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Abstract
Purpose Nanoparticles released into soil environment potentially impact microorganisms, which furtherly disturb terrestrial
biogeochemical cycles. However, how rare earth oxide nanoparticles affect the functional microorganisms inhabited in natural
soil is still unknown. This study was aimed to investigate the effect of different types of rare earth oxide nanoparticles on the
ammonia-oxidizing microorganisms.
Materials and methods Soil respectively added with 0, 10, 50, and 100 mg kg−1 of La2O3, Nd2O3, or Gd2O3 nanoparticle were
incubated at 25 °C in the dark for 60 days. The potential ammonia oxidation (PAO), abundance and communities of ammoniaoxidizing archaea (AOA), and ammonia-oxidizing bacteria (AOB) were measured at the 1st, 7th, and 60th day.
Results and discussion Our results showed that the PAO in soils with nanoparticles significantly decreased due to nanoparticle
toxicity at the 1st day, but it gradually increased to the control level owing to the adaptation of AOA and AOB in soils with nanoNd2O3 and nano-Gd2O3. Interestingly, the abundance of AOB as reflected by the qPCR analysis was upregulated for the
hormesis effect of AOB responding to nano-Nd2O3 or nano-Gd2O3 with 50 mg kg−1 level. Moreover, terminal restriction
fragment length polymorphism (T-RFLP) results suggested that the communities for AOA and AOB shifted with nanoparticles
type and incubation time.
Conclusions Rare earth oxide nanoparticles could inhibit activities of ammonia-oxidizing microorganisms, and thus they might
be used as potential nitrification inhibitors to improve nitrogen use efficiency in the agricultural ecosystems.
Keywords Nano-La2O3 . Nano-Nd2O3 . Nano-Gd2O3 . Ammonia-oxidizing archaea . Ammonia-oxidizing bacteria

