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Nitrous oxide (N2O) production in tropical soils cultivated with sugarcane is associated with ammonia-oxidizing
bacteria (AOB) and fungal denitrifiers. However, the taxonomic identities and the community diversities,
compositions, and structures of AOB and fungal denitrifiers in these soils are not known. Here, we examined the
effects of applying different concentrations of an organic recycled residue (vinasse: regular non-concentrated or
5.8-fold concentrated) on the dynamics of AOB and fungal denitrifier community diversity and composition and
greenhouse gas emissions during the sugarcane cycle in two different seasons, rainy and dry. DNA was extracted
from soil samples collected at six timepoints to determine the dynamics of amoA-AOB and nirK-fungal com
munity diversity and composition by amplicon sequencing with gene-specific primers. Bacterial and archaeal
amoA, fungal and bacterial nirK, bacterial nirS and nosZ, total bacteria (16S rRNA) and total fungi (18S rRNA)
were quantified by real-time PCR, and N2O and CO2 emissions were measured. The genes amoA-AOB and bac
terial nirK clade II correlated with N2O emissions, followed by fungal nirK. The application of inorganic nitrogen
fertilizer combined with organic residue, regardless of concentration, did not affect the diversity and structure of
the AOB and fungal denitrifier communities but increased their abundances and N2O emissions. Nitrosospira sp.
was the dominant AOB, while unclassified fungi were the dominant fungal denitrifiers. Furthermore, the com
munity structures of AOB and fungal denitrifiers were affected by season, with dominance of uncultured
Nitrosospira and unclassified fungi in the rainy season and the genera Nitrosospira and Chaetomium in the dry
season. Nitrosospira, Chaetomium, Talaromyces purpureogenus, and Fusarium seemed to be the main genera gov
erning N2O production in the studied tropical soils. These results highlight the importance of deciphering the
main players in N2O production and demonstrate the impact of fertilization on soil microbial N functions.

1. Introduction
Nitrous oxide (N2O) emissions from agricultural systems account for
approximately 60% of total anthropogenic N2O emissions (IPCC, 2013).
These high emissions are a major concern, as N2O is both a greenhouse
gas (GHG) with a global warming potential 298 times greater than that
of carbon dioxide (CO2) (IPCC, 2013) and an ozone-depleting substance
(Ravishankara et al., 2009). N2O production is the result of both abiotic
processes involving chemical reactions and biotic processes via reactions
mediated by microbes (Butterbach-Bahl et al., 2013; Hu et al., 2015). In
agricultural soils, nitrification and denitrification are the main biotic

processes of N2O production (Goreau et al., 1980; Wrage et al., 2001).
Nitrification reactions are mediated by autotrophic ammoniaoxidizing bacteria (AOB) and ammonia-oxidizing archaea (AOA).
Ammonia oxidation is catalyzed by the enzyme ammonia mono
oxygenase, which is encoded by the amoA gene of β- and γ-proteobac
teria (AOB), and by the newly described phylum Thaumarchaeota (AOA)
(Prosser et al., 2020). However, a recently described nitrite-oxidizing
bacterium from the genus Nitrospira can perform nitrification in a sin
gle step by oxidizing not only NO2− to NO3− but also NH4+ to NO3−
(Daims et al., 2015; van Kessel et al., 2015). Under laboratory condi
tions, Nitrospira inopinata emits N2O during nitrification at levels similar
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to those of AOA but much lower than those of AOB (Kits et al., 2019).
Denitrification is performed by a variety of bacteria (Philippot et al.,
2007; Canfield et al., 2010; Maeda et al., 2015; Nelson et al., 2016) and
produces N2O as a byproduct (Butterbach-Bahl et al., 2013). These
reduction reactions are catalyzed by a set of enzymes encoded by
distinct functional genes, such as nitrate reductases encoded by narG or
napA; two entirely different types of nitrite reductases encoded by nirK
or nirS; nitric oxide reductases encoded by cnorB or qnorB; and a nitrous
oxide reductase encoded by nosZ (Philippot et al., 2007; Jones et al.,
2013).
Fungi are also correlated with the production of N2O (Maeda et al.,
2015; Higgins et al., 2016) and, depending on agriculture management,
can be one of the main players in N2O production (Xu et al., 2017,
2019b; Lourenço et al., 2018b), accounting for up to 89% of emitted N2O
(Laughlin and Stevens, 2002; Chen et al., 2014; Xu et al., 2017, 2019b;
Zhong et al., 2018). Fungal denitrifiers can use both NO2− and NO3− as
electron acceptors, with a preference for NO2− (Maeda et al., 2015).
Fungal enzymes responsible for reducing NO2− to N2O are encoded by
nirK and P450nor (a cytochrome P450 nitric oxide reductase), which
differ from the bacterial nirK and nor genes (Shoun et al., 2012; Wei
et al., 2015b). Fungal and bacterial denitrifying genes are closely
related, but with differences in the conserved amino acids (Wei et al.,
2015b), indicating that fungi most likely acquired nirK by gene transfer,
from protomitochondrion (Kim et al., 2009). On the other hand, P450nor
gene is unique to the fungi (Shoun et al., 2012). Denitrifying fungi
generally lack the nosZ gene, and thus the final product is N2O (Laughlin
and Stevens, 2002; Shoun et al., 2012), making fungi significant con
tributors to N2O production (Crenshaw et al., 2008; Herold et al., 2012;
Mothapo et al., 2013, 2015; Chen et al., 2014), even though there is little
evidence of their contribution in tropical systems. Moreover, studies that
aim to quantify and identify fungi with denitrifying capacity, as well as
studies of the associations of fungal denitrifiers with environmental
factors are scarce. Considering recent literature by Keuschnig et al.
(2020) and hypotheses on the role of p450nor-containing fungi e.g.,
secondary metabolism (Higgins et al. (2018), it is highly likely that
“most fungi” are not denitrifiers. The overestimation of the fungal
contribution for N2O production is related with culture media prepa
ration problems and biases associated with the use of antibacterial and
antifungal inhibitors. In consequence, more studies are needed.
Nitrification and denitrification rates are regulated by critical factors
such as soil organic carbon (C) availability and nitrogen and oxygen
concentrations (Morley and Baggs, 2010; Liang et al., 2015). In sugar
cane production systems, combining labile organic C with mineral N
increases N2O production (Carmo et al., 2013). Specifically, applying
vinasse, an organic residue of sugarcane ethanol production that is rich
in organic C (10,000–20,000 mg C L− 1) and organic N (357 mg N L− 1),
with inorganic N fertilizer has been shown to drastically increase N2O
emissions from soil (Carmo et al., 2013; Pitombo et al., 2016; Lourenço
et al., 2019). These increased emissions are mainly correlated to changes
in the abundances of amoA-AOB and nirK-fungal genes (Lourenço et al.,
2018b) as well as soil microbial community composition (Lourenço
et al., 2018c, 2020). Nonetheless, recycling of vinasse, whether regular
(non-concentrated, V) or concentrated (CV), is essential as a nutrient
source and to alleviate the environmental impacts (water pollution) of
large-scale bioethanol production from sugarcane in Brazil. Identifying
the bacterial and fungal functional genes associated with N2O produc
tion would support the development of strategies to increase the envi
ronmental sustainability of bioenergy production worldwide, by
mitigation of N2O emissions such as management practices and use of
nitrification inhibitors in sugarcane cultivation system (Carvalho et al.,
2021). In addition, information is needed on the dynamics of microbes
related to N2O production, such as AOB and fungal denitrifiers, in soils
amended with V or CV combined with inorganic N under different
weather conditions and sugarcane cropping seasons. Unlike AOB, which
are mainly linked to nitrification, fungi with denitrifying capacity are
usually related to multiple functions in the soil (Aldossari and Ishii,

