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Contribution of ammonia‑oxidizing 
archaea and bacteria to nitrogen 
transformation in a soil fertilized 
with urea and organic amendments
Yajun Yang 1,2, Hexiang Liu 1,2, Yang Zhang 1,2, Xianhui Fang 1,2, Xianbao Zhong 1,2 & 
Jialong Lv 1,2*

The contribution of ammonia‑oxidizing archaea (AOA) and ammonia‑oxidizing bacteria (AOB) is 
crucial for nitrogen transformation. The effects of four organic amendments (OAs) plus urea on soil 
nitrogen transformation and the contribution of the ammonia‑oxidizing microbial community were 
investigated using an incubation experiment. The OAs plus urea treatments included pig manure plus 
urea (PM + U), wheat straw plus urea (WS + U), compost plus urea (CP + U) and improved‑compost 
plus urea (IC + U), while no OAs and urea amended control was noted as CK. The abundance and 
composition of AOA and AOB were determined using high through‑put sequencing. Compared with 
CK, the OA plus urea treatments significantly enhanced the amount of total mineralized nitrogen 
released during the incubation process. After incubation, the highest mineralized nitrogen and net 
nitrogen mineralization was under the PM + U treatment and the lowest was in the WS + U treatment. 
In conclusion, among all OA plus urea treatments, the microbial biomass nitrogen content was the 
highest in WS + U treatment and dissolved organic nitrogen content was the highest with the PM + U 
treatment. Additionally, the abundance of AOB was inhibited in comparison to that of AOA; however, 
AOB contributed more to nitrification than AOA. Soil  NO3

−‑N and dissolved organic nitrogen were 
the principal components influencing the distribution of AOA and AOB. The result illustrated that the 
OAs plus urea, especially PM plus urea promoted mineralization to produce more dissolved organic 
nitrogen and  NH4+‑N, thus accelerating the growth of AOB to strengthen nitrification in soil.

In recent years, long-term or excessive nitrogen applications have resulted in lower nitrogen use efficiency, lower 
soil quality and inorganic nitrogen  leaching1. To promote sustainable eco-agriculture, the application of different 
organic amendments (OAs) based on reducing inorganic fertilizers has been widely discussed and used. These 
OAs contain abundant nutrients, which can be slowly released to meet the nutritional needs of crop growth and 
maintain organic matter, and reduce the amount of fertilizer applications in agricultural  systems2.

Soil organic matter contains many nutrients, which can improve soil physical, chemical and biological prop-
erties. These organic substances containing organic nitrogen can provide effective nutrients for plants through 
decomposition and  mineralization3. The extent of nitrogen mineralization determines the content of inorganic 
nitrogen in plants.

Nitrogen mineralization is a complex biological process. Mineralization can provide ammonium nitrogen 
for nitrification. Nitrification is an important step in nitrogen cycling in soil. Nitrification generally refers to the 
process by which ammonia or ammonium salts are oxidized to nitrates and nitrites by microorganisms under 
aerobic  conditions4. Ammonia-oxidizing archaea (AOA) and ammonia-oxidizing bacteria (AOB) are the main 
nitrifiers during ammonia oxidation, which is the key process of  nitrification5. The  distribution6,7,  abundance8, 
community  composition9 and influencing factors of AOA and AOB have been researched extensively. In addi-
tion, the amoA gene which catalyzes ammonia oxidation, can be applied as a biomarker for AOA and  AOB10,11.

Substantial research has found that AOA role is higher than that of AOB, both quantitatively and function-
ally, in many  soils12,13. Usually, the quantitative advantage of ammonia oxidizers is related to their nitrification 
function. However, some studies have shown that AOA dominated nitrification in quantity and AOB dominates 
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in  function14,15. Lennon et al. have shown that in soil, many microorganisms are present in large numbers, but 
they do not contribute actively to the function of the  ecosystem16. Therefore, the abundances of AOA and AOB, 
as well as their contributions to nitrification in soil, will vary under different circumstances.

The amounts of nitrogen mineralization and nitrification depend on the quantity and composition of organic 
matter, microbial activity and various environmental  conditions17,18. Much research has been conducted on the 
nitrogen mineralization dynamics of OAs such as animal manure, compost, and straw, in agricultural  systems19,20. 
However, few studies have compared the effects of different OAs plus urea on nitrogen mineralization and nitri-
fication dynamics as well as the changes in ammonia oxidizers. Therefore, this study focused on the impact of 
four kinds of OAs plus urea, pig manure plus urea (PM + U), wheat straw plus urea (WS + U), compost plus urea 
(CP + U), and improved-compost plus urea (IC + U), on soil nitrogen mineralization and nitrification as well as 
the dynamics of AOA and AOB. The aims of this study included (1) investigate how soil nitrogen mineralization, 
nitrification, and abundance and diversity of AOA and AOB react to OAs plus urea and (2) explore the relative 
contribution of AOA and AOB communities to soil nitrification with OA amendments plus urea.

Materials and methods
Soil and materials tested
The soil was obtained using the soil-drilling method on June 25, 2019 from the top layer (0–20 cm) of a farmland 
(34° 42′ N and 108° 09′ E, 1050 m above sea level) that had not been planted for many years. The tested soil was 
classified as yellow-cinnamon based on soil taxonomy. The tested soil had 11.5% (w/w) natural field moisture, 
and a portion of the soil samples were air-dried at room temperature for 2 months before use for chemical deter-
mination. Residual roots, litter and stones were removed from the field-moist soil by passing through a 2-mm 
sieve and then stored at – 20 °C for incubation in the laboratory. The soil had a pH of 7.53, total C content of 
7.90 g  kg−1, total N content of 0.75 g  kg−1, Olsen phosphorus of 17.5 mg  kg−1, available potassium of 172.0 mg  kg−1, 
bulk density of 1.2 g  cm−3, silty content (0.02–0.002 mm) of 61.56%, clay content (< 0.002 mm) of 6.60% and 
sand content (2–0.02 mm) of 31.84%.

