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14  Abstract

15 Nitrate contamination in aquatic systems is a widespread problem across the world. The
16  isotopic composition (6*°N, 6*80) of nitrate and their isotope effect (*°g, 18¢) can facilitate the
17  identification of the source and transformation of nitrate. Although previous researches
18 claimed the isotope fractionations may change the original §*°N/5'80 values and further bias
19 identification of nitrate sources, isotope effect was often ignored due to its complexity. To fill
20 the gap between the understanding and application, it is crucial to develop a deep
21  understanding of isotopic fractionation based on available evidence. In this regard, this study
22 summarized the available methods to determine isotope effects, thereby systematically
23 comparing the magnitude of isotope effects (s and *2¢) in nitrification, denitrification and
24 anammox. We found that the enzymatic reaction plays the key role in isotope fractionations,
25  which is significantly affected by the difference in the affinity, substrate channel properties
26 and redox potential of active site. Due to the overlapping of microbial processes and
27  accumulation of uncertainties, the significant isotope effects at small scales inevitably
28 decrease in large-scale ecosystems. However, the proportionality of N and O isotope
29 fractionation (6'80/8°N; *8e/1>¢) associated with nitrate reduction generally follows enzyme-
30 specific proportionalities (i.e., Nar, 0.95; Nap, 0.57; eukNR, 0.98) in aquatic ecosystems,
31 providing enzyme-specific constant factors for the identification of nitrate transformation.
32  With these results, this study finally discussed feasible source portioning methods when
33  considering the isotope effect and aimed to improve the accuracy in nitrate source
34  identification.

35 Keywords: Eutrophication control, nitrate source identification, enzyme-specific isotope
36 effects, stable isotopes
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1. Introduction

Anthropogenic activities have greatly increased inputs of bioavailable nitrogen into aquatic
ecosystems, leading to unprecedented environmental degradation (Stein and Klotz, 2016;
Kuypers et al., 2018; Zhang et al., 2020). Nitrate (NOs") is the most dominant form and its
concentration has risen significantly in freshwaters across the world, which poses serious
threats (e.g., eutrophication) to aquatic ecosystems (Xuan et al., 2022). Moreover, high levels
of nitrate can also increase the risk of certain diseases associated with drinking water (Lorette
et al., 2022; Zaryab et al., 2022; Zhang et al., 2022). The main sources of nitrate pollution in
waters are treated sewage effluent, industrial runoff, agricultural leaching (chemical fertilizer
and manure) and atmospheric precipitation, in which the organic nitrogen and ammonia are
transformed into nitrate through mineralization and nitrification processes. Although nitrate
can be thoroughly removed through the processes of denitrification, the natural environment
is not always in favour of such biogeochemical reactions. Therefore, accurately identifying the
sources of nitrate in waters and correspondingly cutting down the input has become the key
approach to help prevent environmental degradation.

Stable isotopes of nitrogen (N, *°N) and oxygen (%¢0, 170, 180), along with their fractionation
characteristics leave detectable traces for nitrate identification, enabling the stable isotope
technique to effectively quantify the source and transformation of nitrate (Granger and
Wankel, 2016). The isotopic composition (§'°N, §'80) of nitrate varies with different sources,
which has been used as an indicator to identify the source of nitrate (Xue et al., 2009). The
developed Bayesian stable isotope mixing models (e.g., MixSIAR) further contribute to the
data analysis and the visualisation of outputs. Thereby increasing studies have combined dual
isotopes and the Bayesian model to quantify the nitrate sources in the river (Ryu et al., 2021a),
groundwater (Torres-Martinez et al., 2020), wetland (Hu et al., 2020), and precipitation (Shi et
al., 2021). Additionally, as it is easier for lighter isotopes to break bonds during microbial
nitrogen transformations, the molecules containing lighter isotopes react faster than those
containing heavier isotopes, leading to a progressive enrichment of the heavy isotope in the
substrate (Fry, 2006; Michener and Lajtha, 2007). Therefore, the microbial metabolic nitrogen
transformation pathways can be traced based on specific isotope enrichment factors (*°s and

18¢),

However, the current implementation of the stable isotope analysis still faces the challenge of
identifying accurate isotope fractionations (N and O) during nitrogen transformation processes.
Although the isotopic composition (8'°N, 8§'0) of nitrate form different sources have been
well summarized in previous studies, the isotope fractionations may change the original
81°N/6%20 values and further bias identification of nitrate sources (Fenech et al., 2012; Xue et
al., 2009). Nevertheless, isotope fractionations are often ignored due to its complexity (Wong
et al., 2014; Kang and Xu, 2016; Fang et al., 2012). The transformation of nitrate is influenced
by the joint effects of anthropogenic activities and natural conditions in complex ecosystems
with multiple nitrogen source. Although the available data of N isotope effects has been
systematically summarized for various key ecosystem processes (Denk et al., 2017), the O
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isotope effects has not been well discussed. Moreover, enzymes, rather than microbial
processes, ultimately determine isotopic fractionation. However, the mechanism of enzyme-
specific isotope fractionation has not been well reviewed. To fill the gap between the
understanding and application, it is crucial to develop a deep understanding of isotopic
fractionation underpinning mechanisms based on available evidence.

This study aims to summarise the evidence of isotope fractionations in nitrate source
identification and propose the appropriate practices for nitrate source identification when
considering isotopic effect. Firstly, the enzymatic mechanisms of isotope fractionation were
reviewed. Secondly, as enzyme plays a key role in isotopic fractionation, the enzyme-specific
isotope effects and culture-based basic data, as well as the constant factors at cross-scales
from enzyme to ecosystem were summarized. Finally, this paper discusses the appropriate
practices for nitrate source identification with the decrease of apparent isotopic effects in
aquatic system. The summary of the isotopic fractionation associated with nitrate
microbiological transformations will further promote the understanding of the nitrate source
and transformation in aquatic ecosystems, ultimately achieving the goal of protecting the
aquatic environment.

2. Theoretical calculation of isotope fractionations

The understanding of enzyme-specific isotope fractionation is crucial for the identification of
nitrate sources in macroscale investigations (He et al.,, 2021). During the enzymatic
transformation of nitrate, the substrate (S) is not transformed into products directly, but bound
with an enzyme (E) to form a substrate-enzyme complex intermediate SE (Eq. 1). For example,
in the reaction of nitrate reduction by periplasmic dissimilatory nitrate reductase (Nap), the
substrate represents nitrate and the enzyme Nap combines with nitrate to form the substrate-
enzyme complex. Then, the substrate-enzyme complex with high potential energy could
further generate the final product (P).