2021), including organic matter decomposition (Higgins et al., 2016)
and production of compounds such as NO, a gas used as a signal for plant
invasion (Ding et al., 2020). Accordingly, the main goal of this study was
to decipher the diversity of the main bacterial ammonium-oxidizers and
fungal denitrifiers related to the production of N2O in an agricultural
tropical soil amended with V or CV combined with inorganic N under
different weather conditions (fertilization in the spring-rainy vs.
winter-dry).
2. Material and methods
2.1. Experimental setup
In the current study, a subset of samples from former experiments
(Lourenço et al. (2018b) located at APTA (Paulista Agency for Agri
business Technology), Piracicaba, Brazil, was used. The climate is humid
tropical with a rainy summer and dry winters, a Cwa type according to
the Köppen classification system (Critchfield, 1960). Briefly, the ex
periments were conducted in a rainy (RS) and in a dry season (DS)
(spring-rainy vs. winter-dry). RS experiment started on December 13,
2013, while DS experiment started on August 15, 2014. Precipitation
and daily temperature measurements were obtained from a meteoro
logical station near by (~500 m) the experimental fields (Fig. S1). The
soil is Ferrasol (FAO, 2015) or oxisol (USDA, 2014), and the soil prop
erties (Camargo et al., 1986; Van Raij et al., 2001) of 0–20 cm and
20–40 cm soil layers are listed in Table 1. Sugarcane was mechanically
harvested and the straw was left on top of the soil (RS: 12 Mg ha− 1 and
DS: 16 Mg ha− 1). Treatments in both experiments were similar: (1)
Control: plot without inorganic N fertilization or vinasse; (2) N: inor
ganic N fertilizer; (3) V + N: regular vinasse plus inorganic N fertilizer;
and (4) CV + N: concentrated vinasse plus inorganic N fertilizer. The
experiment was conducted in a randomized block design with three
replicate blocks (n = 3).
In both seasons, N fertilizer rate was 100 kg N ha− 1 applied as
ammonium nitrate (NH4NO3). Regular vinasse (V) was sprayed (1.0 ×
105 L ha− 1 or 10 L m2) over the experimental plots following the
legislation for sugarcane plantations in Sao Paulo state in Brazil
(CETESB, 2014). V rate is based on the quantity of potassium uptaken by
sugarcane plants (185 kg K2O ha− 1) and average of potassium concen
tration in V (2 g K2O L− 1). N fertilizer and concentrated vinasse (CV)
were surface-applied (1.7 × 104 L ha− 1) in bands close to the plant (0.1
m), in agreement with standard practices in commercial sugarcane
production. The actual vinasse rate on the fertilized band (2000 m2
Table 1
Properties of the soils in the two seasons.
Cm
Soil layer
Bulk density
pH a
OM b
Pc
K
Ca
Mg
H + Al d
CECe
Soil texture f
Clay
Silt
Sand
a
b
c
d
e
f

2

− 3

g cm
–
g dm− 3
mg dm− 3
mmolcdm−
mmolcdm−
mmolcdm−
mmolcdm−
mmolcdm−
g kg−
g kg−
g kg−

1
1
1

3
3
3
3
3

Rainy season (RS)

Dry season (DS)

0–20

20–40

0–20

20–40

1.42
5.3
23
10
0.5
45
20
31
98

1.25
4.9
19
5
0.4
27
10
38
76

1.48
5.0
21
15
0.7
17
12
35
65

1.38
4.9
15
10
0.4
12
6
36
54

619
145
236

668
125
207

631
151
218

703
123
174

(CaCl2; 0.0125 mol L− 1).
Organic matter.
Available phosphorus, K, Ca, and Mg were extracted with ion exchange resin.
Buffer solution (pH 7.0).
Cation exchange capacity.
Soil texture determined by the densimeter method.
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ha− 1, disregarding the interrow space, which was not fertilized) was 8.5
L m2. The chemical characteristics of the V and CV are listed in the
Supplementary Table S1.
Data of soil chemical parameters, CO2 and N2O gas fluxes, and qPCR
data are fully described in Lourenço et al. (2018b). The methodologies
used are summarized below.

that there is variability of primers efficiency in different soils. For the
soil of the current study, the primers designed by Long et al. (2015) for
nirK-fungi were the most suitable. The qPCR amplicon products were
checked by agarose gel electrophoresis. The efficiencies of the
amoA-AOB, 16S rRNA, nirK-fungi, and 18S rRNA qPCR were 88% (R2 =
0.98), 96% (R2 = 0.99), 85% (R2 = 0.98), and 88% (R2 = 1.00),
respectively (Table S3). Each qPCR run included a DNA template, a
standard positive control and a negative control. Plasmid DNA con
taining fragments of bacterial amoA and fungi nirK genes and 16S rRNA
and 18 rRNA were used as standards (Soares et al., 2016). The primers
used for archaea amoA and bacteria nirS, nirK, and nosZ amplification
and the PCR conditions are listed in Supplementary Table S2.

