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Rice is an important source of methane (CH4) and other crops may be sources of

nitrous oxide (N2O), both of which are powerful greenhouse gases. In Uruguay, irrigated

rice rotates with perennial pastures and allows high productivity and low environmental

impact. A long-term experiment with contrasting rice rotation intensification alternatives,

including rice–soybean and continuous rice, was recently carried out in an Argialboll

located in a temperate region of South America. To know if rotation systems influence soil

microbial activity involved in CH4 and N2O emissions, the abundance and potential rate

for gas production or consumption of microbial populations were measured during the

rice crop season. CH4 was only emitted when rice was flooded and N2O emission was

not detected. All rotational soils showed the highest rate for methanogenesis at tillering

(30 days after rice emergence), while for methanotrophy, the maximum rate was reached

at flowering. The abundance of related genes also followed a seasonal pattern with

highest densities of mcrA genes being observed at rice flowering whereas pmoA genes

were more abundant in dry soils after rice harvest, regardless of the rotation system.

Differences were foundmainly at tillering when soils with two consecutive summers under

rice showed higher amounts ofmcrA and pmoA gene copies. The potential denitrification

rate was highest at the tillering stage, but the abundance of nirK and nirS genes was

highest in winter. Regarding ammonium oxidation, bacterial amoA abundance was higher

in winter while the archaeal amoA genewas similar throughout the year. A strong influence

of the rice growth stage was registered for most of the parameters measured in rice

paddy soils in this no-till rice intensification experiment. However, differences among

rotations begin to be observed mainly at tillering when the abundance of populations

of the methane and nitrous oxide cycles seemed to respond to the rice intensification.
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INTRODUCTION

Uruguay has one of the highest rice yield potentials in the world,
with farmers averaging more than 8,000 kg ha−1 (1, 2). Recently,
Pittellkow et al. (3) concluded that the increase in rice yield
during 20 years in Uruguay was obtained with high resource-use
eco-efficiencies and low environmental impact. This sustainable
increase in productivity was related, among other factors, to the
predominant production system where flooded rice rotates the
use of soil with diverse pastures advocated for beef and wool
production during 2–4 years.

In rice–pasture systems, the soil is exposed in different periods
to both oxic and anoxic conditions. These changes in soil redox
conditions can favor different microbiological processes.

Under anaerobic conditions, CH4 is the main greenhouse gas
(GHG) emitted as the end product of the degradation of organic
matter (4) and is also the principal contributor to global warming
potential in rice systems (5). The CH4 emission from flooded rice
soils results from the balance between CH4 production in the
anoxic deep layers and its oxidation to CO2 by methanotrophic
bacteria during upward diffusion through oxic soil/water layers
(6). Another important GHG produced by agricultural activities
is nitrous oxide (N2O) (7). In contrast to CH4 emissions, N2O
emissions from paddy rice fields are a result of both aerobic and
anaerobic conditions, which include nitrification–denitrification
processes, respectively. In nitrification, N2O is a side product, and
the process can also provide NO3

− to denitrification, while in
denitrification, N2O can be an intermediate or an end product.

Water management and previous land use under aerobic
conditions are strategies proposed to mitigate CH4 emissions
from rice cultivation (8, 9). In a previous 3-year study, we
showed that an alternative system of controlled deficit irrigation
allowing for wetting and drying (AWDI) delayed and decreased
the seasonal emission of CH4 in comparison with the usual
Uruguayan irrigation system of continuous flooding between V4
stage and physiological maturity (10). Different crop rotations
of flooded rice with upland crops such as rice–maize (11),
wheat–rice (12), and soybean–rice (13) are common agricultural
practices across tropical and subtropical Asia where rice is
the most important crop. In rice–soybean rotations, 1 year of
summer soil submersion is followed by another year of summer
drained conditions where soybean is cultivated. Even more
extended periods of aerated soil conditions are present in the
typical Uruguayan management of rice fields where 1–3 years of
rice cultivation during summer is followed by 2–4 years of grazed
pastures with cattle, giving rotation systems of several phases.
Previous land management with short- or long-term aerobic
conditions can strongly affect the relative importance of CH4

contribution to GHG in comparison to N2O as well as the onset
of CH4 emissions in rice paddies. Several authors have studied
the effect of water management on GHG emissions measuring
gas fluxes in paddy fields (9, 10, 14). Less is known on the specific
impact of previous land use on microbial communities present
in the soil and the consequent C and N cycling processes and, in
return, its effect on GHG fluxes.

