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E C O L O G Y

Large losses of ammonium-nitrogen from a rice 
ecosystem under elevated CO2
Chenchao Xu1, Kaihang Zhang1, Wanying Zhu1, Jing Xiao1, Chen Zhu1, Naifang Zhang1, 
Fangjian Yu1, Shuyao Li1, Chunwu Zhu2, Qichao Tu3, Xin Chen1, Jianguo Zhu2, Shuijin Hu4,  
Roger T. Koide5, Mary K. Firestone6, Lei Cheng1*

Inputs of nitrogen into terrestrial ecosystems, mainly via the use of ammonium-based fertilizers in agroecosystems, 
are enormous, but the fate of this nitrogen under elevated atmospheric carbon dioxide (CO2) is not well 
understood. We have taken advantage of a 15-year free-air CO2 enrichment study to investigate the influence of 
elevated CO2 on the transformation of ammonium-nitrogen in a rice ecosystem in which ammonium is usually 
assumed to be stable under anaerobic conditions. We demonstrate that elevated CO2 causes substantial losses of 
ammonium-nitrogen that result from anaerobic oxidation of ammonium coupled to reduction of iron. We identify 
a new autotrophic member of the bacterial order Burkholderiales that may use soil CO2 as a carbon source to 
couple anaerobic ammonium oxidation and iron reduction. These findings offer insight into the coupled cycles 
of nitrogen and iron in terrestrial ecosystems and raise questions about the loss of ammonium-nitrogen from 
arable soils under future climate-change scenarios.

INTRODUCTION
Increased plant biomass accumulation in response to elevated 
atmospheric CO2 (eCO2) is largely constrained by limited soil 
nitrogen (N) availability (1–7), so increasing the supply of N is ex-
pected to mitigate CO2 emissions and associated climate warming 
by sustaining the CO2 enhancement of carbon (C) storage in terres-
trial ecosystems (1–7). Ecosystem inputs of human-made N com-
pounds, mostly in the form of ammonium (NH4

+)–based fertilizers, 
are enormous, but the distribution between natural and managed/
agricultural systems is unbalanced (8–12). The majority of NH4

+ 
fertilizers have been applied to agroecosystems (8–14), driven by a 
growing global demand for food. In particular, the global applica-
tion of NH4

+ fertilizers to rice ecosystems, which supply the staple 
food to more than half of the world’s population, was estimated at 
19 Tg N in 2015, ~20% of N fertilizer use in all crops (8), and this 
value is projected to increase under future eCO2 (8–11). Increasing 
the use of NH4

+ over nitrate (NO3
−) fertilizers may enhance the 

growth of rice plants under eCO2, in part because plants under 
eCO2 prefer NH4

+ over NO3
− (5, 6). However, whether high NH4

+ 
inputs sustain the response of rice ecosystems to eCO2 hinges, in 
part, on the extent to which eCO2 influences the stability of NH4

+ in 
paddy soils, especially under anaerobic conditions.

RESULTS AND DISCUSSION
Effects of eCO2 and N supply on plant N uptake
Here, we present results from a long-term free-air CO2 enrichment 
(FACE) study in which three ambient (aCO2) and three elevated 

(ambient + 200 mol mol−1 CO2) atmospheric CO2 plots have been 
maintained to investigate the response of a rice ecosystem to eCO2 
(fig. S1) (15, 16). We first examined the effect of eCO2 on rice 
growth at seven levels of NH4

+ fertilization: 0, 8, 12.5, 15, 22.5, 25, 
and 35 g urea-N m−2 (see Materials and Methods). At each N level, 
eCO2 significantly increased aboveground biomass of rice plants 
(P < 0.01; fig. S2A). Theory predicts (1, 3, 4) that the net CO2 effect 
on plant N uptake should be higher with high N supply than with low 
N supply, regardless of whether it is within a N-limited or a N-rich 
system (fig. S2B). However, eCO2 did not increase plant N uptake as 
much as anticipated at high N supply compared to low N supply 
both across the four rice growth stages in an early experimental year 
(fig. S2C) and for the entire experimental period (fig. S2D). The 
CO2-induced aboveground alterations such as photosynthetic accli-
mation (17) and tissue N concentrations (fig. S2A) could not ade-
quately explain the lower than expected net CO2 effect on plant N 
uptake, especially at high compared to low levels of NH4

+-N supply 
(fig. S2, C and D). We, therefore, reason that alterations in NH4

+-N 
transformation in the soil may contribute partly to the CO2-induced 
negative feedback on plant N uptake in the rice paddy system.

N loss via AOA under eCO2
We explored the possible microbial mechanisms by which eCO2 
transforms NH4

+-N in the paddy soil. We first used metagenomic 
sequencing to analyze microbial functional genes associated with 
N cycling in the field (see Materials and Methods). Compared to 
aCO2, eCO2 increased the abundance of many functional genes, 
especially those involved in anaerobic N transformations (fig. S3). 
For much of the time rice is growing, anaerobic conditions prevail 
in paddy soils. In previous work, we demonstrated that eCO2 pro-
moted soil anaerobic conditions by stimulating microbial activity 
and decreasing redox potential in the rice paddy system (15). In this 
research, we further investigated the CO2 effect on the NH4

+-N 
transformations under anaerobic conditions by conducting three 
separate but complementary experiments (see Materials and Methods). 
Experiment 1 included two parallel microcosm experiments carried 
out in 2014 and 2015 (Fig. 1A). Experiment 2 was an in situ field 
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study conducted in 2016 (Fig. 1B). Experiment 3 consisted of two 
parallel stable isotope probing (SIP) microcosm experiments per-
formed in 2017 (Fig. 1C). We determined whether NH4

+-N could 
be converted to an oxidized form using 15N-NH4

+ in experiments 1 
and 2. We measured the rate of NH4

+ consumption in experiment 3.
We found that eCO2 led to considerable losses of N from the 

anaerobic paddy soil when NH4
+ was added alone (hereafter +NH4

+) 
in experiments 1 to 3. In experiment 1 in which soils were amended 
with 15NH4

+ (Fig. 1A), headspace 15N-labeled N2 (30N2 + 29N2) pro-
duction averaged across two experimental years was significantly 
higher in eCO2 (3.84 ± 0.08 g N g−1 day−1) than in aCO2 soils 
(3.45 ± 0.13 g N g−1 day−1; P < 0.05; Fig. 1D). The magnitude of the 
CO2 effect on 15N-N2 production following 15NH4

+ addition was 
even larger in the field (Fig. 1B); in situ 15N-N2 production under 
eCO2 (44.37 ± 2.06 mg N m−2 day−1) was 88% higher than that un-
der aCO2 (P < 0.01; Fig. 1D). In experiment 3 (Fig. 1C), similarly, 
the average rate of NH4

+ consumption increased significantly with 
eCO2 (3.61 ± 0.42 g N g−1 day−1) compared to aCO2 (2.61 ± 0.43 g 
N g−1 day−1) across the two SIP microcosms (P < 0.05; Fig. 1D). These 
results suggest that the eCO2-associated NH4

+-N loss was a consequence 
of anaerobic oxidation of ammonium (AOA) in the paddy soil.

AOA coupled to IR under eCO2
Soils contain a variety of compounds capable of catalyzing oxidation 
reactions under anaerobic conditions, and iron oxides are among 
the most abundant (see Discussions I and II in the Supplementary 
Materials) (15, 18, 19). In the rice-FACE system, we previously 
demonstrated that eCO2 significantly stimulated root and microbial 
respiration, decreased soil redox potential, and facilitated ferric iron 
reduction (IR) (15). To test whether eCO2-induced changes in IR 
were coupled to AOA, we investigated the CO2 effect on ferrous 
iron (Fe2+) production in soils with the addition of either amor-
phous ferric oxyhydroxide alone [hereafter +Fe(III)] or NH4

+ and 
Fe(III) together [hereafter +NH4

++Fe(III)] in experiment 1 (fig. S4A). 
Both the +NH4

+ + Fe(III) and +Fe(III) treatments enhanced Fe2+ pro-
duction, with the average rate of the former being 1.7-fold faster 
than that of the latter across two experimental years (P < 0.01; fig. S5, 
A and B). The stimulatory effect of +NH4

+ on Fe2+ production 
[+NH4

+ + Fe(III) versus +Fe(III)] was further reinforced by eCO2 
(64%) compared to aCO2 (41%; Fig. 2B and fig. S5, A and B).

