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Soil microbial communities as potential regulators of N2O sources in highly acidic soils 

 

Soil sampling 

Four topsoil samples (0-20 cm) from different locations in China were sampled in the current 

study (Table S1). One pooled sample from five random samples were collected from each plot. The 

sampled soil was air-dried through a 2 mm sieve, and visible plant residues were removed manually 

for incubation experiments. Fresh soil samples were stored at -80 °C until needed for DNA 

extraction. Fresh soil samples (sieved 2 mm) were stored at 4 °C or air-dried (sieved 0.25 and 

2.00 mm) for soil properties analysis. 

 

The isotope signatures calculation 

Bulk N isotopic ratios (δ15Nbulk) and intramolecular 15N SP were calculated as follows: 

δ15Ni=(15Risample/15Ristandard-1)×1000（‰） (i=bulk, α)                     （1） 

δ15Nbulk= (δ15Nα+δ15Nβ)/2                                          （2） 

SP=δ15Nα-δ15Nβ                                                  （3） 

where 15Rα and 15Rβ represent the 15N/14N ratios at the center and ends of N2O, respectively. SP 

denotes the different values of 15N/14N between central and terminal N position. 

 

Microbial DNA extraction and real-time quantitative PCR  

Soil samples were stored at -80 °C pending DNA extraction. The genomic DNA was extracted 

from 0.25 g fresh soil samples using FastDNA® Spin Kit for Soil (MP Biomedicals, U.S.) according 

to the manufacturer’s instructions. The DNA extract was checked on 1% agarose gel, and DNA 

concentration and purity were determined with NanoDrop 2000 UV-vis spectrophotometer (Thermo 

Scientific, Wilmington, USA).  

Quantitative PCR assays were performed using an ABI GeneAmp® 7300 PCR thermocycler 

(ABI, CA, USA) to estimate microbial abundances of 16S rRNA, ITS, AOA amoA, AOB amoA, 

nirK, fungi nirK, nosZI and nosZII. For details of gene-specific primers refer to Table S2. The qPCR 

was performed as follows: initial denaturation at 95 ℃ for 3 min, followed by 40 cycles of 

denaturing at 95 ℃ for 5 s, annealing at 58 ℃ for 30 s and extension at 72 ℃ for 1 min. Each qPCR 



assay was carried out in a volume of 20 μl containing 10 μl 2X ChamQ SYBR Color qPCR Master 

Mix (Vazyme, China), 0.8 μl of each (forward and reverse) primer (5 μM), 2 μl of DNA template, 6 

μl of ddH2O, and 0.4 μl of 50 X ROX Reference Dye 1. The standard curves were created with 10-

fold dilution series of plasmids containing the target gene, and the R2 of the standard curves ranged 

from 0.992 to 1.000. The threshold cycle values obtained for each sample were compared with the 

standard curve to calculate the copy number of the target gene. Sterile water was used as a negative 

control to replace the template. All amplifications were performed in triplicate. 

 

Illumina MiSeq sequencing and bioinformatics analysis 

Bacterial and fungal taxa were identified by amplicon sequencing of the 16S rRNA gene and 

the ITS fragment, respectively. To amplify the V3–V4 hypervariable region of bacteria and the ITS1 

fragment of fungi, primer pairs 338F/806R and ITS1F/ITS2R were used, respectively. Purified 

amplicons were pooled in equimolar and paired-end sequenced on an Illumina MiSeq PE300 

platform (Illumina, San Diego, USA) according to the standard protocols by Majorbio Bio-Pharm 

Technology Co. Ltd. (Shanghai, China). Raw sequencing data were analyzed as described before 

(Chen et al. 2018, Li et al. 2022). Briefly, the raw sequences were split, assembled, and processed 

using FLASH (Magoč & Salzberg 2011), and clustered at 97 % sequence similarity for Operational 

taxonomic UNITE (OTUs) with USEARCH (Edgar 2013). Then, the OTUs of bacterial and fungal 

were classified through BLAST in the Ribosomal Database Project database (Wang et al. 2007) and 

UNITE database (Kõljalg et al. 2013), respectively. To avoid bias due to sequencing depth, all 

samples were subsampled based on the minimum number of bacterial and fungal sequencing depths 

of this study. The raw reads were deposited into the NCBI Sequence Read Archive (SRA) database 

(Accession Number: SRP414779). 

