured non-negligible, decreasing [NO3
-] in the 
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subsequent two rinses. Assuming the NO3
- in the subsequent rinses is extracellular NO3

- (and 

not leaked intracellular NO3
-), these results suggested up to 15% of ‘intracellular’ NO3

- could 

derive from extracellular NO3
-. This fraction corresponds to 1.0 mL of extracellular solution 

remaining on the filter.  We collected 3 replicate intracellular NO3
- samples for each culture, 

with a typical standard deviation of 2% of the concentration (0.5 – 2.5 mmol (L cell vol)-1) 

for intracellular [NO3
-] and 0.6‰ for intracellular δ15N such that we do not expect wide 

variability in the degree of contamination by extracellular nitrate if it is present. We also 

considered contamination by organic compounds released by the boiling water step, but do 

not find evidence to suggest that these would be oxidized to nitrate (and thus included in the 

nitrate δ15N analysis) at the temperature of boiling water. 

To assess the impact of extracellular contamination on intracellular δ15N and thus the 

difference between intracellular and extracellular δ15N, we assume 1.0 mL of extracellular 

solution was left on the filter for all steady state cultures and correct intracellular δ15N for this 

contamination (Figure 4.5c). The magnitude of the shift in δ15Nint-δ15Next varies due to 

differences in extracellular and intracellular [NO3
-]. In most cases, the potential 

contamination from extracellular NO3
- is insufficient to account for the offset of measured 

δ15Nint-δ15Next from the predicted values (Figure 4.5c). To account for the full offset, ~3 mL 

of extracellular solution would need to be left on the filter for the phosphate-limited cultures, 

and 18 – 45 mL for the light-limited cultures with lower extracellular [NO3
-].  

The remaining possibility to explain the offset between the predicted relationship and 

the data (Figure 5) is that nitrate reduction does not access (and thus elevate the δ15N of) all 

intracellular nitrate. The predicted relationship (solid line, all panels Figure 4.5) with slope of 

-1 and intercept of 26.6‰ is the relationship between 15εorg and the δ15N of internal nitrate 

subject to reduction minus the δ15N of extracellular nitrate. The δ15N of the internal pool that 

is reduced to form Norg forms the connection between 15εorg and δ15Nint – δ15Next. Efflux must 
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occur from this pool for isotopic fractionation due to reduction to be expressed outside the 

cell and for the predicted relationship to hold true. Nitrate reductase in most algae is located 

in the cytoplasm (Berges 1997). Thus we suggest the difference between the δ15N of nitrate 

in the cytoplasm and extracellular nitrate will equal the values predicted by a slope of -1 and 

y-intercept of 15εNR, 26.6‰ (Figure 4.5). To shift the difference between total δ15Nint and 

δ15Next to the lower values we measured, there must be a separate intracellular nitrate pool -- 

we suggest the vacuole -- with a δ15N lower than that of the nitrate exposed to reduction 

(Figure 4.5d).  

We can use the difference between the expected and measured values for δ15Nint – 

δ15Next to examine the partitioning of intracellular nitrate between vacuole and cytoplasm and 

vacuole δ15N required to match the data, according to the equation: 

 

Fvac = δ 15N intmeas −δ
15N int predict( ) / δ 15Nvac −δ

15N int predict( )     (10) 

 

where Fvac is the fraction of intracellular NO3
- in the vacuole, δ15Nint-meas is the measured 

intracellular δ15N, and δ15Nint-predict is the intracellular δ15N predicted by equation 7, a 15εNR of 

26.6‰, and measured extracellular δ15N (or in other words, the δ15N of NO3
- in the 

cytoplasm). 

