
Journal Pre-proof

Unignorable enzyme-specific isotope fractionation for nitrate source identification in
aquatic ecosystem

Shuo Wang, Tao Lyu, Shengjie Li, Zhuo Jiang, Zhengzhu Dang, Xianfang Zhu, Wei
Hu, Fu-jun Yue, Guodong Ji

PII: S0045-6535(23)03041-2

DOI: https://doi.org/10.1016/j.chemosphere.2023.140771

Reference: CHEM 140771

To appear in: ECSN

Received Date: 7 October 2023

Revised Date: 14 November 2023

Accepted Date: 18 November 2023

Please cite this article as: Wang, S., Lyu, T., Li, S., Jiang, Z., Dang, Z., Zhu, X., Hu, W., Yue, F.-j., Ji, G.,
Unignorable enzyme-specific isotope fractionation for nitrate source identification in aquatic ecosystem,
Chemosphere (2023), doi: https://doi.org/10.1016/j.chemosphere.2023.140771.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2023 Published by Elsevier Ltd.



 

 

CRediT authorship contribution statement 

⚫ Shuo Wang: Conceptualization; Methodology; Data curation; Writing–original 

draft. 

⚫ Shengjie Li, Zhuo Jiang, Zhengzhu Dang, Xianfang Zhu: Investigation. 

⚫ Tao Lyu, Wei Hu, Fu-jun Yue: Writing–review & editing.  

⚫ Guodong Ji: Conceptualization; Writing–review & editing; Project 

administration. 

Jo
ur

na
l P

re
-p

ro
of



 

 

 

Jo
ur

na
l P

re
-p

ro
of



1 

 

Unignorable Enzyme-specific Isotope Fractionation for Nitrate 1 

Source Identification in Aquatic Ecosystem 2 

Shuo Wanga, Tao Lyub, Shengjie Lic, Zhuo Jianga, Zhengzhu Danga, Xianfang Zhua, Wei Hud, 3 

Fu-jun Yued, Guodong Jia* 4 

aKey Laboratory of Water and Sediment Sciences, Ministry of Education, Department of Environmental 5 

Engineering, Peking University, Beijing 100871, China 6 
bSchool of Water, Energy and Environment, Cranfield University, College Road, Cranfield, Bedfordshire, 7 

MK43 0AL, UK 8 
cDepartment of Biogeochemistry, Max Planck Institute for Marine Microbiology, 28359 Bremen, 9 
Germany 10 
dInstitute of Surface-Earth System Science, School of Earth System Science, Tianjin University, Tianjin 11 

300072, China 12 

* Corresponding author. jiguodong@pku.edu.cn (G. J.)13 

Jo
ur

na
l P

re
-p

ro
of

mailto:jiguodong@pku.edu.cn
h.binning
Text Box
Chemosphere, Volume 348, January 2024, Article number 140771
DOI:10.1016/j.chemosphere.2023.140771



2 

14
15
16
17
18
19
20
21

summarized the available methods to determine isotope effects22
isotope effects in 23

.24
 difference in the affinity, substrate channel properties 25

and . 26
27
28
29
30
31

finally discussed feasible source portioning methods when 32
considering the33

34

35
36

37

Jo
urn

al 
Pre-

pro
of, substrate cubstrate

discussed feasscussed fe

Published by Elsevier. This is the Author Accepted Manuscript issued  ith: Creative Commons Attribution Non-Commercial No Derivatives License (CC:BY:NC:ND 4.0).

The final published version (version of record) is available online at DOI:10.1016/j.chemosphere.2023.140771. Please refer to any applicable publisher terms of use.

li2106
Text Box
Published by Elsevier. This is the Author Accepted Manuscript issued with: Creative Commons Attribution Non-Commercial No Derivatives License (CC:BY:NC:ND 4.0).  
The final published version (version of record) is available online at DOI:10.1016/j.chemosphere.2023.140771. Please refer to any applicable publisher terms of use.




3 

 

1. Introduction 38 

Anthropogenic activities have greatly increased inputs of bioavailable nitrogen into aquatic 39 

ecosystems, leading to unprecedented environmental degradation (Stein and Klotz, 2016; 40 

Kuypers et al., 2018; Zhang et al., 2020). Nitrate (NO3-) is the most dominant form and its 41 

concentration has risen significantly in freshwaters across the world, which poses serious 42 

threats (e.g., eutrophication) to aquatic ecosystems (Xuan et al., 2022). Moreover, high levels 43 

of nitrate can also increase the risk of certain diseases associated with drinking water (Lorette 44 

et al., 2022; Zaryab et al., 2022; Zhang et al., 2022). The main sources of nitrate pollution in 45 

waters are treated sewage effluent, industrial runoff, agricultural leaching (chemical fertilizer 46 

and manure) and atmospheric precipitation, in which the organic nitrogen and ammonia are 47 

transformed into nitrate through mineralization and nitrification processes. Although nitrate 48 

can be thoroughly removed through the processes of denitrification, the natural environment 49 

is not always in favour of such biogeochemical reactions. Therefore, accurately identifying the 50 

sources of nitrate in waters and correspondingly cutting down the input has become the key 51 

approach to help prevent environmental degradation. 52 

Stable isotopes of nitrogen (14N, 15N) and oxygen (16O, 17O, 18O), along with their fractionation 53 

characteristics leave detectable traces for nitrate identification, enabling the stable isotope 54 

technique to effectively quantify the source and transformation of nitrate (Granger and 55 

Wankel, 2016). The isotopic composition (δ15N, δ18O) of nitrate varies with different sources, 56 

which has been used as an indicator to identify the source of nitrate (Xue et al., 2009). The 57 

developed Bayesian stable isotope mixing models (e.g., MixSIAR) further contribute to the 58 

data analysis and the visualisation of outputs. Thereby increasing studies have combined dual 59 

isotopes and the Bayesian model to quantify the nitrate sources in the river (Ryu et al., 2021a), 60 

groundwater (Torres-Martínez et al., 2020), wetland (Hu et al., 2020), and precipitation (Shi et 61 

al., 2021). Additionally, as it is easier for lighter isotopes to break bonds during microbial 62 

nitrogen transformations, the molecules containing lighter isotopes react faster than those 63 

containing heavier isotopes, leading to a progressive enrichment of the heavy isotope in the 64 

substrate (Fry, 2006; Michener and Lajtha, 2007). Therefore, the microbial metabolic nitrogen 65 

transformation pathways can be traced based on specific isotope enrichment factors (15ε and 66 
18ε).  67 

However, the current implementation of the stable isotope analysis still faces the challenge of 68 

identifying accurate isotope fractionations (N and O) during nitrogen transformation processes. 69 

Although the isotopic composition (δ15N, δ18O) of nitrate form different sources have been 70 

well summarized in previous studies, the isotope fractionations may change the original 71 