  



Table S1. Soil physical and chemical properties 

Soil Location pH 
Clay 

(%) 

Silt 

(%) 

Sand 

(%) 

TN 

(g kg-1) 

SOC 

(g kg-1) 
C/N 

Olsen-P 

(mg kg-1) 

Available K 

(mg kg-1) 

TP 
119°10′7″E, 

31°56′41″N 
4.04 11.2 49.5 39.4 1.69 16.0 9.46 6.95 48 

VF1 
113°8′41″E, 

27°47′27″N 
3.51 14.4 70.1 15.4 1.89 19.0 10.0 128 125 

VF2 
113°26′8″E, 

27°48′46″N 
5.42 13.5 57.3 29.1 2.05 18.6 9.05 40.7 47 

VF3 
115°30′40″E, 

25°47′40″N 
7.95 11.8 53.6 34.6 1.28 14.7 11.5 18.8 92 

 

 



Table S2. The primers, procedures and reaction systems of the PCR amplification. 

Genes Primer Primer sequence (5’→3’) Product size Reference 

16S rRNA 338F ACTCCTACGGGAGGCAGCAG 470bp (Mori et al. 2014) 
806R GGACTACHVGGGTWTCTAAT  

ITS ITS1F CTTGGTCATTTAGAGGAAGTAA 268bp (Yao et al. 2017) 
 ITS2R GCTGCGTTCTTCATCGATGC   

AOA-amoA Arch-amoAF STAATGGTCTGGCTTAGACG 636bp (Francis et al. 2005) 
Arch-amoAR GCGGCCATCCATCTGTATGT  

AOB-amoA amoA-1F GGGGTTTCTACTGGTGGT 492bp (Rotthauwe et al. 1997) 
amoA-2R CCCCTCKGSAAAGCCTTCTTC  

nirK nirK876C ATYGGCGGVCAYGGCGAa 164bp (Harter et al. 2014) 
nirK1040 GCCTCGATCAGRTTRTGG  

nosZ I nosLb CCCGCTGCACACCRCCTTCGA 309bp (Chèneby et al. 1998) 
nosRb CGTCGCCSGAGATGTCGATCA  

nosZ II NosZ912F CGTCCCCGGCCTCGTGTA 911bp (Sanford et al. 2012) 
NosZ1853R GAGCAGAAGTTCGTGCAGTAGTAGGG  

Fungi nirK fnirK2F GTYCAYATYGCYAACGGSATGTACGG 468bp (Long et al. 2014) 
 fnirK1R GCRTGRTCNACMAGNGTRCGTCCC   

aInsertion of a cytosine (underlined) in order to increase target gene coverage. 

  



Table S3. Published δ15Nbulk, δ18ON2O, and SP values of N2O involved in different N2O production 

processes (Yamamoto et al. 2017). 

