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ARTICLE INFO ABSTRACT
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The application of biological nitrification inhibitors (BNIs) is considered an important new strategy to mitigate
nitrogen losses from agricultural soils. 1,9-decanediol was recently identified as a new BNI in rice root exudates
(BND) and was shown to inhibit nitrification in bioassays using Nitrosomonas. However, the effect of this compound on
1,9-Decanediol nitrification and ammonia oxidizers in soils remained unknown. In this study, three typical agriculture soils were
ibmuzgz;i:mdlzer collected to investigate the impact of 1,9-decanediol on nitrification and ammonia oxidizers in a 14-day mi-
Community composition crocosm incubation. High doses of 1,9-decanediol showed strong soil nitrification inhibition in all three agri-
Nitrous oxide cultural soils, with the highest inhibition of 58.1% achieved in the acidic red soil, 37.0% in the alkaline fluvo-

aquic soil, and 35.7% in the neutral paddy soil following 14 days of incubation. Moreover, the inhibition of 1,9-
decanediol was superior to the widely used synthetic nitrification inhibitor, dicyandiamide (DCD) and two other
BNIs, methyl 3-(4-hydroxyphenyl) propionate (MHPP) and a-linolenic acid (LN), in all three soils. The abun-
dance of ammonia-oxidizing bacteria (AOB) and ammonia-oxidizing archaea (AOA) was significantly inhibited
by 1,9-decanediol addition across the three soils. All AOB sequences fell within the Nitrosospira group, and the
dominant AOA sequences belonged to the Nitrososphaera cluster in all three soils. Changes in the community
composition of AOB were more pronounced than AOA after the application of 1,9-decanediol. The AOB com-
munity structure shifted from Nitrosospira cluster 2 and cluster 3a toward Nitrosospira clusters 8a and 8b. As for
AOA, no significant impact on the proportion of the dominant Nitrososphaera cluster was observed in the fluvo-
aquic soil and paddy soil while only the Nitrosopumilus cluster decreased in the red soil. 1,9-decanediol could also
significantly reduce soil N,O emissions, especially in acidic red soil. Our results provide evidence that 1,9-
decanediol is capable of suppressing nitrification in agricultural soils through impeding both AOA and AOB
rather than affecting soil NH, ™ availability. 1,9-decanediol holds promise as an effective biological nitrification
inhibitor for soil ammonia-oxidizing bacteria and archaea.

1. Introduction

Nitrogen (N)-use efficiency (NUE) in agricultural crops is notor-
iously poor. Globally, about 50% of the N fertilizer applied to cropping
systems is lost to the environment as ammonia (NHj3), nitrate (NO3 ),
and nitrous oxide (N,O, a greenhouse gas), raising agricultural pro-
duction costs and contributing to environmental pollution and climate
change (Galloway et al., 2008; Coskun et al., 2017a, 2017b). These
losses are driven by nitrification and subsequent denitrification pro-
cesses catalyzed by soil microorganisms. Nitrification is traditionally
considered to be a two-step process where ammonia (NH3) is first
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oxidized to nitrite (NO, ™) by ammonia oxidizers, and subsequently to
nitrate (NO3 ™) by nitrite-oxidizing bacteria (NOB); however, recent
evidence indicates complete nitrification by Nitrospira bacteria that are
present in natural soil environments (Daims et al., 2015). Efforts to
understand and mitigate nitrification in agricultural systems have re-
cently enjoyed renewed research focus, with the goal of improving NUE
in crops and of reducing environmental impact (Coskun et al., 2017a).

Synthetic nitrification inhibitors (NIs), e.g. nitrapyrin, dicyandia-
mide (DCD), and 3,4-dimethylpyrazole phosphate (DMPP), have been
widely used to reduce soil nitrification in agricultural production sys-
tems, but they have many drawbacks, including difficulties in
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application, high cost, environmental pollution in their own right, and
food safety risks (Subbarao et al., 2006a). With the advent of new
bioassay systems that enable the quantification of inhibitory com-
pounds exuded from roots, new research into nitrification inhibitors
from plant root exudates, termed biological nitrification inhibitors
(BNIs), has emerged (Subbarao et al., 2006b, 2009). BNIs present a low-
cost and environmentally friendly alternative to synthetic nitrification
inhibitors. Field crops and pastures have been evaluated for BNI ca-
pacity. Several BNIs exuded from roots have been identified, such as
sorgoleone and methyl 3-(4-hydroxyphenyl) propionate (MHPP) in
sorghum (Subbarao et al., 2013; Zakir et al., 2008) and brachialactone
in Brachiaria humidicola (Subbarao et al., 2009). However, relatively
few studies have investigated biological nitrification inhibition in the
‘big three’ agricultural crops (rice, wheat, and maize; Coskun et al.,
2017a; Coskun et al., 2017b). Root exudates from Leymus racemosus, a
wild relative of wheat, showed signs of substantial BNI activity
(Subbarao et al., 2007). In a study of root exudates from 36 rice gen-
otypes, Tanaka et al. (2010) showed that half of the rice root exudates
possessed nitrification inhibition ability. Sun et al. (2016) have found
strong BNI potential in both indica and japonica genotypes, and iden-
tified a novel hydrophobic BNI, 1,9-decanediol, from rice root exudates.

Although the above BNIs show desirable inhibition activity on
Nitrosomonas sp. in pure cultures, not all BNIs released from root sys-
tems of plants are expected to be effective in suppressing soil ni-
trification activity in the field. Certain BNIs, such as linoleic acid and
linolenic acid (two fatty acids isolated from leaf tissues of B.humidicola),
gradually lost their effectiveness in soil after 80 days (Subbarao et al.,
2008). Sorgoleone (the most important component of hydrophobic BNI
activity in sorghum) and MHPP (the compound isolated based on hy-
drophilic BNI activity in sorghum) are effective in suppressing soil ni-
trification, whereas sakuranetin, a hydrophilic BNI compound isolated
from sorghum, has no inhibitory effect on soil nitrification (Subbarao
et al., 2013; Nardi et al., 2013). Therefore, the nitrification inhibition of
1,9-decanediol in agricultural soils needs to be verified.

The efficiency of nitrification inhibitors (e.g. DMPP and DCD) to
suppress soil nitrification is highly variable, since the abundance and
composition of ammonia-oxidizing bacteria (AOB) and archaea (AOA)
are largely controlled by soil types (Chen et al., 2010). In addition,
these two ammonia-oxidizing groups tend to occupy different niches in
terms of sensitivity to soil pH, soil temperature, organic matter, and
substrate concentration (Nicol et al., 2008; Jia and Conrad, 2009). The
test of BNI nitrification inhibition abilities is mostly limited to one type
of soil, such as a volcanic ash soil (Subbarao et al., 2008; Nardi et al.,
2013). Few studies have focused on different soil types.