If the fraction of total intracellular nitrate located in the vacuole is low, the δ15N of 

nitrate in the vacuole must be low. If the fraction of total intracellular nitrate in the vacuole is 

high, the δ15N of nitrate in the vacuole will be closer to that of the cytoplasm. Figure 4.6 

illustrates the relationship between the δ15N of nitrate in the vacuole (shown versus 

extracellular δ15N) and the fraction of total intracellular nitrate stored in the vacuole. The 

lowest possible δ15N for vacuole nitrate is extracellular δ15N minus the isotope effect 
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associated with nitrate uptake (minimum point on y-axis, Figure 4.6). The minimum fraction 

of intracellular nitrate in the vacuole is thus ~ 0.4. As the fraction of total intracellular NO3
- 

in the vacuole approaches 1, the difference between cytoplasm δ15N and maximum vacuole 

δ15N ranges from 2.6 to 8.6‰ (Figure 4.6). We suggest even this minimum difference 

between cytoplasm and vacuole δ15N is unlikely to be generated by an intracellular 

fractionating process, such as nitrate transport across the tonoplast (for comparison nitrate 

uptake across the plasma membrane occurs with an isotope effect of 2.0‰, Karsh et al. in 

press).   

For the δ15N of vacuole nitrate to be adequately low to explain our measured δ15Nint – 

δ15Next values, we suggest the vacuole must contain some nitrate that has not been 

fractionated by reduction. Either extracellular nitrate enters directly into the vacuole (i.e. 

spatial separation from reduction), or there is transport into the vacuole when reduction is not 

occurring (i.e. temporal separation from reduction).  

4.4.4. Nitrate N and O isotopes are fractionated in a ratio near ~1 

Net nitrate assimilation is associated with equivalent fractionation of nitrate N and O 

isotopes (Casciotti et al., 2002, Granger et al., 2004, Granger et al., 2010). The association of 

both major nitrate consuming processes in the ocean, nitrate assimilation and denitrification, 

with equivalent fractionation of nitrate N and O isotopes underlies all applications of the 

nitrate dual isotope system (e.g. Sigman et al. 2009). The equivalent fractionation associated 

with nitrate assimilation is thought to originate with enzymatic nitrate reduction. Eukaryotic 

assimilatory nitrate reductase fractionates O and N isotopes of nitrate in ratio of 0.96 ± 0.01 

(Karsh et al. 2012). As the magnitude of net 15εorg decreases, isotopic fractionation associated 

with uptake will have an increasing influence on the net ratio of O-to-N fractionation 

observed in the environment (equation 1). Both the magnitude (15εin = 2.0 ± 0.2‰) and ratio 
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(18εin: 15εin = 1.4) of isotopic fractionation associated with nitrate uptake in T. weissflogii are 

adequately high to cause a measureable increase in net O-to-N fractionation at low 

magnitudes of 15εorg (see expected trend in Figure 4.7). The trend in Figure 4.7 is calculated 

using equation 1 and a similar expression for 18εorg (François et al., 1993 as used by Granger 

2010 et al.): 

      

18εorg =
18ε in +

E
U

18εNR −
18εout( )        (11)  

       

where E/U is the fraction efflux rate / uptake rate, 15εNR = 26.6‰, 18εNR = 25.5‰ (the N and 

O isotope effects for nitrate reductase, Karsh et al., 2012), 15εin = 2.0‰, 18εin =  2.8‰, 15εout = 

1.2‰, and 18εout = 2.8‰ (Karsh et al. in press).  

We calculate 18εorg: 15εorg for each culture and examine our results (and those from 

other studies, Figure 4.7) for evidence of this trend. Cumulatively, our data may suggest an 

increase in 18εorg: 15εorg at low magnitudes of 15εorg, although individually, the difference 

between each value and the ratio expected based on fractionation associated with nitrate 

reductase alone (Figure 4.7) is not significant within the variability of the data. It is important 

to note that field studies have consistently measured nearly equivalent fractionation of O and 

N isotopes in association with low isotope effects without clear evidence of any deviation due 

to the influence of uptake (Casciotti et al., 2002, Trull et al., 2008, DiFiore et al., 2009) (Fig. 