We then compared the CO2 effect on 15N-N2 production when 
soils were given either +15NH4

+ + Fe(III) or +15NH4
+ in experiment 1. 

The +15NH4
+ + Fe(III) treatment produced 15N-N2 2.4-fold faster 

Fig. 1. Losses of ammonium (NH4
+)–nitrogen from a rice ecosystem exposed to long-term FACE. (A to C) Experimental scheme: experiment 1 (A), two parallel micro-

cosms in which soils, taken from ambient (aCO2) and elevated (eCO2) CO2 plots at the heading stage of rice plants in 2014 and 2015, were incubated with the addition of 
15NH4

+ under strictly anaerobic conditions; experiment 2 (B), a field work with an anaerobic bioreactor conducted in the 2016 rice growing season; experiment 3 (C), two 
parallel SIP microcosms in which soils, taken from aCO2 and eCO2 plots in the 2017 rice growing season, were anaerobically incubated with the addition of 13C-labeled 
either 13CH3

13COO− + NH4
+ (SIP 1) or 13CO2 + NH4

+ (SIP 2). (D) Influence of eCO2 on 15N-N2 production (total amount of 29N2 and 30N2; light blue bars) in experiments 1 
(P < 0.05) and 2 (P < 0.01), and NH4

+ consumption (dark blue bar) in experiment 3 (P < 0.05). The net CO2 effect was calculated: (value at eCO2 − value at aCO2)/(value at 
aCO2). Values are means (n = 3) ± SEM.
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than did the +15NH4
+ treatment across two experimental years 

(P < 0.01; fig. S6, A and B). Corresponding to the CO2 stimulation 
of N2 production following +15NH4

+ (fig. S6, A and B), 15N-N2 pro-
duction following +15NH4

+ + Fe(III) addition was increased, on aver-
age, by 40% in eCO2 compared to aCO2 soils (P < 0.01; Fig. 2A and 
fig. S6, A and B). These results indicate that the CO2 enhancement 
of N2 production was a result of AOA coupled to IR [AOA-IR; also 
referred to as Feammox (19)] in the paddy soil.

We also examined whether AOA-IR occurred in experiment 2 
(fig. S4B). Again, relative to the +NH4

+ treatment, the +NH4
+ + 

Fe(III) treatment increased the production of Fe2+ (P < 0.05; fig. S5C) 
and 15N-N2 (P < 0.05; fig. S6C), confirming the occurrence of AOA-
IR in the field. The CO2 stimulation of AOA-IR was evidenced by 
the CO2 enhancement of Fe2+ (P < 0.05; fig. S5C) and 15N-N2 
(P < 0.05; fig. S6C) production in the +NH4

+ + Fe(III) treatment. By 
mass balance (see Materials and Methods), we estimated that N2 
production throughout the rice growing season via AOA-IR fol-
lowing +NH4

+ + Fe(III) accounted for 17 and 25% of the applied 
NH4

+-N, respectively, under aCO2 and eCO2 plots.
Thermodynamically, three reactions of AOA-IR coupling are 

feasible in paddy soils (see Materials and Methods)

	​ 3Fe ​(OH)​ 3​​ + 5 ​H​​ +​ + ​NH​4​   + ​  →  3 ​Fe​​ 2+​ + 9 ​H​ 2​​ O + 0.5 ​N​ 2 

                                                     ​​(G° ′= − 202 kJ ​mol​​ −1​)​	 (1)

	​ 6Fe ​(OH)​ 3​​ + 10 ​H​​ +​ + ​NH​4​   +​  →  6 ​Fe​​ 2+​ + 16 ​H​ 2​​ O + ​NO​2​  −​ 

                                       (G° ′= − 79 kJ ​mol​​ −1​) ​	 (2)

	​ 8Fe ​(OH)​ 3​​ + 14 ​H​​ +​ + ​NH​4​   +​  →  8 ​Fe​​ 2+​ + 21 ​H​ 2​​ O + ​NO​3​  −​ 

                                       (G° ′= − 88 kJ ​mol​​ −1​)​	 (3)

where G°′ is the energy yield of the redox reaction that was calcu-
lated at pH 6.5, as the pH value of most paddy soils under waterlog-
ging is approximately neutral (20). Reaction 1 produces N2, while 
reactions 2 and 3 yield NO2

− and NO3
−. Both NO2

− and NO3
− could be 

subsequently converted to N2 through the reduction of NO3
−/NO2

− 
to N2 (denitrification) (9) and/or AOA coupled to nitrite reduc-
tion (NR; AOA-NR, also referred to as anammox) (21,  22). Two 
lines of evidence, however, suggest that AOA-NR contributes little 
to N2 production in the rice-FACE system. First, 29N2 production 
did not differ between the +15NH4

+ and +15NH4
+ + 14NO3

− treat-
ment in AOA-NR tests accompanying with experiments 1 (P = 0.44; 
figs. S4A and S7A) and 2 (P = 0.76; figs. S4B and S7B). Second, the 
expression of hzsA, a gene encoding the subunit of hydrazine 
(N2H4) synthase in anammox bacteria (22), was not detectable in 
experiment 1 (table S1). If reactions 2 and 3 generated N2 through 
denitrification, the addition of acetylene (C2H2), an inhibitor of the 
reduction of N2O to N2 during denitrification (23), would lower N2 
production. As expected, the presence of C2H2 reduced N2 produc-
tion, on average, by 34% (P < 0.05; Fig. 2, A and D, and fig. S6, A and B), 
whereas it did not alter Fe2+ production (P = 0.61; Fig. 2, B and E) 
following +NH4

+ + Fe(III) addition across two experimental years.
To assess the relative contributions of the three reactions to N2 

production, we analyzed the stoichiometry of AOA-IR reactions in 
experiment 1. Because eCO2 did not alter the Fe2+:N2 ratio either 
with (P = 0.18) or without (P = 0.90) C2H2, we used a general linear 
model to calculate the overall Fe2+:N2 ratio across two CO2 treat-
ments (see Materials and Methods). The Fe2+:N2 ratio was estimat-
ed to be 9.8:1 (Fig. 2C), suggesting that reaction 1 co-occurred with 
reaction 2 and/or reaction 3, as their theoretical mole ratios are 6:1, 
12:1, and 16:1, respectively. The presence of C2H2 impeded de-
nitrification and, as a result, increased the Fe2+:N2 ratio (Fig. 2F). 
Although we could not distinguish N2 production from reactions 2 

Fig. 2. AOA coupled to IR under elevated CO2. Elevated CO2 increased the production of 15N-N2 (total amount of 29N2 and 30N2) (A and D) and Fe2+ (B and E) following 
the addition of 15NH4

+ + Fe(III) (A and B) or 15NH4
+ + Fe(III) + C2H2 together (D and E) in experiment 1 (see fig. S4A for the experimental scheme). (A and D) AOA (NH4

+ → N2); 
CO2 effect: P < 0.01; C2H2 effect: P < 0.05. (B and E) IR [Fe(III) → Fe2+]; CO2 effect: P < 0.05; C2H2 effect: P = 0.61. Open bars, ambient CO2 (aCO2); filled bars, elevated CO2 
(eCO2). Data represent means (n = 3) ± SEM. (C and F) The stoichiometry of AOA-IR reactions and the overall molar ratio (R) of Fe2+ to 15N-N2, following the addition of ei-
ther +15NH4

+ + Fe(III) (C) or +15NH4
+ + Fe(III) + C2H2 (F), were estimated using a general linear model.
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and 3, the proportion of N2 produced from reaction 1 was estimated 
to account for 76% of the total N2 production in experiment 1 (see 
Materials and Methods).