2.2. Soil sampling
In both experiments, soil samples (each sample composed of six soil
samplings per plot) collected throughout the season were stored at
− 20 ◦ C for chemical analyses (~200 g), and soil subsamples (30 g) were
stored at − 80 ◦ C for molecular analyses. As the goal of this study was to
identify AOB and fungal denitrifying community members related to
N2O production, the soil samples from six timepoints (three per season)
were chosen based on N2O emissions, selecting dates when emissions
were contrasting - high and low. In the RS, soil samples were collected at
7, 22 and 24 days and in DS at 11, 19, and 45 days after N fertilizer and
vinasse application. For each treatment, samples were collected from
0 to 10 cm soil layer in the fertilized band close to the plant for deter
mination of NH4+-N and NO3− -N concentrations, moisture content, and
pH. For each timepoint, soil temperature was measured with a digital
thermometer. Water-filled pore space (WFPS) was calculated consid
ering soil moisture and bulk density. NH4+-N and NO3− -N concentra
tions were measured with a continuous flow analytical system (FIAlab2500 System) (Kamphake et al., 1967; Krom, 1980).

2.5. Amplicon sequence processing of amoA-ammonia-oxidizing Bacteria
and nirK-Fungal denitrifiers
The total soil DNA used for qPCR was also used for amplification of
amoA-AOB and nirK-fungal genes using the same primers, the conditions
of amplification are shown in Supplementary Table S2. Dual-index and
Illumina sequencing adapters were attached to the amplicons. After li
brary quantification, normalization and pooling, MiSeq V3 reagent kits
were used to prepare the samples for MiSeq sequencing. The samples
were amplified and sequenced on the Illumina MiSeq System at Genome
Québec, Montréal, Canada.
Raw data of bacterial amoA-AOB and fungal nirK sequences were preprocessed using Mothur v 1.3.3 (Schloss et al., 2009). Raw sequences
were merged (make.contigs command), then trimmed and sorted
simultaneously (trim.seqs). Sequences were filtered out if average read
quality was lower than 25, there were more than two N’s or if the read
length was shorter than 150 bp; remaining sequences were filtered based
on primer quality (≤2 errors), spacers (≤2 errors), and barcodes (≤1
error). Barcodes and primers were removed. Further, the sample reads
were processed using the UCLUST pipeline implemented in a Snakemake
workflow available upon request (Edgar, 2010). In summary, the bac
terial amoA and fungal nirK sequences were truncated to 480 bp and
singletons and chimeras were removed (Norton et al., 2002). OTU tables
were created at the 90% and 97% cut-off level (phylum = 75%, class =
78.5%, order = 82%, family = 86.5%, genus = 94.5%, species/OTU =
90% for amoA and 97% for nirK), similar to other studies (Lourenço
et al., 2018a; Xu et al., 2019a). Biom-format OTU tables and represen
tative OTU sequences were imported into QIIME 2 (Bolyen et al., 2019).
The plugin classify-sklearn (Pedregosa et al., 2011) was used to classify
the taxonomic lineage of the representative sequences of each specific
gene based on the corresponding database. Custom bacterial amoA and
fungal nirK databases were built using NCBI sequences (NCBI Resource
Coordinators, 2016) and an in-house pipeline. For the fungal nirK
dataset, contaminating bacterial sequences were removed using the
plugin “qiime taxa filter-table”. In average, 68% of the total reads
belonged to bacteria and they were removed from the dataset. The OTU
tables were converted into tab separated values (tsv) format and
exported using the BIOM package (McMurdie and Paulson, 2020). In
addition, a second OTU table was build using all the sequences to
explore the nirK from bacteria, and the sequences were clustered against
taxonomic lineage of the representative sequences of bacterial nirK
clades I, II and III.

2.3. Carbon dioxide and nitrous oxide measurements
Fluxes of CO2 and N2O for each timepoint were evaluated according
to Lourenço et al. (2018b). Briefly, gas samples were collected in the
morning between 7:00 and 13:00 a.m. GMT-3, from polyvinyl chloride
(PVC) static chambers measuring 0.20 m in height and 0.30 m in
diameter, inserted 0.05 m into the soil. At 1, 15, and 30 min after the
chambers were closed, the gases were sampled with 60-mL plastic sy
ringes, transferred and stored in pre-evacuated 12 mL exetainers (glass
vials). Gas samples were analyzed in a gas chromatograph with a flame
ionization detector for CO2 determination and an electron capture de
tector for N2O (model GC-2014, Shimadzu Co.). CO2 and N2O fluxes
were calculated by linear interpolation of the three sampling times and
adjusted by taking into account the chamber volume, air temperature,
and atmospheric pressure using the “Ideal gas law” to calculate the
number of moles inside each chamber and the CO2 and N2O concen
tration [1]:
GHG Flux = a*

Vm
∗MM
A

[1]

where GHG flux is CO2 or N2O flux (g m− 2 h− 1), a (ΔC/Δt) is the rate of
change of the gas concentration inside the chamber (ppb h− 1 or ppm
h− 1) during the incubation time. Vm is the molar volume of the gas at
the sampling temperature (L mol− 1), MM is the molecular mass of C in
CO2 or N in N2O, and A is the area of soil covered by the chamber (m2).
2.4. DNA extraction and real-time PCR

2.6. Phylogenetic trees

Soil samples (0.30 g) were subjected to total DNA extraction with
MoBio PowerSoil DNA Isolation Kit’s following the manufacturer’s in
structions (MoBio, Solana Beach, CA, United States). Quality and
quantity of DNA were checked and quantified using a 1% (w/v) agarose
gel under UV light and Qubit 2.0 Fluorometer (Life Technologies,
Carlsbad, CA, United States). The abundance of the amoA-AOB, nirKfungi genes, and total bacterial and fungal communities were quantified
in duplicate by real-time PCR with a BIORAD CFX96 TouchTM RealTime PCR Detection System. Amplification and thermal cycler condi
tions are described in Supplementary Table S2. It is worth to mention

Phylogenetic trees were constructed for the representative sequences
of the 30 most abundant since they represent 99.5 and 91% of the
bacterial amoA and fungal nirK OTUs, respectively. Reference sequences
from close neighbors were downloaded from NCBI (NCBI Resource Co
ordinators, 2016) and included in the analysis. The sequences were
aligned using the software MAFFT v7.455 (Katoh and Standley, 2013),
using the L-INS-I strategy (Katoh et al., 2005). Maximum likelihood
phylogenetic inference was performed in IQ-TREE 1.6.12 (Nguyen et al.,
3
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2015), with automatic selection of the best-fit nucleotide evolution
model (Kalyaanamoorthy et al., 2017). The best-fitted model parameters
defined by Bayesian Information Criterion were K3Pu + F + G4 for
bacterial amoA and TPM3u + F + G4 for fungal nirK datasets. Edge
support was estimated with an ultrafast bootstrap test (UFBoot2, 1000
standard replicates) (Hoang et al., 2018). Archaeal Nitrososphaera vien
nensis amoA gene (CP007174) was used as an outgroup for bacterial
amoA sequences, and bacterial Nitrosomonas europaea nirK gene
(EF016124) was used as an outgroup for the nirK gene dataset. The
Interactive Tree of Life (iTOL) (Letunic and Bork, 2016) platform was
used to visualize and annotate the trees.