4.8), such that an expected ratio of 1 should continue to be used in dual nitrate isotope 

studies. Isotopic studies of nitrate transport in other phytoplankton species would aid in 

evaluating if the influence of fractionation by uptake requires consideration in interpreting N 

and O isotopic ratios in regions of nitrate assimilation. 
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4.4.5. Implications for interpretation of nitrate N and O isotope distributions and 

future work 

Potential variability in the isotope fractionation associated with nitrate assimilation is a 

major source of uncertainty in interpreting sedimentary δ15N records and nitrate N and O 

isotope distributions in the modern ocean. If results for T. weissflogii are applicable to other 

algal species, they suggest environmental variables other than irradiance are unlikely to cause 

variation in 15εorg. Irradiance and variation in phytoplankton community composition are 

clear targets for further research on the controls on the magnitude of 15εorg in the surface 

ocean. It would be useful to evaluate how much of variability observed in the open ocean 

may be due to the effect of irradiance on 15εorg. Towards this goal, batch algal culture 

experiments using a series of irradiances would aid in diagnosing the nature of the 

relationship between 15εorg and irradiance (i.e. if linear), ideally conducted on a diversity of 

species important for nitrate assimilation and/or on plankton communities collected in the 

field. In the field, as along with mixed layer depth, day length merits consideration, as light / 

dark cycles and transients in irradiance can cause higher 15εorg than under continuous light, 

even if the total irradiance per day is the same (Needoba and Harrison, 2004). It is also worth 

noting, particularly when comparing 15εorg vs irradiance relationships in algal culture 

experiments and the surface ocean, that nitrate depletion in the surface ocean may occur 

preferentially when irradiance is high and 15εorg is low, on still days in a stratified surface 

layer. Finally, co-limitation of phytoplankton growth by iron and light is expected to apply 

broadly across the high latitude ocean (Sunda and Huntsman, 1997, Maldonado et al., 1999, 

Galbraith et al., 2010). The effect of this condition on isotope fractionation during nitrate 

assimilation is difficult to predict.
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Table 4.1 Results from phosphate-limited, light-limited, and non-limited (i.e. growing at µmax) continuous cultures. Data is presented ± the 
cumulative error associated with a) analysis and b) variance among results for replicate samples. 

Experiment 1 2 3 4 5 6 
Limitation phosphate phosphate phosphate light light non-limited 
Dilution rate = Growth rate µ  (d-1) 0.40 0.84 1.17 0.27 0.58 1.25 
N incorporation rate (µ QN) (pmol N cell-1 d-1) 0.31 0.74 1.22 0.36 0.92 1.43 
Irradiance (µ mol quanta m-2 s-1) 350 350 350 18 34 350 
Cell concentration (cells mL-1) 68830 71470 52795 36381 45688 51517 
Nitrate            
Supply [NO3

-] (µ M) a 140.9 ± 7.1 141.8 ± 7.1 138.9 ± 7.0 90.3 ± 4.6 90.6 ± 4.6 88.9 ± 4.5 
Extracellular [NO3

-] (µ M) a 86.5 ± 4.4 80.3 ± 5.4 85.3 ± 4.3 37.3 ± 0.4 17.0 ± 0.4 25.8 ± 0.7 
f (fraction nitrate remaining) 0.62 0.57 0.62 0.42 0.19 0.30 
Particulate N       
[PON] (µ M) 52.6 ± 0.3 63.0 ± 1.2 55.1 ± 0.9 49.6 ± 0.9 72.5 ± 5.3 58.8 ± 3.8 
Mass balance  
([PON]/(supply [NO3

-]-external [NO3
-])(%) 

96.6 102.4 102.7 93.6 98.5 93.2 

Intracellular nitrate       
Intracellular [NO3

-] (mmol (L cell vol)-1) 27.3 ± 1.7 20.7 ± 1.3 22.9 ± 1.6 152.2 ± 4.4 120.0 ± 4.4 14.0 ± 1.6 
% of PON 4.6 2.3 2.2 8.7 8.2 0.8 
Nitrite             
Supply [NO2

-] (µ M) 0.15 ± 0.02 0.16 ± 0.02 0.11 ± 0.03 0.71 ± 0.02 0.38 ± 0.02 0.07 ± 0.02 
Extracellular [NO2