Several studies have explored the abundance, diversity, and struc-
ture of ammonia-oxidizing microbial communities in soils in response
to NI addition. The commercial NIs DCD and DMPP were found to in-
hibit nitrification through influencing the abundance and activity of
AOB, with no significant inhibition of AOA (Shi et al., 2016; Chen et al.,
2015; O'Callaghan et al., 2010). However, it has been suggested that
AOA may be particularly dominant under unfavorable environmental
conditions, for example, low-nutrient and strongly acidic environments
(Zhang et al., 2012). AOA and AOB may exhibit distinctly different
responses to NIs, owing to the different metabolic pathways they pos-
sess and the different ecological niches they occupy. In the specific
context of BNIs, Nardi et al. (2013) showed that MHPP from sorghum is
capable of suppressing nitrification in soil by reducing the abundance
and activity of ammonia-oxidizing microorganisms, suggesting that
both AOB and AOA are targets of this BNI. However, overall, very little
is known about the interaction of ammonia-oxidizing microbial com-
munities in soils with BNIs.

Many scientists have attempted to assess the potential of NIs in the
mitigation of N,O emissions in microcosms and from agricultural soils
(Shi et al., 2016; Ding et al., 2011). However, the effect of BNIs on N,O
emission remains largely uninvestigated. Our previous studies demon-
strated that 1,9-decanediol quantities in root exudates were positively
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correlated with plant ammonium-use efficiency and with ammonium
preference in rice cultivars (Sun et al., 2016). In the present study, we
designed a microcosm experiment wherein different amounts of 1,9-
decanediol isolated from rice root exudates were used, to monitor the
extent and variation of nitrification activity, and the abundance and
structure of AOB and AOA, in three agricultural soils. The objectives of
our study were as follows: to investigate the nitrification inhibitory
effect of 1,9-decanediol on different soil types; to compare the ni-
trification inhibitory activity of 1,9-decanediol with the synthetic NI
DCD and other BNIs; to examine the effect of 1,9-decanediol on the
abundance and community structure of AOA and AOB; and to de-
termine the potential of 1,9-decanediol to reduce soil N,O emissions.

2. Methods and materials
2.1. Site description and soil sampling

Soil samples were collected in May 2017 from three sites: a typical
fluvo-aquic soil at Fengqiu Agro-ecological Experimental Station
(35°00°N, 114°24’E) of the Chinese Academy of Sciences, Henan
Province of China, a paddy soil at Yixing (31°17’ N, 119°54’ E), Jiangsu
Province of China, and a red soil at Yingtan National Agro-ecosystem
Field Experiment Station (28°15’N, 116°55’E) of the Chinese Academy
of Sciences in Jiangxi Province, China. The three sites are located in the
typical agricultural areas in China, with average annual rainfall of
615mm (Fengqiu), 1198 mm (Yixing) and 1795 mm (Yingtan), and
mean annual temperatures of 13.9 °C (Fengqiu), 15.7 °C (Yixing) and
17.6 °C (Yingtan). The fluvo-aquic soil at Fengqiu is classified as sandy
loam with a pH value of 7.92, and the paddy soil at Yixing is classified
as silt loam with a pH value of 6.25, while the red soil at Yingtan is
classified as loamy clay with a pH value of 4.26. At each site, surface
soil (0-20 cm) was collected, thoroughly mixed, and transported on ice
to the laboratory. The soils were then air-dried, sieved (< 2 mm), and
stored at room temperature before use.

2.2. Soil physicochemical analysis

Soil pH was determined using a glass electrode in 1:2.5 soil:water
solution (w/v). Soil organic matter was measured using the K,Cr,0,
wet oxidation method. Soil NH,4*-N and NO3; -N were extracted with
2M KClI and determined on a continuous-flow analyzer (Skalar, Breda,
Netherlands). Total N was measured using a Vario Max elemental
analyzer (Elementar, Hanau, Germany). Particle size analysis was per-
formed using sieve and hydrometer procedures. Details of the soil
physical and chemical properties are shown in Table 1.

Table 1
Basic properties of the three soils at 0-20 cm.

Property Agricultural soil
Soil tested Fluvo-aquic Paddy soil  Red soil
soil
Soil pH 7.92 6.25 4.26
Cation-exchange capacity (cmol 11.6 11.3 10.0
kg™h
Organic matter (%) 0.729 2.37 1.51
NH,*-N (mg kg™ 1) 3.62 3.23 28.37
NO3;~-N (mg kg™ 1) 19.72 6.26 46.75
Total N (%) 0.060 0.135 0.091
Texture Sandy loam Silt loam Loamy clay
Particle size (%)
Sand (0.02-2 mm) 56.9 40.7 24.4
Salt (0.002-0.02 mm) 34.9 41.9 24.0
Clay (< 0.002 mm) 8.2 17.4 51.6
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2.3. Soil incubation experiments

Soil microcosms consisted of 100-mL glass bottles (dia-
meter = 48 mm; height = 62 mm), containing 6 g of soil (oven dry
equivalent, with the thickness of the soil layer at about 3.5 mm). 1,9-
decanediol (C;oH220,; MW:174) was synthesized by WuXi AppTec
(Shanghai, China), methyl 3-(4-hydroxyphenyl) propionate (MHPP), a-
linolenic acid (LN), and dicyandiamide (DCD) were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Treatments were: (1) Nitrogen
200 mg kg’1 soil, added as ammonium sulfate ((NH4;),SO,4 considered
as the control sample); (2) Nitrogen plus 1,9-decanediol at a con-
centration of 1000 mg kg~ ! soil (equivalent to 700 mg C kg ~* soil; 1,9-
decanediol-high dose); (3) Nitrogen plus 1,9-decanediol at a con-
centration of 500 mgkg ™! soil (equivalent of 350 mg C kg ™! soil; 1,9-
decanediol-medium dose); (4) Nitrogen plus 1,9-decanediol at a con-
centration of 100 mgkg ™! soil (70 mg C kg™ soil, 1,9-decanediol-low
dose); (5) Nitrogen plus DCD at a concentration of 20mgkg ™! soil
(recommended dose, 10% of applied NH,*-N). If hydrophobic 1,9-de-
canediol is added to the stock soil by dissolution in methanol/DMSO, it
is absorbed by soil particles. Although the stock soil will be uniformly
distributed into the dilution soil series, 1,9-decanediol does not readily
dissolve in such a system due to its hydrophobicity, leading to se-
paration in space compared to NH,*. Thus, 1,9-decanediol was dis-
persed as a powder in (NH,4)»,SO, solutions by ultrasound exposure in
our present study, the oil-in-water emulsion was then added to soils, for
uniform distribution. This also avoids the use of methanol or DMSO
solvent and prevents BNI-(NH,4)»SO, separation in space in soils. The
doses of 100, 500, and 1000 mg MHPP or LN kg ™! soil were also added
in the same manner for comparison of the inhibitory activity with 1,9-
decanediol. The microcosms were incubated at 25 °C in the dark for 14
days and maintained at 60% waterfilled pore space (WFPS). The bottles
were aerated every three days. To maintain the moisture level
throughout the incubation period, sterilized distilled water was added
every three days. Three replicates for each treatment were performed.