PM and WS were collected from commercial piggery and local farmland, respectively. CP was obtained by a 
56-day aerobic compost using PM and WS at a proportion of 1:2 (on a dry weight basis). IC samples was prepared 
under co-composting with WS, PM, 10% biochar, and 15% bean dregs (based on dry weight of PM). Biochar, 
purchased from Yangling Pvt. Lvd., Shaanxi province, was obtained from wheat straw through slow and dry 
pyrolysis at 500–600 °C. The amendments were chopped using a crusher and passed through a 2 mm sieve for 
testing. The chemical properties of the OAs used in the 77-day incubation experiment were determined as per 
the protocols described by  TMECC21 and are presented in Table 1. The highest carbon concentration and lowest 
nitrogen content was in WS among all OAs. The lowest total nitrogen content of WS resulted in the highest C/N 
ratio. The C/N ratios of the four amendments from the lowest to highest were as follows: PM < CP < IC < WS.

Experimental design
Four soil-amended treatments, pig manure plus urea (PM + U), wheat straw plus urea (WS + U), compost plus 
urea (CP + U), improved compost plus urea (IC + U) and a control (no urea and organic amendments, CK) 
with three replicates were carried out at 25 °C  in the 77-day laboratory incubation experiment. The amount of 
total nitrogen application was 0.5 mg  g−1 (dry soil, N dose was 10 times that of the field application) in all soils. 
Nitrogen from urea (70%) and that obtained from OAs (30%) was applied based on their nitrogen content in 
PM + U, WS + U, CP + U and IC + U treatments. After calculations, a total of 9.63 g, 4.30 g, 5.02 g, and 4.29 g of 
WS, PM, CP, and IC samples (dry weight), respectively, was mixed uniformly with 700 g of air-dried soil and 
then placed in a 1.2 L plastic box for each treatment. A plastic film with small holes was used to cover the boxes 
for air circulation. All treatments were maintained field water holding capacity at 70% during the incubation 
period, and the weight loss in each box was replaced every 3 days with distilled water. At each sampling point, 0, 
3, 7, 14, 21, 49 and 77 days of incubation, approximately 100 g of samples were collected from the entire depth 
in each plastic box by destructive sampling.

Determination methods
Soil organic carbon was determined using the  K2Cr2O7 digestion method. Total nitrogen (TN) was measured 
using the Kjeldahl digestion method. Soil pH was measured using a pH meter with a soil-to-water ratio of 1:2.5 
(w/v). Olsen phosphorus was extracted using 0.5 mol  L−1  NaHCO3 and determined using the molybdenum blue 

Table 1.  Chemical properties of organic amendments used in 97-day incubation experiment. n.d not 
determined, C carbon, N nitrogen, P phosphorus, K potassium, DM dry matter, PM pig manure, WS wheat 
straw, CP compost, IC improved compost.

Parameter PM WS CP IC

C (%DM) 31.55 (0.14) 40.66 (0.12) 27.25 (0.09) 32.19 (0.05)

N (%DM) 2.44 (0.02) 1.09 (0.03) 2.09 (0.01) 2.45 (0.33)

C/N ratio 12.93 37.34 13.03 13.32

pH 6.56 (0.06) 8.21 (0.01) 7.79 (0.08) 8.15 (0.07)

Total P (%DM) 1.81 (0.11) 0.18 (0.02) 0.92 (0.48) 1.28 (0.20)

Total K (%DM) 1.17 (0.08) 0.12 (0.01) 3.82 (0.23) 3.35 (0.35)
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 method2. Soil available potassium was determined by flame photometry (6400A, INESA, China) after extraction 
with 1 mol  L−1  NH4OAc22. The soil bulk density was determined using the cutting ring method.

The microbial biomass nitrogen (MBN) was determined by chloroform fumigation-K2SO4 extraction method. 
A sample of 5 g soil was drawn with 40 mL of 1 mol  L−1 KCL with swing for 2 h, leached through a 0.45 micropo-
rous membrane after centrifugation for 10 min, and finally, the dissolved organic nitrogen (DON) was measured 
using a total organic carbon analyzer (Wu et al. 2017). In addition, the mineral nitrogen (MN;  NH4

+-N and 
 NO3

−-N) was measured using a continuous flow autoanalyzer (AA3). The net N mineralization was calculated 
as per Mohanty et al.18. The percentage of MN to total applied N was calculated as  follows23:

Microbial community analysis
The samples collected from soil were stored at − 20 °C to analyze the microbial community. The structure of the 
ammonia oxidizer gene communities was determined using high through-put sequencing. The PCR was ampli-
fied with the following primers: Arch-amoAF/Arch-amoAR and amoA-1F/amoA-2R11,24 for AOA and AOB, 
respectively. The PCR products were verified using 1.5% agarose gel electrophoresis, and DNA concentration 
and quality were determined after excising and purification. Equal quantities of DNA samples were mixed and 
sequenced using the Illumina Miseq PE300 platform (Illumina, Inc., CA, USA) by Beijing Auwigene Tech, Ltd. 
(Beijing, China). After obtaining the high quality sequences, operational taxonomy units (OTUs) were clustered 
using a 100% similarity threshold and classified according to taxonomic identity (phylum, family, and genus 
level) using the Ribosomal Database Project. Chao 1 and Shannon indices were applied to indicate the richness 
of AOA and AOB, respectively. The AOA and AOB abundances were quantitatively measured in triplicate using 
qPCR. The primers for each gene in the compost samples were the same as those listed above.

Statistical analyses
All parameters (selected properties of soils and OAs, different forms of nitrogen, and abundance and composi-
tion of the bacterial community) were measured for three replicates. The analyses were performed using Origin 
2016. Correlation analysis was carried out in the SPSS v.16.0, and significant differences between treatments were 
compared using the least significant difference test at P < 0.05. Redundancy analyses (RDA) of environmental 
factors and ammonia oxidizer genes (AOA and AOB) were performed using Canoco 5.0.