δ15N/δ18O values and further bias identification of nitrate sources (Fenech et al., 2012; Xue et 72 

al., 2009). Nevertheless, isotope fractionations are often ignored due to its complexity (Wong 73 

et al., 2014; Kang and Xu, 2016; Fang et al., 2012). The transformation of nitrate is influenced 74 

by the joint effects of anthropogenic activities and natural conditions in complex ecosystems 75 

with multiple nitrogen source. Although the available data of N isotope effects has been 76 

systematically summarized for various key ecosystem processes (Denk et al., 2017), the O 77 
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isotope effects has not been well discussed. Moreover, enzymes, rather than microbial 78 

processes, ultimately determine isotopic fractionation. However, the mechanism of enzyme-79 

specific isotope fractionation has not been well reviewed. To fill the gap between the 80 

understanding and application, it is crucial to develop a deep understanding of isotopic 81 

fractionation underpinning mechanisms based on available evidence.  82 

This study aims to summarise the evidence of isotope fractionations in nitrate source 83 

identification and propose the appropriate practices for nitrate source identification when 84 

considering isotopic effect. Firstly, the enzymatic mechanisms of isotope fractionation were 85 

reviewed. Secondly, as enzyme plays a key role in isotopic fractionation, the enzyme-specific 86 

isotope effects and culture-based basic data, as well as the constant factors at cross-scales 87 

from enzyme to ecosystem were summarized. Finally, this paper discusses the appropriate 88 

practices for nitrate source identification with the decrease of apparent isotopic effects in 89 

aquatic system. The summary of the isotopic fractionation associated with nitrate 90 

microbiological transformations will further promote the understanding of the nitrate source 91 

and transformation in aquatic ecosystems, ultimately achieving the goal of protecting the 92 

aquatic environment. 93 

2. Theoretical calculation of isotope fractionations 94 

The understanding of enzyme-specific isotope fractionation is crucial for the identification of 95 

nitrate sources in macroscale investigations (He et al., 2021). During the enzymatic 96 

transformation of nitrate, the substrate (S) is not transformed into products directly, but bound 97 

with an enzyme (E) to form a substrate-enzyme complex intermediate SE (Eq. 1). For example, 98 

in the reaction of nitrate reduction by periplasmic dissimilatory nitrate reductase (Nap), the 99 

substrate represents nitrate and the enzyme Nap combines with nitrate to form the substrate-100 

enzyme complex. Then, the substrate-enzyme complex with high potential energy could 101 

further generate the final product (P). 102 

                      S + E ⇋ SE → E + P                                                              (Eq. 1) 103 

The formation of the substrate-enzyme complex is reversible (Eq. 1), and the equilibrium 104 

fractionation during this process is accounted as the kinetic isotope effect (KIE). The traditional 105 

approach to calculating the KIE follows Eq. 2 (Mariotti et al., 1981).  106 

KIE = lk/hk                                                                       (Eq. 2) 107 

where lk and hk denote the reaction rate constants for the light and the heavy isotope-bearing molecules, 108 

respectively.  109 

In the culture-based experiment, the available evidence of nitrate isotope fractionation is 110 

commonly summarised from the isotope ratios of either nitrogen or oxygen in substrate E and 111 

product P, i.e., αs/p. It is unified with KIE (Eq. 2) for the first order reaction (i.e., αs/p = lk/hk, See 112 

the details in SI). For the convenient comparability between isotopic values, the isotope 113 

fractionation effect can also be expressed as the isotope enrichment factor εs/p = 103 (αs/p-1). 114 
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As the reaction rate constants of different isotopes vary (Bigeleisen and Mayer, 1947; Urey, 115 

1947; He et al., 2021), the formation of statistical thermodynamics is used to identify the 116 

equilibrium constants of light (Eq. 3) and heavy (Eq. 4) isotopes.  117 

lk = 𝑄𝑆𝐸𝑄𝑆×𝑄𝐸 =𝑆𝑆×𝑆𝐸𝑆𝑆𝐸  × ∏3𝑁𝑆𝐸−7𝑖 ( 𝑢𝑖,S𝐸  × 𝑒−𝑢𝑖,S𝐸/2 × 11−𝑒𝑢𝑖,S𝐸)        
 ∏3𝑁𝑆−6𝑖 ( 𝑢𝑖,𝑆  × 𝑒−𝑢𝑖,𝑆/2  × 11−𝑒𝑢𝑖,𝑆)     × ∏3𝑁𝐸−6𝑖 ( 𝑢𝑖,𝐸  × 𝑒−𝑢𝑖,𝐸/2 × 11−𝑒𝑢𝑖,𝐸)       (Eq. 3) 118 

hk = 𝑄𝑆𝐸∗𝑄𝑆∗×𝑄𝐸∗  =𝑆𝑆∗×𝑆𝐸∗𝑆𝑆𝐸∗   × ∏3𝑁𝑆𝐸∗ −7𝑖 ( 𝑢𝑖,S𝐸∗   × 𝑒−𝑢𝑖,S𝐸∗ /2  × 11−𝑒𝑢𝑖,S𝐸∗ )        
∏3𝑁𝑆∗ −6𝑖 ( 𝑢𝑖,𝑆∗   × 𝑒−𝑢𝑖,𝑆∗ /2  × 11−𝑒𝑢𝑖,𝑆∗ )   × ∏3𝑁𝐸∗ −6𝑖 ( 𝑢𝑖,𝐸∗   × 𝑒−𝑢𝑖,𝐸∗ /2  × 11−𝑒𝑢𝑖,𝐸∗ )       (Eq. 4) 119 

where 𝑄𝑆𝐸, 𝑄𝑆 and 𝑄𝐸  are partition functions of transition state SE, substrate S and enzyme E with the light 120 

isotope, while those with the superscript ‘‘*” indicate partition functions of heavy isotope substituted 121 

molecules. 𝑆𝑆𝐸 , 𝑆𝑆  and 𝑆𝐸  are symmetry numbers of transition state SE, substrate S and enzyme E, the 122 

change of which is negligible after the exchange of isotopes (S ≈ S*). NS and NSE are the total number of 123 

atoms; h denotes the Planck constant, vi denotes the ith harmonic vibration frequency, k denotes the 124 

Boltzmann constant, and T denotes the temperature in K.  125 

Due to the large molecular weight of the enzyme, the isotope fractionation for the enzyme 126 

itself is neglectable (𝑄𝐸 ≈ 𝑄𝐸∗ ) (He et al., 2021). Therefore, the KIE can be obtained based on 127 

Eq. 5. 128 

KIE  = 
  ∏3𝑁𝑆−6𝑖 ( 𝑢𝑖,𝑆∗𝑢𝑖,𝑆  ×  𝑒−𝑢𝑖,𝑆∗ /2𝑒−𝑢𝑖,𝑆/2× 1−𝑒𝑢𝑖,𝑆1−𝑒𝑢𝑖,𝑆∗ )        

∏3𝑁𝑆𝐸−7𝑖 ( 𝑢𝑖,S𝐸∗𝑢𝑖,S𝐸  ×  𝑒−𝑢𝑖,S𝐸∗ /2𝑒−𝑢𝑖,S𝐸/2× 1−𝑒𝑢𝑖,S𝐸1−𝑒𝑢𝑖,S𝐸∗ );         𝑢𝑖= ℎ𝑣𝑖kT                                  (Eq. 5) 129 

where the numerator and denominator are reduced partition function ratios of substrate S (RPFRS) and 130 

transition state SE (RPFRSE) respectively. In the formula of RPFR, only one parameter, the vibration 131 

frequency vi, is unknown. Therefore, the theoretical values of the isotope fractionation effect can be 132 

obtained by getting the vibration frequencies of substrate S and transition state SE. 133 

The key to calculating the vibration frequencies (vi) of substrate S and transition state SE is to 134 

figure out the structure of the enzyme and its active site, as well as the process of bond 135 

formation or rupture. Due to current limitations of computational resources, it is not able to 136 

calculate the enzyme with a large molecular size. Therefore, the KIE calculation of an enzymatic 137 

reaction based on Density Functional Theory (DFT) and Gaussian software needs to be 138 

simplified to a cluster by cut-off method (Wolfsberg and Stern, 1964; Stern and Wolfsberg, 139 

1966), where the active site is located at the centre of the cluster with close proximal 140 

surroundings. All geometry optimization and harmonic vibrational frequencies calculation for 141 

ground states can be performed in Gaussian software (Casciotti, 2009; Frisch et al., 2016). 142 

