:' frontiers
in Soil Science

ORIGINAL RESEARCH
published: 22 November 2021
doi: 10.3389/fs0il.2021.746745

OPEN ACCESS

Edited by:

Annamaria Bevivino,

Italian National Agency for New
Technologies, Energy and Sustainable
Economic Development (ENEA), Italy

Reviewed by:

Armand W. Koné,

Université Nangui Abrogoua,
Céte d’lvoire

Gerardo Moreno,

University of Extremadura, Spain

*Correspondence:

Acacio Aparecido Navarrete
acacionavarrete@gmail.com
orcid.org/0000-0001-6204-8702

Specialty section:

This article was submitted to

Soil Organic Matter Dynamics and
Carbon Sequestration,

a section of the journal

Frontiers in Soil Science

Received: 24 July 2021
Accepted: 21 October 2021
Published: 22 November 2021

Citation:

de Chaves MG, Venturini AM,

Merloti LF, Barros DJ, Rossetto R,
Kuramae EE, Tsai SM and

Navarrete AA (2021) Combined Use of
Vinasse and Nitrogen as Fertilizers
Affects Nitrification, Ammonification,
and Denitrification by Prokaryotes.
Front. Soil Sci. 1:746745.

doi: 10.3389/fs0il.2021.746745

Check for
updates

Combined Use of Vinasse and
Nitrogen as Fertilizers Affects
Nitrification, Ammonification, and
Denitrification by Prokaryotes

Miriam Gongalves de Chaves’, Andressa Monteiro Venturini’?, Luis Fernando Merloti?,
Dayane Juliate Barros*, Raffaella Rossetto®, Eiko Eurya Kuramae®’, Siu Mui Tsai' and
Acacio Aparecido Navarrete "%*

" Cell and Molecular Biology Laboratory, Center for Nuclear Energy in Agriculture, University of SGo Paulo (USP), Piracicaba,
Brazil, 2 Princeton Institute for International and Regional Studies (PIIRS), Princeton University, Princeton, NJ, United States,
3 Luiz de Queiroz College of Agriculture, University of Sdo Paulo (USP), Piracicaba, Brazil, * Graduate Program in Biodliversity
and Biotechnology, Federal University of Tocantins, Palmas, Brazil, ® Sdo Paulo’s Agency for Agribusiness Technology,
Piracicaba, Brazil, ® Department of Microbial Ecology, Netherlands Institute of Ecology (NIOO-KNAW), Wageningen,
Netherlands, ” Ecology and Biodiversity Group, Utrecht University, Utrecht, Netherlands, © Graduate Programa in
Environmental Sciences, University Brazil, Fernanddpolis, Brazil

A common agricultural practice of combining organic fertilizer vinasse (a liquid residue
from sugarcane ethanol production) with mineral nitrogen (N) fertilizer promotes N losses
such as greenhouse gas emissions due to the effects of physicochemical changes in
soil on the microbiota inhabiting this environment. In this study, we applied microarray
GeoChip v.5.0M technology to obtain a better insight into the prokaryotic communities
and identify and quantify the N functional gene families associated with the N processes
in sugarcane soils without N fertilizer (NO), with urea at 60kg ha—' (N60), and with
vinasse combined with urea (NV). Soil samples were collected at 7 (T7) and 150 (T150)
days after N application, corresponding to maximum and minimum nitrous oxide (N»>O)
emissions, respectively, for molecular and physicochemical analysis. Additionally, the
metagenomes of these DNA samples, previously deposited in the MG-RAST server,
were accessed to investigate the functions and taxonomic groups associated with
selected gene families. The results revealed that 87% of the select gene families were
significantly responsive to the fertilizer combined treatment (NV) in the 7 days after
the application. The most responsive genes and processes were nitrification [with
the amoA gene from ammonia-oxidizing Bacteria (AOB) and Archaea (AOA) and hao
from Bacteria], ammonification (with gdh and ureC genes from Bacteria and Archaea),
and denitrification (with p450nor from Eukarya). The AOA, Nitrosopumilus, and AOB,
Nitrosomonas, were the groups with the greatest functions associated with nitrification,
as well as a pathogenic Mycobacterium, with denitrification. The results also revealed
that under N fertilizers and decreased O, in soil, the increases in K and P nutrients
can promote the growth of the halophile Archaea Natronomonas and the Bacteria
Anaeromyxobacter, which can reduce N2O. In conclusion, this typical agricultural
fertilization management may favor functional genes and archaeal and bacterial groups
associated with N processes that have the potential to reduce environmental damage in
tropical sugarcane soils.
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INTRODUCTION

Vinasse is a byproduct of ethanol from the sugarcane industry,
generated during the distillation process (1, 2), with a production
rate of 10-18 L while preparing each liter of ethanol (3). Its
chemical composition varies depending on the mill plant used for
the production of ethanol and the distillation process. In general,
sugarcane vinasse is composed of water (93%) and organic solids
and minerals (7%), such as potassium (K), calcium (Ca), and
magnesium (Mg) (4, 5). This residue from ethanol production
has high levels of organic matter and low C:N ratio (6) and
low contents of nitrogen (N) (0.97-4.75¢g L~!) and phosphorus
(P) (1-190mg L~!). The main non-aqueous components in
vinasse are organic matter, such as glycerol, organic acids, and
yeasts (5), and the volatile solids are present at high levels
(6). When applied to the soil, the amount of organic material,
nitrate (NO3 ), ammonium (NHI), potassium (KT), calcium
(Ca*?), magnesium (Mg*?), sodium (Na'*), and metals increase
(5, 6). An acidic pH (3.9-5.1), high chemical oxygen demand
(COD) (50.000-95.000 mg L~1), and biological oxygen demand
(DBO) (18.900-78.300 mg L) also occur (6). If vinasse is
poured into the environment in an unplanned way, it can cause
pollution in the soil surface and underground due to the excessive
accumulation of salts, which results in a toxic condition (6).