DS. The water-filled pore space (WFPS) values were similar between the
two seasons, with the low WFPS on the first sampling day varying from
63.4 to 87.5% in RS and 61.9–86.9% in DS.
Compared with the treatment with only inorganic N and the control,
both CO2 and N2O emissions were higher in the treatments with vinasse
(V or CV) plus inorganic N (Figs. S3a and b). In both seasons, the N2O
emission rate was low on the first sampling day (day 7 in RS and day 11
in DS) (Table 2, Figs. S3c and d) due to the lack of rain during the
previous period (Fig. S1). The mineral soil N patterns differed between
the seasons: in RS, both total NH4+-N and NO3− -N content decreased as
the experiment progressed (Figs. S3e and g), whereas in DS, total NH4+N content decreased while NO3− -N content increased (Figs. S3f and h).
The variation of soil pH among the treatments was low and similar in the
two seasons; over time, pH decreased in the inorganic N and V + N
treatments but increased slightly in the CV + N treatment (Figs. S3i and
j). N2O emissions were correlated with CO2 emissions (rs = 0.69) and
various environmental parameters, including WFPS, pH, NH4+-N con
tent and NO3− -N content (rs = 0.51, − 0.20, 0.20, and 0.51, respectively)
(Fig. 1, Table S4).

2.7. Statistical analyses
Generalized linear models (Bolker et al., 2009) were used to test the
effect of different treatments on N2O fluxes, amoA, and nirK-fungi gene
copy numbers using the “multcomp” package (Hothorn et al., 2008) in
R. Differences between treatments were analyzed within each sampling
event (p < 0.01). As criteria to the generalized linear models, to account
for the increasing variation with the increase in mean, we used Gamma
(N2O emission) and Poisson family (amoA-AOB, nirK-Fungi, 16S rRNA,
and 18S rRNA genes copy number) distributions. Subsequently, the
“glht” function was used to evaluate the differences among treatments
(Tukey p < 0.01). The correlation between N2O flux and gene abun
dances was calculated by Spearman correlation analysis in SigmaPlot,
version 13.0 (SystatSoftware, 2014). ANOVA and Tukey test (p < 0.05)
were used to test differences between treatments in each sampling event
on CO2-C, NH4+-N, NO3− -N, and pH. Primers for fungal denitrifier
quantification are degenerated and can also amplify bacterial nirK (Ma
et al., 2019). Accordingly, abundance of the fungi-nirK from qPCR
analysis was normalized based on the relative abundance of nirK fungi
gene from the sequence samples, a procedure similar to that of Cassman
et al. (2018). We assumed that the sequence data represented the pro
portions of individuals in each sample and that qPCR determined the
total number of copies of the target gene. Based on these assumptions, a
phylogenetic tree was inferred using the sequence data, and the pro
portions of nirK from bacteria and fungi were estimated, after that the
total number of copies of nirK-fungi and nirK-bacteria were adjusted for
each sample.
Rarefaction curves from non-rarefied data using the sequence sample
size and number of different OTUs were used to indicate whether the
measurement depth had met the requirements (Fig. S2). Estimates of
alpha and beta diversities were calculated in RStudio version 1.0.136
running R version 3.3.1. using the “phyloseq” package (McMurdie and
Holmes, 2013). Estimates for alpha-diversity included Richness, Chao1,
Simpson, and Shannon diversity indices (Chao, 1984). ANOVA and
Tukey test (p < 0.05) were used to test the differences among treat
ments. We rarefied the samples to 1253 and 111 reads for AOB and
fungal denitrifying communities due to the low abundance of reads.
However, for both datasets, the analyses were done using rarefied and
non-rarefied data, that resulted in similar results. Therefore, we pre
sented the results from rarefied data, and all data was Hellinger trans
formed. Hellinger-transformed data was used to test the effect of season
and treatments on AOB bacterial and fungal denitrifying community
compositions.

3.2. Correlations of N2O production with abundances of bacterial and
fungal N-Cycle genes
At the timepoints analyzed in this study, the abundances of amoAAOB (rs = 0.38) and nirK-fungi (rs = 0.24) were significantly correlated
with N2O emissions (rs = 0.38 and 0.24, respectively) and WFPS (rs =
0.35 and 0.20, respectively) (Fig. 1). Furthermore, exploring the nirK
sequence data and qPCR analyses, the N2O emission was also correlated
with nirK-bacteria clade II (rs = 0.39) (Fig. 1 and Fig. S4). Regardless of
concentration, the addition of vinasse plus inorganic N (CV + N or V +
N) significantly increased amoA-AOB copy numbers by more than 1-, 7-,
and 6-fold at days 7, 22, and 24 in RS and 2-, 8-, and 50-fold at days 11,
19, and 45 in DS compared with the control (Table 2). However, the
total bacterial abundance (16S rRNA copy number) was similar in all
treatments and both seasons. The ratio of bacterial abundance (16S
rRNA gene) to amoA-AOB gene copy number differed among the treat
ments and was the lowest in the V + N and CV + N treatments (Table 3),
suggesting an increase in amoA-AOB gene copy number in these treat
ments. The nirK-fungi gene abundance also increased in both treatments
with vinasse and inorganic N (V + N and CV + N, Table 3), as did the
ratio of fungal abundance (18S rRNA gene) to nirK-fungi gene abun
dance. The increase in this ratio was due to the higher 18S rRNA gene
copies in these treatments.
We obtained a total of 1,365,783 high-quality amoA-AOB sequences
from 72 samples (2 seasons x 4 treatments x 3 timepoints x 3 replicates),
with an average of 18,969 reads per sample clustered into 83 OTUs.
Rarefaction curves indicated that the amoA-AOB community diversity
was adequately captured by our sequencing depth (Fig. S2a). Season but
not treatments or timepoints affected AOB alpha-diversity and com
munity structure (OTU richness, Chao1, Simpson, and Shannon)
(Table S5, Fig. S5). PERMANOVA (p = 0.00) revealed a clear separation
at the OTU level by season (Table S6), but no interaction was found
between treatment and time (PERMANOVA, RS: p = 0.73 and p = 0.89,
DS: p = 0.65 and p = 0.09, respectively) (Table S6). The AOB commu
nity present in the soil was composed mainly of the class β-Proteobac
teria, family Nitrosomonadaceae and genus Nitrosospira (Fig. 2). In the
phylogenetic tree, 91% of amoA OTUs clustered with the genera Nitro
sospira, Nitrosolobus, and Nitrosovibrio (now included in the genus
Nitrosospira) (Fig. 3).
A total of 168,366 high-quality nirK-fungi sequences were obtained,
with an average of 2200 reads per sample clustered into 252 OTUs.
Despite the low number of reads, treatments but not season or time
affected the alpha-diversity of the fungal nirK community (OTU rich
ness, Chao1, Simpson, and Shannon) (Table S5, Fig. S6). PERMANOVA
(p = 0.00) and ANOSIM (p = 0.00) revealed a separation at the OTU
level by season (Table S6), but no difference was found among