2.4. Soil and gas sampling

Destructive samples were collected on days 0, 7, 14 for determi-
nation of soil NH;"-N and NO5;~-N. Samples for molecular analysis
were collected on days 14. Nitrification inhibition (%) based on the
amount of NO3; -N produced was calculated using the following
equation (McCarty and Bremner, 1989):

Nitrification inhibition (%) = (C-T)/C *100%

Where C is the amount of NO3~ produced in the (NH4)»,SO,4 control
between day 0 and day 7 or day 14 (mg kg~ ' soil) and T is the amount
of NO3; ™~ produced in the BNI and DCD treatments between day 0 and
day 7 or day 14 (mg kg ! soil).

Gas samples (2 mL) were taken from the headspace with a syringe at
1, 2, 3,5, 7, 10, and 14 days and were injected into 20-mL pre-evac-
uated Exetainers. All bottles were ventilated for 5min after gas sam-
pling and then sealed again. N,O concentrations were measured with a
gas chromatograph (HP7820A, Agilent Technologies, CA, USA) using
an electron capture detector (ECD).

2.5. Soil microbial activity

Soil microbial activity was analyzed by the substrate-induced re-
spiration (SIR) method, which was measured as CO, production
(Anderson and Domsch, 1978). Soil samples (5 g dried soil) were placed
in an airtight flask in a 21% O, atmosphere, supplemented with a nu-
trient solution including glucose (1.2mg of C g~ ' of dried soil), to es-
tablish 60% of water holding capacity. Soil was incubated at 25 °C, and
the CO,, levels were measured each hour for 8 h. The slope of the linear
CO,-time regression was used to estimate aerobic respiration as the
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CO,-C produced (mg g~ of dried soil h™ ).
2.6. Potential nitrification activity

The shaken slurry method (Hart et al., 1994) was used to determine
potential nitrification activity (PNA). The procedure is briefly described
as follows. Stock solutions of 0.2M KH,PO, (27.22g L™, 0.2M of
K,HPO, (34.83gL™ 1), and 50mM of (NH4),SO4 (6.60gL™1) were
prepared by using sterilized distilled water. A phosphorous-nitrogen
(PN) working solution having a final concentration of 50 mM PO~
and 75 mM NH, " at pH 7.2 was obtained. At 14 days of soil incubation,
a set of three soil microcosms for each treatment was collected, and 15 g
of soil were transferred into Erlenmeyer flasks and supplemented with
100 mL of working solution. Slurries were incubated for 24 h under
continuous shaking at 180 rpm on a shaker at 25 °C. Aliquots of 10 mL
were taken at 2, 4, 22, and 24 h intervals and centrifuged at 8000 g for
10minat 4°C. The NO3 -N concentration was determined by Con-
tinuous Flow Analysis (Skalar, Breda, Netherlands). PNA was calculated
by regression analysis of NO3 ™ -N concentration vs. time.

2.7. Soil DNA extraction and quantification by real-time PCR

Total genomic DNA was isolated from 0.25g of soil using MoBio
PowerSoil DNA-isolation kits (MoBio Laboratories, Carlsbad, CA, USA),
according to the manufacturer's instructions. The concentration and
quality of the extracted DNA were assessed using the NanoDrop ND-
1000 spectrophotometer (NanoDrop Technologies, Wilmington, USA).
Bacterial/archaeal amoA genes were determined by real-time quanti-
tative PCR (qPCR) on a LightCycler 480 real-time PCR system (Roche
Diagnostics, Mannheim, Germany) using the primer sets shown in Table
S1. The 10-uL reaction mixture contained 5 pL of SYBR Premix Ex Taq
(TaKaRa, Tokyo, Japan), 0.4 uL of each primer (10 uM), and 0.5 pL of
template DNA. Standard curves were generated using 10-fold serial
dilutions of plasmids containing correct inserts of the target genes.
Melting curve analysis was performed between 72 and 95 °C at the end
of each amplification assay to evaluate the specificity of quantitative
PCR (qPCR) products. Real-time PCR was performed in triplicate and
amplification efficiencies of 92.2-105.3% were obtained, with R? va-
lues > 0.99.

2.8. Pyrosequencing and bioinformatic analysis

The sequencing of the amplicon libraries was carried out on an
[llumina MiSeq platform with 300-bp paired-end reads. Pyrosequencing
of bacterial and archaeal amoA genes in the total DNA extract was
performed using the amoA primer pair amoA-1F/amoA-2R and Arch-
amoA26F/Arch-amoA417R (Park et al., 2008). The sequencing data has
been deposited in the NCBI Sequence Read Archive (SRA) database
under accession number SRP148613. Pairs of reads from the raw data
were first merged with FLASH version 1.2.7 (Magoc and Salzberg,
2011), in which forward and reverse reads had an overlapping base
length > 10 bp and did not allow a base mismatch. Sequencing reads
were processed with Mothur version 1.31.1 (Schloss et al., 2009). The
low-quality sequences that had a quality score < 20, contained am-
biguous nucleotides, or did not match the primer and barcode were
removed. After the sequences of samples were sorted according to the
barcodes, the barcode and primer sequences were deleted. The re-
maining sequences were aligned against the amoA gene database, and
the failed and chimeric sequences were also removed.

Sequences were classed into operational taxonomic units (OTUs),
using a sequence similarity threshold of 97%. A representative se-
quence of the amoA gene within each OTU was retrieved by selecting
the most abundant sequence in that OTU. All OTUs in each soil were
taxonomically classified by the construction of neighbour-joining phy-
logenetic trees in MEGA 7.0 using representative sequences of the amoA
genes, together with taxonomically-determined reference sequences
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from GenBank. The nomenclature for bacterial amoA clusters was de-
fined following the studies of Avrahami and colleagues (Avrahami
et al., 2002; Avrahami and Conrad, 2003) and the nomenclature for
archaeal amoA clusters was defined by Nicol et al. (2008) and Pester
et al. (2012).

2.9. Statistical analysis

Statistical analyses were carried out using the SPSS 18.0 software
package for Windows. Normality of data distribution (Shapiro-Wilk
test) and homogeneity of variances (Levene test) assumptions were
satisfied. Statistically significant differences among treatments were
determined by one-way ANOVA and least significant difference (LSD)
calculations at a 5% confidence level. The relationships between the
amount of NO3 ™ -N produced, and bacterial or archaeal amoA gene copy
numbers were assessed using linear regression analysis of Origin 8.

3. Results
3.1. NO;~-N and NH,*—N concentrations

During the 14-d incubation, nitrogen dynamics differed between all
treatments of the three agricultural soils. In the fluvo-aquic soil, NH,*-
N decreased to 69.5 mg NH, *-N kg ™! after 7 days of incubation, with a
further reduction to 8.7 mg NH,*-N kg ™! soil at day 14 (Fig. 1B). This
was accompanied by a growing trend in NO3; ™ -N from 20 mgat day
0-134 mg (day 7) and 187 mgkg ™~ soil (day 14) (Fig. 1A), indicating
that nitrification was rapid in the (NH4)>SO4 control. A dose-response
relationship was found between the 1,9-decanediol addition and ni-
trification inhibition. The high-dose and medium-dose 1,9-decanediol
could significantly suppress nitrification, while the low-dose treatment
had no effect. At day 7, more than 70% of NH,*-N remained (121 mg
NH,.-N kg™ 1), and after 14 days about 20% of the ammonium re-
mained (48 mg NH,;*-N kg™ ') in the high-dose 1,9-decanediol treat-
ment, compared to less than 5% in the control until the end of the
incubation. These slower decreases in ammonium concentrations were
consistent with low nitrate concentrations that only reached 122 mg
NO;~-N kg ! after 14 days for the high-dose 1,9-decanediol treatment,
compared to more than 180 mg NO;~-N kg~ ! after 7 days in the con-
trol and low dose 1,9-decanediol treatment. However, inhibition by the
synthetic inhibitor DCD was significantly stronger than that by the
high-dose 1,9-decanediol, with about 40% of NH,*-N remaining at day
14.