A preferred approach for studying functional groups of
microorganisms involved in CH4 andN2O emissions is the use of

specific genes encoding enzymes involved in these processes. The
final key step of methane production by methanogenic archaea
is catalyzed by methyl-coenzyme M reductase whose α-subunit
encoded by the highly conserved mcrA gene is commonly used
for analysis of methanogenic communities in rice fields (15). On
the other hand, the generated CH4 can be further oxidized by the
methanotrophs present in soil. The pmoA gene has been used as
the indicator for the methanotrophs in rice ecosystems (16).

Under anaerobic conditions, N2O is mainly produced by
denitrification through a series of reduction steps catalyzed by
specific enzymes of functional genes (17, 18), which can be
further reduced to N2 via nitrous oxide reductase (nosZ). In
this study, we focused on the abundance of genes encoded by
nitrite reductase (nirS/nirK), which catalyzes the limiting step
of denitrification reducing NO−

2 to NO, and on the abundance
of the nosZ gene. Aerobically, NH+

4 can be oxidized to NO−
2

by ammonia-oxidizing archaea and bacteria (AOA and AOB,
respectively), through ammonia monooxygenase encoded by
amoA gene. The combined use of these genes can be useful as
an indicator of the potential for one or both processes to occur.
The quantification of ribosomal and functional genes as well as
the microcosm assays to determine microbial potential activities
are useful to assess microbial biogeochemical processes involved
in GHG emissions in soils (15, 19, 20).

We measured CH4 and N2O emissions and soil microbial
activity from three contrasting rice rotation systems (perennial
pasture–rice; soybean–rice, and continuous rice) during the
rice crop growing cycle to assess specific microbial community
responses to the rice intensification. The systems were no-till,
excluding soil tillage, and preventing crop or pasture residue
from being incorporated into the soil. Rice was sown in the
field full of residue from the previous crop. Additionally,
measurements were performed in winter, under non-flooded
conditions, to assess the effect of the previous summer crop
on the microbial soil carbon and nitrogen transformations.
Quantitative polymerase chain reaction (qPCR) targeting CH4

and N2O-related functional genes was used to assess the
abundance of microbial populations potentially involved in
GHG emissions. In addition, soil incubation experiments were
performed to assay potential rates of CH4 production and
consumption, denitrification, and nitrification. The work aimed
to compare the effect of rice intensification in the microbial C
and N transformations involved in CH4 and N2O emissions
at different stages of the rice growing cycle in a long-term
experiment that has been recently installed.

MATERIALS AND METHODS

Site Description and Experimental Design
An 8-ha field-scale experiment was installed in 2012 in a 30-year
rice–pasture rotation field located in Treinta y Tres-Uruguay (33◦

16
′
23

′′
S; 54◦ 10

′
24

′′
O; 22MASL) at the INIA (National Institute

of Agricultural Research) “Paso de la Laguna” Research Unit. The
dominant soil at the site is an Argialboll with a slope <0.5% (21).
Soil physicochemical properties (0–15 cm) when the experiment
was installed were as follows: TOC 14.2 g kg−1, TN 1.4 g kg−1,
P Bray 7.0 µg g−1, and pH 5.7. Mean annual temperature at the
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site is 22.3◦C in summer and 11.5◦C in winter. Rainfall is evenly
distributed throughout the year, with a total annual mean of 1,360
± 315mm; annual total potential evapotranspiration is 1,138 ±

177 mm.
The experiment consists of six rice rotation systems under

no till with contrasting soil use intensity determined by the
proportion of crops and pastures in the rotation (22). In this
work, we analyzed three rotation treatments: continuous rice
(Oryza sativa) (cR; rice every summer); rice–soybean (Glycine
max), a 2-year rotation cycle with soybean alternating with
rice in summer; and rice–ryegrass (Lolium multiflorum Lam.)
in winter—rice, 3 years of perennial pasture of tall fescue
(Festuca arundinacea), white clover (Trifolium repens), and
birdsfoot trefoil (Lotus corniculatus), a 5-year rotation cycle with
2 consecutive years of rice followed by 3 years of pastures.
Cover crops of annual ryegrass (Loliummultiflorum) orTrifolium
alexandrinum L. were installed in fall–winter between cash
crops in all rotations; pastures were rotationally grazed with
lambs during the year. The experimental design consisted in a
randomized complete block with three replications and all phases
of rotations present simultaneously (23). Each plot measures 20
× 60m and was isolated from other plots by levees to control
rice flood. Rice was no-till drill seeded in the last week of October
2015, emerged on November 10, and was flooded∼4 weeks after
emergence at rice V4–V5 stages.