Results
Changes in  NH4

+‑N and  NO3
—N

The  NH4
+-N concentration varied among all treatments, as shown in Fig. 1a. The peak value of  NH4

+-N was 
observed during the initial phase of incubation. The maximum  NH4

+-N content was in the PM + U treatment 
(86.93 μg  g−1), followed by that in WS + U (73.30 μg  g−1), CP + U (63.77 μg  g−1), IC + U (62.21 μg  g−1) and CK 
(31.68 μg  g−1) treatments. Then, the  NH4

+-N content decreased sharply within 21 days in all treatments. The rate 
of decrease in  NH4

+-N content was within 96.33–96.53% in the OA plus urea treatments, but it was only 87.31% 
in the CK. Additionally, the minimum  NH4

+-N content was observed at the end of incubation.
The  NO3

−-N concentration dynamics for all treatments are shown in Fig.  1b. The  NO3
−-N values 

(1.64–7.92 μg  g−1) were at a minimum in OA plus urea and CK treatments at the start of incubation. The  NO3
−-N 

concentration increased sharply until day 14 and then increased slowly to the maximum value until the end. 
The highest final content of  NO3

−-N was under the PM + U treatment (219.4 μg  g−1), followed by that in CP + U 
(182.6 μg  g−1), IC + U (178.1 μg  g−1), WS + U (147.1 μg  g−1), and CK (49.35 μg  g−1) treatments, respectively.

Changes in MN and net N mineralization
The MN content of all OA plus urea treatments and CK increased during the incubation process. The MN ranged 
within 69.52–219.8 μg N  g−1 soil in OA plus urea treatments, whereas it was 33.81–49.93 μg N  g−1 soil in the 
CK (Table 2). Total MN released in the PM + U treatment increased from 93.58 μg N  g−1 soil to 219.8 μg N  g−1 
soil. During the entire incubation phase, the highest total MN was released in PM + U treatment (219.8 μg N  g−1 
soil) and the lowest was under the CK treatment (49.93 μg N  g−1 soil). Additionally, the percentage of MN was 
the highest with the PM + U treatment and lowest with the WS + U treatment among all OA plus urea treatment 
groups. Compared with CK, the OA plus urea treatments significantly enhanced the MN content (P < 0.05). No 
significant difference in MN was observed between the CP + U and IC + U treatments.

The net N mineralization is the difference in MN between OA plus urea and CK treatments (Table 2). The 
net N mineralization increased from day 0 to day 14 in all soils. The maximum MN was observed in the PM + U 
treatment (173.5 μg N  g−1 soil) at day 14. Afterwards, net N mineralization decreased in PM + U (from 173.5 to 
169.8 μg N  g−1 soil), WS + U (from 91.87 to 87.59 μg N  g−1 soil), and CP + U (from 139.9 to 132.8 μg N  g−1 soil) 
treatments, but increased in IC + U treatment (from 103.7 to 128.4 μg N  g−1 soil). Net N mineralization was the 
highest in the PM + U group and lowest in the WS + U group among all OA plus urea added soils.

Changes in MBN and DON with different OAs plus urea
The change in MBN content was similar in all treatments during the incubation period (Fig. 1c). The MBN 
content increased to the maximum value on day 3, and declined gradually thereafter in all treatments. The 
maximum MBN values reached were 5.69 μg  g−1, 5.89 μg  g−1, 6.07 μg  g−1, and 6.78 μg  g−1 in the PM + U, IC + U, 
CP + U, and WS + U groups, respectively, whereas the lowest MBN content was in the CK (2.92 μg  g−1). At the end 

%mineralization =

MN(amended)−MN(control)

NTotal(applied)
× 100
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Figure 1.  Changes in  NH4
+-N (a),  NO3

−-N (b), MBN (c) and DON (d) among all treatments during the 
incubation (MBN microbial biomass nitrogen, DON dissolved organic nitrogen, PM + U pig manure plus urea, 
WS + U wheat straw plus urea, CP + U compost plus urea,  IC + U improved compost plus urea).

Table 2.  Total mineral nitrogen (MN) and net total mineral nitrogen (net MN) released (μg N  g−1 soil) from 
treatments with amendment and control during a 77-day laboratory incubation experiment. PM + U pig 
manure plus urea, WS + U wheat straw plus urea, CP + U compost plus urea, IC + U improved compost plus 
urea.

Time (days)

Treatment

CK PM + U WS + U CP + U IC + U

MN Net MN MN Net MN MN Net MN MN Net MN MN Net MN

0 33.81 – 93.58 59.77 74.94 41.13 71.69 37.88 69.52 35.71

3 44.65 – 117.8 73.17 94.02 49.37 120.9 76.25 116.4 71.70

7 45.76 – 132.4 86.60 112.1 66.39 116.8 71.03 136.3 90.52

14 43.63 – 217.1 173.5 135.1 91.48 183.5 139.9 147.3 103.7

21 45.69 – 216.7 171.0 137.6 91.87 184.2 138.5 163.7 118.0

49 48.93 – 219.9 170.9 136.5 87.59 181.7 132.8 173.8 124.8

77 49.93 – 219.8 169.8 147.2 97.30 182.8 132.8 178.4 128.4
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of incubation, the MBN value was 0.85 μg  g−1, 0.94 μg  g−1, 0.97 μg  g−1, and 1.49 μg  g−1 under the PM + U, IC + U, 
CP + U, and WS + U treatments, respectively, while the lowest MBN concentration was under the CK (0.48 μg  g−1). 
The minimum MBN value was under the PM + U treatment and the highest was in WS + U treatment.