During nitrate reduction, the theoretical values of isotope fractionation for periplasmic 143 

dissimilatory nitrate reductase (Nap) are 15ε = 31.8 ± 2.3‰ and 18ε = 20.6 ± 0.9‰ (He et al., 144 

2021), which is compared to the culture-based values of Nap (15ε = 38.6 ± 1.7‰; 18ε = 19.30 ± 145 

0.85‰) (Table 1). As the investigations in the structure, active site and bond formation/rupture 146 

mechanism of enzymes are inadequate, only during a few simple microbial processes in the 147 
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nitrogen cycle, e.g., nitrate reduction and nitrite oxidation, isotopic fractionations have been 148 

calculated by quantum chemical methods. Isotopic fractionations during microbial processes 149 

in the nitrogen cycle still require further study to better explore the microscopic mechanism. 150 

Table 1 Data summary of nitrate isotopic data (‰) reported in previous studies (individual data can be 151 

found in Table S1-18, supplementary material). 152 

  Enzyme Organisms-Populations  

  N O N O H2O 

Nitrification 

εk,Amo,𝐴𝑂𝐵 - - 27.0±7.1a 21.0±1.1b (Amo&Hao) εk,Amo,𝐴𝑂𝐴 - - 24.5±7.9c - 𝜀𝑘,𝑁𝑥𝑟 - - -16.8±5.3d -6.1±3.2d 15.1 ± 0.9d 

Denitrification 

𝜀𝑘,𝑁𝑎𝑝  
31.8±2.3e 20.6±0.9e    

38.6±1.7f 19.3±0.9f 22.3±6.1i 12.0±2.6i - 𝜀𝑘,𝑁𝑎𝑟_𝑏𝑎𝑠𝑒𝑑  28.0±2.0g 27.1±1.5g 21.2±5.2j 19.1±4.8j  𝜀𝑘,𝑒𝑢𝑘𝑁𝑅  26.9±1.32 26. 5±2.5h 11.6±3.4k 11.6±3.8k - 𝜀𝑘,𝑁𝑖𝑟𝐾 - - 21.7±1.8l 2.1±2.2l - 𝜀𝑘,𝑁𝑖𝑟𝑆 - - 8.4±2.1m 6.0±3.1m - 

Anammox 

𝜀𝑘,𝐻𝑧𝑠 - - 32.2±1.9o - - 𝜀𝑘,𝑁𝑖𝑟𝐾 - - 29.5±3.9p - - 𝜀𝑘,𝑁𝑖𝑟𝑆 - - 16.0±3.3q - - 𝜀𝑘,𝑁𝑥𝑟 - - -32.4±4.9r -2.2±1.1s 

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; 153 

Mariotti et al., 1981; Casciotti, 2009; Casciotti et al., 2003; Santoro and Casciotti, 2011; Buchwald and 154 

Casciotti, 2010; Casciotti et al., 2010; Buchwald et al., 2012; Mooshammer et al., 2020). e, Table S5, n=18, 155 

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; 156 

k, Table S11, n=23; l, Table S12, n=12; m, Table S13, n=14 (Asamoto et al., 2021; Casciotti, 2009; Frey et al., 157 

2014; Granger et al., 2008, 2006, 2004; Granger and Wankel, 2016; He et al., 2021; Karsh et al., 2012; Martin 158 

and Casciotti, 2016; Treibergs and Granger, 2017; Wunderlich et al., 2012). o, Table S14, n=14; p, Table S15, 159 

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; 160 

Kotajima et al., 2020). 161 

3. Isotope fractionations of nitrate in microbial reactions  162 

The experimental system boundaries could significantly affect the results obtained from the 163 

studies on isotope fractionations of nitrate, which include the following three scenarios.  164 

1) Rayleigh fractionation in a closed system. The closed system is usually distinguished by the 165 

limited supply of substrate, and reactions progress sequentially and irreversibly fashion in an 166 

isolated system (Kendall and McDonnell, 1998), for example, closed-bottle batch cultures in 167 

the laboratory or sequencing batch reactor. As the accumulation of products has no impact on 168 

the reaction, αs/p = RS/RPi, where Rpi is the isotope ratio of the instantaneous product which 169 

appears in an infinitely short time at time t, and Rs the isotope ratio of the substrate at the 170 

same time (Fry, 2006). As the light isotopes react faster than the heavy isotopes, heavy 171 

isotopes enrich in the substrate (δs = δs,0 − εs/plnf  ) and the light isotopes accumulate in the 172 

product (δpi =  δs −  εs/p), and the compositions of the instantaneous product and substrate 173 

differ by εs/p at all times (Figure 1, black lines). In addition, at the end of the reaction, when 174 
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all the substrate is transformed into a product, the final δ values of the cumulative product (δ𝑝) 175 

are equal to that of the initial substrate (δ𝑠,0).     176 

2) Non-Rayleigh fractionation in an open system. The open system is usually distinguished by 177 

a continual supply of substrate, products and residual substrate (unreacted fraction f) flow out 178 

in a fixed proportion (Kendall and McDonnell, 1998), such as continuous cultures with 179 

balanced inputs and outputs or continuous flow reactor. For example, substrate nitrate (10 180 

mg/L) is continually supplied into a reactor, and products (nitrite, 6 mg/L) and residual 181 

substrate (nitrate, 4 mg/L) flow out with the unreacted fraction f = 0.4. As the accumulation of 182 

products has an impact on the reaction, αs/p = RS/RP, where Rp and Rs are the ratios of the 183 

heavy isotope to the lighter isotope in cumulative product and substrate. Thus, we can obtain 184 

the δ values of the substrate (δs) and cumulative product (δ𝑝) according to the red lines in 185 

Figure 1. 186 

3) Infinite system. When the substrate is infinite, f identically equal to 1, whether in a closed 187 

system or open system, we can get the relationship illustrated by blue lines. Examples are the 188 

incorporation of oxygen gas (O2) and water (H2O) during nitrification or nitrogen fixation, 189 

where the substrate can be regarded infinite and the reaction has no effect on its isotope 190 

composition, thus the isotope compositions of substrate and product remain stable as 191 

illustrated in the blue lines (Figure 1). 192 

 193 
Figure 1. Relative changes in δ values of substrate (δs), instantaneous product (δpi) and cumulative product 194 

(δ𝑝) during kinetic fractionation processes in closed system (black lines), open system (red lines) and infinite 195 

system (blue lines). The x-axis f indicates the unreacted fraction of substrate. See the derivation process in 196 

SI. 197 
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3.1 Nitrification 198 

Nitrification is one of the main sources of nitrate in aquatic ecosystems (Kuypers et al., 2018), 199 

which is a microbially-catalysed process whereby ammonium (NH4+) is oxidized to nitrite (NO2−) 200 

and then to nitrate ( NO3− ) by ammonium-oxidizing bacteria (AOB), ammonium-oxidizing 201 

archaea (AOA), and nitrite-oxidizing bacteria (NOB).  202 

 203 
Figure 2. Schematic overview of processes and enzyme-specific isotope effects involved in (a) nitrification. 204 

Abbreviations: Amo, ammonia monooxygenase; Hao, hydroxylamine oxidoreductase; Nxr, nitrite 205 

oxidoreductase; Nar, membrane-bound nitrate reductase; AOB, ammonium-oxidizing bacteria; NOB, 206 

nitrite-oxidizing bacteria. (b) denitrification. Abbreviations: Nar, membrane-bound nitrate reductase; Nap, 207 
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periplasmic nitrate reductase; Nir, nitrite reductase; Nor, nitric oxide reductase; Nos, nitrous oxide 208 

reductase; DNB, denitrifying bacteria. (c) anammox. Abbreviations: Nxr, nitrite oxidoreductase; Nir, nitrite 209 

reductase; Hzs, hydrazine synthase; Hdh, hydrazine dehydrogenase; AnAOB, anaerobic ammonium-210 

oxidizing bacteria. 211 

3.1.1 Ammonia oxidation 212 

As illustrated in Figure 2a, ammonium is first oxidized by ammonia monooxygenase (Amo) to 213 

hydroxylamine, which is further oxidized by hydroxylamine oxidoreductase (Hao) to NO2− by 214 