Vinasse use as a liquid fertilizer can be applied with mineral
N sources in the sugarcane crops to minimize the ecological
problem of its residue disposal into the environment (7,
8). However, even though this practice increases sugarcane
productivity, it also causes physical, chemical, and biochemical
changes in the soil environment (9, 10). There is a lack of
information about the impacts of this agricultural management
on the structure and functionality of soil microbial communities
in tropical soils, but it is known that their changes are often
correlated with soil chemical factors (11-16). This has been
demonstrated for Bacteria (17-19) but not for Archaea.

Studies have shown that the addition of plant-derived organic
residues commonly used in the fallow season, such as vinasse
or sugarcane straw (20), increase the emissions of nitrous oxide
(N20), a greenhouse gas (GHG) (20, 21), especially when the
vinasse is combined with N addition (20, 21). Lourenco et al. (21)
concluded that the amoA gene from ammonia-oxidizing Bacteria
(AOB), active in the nitrification process, was the most functional
gene related to N,O emissions in sugarcane crops under vinasse
fertilization. Regarding the ammonia-oxidizing Archaea (AOA),
which also have amoA (22), some studies have demonstrated
their relevant role in the N biogeochemical cycle (23, 24).
However, experts warn about the imminent need to associate
genomic data from molecular methods in microbial ecology
with biochemical data to close the “gap” between physiological
mechanisms by AOA and N metabolism (22).

Cloutier et al. (25) described the parallel quantification of
N functional genes as one emerging technology that could be
combined with high-throughput sequencing of microbial DNA
to study N metabolism in soil. The microarray technology
GeoChip v.5.0M (Agilent Technologies Inc., Santa Clara, CA,
United States) has become a powerful and high-performance
tool to monitor environmental processes with high-sensitivity

detection of microbial functional genes (26-29). The chip
contains 167,044 distinct probes belonging to different categories
of genes involved in carbon (C) and N (ammonification,
nitrification, fixation, among others) metabolisms (28). The
probes were originated from gene sequences of microorganisms
and correspond to a unique sequence of a gene family (Ex:
aceA) and encode the same class of proteins. Several studies have
concluded that this technique can be mainly used to link data
from microbial communities to the processes and functions to
which they are related (30) in a broad sense. Although recent
studies have been able to obtain relevant information about the
N metabolism genes in soil microbiota with molecular techniques
(14, 16, 21, 31), GeoChip v.5.0M technology offers the advantage
of analyzing many functional genes at once, providing a broader
view of the functional response of the microbiota under a given
condition (32).

In this sense, we would like to obtain a better insight into
the archaeal and bacterial communities and microbially mediated
environmental processes that play important role in the N
cycle in sugarcane soil amended with vinasse and N mineral
as fertilizers. We hypothesized that vinasse use combined with
N fertilizer affects functional gene families and bacterial and
archaeal taxonomic groups inhabiting sugarcane cultivated soils.
Since the microbial N metabolism in soils is associated with N
losses, such as GHGs (20), better understanding the functionality
of Archaea and Bacteria can help mitigate this economic and
environmental problems.

MATERIALS AND METHODS

Experimental Design, Soil Treatments, and

Soil Sampling

This study was carried out in greenhouse conditions with
sugarcane seedlings grown for 150 days between April and
December 2013 in nine 100-L pots, as described by Navarrete
et al. (19). The sugarcane seedlings of Saccharum spp. CTC-
02 were obtained from in vitro fertilization and tissue culture.
The red clayey podzolic soil was obtained from the 0-20 cm
layer in the Aredo farm, belonging to the Luiz de Queiroz
School of Agriculture, University of Sdo Paulo (ESALQ-USP),
in Piracicaba, Sao Paulo, Brazil (22° 42 30" S e 47° 38
00" W). All the pots received, in addition to the sugarcane
seedlings, 90kg of soil, and basic fertilization [150kg ha™!
of triple P,Os superphosphate and 80kg ha™! of potassium
chloride (KCI)]. Three treatments were established containing
three replicates each: the control treatment (NO) received only
the basic fertilization as described above, without a nitrogen
fertilizer; the second treatment (N60) received, in addition to
the basic fertilization, inorganic (urea) nitrogen fertilizer (at a
dose of 60 kg ha™!), which was immediately mixed with the soil
to avoid losses due to volatilization; the third treatment (NV)
received urea (60 kg ha™1) supplemented with vinasse [at a dose
of 0.06 Lkg~! (120 m* ha=!)]. The K content of the KCl added in
the NV treatment was calculated, excluding the amount already
present in the vinasse (defined above), to introduce into the
system the same amount of this nutrient in all the mesocosms.
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Water was added in the same volume as the vinasse, and in the
treatments that did not receive vinasse, the soil moisture content
in the mesocosms was maintained at 80% of the field capacity
throughout the experiment using a humidity sensor (Extech
MOQO750, Nashua, NH, United States).

Ten sugarcane plants were grown in each mesocosm, and
only four sugarcane plants were left in each mesocosm until
the end of the experiment. Sugarcane plants were removed in
pairs from each mesocosm at 50, 90, and 150 days after the first
soil fertilization to maintain the root system under the limited
capacity of the mesocosm.

The soil samples were collected at 7 and 150 days after
the addition of the nitrogen fertilizer and vinasse to perform
molecular analyses and for the determination of chemical
factors. These collection periods were determined according to
the maximum and minimum carbon dioxide (CO;) and N,O
emissions from the soil, as shown in Navarrete et al. (19).
Three bulk soil samples (~100g in each one) were collected
from the topsoil (0-10cm) in equidistant positions within an
equilateral triangle (radius equivalent to 1/3 of the circular
surface of the mesocosm) and pooled together, forming only
one sample with 300 g. For molecular analysis, soil subsamples
with 250 mg were separated from the sample with 300 g obtained
from each mesocosm. The subsamples were stored at —20°C until
processing within 72 h.