1 Introduction
Nanoparticles with at least one dimension between 1 and
100 nm are widely used in the environment, energy, medicine
and healthcare diagnosis, and information and communication
technologies (Dhand et al. 2015; Moeinzadeh and Jabbari
2018). Notably, the booming application of nanoparticles
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raises concerns regarding their adverse effects on soil
ecosystem—the major sink of the released nanoparticles and
the foundation of agricultural production (Ge et al. 2016a).
Therefore, potential risks of the nanoparticles should be evaluated to achieve the sustainable development of
nanotechnology.
Rare earth oxide nanoparticles such as lanthanum oxide
(La2O3), neodymium oxide (Nd2O3), and gadolinium oxide
(Gd2O3) in the same family of the periodic table have similar
chemical properties (Ahmad et al. 2018). Currently, these
nanoparticles are directly discharged into the soil ecosystem
for the use of nanoparticle-contained fertilizers and pesticides
(Qi et al. 2019). As reported, nano-La2O3 and nano-Gd2O3
could inhibit root elongation, followed by lower crop yield
and quality (Ma et al. 2010; Yue et al. 2019). Also, nanoLa2O3, nano-Nd2O3, and nano-Gd2O3 increase bacterial antibiotic resistance by enhancing the abundance and diversity of
antibiotic resistance genes in three agricultural soils (Qi et al.
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2019). However, little is known about how rare earth oxide
nanoparticles affect soil functional microorganisms regulating
the biogeochemical cycling of nutrients.
Ammonia oxidation, the primary and rate-limiting step of
nitrification, plays an important role in the global nitrogen
cycle that leads to the production of nitrate (Kurola et al.
2005; Li et al. 2019a, b). The enhanced nitrate availability is
significant for plant nutrition, but it also brings about nitrate
leaching and N2O emission (Hink et al. 2018; Li et al. 2018).
Although comammox could complete ammonia oxidation,
ammonia-oxidizing archaea (AOA) and ammonia-oxidizing
bacteria (AOB) are still the main drivers to convert ammonia
to hydroxylamine (Zhang et al. 2012; Hu and He 2017), and
thus the characters of these ammonia-oxidizing microorganisms have gained increasing attention (Sun et al. 2019; Zhang
et al. 2019b). Many studies revealed that the activity and community structure of ammonia-oxidizing microorganisms could
be impacted by exogenous substances such as crop straws,
manure, and acid rain (Li et al. 2019a; Zhang et al. 2019a).
Moreover, metal oxide nanoparticles and carbonaceous
nanomaterials have been reported to reduce soil microbial
biomass and disturb the bacterial and fungal composition
(Ge et al. 2014, 2018). However, the effect of nano-La2O3,
nano-Nd2O3 or nano-Gd2O3 as one potential contaminant on
AOA and AOB is important to evaluate the consequences of
the discharged nanoparticles into soil environment for the vital
role of these functional microorganisms in regulating soil nitrogen cycling.
Considering that, arable soils amended with nano-La2O3,
nano-Nd2O3, or nano-Gd2O3 with application rates of 0, 10,
50, and 100 mg kg−1 were incubated for up to 60 days in the
dark at 25 °C. Meanwhile, the activity of ammonia-oxidizing
microorganisms, the relative abundance of AOA and AOB
and their community structures were measured to investigate
the effect of rare earth oxide nanoparticles on these microorganisms. We hypothesized that (1) a toxic exposure after rare
earth oxide nanoparticles addition might decrease the activity
of ammonia-oxidizing microorganisms and the microbial biomass of AOA and AOB, and (2) communities of AOA and
AOB might be altered in the initial stage for the toxicity of
these nanoparticles, but they might recover to the control level
owing to the combined effects of the decreased bioavailability
for these nanoparticles and the self-protection mechanism for
these microbes.
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42 nm), and nano-Gd2O3 (25–29 nm) was respectively about
0.80 mg L−1, 4.01 mg L−1, and 0 mg L−1 in the medium
phagolysosomal–simulated fluid. Nano-La2O3, nano-Nd2O3,
and nano-Gd2O3 had zeta potentials of 8–10 mV, 25–27 mV,
and 10–12 mV in the deionized water, respectively.
Surface soil (0 to 20 cm) in a conventional maize–soybean
rotation system where NPK fertilizers were applied in each
crop season was collected using an auger from Gongzhuling
(43° 16′N, 124° 57′ E) in northeastern China. The collected
soil was crushed to pass through a 2-mm sieve and stored at
4 °C for the subsequent experiment. The soil had a pH of 6.25,
total carbon of 10.49 g kg−1, total nitrogen of 1.02 g kg−1,
NH4+-N of 11.31 mg kg−1, and NO3−-N of 25.32 mg kg−1
(Qi et al. 2019).

2.2 Incubation experiment
The nanoparticle of La2O3, Nd2O3, or Gd2O3 was added using
a ten-fold dilution method into the aforementioned soil according to a mass ratio of 10, 50, or 100 mg kg−1 dry soil
respectively representing the observed environmental background value, the possible value in nanoparticles hotspots,
and the potential toxicity exposed value for terrestrial ecosystem (Qi et al. 2019). Meanwhile, soils without nanoparticles
were set as controls. The soil samples adjusted to water holding capacity of 60% were repackaged into sterile plastic bottles and incubated for 60 days at 25 °C in the dark to allow
microbial communities to stabilize (Šantrůčková et al. 2018).
The samples were destructively collected at the 1st, 7th, and
60th day to study the time effects of these nanoparticles on soil
ammonia-oxidizing microorganisms (Rashid et al. 2017; Grün
et al. 2019). Each nanoparticle treatment at each sampling
time had four repetitions.

2.3 Potential ammonia oxidation
PAO was measured according to the method of Kurola et al.
(2005) with a minor modification. Briefly, 5 g of fresh soil
were incubated in 50-mL Falcon tubes mixed with 20 mL of
10 mM phosphate-buffered saline, 1 mM of ammonium sulfate, and sodium chlorate (a final concentration of 10 mg L−1)
for 24 h in the dark at 25 °C, and then NO2−-N was extracted
with 5 mL of 2 M potassium chloride. The optical density of
the supernatant after centrifugation was determined using a
microplate reader (Synergy H1, Bio Tek, USA) at 530 nm
wavelength.