S+ESSE>E+P (Eq. 1)
The formation of the substrate-enzyme complex is reversible (Eq. 1), and the equilibrium
fractionation during this process is accounted as the kinetic isotope effect (KIE). The traditional
approach to calculating the KIE follows Eq. 2 (Mariotti et al., 1981).

KIE ='k/"k (Eq. 2)
where 'k and "k denote the reaction rate constants for the light and the heavy isotope-bearing molecules,
respectively.

In the culture-based experiment, the available evidence of nitrate isotope fractionation is
commonly summarised from the isotope ratios of either nitrogen or oxygen in substrate E and
product P, i.e., asp. It is unified with KIE (Eq. 2) for the first order reaction (i.e., asp = 'k/"k, See
the details in SI). For the convenient comparability between isotopic values, the isotope
fractionation effect can also be expressed as the isotope enrichment factor €/, = 103 (ats/p-1).
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As the reaction rate constants of different isotopes vary (Bigeleisen and Mayer, 1947; Urey,
1947; He et al., 2021), the formation of statistical thermodynamics is used to identify the
equilibrium constants of light (Eg. 3) and heavy (Eqg. 4) isotopes.

3Ngg—7
T‘I[s (ujsp xe WiSE/Zx 1
| Qsg  _SsXSg ; LSE 1_%iSE
k: = X 3N<—6 3Np—6 (Eq' 3)
QsXQe  Ssg S —u; /2 E —u; g/2 1
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i 1—e b i 1-e Y
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SE *
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where Qgg, Qs and Qg are partition functions of transition state SE, substrate S and enzyme E with the light

(xn

isotope, while those with the superscript indicate partition functions of heavy isotope substituted
molecules. Sgg, Ss and S are symmetry numbers of transition state SE, substrate S and enzyme E, the
change of which is negligible after the exchange of isotopes (S = S”). Ns and Nsg are the total number of
atoms; h denotes the Planck constant, vi denotes the it harmonic vibration frequency, k denotes the

Boltzmann constant, and T denotes the temperature in K.

Due to the large molecular weight of the enzyme, the isotope fractionation for the enzyme
itself is neglectable (Qg = Q) (He et al., 2021). Therefore, the KIE can be obtained based on
Eq. 5.

- —u¥ .
3Ng—6 uyf’s eTUiS/2 4 gUis

H ( l X —U; ZX *
KIE =t “bs oS/, s’ i (Eq. 5)
T 3Ngg-7 ,* Ul /2 u; ’ L7 kT q.
(ui'SE e MiSE/? 1-¢UiSE
i CWSE e WSE/ZT | Uisg

where the numerator and denominator are reduced partition function ratios of substrate S (RPFRs) and
transition state SE (RPFRsg) respectively. In the formula of RPFR, only one parameter, the vibration
frequency vi, is unknown. Therefore, the theoretical values of the isotope fractionation effect can be
obtained by getting the vibration frequencies of substrate S and transition state SE.

The key to calculating the vibration frequencies (vi) of substrate S and transition state SE is to
figure out the structure of the enzyme and its active site, as well as the process of bond
formation or rupture. Due to current limitations of computational resources, it is not able to
calculate the enzyme with a large molecular size. Therefore, the KIE calculation of an enzymatic
reaction based on Density Functional Theory (DFT) and Gaussian software needs to be
simplified to a cluster by cut-off method (Wolfsberg and Stern, 1964; Stern and Wolfsberg,
1966), where the active site is located at the centre of the cluster with close proximal
surroundings. All geometry optimization and harmonic vibrational frequencies calculation for
ground states can be performed in Gaussian software (Casciotti, 2009; Frisch et al., 2016).
During nitrate reduction, the theoretical values of isotope fractionation for periplasmic
dissimilatory nitrate reductase (Nap) are ° = 31.8 + 2.3%o and 8¢ = 20.6 + 0.9%o (He et al.,
2021), which is compared to the culture-based values of Nap (*°g = 38.6 + 1.7%o; 18 = 19.30 *
0.85%o) (Table 1). As the investigations in the structure, active site and bond formation/rupture
mechanism of enzymes are inadequate, only during a few simple microbial processes in the
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nitrogen cycle, e.g., nitrate reduction and nitrite oxidation, isotopic fractionations have been
calculated by quantum chemical methods. Isotopic fractionations during microbial processes
in the nitrogen cycle still require further study to better explore the microscopic mechanism.

Table 1 Data summary of nitrate isotopic data (%o) reported in previous studies (individual data can be
found in Table S1-18, supplementary material).

Enzyme Organisms-Populations
N 0] N 0] H>0
€K Amo,A0B - - 27.0¢7.1*  21.0+1.1° (Amo&Hao)
Nitrification €k Amo,A0A - - 24.5+7.9¢ -
Ek,Nxr - - -16.84#5.3¢  -6.1+3.2¢ 15.1+0.9¢
£k nap 31.8+2.3°  20.6+0.9° . '
’ 38.6+1.7° 19.3+0.9f 22.316.1' 12.0£2.6' -

ExNar basea  28.042.08  27.1#1.58 212452  19.1+4.8

Denitrification h K k
Ek.eukNR 26.9+1.32  26.5%2.5 11.613.4 11.6%3.8 -

Ek,NirK - - 21.7+1.8' 2.1+2.2' -
Ek,Nirs - - 8.4+2.1" 6.0+£3.1™ -
gk,st - - 32.2+1.9° - -
€k Nirk - - 29.5+3.9° - -
A ”
nammox &k Nirs - . 16.0+3.3¢ - -
Ex Nxr - - -32.4+4.9" -2.2+1.1°

Note: a, Table S1, n=16; b, Table S2, n=7; c, Table S3, n=30; d, Table S4, n=13 (Delwiche and Steyn, 1970;
Mariotti et al., 1981; Casciotti, 2009; Casciotti et al., 2003; Santoro and Casciotti, 2011; Buchwald and
Casciotti, 2010; Casciotti et al., 2010; Buchwald et al., 2012; Mooshammer et al., 2020). e, Table S5, n=18,
theoretical values; f, Table S6, n=2; g, Table S7, n=23; h, Table S8, n=11; i, Table S9, n=41; j, Table S10, n=47;
k, Table S11, n=23; |, Table S12, n=12; m, Table S13, n=14 (Asamoto et al., 2021; Casciotti, 2009; Frey et al.,
2014; Granger et al., 2008, 2006, 2004; Granger and Wankel, 2016; He et al., 2021; Karsh et al., 2012; Martin
and Casciotti, 2016; Treibergs and Granger, 2017; Wunderlich et al., 2012). o, Table S14, n=14; p, Table S15,
n=4; q, Table S16, n=14; r, Table S17, n=15; s, Table S18, n=10 (Brunner et al., 2013; Kobayashi et al., 2019;
Kotajima et al., 2020).