Analysis of Soil Chemical Factors

Several soil chemical factors were analyzed according to
the methodology used by Empresa Brasileira de Pesquisa
Agropecudria (33). After the soil samples were sieved, to make
a homogeneous mixture, a LECO CN 2000 elementary analyzer
(Perkin Elmer, Waltham, MA, United States) was used to
determine the C and total N by dry combustion. The pH was
determined using a calcium chloride (CaCly) 0.01 M solution.
The content of B (boron) was obtained by extraction with
hot water, while Al (aluminum), Ca, and Mg were extracted
with KCl 1M solution. After extraction, Ca and Mg were
determined by atomic absorption spectrometry, and Al by acid-
base titration. P and K were extracted with ion exchange resin,
but P was determined using colorimetry and K with atomic
emission spectrometry.

To calculate the sum of exchangeable bases (SB), the soil
contents of Ca, Mg, and K were combined. The values of Ca,
Mg, K, Al, and H were used to calculate the cation exchange
capacity (CEC). Base saturation (BS%) was obtained from the
ratio between SB and CEC. Finally, for the potential acidity (H +
Al), the equation based on the Shoemaker-McLean-Pratt (SMP)
buffer method was used.

DNA Extraction and Microarray Probes

Analysis

Using the Power Lyzer Power Soil kit (MoBio Laboratories,
Carlsbad, CA, United States), the genomic DNA was extracted
from the subsamples of each mesocosm. After this procedure, the
isolated DNA from the subsamples of each mesocosm was mixed,
totaling 18 samples (3 treatments x 3 replicates x 2 collection
periods). The quality and quantity of each one of the 18 DNA

samples were evaluated by spectrophotometry in a NanoDrop
device (NanoDrop RND-1000 NanoDrop Technologies, Inc.,
Wilmington, DE, United States). DNA was stored at —20°C
until use.

To prepare the DNA for GeoChip v.5.0M analysis, each
sample was purified and marked with the fluorescent dye Cy-3
(34). The DNA (600 ng each) was mixed with random primers
(300 ng mL~!), denatured at 99.9°C for 5 min, and immediately
cooled on ice. A solution containing 5 mM of dAGC-TP, 2.5 mM
of dTTP, 40U of the Klenow fragment, and 25nM of Cy-
3 dUTP was added to the denatured DNA, and the reaction
volume was adjusted to 50 mL with distilled H,O. The labeling
solution was incubated at 37°C for 6h, followed by 3 min at
95°C. The labeled DNA was purified with the QIAquick Kit
(Qiagen, Valencia, CA, United States), and dye incorporation was
confirmed with a NanoDrop spectrophotometer (NanoDropR
ND-1000 Technologies, Inc., Wilmington, DE, United States)
using the absorption spectra of the standard solution for Cy-3.
DNA samples were dried under vacuum and stored at —20°C
until hybridization.

The tagged DNA was resuspended in DNase/RNase-free
distilled water and subsequently mixed with the solution for
hybridization of the GeoChip v.5.0M probes, according to the
procedure described in de Chaves et al. (35). After hybridization,
the slides containing the GeoChip microarrays were washed
with a buffer solution (Agilent Wash Buffers 1 and 2—
Agilent Technologies Inc., Santa Clara, CA, USA) following
the manufacturer’s protocol. Using a NimbleGen MS200
scanner (Roche NimbleGen, Madison, WI, United States), the
microarrays were digitalized, and the image data were extracted
using Agilent Feature Extraction v. 2.6 (Agilent Technologies
Inc., Santa Clara, CA, United States).

To determine the luminous intensity resulting from the
hybridization of the genes marked with the corresponding
probes, the software Agilent Feature Extraction v.11.5 was used
(Agilent Technologies Inc., Santa Clara, CA, United States). The
data were submitted to the Microarray Data Manager, available
from the Institute for Environmental Genomics (website http://
www.ou.edu/content/ieg/tools/data-analysis- pipeline.html), and
were analyzed according to the parameters described in de
Chaves et al. (35).

Shotgun Sequencing of Total Soil Genomic
DNA and Data Processing

Eighteen DNA sequencing libraries were prepared using the
IMlumina Nextera sample preparation kit (Illumina, San Diego,
CA, USA) according to the manufacturer’s instructions. Equal
concentrations of libraries were loaded on the MiSeq Reagent
v.2 sequencing reagent kit (Illumina, San Diego, CA, USA). The
equipment used for shotgun metagenomic sequencing was a
MiSeq Personal Sequencing System (Illumina, San Diego, CA,
USA), operated in the Rapid Run Mode to generate 2 x 250 base
pairs (bp) paired-end reads. In summary, the sequencing resulted
in an average of 105.5 MB of sequences per sample.

Regarding data processing, first, paired-end reads were
merged using FLASH v.1.2.5 (36) to produce consensus
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sequences. Quality control of the consensus sequences was
performed using the Phred quality score (20) to each base
call (37) with an executable default script in SeqClean (http://
www.bioinformatics.org/), and low-quality bases were removed.
Shotgun sequencing of the soil DNA samples resulted in
~547,415 merged reads and 375,429 unmerged reads after
the quality-based filtering procedure. Merged and unmerged
trimmed sequences were concatenated into a single file
for the metagenomic dataset, which is available on the
Metagenomics Rapid Annotation (MG-RAST) server (38) under
the “Metagenome of sugarcane soil—CENA/USP” project with
accession numbers 4582104.3-4582153.3.

Selection of Gene Families, Functions, and

Groups Responsive to Treatments

To select the gene families responsive to the treatments and their
associated functions, the values obtained from the hybridization
of the genomic DNA marked with the microarray probes
corresponding to the category “N metabolism” were submitted to
statistical analysis of variance (ANOVA, followed by Tukey/LSD,
p < 0.05) using the program Sisvar v.5.6 (39). Gene families that
showed statistically significant changes in absolute abundance
in relation to the treatment NO were used as references for
the functional and taxonomic investigation analysis in the MG-
RAST server.

The curated databases RefSeq (40) and Subsystems (SEED
base annotation) (41) were accessed for taxonomic and
functional annotation, respectively. Functions investigated were
selected according to the UniProt (42) (https://www.uniprot.org/
uniprot/P00370) and its previous description in the literature: (i)
each metagenome was analyzed in the RefSeq (40) database to
determine the abundance of each group; and (ii) the sequences
from Archaea or Bacteria were subjected to a functional filter,
previously selected in the Subsystems.