Microbial mediation of AOA-IR
To examine whether N2 production via AOA-IR was mediated by 
soil microorganisms, we set up a microcosm study in which soils in 
half the replicates were sterilized to eliminate microbes, and the 
soils in all replicates were incubated following either +NH4

+ + Fe(III) 
or +Fe(III) additions (see Materials and Methods). Under nonsteri
lized conditions, Fe2+ production was elevated in both +NH4

+ + 
Fe(III) (P < 0.01) and +Fe(III) (P < 0.05) compared to the soil control 
(Fig. 3A), in line with results from experiments 1 and 2 (Fig. 2B and 
fig. S5). When soils were sterilized, however, neither +NH4

+ + Fe(III) 
nor +Fe(III) significantly altered Fe2+ production, as compared to the 
soil control (Fig. 3A), suggesting a key role for soil microbes in cou-
pling IR to AOA.

To determine whether autotrophic or heterotrophic microbes 
were involved in the AOA-IR process, we designed two SIP micro-
cosm incubations by feeding soil microbial communities with 
13C-labeled acetate (13CH3

13COO−, SIP 1), a major organic sub-
strate for anaerobes in paddy soils (24), and 13CO2 (SIP 2), separate-
ly (fig. S4C). Upon the measurement of Fe2+ production and NH4

+ 
consumption (fig. S8, A to D), we verified the occurrence of AOA-

IR in two SIP microcosms. We then monitored the changes of head-
space 13CO2 to determine whether microbes involved in AOA-IR 
required C from organic (CH3COO−) and/or inorganic (CO2) 
sources. When soils were amended with 13CH3

13COO−, 13CO2 pro-
duction remained unchanged in the +NH4

+, +Fe(III), and +NH4
+ + 

Fe(III) treatments (fig. S8E). By contrast, with the addition of 13CO2, 
headspace 13CO2 consumption by microbial communities increased 
with time (P < 0.05; fig. S8F), with a higher CO2 consumption fol-
lowing +NH4

+ + Fe(III) compared to +NH4
+, +Fe(III), or the soil con-

trol treatment (P < 0.01; Fig. 3B). These results imply that microbes 
involved in AOA-IR were largely autotrophic, rather than hetero-
trophic.

To identify key microbial community members associated with 
AOA-IR, we sequenced 16S ribosomal RNA (rRNA) gene ampli-
cons for genomic DNA prepared from 13CO2-fed soil samples in 
SIP 2. We separated 13C- from 12C-labeled DNA through ultracen-
trifugation to identify active autotrophs (see Materials and Methods). 
A total of 16,366 bacterial and archaeal operational taxonomic units 
(OTUs) were detected in both 12C- and 13C-labeled microbiota. 
Microbial communities given +NH4

+ + Fe(III) were distinctive from 
those given +NH4

+ as revealed by the ordination analysis of 16S 
rRNA gene profiles (Fig. 3C) and three nonparametric multivariate 
statistical tests (table S2). Within both 12C- and 13C-labeled micro-
biota, the most dominant taxon was the -Proteobacteria, its relative 

Fig. 3. Microbial mediation of the coupling of AOA and IR. (A) Fe2+ production following the addition of Fe(III) or NH4
+ + Fe(III) after 2-week incubation using sterilized 

or nonsterilized soils. (B) 13CO2 consumption following the addition of NH4
+, Fe(III), or NH4

++Fe(III) (experiment 3). Different letters above bars denote statistically significant 
differences (P < 0.05). (C) Nonmetric multidimensional analysis (NMDS) of community dissimilarities based on 16S rRNA gene profiling in experiment 3 (see fig. S4C for the 
experimental scheme). Squares (I and II), 12C-DNA; triangles (III and IV), 13C-DNA; green symbols (I and III), +NH4

+; red symbols (II and IV), +NH4
+ + Fe(III). (D) Images of live 

members of -Proteobacteria using FISH during incubation (experiment 3). DAPI, 4′,6-diamidino-2-phenylindole (blue). The BET 42a probe (red) was used to target 
-Proteobacteria. (E) Unclassified OTU dominated in both 12C- and 13C-labeled microbiota (experiment 3). Data are the relative abundance of taxa.
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abundance being higher in the +NH4
+ + Fe(III) than that of the 

+NH4
+ treatment (fig. S9, A and B). -Proteobacteria were difficult to 

culture, but the presence of the most cultures of live -Proteobacteria 
in the +NH4

+ + Fe(III) treatment was confirmed using fluores-
cence in situ hybridization (FISH) with the BET42a probe (Fig. 3D). 
Assessment at lower taxonomic levels further points to the promi-
nent role of an unclassified genus within the family Alcaligenaceae, 
order Burkholderiales (fig. S9, C to F). Within this unclassified 
genus, a hitherto unclassified OTU accounted for 47% of all detected 
OTUs at +NH4

+ + Fe(III) within the 13C-labeled community 
(Fig. 3E). These results suggest that a previously unknown auto-
trophic member of -Proteobacteria is responsible for mediating 
AOA-IR, although disentangling its complete set of functions 
will require further metagenomic analyses of enriched cultures.

Ecosystem N balance under eCO2
This set of investigations reveals a previously unidentified mechanism of 
CO2-induced N losses from the rice ecosystems in which rising at-
mospheric CO2 may significantly shift the functions of rice paddy 
soils by favoring an unusual group of autotrophic anaerobes re-
sponsible for N2 volatilization due to ammonium oxidation linked 
to IR (Fig. 4; also see Discussion III in the Supplementary Materials). 
Two results emerge. First, CO2-induced N losses via AOA-IR will 
cause a decline in soil N retention under eCO2, as shown by 15N 

remaining in soil in the in situ field experiment (fig. S10A). The de-
crease in soil N retention under eCO2 was coincident with CO2-in-
duced changes in the size of soil N pool [soil-extractable NH4

+ (fig. 
S10B) and soil total N (fig. S10C)] across the experimental years of 
2014–2018, likely mitigating the net CO2 effect on plant N uptake 
over time (figs. S2B and S10D; also see Discussions I and IV in the 
Supplementary Materials). Second, our results imply that N2 pro-
duction associated with AOA-IR may be substantial (Fig. 2A, fig. S6, 
and table S3). On the basis of the current projection of NH4

+-N 
fertilization in rice ecosystems (8–10), N losses via AOA-IR from 
paddy rice systems would be estimated approximately at 4.8 Tg N 
year−1 by the middle of this century (see Materials and Methods), 
substantially altering terrestrial N cycling under future eCO2.

The discovery that eCO2 stimulates anaerobic microbial media-
tion of AOA-IR might be extrapolated into systems other than rice 
paddies such as in wetlands and humid tropical forests where an-
aerobic soil conditions are prevalent (18, 19). Given the widespread 
observations that eCO2 enhances anaerobic microbial activity 
(1, 15, 25), understanding the CO2 effect on AOA coupled to reduction 
of iron and other oxidizers (see Discussion II in the Supplementary 
Materials) in terrestrial soils should be an active area of research. 
Although accurate projections of global N losses via AOA-IR from 
terrestrial ecosystems under future eCO2 would require further experi-
mental (see Discussion IV in the Supplementary Materials) and 

Fig. 4. A conceptual framework of microbial mediation of AOA coupled to IR in a rice ecosystem in response to long-term FACE. CO2 stimulation of root 
and microbial activities increases soil CO2 production, generating a novel niche for certain autotrophic anaerobes that take advantage of CO2 as their C source; 
meanwhile, they conserve energy by catalyzing AOA-IR. Left inset: Reactions 1 to 3 of AOA. Right inset: IR. Solid and dashed arrows represent positive and negative 
CO2 effects, respectively.
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modeling efforts, our results do provide insights into the linkage between 
terrestrial Fe and N cycles. Last, our findings raise important questions 
about the efficacy of applying excessive NH4

+-N fertilizers to sustain 
crop production under rising atmospheric CO2 concentrations. We 
suggest, as have others (12, 14, 26), that careful matching of crop N 
demand to N supply in terms of timing and quantity would effectively 
reduce N fertilizer use and unnecessary loss from agroecosystems.