The nitrogen was broadcasted as urea and fractionated 60%
at V4 (dry soil) and 40% at R0 (flooded soil) growing stages. In
soybean–rice and pasture–rice rotations, nitrogen dose (40 kg N
ha−1 year−1) was based on soil nitrogenmineralization potential,
while in continuous rice, it was based on crop demand (148 kg N
ha−1 year−1) (22). Other relevant information for these no-till
systems is the amount of dry matter left on the soil after crops
and winter covers, which is highest for rice residues (9Mg ha−1),
followed by perennial pasture (7Mg ha−1), soybean (3.8Mg
ha−1), and finally winter covers (between 2 and 3Mg ha−1).
Other crop management practices, including fertilization, pest
and weeds control, and rice cultivars seeded, were chosen for each
specific rotation treatment to optimize rice productivity. More
details of the experiment are reported in Macedo et al. (22).

Sampling
Soil samples were taken from each plot in the three replicated
blocks. Six phases of three rotation were sampled (Table 1):
continuous rice (cR), the two phases of the rice–soybean rotation
(rice phase Rs and soybean phase rS), and three phases of the
rice–pasture rotation: first year of rice (Rrppp), second year
of rice (rRppp), and third year of pasture (rrppP). Samples
were taken between December 2015 and July 2016 and were
labeled according to the rice crop cycle: 30 days after emergence
(dae) corresponding to rice tillering (vegetative stage, end of
seedling stage), 98 dae corresponding to rice flowering, 124 dae
corresponding to rice ripening, and at the following winter after
harvest (259 days after rice emergence). All samples taken in
winter and samples from rS and rrppP corresponded to non-
flooded, dry soil.

Greenhouse Gases (GHG) Measurement
Gas sampling for flooded rice was conducted using the closed-
chamber technique (24, 25). The chambers consisted of an
aluminum base measuring 60 × 60 × 20 cm (length × width
× height) and an aluminum top of the same size. The
bases were driven 5 cm deep into the soil before permanent
flooding and remained in the soil during the entire growing
season. Each base had an open bottom and sealable channels
on the sides to allow irrigation water to flow freely, which
were sealed during air sampling events. Each base covered
three rice plant rows. Additional 20-cm aluminum extensors
were stacked on the bases as the rice plants grew taller,
and the chamber volume was considered for GHG emission
calculations. Each chamber was equipped with (i) a gas sampling
port, (ii) a stainless-steel thermometer, and (iii) three battery-
operated fans to circulate and homogenize gases within the
chamber. Headspace gas samples were obtained with airtight
20-ml propylene syringes and were immediately transferred
to pre-evacuated 12-ml glass Exetainer R© vials (Labco Ltd.,
Buckinghamshire, UK). Gas samples from dry soil were taken
using smaller chambers with steel bases, 40 cm in diameter and
20 cm in height, that were left in place and inserted 10 cm into
the soil. The lid was fitted with a sampling port with a three-
way valve and placed on top of the box at the beginning of
each gas sampling day when the effective height of each chamber
was recorded.

Gas flux measurements were taken between 10:00 and
11:30 a.m., as recommended byMinamikawa et al. (24). Chamber
temperature, floodwater depth, and headspace height were
recorded and used to calculate gas flux rates from the soil surface
to the chamber atmosphere assuming a linear increase in gas
concentration over time as described previously (10). Methane
and nitrous oxide were analyzed on a GC-FID-mECD 7890
Agilent gas chromatograph with a HayeSep Q 80/100 mesh
1/8 column.

Soil Sampling and Chemical Analysis
Ten random soil core samples from 0 to 10 cm soil layer
were collected from each replicated plot, homogenized by hand,
composited, and mixed thoroughly. Fresh soils were used for the
following analysis: pH (1:1 soil/water extract), moisture content,
andmicrobial activities (denitrifying, nitrifying, methanotrophic,
andmethanogenic). Air-dried and sieved (2mmmesh) soils were
used for NO−

3 -N, NH
+
4 -N and soluble organic carbon analysis.

Subsamples of fresh soils were stored at −80◦C until DNA
extraction for molecular analysis.

Soils were extracted in duplicate with 2M KCl (soil:solution
ratio of 1:10) and analyzed for NH+

4 -N using the standard
indophenol blue method and for NO−

3 -N using the Cu-Cd
reduction method followed by the colorimetric modified Griess-
Ilosvay method (26).