The different effects of OAs plus urea in soil on DON content are shown in Fig. 1d. The maximum DON 
concentration was observed at the initial stage of incubation. In addition, compared with CK, OAs plus urea 
enhanced the maximum DON concentrations in the soils. The minimum values of DON content were observed 
on day 3, which were between 39.68 and 46.91 μg  g−1 in OA plus urea treatments and 4.97 μg  g−1 in CK. Then, 
the DON content gradually increased until the end of incubation. The final DON content was 7.14 μg  g−1 in CK, 
while it was 60.53 μg  g−1, 54.22 μg  g−1, 54.79 μg  g−1, and 48.14 μg  g−1 in the PM + U, WS + U, CP + U, and IC + U 
groups, respectively. Additionally, all OA plus urea treatments, especially the PM + U treatment, enhanced the 
DON content in comparison to that in the CK over the whole incubation period.

Abundance of AOA and AOB
The abundances of AOA and AOB are described based on their copy numbers, which ranged from 
2.75 ×  107 to 8.32 ×  107 copies·g−1 dry soil and 1.55 ×  107 to 6.78 ×  107 copies  g−1 dry soil, respectively, in the different 
treatments (Fig. 2). All OA plus urea treatments resulted in significant changes in the abundance of AOA and 
AOB. Compared with CK, the copy number of AOB was enhanced significantly in PM + U, WS + U, CP + U, and 
IC + U added soils by 4.37-, 1.67-, 3.38-, and 2.28- fold (P < 0.01). However, the copy number of AOA decreased 
by 11.90%, 66.95%, 23.32%, and 21.39% (P < 0.01), respectively.

Additionally, the abundance of AOA was significantly correlated with DON (r = − 0.946, P < 0.05) and MBN 
(r = − 0.940, P < 0.05), and the AOB abundance was significantly related to  NH4

+-N (r = 0.942, P < 0.05) and TN 
concentration (r = 0.991, P < 0.01).

Diversity index of AOA and AOB
Functional genes of AOA and AOB were quantitatively analyzed. A total of 41,165 and 24,910 high-quality AOA 
and AOB sequences, respectively, were obtained from 15 samples. In addition, 74–109 OTUs and 251–301 OTUs 
were assigned to the AOA and AOB sequences, respectively, at a 100% similarity level. The richness of AOA and 
AOB related genes is shown in Fig. 3. The OA plus urea treatments increased the richness of AOA by 0.81–14.87% 
compared with that in the CK (Chao 1). Furthermore, compared with that by the CP + U, IC + U, and CK groups, 
the PM + U and WS + U treatments enhanced the richness of AOA. Moreover, the richness of AOA in the WS + U 
treatment increased by 9.54% compared with that in the PM + U treatment. Additionally, the OAs plus urea 
increased the richness of AOB by 1.23–4.74% compared with the CK (Shannon index). However, there were no 
significant differences among the treatments. Compared with the IC + U (5.19) and WS + U (5.22) treatments, 
the richness of AOB was enhanced under the PM + U (5.37) and CP + U (5.35) treatments.

Composition of AOA and AOB communities
The predominant genes for the AOA-type ammonia oxidizer are shown in Fig. 4a. Unclassified_Thaumarchaeota 
was the most abundant gene in soil, and its relative abundance accounted for 85.86–89.46%. Except for the IC + U 
treatment, other OAs plus urea significantly increased the abundance of Unclassified_Thaumarchaeota compared 
with that in the CK (P < 0.05). However, the difference between OA plus urea treatments was not significant 
(P > 0.05). Unclassified_Crenarchaeota was the next most abundant gene in soil, accounting for 10.06–13.73%. 
All OAs plus urea significantly decreased the abundance of Unclassified_Crenarchaeota relative to that in the CK 
(P < 0.05); however, no significant difference was observed among the OA plus urea treatments.

Figure 2.  Abundance of archaeal (AOA) and bacterial (AOB) amoA genes among all treatments after the 
incubation (AOA ammonia-oxidizing archaea, AOB ammonia-oxidizing bacteria, PM + U pig manure plus urea, 
WS + U wheat straw plus urea, CP + U compost plus urea, IC + U improved compost plus urea).
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As shown in Fig. 4b, Proteobacteria was the dominant phylum for AOB-type nitrifying genes in soil. Unclas-
sified_Nitrosomonadales was the predominant gene in all treatments, accounting for 68.11–76.66%. The OAs 
plus urea significantly increased the abundance of Unclassified_Nitrosomonadales by 8.90–12.56% relative to 
that in the CK (P < 0.05). Among all OA plus urea treatments, the relative abundance of Unclassified_Nitroso-
monadales increased under the CP + U and WS + U groups compared with that under the IC + U and PM + U 
groups (P < 0.05). Unclassified_bacteria was more abundant in soil, with a relative abundance of 16.78–26.18%. 
The OAs plus urea significantly decreased the abundance of Unclassified_bacteria relative to that in the CK 
(P < 0.05). Moreover, PM plus urea significantly enhanced the abundance of Unclassified_bacteria compared to 
that by other OA plus urea treatments.

Correlation between soil properties and compositions of ammonia oxidizers
The correlation of various soil chemical properties and microbial communities was evaluated using RDA to 
explore their contribution to nitrification in OA plus urea treatments (Fig. 5). The soil properties explained 
79.64% of the variations in bacterial communities. The most influential indicator was DON (74.1%), followed 
by  NO3

−-N (58.4%), MBN (45.9%), TOC (34.7%),  NH4
+-N (23.0%), and TN (8.3%). Therefore, these properties 

significantly influenced the variations in bacterial communities (AOA-type and AOB-type nitrifying genes) dur-
ing the incubation. Unclassified_Nitrosomonadales belonging to the AOB amoA nitrification gene had a signifi-
cantly positive association with DON (r = 0.934, P < 0.05) and  NO3

−-N (r = 0.920, P < 0.05). Unclassified_bacteria 
for AOB-type nitrifying genes were negatively associated with DON (r = − 0.973, P < 0.01). Unclassified_Thau-
marchaeota (r = 0.940, P < 0.05) and Unclassified_Crenarchaeota (r = − 0.946, P < 0.05) belonging to AOA amoA 
nitrification genes were significantly positively related to DON.