2 Material and methods
2.1 Nanoparticles and soil
The characteristics for the nanoparticles of La2O3, Nd2O3, and
Gd2O3 referenced according to Qi et al. (2019). Briefly, the
solubility of nano-La2O3 (20–30 nm), nano-Nd2O3 (28–

2.4 Soil DNA extraction and quantitative polymerase
chain reaction of ammonia monooxygenase gene
subunit A
Soil DNA was extracted using a Powersoil DNA isolation kit
(MoBio, USA) according to the manufacturer protocol. The
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concentration of the extracted DNA was determined by a
NanoDrop (Thermo Fisher Scientific, USA).
The relative abundance of AOA or AOB was estimated
depending on the amoA gene copies from the qPCR analysis.
Four technical replicates of each sample were used to perform
qPCR for amoA gene from AOA or AOB via a Roche
LightCycler 480 (Roche, UK). The primers of Arch-amoAF
(5′-STAATGGTCTGGCTTAGACG-3′) and Arch-amoAR
(5′-GCGGCCATCCATCTGTATGT-3′) were used to amplify
a 635 bp fragment for AOA (Francis et al. 2005), and the
primers of amoA-1F (5′-GGGGTTTCTACTGGTGGT-3′)
and amoA-2R (5′-CCCCTCKGSAAAGCCTTCTTC-3′)
were used to generate a 491 bp fragment for AOB
(Rotthauwe et al. 1997). Ten microliters of mixture including
5 μL of SYBR Premix Ex Taq (Takara, Kyoto, Japan), 0.5 μL
of each primer, 1 μL of template DNA, and 3 μL of sterilized
ultrapure water were used in the qPCR process. The qPCR
process for amoA gene from AOA or AOB performed according to the following process: 95 °C for 2 min, followed by
35 cycles of 30 s at 95 °C, 30 s 58 °C for AOA and 52 °C for
AOB, and 72 °C for 35 s for AOA and 45 s for AOB. The
amplification efficiency of all qPCR reactions was over 90%
and the correlation coefficient was over 0.99.

2.5 Terminal restriction fragment length
polymorphism analysis
The extracted DNA was furtherly amplified with 6carboxyfluorescein (FAM) labeled primers at the 5′ terminus
as FAM-Arch-amoAF/Arch-amoAR for AOA and FAMamoA-1F/amoA-2R for AOB to obtain PCR products, and
then the PCR products were purified with a Gel Extraction
Kit (Qiagen, Hilden, Germany). Finally, the purified PCR
products were digested with the restriction enzyme HhaΙ
(Fermentas, Burlington, Canada) to obtain fragments of different lengths (Wang et al. 2019). Fragment size was measured with an ABI 3730XL DNA analyzer (Applied
Biosystems, MA, USA). The fragment with a relative abundance over 1% and its length ranging from 50 to1000 bp was
used for further analysis (Ge et al. 2016b).

2.6 Statistical analysis
The difference of the PAO, or the relative abundance of AOA
and AOB in different treatments was compared by one-way
analysis of variance (ANOVA) with SPSS 22 (IBM, Armonk,
USA). The significant difference was represented with
P < 0.05. The dissimilarity analysis of the communities of
AOA or AOB in different treatments was conducted based
on Bray–Curtis distance calculated from a count matrix of
operational taxonomic units with non-metric multidimensional scaling (NMDS) and analysis of similarities (ANOSIM)
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(Forsberg et al. 2014). ANOSIM test was conducted in the
VEGAN package of R software (http://www.r-projext.org).