In the paddy soil, the nitrification rate was slower than in the al-
kaline fluvo-aquic soil, and about 20% of the ammonium was converted
to nitrate in the (NH4),SO, control. Similarly, the medium-dose and
high-dose 1,9-decanediol significantly slowed down the reduction of
NH,"-N levels, whereas the low-dose treatment showed no activity
(Fig. 1E). Although DCD produced a 20% inhibition of nitrification, the
ammonium concentration was higher in the high-dose 1,9-decanediol
treatment (182.9 mg kg’l) than in the treatment with DCD
(179.2mgkg 1) at day 7, which is in line with the lower nitrite level
with high-dose 1,9-decanediol compared to DCD (Fig. 1B), indicating a
stronger nitrification inhibition of 1,9-decanediol than DCD in the
neutral paddy soil.

It is well known that nitrification in natural red soil is extremely
weak due to low pH and soil texture (e.g. forest soils), but nitrification
has been accelerated in many such soils following tillage in recent
decades. In the present study, we chose a typical agricultural red soil
with some nitrification activity, which we considered eminently sui-
table for evaluation of the nitrification inhibition effect of 1,9-decane-
diol. Although the nitrification rate appeared to be the slowest in the
acidic red soil (Fig. 1C), low-dose, medium-dose, and high-dose 1,9-
decanediol all significantly inhibited nitrate production. Moreover, the
inhibition by high-dose 1,9-decanediol was higher in the red soil
(58.1%) than the fluvo-aquic (37.0%) and paddy soil (35.7%) after 14-d
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incubation (Table 2). No significant inhibition was observed in the DCD
treatment at day 7 and day 14.

Moreover, total inorganic nitrogen in the 1,9-decanediol high-dose
treatment remained unchanged at day 7 in the three soils (Fig. S1),
suggesting that NH,* immobilization did not occur. Between days 7
and 14, some NH, " immobilization probably occurred in the high 1,9-
decanediol treatment, since total inorganic N was about 20 mg lower
than in other treatments in the fluvo-aquic soil while no significant
difference was found in the paddy and red soils. However, NH,* con-
centrations in the soil remained significantly higher compared to the N
treatments indicating that the suppression of nitrification was also re-
sponsible for the low nitrate level observed during the incubation.

In addition to DCD, we also compared the effect of 1,9-decanediol
with LN and MHPP, two BNIs that had exhibited significant inhibition
activity in soils (Table 2). Similar to 1,9-decanediol, nitrification in-
hibition activity progressively increased with the addition of LN and
MHPP in all three soils. In addition, stronger inhibition of 1,9-decane-
diol was found than with LN and MHPP. At day 7, the inhibition rates in
the high-dose 1,9-decanediol, LN, and MHPP treatments were 64.8%,
36.0%, and 50.1% in the fluvo-aquic soil, 29.7%, 18.3%, and 14.4% in
the paddy soil, and 46.9%, 23.5%, and 25.1% in the red soil, respec-
tively. After 14-d incubation, the inhibition rates showed a decreasing
trend among all the BNIs treatments in the fluvo-aquic soil whereas the
inhibition of 1,9-decanediol and LN was still persistent in red and paddy
soils. Of particular interest, the nitrification inhibition by 1,9-decane-
diol increased to 58.1% at day 14, while it decreased to 21.2% by
MHPP in the red soil, suggesting a more stable and effective role of 1,9-
decanediol than MHPP in acidic red soil.

3.2. Potential nitrification activity (PNA)

At the end of soil incubation experiments, no significant effect of
1,9-decanediol was observed on CO, emissions revealed by SIR (Fig.
S1), indicating that 1,9-decanediol may not affect soil microbial activity
more generally. To further evaluate whether 1,9-decanediol specifically
affected nitrification, potential nitrification activity (PNA) in soil sam-
ples taken after the 14-d incubation period was determined (Fig. 2).
PNA was 2.0 mg NOs ™ -N kg ™' h™! in the N-amended fluvo-aquic soil,
higher than in paddy (1.4 mg NO;~-N kg~ ' h™') and red soil (0.6 mg
NO3 ™ -N kgf1 h™Y). It decreased to 1.6, 1.5, and 1.1 mg NO3 ™ -N kg’1
h™! in the low-dose, medium-dose, and high-dose 1,9-decanediol
treatments, respectively, while DCD showed a much higher activity, of
about 65%, than 1,9-decanediol in the fluvo-aquic soil. No significant
difference was found between the medium- and high-dose 1,9-decane-
diol and DCD in paddy soil. PNA was 1.4mg NO;~-N kg™ h™! in the
control treatment of paddy soil, and it declined by about 50% in soil
samples treated with both 1,9-decanediol levels and DCD. Although
PNA of red soil was slower than that of the other two soils, all the 1,9-
decanediol treatments showed a significant inhibition by 60-78%,
whereas DCD had no significant effect, indicating superior efficacy of
1.9-decanediol in regulating nitrification in red soil compared to DCD.

3.3. Abundance of AOB and AOA

A quantitative PCR assay was used to estimate the population sizes
of soil AOB and AOA populations following the application of ni-
trification inhibitors 1,9-decanediol and DCD in the three selected
agricultural soils at day 14. Both AOA and AOB amoA genes were de-
tected in large numbers but their abundance varied widely in the three
soils. The AOA population size was greater than that of AOB in all the
soils (Fig. 3). A dose-response relationship was also found between 1,9-
decanediol levels and AOB and AOA populations.

After 14 days of incubation, the AOB amoA gene copy numbers in
the control treatments were 6.6 X 10° copies g~ ! soil in fluvo-aquic,
9.1 x 10° copies g~ * soil in paddy, and 1.2 x 10° copies g~ * soil in red
soil, respectively (Fig. 3). When the nitrification inhibitors 1,9-
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Fig. 1. NO3~-N and NH, *-N contents in fluvo-aquic (A and D), paddy (B and E), and red soil (C and F) at 0, 7, and 14 days of incubation. Additions to CK (Control)
were as follows: 200 mg NH4 " -N kg ™! soil, DCD (20 mg kg ~ ! soil), 1,9-D-100 (100 mg 1,9-decanediol kg ~ ! soil), 1,9-D-500 (500 mg 1,9-decanediol kg ! soil), 1,9-
D-1000 (1000 mg 1,9-decanediol kg ~! soil). Mean values and standard errors are shown (n = 3). Different letters indicate significant differences between different
treatments at P < 0.05 by LSD test at each incubation time.

Table 2

Nitrification inhibition by 1,9-decanediol and two other prominent BNIs (LN, MHPP) in three agricultural soils after 7-d and 14-d incubation.