Statistical Correlation Analyses
To verify which soil factors can affect the abundance of the N
metabolism gene family, we performed a Spearman correlation
using Sigma Plot software v.12.5 SYSTAT (Software Inc., CA,
United States) and assumed a p < 0.05 threshold level for
acceptance between two datasets: soil chemical parameters
and each previously significant selected gene family. All
dataset combinations (positive and negative) were used for the
construction of network to illustrate the relationships between
soil factors and gene families from N metabolism in soil with
vinasse and urea fertilization. The constructed networks were
analyzed using Gephi software version 0.9.2 (43), which has
a graphical interface. The nodes in the network represent
the soil factors and the selected gene families, and the edges
represent significant (p < 0.05) positive or negative correlations
between the nodes. Network graphs were based on a set of
statistical measures and parameters, such as the numbers of
nodes and edges, modularity, clusterization coefficient, degree
and betweenness centrality distribution, training algorithm
parameters, and activation functions (44, 45).

Spearman rank correlation coefficients were also calculated
to generate a heatmap correlation graph to illustrate the

connection degree of these datasets. This analysis was performed
in the R environment v.4.0.2 with the “multtest” package
(46): (i) the absolute abundance of the selected gene families
among the GeoChip hybridization signals; and (ii) the soil
physicochemical factors.

RESULTS

Analysis of Soil Chemical Factors

The majority (~84%) of the soil chemical factors analyzed were
significantly responsive (p < 0.05) to the addition of vinasse,
regardless of the period of collection of the soil samples (T7 or
T150) (Table 1). However, in the T150 period, an increase of 10%
in the contents of these soil factors was observed. S and K (both
with ~90% of increase in NV compared to NO) were highlighted,
presenting the highest levels. Zn and Mn showed significant
increases in the T7 period (25 and 65%, respectively), while Mg
and SB increased significantly only in T150 (23 and 30%). C
and N showed significant increases in both sample collection
periods, though only in the treatment that received vinasse (15
and 5%, respectively, concerning treatment NO). However, these
soil factors showed no significant differences between the two
periods (Table 1). Corresponding to the increases in C and N in
the NV treatment, the C:N ratio showed a significant reduction
of 18% in this treatment compared with the NO treatment, in
both periods. Still, considering the soil factors responsive to the
addition of vinasse, the pH increased by ~6% in the two periods
in relation to the control treatment.

When only urea was added to the soil (N60 treatment), the
pH decreased significantly (8% compared to the NO control
treatment), but only in the T150 period. P was the only soil factor
that increased significantly in the N60 treatment (30% compared
to NO), but only in T7. Considering the values of the soil factors
between the two periods (T7 and T150), a smaller number of
factors in the N60 treatment showed significant differences in
their levels in relation to those observed in the NV treatment (6
in N60 and 10 in NV). In NV, Zn, and K showed the highest rates
of increase, with 95 and 70%, respectively.

Selection of Gene Families Responsive to
Treatments by GeoChip v.5.0M and Their

Binning to Archaea and Bacteria

GeoChip v.5.0M has 30 gene families within the nitrogen
category corresponding to the following processes or functions
associated with the N metabolism: nitrification, denitrification,
ammonification, anammox, dissimilatory N reduction,
assimilatory N, assimilatory N reduction, and respiration.
In all gene families available in this version of GeoChip v.5.0M,
there were hybridizations between the corresponding probes and
the DNA samples from the treatments.

For each replicate sample, the values resulting from the
quantification of the hybridization between each gene from the
N metabolism and the corresponding probes were added. These
values were used to represent the replicates in the statistical
analysis. In a total of 30 gene families in the GeoChip v.5.0M
(nitrogen category), 10 (amoA, hao, gdh, ureC, hzsA, napA,
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TABLE 1 | Chemical compounds present in the soil treatments without nitrogen fertilization (NO), with nitrogen fertilization (N60), and with nitrogen fertilization combined
with vinasse (NV) collected at seven (T7) and one hundred fifty (T150) days after the start of the experiment.

Soil factors T7 T150 T7 vs. T150
Unit NO N60 NV NO N60 NV NO N60 NV
g. kg™' 224t £ 0.04% 229 +0.03 2.59 + 0.07* 2.24 £ 0.05 2.29 + 0.03 2.59 + 0.07*

N g. kg™ 0.18 £ 0.00 0.19 £+ 0.00 0.26 + 0.02** 0.18 £+ 0.00 0.19 £ 0.07 0.26 + 0.02**

pH 5.23 + 0.06 523 +£0.15 5.60 + 1.09* 5.50 + 0.10 5.10 + 0.00** 5.80 + 0.10* 0.016 0.025

O.M. g.dm~3 38.3 +1.53 36.3 £ 0.58 39.7 £ 3.79 32.3 +£1.53 32.0 £ 1.00 35.7 £ 0.57* 0.008  0.003

P mg.dm—3 61.0+ 17.7 996" + 12.6 90.0 + 12.1 259 + 94.9 248 + 83.5 213 £ 102.0 0.023  0.038
mg.dm—3 6.33 + 1.53 11.7 £ 0.58 184 £ 16.5 18.3 £ 7.64 17.3 £ 3.51 237 + 22.3* 0.028

K mmolc.dm—2 1.23 £ 0.06 1.13 £ 0.06 11.4 £ 0.92* 3.60 + 0.50 9.93 £ 2.72 39.0 £ 12.0™ 0.001  0.005 0.014

Ca mmolc.dm—2 54.0 + 2.64 55.0 £ 1.00 48.7 + 3.50 71.0 £ 2.64 56.0 + 16.6 66.3 + 10.1 0.002 0.046

Mg mmolc.dm—3 16.7 + 1.52 17.3 £ 0.57 18.7 £ 0.58 17.3 £ 0.60 14.0 +£ 1.78 22.3 + 2.08* 0.034  0.043