3 Results
3.1 Restored potential ammonia oxidation relied
on types of the nanoparticles and the incubation time
Soil potential ammonia oxidation (PAO) in control observably
reduced at the 7th and 60th days than that at the 1st day
(P < 0.05 for both). In addition, all rare earth oxide nanoparticles of La2O3, Nd2O3, and Gd2O3 remarkably decreased soil
PAO compared with control at the 1st day (P < 0.05 for all)
(Fig. 1). However, the decreased PAO varied with different
doses of nano-La2O3, nano-Nd2O3, or nano-Gd2O3. For example, the reduced magnitude of PAO was positively correlated with the increased application rates of nano-La2O3
(P < 0.05); however, both nano-Nd2O3 and nano-Gd2O3 regardless of their application rates reduced soil PAO
(Fig. 1a). Furthermore, the incubation time and types of the
rare earth oxide nanoparticles were still important factors to
influence the soil PAO (Fig. 1b–c). As shown, only the high
dose of nano-La2O3 and nano-Nd2O3 could reduce soil PAO
at the 7th day (P < 0.05 for both). Interestingly, the reduced
PAO in soil with high dose of nano-La2O3 could persist until
the 60th day, but the reduced effect of nano-Nd2O3 disappeared on the 60th day. Besides, PAO dramatically decreased
in soils with nano-Gd2O3 despite its application rates at the 7th
day; however, it had no significant change compared to control at the 60th day.

3.2 Medium dose of nano-Nd2O3 or nano-Gd2O3
increased the relative abundance of AOB respectively
at the 7th and 60th day
The relative abundance of AOA could not be affected by the
nanoparticles of La2O3, Nd2O3, or Gd2O3 over the 60-day
incubation, but the relative abundance of AOB was significantly impacted by types of the nanoparticles and the sampling time (Fig. 2). For instance, the amoA gene copies for
AOB observably increased in soil with a medium dose of
nano-Nd2O3 at the 7th day (P < 0.05) (Fig. 2d), and it also
elevated in soil with a medium dose of nano-Gd2O3 at the
60th day (P < 0.05) (Fig. 2f).

3.3 Nanoparticles of La2O3, Nd2O3, and Gd2O3 altered
the communities of AOA and AOB
Overall, the AOA and AOB communities were remarkably
influenced by types of the rare earth oxide nanoparticles and
the sampling time (Figs. 3a–i and 4a–i, Table 1). For example,
all the nanoparticles of La2O3, Nd2O3, and Gd2O3 altered the
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Fig. 1 Potential ammonia oxidation (PAO) in soils amended without rare
earth oxide nanoparticles (control) and with the low (10 mg kg−1), medium (50 mg kg−1), or high (100 mg kg−1) dose of La2O3, Nd2O3, and

Gd2O3 at the 1st, 7th, and 60th day. Error bars represent standard errors
(n = 4). Different letters above the bars indicate a significant difference of
P < 0.05

AOA communities as shown by the separated communities
compared to control at the 1st day (P < 0.05 for all) (Fig. 3a–c,
Table1). Similar results were also obtained for AOB communities at the 1st day with an exception of the soil added with the
low dose of nano-Gd2O3 (P = 0.12) (Fig. 4a–c, Table 1). At
the 7th day, the influence of nano-La2O3 on AOA community
disappeared (P > 0.05 for all) (Fig. 3d, Table 1), but nanoLa2O3 with the medium and high doses could still affect the
AOB communities (P < 0.05 for both) (Fig. 4d, Table 1).
Meanwhile, the low and high doses of nano-Nd2O3 altered
the AOA communities at the 7th day (P < 0.05 for both)
(Fig. 3e, Table 1), and the medium and high doses of nanoGd2O3 presented a similar trend (P < 0.05 for both) (Fig. 3f,
Table 1). Notably, both nano-Nd2O3 and nano-Gd2O3 despite
their application rates could shift the AOB communities at the
7th day (P < 0.05 for all) (Fig. 4e–f, Table 1). However, only
the low dose of nano-La2O3 changed the AOA community
compared to control at the 60th day (P < 0.05) (Fig. 3g,
Table 1), and the significant impact of nano-La2O3 on the
AOB community was not relevant to its application rates
(Fig. 4g, Table 1). In addition, the low and medium doses of
nano-Nd2O3 altered the AOA communities at the 60th day
(P < 0.05 for both) (Fig. 3h, Table 1), but the low and high
application rates of nano-Nd2O3 were capable to change the
AOB communities (P < 0.05 for both) (Fig. 4h, Table 1).
Furthermore, both AOA and AOB communities were dramatically impacted by the applied nano-Gd2O3 at the 60th day
(P < 0.05 for both) (Figs. 3i and 4i, Table 1).