BNIg Nitrification inhibition %

Fluvo-aquic soil Paddy soil Red soil

7d 14d 7d 14d 7d 14d
1,9-D-100 155 + 35f 56 * 1.4d 8.3 * 26¢cd 80 = 31f 36.8 £ 2.4b 24.3 £ 0.5cd
1,9-D-500 31.9 * 1.0cd 25.6 = 0.3b 20.3 = 2.2b 20.1 = 2.2 be 45.1 = 3.2a 43.0 = 2.5b
1,9-D-1000 648 £ 1.5a 37.0 £ 2.0a 383 + 15a 357 + 3.8a 469 + 3.3 a 58.1 + 3.0a
LN-100 26 £ 09g 8.6 * 1.3d 1.5 £ 0.4 de 27 £1.0f 88 £ 26e 26.0 £ 2.3cd
LN-500 234 = 27e 17.2 £ 46 ¢ 6.8 = 1.3 de 53 = 1.8f 189 + 1.2cd 25.2 = 2.3cd
LN-1000 36.0 £ 1.6 ¢ 19.2 = 2.6 be 16.6 = 3.9 be 16.8 = 3.9cd 235 + 35¢ 295 + 1.1c
MHPP-100 1.6 = 0.3g 2.0 * 1.8d 0.6 £ 0.2e 1.2 £ 02f 64 09e 129 £ 27 f
MHPP-500 28.8 = 4.0 de 18.7 = 1.0 be 10.8 * 2.7cd 10.1 = 2.4d 1.3 + 2.1 de 16.3 = 3.4 ef
MHPP-1000 50.1 £ 1.7b 26.0 = 45b 22.1 = 2.2b 25.7 * 3.8b 251 + 23c 21.2 + 2.2de

Different letters indicate significant differences between different treatments at P < 0.05 by LSD test at each incubation time for each soil type.
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Fig. 2. Potential nitrification activity in fluvo-aquic, paddy, and red soil,
sampled after 14-d incubation. Mean values and standard errors are shown
(n = 3). Different letters indicate significant differences between different
treatments in each soil type at P < 0.05 by LSD test.

decanediol and DCD were applied, AOB population growth was sig-
nificantly inhibited (Fig. 3). AOB amoA gene abundance, significantly
inhibited by DCD (72%, P < 0.05), was 1.86 x 10® copies g’1 soil in
the fluvo-aquic soil, whereas 1,9-decanediol had a relatively lower in-
hibitory activity of 21%-50% (Fig. 3A). By contrast, high-dose 1,9-de-
canediol exhibited a strong inhibition of about 81% in paddy soil
(1.8 x 10° copies g~ ! soil) and 94% in red soil (7.5 x 10* copies g~ *
soil), respectively, both significantly higher than the activity of DCD
(Fig. 3B and C).

Unlike AOB, AOA amoA gene abundance remained largely un-
changed in all DCD-treated soils (Fig. 3), indicating a lack of significant
inhibition by DCD of AOA populations. However, AOA abundance was
greater in the control than in the low-, medium-, and high-dose 1,9-
decanediol treatments in all three soils. In particular, the inhibition by
medium- and high-dose of 1,9-decanediol of AOA abundance reached
72% and 93% in the red soil (Fig. 3C, P < 0.05).

Pearson's correlation analysis revealed that AOB abundance showed
significant correlations with NO3 ™ -N concentrations produced in fluvo-
aquic soil (R? = 0.67, P < 0.001; Fig. S3A), paddy soil (R? = 0.68,
P < 0.001; Fig. S3B), and red soil (R% = 0.40, P = 0.005; Fig. S3C).
However, a significant correlation between AOA abundance and NO; ™~ -
N was only observed in red soil (R* = 0.61, P < 0.001; Fig. S3F) and
paddy soil (R® = 0.35, P = 0.01; Fig. S3E), but with no quantitative
relationship found in the fluvo-aquic soil (Fig. S3D).

3.4. Community structure of AOB and AOA

Pyrosequencing of AOB and AOA partial amoA gene fragments was
conducted using samples obtained on day 14 of incubation. The
neighbour-joining phylogenetic trees for AOA and AOB were con-
structed using the representative sequence under each group's opera-
tional taxonomic units (OTUs) and related sequences in GenBank, re-
spectively. The results suggest all the AOB sequences in the three soils
belonged to the Nitrosospira group (Fig. S4). The clone sequences were
mainly grouped into Nitrosospira cluster 8b, cluster 8a, cluster 3a,
cluster 3b, cluster 2, and cluster 1 in paddy soil while Nitrosospira
cluster 3a and cluster 3b were the most abundant in fluvo-aquic soil.
Similarly, most sequences in the red soil were affiliated to clusters 8a
and 3a. A few remaining sequences were affiliated with clusters 8b, 2.
Sequences falling into cluster 3a were further divided into 3a.1 and 3a.2
due to their unstable affiliations. Based on the result of phylogenetic
trees, OTUs under the same phylogenetic classification were merged
and used for the calculation of relative percentage of individual
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Fig. 3. AmoA gene copies of ammonia-oxidizing bacteria (AOB) and archaea
(AOA) in fluvo-aquic soil (A), paddy soil (B), and red soil (C) in different
treatments after 14 days of soil incubation. Mean values and standard errors are
shown (n = 3). Different letters indicate significant differences between dif-
ferent treatments at P < 0.05 by LSD test.

phylogenetic lineages for each soil. The results show that 1,9-decane-
diol slightly shifted Nitrosospira cluster 3b to cluster 3a.2 in the fluvo-
aquic soil (Fig. 4A), but significantly decreased the relative percentage
of Nitrosospira cluster 3a, cluster 3b, cluster 1, and cluster 2 in paddy
soil (Fig. 4B), and Nitrosospira cluster 3a.2 and cluster 2 in red soil
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Fig. 4. Phylogenetic affiliation and relative abundance of bacterial amoA gene
sequences retrieved from fluvo-aquic soil (A), paddy soil (B), and red soil (C)
under five treatments on day 14. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)

(Fig. 4C). Of particular interest was that the addition of 1,9-decanediol
increased the relative percentage of Nitrosospira clusters 8a and 8b in
both paddy soil and red soil.

Classification of the archaeal amoA gene according to Pester et al.
(2012) reveals that the dominant OTUs in fluvo-aquic soil all belonged
to the Nitrososphaera cluster (also known as Group 1.1b thaumarch-
aeota) (Fig. S5). In paddy and red soil, most AOA amoA gene sequences
were also grouped into the Nitrososphaera cluster, whereas a few re-
maining sequences were affiliated with the Nitrosotalea lineage (also
known as Group 1.1a associated) and the Nitrosopumilus lineage (also
known as Group 1.1a), respectively. The results show that 1,9-decan-
ediol had no impact on the proportion of the AOA Nitrososphaera in
fluvo-aquic soil, but significantly decreased the relative abundance of
Nitrososphaera cluster 9 in paddy soil (Fig. 5A), and the Nitrosopumilus
cluster and Nitrososphaera cluster 7 in red soil (Fig. 5B). By contrast, the
relative abundance of Nitrososphaera cluster 10 increased after the ap-
plication of 1,9-decanediol.