Discussion
Nitrogen mineralization and nitrification
The release of available nitrogen, which can be absorbed by plants and microbes, is significant in the ecosystem. 
The principal nitrogen source for crops and microbes is from soil organic matter via mineralization and from 
urea via hydrolysis. The results showed that compared with the CK, the DON, MBN, MN, and net mineralized 
N content increased with the addition of OAs and urea. Under the same amount of urea application, the differ-
ence of mineralized nitrogen in OA plus urea treatments was attributed to OAs. This is because carbon sources 
can be rapidly utilized by microorganisms to enhance their activity and promote the release of nitrogen when 
OAs are added to the  soil25,26.

The DON and  NH4
+-N content decreased, and that of MBN and  NO3

−-N gradually increased in the initial 
period of incubation. Microorganisms mineralize organic nitrogen into inorganic nitrogen using carbon sources 
and DON with the addition of OAs in OA plus urea  treatments27. Meanwhile, inorganic nitrogen is immobilized 
by microorganisms and converted partly into MBN to enhance microbial activity. In this study, the highest net 
N mineralization was found in the PM + U group among all OA plus urea treatments during the 77-day incuba-
tion experiment, which may be owing to the lower C/N ratio of PM than that in the other three kinds of  OAs28. 
Whitehead et al. indicated that organic manure with C/N lower than 20 could release more mineralized N by 
mineralization, which was consistent with this  finding29. The C/N proportion of CP was slightly higher than 
that of PM, but the total MN in CP + U and IC + U treatments was significantly lower than that of the PM + U 
treatment. This is attributed to the large ratio of complex organic nitrogen and stable  materials30. The finding 
was consistent with the results obtained by Hartz et al. and Zaman et al.31,32. However, OAs with higher C/N can 

Figure 3.  The community diversities of AOA (a) and AOB (b) among all treatments during the incubation 
(AOA ammonia-oxidizing archaea, AOB ammonia-oxidizing bacteria, PM + U pig manure plus urea,  WS + U 
wheat straw plus urea, CP + U compost plus urea, IC + U improved compost plus urea).
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immobilize more  N17. In this study, the lowest MN released was under the WS + U soil, which was because its 
C/N was significantly higher than that of other OAs. This can be confirmed by the highest MBN in the WS + U 
amended soil. Furthermore, other studies reported that N mineralization in soil amended with clover residues 
was varied between 30 and 60%33,34. Hartz et al. also found that N mineralization in the soil containing manure 
and compost was 7% and 1%,  respectively31. In this study, the proportion of net N mineralization to total N 
applied in the WS + U, PM + U, CP + U and IC + U group was 19.46%, 33.96%, 26.56% and 25.68% after the incu-
bation, respectively. There were three explanations for the differences: one was the duration of the incubation 
experiment (77d), which was shorter than other experiments; the other was the temperature set in this study. 
The  NH3 emission was promoted in the aerobic environment with an appropriate temperature (25 °C), thus 
reducing the amount of nitrogen mineralization in the soil; the third was the characteristics and composition 
of the organic materials.

In addition, the addition of OAs plus urea is conducive to the activities of nitrifying bacteria. The  NH4
+-N 

produced from the mineralization of organic nitrogen and the hydrolysis of urea was converted into  NO3
−-N 

with the addition of OAs plus urea, which gradually reduced the content of  NH4
+-N in soil. The  NO3

−-N content 
was largely increased in the PM + U treatment. There are two possible explanations: one, PM amendment can 
produce more  NH4

+-N in soil by promoting the mineralization of organic nitrogen, and thus providing sufficient 
substrate for nitrification and two, the mineralization of organic nitrogen was greater than the fixation of mineral 
nitrogen with lower C/N in  PM35. The  NO3

−-N content tended to be stable, indicating that decomposable organic 
matter gradually decreased and energy providing material gradually depleted with nitrification and fixation. In 

Figure 4.  The community compositions of AOA (a) and AOB (b) among all treatments during the incubation 
(AOA ammonia-oxidizing archaea,  AOB ammonia-oxidizing bacteria, A: Unidentified_Thaumarchaeota; B: 
Unidentified_Crenarchaeota; C: Unclassified_Nitrosomonadales; D: Unclassified_Bacteria, PM + U pig manure 
plus urea, WS + U wheat straw plus urea, CP + U (E): compost plus urea, IC + U (F): improved compost plus 
urea).
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contrast, the lowest  NO3
−-N content was observed under the WS + U group. On the one hand, the lower  NH4

+-N 
does not provide sufficient substrate for nitrification. On the other hand, the fixation of  NO3

−-N produced was 
greater than mineralization with the highest C/N in  WS19,36.

Community abundance of AOA and AOB
Nitrifying bacteria are active in soil biological  nitrification1. The results of this study showed that the addition of 
OAs and urea promoted the activity of nitrifying bacteria in soil. Similarly, in this study, we do not consider the 
effect of various organic matter on urea hydrolysis, but only think that the difference of abundance in nitrifying 
bacteria in different OA plus urea treatments was caused by different types of OAs. Many studies have shown 
that organic fertilization can increase the number of nitrifiers in  soil37,38, which was owing to the fertilizer that 
provided the substrate and energy for nitrifying bacteria and promoted their growth and  reproduction39,40. 
Furthermore, some intermediate metabolites may be produced during the mineralization of organic nitrogen, 
which may be beneficial to the growth of AOB and stimulate soil  nitrification41.