Ren et al. 2018). Soil PAO is kept at a high level in the control
soil at the 1st day; however, it greatly declined at the 7th day
due to the limitation of nutrients (Fig. 1; Xiang et al. 2008; Ge
et al. 2016b). The rare earth oxide nanoparticles of La2O3,
Nd2O3, and Gd2O3 significantly decreased the activities of
ammonia-oxidizing microorganisms in the initial incubation
period (Fig. 1). That was because the initial release of bioavailable La2O3, Nd2O3, and Gd2O3 causing toxic effects on
the ammonia-oxidizing community (Grün et al. 2019).
Moreover, nanoparticles could produce reactive oxygen species, which would damage the cell membrane of microorganisms including AOA and AOB in soils especially with a high
dose of the rare earth oxide nanoparticles (Srivastava et al.
2015; Qi et al. 2019). Obviously, the toxicity of these nanoparticles was greatly different depending on the sampling time
(Fig. 1), which was consistent with the reported result by Ge
et al. (2011). For instance, the toxicity of nano-La2O3 could
persist until the 60th day, suggesting a higher toxicity of nanoLa2O3 than other rare earth oxide nanoparticles (Fig. 1b–c),
which might be due to the combined effects of its certain
solubility and agglomeration in soils (Aydın et al. 2012).
However, the PAO in soils with nano-Nd2O3 and nanoGd2O3 at the 60th day had no change compared to control
indicating the adaptation mechanisms for the AOA and
AOB (Fig. 1c). The reduced toxicity of these nanoparticles
with increasing incubation time mainly attributed that (1) the
nanoparticles became less bioavailable due to interactions
with soil organic matter or clay minerals, (2) ammoniaoxidizing microorganisms could produce the detoxification
enzymes such as catalase and superoxide dismutase or extracellular polymeric substances to nanoparticles (Tang et al.
2018; Ali et al. 2019; Grün et al. 2019).

4 Discussion
4.1 Effect of nanoparticles on the activities
for ammonia-oxidizing microorganism
PAO is a common way to represent the activities for ammoniaoxidizing microorganisms even though it cannot reflect their
activities in situ (Prosser and Nicol 2012; Kurola et al. 2005;

4.2 Effect of nanoparticles on the relative abundance
of AOA and AOB
Although our aforementioned result revealed a toxicity effect
of the nanoparticles of La2O3, Nd2O3, and Gd2O3 on PAO, the
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Fig. 2 The ammonia monooxygenase gene subunit A (amoA) copies of
ammonia-oxidizing archaea (AOA) (a, c, e) and ammonia-oxidizing bacteria (AOB) (b, d, f) in soils amended without rare earth oxide nanoparticles (control) and with the low (10 mg kg−1), medium (50 mg kg−1), or

high (100 mg kg−1) dose of La2O3 (a, b), Nd2O3 (c, d), and Gd2O3 (e, f) at
the 1st, 7th, and 60th day. Error bars represent standard errors (n = 4).
Different letters above the bars indicate a significant difference of
P < 0.05

toxic effect of these rare earth oxide nanoparticles could not
affect the relative abundance of AOA or AOB (Figs. 1 and 2).
As reported, the physiological index was often more sensitive
than the genetic indicator for soil microorganisms (Nichol
et al. 2019). It was thus that a more sensitive alternation of
PAO than the amoA gene copies for ammonia-oxidizing microorganisms in soils with nanoparticles was obtained in this