AOB. The nitrogen isotope effects for Amo during ammonia oxidation are generally obtained 215 

in closed-bottle batch cultures (Figure 1, black lines). The nitrogen isotope enrichment factor 216 
15εk,Amo,AOB ranges from 14.2‰ to 38.2‰ with an average of 27.0 ± 7.1‰ (Figure 3, Table 1). 217 

Compared with AOB, the 15εk,Amo,AOA has a wider range (from 10.0 to 40.1‰) with an average 218 

of 24.5 ± 7.9‰, but no significant difference is observed between 15 εk,Amo,AOB  and 219 
15εk,Amo,AOA (Figure 3, Table 1). As the final isotopic values of the cumulative product (δ𝑝) are 220 

equal to that (δs) of the initial substrate (Figure 1, black lines), the microbiological process 221 

does not impart an isotope effect when there is no accumulation of intermediates. In the 222 

process of ammonium oxidation, hydroxylamine rarely accumulates, thus there is no isotope 223 

fractionation for Hao. Amo is regarded to play a vital role in isotope fractionation. It has been 224 

identified that AmoA amino acid sequences in four AOA strains, in which the similarities of 225 

gene sequences closely parallel the pattern of 15εk,Amo,AOA similarities, suggesting that genes 226 

affect isotopic fractionation by determining enzyme structure (Casciotti et al., 2003). Thus, we 227 

hypothesized that although the key enzyme like Hao in AOB has not been identified in AOA 228 

and AOA and AOB belong to different populations, they have similar isotope effects as they 229 

both have Amo enzyme.  230 

 231 
Figure 3. Boxplot of the enzyme-specific isotope effects for nitrification with data reported in the previous 232 

studies (Delwiche and Steyn, 1970; Mariotti et al., 1981; Casciotti, 2009; Casciotti et al., 2003; Santoro and 233 
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Casciotti, 2011; Buchwald and Casciotti, 2010; Casciotti et al., 2010; Buchwald et al., 2012; Mooshammer 234 

et al., 2020). 235 

Compared to nitrogen, the isotope fractionation of oxygen is more complicated during 236 

nitrification. O2 is incorporated during the oxidation of ammonia to hydroxylamine (NH2OH), 237 

and H2O is incorporated during the oxidation of both hydroxylamine to nitrite and nitrite to 238 

nitrate. Thus the ratio of 1:2 oxygen atoms from O2 and H2O can be used to interpret the 239 

oxygen isotopic composition of nitrate (Casciotti et al., 2010). However, a great basis was 240 

observed in the practical cultures and experiments. δ18O-NO3- values are influenced not only 241 

by the oxygen isotopic composition of the H2O and O2 incorporated during nitrification, but 242 

also by the kinetic and equilibrium isotope effects during the reaction (Boshers et al., 2019).  243 

Eq. 6 describes the oxygen isotope fractionation during ammonia oxidation, the first term of 244 

which represents the enzymatic incorporation of O2 and H2O during ammonia oxidation to 245 

nitrite. This part fractionation conforms to the conditions of infinite systems (Figure 1, blue 246 

lines) and the unreacted fraction f is identically equal to 1 during the incorporation of O2 and 247 

H2O. The second term represents the contribution of equilibrium isotope effects during the 248 

isotopic exchange of O atoms between nitrite and H2O with the proportion of 𝑥𝑒𝑞, which has 249 

a great uncertainty as a function of pH and temperature (Boshers et al., 2019). As 250 

hydroxylamine does not accumulate as intermediate products, the Hao has no isotopic effect 251 

on hydroxylamine (i.e., 15εk,Hao,NH2OH = 0; 18εk,Hao,NH2OH  = 0). If Eq. 6 is arranged to group 252 

δ18𝑂𝐻2𝑂 terms (Eq. 7), the intercept can be used to calculate the sum of the incorporation 253 

isotope effects for ammonia oxidation (18𝜀𝑘,𝐴𝑚𝑜,𝑂2  + 18𝜀𝑘,𝐻𝑎𝑜,𝐻2𝑂= 21.0 ± 1.1‰) by using the 254 

exchange (𝑥𝑒𝑞) calculated from the slope (ranging from -0.05 ~ 1) and assuming δ18𝑂𝐻2𝑂 = 24.2‰ 255 

and 18𝜀𝑒𝑞,𝐻2𝑂= 12.5 ±0.5‰ (Buchwald et al., 2012; Buchwald and Casciotti, 2010). 256 𝛿18𝑂𝑁𝑂2−  = [12 (δ18𝑂𝑂2  - 18𝜀𝑘,𝐴𝑚𝑜,𝑂2) + 12 (δ18𝑂𝐻2𝑂 - 18𝜀𝑘,𝐻𝑎𝑜,𝐻2𝑂)] (1-𝑥𝑒𝑞) + (δ18𝑂𝐻2𝑂 + 18𝜀𝑒𝑞,𝐻2𝑂) 257 𝑥𝑒𝑞                                                                                                      (Eq. 6) 258 

  𝛿18𝑂𝑁𝑂2−= (12 + 12 𝑥𝑒𝑞) δ18𝑂𝐻2𝑂  + 
12 (δ18𝑂𝑂2  - 18𝜀𝑘,𝐴𝑚𝑜,𝑂2  -18𝜀𝑘,𝐻𝑎𝑜,𝐻2𝑂) (1-𝑥𝑒𝑞) + 18𝜀𝑒𝑞,𝐻2𝑂  𝑥𝑒𝑞     259 

(Eq. 7)                                 260 

3.1.2 Nitrite oxidation 261 

The nitrogen and oxygen isotope effects for nitrite oxidoreductase Nxr during nitrite oxidation 262 

can be calculated by the consumption of nitrite (Figure 1, black lines). The significant inverse 263 

isotope fractionation was observed in this process: 15εk,Nxr,NO2− = -16.8 ± 5.3‰ (from -23.6‰ 264 

to -7.8‰), 18 εk,Nxr,NO2−   = -6.1 ± 3.2 ‰ (from -10.4‰ to -1.0‰), breaking the rules that 265 

microbes preferentially use light isotopes. Some scientists believe that enzyme reversibility 266 

may lead to an apparent inverse isotope effect (Casciotti, 2009). If the reverse reaction has a 267 

larger isotope effect with sufficient mass flux than the forward reaction, it will lead to an 268 

apparent isotopic depletion of the original substrate pool, even if the forward and reverse 269 

reactions are normal. However, inverse isotope fractionation still occurs during nitrite 270 
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oxidation in the absence of a reversible reaction (<1%) (Casciotti, 2009). Therefore, the kinetic 271 

fractionation for nitrite oxidation is likely to be inverse at the enzyme level, which is also 272 

proved by the quantum chemical calculation. As only the bond formation exists during nitrite 273 

oxidation, if the isotopically substituted species is more stably bonded in the transition state, 274 

then molecules containing the heavy isotope may react more quickly. This process can lead to 275 

the accumulation of heavy isotopes during nitrate production, which distinguishes it from 276 

denitrification under natural conditions.  277 

In addition, H2O is incorporated during the oxidation of nitrite to nitrate, which is more 278 

complicated. Eq. 8 describes the newly-produced δ18O-NO3-, which includes 3 parts: (1) the 279 

isotopic exchange of O atoms between nitrite and H2O; (2) Rayleigh fractionation induced by 280 