The copy numbers of AOA were larger than those of AOB during the incubation period in this study, which 
was consistent with that reported in other studies in most  soils42,43. The application of different OAs and urea 
significantly enhanced the copy number of AOB, but decreased that of AOA. This finding is consistent with the 
finding reported by Taylor et al., who confirmed that fertilizer application had a larger effect on AOB than on 
 AOA8. Furthermore, it was also confirmed that fertilization could significantly stimulate AOB, but had no impact 
on the AOA community in paddy  soil44. However, the result was in contrast with that reported by Wessen et al.45, 
who found that the application of organic carbon increased AOA abundance in a long-term experiment. The 
growth of AOA is favored with high  NH4

+ content, whereas AOB are well adapted to low  NH4
+ contents in the 

 environment46. In this study,  NH4
+-N was significantly related to AOB abundance (r = 0.924, P < 0.05), but not 

to that of AOA. Therefore, the higher  NH4
+-N content in OAs could explain the higher AOB and lower AOA 

abundance in the soil.
The increased abundance of the amoA gene may have contributed to the increase in soil nitrification. In this 

study, AOB abundance was positively correlated with  NO3
−-N (r = 0.835, P > 0.05), whereas AOA had a negative 

correlation with  NO3
−-N (r = − 0.663, P > 0.05). It can be concluded that AOB was more functional for nitrifica-

tion. Jia and Conrad also confirmed that AOB contributed more in terms of  function14. However, Leininger et al. 
have shown that nitrification is largely driven by AOA in  ecosystems47. These findings illustrated that although 
the AOA abundance was larger than that of AOB, AOB contributed more to nitrification than AOA in soils. Di 
et al. also confirmed this conclusion. In addition, the highest AOB abundance could explain the strong nitrifica-
tion in the PM + U  group48. However, the lowest abundance of AOB and weakened nitrification was under the 
WS + U treatment among all OA plus urea amended soils.

Community structure of AOA and AOB
In this study, OAs plus urea increased the diversity index of AOA and AOB in soil relative to that in the CK, 
demonstrating that OAs plus urea could promote the growth of ammonia oxidizers during incubation. In addi-
tion, OAs plus urea increased the community diversity of AOB considerably compared to that of AOA. The 
highest AOB community diversity was observed in the PM + U treatment, which indicated that PM plus urea 
could promote the growth of AOB more than that by other OAs plus urea because it was easier to decompose 
and mineralize than the other OAs. The result was different from that reported by Schauss et al., who found that 
manure amendment favored the growth of  AOA49. The PCA results reflected that the compositions of AOA and 
AOB communities varied in response to OAs. Thus, different organic carbon levels significantly influenced the 

Figure 5.  Redundancy analysis (RDA) of the relationship between soil properties and community structure 
of AOA and AOB among all treatments (AOA ammonia-oxidizing archaea, AOB ammonia-oxidizing bacteria, 
PM + U pig manure plus urea, WS + U wheat straw plus urea,  CP + U compost plus urea, IC + U improved 
compost plus urea).
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structure of AOA and AOB during the incubation process. However, the application of OAs and urea affected 
the structure of the AOA community slightly, but clearly influenced the structure of the AOB community. The 
main reasons could be ascribed to various responses of AOA and AOB to OAs. The results demonstrated that 
the AOB community structure was more sensitive than that of AOA to various OAs plus urea. This finding was 
consistent with the research reported by Wu et al.50 that the amendments of urea and rice straw varied the AOB 
community structure, but not that of the AOA in a 22-year long-term experiment.

AOA and AOB contribute differently to soil nitrification depending on environmental and management 
measures. In this study, the application of OAs plus urea significantly changed soil properties at the end of the 
incubation period, and the changes in soil properties affected the changes in soil ammonia-oxidizing micro-
organisms. Soil  NO3

−-N and DON were important factors affecting the distribution of ammonia-oxidizing 
microorganisms. Unclassified_Nitrosomonadales belonging to AOB amoA ammonia-oxidizing genes had a sig-
nificantly positive relationship with  NO3

−-N (P < 0.05). The AOB was found to be responsible for soil nitrifica-
tion. This finding was consistent with that of Jia and  Conrad14, who found that AOB played an important role in 
nitrification in some agricultural soils under different fertilization practices. However, some studies indicated 
that AOA, but not AOB, played a dominant role in nitrification in acidic  soil14,43,51. Therefore, further research 
is needed to confirm the contribution of AOA and AOB to nitrification under various fertilization practices. 
In addition, Unclassified_bacteria for the AOB-type ammonia-oxidizing gene was significantly associated with 
DON (P < 0.01) compared with the other dominant genera. DON is mainly produced by the mineralization of 
organic nitrogen. The results indicated that AOB contributed more to the mineralization of organic nitrogen 
than did AOA with different OAs plus urea.

Conclusions
The results showed that OAs plus urea promoted mineralization and nitrification in soil. The  NH4

+-N mineralized 
by organic nitrogen from OAs enhanced AOB abundance, but reduced the AOA abundance. AOA outnumbered 
AOB, whereas AOB contributed more to nitrification than AOA with the different OAs plus urea in soil. Soil 
 NO3

−-N and DON were important influencing factors for the structure of AOA and AOB communities. The 
result illustrated that the pig manure plus urea application outperforms wheat straw plus urea, compost product 
plus urea, and improved compost plus urea, which is an effective practice to release more available nitrogen in 
agricultural systems.

Data availability
All data generated or analysed during this study are included in this published article.

Received: 21 February 2023; Accepted: 4 October 2023

References
 1. Cui, P. Y. et al. Long-term organic and inorganic fertilization alters temperature sensitivity of potential  N2O emissions and associ-

ated microbes. Soil Biol. Biochem. 93, 131–141 (2016).
 2. Mohanty, M. et al. Modelling N mineralization from green manure and farmyard manure from a laboratory incubation study. 

Ecol. Model. 222, 719–726 (2011).
 3. Diacono, M. & Montemurro, F. Long-term effects of organic amendments on soil fertility. A review. Agron. Sustain. Dev. 30, 401–422 

(2010).
 4. Gruber, N. & Galloway, J. N. An Earth-system perspective of the global nitrogen cycle. Nature 451, 293–296 (2008).
 5. Kowalchuk, G. A. & Stephen, J. R. Ammonia-oxidizing bacteria: A model for molecular microbial ecology. Annu. Rev. Microbiol. 