H+ Al mmolc.dm=  43.7 +2.88 44.0 £ 5.19 34.0 + 0.00* 32.0+1.73 39.3 + 2.30" 25.0 + 3.00* 0.004 0.007

CEC mmolc.dm=2 115 + 6.22 117 + 3.42 113 + 4.90 124 + 4.53 119 + 20.3 153 + 6.75 0.001

C:N % 12.0 £ 0.30 11.9 £ 0.55 9.98 + 0.52* 12.0 £ 0.37 12.0 £ 0.55 9.93 + 0.52**

SB % 61.7 £ 1.15 62.3 + 3.21 70.0 &+ 1.00* 74.0 &£ 1.00 66.7 + 4.93* 84.0 + 1.50 0.000 0.000

B mg.dm—3 0.24 + 0.04 0.22 + 0.00 0.14 + 0.03* 0.29 + 0.08 0.28 + 0.02 0.37 £ 0.07 0.022  0.007

Cu mg.dm—3 0.93 + 0.06 0.93 + 0.06 0.93 £ 0.12 0.83 + 0.06 0.93 £ 0.12 0.90 £ 0.20

Fe mg.dm—3 37.0 + 3.60 37.0 £ 4.00 48.3 £ 19.6 27.7 £ 2.08 38.0 + 4.36 29.3 £ 7.51 0.018

Mn mg.dm—3 7.40 £ 0.50 747 £112 21.0 £ 3.78* 6.27 + 0.81 9.37 £ 1.04 21.0+11.0

Zn mg.dm~—3 2.00 + 0.50 1.70 £ 0.10 2.26 + 1.48™ 10.9 + 4.67 10.8 &+ 4.90 47.0 £ 26.3 0.030 0.032 0.042

NO, treatment without the addition of nitrogen fertilizer; N60, treatment with nitrogen addition at the dose of 60 kg ha™"; and NV, treatment with nitrogen at the dose of 60 kg ha—' and
the addition of vinasse at a rate of 0.06 L kg~'.

t Average for each of three replicates of soil.

* Atandard deviations of the average for each of three replicates of soil.

Analysis of variance and Tukey’s HSD test two-pair combination with significance levels of *(p < 0.05) and **(p < 0.001) in relation to NO treatment. Blank spaces indicate that the values
were not significant.

TABLE 2 | GeoChip v.5.0M nitrogen family gene significance (o < 0.05) in the Tukey LSD test, N cycle functional correspondence, treatment (N60 or NV), and collection
period (T7 or T150) with more potential occurrence and origin of probes (Bacteria, Archaea, and Eukarya).

Family genes in Treatment with the Period of greatest GeoChip v.5.0M GeoChip GeoChip v.5.0M  p-value
GeoChip v.5.0M higher number of abundance of probes from v.5.0M probes probes from
hybridizations hybridizations Bacteria from Archaea Eukarya
N-cycle functons e ——————— Y ——— e ——
Nitrification hao NV T150 100 0 0 0.005
amoA NV T7 55 45 0 0.01
Ammonification gdh N60 T7 83 6 11 0.01
ureC N60 T7 95 3 2 0.01
Anammox hzsA NV T7 100 0 0 0.02
Dissimilatory N napA N60 T7 99 1 0 0.02
Denitrification nirk N60 T7 96 1 3 0.02
Assimilatory N nitrate_transporter NV T7 0 0 100 0.01
nitrite_transporter N60 T7 0 0 100 0.02
Respiration p450nor NV T7 0 0 100 0.008

N60, treatment with nitrogen addition at the dose of 60kg ha~'; and NV, treatment with nitrogen fertilization at the dose of 60kg ha=' and the addition of vinasse at a rate of 0.06
Lkg™'.

The analyses were performed at seven (T7) and one hundred fifty days (T150) after the beginning of the experiment in a greenhouse.

Analysis of variance and Tukey/LSD test were performed in Sisvar v. 5.6. software (39) at a significance level (p < 0.05) in relation to the NO treatment.

GeoChip v.5.0M has probes constructed based on DNA of Archaea, Bacteria, or Eukarya, detailed here as percentages (%).

nirK, nitrate/nitrite_transporter, and p450nor) (Table 2) showed  nitrification; gdh and ureC to ammonification; hzsA to anammox,
significant values (p < 0.05) in the variance test. These gene  napA to dissimilatory N; nirK to denitrification; nitrate and
families belong to the following N processes: amoA and hao to  nitrite_transporter to assimilatory N; and p450nor to respiration
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TABLE 3 | Archaea and Bacteria frequencies of functions in metagenomes corresponding to N cycle gene families selected by GeoChip v.5.0M.

Gene family  Function in subsystems Bacteria (genus) Sequences Treatment Archaea (genus) Sequences inside Treatment with
(GeoChip (MG-RAST) inside the with the total of greater
v.5.0M) total of greater Archaea in abundance
Bacteria in abundance treatment (%)
treatment (%)
amoA Ammonia_monoxygenase  Nitrosomonas 0.000114 NVT150 Nitrosopumilus 0.1057 NVT7
Hao Oxidoreductase Nitrosomonas 0.000151 NVT7 -
Gdh Glutamate dehydrogenase  Anaeromyxobacter ~ 0.000102 NVT7 Sulfolobus 0.0394 NVT150
ureC Urease Anaeromyxobacter  0.001021 NVT7 Natronomonas 0.0129* N60T150
napA Nitrate reductase Bradyrhizobium 0.000472 NOT7 -
cytochrome ¢550 type
subunit
nirk Nitrite reductase Acidovorax 0.000225 NOT7 -
Nitrate/nitrite  Nitrate/nitrite transporter Anaeromyxobacter  0.000392** NVT7 -
transporter
p450nor Nitric oxide reductase Mycobacterium 0.000510 NVT150 -
activation
hzsA - _