3. Isotope fractionations of nitrate in microbial reactions
The experimental system boundaries could significantly affect the results obtained from the
studies on isotope fractionations of nitrate, which include the following three scenarios.

1) Rayleigh fractionation in a closed system. The closed system is usually distinguished by the
limited supply of substrate, and reactions progress sequentially and irreversibly fashion in an
isolated system (Kendall and McDonnell, 1998), for example, closed-bottle batch cultures in
the laboratory or sequencing batch reactor. As the accumulation of products has no impact on
the reaction, as/p = Rs/Rpi, Where Ry is the isotope ratio of the instantaneous product which
appears in an infinitely short time at time t, and Rs the isotope ratio of the substrate at the
same time (Fry, 2006). As the light isotopes react faster than the heavy isotopes, heavy
isotopes enrich in the substrate (85 = 659 — &/pInf ) and the light isotopes accumulate in the
product (8p; = 65 — £5/p), and the compositions of the instantaneous product and substrate
differ by €5/, at all times (Figure 1, black lines). In addition, at the end of the reaction, when
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all the substrate is transformed into a product, the final 6 values of the cumulative product (6,)
are equal to that of the initial substrate (85 ).

2) Non-Rayleigh fractionation in an open system. The open system is usually distinguished by
a continual supply of substrate, products and residual substrate (unreacted fraction f) flow out
in a fixed proportion (Kendall and McDonnell, 1998), such as continuous cultures with
balanced inputs and outputs or continuous flow reactor. For example, substrate nitrate (10
mg/L) is continually supplied into a reactor, and products (nitrite, 6 mg/L) and residual
substrate (nitrate, 4 mg/L) flow out with the unreacted fraction f = 0.4. As the accumulation of
products has an impact on the reaction, as;, = Rs/Re, where Ry and Rs are the ratios of the
heavy isotope to the lighter isotope in cumulative product and substrate. Thus, we can obtain
the & values of the substrate (85) and cumulative product (5,) according to the red lines in
Figure 1.

3) Infinite system. When the substrate is infinite, f identically equal to 1, whether in a closed
system or open system, we can get the relationship illustrated by blue lines. Examples are the
incorporation of oxygen gas (02) and water (H,0) during nitrification or nitrogen fixation,
where the substrate can be regarded infinite and the reaction has no effect on its isotope
composition, thus the isotope compositions of substrate and product remain stable as
illustrated in the blue lines (Figure 1).

60 65‘0 = 5%o
| ey, =20%
Closed system
------= Open system
- = - - Infinite system
40

1.0 0.8 0.6 0.4 0.2 0

Figure 1. Relative changes in & values of substrate (8), instantaneous product (8,;) and cumulative product
(8,) during kinetic fractionation processes in closed system (black lines), open system (red lines) and infinite
system (blue lines). The x-axis f indicates the unreacted fraction of substrate. See the derivation process in
SI.
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3.1 Nitrification

Nitrification is one of the main sources of nitrate in aquatic ecosystems (Kuypers et al., 2018),
which is a microbially-catalysed process whereby ammonium (NH} ) is oxidized to nitrite (NO3)
and then to nitrate (NO3) by ammonium-oxidizing bacteria (AOB), ammonium-oxidizing
archaea (AOA), and nitrite-oxidizing bacteria (NOB).

(a)

H,0

Periplasm

i1l ' ity quadibl :
q p @ Cytoplasm
i ‘\‘\
(1 [ NXrA |- NO3
Issk.er‘.NOE\T/)
AOB NOB ek Nxr NOT

Inner
membrane

Z .-

i
{

i 18

1 €k N H0
[

i

|

H,0

(b)

; y X Inner
kbmzh b ofudaksto ufepufibguby fikagagafagus P g gagngugagud membrane
‘ytoplasm
NO3
DNB
(©)
Cytoplasm
& o 5 Inner
L e A e g K L A S AR AL T AR X A F AL, membrane
NxrB ) 5g, NIFK /SNO3 Anammoxosome
. 2 ChLb
NxrA) @ Hdh
Y Pegnarnog 27 ! 4 5
- Nocr NOZ —
NO3 , NO; NO NzH, N2
1 T N\, A
[ . ,
H,0 ) = e
1E, i + =
Nxr i NH4_1_““_'}.;
H;0 “EkHzs NH]
AnAOB

Figure 2. Schematic overview of processes and enzyme-specific isotope effects involved in (a) nitrification.
Abbreviations: Amo, ammonia monooxygenase; Hao, hydroxylamine oxidoreductase; Nxr, nitrite
oxidoreductase; Nar, membrane-bound nitrate reductase; AOB, ammonium-oxidizing bacteria; NOB,
nitrite-oxidizing bacteria. (b) denitrification. Abbreviations: Nar, membrane-bound nitrate reductase; Nap,
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233

periplasmic nitrate reductase; Nir, nitrite reductase; Nor, nitric oxide reductase; Nos, nitrous oxide
reductase; DNB, denitrifying bacteria. (c) anammox. Abbreviations: Nxr, nitrite oxidoreductase; Nir, nitrite
reductase; Hzs, hydrazine synthase; Hdh, hydrazine dehydrogenase; AnAOB, anaerobic ammonium-
oxidizing bacteria.