55, 485–529 (2001).
 6. Francis, C. A., Beman, J. M. & Kuypers, M. M. M. New processes and players in the nitrogen cycle: The microbial ecology of 

anaerobic and archaeal ammonia oxidation. ISME J. 1, 19–27 (2007).
 7. Prosser, J. I. & Nicol, G. W. Relative contributions of archaea and bacteria to aerobic ammonia oxidation in the environment. 

Environ. Microbiol. 10, 2931–2941 (2008).
 8. Taylor, A. E., Zeglin, L. H., Wanzek, T. A., Myrold, D. D. & Bottomley, P. J. Dynamics of ammonia-oxidizing archaea and bacteria 

populations and contributions to soil nitrification potentials. ISME J. 6, 2024–2032 (2012).
 9. Shen, X. Y. et al. Nitrogen loading levels affect abundance and composition of soil ammonia oxidizing prokaryotes in semiarid 

temperate grassland. J. Soil Sediment. 11, 1243–1252 (2011).
 10. Jiang, X. J. et al. pH regulates key players of nitrification in paddy soils. Soil Biol. Biochem. 81, 9–16 (2015).
 11. Rotthauwe, J. H., Witzel, K. P. & Liesack, W. The ammonia monooxygenase structural gene amoA as a functional marker: Molecular 

fine-scale analysis of natural ammonia-oxidizing populations. Appl. Environ. Microbiol. 63, 4704–4712 (1997).
 12. Azziz, G., Trasante, T., Monza, J. & Irisarri, P. The effect of soil type, rice cultivar and water management on ammonia-oxidizing 

archaea and bacteria populations. Appl. Soil Ecol. 100, 8–17 (2016).
 13. Yao, H. Y., Campbell, C. D., Chapman, S. J., Nicol, G. W. & Singh, B. K. Multi-factorial drivers of ammonia oxidizer communities: 

Evidence from a national soil survey. Environ. Microbiol. 15, 2545–2556 (2013).
 14. Jia, Z. & Conrad, R. Bacteria rather than Archaea dominate microbial ammonia oxidation in an agricultural soil. Environ. Microbiol. 

11, 1658–1671 (2009).
 15. Shen, J. P., Zhang, L. M., Zhu, Y. G., Zhang, J. B. & He, J. Z. Abundance and composition for ammonia-oxidizing bacteria and 

ammonia-oxidizing archaea communities of an alkaline sandy loam. Environ. Microbiol. 10, 1601–1611 (2008).
 16. Lennon, J. T. & Jones, S. E. Microbial seed banks: The ecological and evolutionary implications of dormancy. Nat. Rev. Microbiol. 

9, 119–130 (2011).
 17. Manojlovic, M., Cabilovski, R. & Bavec, M. Organic materials: Sources of nitrogen in the organic production of lettuce. Turk. J. 

Agric. For. 34, 163–172 (2010).
 18. Olsen, S. R. Estimation of Available Phosphorus in Soils by Extraction With Sodium Bicarbonate. US Government Printing Office 

(1954).
 19. Abbasi, M. K., Hina, M., Khalique, A. & Khan, S. R. Mineralization of three organic manures used as nitrogen source in a soil 

incubated under laboratory conditions. Commun. Soil Sci. Plan. 38, 1691–1711 (2007).
 20. Amanullah, M. M. ‘N’ release pattern in poultry manured soils. Appl. Sci. Res. 3, 1094–1096 (2007).



10

Vol:.(1234567890)

Scientific Reports |        (2023) 13:20722  | https://doi.org/10.1038/s41598-023-44147-x

www.nature.com/scientificreports/

 21. TMECC (Test Methods for the Examination of Composts and Composting), 2002. In The US Composting Council, US Government 
Printing Office (Thompson, W., Leege, P., Millner, P., & Watson, M. E. Eds.). http:// tmecc. org/ tmecc/ index. html.

 22. Kanehiro, Y. & Sherman, G. D. Fusion with sodium carbonate for total elemental analysis. In Methods of Soil Analysis, Part 2, 
Agronomy 9 (ed. Black, C. A.) 952–958 (American Society of Agronomy Inc, 1965).

 23. Azeez, J. O. & Van Averbeke, W. Nitrogen mineralization potential of three animal manures applied on a sandy clay loam soil. 
Bioresour. Technol. 101, 5645–5651 (2010).

 24. Francis, K. J., Roberts, J. M., Beman, A. E. & Santoro, B. B. Oakley, Ubiquity and diversity of ammonia-oxidizing archaea in water 
columns and sediments of the ocean. Proc. Natl. Acad. Sci. USA 102, 14683–14688 (2005).

 25. Kuzyakov, Y. & Blagodatskaya, E. Mechanisms of real and apparent priming effects and their dependence on soil microbial biomass 
and community structure: Critical review. Biol. Fertil. Soils 45, 115–131 (2008).

 26. Ma, Q. X., Li, W., Pan, K. W., Zhang, L. & Wang, Y. J. Effect of continuous glucose addition on soil N transformation of the Pinus 
tabulaeformis and Cercidiphyllum japonicum plantations. Chin. J. Appl. Environ. Biol. 19, 426–433 (2013).

 27. Wu, L. et al. Conversion from rice to vegetable production increases  N2O emission via increased soil organic matter mineralization. 
Sci. Total Environ. 583, 190–201 (2017).

 28. Chadwick, D. R., John, F., Pain, B. F., Chambers, B. J. & Williams, J. Plant uptake of nitrogen from the organic nitrogen fraction 
of animal manures: A laboratory experiment. J. Agric. Sci. 134, 159–168 (2000).

 29. Whitehead, D. C. Grassland Nitrogen (CAB International, 1995).
 30. Flavel, T. C. & Murphy, D. V. Carbon and nitrogen mineralization rates after application of organic amendments to soil. J. Environ. 

Qual. 35, 183–193 (2006).
 31. Hartz, T. K., Mitchell, J. P. & Giannini, C. Nitrogen and carbon mineralization dynamics of manures and composts. Hortic. Sci. 