Nxr (18εk,Nxr,NO2−); (3) enzymatic incorporation of H2O during nitrite oxidation (18𝜀𝑘,𝑁𝑥𝑟,𝐻2𝑂).  281 𝛿18𝑂𝑁𝑂3−,𝑝𝑖  = 23 {[(1-𝑥𝑒𝑞′) 𝛿18𝑂𝑁𝑂2−  +  𝑥𝑒𝑞′ (δ18𝑂𝐻2𝑂 + 18𝜀𝑒𝑞,𝐻2𝑂)] - 18𝜀𝑘,𝑁𝑥𝑟,𝑁𝑂2−}+ 13 (δ18𝑂𝐻2𝑂 - 282 

18𝜀𝑘,𝑁𝑥𝑟,𝐻2𝑂)                                                                                                                                      (Eq. 8) 283 

As the exchange of oxygen atoms between nitrite and H2O during nitrite oxidation has been 284 

found to have a negligible effect on 𝛿18𝑂𝑁𝑂3−  (Buchwald and Casciotti, 2010; Buchwald et al., 285 

2012),  xeq′ ≈ 0, thus: 286 𝛿18𝑂𝑁𝑂3−,𝑝𝑖  = 23 (𝛿18𝑂𝑁𝑂2−  - 18𝜀𝑘,𝑁𝑥𝑟,𝑁𝑂2−) + 13 (δ18𝑂𝐻2𝑂 - 18𝜀𝑘,𝑁𝑥𝑟,𝐻2𝑂)                   (Eq. 9) 287 

where 18𝜀𝑘,𝑁𝑥𝑟,𝑁𝑂2−   belongs to Rayleigh fractionation (Figure 1, black lines) and 18𝜀𝑘,𝑁𝑥𝑟,𝐻2𝑂  288 

belongs to the kinetic isotope effect in the infinite system. As the isotope value of an 289 

instantaneous product 𝛿18𝑂𝑁𝑂3−,𝑝𝑖 cannot be determined, Eq. 9 cannot be calculated directly. 290 

Considering that nitrite tend to be oxidized completely, we just focus on the endpoint of the 291 

reaction, when 18εk,Nxr,NO2−  = 0, nor need we consider the inverse kinetic isotope effect for 292 NO2− conversion to NO3−. Thus Eq. 10 describes the δ18O-NO3- when nitrite oxidation goes to 293 

completion: 294 𝛿18𝑂𝑁𝑂3−,𝑓𝑖𝑛𝑎𝑙 = 23 𝛿18𝑂𝑁𝑂2−,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 + 13 (δ18𝑂𝐻2𝑂 - 18𝜀𝑘,𝑁𝑥𝑟,𝐻2𝑂)                         (Eq. 10) 295 

For now, the intercept can be used to calculate the incorporation isotope effects for Nxr 296 

(18𝜀𝑘,𝑁𝑥𝑟,𝐻2𝑂  = 15.1 ± 0.9‰) during nitrite oxidation (Buchwald and Casciotti, 2010).                  297 

3.2 Denitrification 298 

Denitrification is the dominant nitrate loss process in nature, in which nitrate is converted to 299 

dinitrogen in the sequence of NO2
−, NO, N2O and N2 (Figure 2b). Isotopic fractionation in 300 

denitrification will directly change the characteristic isotopic values of nitrate, and thus affect 301 

the source partitioning (Yu et al., 2020; Jiang et al., 2021; Ryu et al., 2021b; Shi et al., 2021). 302 

3.2.1 Nitrate reduction  303 

There are four major enzymes during nitrate reduction, including membrane-bound (Nar) and 304 

periplasmic (Nap) dissimilatory nitrate reductases in prokaryotes, eukaryotic (eukNR)  and 305 
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prokaryotic (Nas) assimilatory nitrate reductases (Zhang et al., 2020). Many organisms contain 306 

both nap and nar gene clusters, and express both of them under anaerobic conditions while 307 

only nap gene clusters under aerobic conditions (Granger et al., 2008; Kuypers et al., 2018). 308 

The statistical data (Table S7, Table S10) demonstrate that Nar reductases usually play a major 309 

role when microorganisms contain both Nar and Nap enzymes from the perspective of isotope 310 

fractionation. Thus, the organisms with both enzymes and those harbours only Nar are both 311 

classified as Nar-based denitrifiers, whose nitrogen and oxygen isotope enrichment factors are 312 

21.2 ± 5.2‰ and 19.1 ± 4.8‰ (Table 1). Nap reductase has been implicated in both aerobic 313 

and anaerobic denitrification, DNRA, but it may be inhibited by oxygen in some cases (Frey et 314 

al., 2014; Asamoto et al., 2021). The nitrogen and oxygen isotope enrichment factors for Nap 315 

in microbial cultures are 22.3 ± 6.1‰ and 12.1 ± 2.6‰, respectively (Table 1). In addition, in 316 

surface water with high algae density, the assimilatory reduction of nitrate will also 317 

significantly affect nitrate isotope values. The enrichment factors for eukNR in microbial 318 

cultures are 15ε=11.6 ± 3.4‰ and 18ε=11.6 ± 3.8‰, respectively (Table 1), significantly lower 319 

than those of Nar and Nap. 320 

During nitrate reduction, nitrogen and oxygen isotope fractionations differ with different types 321 

of enzymes contained by microorganisms. The oxygen and nitrogen isotope fractionations also 322 

cover a broad range due to the population differences, but the proportionality of oxygen and 323 

nitrogen isotope fractionation (18ε/15ε) remains stable (Figure 4). Nar-based denitrifiers follows 324 

a proportionality of 0.95 ± 0.03, the same as that of eukNR (0.98 ± 0.03), but they are 325 

significantly higher than that of Nap (0.57 ± 0.04). This invariant coupling of oxygen and 326 

nitrogen isotopic enrichments has been shown to originate from fractionation during 327 

enzymatic bond-breakage, which remains stable at the level of enzyme, individual and 328 

population, providing a cross-scale constant factor for identification of the nitrate reduction 329 

process. The Nar active site, Mo centre is coordinated by an aspartate residue, whose 330 

substrate channel is negatively charged that may impact the rate of nitrate binding (Jormakka 331 

et al., 2004). Additionally, the general process for nitrate binding allows nitrate to bind either 332 

Mo(V) or Mo(IV), and this reduction step depends on internal electron transfer (Anderson et 333 

al., 2001; Frey et al., 2014; Marangon et al., 2012). In contrast, the Nap reductase is 334 

coordinated by a cysteine, its substrate channel is lined with positively charged amino acid 335 

residues that guide nitrate to the active site (Najmudin et al., 2008; Coelho and Romão, 2015). 336 

Thus Nap generally has a higher affinity for nitrate than Nar (Arnoux et al., 2003; Pinho et al., 337 

2005; Gates et al., 2008). Furthermore, nitrate binds the Mo centre only in the reduced state, 338 

Mo(IV), and reduces the nitrate immediately (Sparacino-Watkins et al., 2014; Coelho and 339 

Romão, 2015). Therefore, the different affinity, electrical properties of the substrate channel 340 

and redox potential of the Mo center may be key in understanding the differences in 18ε / 15ε 341 

proportionality.  342 
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 343 
Figure 4. Compilation of enzyme-specific nitrate isotopic data during denitrification reported in the previous 344 

studies (Asamoto et al., 2021; Casciotti, 2009; Frey et al., 2014; Granger et al., 2008, 2006, 2004; Granger 345 

and Wankel, 2016; He et al., 2021; Karsh et al., 2012; Martin and Casciotti, 2016; Treibergs and Granger, 346 