3.1.1 Ammonia oxidation

As illustrated in Figure 2a, ammonium is first oxidized by ammonia monooxygenase (Amo) to
hydroxylamine, which is further oxidized by hydroxylamine oxidoreductase (Hao) to NO; by
AOB. The nitrogen isotope effects for Amo during ammonia oxidation are generally obtained
in closed-bottle batch cultures (Figure 1, black lines). The nitrogen isotope enrichment factor
g1 Amo,a0B ranges from 14.2%o to 38.2%o with an average of 27.0 + 7.1%. (Figure 3, Table 1).
Compared with AOB, the g omo,.a04 has a wider range (from 10.0 to 40.1%o) with an average
of 24.5 + 7.9%o, but no significant difference is observed between > &g amoa0p and
ey amo,a0a (Figure 3, Table 1). As the final isotopic values of the cumulative product (5,,) are
equal to that (&) of the initial substrate (Figure 1, black lines), the microbiological process
does not impart an isotope effect when there is no accumulation of intermediates. In the
process of ammonium oxidation, hydroxylamine rarely accumulates, thus there is no isotope
fractionation for Hao. Amo is regarded to play a vital role in isotope fractionation. It has been
identified that AmoA amino acid sequences in four AOA strains, in which the similarities of
gene sequences closely parallel the pattern of e amo,a04 Similarities, suggesting that genes
affect isotopic fractionation by determining enzyme structure (Casciotti et al., 2003). Thus, we
hypothesized that although the key enzyme like Hao in AOB has not been identified in AOA
and AOA and AOB belong to different populations, they have similar isotope effects as they
both have Amo enzyme.

Nitrification

40 + 40.1
382 ]
30
27.0
r 24.5 227
] 21.0
PAUN - = 15.7
I 19.7
14.2 P15
c@ 10 |- 10.0 13.3
W
0 1.0

| | | | | |
U,P\OB 0}0*‘ UH”-O o No e §O2 e 20
e A™ T e el M e AT ek N e T pag N

Figure 3. Boxplot of the enzyme-specific isotope effects for nitrification with data reported in the previous
studies (Delwiche and Steyn, 1970; Mariotti et al., 1981; Casciotti, 2009; Casciotti et al., 2003; Santoro and

9



234 Casciotti, 2011; Buchwald and Casciotti, 2010; Casciotti et al., 2010; Buchwald et al., 2012; Mooshammer
235  etal., 2020).

236 Compared to nitrogen, the isotope fractionation of oxygen is more complicated during
237  nitrification. Oz is incorporated during the oxidation of ammonia to hydroxylamine (NH,OH),
238 and H;0 is incorporated during the oxidation of both hydroxylamine to nitrite and nitrite to
239 nitrate. Thus the ratio of 1:2 oxygen atoms from O, and H;0 can be used to interpret the
240  oxygen isotopic composition of nitrate (Casciotti et al., 2010). However, a great basis was
241  observed in the practical cultures and experiments. §'¥0-NOs™ values are influenced not only
242 by the oxygen isotopic composition of the H,O and O, incorporated during nitrification, but
243 also by the kinetic and equilibrium isotope effects during the reaction (Boshers et al., 2019).

244  Eq. 6 describes the oxygen isotope fractionation during ammonia oxidation, the first term of
245  which represents the enzymatic incorporation of O, and H,O during ammonia oxidation to
246  nitrite. This part fractionation conforms to the conditions of infinite systems (Figure 1, blue
247  lines) and the unreacted fraction f is identically equal to 1 during the incorporation of O, and
248  H,0. The second term represents the contribution of equilibrium isotope effects during the
249  isotopic exchange of O atoms between nitrite and H,O with the proportion of x,,, which has
250 a great uncertainty as a function of pH and temperature (Boshers et al., 2019). As
251  hydroxylamine does not accumulate as intermediate products, the Hao has no isotopic effect
252 on hydroxylamine (i.e., &k qao NH,08 = 0; **€k HaoNm,0n = 0). If Eq. 6 is arranged to group
253 6180H20 terms (Eq. 7), the intercept can be used to calculate the sum of the incorporation
254  isotope effects for ammonia oxidation (**¢x 4.0, + "€k Haon,0= 21.0 £ 1.1%o) by using the
255  exchange (x,) calculated from the slope (ranging from -0.05 ~ 1) and assuming 6'%0y, o = 24.2%o
256 and *egq 0= 12.5 £0.5%0 (Buchwald et al., 2012; Buchwald and Casciotti, 2010).

1 1
257  6¥0pg; = 5 (6"00, - "k amo,0,) * > (6"0u,0 - ek Hao,0)] (1-Xeq) + (6"0y,0 + Beeq 1,0)

258 Xeq (Eq. 6)
1 1 1

259 5180N02‘= (5 + > xeq) 51801120 +5 (518002 - 18€k,Amo,02 -lggk,Hao,HZO) (1‘xeq) + 18€eq,H20 Xeq

260 (Eq.7)

261  3.1.2 Nitrite oxidation

262  The nitrogen and oxygen isotope effects for nitrite oxidoreductase Nxr during nitrite oxidation
263  can be calculated by the consumption of nitrite (Figure 1, black lines). The significant inverse
264  isotope fractionation was observed in this process: 158k,er,N05 =-16.8 £ 5.3%o (from -23.6%o
265  to -7.8%), ®exnxrNo; = 6.1 £ 3.2 %o (from -10.4%0 to -1.0%o), breaking the rules that

266  microbes preferentially use light isotopes. Some scientists believe that enzyme reversibility
267 may lead to an apparent inverse isotope effect (Casciotti, 2009). If the reverse reaction has a
268 larger isotope effect with sufficient mass flux than the forward reaction, it will lead to an
269  apparent isotopic depletion of the original substrate pool, even if the forward and reverse
270 reactions are normal. However, inverse isotope fractionation still occurs during nitrite
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oxidation in the absence of a reversible reaction (<1%) (Casciotti, 2009). Therefore, the kinetic
fractionation for nitrite oxidation is likely to be inverse at the enzyme level, which is also
proved by the quantum chemical calculation. As only the bond formation exists during nitrite
oxidation, if the isotopically substituted species is more stably bonded in the transition state,
then molecules containing the heavy isotope may react more quickly. This process can lead to
the accumulation of heavy isotopes during nitrate production, which distinguishes it from
denitrification under natural conditions.