MATERIALS AND METHODS
Site description and the FACE system
The long-term FACE experiment was initiated to investigate the 
response of a rice ecosystem to eCO2 (15). The FACE facility was 
originally established in Wuxi City, Jiangsu Province, China (31°37′N, 
120°28′E) in June 2001 (FACE experimental site 1) and then moved 
to Jiangdu City, Jiangsu Province, China (32°35′N, 119°42′E) in 
November 2003 (FACE experimental site 2) (15). The current work 
has been mainly conducted at FACE experimental site 2, where an-
nual mean temperature is 14.9°C and annual mean precipitation is 
980 mm. Soil bulk density is 1.2 g cm−3. Soil contained 137 g clay 
kg−1 (<0.001 mm), 18 g C kg−1, 1.5 g N kg−1, and 0.6 g P kg−1 at the 
start of the FACE experiment. The soil, a typical rice paddy with the 
plough pan, is a Mollisol (USA-ST) with a pH of 7.2.

The FACE platform consisted of six octagonal plots, with each of 
them having a diameter of 12.5-m FACE ring (fig. S1). The six ex-
perimental plots represented a randomized complete block design, 
with each pair of ambient (aCO2) and elevated CO2 (ambient + 
200 mol mol−1) plots randomly assigned into three blocks within a 
4-ha area. At FACE experimental site 1, CO2 fumigation was 
maintained continuously, 24 hour day−1 during every rice growing 
season over the experimental years of 2001–2003 (15). At FACE ex-
perimental site 2, CO2 fumigation was initiated in June 2004 and 
maintained during daylight hours during each rice growing season 
over the experimental years of 2004–2018 (16). Rice seeds were 
sown under aCO2 and eCO2 in every May and then transplanted 
into their corresponding field plots in each of mid-June. Detailed 
descriptions of the FACE facility, air CO2 concentrations, rice planting 
practices, and fertilization regimes can be found elsewhere (15, 16).

Meta-analysis study
We conducted a meta-analysis study to investigate the influence of 
eCO2 on the aboveground biomass, N concentration, and N uptake 
of rice plants at different levels of N fertilization using previously 
published data. We searched relevant peer-reviewed articles published 
before December 2018 using Web of Science (Clarivate Analytics, 
Boston, MA, USA). Only datasets generated from the current rice-FACE 
system were selected (Supplementary Datasets). We calculated the 
effect size of eCO2 for each individual observation by transforming 
the response ratio (R) with the natural log: lnR = (Be/Ba), where Be 
is the mean of plant biomass or N concentration for eCO2 treatment 
and Ba is the mean of plant biomass or N concentration for aCO2 
treatment. A mixed model of the meta-analytical software (OpenMEE) 
was used to calculate the mean effect sizes and 95% confidence in-
tervals (27). Data presented in figures were extracted using Engauge 
Digitizer (http://markummitchell.github.io/engauge-digitizer/).

Experiment 1
We conducted three separate but complementary experiments (ex-
periments 1 to 3) to investigate the influence of eCO2 on the trans-

formation of ammonium (NH4
+) in rice paddies under anaerobic 

conditions at FACE experimental site 2 (fig. S4). Experiment 1 in-
cluded two parallel laboratory microcosms that were conducted in 
the years of 2014 and 2015 to examine whether AOA was coupled to 
IR in rice paddies under eCO2 (fig. S4A). All soil samples were taken 
within subplots with the N fertilization rate at 25 g urea-N m−2, cor-
responding to the moderate fertilization level in East Asia. A soil 
corer (5 cm in diameter and 10 cm in depth) was used to take soil 
samples from 0- to 10-cm soil layers of aCO2 and eCO2 plots at the 
heading stage of rice plants in the 11th (2014) and 12th (2015) years 
of growing seasons, respectively. Soils were sealed in plastic bags, 
stored immediately in a cooler with dry ice, and transported to the 
laboratory. In the laboratory, field moist soils of each plot were 
mixed thoroughly to form one composite sample. Subsamples 
(~20 g) were then taken immediately, frozen, and stored at −80°C 
for DNA extraction, and the rest of them were stored at 4°C for 
laboratory incubation and other analyses.

Fresh soils of each field plot, which were used for incubation, 
were split into five 20-g dry mass equivalent aliquots and were 
then mixed with N2-purged water at a ratio of 1:2 [soil (g):water 
(ml)]. Each aliquot of soil slurries was placed into a 160-ml serum 
jar and then preincubated in the dark for 1 week to deplete resid-
ual oxygen (O2), nitrite (NO2

−), and nitrate (NO3
−) in an anaero-

bic glove box (Anaerobic Workstation AW 200SG, Electrotek 
Scientific Inc., West Yorkshire, UK). The gas composition of the 
glove-box headspace was 80% dinitrogen gas (N2), 10% carbon 
dioxide (CO2), and 10% hydrogen (H2). After preincubation, soil 
slurries were incubated following the addition of ammonium 
chloride (NH4Cl, hereafter +NH4

+), amorphous ferric oxyhydroxide 
[Fe(OH)3, hereafter +Fe(III)], NH4Cl and Fe(III) [hereafter +NH4

+ + 
Fe(III)], or NH4Cl and Fe(III) and acetylene (C2H2) together 
[hereafter +NH4

+ + Fe(III) + C2H2]. A soil control without any ad-
dition of 15NH4

+, Fe(III), or C2H2 was also accompanied (n = 3 per 
treatment). Jars treated as blanks were added with sterilized quartz 
sand (SiO2) for background gas measurements. Stable isotope 
15N-labeled NH4Cl (15NH4Cl, hereafter +15NH4

+) was used to 
track the changes of the valance state of NH4

+. Amorphous ferric 
oxyhydroxide, a reactive Fe(III) that is rich in paddy soils, was syn-
thesized following the method described previously (28). Briefly, 
1 M NaOH was added slowly to the solution of 0.2 to 0.4 M FeCl3 
with pH controlled at around 6.8. Precipitation was suction-filtered 
and washed with distilled water to eliminate Cl− (tested with sil-
ver nitrate) and then dried below 60°C in an oven. The addition 
of C2H2 was used to block the conversion of N2O to N2 during 
denitrification (23). For both two microcosm incubations, 50 parts 
per million (ppm) 15NH4

+ (deoxygenated) and/or sufficient Fe(III) 
were added into each of the jars with the corresponding nutrient 
addition treatment. The amount of added NH4

+ was chosen ac-
cording to the moderate level of nitrogen fertilizer application in 
the field. All 15N-labeled chemicals were purchased as 98% pure 
(atomic % 15N ≥ 98%; Sigma-Aldrich). For the C2H2 treatment, 
1-ml C2H2 gas, which accounted for 1% of the volume of jar 
headspace, was injected into each jar. Every jar was then sealed 
with a rubber septa and incubated at 30°C in the dark for 1 month 
in an incubator with the shaking speed at 100 rpm. Except for soil 
sampling time in the field (sampled in 2014 and 2015, separately), 
the two parallel microcosms had the same experimental setup 
(e.g., CO2 and nutrient addition treatments), incubation proce-
dures, soil solution, and gas sampling.

http://markummitchell.github.io/engauge-digitizer/
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Experiment 2
Experiment 2 was carried out using an in situ bioreactor in the field 
in the 13th rice growing season (2016). The anaerobic bioreactor, 
modified from a dissolved gas sampler (15), was constructed using 
a polyvinyl chloride (PVC) tube (internal diameter = 4.6 cm, 
height = 20 cm) in which one side was sealed and the other re-
mained open (fig. S4B). One Rhizon soil moisture sampler (RSMS; 
pore size, 0.1 m; Eijkelkamp Agrisearch Equipment, Giesbeek, The 
Netherlands) and one gas sampling port were also embedded on the 
sealed side of each bioreactor (fig. S4B). To test the feasibility of 
bioreactors, we did a pre-experiment in the spring 2016 by grow-
ing rice plants in the university greenhouse with the addition of 
either 15NH4

+ or 15NH4
+ and Fe(III) together. Preliminary results 

about Fe2+ production, plant biomass 15N, and soil remaining 15N 
showed that the bioreactors were able to maintain a stable anaerobic 
condition for testing the coupling of AOA and IR reactions in 
the field.