NV, treatment with nitrogen fertilization at the dose of 60kg ha~" and the addition of vinasse at a rate of 0.06 L kg~ .
The analyses were performed at seven (T7) and one hundred fifty days (T150) after the beginning of the experiment in a greenhouse.
Analysis of variance and Tukey/LSD test were performed in Sisvar v. 5.6. software (39) at a significance level (o < 0.05) in relation to the NO treatment. Tukey/LSD *p < 0.05; **p < 0.001.

in denitrification. In 90% of the gene families selected through
statistical analysis, the highest number of hybridizations between
the probes and the corresponding genes occurred in the T7
period. The highest number of hybridizations occurred at T150
only for the hao gene and its corresponding to probes from
Archaea (45% of the total available in GeoChip v.5.0M) (Table 2).
The gdh gene, involved in the ammonification process, presented
6% of the total probes available from Archaea and 83% from
Bacteria. ureC, napA, and nirK presented 95 to 100% from
Bacteria. The hao and hzsA genes had only probes from Bacteria
available in GeoChip v.5.0M, as nitrate and nitrite transporter
and p450nor, with 100% from Eukarya (Table 2).

The gdh and ureC genes, associated with the ammonification
process, were more abundant in the N60 treatment and the
T7 sampling period, as well as nirK (denitrification). The
number of hybridizations by the p450nor gene, followed
by the hao gene, presented the highest significant values
in the statistical analysis (p = 0.008 and p = 0.005,
respectively). Coincidentally, p450nor and hao also showed
the highest hybridization values in the treatment that
received vinasse.

Functional Gene Families and Archaeal
and Bacterial Taxonomic Groups
Associated With the N Metabolism

Analyzed in the MG-RAST Server

Only three of the eight functions analyzed in MG-RAST were
present in Archaea (Table3). Ammonia monooxygenase,
glutamate dehydrogenase, and urease are enzymes associated
with amoA, gdh, and ureC genes (Tables2, 3). These genes
correspond to the nitrification (amoA) and ammonification

(gdh and ureC) processes (Table 2). The genus Nitrosopumilus,
from the phylum Thaumarchaeota, presented the greatest
number of sequences of ammonia monooxygenase among
Archaea in the NV treatment and T7 period (Table 3). Sulfolobus
(from Crenarchaeota) presented the greatest number of
sequences of glutamate dehydrogenase and Natronomonas (from
Euryarchaeota) of urease, both in the T150 period. The glutamate
dehydrogenase was highest in treatment NV and urease in N60.
However, only the value from urease in Natronomonas was
statistically significant (p < 0.05 in Tukey/LSD). Ammonia
monooxygenase sequences were analyzed at domain and
genus levels. From total Archaea, this function presented a
4-fold decrease between NVT7 and NV150 in numbers of
sequences. From Bacteria, between NVT7 and NVTI150, it
increased twice.

All  functions investigated were found in Bacteria.
Proteobacteria from the genus Anaeromyxobacter stood
out because they exhibited the greatest number of sequences
of glutamate dehydrogenases, urease, and nitrate/nitrite
transporter. Anaeromyxobacter was the most frequent genus
among Bacteria with the selected functions (40% of the
total), and NVT7 included all these sequences (Table 3). The
oxidoreductase enzyme, associated with the hao gene family,
was found only in Bacteria, in which the treatment NVT7 had
the greatest number of sequences. The abundances of functions
were statistically significant for nitrate/nitrite transporter in
Anaeromyxobacter (p < 0.001).

The treatment that received vinasse combined with urea, NV,
presented the majority of groups with the selected functions
(~70%). Conversely, N60 presented only one urease function in
the Archaea Natronomonas. The gene family hzsA was not found
in the subsystems by MG-RAST (Table 3).
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FIGURE 1 | Heatmap correlation test between GeoChip v.5.0M gene families responsive to N treatments and physicochemical soil factors, according to significant
values (p < 0.05) of Spearman rank correlation coefficients performed in the R environment with the “Hminsk and CorrPlot” package. (A) Sample collection 7 days
after fertilizer addition; (B) Sample collection 150 days after fertilizer addition. Positive values (blue circles) represent positive correlations, and negative values (red
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Correlation Analyses Between Selected
Gene Families and Physicochemical Soil

Factors
Heatmaps and network correlation tests between GeoChip
v.5.0M gene families responsive to N treatments and soil
physicochemical factors (Figures 1, 2) revealed that T7 featured
two times more correlations than T150, where the majority
in T7 were positives (85% of the network) and in T150,
negatives. The soil factor P was involved in 80% of the
positive correlations in the heatmap for T7, and in the
network T7, was the soil factor that was most correlated
(12% of the total). Particularly in the network, all correlations
involving P were positive. P was especially involved with the
ammonification gene family in both analyses, but only in T7.
In the heatmap for T7 (Figure 1), OM was involved in 75%
of the negative correlations but, in the network T150, was
the soil factor that established most correlations (1/4), with all
being positive.

The p450nor gene family established most of the correlations
in the network T7 (1/4 of total), and the majority of them (85%)
were positive (Figure 2). In T150, the hao gene family was the
most present gene family in correlations, involved in 60% of them
in the heatmap and 75% in the network, with all being positive,
especially with N (Figures 1, 2). Curiously, in the heatmap T7
(Figure 1), N had positive correlations with the p450nor gene,
and in T150, the correlations were positive with the hao gene.
Instead, C:N had negative correlations with the p450nor gene in
T7 and negative correlations in T150 with the hao gene. Another

interesting result is that hao did not exhibit any correlations in
the T7 network analysis (Figure 2).