Soil organic carbon was determined before rice sowing by
the method of wet oxidation (27) followed by quantification by
spectrophotometry at 600 nm (28). Soil moisture was determined
by placing it in an oven at 105◦C until constant weight.
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TABLE 1 | Crop rotation system, annual and seasonal schedules (SS, spring–summer; AW, autumn–winter).

Rotation treatment* Year

1st 2nd 3rd 4th 5th

SS AW SS AW SS AW SS AW SS AW

Cr Rice pS

rrppp Rice pS Rice ———pL———

Rs Rice pS Soybean pS

*cr, Continuous rice; rrppp, Rice (2 years)–long-term pasture (3 years); rs, Rice (1 year)–soybean (1 year); pS, short-term pasture; pL, long-term pasture (perennial pasture).

Substrate Production or Consumption
Rates in Soil Laboratory Incubations
All assays were performed with soil from the three
replicated plots.

Potential Rate of Methane Production (MPP) and

Oxidation (MOP)
The rate of CH4 production was measured by incubating three
replicates of 5 g of fresh soil from the three replicated plots and
autoclaved anoxic distilled water in 25-ml pressure vials under a
headspace of N2 at 25◦C for 2 months. At regular time intervals,
the headspace was analyzed for CH4 accumulated by GC as
described before.

To measure CH4 consumption, 5 g of fresh soil was incubated
with 20ml of sterile distilled water into 120-ml glass vials. The
vials were capped with a cotton plug and incubated at 25◦C in
the dark for 3 days to deplete any soil organic substrates. At
the end of this period, bottles were capped with butyl stoppers
and aluminum seals and pure methane was added to obtain 7%
CH4 (v/v). The slurries were incubated in the dark at 25◦C on
a gyratory shaker (120 r.p.m.). The methane concentration in
the headspace was monitored by GC-FID analysis (GC-2014,
Gas Chromatograph, Shimadzu). Maximum methane oxidation
rates were calculated by linear regression analysis of the methane
consumption over time.

Potential Denitrification (PDA) and Nitrification

Activity Rate (PNA)
Denitrification rates were measured with the acetylene blockage
technique (29). Five grams of fresh soil was added into a 60-ml
glass vial followed by 10ml of sterile distilled water. Vials were
flushed with filtered O2-free N2 while the following amendments
were aseptically added according to a complete NO−

3 reduction
stoichiometry (final concentration): sodium succinate 0.86mM,
potassium acetate 1.5mM, methanol 2mM, and KNO3 4.5mM.
Vials were capped with butyl stoppers and aluminum seals and
acetylene was added (10% of the headspace) to every vial, and
vials were incubated in the dark at 25◦C on a gyratory shaker
(120 r.p.m.). Samples from the headspace of every vial were
removed at several time points for N2O measurement by gas
chromatography (GC-2014, Gas Chromatograph, Shimadzu); gas
chromatography conditions and calculations of denitrification
rates were done as described by Tarlera and Denner (30).

Nitrification rate was determined by measuring nitrite
accumulation rate over time according to Kalender (31) with

some modifications. Vials with 5 g of fresh soil with 15ml of
(NH4)2SO4 1.33mM, 0.1ml of sodium chlorate 1.5mM (to
inhibit nitrite oxidation), and 5ml sterile distilled water were
incubated at 28◦C on an orbital shaker (180 r.p.m.) for 24 h.
Replicate soil suspensions were kept at −20◦C as controls.
Nitrite concentration extracted with 2M KCl was measured
colorimetrically (Griess-Ilosvay reaction).

Soil DNA Extraction and Quantitative
Real-Time PCR Analysis
All assays were performed with soil from the three replicated
plots. DNA was extracted from the soil using PowerSoil R© DNA
Isolation Kit (MO BIO Laboratories, Carlsbad, CA, USA).