Process δ15N (‰) δ18O (‰) SP (‰) Reference 

Nitrification  −68.4 ~ −60.4   (Yoshida 1988) 
 −67.2 ~ -13.8  35.5 ~38.9 (Yamazaki et al. 2014) 
 −57.5 ~ −13.7  13.9 ~ 29.8 (Reinhard et al. 2008) 
 -57.5 ~ -13.7 15.0 ~ 28.4 13.9 ~ 29.8 (Reinhard et al. 2008) 
 −54.9 ~ −6.6 40.0 33.9 ~ 38.7 (Frame & Casciotti 2010) 
 −46.9 ~ 5.1 22.2 ~ 45.7 27.5 ~ 37.5 (Sutka et al. 2006) 
 −37.4 ~ −19.7  9.2 ~ 21.1 (Sutka et al. 2003) 
 −26.9 ~ 1.4 33.9 ~ 60.2 33.9 ~ 35.6 (Heil et al. 2014) 
 −19.88  27.9 ~ 29.9 (Jung et al. 2014) 
 −0.3 ~ 4.8  24.9 ~ 36.7 (Sutka et al. 2003) 
 -55.0 ~ -48.0 19.0 ~ 27.0  (Mandernack et al. 2009) 
  13.0 ~ 35.0  (Snider et al. 2012) 
Range of values −68.4 ~ 5.1 13.0 ~ 60.2 9.2 ~ 38.9  
Bacterial denitrification −37.0 ~ −33    (Yoshida et al. 1984) 
 12.9 ~ 28.6   (Barford et al. 1999) 
  40.0  (Casciotti et al. 2018) 
 −37.2 ~ −7.9  4.0 ~ 23.0 −5 ~ 23.3 (Toyoda et al. 2005) 
 -25 ~ 2.0 25.0 ~ 26.0 −2.5 ~ 3.7 (Sutka et al. 2006) 
 −4.1 ~ −6.6  −6.8 ~ −5.0 (Ostrom et al. 2007) 
 −29 ~ −20 17.0 ~ 43.0  (Snider 2011) 
 11 ~ 17.1  −9.0 ~ 16.8 (Yamazaki et al. 2014) 
 −23.9 ~ 2.3 22.9 ~ 47.9 −7.1 ~ −2.3 (Rohe et al. 2017) 
Range of values −37.2 ~ 28.6 4.0 ~ 47.9 −9 ~ 16.8  
Fungal denitrification −20.0 ~ −2.6 30.2-38.6 22.8 ~ 40 (Sutka et al. 2008) 
 −9.4 ~ 5.9 29.6 ~ 39  (Maeda et al. 2015) 
  37.1 ~ 57.7 33.1 ~ 38.6 (Rohe et al. 2014) 
  44.5 ~ 51.9  (Lewicka-Szczebak et al. 2016) 
 -27.1~-0.6 33.01~38.6 31.2~35.3 (Rohe et al. 2017) 
Range of values −27.1 ~ −2.6 29.6 ~ 57.7 22.8 ~ 40  
Nitrifier denitrification −36.2 ~ −34.9    (Yoshida 1988) 
 −38.4 ~ −30.3 7.0 ~ 12.0 −8.7 ~ 8.5 (Sutka et al. 2004) 
 −24.2 ~ −21.5 9.8-11.5 −4.0 ~ 1.9 (Sutka et al. 2006) 
 −56.9 7.0 ~ 9.8 -10.7 (Frame & Casciotti 2010) 
  13.0 ~ 35.0  (Snider et al. 2012) 
Range of values −56.9 ~ −21.5 7.0 ~ 35.0 -10.7 ~ 8.5  

  



Fig. S1 

 

Fig. S1. Soil NH4+-N (a) and NO3--N (b) concentrations before and after incubation in different 
soil. **, P<0.05; ***, P<0.001. 

  



 

Fig. S2. SP vs. δ18O of N2O. The boxes with different colors indicate the expected ranges of different 

microbial processes according to published data (Table S1). The grey, green, purple, and yellow box 

represent ND (nitrifier denitrification), BD (bacterial denitrification), NN (nitrification), and FD 

(fungal denitrification) processes, respectively.  



 
Fig. S3. The index of shannon (a), simpson (b), and sobs (c) of bacterial community in different 

soils. (d) Principal co-ordinates analysis (PCoA) ordination of soils bacterial community. All 

ordinations were performed at the OTU level. Error bars represent standard errors for n = 3. 

Different letters indicate significant differences at α = 0.05.



 
Fig. S4. The index of shannon (a), simpson (b), and sobs (c) of fungal community in different soils. 

(d) Principal co-ordinates analysis (PCoA) ordination of soils fungal community. All ordinations 

were performed at the OTU level. Error bars represent standard errors for n = 3. Different letters 

indicate significant differences at α = 0.05. 
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