In the 2016 year rice growing season at FACE experimental site 2, 
we buried five bioreactors vertically (0- to 10-cm soil layer) into 
the same subplot of N fertilization as experiment 1 within each of 
aCO2 and eCO2 plots. Within each plot, four bioreactors were add-
ed with 15NO3

− (referred to as +15NO3
−), 15NH4

+ (referred to as 
+15NH4

+), 15NH4
+ and Fe(III) [referred to as +15NH4

+ + Fe(III)], or 15NH4
+ 

and 14NO3
− (referred to as +15NH4

++14NO3
−), and the remaining 

one without any nutrient addition was considered a soil control. A 
total of 50 ppm 15N tracers and 5 ppm 2-chloro-6-(trichloromethyl) 
pyridine (daxtron) were injected below the surface of the soil within 
each bioreactor. The addition of daxtron was used to block the first 
step of nitrification. At the heading stage, we temporarily drained 
the field and then flooded it, maintaining ~5-cm water within each 
bioreactor throughout the experiment. After the first gas sampling, 
bioreactor headspace was flushed with external air. The height of 
the water layer within each bioreactor was also recorded for calcu-
lating headspace gas volume. Plant and soil samples were collected 
after the second gas sampling for measurements of plant biomass, 
soil 15N.

Experiment 3
Two SIP laboratory microcosms were subsequently designed to 
assess the metabolic type of soil microbes involved in AOA-IR (fig. 
S4C). Similar to experiment 1, soils used for incubation were taken 
from both aCO2 and eCO2 plots at the heading stage of rice plants 
in the 14th year growing season (2017). In the first SIP microcosm, 
we fed soil microbiota with 13C-labeled acetate (13CH3

13COONa, 
98 atomic %; Sigma-Aldrich), a common organic substrate for anaer-
obes in paddy soils (28), to determine whether microbes involved in 
AOA-IR were heterotrophic. Soils from each plot were divided into 
four 20-g dry mass equivalent aliquots. A parallel experiment with 
the addition of 12CH3

12COONa was also conducted for analytical 
assurance of gas and chemical measurements. In the second SIP mi-
crocosm, we fed soil microbiota with the addition of either 13CO2 
(5% of headspace, volume/volume) or 12CO2 (5% of headspace, 
volume/volume) to determine whether microbes involved in AOA-
IR were autotrophic. The headspace of each jar was flushed every 
2 weeks with a CO2/H2/N2 (10%/10%/80%) mixed air within the 
anaerobic glove box, and 13CO2 and 12CO2 were renewed immedi-
ately using degassing method after headspace air exchange. For 
both two SIP microcosms, we applied four nutrient addition 
treatments (n = 3) as follows: soil control, +NH4

+, +Fe(III), and 

+ NH4
+ + Fe(III). During the course of incubation, 25 ppm NH4

+ 
(deoxygenated) and sufficient Fe(III) were supplemented to the 
corresponding jars every two 2 weeks. Soil sampling, preincuba-
tion, and incubation conditions were identical for the two SIP 
microcosms.

AOA-NR test
AOA-NR is the process of AOA coupled to NR. This is referred to 
as AOA-NR, also known as “anammox” (21, 22). To determine 
whether AOA-NR existed in the rice-FACE system, we conduct two 
AOA-NR tests accompanying with experiments 1 (see the diagram 
of the experimental scheme in fig. S4A) and 2 (fig. S4B). We set up 
the laboratory microcosm incubation using soils from aCO2 and 
eCO2 plots at the heading stage of rice plants in the 12th year grow-
ing season at FACE experimental site 2. Soils from each field plot 
were divided into four aliquots: One of them was considered the soil 
control, and the other three were amended with 15NH4

+, 15NO3
−, or 

15NH4
+ and NO3

− together (mixed with 1:1 mole ratio). Again, jars 
treated as blanks were added with SiO2 (n = 3 per treatment) for 
background gas measurements. Except for the soil control, each in-
cubation jar was added with a total amount of 100 M N. Incuba-
tion of the slurries was stopped after 24 hours by adding 200 l of a 
7 M ZnCl2 solution. Headspace gas samples for 29N2 and 30N2 deter-
mination were taken immediately after the ZnCl2 addition. Gas 
sampling and storage were identical to those of experiment 1. The 
potential contributions of AOA-NR and denitrification to N2 pro-
duction were calculated on the basis of the analyses of 29N2 and 30N2 
production.

Sterilization test
To test the possibility that soil microbes were involved in the reac-
tions of AOA-IR in rice paddies, we conducted a sterilization labo-
ratory microcosm study using soils only from three aCO2 plots taken 
at the heading stage of rice plants in the 12th year growing season at 
FACE experimental site 2. In the laboratory, soils from each plot 
were split into two parts: One was autoclaved to eliminate soil biota 
(referred to as sterilized), and the other was considered a nonsteril-
ization treatment (referred to as nonsterilized). Both sterilized and 
nonsterilized soils were then divided into three aliquots (20-g 
equivalent in dry weight): One aliquot was deemed as soil control, 
and the other two were amended with either Fe(III) or NH4

+ 
and Fe(III) together (n = 3). NH4

+ (50 ppm) (deoxygenated) and 
sufficient Fe(III) were added into each jar. Soil preparation, pre-
incubation, and incubation conditions were identical to those of 
experiment 1.

Sampling
Gas sampling
In experiment 1, headspace gas samples for 29N2 and 30N2 measure-
ments were taken on days 1 and 30 after incubation. After the first 
gas sampling, headspace gas in each jar was quickly and continu-
ously flushed with a CO2/H2/N2 (10%/10%/80%) mixed air within 
the anaerobic glove box and then maintained at an air pressure of 
1 atm. In experiment 2, headspace gas samples for 29N2 and 30N2 
determination were taken on days 1 and 14 after nutrient addition. 
After the first gas sampling, an equal volume of external air was 
added back to each of bioreactors to maintain a total pressure of 
1 atm. In experiment 3, headspace gas samples for 13CO2 measure-
ments were taken in the 4th and 8th week.
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At each gas sampling time point, headspace gas was extracted 
using a gas-tight syringe (Gaoge Industrial and Trading Co. Ltd., 
Shanghai, China) and then injected into a 12-ml Exetainer evacuat-
ed glass vial (Labco Ltd., Wales, UK). For all laboratory incubations, 
each incubation jar was shaken sufficiently to maintain a balance 
between headspace and dissolved gases before gas sampling. All 
laboratory operations were executed in the anaerobic glove box.
Soil solutions
In experiment 1, soil solutions for Fe2+ determination were sampled 
on days 1, 3, 7, 15, and 30 after incubation. In experiment 2, soil 
solutions were taken through the RSMS on days 1, 7, and 14 after 
nutrient addition using a 20-ml syringe. Subsamples (500 l) were 
immediately acidified by adding 100 l of 3 M HCl for Fe2+ determi-
nation. In experiment 3, soil solutions for both Fe2+ and NH4

+ 
determination were sampled on days 7, 14, 21, and 28 after incuba-
tion. In sterilization test, soil solutions for Fe2+ determination were 
sampled on day 14 after incubation.