DISCUSSION

Although the use of urea as N fertilizer combined with vinasse
is widely recommended, researchers and government agencies
have carried out studies in the field and laboratories to evaluate
their roles as emission sources of GHGs, such as N,O, which
results from this practice. Understanding the microbial processes
involved in the production of this gas has become relevant for
the sugar and alcohol industry since N losses in the sugarcane
systems have environmental and economic impacts on society.
Our results using GeoChip v.5.0M technology showed that
nearly 87% of the functions related to the N metabolism
might have been active in the first days after the addition of
fertilizers. Although the correlations between the two datasets
encompassing soil chemical factors and gene families have been
limited to P and various gene families in the T7 period, at
least in part due to the low number of replicate samples in
this study, they suggested the occurrence of specific microbial
metabolic activities in this period. The rapid increases in
the availability of N and C sources in the system resulting
from the addition of fertilizers (Table 1) would have led the
microbiota to quickly access these less complex sources of
nutrients and perform the immobilization and mineralization
of N (47). Consequently, the nitrification process must have
been quickly activated, which justified the great abundance of
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nitrate transporter
p450nor - g

FIGURE 2 | Network correlation analysis of the GeoChip v.5.0M gene families responsive to N treatments and physicochemical soil factors based on significant (o <
0.05) Spearman rank correlation coefficient values. (A) Sample collection 7 days after fertilizer addition; (B) Sample collection 150 days after fertilizer addition. The
nodes represent the physicochemical soil factors (light brown) and gene families (purple). The thick edges represent positive correlations, and the dashed edges

represent negative correlations.

amoA genes detected in the NV treatment (Table2). Other
evidence of the occurrence of nitrification on a large scale was
the increase of the ammonia monooxygenase sequences from
Nitrosopumilus (AOA) (Table 3) and the reduction of the C:N
ratio (Table 1) in NVT7, which suggests the possibility losses
of N in the form of NOj3 besides de C (47, 48). Moreover, in
the same treatment, greatest production of N,O was detected
by Navarrete et al. (19). It is known that the addition of this
organic residue results in the availability of nutrients in sugarcane
soils that are able to promote changes in the structure and
functionality of the microbiota associated with N and C cycles
(11, 19, 35).

Three nutrients analyzed here deserve to be highlighted due
to their relevance in response to treatments: Zn and K showed
increases, mainly in the T150 period, while P increased in
the control from T7 to T150 (Table1). A study evaluating
the number of copies of the amoA gene from Archaea and
Bacteria in an Australian soil submitted to different doses of Zn
concluded that high doses of this nutrient could have inhibited
the nitrification process of ammonia in the short term (49). In
the same study, after only two years, the population of AOB
became resilient to high doses of Zn and was able to perform
the process. The same inhibitory effect promoted by Zn on
nitrification can be observed in other studies (50, 51). Zn is one of
the most abundant micronutrients and heavy metals commonly
found in vinasse (52, 53) and, in our study, it was the soil
chemical factor that showed the greatest increase between T7
and T150 periods in the NV treatment (Table 1). High levels
of this micronutrient in the NV treatment could justify the
reduction of ammonia monooxygenase in T150 associated with
the amoA gene from Nitrosopumilus. In addition, it is possible

that ammonia monooxygenase sequences from Nitrosomonas
(AOB) increased only in T150 because of their resilience to the
Zn inhibition effect.

K was another nutrient that vinasse residue supplies in large
quantities (54, 55) and was already demonstrated to be a good
nitrification reducer in alkaline soils (56). In an incubation
experiment with potassium thiosulfate (KTS), N,O production
decreased after 12 days of application (56). Regarding P, in
agricultural alkaline soils, the high availability of this nutrient
can reduce the nitrification process (57). Here, although the pH
values remained between 5.2 and 5.8 (acidic), its increase in
control and NV treatments in T150 in relation to T7 may favor
nitrification reducer by K. In relation P, our results obtained
from correlation analysis showed that the levels of this nutrient
were strongly associated with gene families in the first days
after the application of N fertilizers, suggesting its influence on
the microbial N metabolism (Figures 1, 2). The gene family
hzsA, associated with the anammox process, had the greatest
abundance in NVT7 and showed positive correlations with P in
this study and other agricultural soils (58). This result suggests
an influence of this nutrient on the anammox process, besides
that of nitrification. Once in this N process, the NO; is used as
an electron acceptor to oxidase NH3 due to anaerobic conditions
(59), and it is possible that the higher consumption of O, in
the first days of application of the N fertilizer with vinasse may
promote oxygen-limiting conditions.

In the hypothesis concerning to the most of the nutrient
mobilized by the plants between 7 and 150 days after the addition
of fertilizers, the high number of correlations between P and
gene families in T7 would support the high N metabolism in this
period. The p450nor gene family stood out in our analysis as the
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most correlated gene family with soil chemical factors (Figures 1,
2). It presented the greatest prevalence in NV (p = 0.008)
in the T7 period according to the GeoChip analysis (Table 2).
However, considering the nitric oxide reductase function from
Bacteria associated with p450nor, its prevalence was in T150
(Table 3). The p450nor gene [cytochrome P450 nitric oxide
(NO) reductase (NOR)] is related to the reduction of NO; to
N,O (60, 61). The system is located in the mitochondria and
is activated during anaerobic respiration (62), which is carried
out by denitrifying fungi in agricultural soils (62-64), causing
plant diseases (62, 65). In Bacteria, this denitrification gene has
been demonstrated to enhance virulence against the host because
it uses an alternative electron acceptor, which is favorable to
their lifestyle under anaerobic conditions (66). According to our
results, there were significant increases in p450nor in the NV
treatment and in the T7 period and, regarding its associated
functions with Mycobacterium (Table 3), in the T150 period.
Suleiman et al. (11) observed increases in the sporulation of
fungi concomitantly with the highest volumes of N,O during
the first days after the addition of vinasse in sugarcane soils.
According to Higgins et al. (67), environments with regular N
inputs impose the utilization of N-oxides by the microbiota.
These observations suggest that fungi denitrification by p450nor
could have occurred and increased under NVT7 conditions.
Lourengo et al. (21) associated the production of N,O in
sugarcane soils under vinasse with N fertilizers with the nirK gene
from denitrifying fungi; however, this study did not analyze the
p450nor denitrification gene. Instead, the nirK gene seems not to
be assessed here on a large scale by the microbiota in NVT7 since
it had the greatest abundance in N60 and sequences of nitrite
reductase in NO.