2017; Wunderlich et al., 2012). 347 

3.2.2 Nitrite reduction 348 

During the further reduction of nitrite, there are two distinct families of nitrite reductase (Nir) 349 

enzymes, which are mutually exclusive in any given strain (Coyne et al., 1989). One is a copper-350 

containing enzyme (Cu-Nir) encoded by the nirK gene and another is a cytochrome cd1-351 

containing enzyme (Fe-Nir) encoded by the nirS gene. The nitrogen isotope enrichment factors 352 

in enzyme-catalysed reactions of NirK (15𝜀𝑘,𝑁𝑖𝑟𝐾 = 21.7 ± 1.8‰) are almost 2~3 times that of 353 

NirS (15𝜀𝑘,𝑁𝑖𝑟𝑆 = 8.4 ± 2.1‰). In contrast, NirK exhibits little oxygen isotope effect (18𝜀𝑘,𝑁𝑖𝑟𝐾 = 354 

2.1 ± 2.2‰), while NirS has a larger value of 18𝜀𝑘,𝑁𝑖𝑟𝑆  = 6.0 ± 3.1‰ (Martin and Casciotti, 2016). 355 

The difference between the isotope effects may be due to the different catalytic steps in how 356 

the enzymes bind nitrite. For the Fe- Nir, the Fe in the active site binds to the N of NO2
- directly 357 

and then one of the N-O bonds is cleaved randomly (Murphy et al., 1997). While the Cu-Nir 358 

binds to both O atoms of NO2
- and the N-O bond on the side closest to the Asp98 residue is 359 

cleaved (Fülöp et al., 1995). The equivalence in O atom positions for the Fe-Nir may offer more 360 

opportunity for O atom fractionation to occur during bond breakage, leading to a larger 361 

oxygen isotope effect (Martin and Casciotti, 2016). However, there is still no reliable 362 

explanation for nitrogen fractionation at present. 363 
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3.3 Anammox 364 

In addition, anaerobic ammonium oxidation (anammox) by anaerobic AOB (AnAOB) can also 365 

significantly affect the isotopic characteristics of nitrate under certain conditions. NO2− is first 366 

reduced by NirK or NirS to NO, which subsequently undergoes comproportionation together 367 

with NH4+  into hydrazine under the catalysis of hydrazine synthase (Hzs) enzyme. Finally, 368 

hydrazine is oxidized to dinitrogen gas by hydrazine dehydrogenase (Hdh) (Kuypers et al., 2018). 369 

In addition, this process is also accompanied by nitrite oxidation catalysed by Nxr (Figure 2c). 370 

All AnAOB species have evolved the anammoxasome, which is made up of high-density lipids 371 

and can act as a barrier to diffusion thus isolating the toxic intermediates (i.e., NO, N2H4) of 372 

the anammox reaction within the anammoxasome (Strous et al., 2006). Therefore, as the 373 

intermediate products of anammox, NO and N2H4  will not accumulate and the enzymes 374 

catalysing the oxidation of NO and  N2H4 do not undergo isotope fractionation, i.e., 15𝜀𝑘,𝐻𝑧𝑠,𝑁𝑂 375 

and 15𝜀𝑘,𝐻𝑑ℎ,𝑁2𝐻4  are equal to 0. 376 

As a multiple product reaction, the fractionation model in an open system is more suitable to 377 

calculate the isotope effect during anammox (Figure 1, red lines). As illustrated in Figure 5, 378 NH4+  and NO2−  are continually supplied, products and residual substrate flow out in a fixed 379 

proportion. As NH4+ flow out with unreacted fraction f = CNH4+/CNH4+,0, we can get 15εk,Hzs in the 380 

open system according to Eq. 11.  381 δ15NNH4+  = δ15NNH4+,0 + 15εk,Hzs(1-f)                                                (Eq. 11) 382 

 383 
Figure 5. Diagram of a steady-state open system model. NH4+ and NO2− are continually supplied in an open 384 

system, (a) a product (N2) is formed and residual substrate (NH4+) flows out in a fixed proportion (f); (b) two 385 

products (N2 and NO3−) and unused substrate (NH4+) flow out in the fixed proportion of a, b and c.  386 

The transformation of nitrite is more complicated, that is, the products N2 and NO3−, along with 387 

the unreacted NO2− flow out in a proportion of a, b and c, where a = (CNH4+,0 - CNH4+)/ CNO2−,0;  388 

c = CNO2−/CNO2−,0; a + b + c = 1. In the open system: 389 δ15NN2  = δ15NNO2−  - 15εk,nirS/K                                                                    (Eq. 12) 390 δ15NNO3−= δ15NNO2−  - 15εk,nxr                                                                       (Eq. 13) 391 

Thus: 392 δ15NNO2−,0 = aδ15NN2  + bδ15NNO3−  + cδ15NNO2−  393 
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           = a(δ15NNO2−  - 15εk,nirS/K) + b(δ15NNO2−  - 15εk,nxr) + cδ15NNO2−  394 

= δ15NNO2−  - a15εk,nirS/K - b15εk,nxr                                                                         (Eq. 14) 395 

 396 

As 15εk,nxr = δ15NNO2−  - δ15NNO3−, b = 1- a -c; We got: 397 

 15εk,nirS/K = (δ15NNO2− - δ15NNO2−,0 - b15εk,nxr)/a                                                            (Eq. 15) 398 

For the oxygen isotope fractionation in anammox:  399 δ18ONO3− = 23 (δ18ONO2−  - 18εk,Nxr,𝑁𝑂2−) + 13 (δ18OH2O - 18εk,Nxr,𝐻2𝑂) 400 

= 23 δ18ONO2− +  13 δ18OH2O – (23 18εk,Nxr,𝑁𝑂2−  + 1318εk,Nxr,𝐻2𝑂) 401 

= 23 δ18ONO2− +  13 δ18OH2O –18Ek,Nxr                                                                                    (Eq. 16) 402 

Thus: 403 

18Ek,Nxr = 23 δ18ONO2− +  13 δ18OH2O – δ18ONO3−                                                                  (Eq. 17) 404 

which is denoted as a combined oxygen isotope effect (Kobayashi et al., 2019; Kotajima et al., 405 

2020). 406 

 407 
Figure 6. Boxplot of the isotope effects for anammox with data reported in the previous studies (Brunner 408 

et al., 2013; Kobayashi et al., 2019; Kotajima et al., 2020). 409 

For the nitrogen isotope fractionation (Figure 6, Table 1), 15𝜀𝑘,𝐻𝑧𝑠 = 32.2 ± 2.9 ‰, exhibiting 410 

significant isotope effects. In the process of nitrite reduction, 15 𝜀𝑘,𝑁𝑖𝑟𝐾  = 29.5 ± 3.9‰，411 
15𝜀𝑘,𝑁𝑖𝑟𝑆  = 16.0 ± 3.3‰, which are consistent with the difference between 15𝜀𝑘,𝑁𝑖𝑟𝐾   and 412 
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15𝜀𝑘,𝑁𝑖𝑟𝑆 during denitrification. In addition, the isotope fractionation trend is consistent with 413 

that of nitrification, exhibiting the inverse isotope fractionation (15εk,Nxr  = -32.4 ± 4.9‰, 414 
18 Ek,Nxr  = -2.2 ± 1.1‰). At the same time, the bacteria can perform DNRA, which is 415 

subsequently combined with NO2− to produce N2. This process cannot be determined for now 416 

because of the difficulty of the enrichment of DNRA. 417 

4. Uncertainties and Appropriate practices for nitrate source identification   418 

With the expansion of the research level, the accumulation of uncertainties leads to the 419 