For all laboratory incubations, 1-ml soil solution was extracted 
at each sampling time point from a jar using a gas-tight syringe. 
Subsamples (300 l) were filtered through a 0.22-m disposable 
needle filter and then immediately acidified by adding 100 l of 3 M 
HCl for Fe2+ determination. The rest of soil solutions were mixed 
with 2 M KCl for NH4

+ analysis. All sampling was done in the 
anaerobic glove box.
Soil DNA extraction
Genomic DNA, for either soil metagenomic sequencing or 13C-DNA 
separation, was extracted from 5-g aliquots of soil samples using the 
PowerMax Soil DNA Isolation Kit (MO BIO Laboratories Inc., 
Carlsbad, CA, USA) according to the manufacturer’s instructions. 
For real-time quantitative polymerase chain reaction (PCR) of the 
hzsA and amoA genes, 0.25-g soil samples were used for DNA ex-
traction using the PowerSoil DNA Isolation Kit (MO BIO Labora-
tories Inc., Carlsbad, CA, USA). Soil DNA quantity and purity were 
determined using the NanoDrop (ND LITE Spectrophotometer, 
Thermo Fisher Scientific Inc., Wilmington, DE, USA).

Measurements
Chemical analysis
The concentration of Fe2+ in soil solutions was determined using 
the ferrozine assay described previously (29). Briefly, 100-l subsa-
mples were added to the 1900-l Pipes-buffered ferrozine solution 
(pH 7.0, 1 g liter−1 ferrozine), and the absorbance was measured 
at 562 nm on an ultraviolet-visible (UV-Vis) spectrophotometer 
(Unico Instrument Co. Ltd., Shanghai, China). NH4

+, NO2
−, and 

NO3
− were extracted from soil slurries with 2 M KCl. NH4

+ was 
determined using the indophenol blue assay, and the absorbance 
was quantified at 625 nm on a UV-Vis spectrophotometer. The 
concentrations of NO2

− and NO3
− were determined using an ion 

chromatography (DIONEX ICS-3000, Thermo Fisher Scientific, 
Waltham, MA, USA). N2H4 was determined using a spectrophoto-
metric method described previously (22). Briefly, 10-ml subsample 
was reacted with 10 ml of paradimethylaminobenzaldehyde solu-
tion and 5 ml of HCl. The absorbance was measured at 458 nm on a 
UV-Vis spectrophotometer.
Gas and stable isotope analysis
Headspace N2 was determined using a gas chromatograph (GC 
9790II, Fuli Inc., Taizhou, China). The stable isotope ratio of 15N 
(29N2 and 30N2; that is, 15N14N and 15N15N, respectively) in N2 was 
determined with an isotope ratio mass spectrometer interfaced with 

a gas analysis system (MAT 253plus, Thermo Fisher Scientific, 
Waltham, MA, USA). The production rate of 29N2 and 30N2 was 
expressed by

	​​ ​​X​ N​​​​ 2​​  = ​  
​[​​V × ​ R(​​​​ X​ ​N​ 2​​) _ 

R(​​​​ 28​ ​N​ 2​​)
​​]​​
 ─ ​V​ m​​  ​ × M × ​M​s​ 

−1​ × ​D​​ −1​​	

where XN2 is 29N2 or 30N2, V is the volume of N2 in the headspace of 
each jar or bioreactor, R is the mass-to-charge ratio, Vm is the molar 
volume of a gas that is 22.4 L mol−1 at the standard temperature and 
pressure (STP; 0°C and 101 kPa), M is the molar mass of the gas 
(g mol−1), Ms is the dry weight of soil samples (grams), and D 
denotes days after incubation. The net production rate of 29N2 and 
30N2 was calculated using 29N2 and 30N2 in treatments with the 
15NH4

+ addition minus those in the soil control treatment.
Gaseous CO2 in two SIP microcosms of experiment 3 was mea-

sured using the gas chromatograph (GC 9790II). The stable isotope 
ratio of 13C in CO2 was determined with the Isoprime 100 Isotope 
Ratio Mass Spectrometer (Agilent Technologies Inc., Santa Clara, 
CA, USA). The isotope ratio of C was expressed by

	​​ ​​​ 13​ C (‰ ) = ​(​​ ​  ​R​ sa​​ ─ ​R​ PDB​​ ​ − 1​)​​ × 1000​​	

where  is the isotope ratio, Rsa is the molar isotope ratio of 13C/12C, 
and RPDB is the Pee Dee Belemnite (PDB) standard, which is 
0.0112372. The total content of 13CO2 production was expressed by

	​​ ​​​​ 13​ ​CO​ 2​​  = ​ (​​ ​ ​​​ 
13​ C ─ 1000 ​ + 1​)​​ × ​R​ PDB​​ × ​ V ─ ​V​ m​​ ​​​	

where V is the volume of CO2 in the jar headspace. The 13CO2 con-
sumption was calculated using the amount of added 13CO2 before 
incubation minus the amount of 13CO2 remaining in each jar after 
incubation.
Plant and soil measurements
We determined plant N uptake throughout a whole rice growing 
season at FACE experimental site 1 in 2003 (15). At FACE experi-
mental site 1, three ambient and three elevated CO2 plots were ran-
domly arranged within a 4-ha area. Each experimental plot was split 
into two subplots of N supply. The low and high N subplots were 
applied with 15 g urea-N m−2 and 25 g urea-N m−2, respectively. 
Plant samples were collected on days 30, 51, 78, and 113 after trans-
planting that corresponded to mid-tillering, jointing, heading, and 
ripening, respectively. At each sampling time, five individual plants 
were taken from each plot; carefully divided into leaves, stems, 
grains, and roots; washed with deionized (DI) water; and dried at 
65°C for 2 days to obtain the dry weight measurement. Dried 
samples were ground, and the N concentrations of each plant part 
were determined separately using a CHNS/O elemental analyzer 
(PerkinElmer 2400, Series II, PerkinElmer Inc., Waltham, MA, USA).

Harvested plants from experiment 2 at FACE experimental site 2 
were carefully separated into aboveground and belowground 
parts, washed with DI water, and dried at 65°C for 2 days for the dry 
weight measurement. Soil samples from experiment 2 for 15N mea-
surement were oven-dried at room temperature and ground using a 
JXFSTPRP-48 grinding machine (JingXun Industrial Development 
Co. Ltd., Shanghai, China). The stable N isotope ratio was determined 
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using the FLASH 2000 Organic Elemental Analyzer (Thermo Fisher 
Scientific, Waltham, MA, USA). The isotope ratio of N in soils was 
expressed by

	​​ ​​​ 15​ N (‰ ) = ​(​​ ​ ​R​ sa​​ ─ ​R​ st​​
 ​ − 1​)​​ × 1000​​	

where Rsa is the isotope ratio of 15N:14N in a soil sample and Rst is 
the isotope ratio of 15N:14N in the standard (that is, atmospheric N2; 
R = 0.0036765, 15N = 0‰). Soil 15N was calculated from the 
isotope ratio and total N content of a sample.