35, 209–212 (2000).
 32. Zaman, M. et al. Nitrogen mineralization,  N2O production and soil microbiological properties as affected by long-term applica-

tions of sewage sludge composts. Biol. Fertil. Soils 40, 101–109 (2004).
 33. Cookson, W. R., Cornforth, I. S. & Rowarth, J. S. Winter soil temperature (2–15 ℃) effects on nitrogen transformations in clover 

green manure amended or unamended soils; a laboratory and field study. Soil Biol. Biochem. 34, 1401–1415 (2002).
 34. Marstorp, H. & Kirchmann, H. Carbon and nitrogen mineralization and crop uptake of nitrogen from six green manure legumes 

decomposing in soil. Acta Agric. Scand. 41, 243–252 (1991).
 35. Hadas, A. & Portnoy, R. Nitrogen and carbon mineralization rates of composted manures incubated in soil. J. Environ. Qual. 23, 

1184–1189 (1994).
 36. Bruun, E. W., Ambus, P., Egsgaard, H. & Nielsen, H. H. Effect of slow and fast pyrolysis biochar on soil C and N turn over dynam-

ics. Soil Biol. Biochem. 46, 73–79 (2012).
 37. Chen, Z. et al. Differentiated response of denitrifying communities to fertilization regime in paddy soil. Microb. Ecol. 63, 446–459 

(2012).
 38. Sun, R. B., Guo, X. S., Wang, D. Z. & Chu, H. Y. Effects of long-term application of chemical and organic fertilizers on the abundance 

of microbial communities involved in the nitrogen cycle. Appl. Soil Ecol. 95, 171–178 (2015).
 39. Chu, H. et al. Community structure of ammonia-oxidizing bacteria under long-term application of mineral fertilizer and organic 

manure in a sandy loam soil. Appl. Environ. Microbiol. 73, 485–491 (2007).
 40. Wang, Y., Ke, X., Wu, L. & Lu, Y. Community composition of ammonia-oxidizing bacteria and archaea in rice field soil as affected 

by nitrogen fertilization. Syst. Appl. Microbiol. 32, 27–36 (2009).
 41. Qin, W. et al. Marine ammonia-oxidizing archaeal isolates display obligate mixotrophy and wide ecotypic variation. Proc. Natl. 

Acad. Sci. 111, 12504–12509 (2014).
 42. Fan, X. H., Li, Y. C. & Alva, A. K. Effects of temperature and soil type on ammonia volatilization from slow-release nitrogen 

fertilizers. Commun. Soil Sci. Plan. 42, 1111–1122 (2011).
 43. He, J. Z. et al. Quantitative analyses of the abundance and composition of ammonia-oxidizing bacteria and ammonia-oxidizing 

archaea of a Chinese upland red soil under long-term fertilization practices. Environ. Microbiol. 9, 2364–2374 (2007).
 44. Wang, J. C. et al. Ammonia oxidizer abundance in paddy soil profile with different fertilizer regimes. Appl. Soil. Ecol. 84, 38–44 

(2014).
 45. Wessén, E., Nyberg, K., Jansson, J. K. & Hallin, S. Responses of bacterial and archaeal ammonia oxidizers to soil organic and 

fertilizer amendments under long-term management. Appl. Soil Ecol. 45, 193–200 (2010).
 46. Verhamme, D. T., Prosser, J. I. & Nicol, G. W. Ammonia concentration determines differential growth of ammonia-oxidising 

archaea and bacteria in soil microcosms. ISME J. 5, 1067–1071 (2011).
 47. Leininger, S. et al. Archaea predominate among ammonia-oxidizing prokaryotes in soils. Nature 442, 806–809 (2006).
 48. Di, H. J. et al. Nitrification driven by bacteria and not archaea in nitrogen-rich grassland soils. Nat. Geosci. 2, 621–624 (2009).
 49. Schauss, K., Focks, A., Leininger, S. & Kotzerke, A. Dynamics and functional relevance of ammonia-oxidizing archaea in two 

agricultural soils. Environ. Microbiol. 11, 446–456 (2009).
 50. Wu, Y. C. et al. Long-term field fertilization significantly alters community structure of ammonia oxidizing bacteria rather than 

archaea in a paddy soil. Soil Sci. Soc. Am. J. 75, 1431–1439 (2011).
 51. Zhang, L. M., Hu, H. W., Shen, J. P. & He, J. Z. Ammonia-oxidizing archaea have more important role than ammonia-oxidizing 

bacteria in ammonia oxidation of strongly acidic soils. ISME J. 6, 1032–1045 (2012).

Acknowledgements
This study was supported by National natural science foundation of China (Project No. 42077135), Talent Special 
Fund Grant from Northwest A&F university (Project No. 2452021124) and Innovation and entrepreneurship 
training program for College Students from Northwest A&F university (S202210712582), Foundation of the State 
Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau (A314021402-202218).

Author contributions
Y.Y. wrote the main manuscript text and H.L. prepared figures. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.L.

Reprints and permissions information is available at www.nature.com/reprints.

http://tmecc.org/tmecc/index.html
www.nature.com/reprints


11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:20722  | https://doi.org/10.1038/s41598-023-44147-x

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

http://creativecommons.org/licenses/by/4.0/

	Contribution of ammonia-oxidizing archaea and bacteria to nitrogen transformation in a soil fertilized with urea and organic amendments
	Materials and methods
	Soil and materials tested
	Experimental design
	Determination methods
	Microbial community analysis
	Statistical analyses

	Results
	Changes in NH4+-N and NO3—N
	Changes in MN and net N mineralization
	Changes in MBN and DON with different OAs plus urea
	Abundance of AOA and AOB
	Diversity index of AOA and AOB
	Composition of AOA and AOB communities
	Correlation between soil properties and compositions of ammonia oxidizers

	Discussion
	Nitrogen mineralization and nitrification
	Community abundance of AOA and AOB
	Community structure of AOA and AOB

	Conclusions
	References
	Acknowledgements