3. Results
3.1. Weather conditions, greenhouse gas emissions, and soil analysis
The climatic conditions during the RS and DS experiments are shown
in Supplementary Fig. S1. The air temperature reached lows of 14.7 ◦ C
and 7.4 ◦ C and highs of 36.2 ◦ C and 35.7 ◦ C in RS and DS, respectively,
and the mean temperature was 25.9 ◦ C in the 30-day RS experiment and
21.7 ◦ C in the 50-day DS experiment (Fig. S1). The soil temperatures on
the sampling days ranged from 24.0 to 26.2 ◦ C in RS and 19.0–22.7 ◦ C in
4
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Table 2
Abundances of ammonia-oxidizing bacterial (amoA-AOB) and fungal denitrifier (nirK) genes and nitrous oxide fluxes in the different treatments: Control; N, inorganic
fertilization with ammonium nitrate; V + N, regular vinasse plus ammonium nitrate; and CV + N, concentrated vinasse plus ammonium nitrate.
Treatments

Rainy season (RS)
N2O-Na

Dry season (DS)
amoA-AOBb

nirK-fungic

N2O-N

Day 7
Control
N
V+N
CV + N
Control
N
V+N
CV + N
Control
N
V+N
CV + N
a
b
c

0.26
0.09
0.39
3.77
Day 22
0.08
4.22
3.53
11.98
Day 24
0.13
3.79
3.67
21.12

amoA-AOB

nirK-fungi

Day 11
±0.28 ab
±0.31b
±0.52 ab
±3.44b

2.4
4.3
3.0
0.5

±3.0c
±3.7a
±2.1b
±0.5d

14.5
3.4
19.1
55.1

±4.1c
±2.0d
±9.5b
±16.1a

±0.01b
±0.62a
±2.76a
±7.87a

3.8
8.9
2.0
72.0

±1.5c
±12.0b
±1.6d
±75.0a

5.2
13.7
4.1
16.5

±2.7c
±6.9b
±1.6d
±3.2a

±0.12c
±0.21b
±1.85b
±13.55a

9.4
6.1
32.0
140.0

±8.9c
±6.3d
±44.0b
±213a

15.5
4.9
15.2
45.5

±10.5b
±3.4c
±12.3b
±19.7a

− 0.07
0.11
0.70
0.33
Day 19
0.11
0.35
23.71
40.22
Day 45
0.24
8.34
8.93
27.54

±0.12b
±0.03b
±0.09a
±0.05b

7.1
12.8
12.3
15.0

±2.8d
±6.5b
±5.1c
±6.6a

87.2
29.5
49.8
143.0

±61.6b
±7.1d
±17.2c
±88.1a

±0.03b
±0.09b
±7.95a
±7.04a

2.8
38.6
11.6
15.4

±1.1d
±12.4a
±3.5c
±8.6b

36.7
66.3
178.8
64.0

±6.3d
±39.7b
±58.0a
±33.9c

±0.10b
±2.60a
±1.09a
±14.65a

2.4
41.4
71.5
247.4

±0.5d
±22.1c
±14.0b
±146.9a

28.0
231.5
61.9
25.8

±10.8c
±195.7a
±19.5b
±12.3d

mg N m− 2 d− 1; Values followed by different letters are significantly different at p ≤ 0.05 using the Tukey test.
x106 gene copies g− 1 dry soil.
x102 gene copies g− 1 dry soil. Fungi-nirK abundance was normalized based on the relative abundance of nirK fungi gene from the sequence samples.

Fig. 1. Spearman’s correlation coefficients (rs) (neglecting season and sampling time) among N2O emission fluxes (mg m− 2 day− 1); abundances of amoA (bacterial
and archaeal), nirK (fungal and bacterial clade I and II), nirS and nosZ (bacterial), total bacterial 16S rRNA and total fungal 18S rRNA (gene copies per g dry soil); and
abiotic factors, mineral N, pH, air and soil temperatures, and CO2-C emissions. Abbreviations: WFPS: water-filled pore space; NH4+-N: ammonium; NO3− -N: nitrate;
AOB: amoA of ammonia-oxidizing bacteria; AOA: amoA of ammonia-oxidizing archaea. Blue bold lines indicate significant positive correlations, red bold lines
indicate significant negative correlations, and dotted lines indicate no correlations between variables (n = 72). Significant differences: *p ≤ 0.10, **p ≤ 0.05, and
***p ≤ 0.01. The data are taken in part from Lourenço et al. (2018b). (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

treatments (PERMANOVA: p = 0.12 and p = 0.15, respectively) or
timepoints (PERMANOVA: p = 0.67 and p = 0.15) in RS and DS,
respectively. No interaction was observed between treatment and time
in RS and DS (PERMANOVA: p = 0.13 and p = 0.40, respectively)
(Table S6). The fungal denitrifying community present in the soil was
mainly dominated by members of the Ascomycota phylum belonging to
the families Chaetomiaceae, Trichocomaceae, Aspergillaceae, and Nec
triaceae, with a predominance of the genera Chaetomium and

Talaromyces purpureogenus (Fig. 4). The majority of the OTUs were
affiliated with environmental fungi with no taxonomic classification; the
30 most abundant fungal nirK OTUs are depicted in the phylogenetic
tree in Fig. 5. The relative abundances of the genera Talaromyces pur
pureogenus (rs = 0.20; p = 0.09) and Fusarium (rs = 0.27; p = 0.02) were
positively correlated with N2O emissions, whereas the abundances of
nirK-fungi from environmental samples (rs = − 0.20; p = 0.09) and the
genus Aspergillus (rs = − 0.19; p = 0.11) were negatively correlated with
5
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Table 3
Comparison of the ratios of the abundances of 16S rRNA to ammonia-oxidizing bacteria (amoA-AOB) and of 18S rRNA to fungal denitrifiers (nirK) in different time
points and treatments: Control; N, inorganic fertilization with ammonium nitrate; V + N, regular vinasse plus ammonium nitrate; and CV + N, concentrated vinasse
plus ammonium nitrate.
Treatmentsa