Soils, taken from aCO2 and eCO2 plots during heading at FACE 
experimental site 2 from 2014 to 2018, were used for total N and 
extractable NH4

+ measurements. Soil samples for total N measure-
ment were air-dried and ground using a JXFSTPRP-48 grinding 
machine (JingXun Industrial Development Co. Ltd., Shanghai, 
China). Soil total N was determined using the Kjeldahl method. 
Soil NH4

+ was extracted with 2 M KCl using fresh soil samples, and 
the NH4

+ concentrations were determined using the indophenol 
blue assay.
Reverse transcription quantitative PCR
Real-time quantitative PCR of hzsA and amoA genes was performed 
to determine changes of the abundance of anammox bacteria (22) 
and ammonia-oxidizing archaea and bacteria (30), respectively. 
Amplifications and detections were performed on the CFX Connect 
Real-Time System (Bio-Rad Laboratories Inc., Hercules, CA, USA). 
The PCR conditions and primer pairs of anammox bacteria and 
ammonia-oxidizing archaea and bacteria are shown in table S4. 
Meanwhile, the abundance of the whole soil bacteria was quantified 
with the primer pair EUb338 of the 16S rRNA gene (31). The 20-l 
reaction mixture contained 10 l of SYBR Premix Ex Taq (Bio-Rad 
Laboratories Inc., Hercules, CA, USA), 1 l of each primer (anam-
mox bacteria, ammonia-oxidizing archaea and bacteria, or the 
whole soil bacteria), and 4 l of template DNA. Three technical 
replicates were performed for each quantitative PCR assay. A 
known copy number of plasmid DNA was serially diluted 10-fold to 
generate the external standard curve in the real-time PCR. Melting 
curves were used to check the specificity of amplification. The cor-
relation coefficient (R) of amplification efficiencies was used when 
R2 was above 0.98.
13C-DNA separation
We extracted genomic DNA from the second SIP microcosm 
(+13CO2) of experiment 3 and separated 13C-labeled DNA from 
unlabeled community (12C-DNA) using the gradient fractionation 
method (32, 33). Briefly, 3 g of genomic DNA was mixed with gra-
dient buffer (GB; 0.1 M tris, 0.1 M KCl, and 1 mM EDTA) to a final 
volume of 1 ml. The GB/DNA mixture was then combined with the 
CsCl solution (1.870 g ml−1) to a final volume of 6.00 ml and then 
loaded in a polyallomer bell-top Quick-Seal centrifuge tube (Beckman 
Coulter Inc., Fullerton, CA, USA). Centrifuge tubes were sealed, put 
into the Vti-65 rotor, and then spun at 50,800 rpm and 20°C for 
60 hours with vacuum in a Himac CP 80 ultracentrifuge (Hitachi 
Koko Co. Ltd., Tokyo, Japan). A fraction recovery system (Beckman 
Coulter Inc., Fullerton, CA) in connection with a syringe pump 
(model R-100E, Razel, Georgia, VT) was used to retrieve DNA 
gradients. The buoyant density of gradient fractions was deter-
mined using a refractometer (AR200, Reichert, Depew, NY, USA). 
DNA from gradient fractions was precipitated with isopropanol at 
25°C for 2 hours.

16S rRNA gene sequencing
16S rRNA genes of each SIP sample were amplified using the prim-
er set 515F/806R (table S4) (34). PCR was performed using a PCR 
cycler (Eppendorf AG, Hamburg, GER). Each biological sample 
was amplified with three tagged primers as three technical replicates. 
Each 100-l PCR mixture contained 3.5 l of template DNA, 1 l of 
each primer, 4 l of 2.5 mM deoxynucleotide triphosphate (dNTP), 5 l 
of 10× PCR buffer, and 0.5 l of Taq DNA polymerase. The thermo-
cycling conditions are shown in table S4. Agarose (1.0%) gel electro-
phoresis was performed to purify PCR products of each technical sample. 
All amplified PCR products were then recycled using the BioSpin Gel 
Extraction Kit (Bioer Technology Co. Ltd., Hangzhou, China) and 
quantified using a Nanodrop LITE spectrophotometer. Samples were 
mixed in an equimolar concentration and sequenced on an Illumina 
HiSeq 2500 platform (Illumina Inc., San Diego, CA, USA).
Microbial community profiling
Acquired raw sequencing data were processed following the proce-
dure described earlier (33). Read trimming and downstream analy-
ses were performed using QIIME (35). Briefly, we trimmed reads at 
an accuracy threshold of 0.5% per base error probability and then 
removed bar codes and primers. Reads were removed if they did not 
match exactly to a bar code and primer. The OTUs were defined at 
97% identity threshold after removing low-quality or ambiguous 
reads. The resulting OTU tables were used for further phylogenetic 
and statistical analyses using the R software (version 3.1, The R 
Foundation for Statistical Computing, 2013).
Fluorescence in situ hybridization
All bacteria and -Proteobacteria were detected using FISH with 
the EUB338 and BET 42a primers (table S4) (31). Soil samples from 
experiment 3 were fixed using the 4% paraformaldehyde solution, 
and then lysozyme solution was used for prokaryotic cell wall per-
meabilization. The BET 42a probe (table S4) labeled by the dye Cy3 
on the 5′ end was used to complete the hybridization step. Last, the 
picture is captured with an Eclipse NI-U fluorescence microscope 
(Nikon Co. Ltd., Tokyo, Japan).
Metagenomic sequencing and data analysis
Genomic DNA of six samples from aCO2 and eCO2 plots was sequenced 
using the Illumina HiSeq 2500 platform. A total of 30,060,977 to 
44,558,285 pairs of reads of 100–base pair length were obtained for 
each of samples. Reads were subject to quality control using the 
btrim program (36) with an average quality score of 20 and window 
size at 3. Remained reads were directly searched against the m5nr 
database (37) using the DIAMOND program. The best hit for each 
read was extracted for functional profiling. Metagenomic functional 
profiles were extracted on the basis of the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) ontology information (38). Random sub-
sampling was carried out on the basis of the smallest value of the 
total number of reads mapped to KEGG ontologies. The relative 
abundance of each gene was determined by comparing the number 
of hits and dividing by the total number of hits to the KEGG database. 
The response ratio of functional genes was calculated as follows: (the 
abundance of genes at eCO2 – the abundance of genes at aCO2)/the 
abundance of genes in aCO2.

Thermodynamic favorability of AOA-IR reactions
Thermodynamic favorability of AOA-IR reactions was represented 
by Gibbs free energy. The changes of Gibbs free energies of AOA-IR 
reactions were calculated using related equations described earlier 
(19). Briefly, the generalized reaction was expressed as
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	​ aA + bB  →  cC + dD​	

The Gibbs free energy of a balanced reaction was calculated from 
the following

	​ G° ′= G° + RT ln ​ ​{C}​​ c​ ​{D}​​ d​ ─ 
​{A}​​ a​ ​{B}​​ b​

 ​​	

where G° was calculated by

	​ G° = c ​G​fC​ °   ​ + d ​G​fD​ °  ​ − a ​G​fA​ °  ​ − b ​G​fB​ °  ​​	

where a, b, c, and d are the number of moles; ​​G​f C​ °  ​​ and ​​G​f D​ °  ​​ denote 
the free energy of formation for the products (C and D); ​​G​fA​ °  ​​ and ​​
G​fB​ ° ​ ​ represent the free energy of formation for the reactants (A and 
B); R is the gas constant (which is 0.008314 kJ mol−1 K), and T is the 
absolute temperature in Kelvin (which is 297.15 K). The chemical 
activity values used in this study are at a pH of 6.5, which is within 
the normal range of pH values of most paddy soils under flooded 
conditions (20). Notice that thermodynamic favorability of three 
reactions would be larger at much lower pH (values of G°′ were 
not provided). We used free energies of the products and reactants 
described earlier (39): NH4

+ = −79.37 kJ mol−1; Fe(III) = −699 kJ mol−1; 
Fe2+  =  −78.87 kJ mol−1; N2  =  0 kJ mol−1; H+  =  0 kJ mol−1; 
NO2

− = −37.2 kJ mol−1; NO3
− = −111.3 kJ mol−1; H2O = −237.18 kJ mol−1.

Stoichiometry of AOA-IR reactions
In experiment 1, we used a linear model to estimate the Fe2+:N2 
ratio of AOA-IR reactions. The presence of C2H2 did not affect 
Fe2+ production in soil; we thus assumed that intercepts were 
identical for the +NH4

+ + Fe(III) and + NH4
++Fe(III) + C2H2 treat-

ment. We then used a dump variable t to represent the two treat-
ments [t = 0 for the +NH4

+ + Fe(III) treatment; t = 1 for the +NH4
+ + 

Fe(III) + C2H2 treatment]. The equation of the linear model can be 
written as

	​ c(​Fe​​ 2+​ ) = c(​N​ 2​​ ) + c(​N​ 2​​ ) × t​	

where c(N2) × t denotes the interaction between c(N2) and t.