In addition, H,0 is incorporated during the oxidation of nitrite to nitrate, which is more
complicated. Eq. 8 describes the newly-produced §*¥0-NOs’, which includes 3 parts: (1) the
isotopic exchange of O atoms between nitrite and H,0; (2) Rayleigh fractionation induced by
Nxr (**&y nxr,N05); (3) enzymatic incorporation of H20 during nitrite oxidation (**¢j yxr,u,0)-

2 1
6180N03_,pi =3 {[(1‘xeqr) 5180N02‘ *+ Xeqr (51801120 + lgeeq,HZO)] - 185k,1vxr,1v02—}+ 3 (6180H20 -

lggk,er,HZO) (EQ- 8)
As the exchange of oxygen atoms between nitrite and H;0 during nitrite oxidation has been

found to have a negligible effect on 51801\,03— (Buchwald and Casciotti, 2010; Buchwald et al.,
2012), Xeqs =0, thus:

18 _2 /518 1
6"%0no;5 p; =5 (67°Ono; - ek nxrnoy) + 5 (6"0w,0 - **€x nxr ,0) (Eq.9)

where 18£k,er,N02— belongs to Rayleigh fractionation (Figure 1, black lines) and 8y yr 1,0
belongs to the kinetic isotope effect in the infinite system. As the isotope value of an
instantaneous product 6180,\,0;% cannot be determined, Eq. 9 cannot be calculated directly.
Considering that nitrite tend to be oxidized completely, we just focus on the endpoint of the
reaction, when 18£k,er,N0; = 0, nor need we consider the inverse kinetic isotope effect for
NO3 conversion to NO3. Thus Eq. 10 describes the §80-NOs™ when nitrite oxidation goes to
completion:

18 _2 ¢18 1/c18 18
6 Ono3 finat =5 67 Onoy initiat * 5 (6"°On,0 - €k nxr1,0) (Eq. 10)

For now, the intercept can be used to calculate the incorporation isotope effects for Nxr
(*3€x, nxr 1,0 = 15.1 £ 0.9%0) during nitrite oxidation (Buchwald and Casciotti, 2010).

3.2 Denitrification

Denitrification is the dominant nitrate loss process in nature, in which nitrate is converted to
dinitrogen in the sequence of NO, NO, N,O and N, (Figure 2b). Isotopic fractionation in
denitrification will directly change the characteristic isotopic values of nitrate, and thus affect
the source partitioning (Yu et al., 2020; Jiang et al., 2021; Ryu et al., 2021b; Shi et al., 2021).

3.2.1 Nitrate reduction

There are four major enzymes during nitrate reduction, including membrane-bound (Nar) and
periplasmic (Nap) dissimilatory nitrate reductases in prokaryotes, eukaryotic (eukNR) and
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prokaryotic (Nas) assimilatory nitrate reductases (Zhang et al., 2020). Many organisms contain
both nap and nar gene clusters, and express both of them under anaerobic conditions while
only nap gene clusters under aerobic conditions (Granger et al., 2008; Kuypers et al., 2018).
The statistical data (Table S7, Table S10) demonstrate that Nar reductases usually play a major
role when microorganisms contain both Nar and Nap enzymes from the perspective of isotope
fractionation. Thus, the organisms with both enzymes and those harbours only Nar are both
classified as Nar-based denitrifiers, whose nitrogen and oxygen isotope enrichment factors are
21.2 £ 5.2%0 and 19.1 + 4.8%o (Table 1). Nap reductase has been implicated in both aerobic
and anaerobic denitrification, DNRA, but it may be inhibited by oxygen in some cases (Frey et
al., 2014; Asamoto et al., 2021). The nitrogen and oxygen isotope enrichment factors for Nap
in microbial cultures are 22.3 + 6.1%0 and 12.1 + 2.6%., respectively (Table 1). In addition, in
surface water with high algae density, the assimilatory reduction of nitrate will also
significantly affect nitrate isotope values. The enrichment factors for eukNR in microbial
cultures are e=11.6 + 3.4%o and 8e=11.6 + 3.8%o, respectively (Table 1), significantly lower
than those of Nar and Nap.

During nitrate reduction, nitrogen and oxygen isotope fractionations differ with different types
of enzymes contained by microorganisms. The oxygen and nitrogen isotope fractionations also
cover a broad range due to the population differences, but the proportionality of oxygen and
nitrogen isotope fractionation (*8e/%*°¢) remains stable (Figure 4). Nar-based denitrifiers follows
a proportionality of 0.95 + 0.03, the same as that of eukNR (0.98 + 0.03), but they are
significantly higher than that of Nap (0.57 + 0.04). This invariant coupling of oxygen and
nitrogen isotopic enrichments has been shown to originate from fractionation during
enzymatic bond-breakage, which remains stable at the level of enzyme, individual and
population, providing a cross-scale constant factor for identification of the nitrate reduction
process. The Nar active site, Mo centre is coordinated by an aspartate residue, whose
substrate channel is negatively charged that may impact the rate of nitrate binding (Jormakka
et al., 2004). Additionally, the general process for nitrate binding allows nitrate to bind either
Mo(V) or Mo(1V), and this reduction step depends on internal electron transfer (Anderson et
al., 2001; Frey et al.,, 2014; Marangon et al.,, 2012). In contrast, the Nap reductase is
coordinated by a cysteine, its substrate channel is lined with positively charged amino acid
residues that guide nitrate to the active site (Najmudin et al., 2008; Coelho and Romao, 2015).
Thus Nap generally has a higher affinity for nitrate than Nar (Arnoux et al., 2003; Pinho et al.,
2005; Gates et al., 2008). Furthermore, nitrate binds the Mo centre only in the reduced state,
Mo(lV), and reduces the nitrate immediately (Sparacino-Watkins et al., 2014; Coelho and
Romado, 2015). Therefore, the different affinity, electrical properties of the substrate channel
and redox potential of the Mo center may be key in understanding the differences in 8¢ / ¢
proportionality.
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Figure 4. Compilation of enzyme-specific nitrate isotopic data during denitrification reported in the previous
studies (Asamoto et al., 2021; Casciotti, 2009; Frey et al., 2014; Granger et al., 2008, 2006, 2004; Granger
and Wankel, 2016; He et al., 2021; Karsh et al., 2012; Martin and Casciotti, 2016; Treibergs and Granger,
2017; Wunderlich et al., 2012).