Rainy season (RS)
Day 7

Dry season (DS)
Day 22

Day 24

Day 11

16S rRNA/amoA-AOB
Control
N
V+N
CV + N
Control
N
V+N
CV + N
a

1328
±1059c
2320
±3579b
1234
±1373d
9421
±7656a
18S rRNA/nirK-Fungi
4058
±421d
46754
±23929a
12731
±7264c
24975
±14172b

Day 19

Day 45

16S rRNA/amoA-AOB
1439
2742
5734
239

±527c
±3507b
±7133a
±236d

1071
1831
466
650

±1164b
±2097a
±376d
±965c

83507
374611
27739
75028

±61485b
±367816a
±12023d
±27344c

14372
68836
29075
32629

±5261d
±36839a
±21038c
±25461b

13891
±23017b
18332
±30151a
998
±1008d
1351
±1466c
18S rRNA/nirK-Fungi
2183
±969d
4941
±3048c
5136
±895b
12259
±7186a

4565
2974
1197
2005

±3514a
±4889b
±1378c
±1498d

478
180
26
89

±292a
±212b
±5d
±75c

3129
7939
2216
31037

±908c
±7225b
±979d
±10473a

5789
2368
4698
27437

±4631b
±1618d
±812c
±6314a

Values followed by the same lowercase letter in the column are not significantly different at p ≤ 0.05 using the Tukey test.

Fig. 2. Sequence abundances of amoA genes of ammonia-oxidizing bacteria (AOB) (>0.05%) using normalized values between 0 and 100 in different time points and
treatments: Control; N, inorganic fertilization with ammonium nitrate; V + N, regular vinasse plus ammonium nitrate; and CV + N, concentrated vinasse plus
ammonium nitrate.

N2O emissions. However, the same primer amplified 429,485 highquality nirK-bacterial sequences, with an average of 6049 reads per
sample clustered into 867 OTUs. From the total of OTUs, 532 were from
the bacterial nirK clade II, one from bacterial nirK clade Ic (Pseudomonas
sp.), and 334 OTUs are an unidentified bacterial nirK (Fig. S7).

indirect (nitrification) or direct product (denitrification). Our results
showed that the abundances of the AOB amoA gene, bacteria clade II
nirK gene and fungal nirK gene were significantly correlated with N2O
emissions (rs = 0.38, p ≤ 0.01, rs = 0.39, p ≤ 0.01, and rs = 0.24, p ≤
0.05, respectively) and WFPS (rs = 0.35, p ≤ 0.01 and rs = 0.20, p ≤
0.10, respectively) (Fig. 1), indicating that AOB, denitrifier bacteria
clade II and fungal denitrifiers are related with N2O production in
tropical soil. Lourenço et al. (2018b) study on a sugarcane field using 4.5
times more soil samples (n = 324), showed that the impact of each
process (AOB and AOA nitrification, bacterial and fungal denitrification)
differed and contributed to N2O production, depending on soil pH, soil

4. Discussion
Nitrification and denitrification processes are mediated by several
microorganisms carrying a variety of genes that encode different en
zymes. Depending on the N2O production pathway, N2O can be an
6

K.S. Lourenço et al.

Soil Biology and Biochemistry 166 (2022) 108563

Fig. 3. Maximum-likelihood phylogenetic tree based on the top 30 amoA-AOB OTUs (91% of the community) and representative sequences and reference sequences
from the NCBI database, with Nitrososphaera viennensis as an outgroup. The sequences were aligned using the software MAFFT v7.455 (Katoh and Standley, 2013)
employing the L-INS-I strategy (Katoh et al., 2005). The software IQ-TREE 1.6.12 (Nguyen et al., 2015) was used to build the dendrogram based on
maximum-likelihood inference with 1000 Ultrafast bootstraps (Hoang et al., 2018). Ultrafast bootstrap values > 0.70 are shown.

moisture and N sources. However, amoA-AOB and fungal nirK were the
most important genes related to N2O emissions. It is worth to mention
that the fungal nirK primers used by Lourenço et al. (2018b) for the
qPCR analyses might have generated biased results due bacterial nirK
clade II amplification. In the current study, using the same primers but
with an improved approach by combining qPCR and sequence data, we
showed that fungi as well as denitrifier bacteria can be related with N2O
production in the same tropical soils.
Well-drained soils such as oxisols, which are common in areas of
sugarcane production in Brazil, favor N2O production by AOB during
nitrification (Soares et al., 2016). However, a cascade of events occurs
leading to N2O production also by denitrification. After the first harvest,
sugarcane plants can regrow up to five times (ratoon stage), leaving
large amounts of straw (Carvalho et al., 2017). Thus, areas with sugar
cane in the ratoon stage, similar to the current study site (straw levels of
12 t ha− 1 and 16 t ha− 1 in RS and DS), promote high fungal growth due
to the functions of these microorganisms in organic matter decomposi
tion (Lourenço et al., 2018b, 2020; Morais et al., 2019), including fungi
related to N2O production (Senbayram et al., 2018; Lourenço et al.,
2020). Although denitrification rather than nitrification predominates

in environments with low O2 concentrations, fungal denitrifiers can
release N2O under both anaerobic and aerobic conditions (Shoun et al.,
2012). The majority of denitrifier microbes are facultative aerobic het
erotrophs that switch from aerobic respiration to denitrification under
low oxygen, during which NO3− and NO2− are used as electron accep
tors. Accordingly, it is possible that under high NO2− accumulation
during nitrification, fungal denitrifiers can increase N2O production.
Fungi denitrifiers seem to prefer NO2− over NO3− (Maeda et al., 2015).
Further evidence of the importance of fungi for N2O production is pro
vided by the effects on N2O emissions of adding organic C in the form of
vinasse. Unlike fungi, AOB are generally autotrophic microbes and do
not use the organic C from vinasse as a source of C. Fujimura et al.
(2020) evaluated the community composition of denitrifying bacteria
and fungi across different land-use types (paddy, cropland, and forest
soils) using the nirK gene as a target and concluded that nirK-fungi were
not found in paddy soils, suggesting a preference of fungal denitrifiers
for soils under O2 limited condition. The positive correlations between
N2O emissions and the abundances of amoA-AOB and nirK-fungi in the
present study, although not strong, are an indication that the AOB and
fungal denitrifying communities are responsible for N2O production in
7
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Fig. 4. Sequence abundances of nirK fungal denitrifiers (%) at the genus level using normalized values between 0 and 100 in different time points and treatments:
Control; N, inorganic fertilization with ammonium nitrate; V + N, regular vinasse plus ammonium nitrate; and CV + N, concentrated vinasse plus ammonium nitrate.