Ecosystem N loss via AOA-IR under eCO2
We estimated the relative contribution of three AOA-IR reactions 
[AOA-IR directly to N2 (reaction 1) or AOA-IR to NO2

−/NO3
− 

(reactions 2 and 3)] to the total N2 production by comparing the 
difference between the rates of N2 (30N2 + 29N2) production with 
and without the C2H2 addition. The presence of C2H2 allowed 
inhibiting the reduction of N2O to N2, thus blocking N2 production 
from reactions 2 and 3.

We combined N2 (29N + 30N) production data from the field and 
the stoichiometry of AOA-IR reactions estimated from experiment 
1 to estimate ecosystem N losses through AOA-IR under eCO2. The 
rate of 15N-NH4

+ oxidation in the field was calculated from the dif-
ference of N2 (29N + 30N) production between the +15NH4

+ and soil 
control treatment. Because the potential of denitrification was very 
high in both microcosm and field experiments, we assumed that 
any NOx

− generated from reactions 2 and 3 would be completely 
converted to N2 through denitrification. The ratio of the lost N via 
AOA-IR to the total applied N was expressed as

	​ N loss (%) = ​ 
​
​[​​V × ​ R(​​​​ X​ ​N​ 2​​) _ 

R(​​​​ 28​ ​N​ 2​​)
​​]​​
 _ ​V​ m​​ ​  × M

  ─ (1 − Rs) × T  ​ × 100%​	

where XN2 is 29N2 or 30N2, V is the volume of N2 in the headspace of 
each jar or bioreactor, R is the mass-to-charge ratio, Vm is the molar 
volume of a gas [which is 22.4 L mol−1 at the STP (0°C and 101 kPa, 
respectively)], M is the molar mass of the gas (g mol−1), Rs is the 
percentage of 15N recovered in soil, and T is the total amount of 
applied 15N-NH4

+ fertilizer. The total amount of NH4
+-N fertilizer 

application in global rice ecosystems in 2050 was estimated using 
the approach in the literature (8, 9). Global N losses via AOA-IR 
from rice ecosystems by the middle of this century were calculated 
using the percentage of N loss estimated in the current study multi-
plying the total amount of world NH4

+-N fertilizer application.

Data analyses
To analyze the effect of eCO2 on N losses following the addition of 
NH4

+ alone, we used datasets of 15N-N2 (the total amount of 29N2 
and 30N2) production on day 1 from experiments 1 and 2, and NH4

+ 
consumption during the first week from experiment 3, as presented 
in Fig. 1. Datasets of 29N2 and 30N2 production on day 30 from 
experiment 1 and on day 14 from experiment 2 presented in fig. S6 
were used to analyze the coupling of AOA and IR. Datasets of 15N-
N2 and Fe2+ production over the whole incubation from experiment 1 
presented in Fig.  2 were used to calculate the stoichiometry of 
AOA-IR reactions.

Data from experiments 1 to 3 were subjected to analysis of vari-
ance (ANOVA) using the linear mixed-effects (LME) model (6). 
The LME model used to analyze the datasets from experiment 1 
(30N2 and 29N2 production on days 1 and 30 or Fe2+ production on 
day 30), experiment 2 (30N2 and 29N2 production on days 1 and 14 
or Fe2+ production on day 14), and AOA-NR test (30N2 and 29N2 
production on day 1) is written as

	​​ y​ ijk​​  =  a + ​b​ i​​ + ​c​ j​​ + ​n​ k​​ + ​(c × n)​ jk​​ + ​b​ ij​​ + ​e​ ijk​​​	

where yijk is the total production of N2 and Fe2+, a is the intercept 
(fixed effects), bi is the block (fixed effects), cj is the CO2 treatment 
(fixed effects), nk is the nutrient addition treatment (+15NH4

+, 
+Fe(III), +15NH4

+ + Fe(III), or +15NH4
+ + Fe(III) + C2H2; fixed effects), 

(c × n)jk is the CO2 and nutrient addition interaction (fixed effects), bij 
is the CO2 within block (random effects), and eijk is the random 
experimental error.

Datasets from experiments 1 and 2 (Fe2+ production over the 
course of incubation) and 3 (Fe2+, NH4

+, and 13CO2 production or 
consumption over the course of incubation) were analyzed using 
the LME model as follows

	​​ y​ ijkl​​  =  a + ​b​ i​​ + ​c​ j​​ + ​n​ k​​ + ​(c × n)​ jk​​ + ​t​ l​​ + ​(c × t)​ jl​​ + ​(n × t)​ kl​​ +  
                             ​(c × n × t)​ jkl​​ + ​b​ ij​​ + ​e​ ijk​​​	

where yijkl is Fe2+ production and other variables; a is the intercept 
(fixed effects); bi is the block (fixed effects); cj is the CO2 treatment 
(fixed effects); nk is the nutrient addition treatment [+Fe(III) or 
+15NH4

+ + Fe(III); fixed effects]; (c × n)jk is the CO2 and nutrient 
addition (fixed effects); tl is the time effect (fixed effects); (c × t)jl is 
the CO2 and time interaction (fixed effects); (n × t)kl is the interac-
tion of nutrient addition and time (fixed effects); (c × n × t)jkl is the 
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interaction of CO2, nutrient addition, and time (fixed effects); bij is 
the CO2 within block (random effects); and eijk is the random exper-
imental error.

The data with time series measurements for soil N (NH4
+ and 

total N) at FACE experimental site 2 were analyzed using a repeat-
ed-measures mixed model (6)

	​​ y​ ijkl​​  =  a + ​b​ i​​ + ​c​ j​​ + ​p​ ij​​ + ​t​ k​​ + ​(c × t)​ jk​​ + ​e​ ijk​​​	

where yijkl is soil NH4
+ or soil total N, a is the intercept (fixed effects), 

bi is the block (fixed effects), cj is the CO2 treatment (fixed effects), 
pij is the plot effects within blocks (random effects), tk is the time 
effect (fixed effects), (c × t)jk is the CO2 and time interaction (fixed 
effects), and eijk is the random experimental error.

Significance test for paired comparisons (30N2, 29N2, and Fe2+ 
production in aCO2 or eCO2 soils under a given nutrient addition 
treatment in experiments 1 and 2; 13CO2 production and consump-
tion under different nutrient addition treatments in experiment 3) 
was performed using the Tukey’s HSD (honestly significant dif-
ference) functions. The two-way ANOVA with the general linear 
model was used to analyze datasets from sterilization test.

We used nonmetric multidimensional analysis (NMDS) to as-
sess the similarity of different microbial communities based on 16S 
rRNA sequencing datasets from experiment 3. Results from princi-
pal components analysis (PCA) and detrended correspondence 
analysis were very similar to those generated from NMDS. Three 
different but complementary nonparametric multivariate statisti-
cal analysis methods were used to test statistical differences 
of microbial communities between the 12C-DNA and 13C-DNA 
communities or the +NH4

+ and  +NH4
+ + Fe(III) treatments. 

The three methods are permutational multivariate ANOVA using 
distance matrices (Adonis), analysis of similarities (ANOSIM), and 
multiresponse permutation procedure (MRPP). All 16S rRNA 
sequencing data were analyzed on the basis of biological replicates. 
P values of the relative abundance of taxa (16S rRNA sequencing 
datasets) and the signal intensity of functional genes (metagenomic 
sequencing datasets) were calculated using paired two-tailed t tests. 
PCA, Adonis, ANOSIM, and MRPP were analyzed using the 
“vegan” package (40).

All statistical analyses were performed using the R software 
(version 3.1, The R Foundation for Statistical Computing, 2013). 
Significant differences were accepted at a P < 0.05.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/42/eabb7433/DC1

View/request a protocol for this paper from Bio-protocol.
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