3.2.2 Nitrite reduction

During the further reduction of nitrite, there are two distinct families of nitrite reductase (Nir)
enzymes, which are mutually exclusive in any given strain (Coyne et al., 1989). One is a copper-
containing enzyme (Cu-Nir) encoded by the nirk gene and another is a cytochrome cds-
containing enzyme (Fe-Nir) encoded by the nirS gene. The nitrogen isotope enrichment factors
in enzyme-catalysed reactions of NirK (©°gy yirx = 21.7 + 1.8%o) are almost 2~3 times that of
NirS (Pex nirs = 8.4 = 2.1%o). In contrast, NirK exhibits little oxygen isotope effect (*¥ey yirx =
2.1+ 2.2%o), while NirS has a larger value of 8, y;,-s = 6.0 £ 3.1%0 (Martin and Casciotti, 2016).
The difference between the isotope effects may be due to the different catalytic steps in how
the enzymes bind nitrite. For the Fe- Nir, the Fe in the active site binds to the N of NO, directly
and then one of the N-O bonds is cleaved randomly (Murphy et al., 1997). While the Cu-Nir
binds to both O atoms of NO; and the N-O bond on the side closest to the Asp98 residue is
cleaved (Fulop et al., 1995). The equivalence in O atom positions for the Fe-Nir may offer more
opportunity for O atom fractionation to occur during bond breakage, leading to a larger
oxygen isotope effect (Martin and Casciotti, 2016). However, there is still no reliable
explanation for nitrogen fractionation at present.
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3.3 Anammox

In addition, anaerobic ammonium oxidation (anammox) by anaerobic AOB (AnAOB) can also
significantly affect the isotopic characteristics of nitrate under certain conditions. NO5 is first
reduced by NirK or NirS to NO, which subsequently undergoes comproportionation together
with NH} into hydrazine under the catalysis of hydrazine synthase (Hzs) enzyme. Finally,
hydrazine is oxidized to dinitrogen gas by hydrazine dehydrogenase (Hdh) (Kuypers et al., 2018).
In addition, this process is also accompanied by nitrite oxidation catalysed by Nxr (Figure 2c).
All AnAOB species have evolved the anammoxasome, which is made up of high-density lipids
and can act as a barrier to diffusion thus isolating the toxic intermediates (i.e., NO, N2Ha) of
the anammox reaction within the anammoxasome (Strous et al., 2006). Therefore, as the
intermediate products of anammox, NO and N,H, will not accumulate and the enzymes
catalysing the oxidation of NO and N,H, do not undergo isotope fractionation, i.e., ¢, 11,5 no

15
and “>&y yann,H, are equal to 0.

As a multiple product reaction, the fractionation model in an open system is more suitable to
calculate the isotope effect during anammox (Figure 1, red lines). As illustrated in Figure 5,
NH; and NO3 are continually supplied, products and residual substrate flow out in a fixed
proportion. As NH} flow out with unreacted fraction f = Cnut/Cnut o, We €an get gy ;¢ in the

open system according to Eq. 11.

15 — K15
8" Nnpt = 8" Nypt o + € Hzs(1+) (Eq. 11)
(a) (b)
. 5¢1 Has o a, ey nirk/s 1
8 Nyuz o 1 6N, 15/18 ' 07N,
: f 6 NNOE,O b, 1St":'k/mEk,!\.’xr 15
P =l ) e -.J
T T 815N+ /T 87 Nnog
NH ¢ 15
! "\l‘ .‘.""‘ \ 5 NNDE

Figure 5. Diagram of a

steady-state open system model. NHF and NO; are continually supplied in an open
system, (a) a product (N2) is formed and residual substrate (NH;) flows out in a fixed proportion (f); (b) two
products (N2 and NO3) and unused substrate (NHJ) flow out in the fixed proportion of a, b and c.

The transformation of nitrite is more complicated, that is, the products N> and NO3, along with
the unreacted NO; flow out in a proportion of a, b and ¢, where a = (Cyy+ o - Cyyz)/ Cnos 05

c= CNO;/CNO;O; a+b+c=1.Inthe open system:
8Ny, = 8"°No; - P&k nirs/k (Eq. 12)
8" Nno;=8""Nnoj - Exnxr (Eq. 13)
Thus:
85 Nyojz,0 = a8*°Ny, + b8 Nyo: + c8**Nyo-
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=a(6°Nyo; - “exnirs/k) + b(67"Nyoj - €k nxr) + €87 Nyo;

= 615NNOE - als‘c:k,nirS/K - b15“5k,nxr (EQ- 14)

As &) 1y = 81°No5 - 8'°Nyoz, b = 1- a -¢; We got:
e nirs/k = (8 Nyos - 8"*Nyos,0 - b™°€inxr)/a (Ea. 15)
For the oxygen isotope fractionation in anammox:

18 _2,¢18 18 1,518 18
6Ono;z =5 (87Ono; - “Exnxrnoz) * 5 (870m,0 - e Nxr,H,0)

_2¢18 1c1g 218 118
=567 0Ono; + 5870n,0 — (5 “ekNxrvo; +3 EkNxrH,0)

2 1
=2 6"%0no; + 5 6"0m,0 —*Eignur (Ea. 16)
Thus:
2 1
PEjonxr =3 §'%0yo; + 56%0n,0 - 8'%0no; (Ea. 17)

which is denoted as a combined oxygen isotope effect (Kobayashi et al., 2019; Kotajima et al.,
2020).

40
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Figure 6. Boxplot of the isotope effects for anammox with data reported in the previous studies (Brunner
et al., 2013; Kobayashi et al., 2019; Kotajima et al., 2020).

For the nitrogen isotope fractionation (Figure 6, Table 1), gy .5 = 32.2 £ 2.9 %o, exhibiting

significant isotope effects. In the process of nitrite reduction, &g yirx = 29.5 * 3.9%o,

Pep nirs = 16.0 £ 3.3%0, which are consistent with the difference between ¢ ;¢ and
15
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& nirs during denitrification. In addition, the isotope fractionation trend is consistent with
that of nitrification, exhibiting the inverse isotope fractionation (g Ny = -32.4 * 4.9%o,
BENxr = -2.2 £ 1.1%0). At the same time, the bacteria can perform DNRA, which is
subsequently combined with NO; to produce N». This process cannot be determined for now
because of the difficulty of the enrichment of DNRA.