the well-drained soils. Interestingly, the primer used to amplify the
nirK-fungi also amplified the nirK gene from bacteria with majority from
the nirK clade II gene (Fig. S7). Bacterial nirK clade II usually is not
amplified by the common primers used to quantify the bacterial deni
trifier community (Wei et al., 2015a). It seems that not only denitrifying
fungi, but also denitrifying bacteria clade II can play an important role
on the N2O production.
To our knowledge, this study is the first to investigate the diversity
and community structure of AOB and fungal denitrifiers in tropical soils
under two different weather conditions (dry and rainy seasons). N2O
emissions and the abundances of both communities were dependent on
the N source. However, the diversity and community structure of AOB
and fungal denitrifiers were not affected by organic residue application,
regardless of the type of vinasse, and inorganic N fertilization (Tables S5
and S6). The details of fertigation with vinasse depend on whether
regular (non-concentrated) or concentrated vinasse is applied. Regular
vinasse is spread over the whole field at a rate of approximately 100 m3
ha− 1, whereas concentrated vinasse is applied at lower rates close to the
plants, in bands that represent only 20% of the field area (~2000 m2
ha− 1). Thus, in this study, the total amount of C and other nutrients
(Table S1) applied in the bands close to the plants was twice as high in
the CV + N treatments than in the V + N treatments (Table S1). Based on
our previous work (Lourenço et al., 2018c, 2020), we expected differ
ences in the AOB and fungal denitrifier communities, as well as the soil
microbiome, between soil with and without vinasse application. How
ever, it seems that different short-term fertilization regimes affect the
abundance but not the structure of microbial communities related to
specific pathways of the N cycle, such as nitrification and denitrification.
In contrast to the lack of effect of the fertilization treatments, differences
in weather conditions did affect the AOB and fungal denitrifier com
munities (Tables S5 and S6). The central-southern region of Brazil has

two defined seasons: dry winters with mild temperatures and rainy
summers with high temperatures. Changes in temperature (Lipson,
2007) and water content (Stark and Firestone, 1995; Valverde et al.,
2014) are important factors regulating the activity and composition of
the total microbial communities in soils (Bell et al., 2008; Lourenço
et al., 2018c), and the community structure data in the present study
indicate that these factors also impact AOB and fungal denitrifiers in
soils.
Conflicting effects of N fertilization on AOB community composition
have been reported in previous work, with some long-term experiments
reporting changes (Shen et al., 2008; Glaser et al., 2010; Ouyang et al.,
2016; Xiang et al., 2017) or no effects (Phillips et al., 2000; He et al.,
2007). All of the AOB OTUs detected in the present study belonged to the
genus Nitrosospira of the family Nitrosomonadaceae. In general, soil AOB
belong to the genera Nitrosospira and Nitrosomonas (Prosser et al., 2020).
Despite the lower capacity of Nitrosospira spp. to produce N2O compared
with Nitrosomonas sp., Nitrosospira spp. are K-strategists and have high
N2O production potential at lower NH4+-N concentrations (Shaw et al.,
2006; Chandran et al., 2011). In addition, Nitrosospira spp. are more
abundant in low-pH soils like that in our experiments (average pH of
5.1). It is possible that the local conditions selected for AOB from the
genus Nitrosospira; the study area has been cultivated for more than 20
years with sugarcane, and the AOB community may have already
adapted to the annual application of N fertilizers. In addition, some AOB
have the capacity to produce N2O through nitrifier-denitrification under
NO2− accumulation and low O2 concentrations, conditions that may
occur after organic fertilization and rain events (Wrage-Mönnig et al.,
2018). Due to its C content, applying vinasse may increase heterotrophic
microbial activity, leading to a decrease in O2 availability, creation of
anaerobic conditions, and accumulation of NO2− , which is toxic to mi
crobes, increasing the use of NO2− by AOB. Fujimura et al. (2020)
8

K.S. Lourenço et al.

Soil Biology and Biochemistry 166 (2022) 108563

Fig. 5. Maximum-likelihood phylogenetic tree based on the top 30 nirK-Fungi OTUs and representative sequences and reference sequences from the NCBI database,
with Nitrosomonas europaea nirK as an outgroup. The sequences were aligned using the software MAFFT v7.455 (Katoh and Standley, 2013) employing the L-INS-I
strategy (Katoh et al., 2005). The software IQ-TREE 1.6.12 (Nguyen et al., 2015) was used to build the dendrogram based on maximum-likelihood inference with
1000 Ultrafast bootstraps (Hoang et al., 2018). Ultrafast bootstrap values > 0.70 are shown.

investigated the taxonomic composition of different nirK genes in soil
and found a high proportion of nirK genes from the genus Nitrosospira in
cropland soils in Japan. Thus, not only nitrification but also
nitrifier-denitrification can drive N2O production. Moreover, the dif
ferences in the community composition of these nitrifying genera be
tween seasons might lead to changes in nitrifying activity and N2O
production, explaining in part the variations in N2O emissions between
seasons.
Fungal denitrifiers play an important role in N2O production in soils,
contributing from 17 to 89% of emissions (Laughlin and Stevens, 2002;
Crenshaw et al., 2008; Xu et al., 2017, 2019b; Jiang et al., 2020), but a
better understanding of their identities, distribution and functions in
these ecosystems has been hampered by technical limitations (Higgins
et al., 2016; Aldossari and Ishii, 2021). Most of the studies with soils use
antibiotics to selectively inhibit bacteria to quantify the role of fungi in
the N2O production (Crenshaw et al., 2008; Wei et al., 2014); however,
antibiotics select specific microbes, including fungi, resulting in inef
fective results (Rousk et al., 2008; Ladan and Jacinthe, 2016). The bias
of bacterial and fungal antibiotics inhibition in soil has not been suffi
ciently addressed (Ladan and Jacinthe, 2016) suggesting an over
estimation of the contributions of fungi to N2O production. An
alternative approach to assess fungal N2O production in soil is to
determine the abundance of genes that encode enzymes related with