-] (µ M) 0.48 ± 0.02 0.75 ± 0.02 0.68 ± 0.02 0.52 ± 0.2 0.26 ± 0.02 0.87 ± 0.02 
Intracellular [NO2

-] (mM L cell vol-1) 0.47 ± 0.06 0.53 ± 0.05 0.67 ± 0.30 1.32 ± 0.81 1.49 ± 0.14 0.86 ± 0.18 
N isotopic composition             
Supply δ15NO3

- (‰ vs air) 3.26 ± 0.12 2.94 ± 0.11 3.03 ± 0.25 3.17 ± 0.31 2.80 ± 0.29 3.19 ± 0.19 
Extracellular δ15NO3

- (‰ vs air) 5.23 ± 0.16 5.44 ± 0.12 5.41 ± 0.21 13.74 ± 0.40 17.04 ± 0.40 8.72 ± 0.20 
δ15PON (‰ vs air) 0.18 ± 0.09 0.16 ± 0.13 -0.36 ± 0.04 -3.73 ± 0.30 -0.32 ± 0.03 1.37 ± 0.05 
Intracellular δ15NO3

- (‰ vs air) 16.59 ± 0.40 17.89 ± 0.52 19.43 ± 1.03 17.83 ± 0.69 22.30 ± 1.18 19.05 ± 2.96 
δ 1 5NO3

-
int-δ 1 5NO3

-
ext (‰ vs air) 11.36 ± 0.43 12.45 ± 0.50 14.02 ± 1.06 4.10 ± 0.80 5.25 ± 1.24 10.33 ± 2.93 
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O isotopic composition             
Supply δ18NO3

- (‰ vs SMOW) 22.68 ± 0.37 22.21 ± 0.16 22.49 ± 0.13 24.13 ± 0.10 23.99 ± 0.33 24.07 ± 0.25 
Extracellular δ18NO3

- (‰ vs SMOW) 25.01 ± 0.32 24.81 ± 0.45 25.10 ± 0.27 34.97 ± 0.30 39.75 ± 1.08 29.79 ± 0.30 
Intracellular δ18NO3

- (‰ vs SMOW) 35.9 ± 0.4 37.8 ± 4.7 38.4 ± 1.6 39.4 ± 0.6 44.4 ± 0.6 42.1 ± 2.1 
δ 18NO3

-
int-δ 18NO3

-
ext (‰ vs SMOW) 10.93 ± 0.53 17.19 ± 4.73 13.27 ± 1.66 4.46 ± 0.65 4.60 ± 1.25 12.31 ± 2.09 

15εorg derivations             
15εorg (PON) (‰ vs air) 5.01 ± 0.44 4.92 ± 0.49 5.52 ±0.66 16.71 ± 1.50 16.67± 2.81 6.28 ± 1.00 
15εorg (NO3

--PON) (‰ vs air) 5.05 ± 0.19 5.28 ± 0.16 5.78 ± 0.24 17.47 ± 0.42 17.36 ± 0.41 7.35 ± 0.22 
15εorg (NO3

-) (‰ vs air) 5.11 ± 0.66 5.75 ± 0.72 6.17 ± 1.05 18.00 ± 0.87 17.52 ± 0.62 7.78 ± 0.39 
18εorg derivation             
18ε  (NO3

-) (‰ vs SMOW) 6.19 ± 0.84 6.00 ± 1.11 6.77 ± 0.88 18.47 ± 0.52 19.39 ± 1.39 8.04 ± 0.56 
18εorg:15εorg (using NO3 - based derivations)       
18εorg:15εorg 1.21 ± 0.21 1.04 ± 0.22 1.10 ± 0.21 1.03 ± 0.06 1.11 ± 0.09 1.03 ± 0.09 
Cellular quotas and elemental ratios             
N quota (uQN) (pmol cell-1) 0.76 0.88 1.04 1.36 1.59 1.14 
C quota (uQC) (pmol cell-1) 11.04 10.36 10.67 7.97 9.17 11.50 
P quota (uQP) (pmol cell -1) 0.016 0.020 0.036 0.119 0.109 0.099 
C:N 14.44 11.75 10.22 5.85 5.78 10.08 
N:P 48.85 40.47 29.38 11.49 14.51 11.53 
C:P 705.30 475.65 300.29 67.14 83.87 116.22 
C:Chla 91.64 83.37 60.26 14.83 19.80 66.55 
Rate ratios derived from 15εorg and measured isotope effects for nitrate reduction, uptake, and 
efflux       
Reduction / Uptake 0.81 0.80 0.78 0.34 0.35 0.72 
Efflux / Uptake 0.19 0.20 0.22 0.66 0.65 0.28 
Influx / Reduction 1.23 1.25 1.28 2.91 2.88 1.38 