4. Uncertainties and Appropriate practices for nitrate source identification
With the expansion of the research level, the accumulation of uncertainties leads to the
decrease of apparent isotope fractionation effects, exhibiting an obvious gap between field-
derived and culture-based isotopic signatures (Figure 7). As enzyme plays a key role in isotopic
fractionation, the direct isotopic effect can be observed through enzymatic assays, which has
no significant difference with the theoretical values (Table 1). However, Nar/Nap/eukNR
fractionation effect (i.e., > and %) significantly decreased from the enzyme scale to the
organisms-populations scale (Figure 7). At this scale, nitrate transport, microbial assimilation,
intermediates generation and the calculation methods could lead to inevitable deviations in
the estimation of isotope effects (Denk et al., 2017). In aquatic ecosystems, each microbial
process interacts, and it is usually the microbial community rather than the single microbial
process that influences the nitrogen conversion and the isotope fractionation. The overlapping
from biological processes such as nitrification, denitrification, anammox and some unknown
biological processes further reduces the apparent fractionation effects (Figure 7, Figure 8). The
phytoplankton assimilation, ammonia and nitrous acid volatilization, chemical decomposition
and oxygen exchange between nitrite and water further increases the uncertainty of isotope
fractionation (Heil et al., 2016; Knoller et al., 2011). Furthermore, these microbial process and
chemical processes are all affected by environmental factors, such as pH value and
temperature. As a result, the fractionation effect based on nitrate reduction is much smaller
in natural waters, and sometimes even cannot be detected (Hu et al., 2020; Jiang et al., 2021;
Lennon and Houlton, 2017; Li et al., 2019; Wu et al., 2019; Xia et al., 2017; Yu et al., 2020).
Therefore, accurate interpretation strongly hinges on a deep understanding of the isotopic
composition of nitrate sources and isotopic fractionation associated with nitrate biological
transformations (Granger and Wankel, 2016). Appropriate practices for nitrate source
identification without ignoring isotopic effects are discussed below.
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See the text and Table 1 for details.
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4.1 Identification of nitrate generation and reduction

Significant isotopic fractionation was observed during nitrate generation and reduction.
Denitrification processes can cause linear increases of §°N-NO3 and &§0-NO3 as the
logarithm of the residual nitrate fraction decreases, while nitrification leads to linear increases
of 8°N-NO3 and &'®0-NOj3 as nitrate logarithmically increases. Therefore, apparent higher
enrichment factors in natural water can indicate the nitrate reduction process (Wu et al., 2019;
Li et al., 2019; Hu et al., 2020), and the apparent enrichment factor less than 0 can indicate
the nitrification process (Zhang et al., 2022). However, the in-situ nitrogen and oxygen isotope
enrichment factors based on nitrate were mostly lower than 5%. due to the overlapping of
microbial processes and accumulation of uncertainties, and even decreased to 0 in some cases.
Although 8¢ and °¢ significantly decreased with the increase in the scale from enzyme to
ecosystem, the 8¢/%¢ proportionality was consistent and provided a cross-scale constant
factor for nitrate source identification (Figure 7). The positive correlation between oxygen and
nitrogen isotopes of nitrate can serve as a denitrification diagnostic, while no positive
correlation or negative pattern may be explained as a mixing of different pollution sources (Liu
et al., 2006; Kaushal et al., 2011; Kang and Xu, 2016).

As mentioned above, *¥g/1°¢ was significantly different between Nar (0.95 + 0.03) and Nap
(0.57 + 0.04) (Fig. 5). The proportionality of N and O isotope fractionation (680/6°N; *8g/%¢)
associated with nitrate reduction in marine ecosystems generally follows a proportionality of
~1.0 (Granger et al., 2008; Asamoto et al., 2021). The large-scale anaerobic regions, like oxygen
minimum zones (OMZs) and anoxic sediments in marine ecosystems provides the necessary
redox conditions for Nar enzyme catalysis, thus Nar is probably the dominant enzyme in the
dissimilation reduction of nitrate in marine ecosystems. In addition, the sulfide-driven
autotrophic denitrification is the dominant N-loss pathway in some marine areas, where
microbes only contain the Nap enzyme and can be applied to distinguish autotrophic and
heterotrophic denitrification (Frey et al., 2014). In contrast to ocean environments, nitrate N
and O isotope fractionations observed for denitrification in rivers and lakes are associated with
a fractionation ratio of around 0.6 (Granger et al., 2008; Asamoto et al., 2021). In freshwaters,
the water is basically aerobic in shallow rivers and lakes, and the anaerobic region at the
bottom is often disturbed as well, thus Nar enzymes were often inhibited by the presence of
02 above suboxic concentrations (10 uM) (Spiro and Guest, 1990; Moir and Wood, 2001; Wood
etal., 2001), but the expression of Nap enzymes was promoted. In addition, the highly reduced
carbon sources in freshwaters can also promote the expression of Nap reductases (Sears et al.,
2000; Ellington et al., 2002; Knoller et al., 2011). Therefore, Nap reductases are probably the
dominant enzymes during denitrification in freshwaters. In addition, 8¢/%¢ = 0.98 + 0.03
during eukNR-dominant assimilatory nitrate reduction can be used to determine the
occurrence of assimilatory nitrate reduction in the surface aerobic zone (Chen et al., 2020; Wu
et al., 2019). It is worth noting that the proportionality of N and O isotope fractionation will
shift when the nitrate transformation in water is not dominated by reduction, and nitrification
will lead to the increase of the 8¢/%%¢ ratio (Granger and Wankel, 2016; Wu et al., 2019).
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4.2 Nitrate source partitioning

In nitrate source partitioning, the source of nitrate can be identified by collecting the
characteristic isotopic values (8'°N, §'80) of nitrate produced in nitrification or derived from
major pollutants (atmospheric precipitation, sewage runoff, industrial runoff and agricultural
leaching). However, the overlapping isotope compositions of nitrate sources will be further
expanded by the isotope fractionations, leading to more uncertainties in source
apportionment. Thus the consideration of isotope fractionations is strongly recommended for
nitrate source apportionment in recent studies (Yu et al., 2020; Jiang et al., 2021; Ryu et al.,
2021b). We have summarized the recent typical works in Table S19.

In the waters with high quality, such as rivers, shallow lakes or shallow groundwater, the nitrate
reduction was not significant due to the high level of dissolved oxygen (Kang et al., 2022; Li et
al.,, 2022; Ryu et al., 2021a), whereas nitrification is probably the main process of nitrate
origination (Ryu et al., 2021a; Xuan et al., 2020). In this condition, the error caused by
denitrification fractionation can be ignored, and the neglect of isotope fractionation in the
nitrification process becomes the main source of uncertainties. Most research works adopt
the nitrogen isotope of ammonia nitrogen and the direct combination of oxygen isotope in the

atmosphere and in-situ water (61801\,03— = g 5'80y,0 + % 5%80,,) as the characteristic isotope