N2O production. The recently designed fungal nirK and P450nor PCR
primers are beginning to resolve these limitations (Shoun et al., 2012;
Long et al., 2015; Maeda et al., 2015; Wei et al., 2015b; Chen et al.,
2016), but issues with specificity remain. Although we observed a pos
itive correlation of N2O emissions with nirK-fungi abundance, we
acknowledge that the primers for fungal denitrifiers are degenerate and
could also amplify bacterial nirK (Ma et al., 2019), mainly from clade II.
To address the potential for biased results, we corrected the number of
nirK copies by the relative abundance of fungal denitrifiers in each
sample, similar to the methodology used by Cassman et al. (2018). We
assumed that the sequence data represented the proportions of in
dividuals in each sample and that qPCR determined the total number of
copies of the target gene. Based on these assumptions, a phylogenetic
tree was inferred using the sequence data, and the proportions of nirK
genes from bacteria and fungi were estimated. This is a methodological
limitation, but both sets of data were obtained from the same DNA pool,
and similar amplification conditions were used.
In this study, a high diversity of nirK-containing fungal communities
was detected. However, most of the sequences were unclassified (72% of
total OTUs), suggesting a black box of unknown diversity of fungal de
nitrifiers. The identified fungi belonged to the phylum Ascomycota,
including the families Chaetomiaceae (Chaetomium genus), Trichocoma
ceae (Talaromyces purpureogenus genus), Aspergillaceae (Aspergillus
9
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genus) and Nectriaceae (Fusarium genus). The main identified fungi
belonged to Trichocomaceae in RS and Chaetomiaceae in DS. Trichoco
maceae contains many species known to live saprotrophically on
decomposing plant residues in soils (Hibbett et al., 2007). Moreover,
Trichocomaceae have the potential to utilize complex sources of carbon
and phosphorus (Daynes et al., 2012). Our results show that this family
may play an important role in N2O production in tropical soils with high
amounts of straw on the soil under wet-weather conditions. Interest
ingly, Costa et al. (2015) identified this family as one of the main con
taminants of sugar fermentation to produce ethanol. It is possible that
members of Trichocomaceae survive the process of sugar fermentation
and are introduced in the soil with vinasse, but further studies are
necessary. Chaetomiaceae includes numerous soil-borne, saprotrophic,
endophytic, and pathogenic fungi (Zámocký et al., 2016; Clocchiatti
et al., 2020), but our results indicated that this family is probably
associated with N2O production under dry-weather conditions. Incom
plete sets of nitrate reductase genes have been detected in pure culture
isolates of the genus Chaetomium sp. of this family (Gorfer et al., 2014).
Members of Trichocomaceae and Chaetomiaceae containing nirK genes
were also found by Xu et al. (2019b) and Fujimura et al. (2020) in soils
from China and Japan. The enrichment of N2O-producing fungi and the
high density of N suggests that organic fertilizers on the soil surface
might be a hot spot for fungal growth and N2O production. Although
results are an indication of fungal role on N2O production, further
studies with a broad approach must be conducted to determine their
N2O production capacity. An alternative approach is to combine qPCR
and abundance of N2O isotopomer analyses, since fungal and bacterial
denitrification enzymes have different active site preferences (Yama
moto et al., 2017; Senbayram et al., 2018).
Despite the lower abundance of Fusarium in the nirK-fungal soil
community (0.16% on average) compared with other genera, Fusarium
and Talaromyces purpureogenus were the main fungi correlated with N2O
production (rs = 0.27 and rs = 0.20, respectively). These fungi were
found in the CV + N and V + N treatments in RS, which had the highest
N2O emissions among the treatments. Fusarium is one of the main fungal
genera related to N2O production in soil (Maeda et al., 2015; Higgins
et al., 2016) and is the most frequently isolated fungus with denitrifying
capacity (Aldossari and Ishii, 2021). Recently, Keuschnig et al. (2020)
provided solid evidence that Fusarium is capable of performing respi
ratory denitrification (sensu stricto). In addition, this genus harbors
species capable of N2O production in culture medium (Mothapo et al.,
2013; Higgins et al., 2016). Consequently, the growth and activity of
these fungi are probably favored in soils to which vinasse is applied,
leading to increased N2O production. Vinasse is a source of labile
organic C, and its application selected members of Fusarium in RS. In
addition, the treatments that received higher amounts of C, such as the
treatments with CV, had higher relative abundances of Fusarium.
Taken together, our results indicate that the combination of vinasse
(which is rich in organic C, organic N, and K) with mineral N fertilizer
favors increases in the abundances of AOB and fungal denitrifiers
without changing the structures of these two communities. The sugar
cane field is a complex environment featuring inorganic fertilizer,
vinasse (CV or V), and straw with a high C:N ratio (~100:1). Immedi
ately after application, inorganic N increases microbes related to the N
cycle, including AOB and fungi responsible for N2O production. Vinasse
has likely a priming effect by creating specific conditions for N2O pro
duction. Furthermore, the presence of straw could select fungal mem
bers related to C compound degradation and N2O production. The
present findings thus provide relevant information on the interactions of
organic residues that are recycled in sugarcane production systems
(vinasse and straw) and inorganic (mineral N) amendments with the
AOB and fungal denitrifier communities. Most importantly, this study
unravels the main AOB and fungal denitrifiers native to tropical soils
that influence N2O production in two different seasons (dry- and wetweather conditions). Further studies are necessary to determine the
N2O production capacity of these fungi under laboratory and field

conditions.
5. Conclusion
Our aim in this work was to close the N2O emission cycle by
providing a comprehensive understanding of the impact of bio
fertilization with vinasse on AOB and fungal denitrifier community di
versity and composition. We found that application of N fertilizer
together with vinasse (CV or V) increased N2O emissions and the
abundances of AOB and fungi with denitrifying capacity. Nitrosospira sp.
was the dominant AOB, while unclassified fungi from environmental
samples and the genera Chaetomium, Talaromyces purpureogenus, and
Fusarium were the dominant fungal denitrifiers. Amendment with
vinasse and N fertilizer did not change AOB and fungal diversity and
community structure, but both communities were impacted by weather
conditions, with dominance of uncultured Nitrosospira and unclassified
fungi in the rainy season and Nitrosospira and Chaetomium in the dry
season. These results contribute to the elucidation of the main players in
N2O production and demonstrate the impact of fertilization on soil mi
crobial N functions. Further studies are needed to obtain a better un
derstanding of the roles of AOB and fungal denitrifiers in soil and in N2O
production.
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