A dose-effect relationship was observed between 1,9-decanediol and
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both AOB and AOA community structures. For example, in paddy soil,
high-dose 1,9-decanediol not only inhibited Nitrosospira clusters 1, 3b,
and 3a, but also significantly increased the relative percentage of
Nitrosospira clusters 8a and 8b; however, low-dose 1,9-decanediol only
slightly shifted Nitrosospira cluster 2 to cluster 3b (Fig. 4B). In regard to
AOA, high-dose 1,9-decanediol significantly decreased the relative
abundance of Nitrososphaera cluster 9 whereas low-dose 1,9-decanediol
showed no significant effect (Fig. 5A). Moreover, DCD had a less pro-
nounced effect on AOB and AOA community structures than 1,9-de-
canediol.

3.5. N,O emission rate

The dynamics of N,O emission rates varied significantly, with large
differences among soils and treatments (Fig. 6). The N,O emissions in
fluvo-aquic soil reached a peak of 1053 pg N,O kg~* soil day ', and
then declined sharply in the (NH4)>SO4 control. N,O emissions from
treatments with 1,9-decanediol and DCD were lower than from CK,
with the inhibition of DCD stronger than 1,9-decanediol (Fig. 6A).
Likewise, 1,9-decanediol significantly suppressed N,O production from
paddy soil but did not show any difference to DCD (Fig. 6B). In the
acidic red soil, 1,9-decanediol completely inhibited N,O during the 14-
d incubation; however, DCD showed no significant effect (Fig. 6C).

4, Discussion

Nitrification inhibition can increase NUE in crops and substantially
reduce N loss from agroecosystems. Plant-derived BNIs are cost-effec-
tive, environmentally friendly, and can be functionally highly effective
in regulating soil nitrification (Subbarao et al., 2008). However, not all
BNIs released from plant root systems under laboratory conditions are
effective in suppressing soil nitrifier activity in the field. As a newly
identified BNI from rice, one of the big three crops in the world, 1,9-
decanediol has been shown to inhibit nitrification of Nitrosomonas
europaea and to increase NUE of rice (Sun et al., 2016). Thus, the elu-
cidation of the mechanism of soil nitrification inhibition by 1,9-de-
canediol may facilitate the potential of specific BNI selection and ap-
plication in the field, with the goal of increasing NUE in crops.

4.1. Contrasting effects of 1,9-decanediol on nitrification in three
agricultural soils

Soil pH has been considered as one of the most important factors
controlling NI efficacy, because pH has potential to impact the mobility
and degradation rate of the NIs in soils (Zhang et al., 2004). In our
study, a more long-term, stable effect of 1,9-decanediol in the acidic red
and the neutral paddy soil, as opposed to the alkaline fluvo-aquic soil,
was found (Table 2). Similarly, the half-life of nitrapyrin is longer in
acidic than in alkaline soil (Wolt, 2000) and DMPP performs better in
neutral than in alkaline soil (Liu et al., 2015). As known BNIs are
mainly derived from Brachiaria humidicola, sorghum, and rice, all of
which are widely grown in acidic and neutral soils, and their exudation
is enhanced by low pH and the presence of NH4* (Subbarao et al.,
2007; Di et al., 2018), they are expected to be more stable under acidic
conditions. Several studies have confirmed that fatty acids and deri-
vatives (BNIs from Brachiaria humidicola shoot tissues) and phenolic
acids (BNIs from Brachiaria humidicola root tissues) are more stable at
low pH levels (Brzozowska et al., 2013; Jang et al., 2014). The virucidal
activities of fatty alcohols (BNIs from rice root exudates) are more ac-
tive at pH 4.2 than at pH 7 (Hilmarsson et al., 2007). Accordingly, the
degradation of 1,9-decanediol in acidic soil might be slower than the
alkaline soil used in our present study. The fate of 1,9-decandiol and
other BNIs in different soils needs to be further investigated. Moreover,
the nitrification rate measured in our study was relatively lower in the
neutral and acidic soil than the alkaline soil, hence resulting in a greater
co-location of NH,* and 1,9-decanediol.
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Aside from soil pH, NI effectiveness can be affected by other soil
properties such as soil texture. As a fatty alcohol compound, 1,9-de-
canediol can be adsorbed onto soil particles with high levels of clay, silt,
and organic matter, thereby leading to high absorption of 1,9-decane-
diol in soils and improved binding of 1,9-decandiol to soil ammonia-
oxidizing microorganisms. Levels of the organic matter, clay, and silt
components in our study were much higher in the red soil than in the
fluvo-aquic soil (Table 1). Similar to the case for 1,9-decanediol, the
adsorption of other NIs, such as DCD, DMPP and nitrapyrin, to soil
organic matter has been recognized as an important factor influencing
inhibitory efficacy (Zhang et al., 2004; Fisk et al., 2015; Shi et al.,
2016).

The sensitivity of dominant ammonia-oxidizing microorganisms in
soils to 1,9-decanediol may also result in efficacy differences. The dose
of 90 ugmL~*,9-decanediol has been reported to possess an 80% ni-
trification inhibition of Nitrosomonas europaea (Sun et al., 2016) while it
showed a much smaller inhibition of Nitrosomonas stercoris in pure
bacterial culture systems (data not shown). It should be noted that the
main ammonia oxidizer targeted by 1,9-decanediol in soils in this study
was quite different, with the AOB Nitrosospira cluster 3b being sup-
pressed in the fluvo-aquic soil, as opposed to the AOA Nitrospumlus
cluster in the red soil, respectively (Figs. 4 and 5). Taken together, this
provides an explanation for the differential effects of 1,9-decanediol in
the three agriculture soils.

4.2. Contrasting effects of 1,9-decanediol and other NIs on nitrification

Differences of 1,9-decanediol and DCD in nitrification inhibitory
efficacy may be attributed to a lower mobility of 1,9-decanediol in
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comparison to DCD, due to a greater sorption of 1,9-decanediol, espe-
cially in acidic soils. 1,9-decanediol is hydrophobic, making it relatively
immobile in aqueous media and soil, which results in it remaining close
to the site of application. By contrast, due to its higher hydrophilicity
and mobility, a greater spatial separation of DCD away from the NH,™*
point sources (Li et al., 2016) and from nitrifying microorganisms
(Ruser and Schulz, 2015) can be achieved, and DCD can, therefore, also
be easily leached away from N-application zones in the crop rhizo-
sphere. However, rainfall has not been considered in the present soil-
incubation systems, and it is possible that 1,9-decanediol may display a
superior inhibition profile than DCD in the field, even in alkaline soils.
As a plant-derived BNI, 1,9-decanediol is easily available and more
environmentally friendly than DCD.