study. Moreover, we also found the change of the relative
abundance of AOB was more sensitive than that of AOA, as
reflected by the increased amoA gene copies for AOB in soil
with the medium level of nano-Nd2O3 at the 7th day or in soil
with the medium dose of nano-Gd2O3 at the 60th day (Fig. 2).
Zhang unraveled that AOA was more sensitive than AOB in
the strongly acidic soils of pH < 4.5, while the tested soil with
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Fig. 3 Non-metric multidimensional scaling (NMDS) to elaborate the
shift of community structure for ammonia-oxidizing archaea (AOA) in
soils amended without rare earth oxide nanoparticles (control) and with

the low (10 mg kg−1), medium (50 mg kg−1), or high (100 mg kg−1) dose
of La2O3, Nd2O3, and Gd2O3 at the 1st, 7th, and 60th day

pH about 6.5 was more favorable to the growth of AOB in our
study (Zhang et al. 2012; Qi et al. 2019; Li et al. 2019b). The
increased amoA gene copies for AOB in soil with nano-Nd2O3
at the 7th day or in soil with nano-Gd2O3 at the 60th day
suggested an adaptive rebound and an enhanced growth for
AOB after nanoparticles exposure, which might be due to the
hormesis effect for AOB via the produced extracellular polymeric substances (Shade et al. 2012; Tang et al. 2018).

activities of ammonia-oxidizing microorganisms as reflected
by the PAO could not restore with its microbial biomass as
reflected by the amoA gene copies, which might be attributed
to the limitation of the traditional extraction method of DNA
that was not able to distinguish viable cells including both
active and dormant cells from those that are dead (Carini
et al. 2016). Besides, the enhanced AOB biomass could not
recover the activities of ammonia-oxidizing microorganisms
(Figs. 1 and 2). Herein, the increased functionally redundant
species might account for the inconsistency between the reduced PAO and the increased amoA gene copies for AOB (de
Scally et al. 2016; Ren et al. 2018; Sepehri and Sarrafzadeh
2019). Many previous studies have also obtained similar results (Ge et al. 2011; Galand et al. 2018). Given that, it was
plausible for the paradoxical relationship between the activity
for ammonia-oxidizing microorganisms and their microbial

4.3 Correlation between the activities and its biomass
of AOA or AOB in soils with different nanoparticles
Meanwhile, the relationship between the PAO of ammoniaoxidizing microorganisms and the relative abundance of AOA
or AOB was respectively compared during a 60-day incubation in our study (P > 0.05 for both). Interestingly, the
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Fig. 4 Non-metric multidimensional scaling (NMDS) to elaborate the
shift of community structure for ammonia-oxidizing bacteria (AOB) in
soils amended without rare earth oxide nanoparticles (control) and with

the low (10 mg kg−1), medium (50 mg kg−1), or high (100 mg kg−1) dose
of La2O3, Nd2O3, and Gd2O3 at the 1st, 7th, and 60th day

biomass. Therefore, we deduced that certain rare earth oxide
nanoparticles could be used to inhibit soil microbial activities
but not impact their biomass in agricultural ecosystem.

our aforesaid result based on the amoA gene copies that AOB
was more sensitive than AOA in the tested soils of our study
(Zhang et al. 2012, 2019a). Notably, the variation of the
ammonia-oxidizing microbial communities had great dissimilarity due to types of the rare earth oxide nanoparticles
(Figs. 3 and 4, Table 1), as previously reported by other researchers (Xu et al. 2015; He et al. 2016; Moore et al. 2016).
For example, the ratio of the recovered AOA or AOB community in soils with nano-La2O3, nano-Nd2O3, and nanoGd2O3 was respectively 33.33%, 16.67%, and 11.11%, indicating that the influence of nano-La 2 O 3 on ammoniaoxidizing microbial communities was smaller than that of
nano-Nd2O3 and nano-Gd2O3. The higher resilience of
ammonia-oxidizing microorganisms in soils with nanoLa2O3 indicated that the presence of functionally redundant
species in microbial communities (Oliver et al. 2015; de