decrease of apparent isotope fractionation effects, exhibiting an obvious gap between field-420 

derived and culture-based isotopic signatures (Figure 7). As enzyme plays a key role in isotopic 421 

fractionation, the direct isotopic effect can be observed through enzymatic assays, which has 422 

no significant difference with the theoretical values (Table 1). However, Nar/Nap/eukNR 423 

fractionation effect (i.e., 15ɛ and 18ɛ) significantly decreased from the enzyme scale to the 424 

organisms-populations scale (Figure 7). At this scale, nitrate transport, microbial assimilation, 425 

intermediates generation and the calculation methods could lead to inevitable deviations in 426 

the estimation of isotope effects (Denk et al., 2017). In aquatic ecosystems, each microbial 427 

process interacts, and it is usually the microbial community rather than the single microbial 428 

process that influences the nitrogen conversion and the isotope fractionation. The overlapping 429 

from biological processes such as nitrification, denitrification, anammox and some unknown 430 

biological processes further reduces the apparent fractionation effects (Figure 7, Figure 8). The 431 

phytoplankton assimilation, ammonia and nitrous acid volatilization, chemical decomposition 432 

and oxygen exchange between nitrite and water further increases the uncertainty of isotope 433 

fractionation (Heil et al., 2016; Knöller et al., 2011). Furthermore, these microbial process and 434 

chemical processes are all affected by environmental factors, such as pH value and 435 

temperature. As a result, the fractionation effect based on nitrate reduction is much smaller 436 

in natural waters, and sometimes even cannot be detected (Hu et al., 2020; Jiang et al., 2021; 437 

Lennon and Houlton, 2017; Li et al., 2019; Wu et al., 2019; Xia et al., 2017; Yu et al., 2020). 438 

Therefore, accurate interpretation strongly hinges on a deep understanding of the isotopic 439 

composition of nitrate sources and isotopic fractionation associated with nitrate biological 440 

transformations (Granger and Wankel, 2016). Appropriate practices for nitrate source 441 

identification without ignoring isotopic effects are discussed below. 442 
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 443 
Figure 7. Reduction of enzymes-specific isotope effect and accumulation of uncertainties 444 

 445 
Figure 8. N transformations and associated enzyme-specific isotope effects at community-ecosystem scale. 446 

See the text and Table 1 for details. 447 

Jo
ur

na
l P

re
-p

ro
of



18 

 

4.1 Identification of nitrate generation and reduction 448 

Significant isotopic fractionation was observed during nitrate generation and reduction. 449 

Denitrification processes can cause linear increases of δ15N- NO3−  and δ18O- NO3−  as the 450 

logarithm of the residual nitrate fraction decreases, while nitrification leads to linear increases 451 

of δ15N-NO3−  and δ18O-NO3−  as nitrate logarithmically increases. Therefore, apparent higher 452 

enrichment factors in natural water can indicate the nitrate reduction process (Wu et al., 2019; 453 

Li et al., 2019; Hu et al., 2020), and the apparent enrichment factor less than 0 can indicate 454 

the nitrification process  (Zhang et al., 2022). However, the in-situ nitrogen and oxygen isotope 455 

enrichment factors based on nitrate were mostly lower than 5‰ due to the overlapping of 456 

microbial processes and accumulation of uncertainties, and even decreased to 0 in some cases. 457 

Although 18ɛ and 15ɛ significantly decreased with the increase in the scale from enzyme to 458 

ecosystem, the 18ε/15ε proportionality was consistent and provided a cross-scale constant 459 

factor for nitrate source identification (Figure 7). The positive correlation between oxygen and 460 

nitrogen isotopes of nitrate can serve as a denitrification diagnostic, while no positive 461 

correlation or negative pattern may be explained as a mixing of different pollution sources (Liu 462 

et al., 2006; Kaushal et al., 2011; Kang and Xu, 2016).  463 

As mentioned above, 18ɛ/15ɛ was significantly different between Nar (0.95 ± 0.03) and Nap 464 

(0.57 ± 0.04) (Fig. 5). The proportionality of N and O isotope fractionation (δ18O/δ15N; 18ε/15ε) 465 

associated with nitrate reduction in marine ecosystems generally follows a proportionality of 466 

~1.0 (Granger et al., 2008; Asamoto et al., 2021). The large-scale anaerobic regions, like oxygen 467 

minimum zones (OMZs) and anoxic sediments in marine ecosystems provides the necessary 468 

redox conditions for Nar enzyme catalysis, thus Nar is probably the dominant enzyme in the 469 

dissimilation reduction of nitrate in marine ecosystems. In addition, the sulfide-driven 470 

autotrophic denitrification is the dominant N-loss pathway in some marine areas, where 471 

microbes only contain the Nap enzyme and can be applied to distinguish autotrophic and 472 

heterotrophic denitrification (Frey et al., 2014). In contrast to ocean environments, nitrate N 473 

and O isotope fractionations observed for denitrification in rivers and lakes are associated with 474 

a fractionation ratio of around 0.6 (Granger et al., 2008; Asamoto et al., 2021). In freshwaters, 475 

the water is basically aerobic in shallow rivers and lakes, and the anaerobic region at the 476 

bottom is often disturbed as well, thus Nar enzymes were often inhibited by the presence of 477 

O2 above suboxic concentrations (10 μM) (Spiro and Guest, 1990; Moir and Wood, 2001; Wood 478 

et al., 2001), but the expression of Nap enzymes was promoted. In addition, the highly reduced 479 

carbon sources in freshwaters can also promote the expression of Nap reductases (Sears et al., 480 

2000; Ellington et al., 2002; Knöller et al., 2011).  Therefore, Nap reductases are probably the 481 

dominant enzymes during denitrification in freshwaters. In addition, 18ɛ/15ɛ = 0.98 ± 0.03 482 

during eukNR-dominant assimilatory nitrate reduction can be used to determine the 483 

occurrence of assimilatory nitrate reduction in the surface aerobic zone (Chen et al., 2020; Wu 484 

et al., 2019). It is worth noting that the proportionality of N and O isotope fractionation will 485 

shift when the nitrate transformation in water is not dominated by reduction, and nitrification 486 

will lead to the increase of the 18ɛ/15ɛ ratio (Granger and Wankel, 2016; Wu et al., 2019).  487 
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4.2 Nitrate source partitioning 488 

In nitrate source partitioning, the source of nitrate can be identified by collecting the 489 

characteristic isotopic values (δ15N, δ18O) of nitrate produced in nitrification or derived from 490 

major pollutants (atmospheric precipitation, sewage runoff, industrial runoff and agricultural 491 

leaching). However, the overlapping isotope compositions of nitrate sources will be further 492 

expanded by the isotope fractionations, leading to more uncertainties in source 493 

apportionment. Thus the consideration of isotope fractionations is strongly recommended for 494 

nitrate source apportionment in recent studies (Yu et al., 2020; Jiang et al., 2021; Ryu et al., 495 

2021b). We have summarized the recent typical works in Table S19. 496 

In the waters with high quality, such as rivers, shallow lakes or shallow groundwater, the nitrate 497 

reduction was not significant due to the high level of dissolved oxygen (Kang et al., 2022; Li et 498 

al., 2022; Ryu et al., 2021a), whereas nitrification is probably the main process of nitrate 499 

origination (Ryu et al., 2021a; Xuan et al., 2020). In this condition, the error caused by 500 

denitrification fractionation can be ignored, and the neglect of isotope fractionation in the 501 

nitrification process becomes the main source of uncertainties. Most research works adopt 502 

the nitrogen isotope of ammonia nitrogen and the direct combination of oxygen isotope in the 503 

atmosphere and in-situ water (𝛿18𝑂𝑁𝑂3−  = 23 δ18𝑂𝐻2𝑂 + 13 δ18𝑂𝑂2) as the characteristic isotope 504 

values without considering the isotope effects in this process (Kang and Xu, 2016; Yu et al., 505 