values without considering the isotope effects in this process (Kang and Xu, 2016; Yu et al.,
2020; Ryu et al., 2021b). Considering that the nitrogen isotope ratio of the accumulated
product nitrate is close to that of the initial substrate when ammonia is completely oxidized to
nitrate (Figure 1, black lines). It is reasonable to use the nitrogen isotope of ammonia nitrogen
as the tracing characteristic isotopic value of nitrate. As for the oxygen isotope, although
ammonia and nitrite are completely oxidized, isotopic fractionation still has a significant effect
on it. The errors mainly derive from kinetic fractionation during H,0 and O3 incorporation and
the exchange between nitrite and water (Eg. 7). The basic data in microbial cultures can be
used as a reference: ®ey ymo .0, + "€k Haom,0 = 21.0 = 1.1%o0 during the incorporation of H,0
and Oy; and gy yyym,0 = 15.1 = 0.9%o0 during the incorporation of H>O to nitrite (Table 1),
which has been applied in the previous studies (Jiang et al., 2021). Additionally, the oxygen
exchange between nitrite and water is more complicated, and the isotopic exchange ratio of
O atoms between nitrite and H,O varies greatly and can even reach 100% under some
conditions (Buchwald and Casciotti, 2010; Buchwald et al., 2012). Some research works added
5%o0 uncertainty from possible kinetic and equilibrium fractionation during O incorporation
(Buchwald and Casciotti, 2013; Wells et al., 2016).

For the waters with obvious nitrate reduction, errors are inevitable when using the Bayesian
mixing model, and the deviation can be reduced by various means. Some research works
estimated the degree of denitrification according to the Rayleigh equation &5 = 85 — &5 /pInf,
or corrected the model by assuming the degree of denitrification (10%, 20%, 30%) (Yue et al.,
2015). Some studies assumed the lowest 6§80 values of nitrate represent the original signature
values (Jiang et al., 2021) or applied the constant enrichment factors directly to minimize
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traceability error as much as possible (Kang and Xu, 2016; Xia et al., 2017). In addition, the
means and standard deviations of nitrate isotopic characteristics in most studies were
obtained from the literature (Zhang et al., 2018). Considering the different geochemical
conditions and special regional activities, it is recommended to obtain the characteristic
isotopic values (6%°N, §'0) of nitrate produced in nitrification or derived from major pollutants
by in-situ culture and measurement to improve the accuracy of source apportionment (Yu et
al., 2020).

4.3 Models framed with enzyme-specific isotope effect

The implementation of isotopic fractionation in biogeochemical models will provide an
additional evaluation parameter to improve the understanding of nitrate source and
transformation processes (Denk et al., 2017). The successful integration of nitrogen isotopic
composition into models requires a comprehensive understanding of the microscopic
mechanism and basic data of enzyme-specific isotopic effect, and the quantification of
uncertainties from different levels and incorporating them into the isotope model, so that the
micro-scale mechanism and basic data can finally be applied in field practice.

The enzymatic reaction is the fundamental factor for isotope fractionations. It has been proved
that there is a correlation between the abundance of enzyme functional genes and the
enrichment of heavy isotopes ratio in natural ecosystems (Lennon and Houlton, 2017).
Furthermore, although 8 and '°¢ significantly decreased from the enzyme scale to the
ecosystem scale in nitrate transformation, the change degree of nitrogen and oxygen isotopes
was consistent with the stable ratio of 18 and °¢, and there were significant differences among
different enzymes (e.g., Nar, Nap and eukNR), providing a cross-scale constant factor for nitrate
identification. Considering the key role of enzymes in isotope fractionation and the consistency
of enzyme-specific isotope effects across multiple scales, it is recommended to build isotope
models framed with enzymes and their functional genes to interpret the field-observed results.
However, the current models are mainly based on the microbial process other than on enzyme
activity (Bai and Houlton, 2009; Denk et al., 2017; Somes et al., 2010). Moreover, it is difficult
to guarantee the closed system under natural conditions, the inputs and outputs of the system
exist simultaneously, in which most microbial processes occur in the mixed condition of closed
systems, open systems, and infinite systems with no clear boundary. Finally, there are two main
sources of uncertainties in isotope fractionation of nitrate: 1) biotic factors, including microbial
assimilation, intermediates generation, and the influence of unknown biological processes. 2)
abiotic factors, such as water exchange, volatilization of ammonia, volatilization and self-
decomposition of nitrite, diffusion limitation, and unscientific sampling. Honestly, these
deviations are hard to be avoided. Overall, it is difficult to effectively incorporate isotope
fractionation into the models under the current research levels.

5. Conclusions and future perspectives
In conclusion, this paper revealed the mechanism and evidence of isotope fractionation from
the perspective of ecology (enzyme, organism, population, community and ecosystem). The
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exploration of the isotope fractionation mechanism will deepen the understanding of nitrate
transformation, and the implement of isotope fractionation will further improve the accuracy
in nitrate source identification. The major conclusions and perspectives in future research are
as follows,

1) The enzymatic reaction is the fundamental factor for isotope fractionations. The enzyme-
specific isotope effects (*°¢ and 8¢) during nitrification, denitrification and anammox are
significant at small scales, which have been well summarized in this review (Table 1). The
different affinity, electrical properties of the substrate channel and redox potential of the
active sites for different enzymes may be key reason for the enzyme-specific isotope
effects.

2) The proportionality of N and O isotope fractionation (6*20/8°N; 8¢/°¢) associated with
nitrate reduction in aquatic ecosystems generally follows enzyme-specific proportionalities
(i.e., Nar, 0.95; Nap, 0.57; eukNR, 0.98) from small-scale investigations to large-scale
ecosystems, providing enzyme-specific constant factors for the identification of nitrate
transformation.

3) The significant isotope effects at small scales inevitably decrease in large-scale ecosystems
due to the overlapping of microbial processes and the accumulation of uncertainties. To
improve the accuracy of source apportionment, it is recommended to obtain the
characteristic isotopic values (6%°N, §'80) of nitrate produced in nitrification or derived
from major pollutants by in-situ culture and measurement

4) Considering the enzyme-specific isotope effect, the isotope models based on enzymes is
perhaps more promising than that based on microbial process. Future research needs to
enhance the understanding of microscopic mechanisms, e.g., the theoretical calculation
and the culture of microbial processes such as DNRA and Comammox under controlled
laboratory conditions.
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Highlights

Ignorance of isotope fractionations impedes the nitrate source identification;
Enzymatic reaction is the fundamental factor to drive isotope fractionations;

18¢/15¢ provides enzyme-specific constant factors for nitrate source identification;

Appropriate practices of isotopic effect improves the accuracy of identification.
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