16
9 
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Figure 4.1 Schematic of isotopic fractionation associated with algal nitrate assimilation.  
Isotopic fractionation associated with steps up to and including the first irreversible step of 
nitrate reduction (NR) contributes to the net isotope effect for assimilation. The steps and 
associated individual isotope effects are uptake (εin), reduction (εNR), and efflux (εout). The 
prevailing view is that the high isotope effect associated with nitrate reduction (εNR, 26.6 ± 
0.2‰) (Karsh et al., 2012) dominates isotopic fractionation associated with assimilation 
(Granger et al., 2004, Needoba et al., 2004). Nitrate is taken up into the cell and fractionated 
intracellularly by reduction; the extent of efflux of intracellular nitrate determines the extent 
to which this signal is expressed in the environment. 
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Figure 4.2 (a) N isotope effect (15εorg), and (b) intracellular nitrate concentration as a function of N incorporation rate under phosphate 
limitation, light limitation, and no limitation in the marine diatom Thalassiosira weissflogii. Where not shown, error bars are smaller than the 
symbols. 
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Figure 4.3 The δ18O nitrate plotted against the corresponding δ15N of nitrate for extracellular 
and intracellular nitrate. The δ18O and δ15N data are normalized to the δ18O and δ15N of the 
nitrate supply. The slope for all data is 1.02 ± 0.01. Where not shown, error bars are smaller 
than the symbols. 
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Figure 4.4 Compilation of algal culture- and field-based relationships between 15εorg and 
irradiance showing the consistent inverse relationship. Solid symbols are results from algal 
cultures. Stars are 15εorg values based on Southern Ocean nitrate depth profiles. The dashed 
line is the best fit between the Southern Ocean 15εorg measurements and PAR.  
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Figure 4.5 a) Offset between the predicted and observed relationship between 15εorg and δ15Nint – δ15Next. Where not shown, error bars are 
smaller than the symbols. b-d) Three possible causes for the offset are discussed in the text: b) an isotope effect for nitrate reduction (15εNR) 
lower than its published value, c) contamination of intracellular NO3

- by extracellular solution remaining on the cells when collected, and d) 
heterogeneity in the δ15N of intracellular NO3

-, where the δ15N of NO3
- in the vacuole is less than that of the NO3

- being reduced in the 
cytoplasm. 
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Figure 4.6 Relationship between vacuole δ15N (shown versus extracellular δ15N) and the 
fraction of total intracellular NO3

- in the vacuole that could produce the low (relative to 
expectations) measured values of δ15Nint – δ15Next. Cytoplasm δ15N is constant and equivalent 
to the intracellular δ15N predicted by equation 7 (as the intracellular nitrate pool reduced and 
fractionated by nitrate reductase). If the fraction of total intracellular nitrate located in the 
vacuole is low, the δ15N of nitrate in the vacuole must be low to produce the observed offset. 
If the fraction of total intracellular nitrate in the vacuole is high, the δ15N of nitrate in the 
vacuole will be closer to that of the cytoplasm.  
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Figure 4.7 The N and O isotope effects associated with nitrate uptake may cause a positive 
deviation in 18εorg: 15εorg when 15εorg is low (solid line shows predicted trend). The precision of 
our 18εorg:15εorg results is not sufficient to confirm or disprove the predicted positive trend. 
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