2020; Ryu et al., 2021b). Considering that the nitrogen isotope ratio of the accumulated 506 

product nitrate is close to that of the initial substrate when ammonia is completely oxidized to 507 

nitrate (Figure 1, black lines). It is reasonable to use the nitrogen isotope of ammonia nitrogen 508 

as the tracing characteristic isotopic value of nitrate. As for the oxygen isotope, although 509 

ammonia and nitrite are completely oxidized, isotopic fractionation still has a significant effect 510 

on it. The errors mainly derive from kinetic fractionation during H2O and O2 incorporation and 511 

the exchange between nitrite and water (Eq. 7). The basic data in microbial cultures can be 512 

used as a reference: 18𝜀𝑘,𝐴𝑚𝑜,𝑂2  + 18𝜀𝑘,𝐻𝑎𝑜,𝐻2𝑂 = 21.0 ± 1.1‰ during the incorporation of H2O 513 

and O2; and 18𝜀𝑘,𝑁𝑥𝑟,𝐻2𝑂 = 15.1 ± 0.9‰ during the incorporation of H2O to nitrite (Table 1), 514 

which has been applied in the previous studies (Jiang et al., 2021). Additionally, the oxygen 515 

exchange between nitrite and water is more complicated, and the isotopic exchange ratio of 516 

O atoms between nitrite and H2O varies greatly and can even reach 100% under some 517 

conditions (Buchwald and Casciotti, 2010; Buchwald et al., 2012). Some research works added 518 

5‰ uncertainty from possible kinetic and equilibrium fractionation during O incorporation 519 

(Buchwald and Casciotti, 2013; Wells et al., 2016). 520 

For the waters with obvious nitrate reduction, errors are inevitable when using the Bayesian 521 

mixing model, and the deviation can be reduced by various means. Some research works 522 

estimated the degree of denitrification according to the Rayleigh equation δs = δs,0 − εs/plnf, 523 

or corrected the model by assuming the degree of denitrification (10%, 20%, 30%) (Yue et al., 524 

2015). Some studies assumed the lowest δ18O values of nitrate represent the original signature 525 

values (Jiang et al., 2021) or applied the constant enrichment factors directly to minimize 526 
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traceability error as much as possible (Kang and Xu, 2016; Xia et al., 2017). In addition, the 527 

means and standard deviations of nitrate isotopic characteristics in most studies were 528 

obtained from the literature (Zhang et al., 2018). Considering the different geochemical 529 

conditions and special regional activities, it is recommended to obtain the characteristic 530 

isotopic values (δ15N, δ18O) of nitrate produced in nitrification or derived from major pollutants 531 

by in-situ culture and measurement to improve the accuracy of source apportionment (Yu et 532 

al., 2020). 533 

4.3 Models framed with enzyme-specific isotope effect 534 

The implementation of isotopic fractionation in biogeochemical models will provide an 535 

additional evaluation parameter to improve the understanding of nitrate source and 536 

transformation processes (Denk et al., 2017). The successful integration of nitrogen isotopic 537 

composition into models requires a comprehensive understanding of the microscopic 538 

mechanism and basic data of enzyme-specific isotopic effect, and the quantification of 539 

uncertainties from different levels and incorporating them into the isotope model, so that the 540 

micro-scale mechanism and basic data can finally be applied in field practice.  541 

The enzymatic reaction is the fundamental factor for isotope fractionations. It has been proved 542 

that there is a correlation between the abundance of enzyme functional genes and the 543 

enrichment of heavy isotopes ratio in natural ecosystems (Lennon and Houlton, 2017). 544 

Furthermore, although 18ɛ and 15ɛ significantly decreased from the enzyme scale to the 545 

ecosystem scale in nitrate transformation, the change degree of nitrogen and oxygen isotopes 546 

was consistent with the stable ratio of 18ɛ and 15ɛ, and there were significant differences among 547 

different enzymes (e.g., Nar, Nap and eukNR), providing a cross-scale constant factor for nitrate 548 

identification. Considering the key role of enzymes in isotope fractionation and the consistency 549 

of enzyme-specific isotope effects across multiple scales, it is recommended to build isotope 550 

models framed with enzymes and their functional genes to interpret the field-observed results. 551 

However, the current models are mainly based on the microbial process other than on enzyme 552 

activity (Bai and Houlton, 2009; Denk et al., 2017; Somes et al., 2010). Moreover, it is difficult 553 

to guarantee the closed system under natural conditions, the inputs and outputs of the system 554 

exist simultaneously, in which most microbial processes occur in the mixed condition of closed 555 

systems, open systems, and infinite systems with no clear boundary. Finally, there are two main 556 

sources of uncertainties in isotope fractionation of nitrate: 1) biotic factors, including microbial 557 

assimilation, intermediates generation, and the influence of unknown biological processes. 2) 558 

abiotic factors, such as water exchange, volatilization of ammonia, volatilization and self-559 

decomposition of nitrite, diffusion limitation, and unscientific sampling. Honestly, these 560 

deviations are hard to be avoided. Overall, it is difficult to effectively incorporate isotope 561 

fractionation into the models under the current research levels. 562 

5. Conclusions and future perspectives 563 

In conclusion, this paper revealed the mechanism and evidence of isotope fractionation from 564 

the perspective of ecology (enzyme, organism, population, community and ecosystem). The 565 
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exploration of the isotope fractionation mechanism will deepen the understanding of nitrate 566 

transformation, and the implement of isotope fractionation will further improve the accuracy 567 

in nitrate source identification. The major conclusions and perspectives in future research are 568 

as follows, 569 

1) The enzymatic reaction is the fundamental factor for isotope fractionations. The enzyme-570 

specific isotope effects (15ε and 18ε) during nitrification, denitrification and anammox are 571 

significant at small scales, which have been well summarized in this review (Table 1). The 572 

different affinity, electrical properties of the substrate channel and redox potential of the 573 

active sites for different enzymes may be key reason for the enzyme-specific isotope 574 

effects. 575 

2) The proportionality of N and O isotope fractionation (δ18O/δ15N; 18ε/15ε) associated with 576 

nitrate reduction in aquatic ecosystems generally follows enzyme-specific proportionalities 577 

(i.e., Nar, 0.95; Nap, 0.57; eukNR, 0.98) from small-scale investigations to large-scale 578 

ecosystems, providing enzyme-specific constant factors for the identification of nitrate 579 

transformation. 580 

3) The significant isotope effects at small scales inevitably decrease in large-scale ecosystems 581 

due to the overlapping of microbial processes and the accumulation of uncertainties. To 582 

improve the accuracy of source apportionment, it is recommended to obtain the 583 

characteristic isotopic values (δ15N, δ18O) of nitrate produced in nitrification or derived 584 

from major pollutants by in-situ culture and measurement  585 

4) Considering the enzyme-specific isotope effect, the isotope models based on enzymes is 586 

perhaps more promising than that based on microbial process. Future research needs to 587 

enhance the understanding of microscopic mechanisms, e.g., the theoretical calculation 588 

and the culture of microbial processes such as DNRA and Comammox under controlled 589 

laboratory conditions.  590 
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Highlights 

 

Ignorance of isotope fractionations impedes the nitrate source identification; 

Enzymatic reaction is the fundamental factor to drive isotope fractionations; 

18ε/15ε provides enzyme-specific constant factors for nitrate source identification; 
Appropriate practices of isotopic effect improves the accuracy of identification. 
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