The high S availability in NV may benefit from the increase
of p450nor in this treatment (Table 1), which can also intensify
the denitrification process, with a reduction in sulfate for the
decomposition of organic matter (68) and an increase in N,O
production (69). This observation could contribute to justify the
positive correlations among the p450nor gene, OM, and S in our
analyses (Figures 1, 2). According to Schliiter et al. (70), the lack
of O, and the availability of NO3 as an electron acceptor are
basic requirements for heterotrophic denitrification in soils. It
is possible that the accelerated immobilization of N is readily
available to microorganisms in the first days after fertilization,
while the sugarcane plantlets, which do not require large amounts
of this nutrient (71), favored the nitrification processes related to
amoA and denitrification related to p450nor in the NV treatment.

In this study, one of the genes that showed the greatest
response to NV was hao, which encodes the oxidoreductase
enzyme in the nitrification process (HAO) (72, 73). Zhao et al.
(74) quantified the hao gene associated with nitrifying Bacteria
in a lake that received domestic sewage. The lake regions with
the highest amounts of NO3 and NHj showed the highest
abundance of hao, suggesting the association of this gene with
the eutrophication process. Is it possible that the physicochemical
conditions of the soil submitted to the application of vinasse
in this period were similar to a eutrophication process such as
that described in Zhao et al. (74)? Analyzing the oxidoreductase
enzymes that correspond to the hao gene family, Nitrosomonas

(AOB), which is related to N,O emissions by nitrification (75),
had the greatest number of sequences in NVT7. Wu et al.
(76) concluded that Nitrosomonas and Nitrosopumilus tended to
dominate in moderately eutrophic sediment with a significant
ammonium input (2.86 mM). In addition, the higher prevalence
of ammonia monooxygenase and oxidoreductase sequences in
NVT7 suggests a high rate of nitrification, which would also lead
to the formation of NO3 and N,O. Smith et al. (31) concluded
that the napA gene, associated with the reduction of nitrate
to nitrite in denitrification, is more important in environments
with lower concentrations of NOs. In our microarray analyses,
napA was more abundant in the N60 treatment and, in the
MG-RAST analysis, the nitrate reductase in NO (Tables 2, 3),
suggesting that NO3 could be found in higher concentrations
inNV.

The gene families ureC and gdh are associated with the
ammonification process, in which the formation of NHy4 from the
organic matter by microorganisms occurs (77). Since a significant
number of correlations between ureC and gdh with P were
identified, we also considered the potential effect of this element
on the ammonification process. Previous studies revealed the
inhibitory effect of KH,PO4 on ammonification (78). In our
study, the contents of K increase in N60 and NV treatments at
the T150 period (Table 1). This could justify the increases of ureC
and gdh in N60T7 and urease and glutamate dehydrogenase from
Bacteria in NVT7 and their decrease in NVT150.

The results also revealed the greatest number of nitrate and
nitrite transporter functions (related to ammonification) from
the genus Anaeromyxobacter, a Proteobacteria (Table 3). Due to
its versatile metabolism, this genus is composed of ecologically
competitive Bacteria that can survive in several ecosystems,
microaerophilic or anaerobic, including agricultural soils (79).
This genus can reduce NO3 to NHy via NO, as an electron
acceptor and reduce N,O (80). A specific clade from the nosZ
operon, A. dehalogenans, has a higher affinity for N, O, suggesting
that they are more competitive under the environmental levels
of N, O (80). Anaeromyxobacter type nosZ sequences were found
to be the most abundant nosZ genes in agricultural soils from
Illinois (USA) and appear to compose a significant portion of
the N, O-reducing community (79, 81), suggesting an important
role in the N cycling. The high prevalence of this Bacteria
in our soils with N fertilizer, suggests favorable conditions to
their development due to the microaerophilic environment and
N, O presence. On the other hand, Archaea associated with the
ammonification process was frequent in the T150 period, where
the salt concentrations were higher than in T7. While the non-
saline soil conditions of T7 may favor the AOA Nitrosopumilus,
Archaea with organic matter recycling capabilities, such as
Natronomonas (from order Halobacteriales), were found in the
saline soil condition in T150 (82). Natronomonas is a haloalkaline
Archaea with the capacity to survive in soils with higher salt
contents (82). According to our results, the highest number of
urease sequences in Archaea is from Natronomonas. Some studies
have shown that urease is sensitive to low pH (83), which may
justify the presence of halophiles in soils with more salts.

GeoChip v.5.0M is a highly specific, sensitive, and quantitative
method based on both computational and experimental
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assays (28). This technology can reveal information about
the functionality of the microbial community in several
environments not yet analyzed through other molecular
techniques (28, 32). In this study, the analyses of metagenomes
combined with GeoChip v.5.0M allowed the identification of
which gene families associated with the N cycle significantly
responded to the physicochemical changes resulting from typical
agricultural management in tropical soils. Moreover, it was
possible to indicate groups of Archaea and Bacteria associated
with the N process, with potential increases under higher salt
contents and N,O levels, however, in low O, sources. This
information suggests their specific metabolic capabilities in
restricted conditions. The results also call attention to the
increase of the p450nor gene family in these conditions that
were previously associated with the denitrification process by
Fungi pathogenic to plants and Mycobacterium pathogenic to
animals. Finally, the Bacteria and Archaea domains are certainly
ubiquitous in soil but have developed very specialized functions
depending on the physical and chemical characteristics of their
environments (82).

CONCLUSION

N losses in sugarcane crop soils by management practices
promote economic and environmental impacts that need
attention. Our results suggest “key” genes and processes in the
N cycle that may be changed due to the new composition
of soil factors under vinasse and urea fertilization. Our DNA
analysis from the soil samples using microarray technology and
metagenome annotation revealed that the gene families related
to ammonification (gdh and ureC from Bacteria and Archaea),
nitrification (amoA from AOA and AOB), and denitrification
(p450nor from Eukarya) are the main processes responsive to
this typical fertilizer management in the first days after the
application. Ammonia oxidizers and halophilic Archaea were
responsive to the increases in K salts and nutrients such as
P in soil under vinasse application. This common practice for
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