4.4 Effect of nanoparticles on the community
structure of ammonia-oxidizing microorganisms
As reported, the relic DNA from dead soil microorganisms
would obscure estimates of soil microbial diversity (Carini
et al. 2016). However, the heterogeneous results about the
relic DNA were also achieved by other researchers (Lennon
et al. 2018; Gustave et al. 2019). Irrespective of the effect of
the relic DNA, the disturbed community of AOA and AOB in
soils with various nanoparticles respectively accounted for
70.37% and 88.89% in all AOA and AOB communities over
a 60-day incubation (Table 1), which was also consistent with
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Table 1 Significant test of dissimilarity of soil ammonia-oxidizing archaea (AOA) and ammonia-oxidizing bacteria (AOB) communities using
analysis of similarities (ANOSIM)
AOA

La2O3

1st day

7th day

60th day

Nd2O3

1st day

7th day

60th day

Gd2O3

1st day

7th day

60th day

AOB

r

P

r

P

CKa vs. Lb
CK vs. Mc
CK vs. Hd
CK vs. L
CK vs. M
CK vs. H

0.729
1
0.990
0.188
0.052
0.271

0.027
0.025
0.04
0.148
0.552
0.113

0.781
0.573
0.781
0.385
0.917
0.875

0.029
0.025
0.04
0.087
0.033
0.033

CK vs. L
CK vs. M
CK vs. H
CK vs. L
CK vs. M
CK vs. H
CK vs. L
CK vs. M
CK vs. H
CK vs. L
CK vs. M
CK vs. H
CK vs. L
CK vs. M
CK vs. H
CK vs. L
CK vs. M
CK vs. H

0.604
0.438
0.229
0.583
1
1
1
0.281
1
0.646
0.698
0.375
0.625
1
1
0.25
0.152
0.958

0.022
0.108
0.086
0.025
0.025
0.04
0.022
0.151
0.033
0.027
0.022
0.11
0.032
0.028
0.033
0.064
0.032
0.036

1
0.396
0.844
1
0.531
0.552
1
1
1
0.875
0.396
0.771
0.156
0.489
0.990
1
1
0.729

0.029
0.022
0.028
0.044
0.086
0.033
0.025
0.025
0.034
0.024
0.081
0.04
0.117
0.022
0.028
0.021
0.034
0.028

CK vs. L
CK vs. M
CK vs. H

0.594
0.396
0.844

0.031
0.042
0.022

0.959
0.906
0.833

0.038
0.033
0.033

CKa : soil without rare earth oxide nanoparticles; Lb : soil with the low
dose of nano-La2O3, nano-Nd2O3, or nano-Gd2O3; Mc : soil with the
medium dose of nano-La2O3, nano-Nd2O3, or nano-Gd2O3; Hd : soil with
the high dose of nano-La2O3, nano-Nd2O3, or nano-Gd2O3

Scally et al. 2016). Therefore, we deduced that the nanoparticles of Nd2O3 and Gd2O3 might lead to the selective growth of
some specific ammonia-oxidizing microorganisms with specific functions, which furtherly decreased the number of functionally redundant species (Shade et al. 2012; Reichardt et al.
2018).

5 Conclusions
Rare earth oxide nanoparticle of La2O3 remarkably decreased
the activities of ammonia-oxidizing microorganisms during
the 60-day incubation, and nano-Nd2O3 and nano-Gd2O3

could decrease the activities of these microorganisms in the
first 7 days. These results indicate that nanoparticles might
inhibit the ammoxidation process, and thus improve the nitrogen use efficiency. Therefore, these nanoparticles might be
used as potential nitrification inhibitors to inhibit nitrification
and improve nitrogen use efficiency.
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