It is well known that DCD is bacteriostatic rather than bactericidal
(bacteria are only inhibited in their activities but not killed) (Amberger,
1989). By contrast, it is possible that 1,9-decanediol changes may be
bactericidal at elevated concentrations. This hypothesis is supported by
the observation that AOB and AOA amoA gene abundance was greatly
inhibited by 1,9-decanediol at high concentrations, especially in the
acidic red soil (Fig. 3C). In addition, Togashi et al. (2007) demonstrated
that 1-nonanol, 1-decanol, and 1-undecanol have bactericidal activity
and membrane-damaging activities against Staphylococcus aureus.
Mukherjee et al. (2013) revealed that the bactericidal activity of fatty
alcohols can partly be attributed to their ability to damage the robust
and complex cell envelope of Mycobacteria. The best bactericidal ac-
tivity was found at a C-10 chain length. As a fatty alcohol with a C-10
chain length, 1,9-decanediol may, therefore, have bactericidal activity
toward nitrifiers. Overall, this renders 1,9-decanediol a potentially
better nitrification inhibitor than DCD due to its specific chemical
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Fig. 6. Daily N,O emissions during the 14-d microcosm study in fluvo-aquic soil
(A), paddy soil (B), and red soil (C). Error bars represent standard errors from
three replicates.

structure.

It has been found that the inhibition by 1,9-decanediol and the two
BNIs in soils differs from that in culture bioassays (Sun et al., 2016).
Similarly, Sakuranetin, a hydrophilic flavan-on BNI exuded from
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sorghum showed strong inhibitory activity in culture assays, but its
inhibitory function was lost in soil incubation experiments (Subbarao
et al., 2013). Therefore, not all compounds with BNI activity detected in
an in vitro culture bioassay are consistently effective in soil, and BNI
activity should be confirmed using a soil system as part of the char-
acterization of BNI function.

4.3. Effects of 1,9-decanediol on the abundance of ammonia oxidizers

Ammonia oxidizers play important roles in the nitrification pro-
cesses of most terrestrial ecosystems. We observed that both AOB and
AOA amoA gene abundance were significantly decreased after 1,9-de-
canediol application, whereas DCD only targeted AOB (Fig. 3). This is
consistent with previous studies that showed that DCD could only in-
hibit nitrification through influencing the abundance and activity of
AOB rather than AOA (Chen et al., 2015; O'Callaghan et al., 2010).
Another BNI, MHPP, was also found to be capable of suppressing soil
nitrification by reducing the abundance and activity of AOA and AOB
(Nardi et al., 2013). These results suggest that both AOB and AOA can
be the targets of BNIs, which might be another advantage of BNIs
compared to synthetic NIs. Moreover, the inhibition of 1,9-decanediol
on the abundance was particularly effective in red soil, which is in line
with the inhibitory effect on PNA in this acidic soil, indicating the great
potential of 1,9-decanediol for regulating ammonia oxidizers in acidic
soils.

It is believed that the enzyme AMO for ammonia oxidation is in-
volved in the 1,9-decanediol inhibitory mechanism of nitrification (Sun
et al., 2016). Unlike bacterial ammonia oxidation, archaeal ammonia
oxidation engages an electron transfer mechanism that heavily depends
on copper due to a lack of cytochrome-c proteins (Walker et al., 2010).
It is worth noting that many polyphenols can act as copper chelators,
due to their typically abundant hydroxyl group (Fremont et al., 1999).
It is not unreasonable to postulate a specific role for two hydroxyl
groups of 1,9-decanediol in the enzyme activities involved in ni-
trification. Therefore, we suggest that 1,9-decanediol may lower the
ability of ammonia oxidizers to obtain energy, inhibiting their growth,
and thus decreasing the abundance of the products of the archaeal
amoA gene. Further study is necessary to fully understand the molecular
mechanism underlying the inhibitory effect of 1,9-decanediol on am-
monia-oxidizing archaea.

4.4. Effects of 1,9-decanediol on the community composition of ammonia
oxidizers

Since the dominant ammonia oxidizers among different soils are
different, it is difficult for nitrification inhibitors to display consistently
effective roles in different habitats. However, we found that the com-
munity composition of both AOB and AOA in different soil types can
respond to 1,9-decanediol (Figs. 4 and 5). Specifically, the ammonia
oxidizing bacteria targeted by 1,9-decanediol may be Nitrosospira
cluster 3 and cluster 2. This is in agreement with previous findings that
nitrification is mainly driven by Nitrosospira cluster 3 and cluster 2 in
neutral and alkaline soils (Phillips et al., 2000; Chu et al., 2007; Ouyang
et al.,, 2016). It is also interesting to note that the predominant AOB
communities shifted to Nitrosospira clusters 8a and 8b after the addition
of 1,9-decanediol in the paddy and red soils. These Nitrosospira clusters
have been reported to be favored by the application of chemical ni-
trogen fertilizer (Zhong et al., 2016; Guo et al., 2017).

AOA showed a less sensitive response to 1,9-decanediol than AOB,
with no significant impact on the proportion of the dominant
Nitrososphaera cluster (also known as Group 1.1b thaumarchaeota) in
the fluvo-aquic soil and paddy soil. However, the Nitrosopumilus cluster
(also known as Group 1.1a) disappeared after the application of 1,9-
decanediol in the acidic red soil (Fig. 5B), suggesting the strong po-
tential of 1,9-decanediol in regulating AOA in the acidic soils. More
specifically, we found that the AOA target for 1,9-decanediol could be
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Nitrososphaera cluster 7 and the genus Nitrosopumilus. All widely ap-
plied commercial nitrification inhibitors, e.g. dicyandiamide (DCD),
3,4-dimethylpyrazole phosphate (DMPP) and nitrapyrin were only
found to inhibit nitrifying bacteria while having little impact on AOA
communities (Wang et al., 2016; Chen et al., 2015). Since soil AOA are
the dominant nitrification contributors in many terrestrial ecosystems,
particularly in acidic soils (Zhang et al., 2012), it is necessary to un-
derstand the influence and efficacy of nitrification inhibitors on ni-
trifying archaea (Li et al., 2018). Taking the response of ammonia
oxidizers, in terms of abundance, to 1,9-decanediol, our results indicate
that 1,9-decanediol possesses great potential to be developed as a new
effective biological nitrification inhibitor for nitrifying archaea in acidic
soils.

4.5. Effects of 1,9-decanediol on N0 emissions

To our knowledge, this is the first study focusing on the effect of
specific BNIs on greenhouse gas emissions. Of particular interest, we
found that 1,9-decanediol completely suppresses N>O emissions while
DCD exhibited no significant effect in the AOA-dominated acidic soil
(Fig. 6C); AOA abundance was affected only by 1,9-decanediol whereas
AOB abundance was suppressed by both DCD and 1,9-decanediol
(Fig. 3). These results provide evidence that AOA may play a more
important role than AOB in controlling soil N,O production in acidic
soil. Physiological analyses of the first pure culture of the AOA Ni-
trososphaera viennensis demonstrated that AOA can produce N,O at a
similar rate and yield to the AOB Nitrosospira multiformis under oxic
conditions (Stieglmeier et al., 2014). Therefore, N,O production re-
sulting from the activity of AOA and AOB in soil should be clearly
distinguished in future studies. Since acidic soils (defined as soils with
pH < 5.5) occupy 30% of the world's ice-free lands, it is of great sig-
nificance to develop effective nitrification inhibitors for ammonia ar-
chaea in acidic soils. Our observations here highlight the role of the
novel BNI 1,9-decanediol in reducing N,O emissions in terrestrial
ecosystems, especially in acidic soils. It is also important to point out
that nitrification in acidic soils can lead to further acidification and
consequent aluminum toxicity (He et al., 2012), indicating the potential
of 1,9-decanediol in controlling acidification and ensuing metal toxi-
cities of soils more generally.

4.6. The possible mechanism of 1,9-decanediol inhibition

Low nitrification rates have been attributed to a decline in NH,"
availability rather than to the toxicity to nitrifiers (Schimel et al.,
1996). It has therefore been argued that addition of organic compounds
may represent a carbon source for soil microorganisms, which may
favor heterotrophs that are better competitors for NH,* than auto-
trophs. As a result, ammonium oxidizers would have limited NH4*
supply (NH,* immobilization), and soil nitrification could be reduced
indirectly by addition of a carbon source such as 1,9-decanediol.

The possibility of NH4* immobilization was investigated and sev-
eral lines of evidence suggest that it was of minor importance and that
1,9-decanediol exerted a more direct effect on ammonia oxidizers. First,
nitrogen dynamics of the high-dose 1,9-decanediol treatment mirrored
those seen for the commercially available nitrification inhibitor DCD
and was distinctly different from the N-control treatments, both for
nitrate and ammonium (Fig. 1). Second, the sum of both N forms at day
7 indicates that NH,* immobilization did not occur in the 1,9-decan-
ediol treatments in the three soils (NO3;~ concentration increased
concomitant with the decrease in NH4*) (Fig. S1), while it was a factor
for the glucose treatment where rapid disappearance of NH, " was not
followed by NO3 ™~ production (Nardi et al., 2013). Thus, lower nitrate
concentrations on day 7 in the high-dose 1,9-decanediol and DCD
treatments can be attributed to reduced nitrification and not to any
change in NH,* availability. This was further confirmed by the analysis
of PNA using the soil-slurry method (Fig. 2). The ammonia-oxidizing
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activity was high in the N control treatment but inhibited (around
50-80% inhibition compared to the N control) at both 1,9-decanediol
concentrations and in the DCD treatment (not in the red soil). Since
PNA was measured in soil samples supplemented with an excess of
NH,* and the assay was continuously shaken to ensure an aerobic
condition, the possibility that substrate unavailability or denitrification
played a role in the reduced nitrification rates in the 1,9-decanediol and
DCD treatments can be ruled out. The last line of evidence for a direct
effect of 1,9-decanediol was provided by the analysis of soil microbial
respiration using the substrate-induced respiration (SIR) method. No
significant effect of 1,9-decanediol was observed on CO, emissions
among three soils (Fig. S2), suggesting that the observed inhibition of
potential nitrification was probably due to a direct effect of 1,9-de-
canediol targeting ammonia oxidizers. Similar results showed that
procyanidins, biological denitrification inhibitors released by the in-
vasive species Fallopia spp., inhibited denitrification enzyme activity but
not SIR in soil (Bardon et al., 2017).

4.7. Concentration dependence and possible modes of application

The BNI effect of 1,9-decanediol appears to be stable and dose-de-
pendent in soil incubation experiments. However, in the fluvo-aquic
soil examined here, both the decreased inhibition rate and NH4* im-
mobilization in the high 1,9-decanediol treatment between days 7 and
14 days, suggest microbial degradation and uptake after 7 days
(Marsden et al., 2016). This loss of activity may be recovered in rice
fields by a continuous or pulsed release of 1,9-decanediol during the
growing season. In addition, the spatio-temporal characteristics of BNIs,
due to their continuous release, could provide a better match for the
dynamics of ammonia oxidizers and the NH,* substrate itself than
commercial NIs. It is challenging to quantify BNIs in soil culture due to
difficulties inherent in the extraction process (Tesfamariam et al.,
2014). We therefore estimated 1,9-decanediol concentrations in the
rhizosphere (60 mgkg ™! soil day !, Supplementary Text 1) based on
the concentrations found in the water phase of the rice hydroponic
culture (Sun et al., 2016). Given that a large portion of 1,9-decanediol
exuded from rice roots may be confined to the root surface due to its
hydrophobicity rather than freely diffusing in the water phase, the total
1,9-decanediol amount released by rice roots may be substantially un-
derestimated. Therefore, one may speculate that our low and high doses
of 1,9-decanediol added in the soil incubation experiments can indeed
occur in rice fields.

In addition, BNI concentrations in soil incubation experiments
conducted by others (Subbarao et al., 2008, 2013; Nardi et al., 2013;
Tesfamariam et al., 2014) range from 0 to 2000 mg BNI kg~ soil, and
we note that our high dose falls into the middle of this range. We had
also designed the 1,9-decanediol doses in part on C equivalents used in
previous soil incubation studies where other allelochemicals were
added (Vivanco et al., 2004). The high dose of 1,9-decanediol
(equivalent to 680 mg Ckg ™' soil) falls into the range of such C addi-
tions. Moreover, previous studies have highlighted that allelochemicals
can be released into the soil in unexpectedly large quantities in nature.
Concentrations of catechin, a phenolic compound exuded from the
roots of Centaurea maculosa, have varied from 0 to 800 mg Ckg ™" soil
over time (Perry et al., 2007), suggesting the possibility that secondary
metabolites may be released in pulses.

Regarding the high effective dose of 1,9-decanediol in soil incuba-
tion experiments, it is important to consider practical application
methods to reduce the amount of 1,9-decanediol applied while main-
taining its inhibition role. First, the examination of whether planting of
high-BNI-releasing cultivars alone is sufficient to inhibit nitrification,
instead of adding BNI chemicals, is important. For example, Karwat
et al. (2017) found a residual effect of BNIs exuded by Brachiaria hu-
midicola in a pasture on nitrogen recovery and grain yield of subse-
quently planted maize. Additionally, the examination of exudate sy-
nergisms deserves scrutiny. Given that rice root exudates are a mixture
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of compounds, and that 1,9-decanediol could affect nitrification sy-
nergistically with other exudates having BNI activity, this is an im-
portant further step of exploration. Our ongoing work shows that a
hydrophilic BNI from rice root exudate, SA (a phenolic acid), can en-
hance the nitrification inhibitory activity of 1,9-decanediol (data not
shown). That is to say, the concentration of 1,9-decanediol required for
an inhibitory effect on nitrification may be significantly reduced by SA,
which might point to another means for BNIs (BNI combinations) to be
applied to soils, at lower concentrations. Furthermore, with the advent
of material technology, BNIs could be modified using novel materials
(e.g. nanomaterials) to reduce the effective dose and to produce higher
persistence in soils.

5. Conclusions

In this study, we demonstrated for the first time that a compound
exuded from rice root exudates, 1,9-decanediol, can act as biological
nitrification inhibitor in soils, most likely through inhibiting the growth
and structures of both AOB and AOA rather than affecting soil NH,*
availability. Moreover, our findings showed that 1,9-decanediol has the
ability to reduce soil N,O emissions, especially in acidic soils. Given the
excellent role of 1,9-decanediol in regulating AOA, the present findings
represent a significant step toward the design and development of new
effective inhibitors for ammonia archaea in acidic soils.
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