Abundance of Bacteria, Archaea, and certain groups of
prokaryotes was performed using real-time PCR (qPCR). Specific
primers were used to quantify gene copy numbers of Bacteria
or Archaea (16S rRNA), methanogens (mcrA), methanotrophs
(pmoA), denitrifiers (nirS and nirK), complete denitrifiers (nosZ),
and nitrifiers of the domain Bacteria and Archaea (amoA)
(Primer’s information is detailed in Supplementary Table 1).
Amplifications were performed on a Rotor-Gene R© 6000, model
5-Plex (CORBETT Research Sydney) using SYBR Green I for
detection. The samples were amplified in 10-µl reaction volumes
containing 1µl of concentrated or 10-fold diluted template DNA,
0.5µM of each primer (except pmoA primer, 1µM), and 5 µl of
Rotor-Gene SYBR Green PCR Mastermix (QIAGEN R©, Hilden,
Germany). The thermal cycle consisted of an initial step at 95◦C
for 5min for all genes followed by 40 cycles of 95◦C for 5 s and
60◦C for 10 s for mcrA and pmoA; 30 cycles of 95◦C for 5 s and
55◦C for 10 s for bacterial 16S rRNA; 35 cycles of 95◦C for 5 s
and 60◦C for 10 s for nirS, nirK, and nosZ. Fluorescence was
recorded in a single step at 80◦C for 1 vs. for all genes except
for pmoA, which was done at 82◦C for 1 s. A melting curve was
obtained after each amplification by increasing temperature from
60 to 94◦C at a rate of 1◦C s−1 in order to verify the specificity
of amplification. Standard curves were obtained using gradient
dilutions of standard plasmids containing archaeal 16S rRNA and
mcrA genes and bacterial 16S rRNA, pmoA, nirS, nirK, and nosZ
genes with known copy numbers.

Statistical Analysis
Each parameter was tested for normality of distribution
and homogeneity of variances using Shapiro-Wilk’s test and
Levene’s test, respectively. Gene abundance data were log-
transformed and PDAdata were ln-transformed to obtain normal
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distributions. Comparisons were conducted using ANOVA with
a factorial model (phases of rotation treatments, sampling dates,
and the interaction of both) followed by Tukey’s HSD test.

The PNA and pH were analyzed using the non-parametric
Kruskal–Wallis test followed by a Wilcoxon Rank Sum test
to determine significant differences between phases of the
rotation treatments.

All these statistical analyses were performed in R version 4.1.0
with R studio version 1.4.1717.

In addition, principal component analysis (PCA) was
performed and Pearson correlation coefficients were determined
to test relationships between the variables related to methane and
nitrous oxide cycles, separately for each cycle, using the “prcomp”
function in the “vegan” package in R software.

All statistical significance was considered at p < 0.05.

RESULTS

Soil Properties and Rice Yield
Organic carbon (%) was similar for all soils sampled: cR (2.45 ±
0.28), Rrppp (2.41 ± 0.27), rRppp (2.38 ± 0.24), rrppP (1.94 ±

0.32), Rs (2.70± 0.44), and rS (2.21± 0.56).
Soil pH, ammonia, and nitrate were measured during the

crop growing season in all treatments and redox potential was
measured only in soils cultivated with rice (Table 2). Soil pH
was not affected by the growing season or the rotation system.
The soil redox potential decreased from rice tillering (30 dae)
to flowering (98 dae) remaining reductive during ripening (124
dae), then soil became oxic in winter, after harvest draining.
No significant redox potential differences between rice phases
were observed along the sampling time. Ammonia and nitrate
followed a seasonal pattern, with the mean of all soils showing
the highest value for ammonia at 98 dae and the lowest at 124
dae, whereas nitrate was maximum at 30 dae and minimum at
98 dae.

Rice productivity was high, between 8,766 and 10,286 kg ha−1,
but no significant yield differences between rotations were found
(Supplementary Table 2).

Dynamics of Bacteria and Archaea
The abundance and dynamics of the bacterial and archaeal
populations were evaluated along the crop growing season in
all rotations through the quantification of the 16Sr RNA gene.
The abundance of Bacteria (Figure 1A) and Archaea (Figure 1B)
was greatly affected by the season in all soils. Bacterial density
was significantly higher in winter, when none of the soils were
flooded, than in other seasons. Bacterial density was significantly
higher in winter, when none of the soils were flooded, than in
other seasons having amean value for all treatments of 1.48× 109

copies g−1 dry soil, which was at least 0.52 logs higher than the
mean density in soils at any previous sampling date (Figure 1A).
The same trend was observed for archaeal abundance since the
mean value for all treatments was 1.15× 107 copies g−1 dry soil in
winter, a value that was significantly higher than the mean value
at 30 dae, the beginning of the rice crop season, which was 4.57
× 106 copies g−1 dry soil. The increase in archaeal populations
toward winter was less pronounced than for bacteria since in-
between sampling dates (95 and 124 dae), intermediate archaeal

densities were observed (Figure 1B). These results indicate that
microbial biomass, Bacteria, and Archaea, increased significantly
for all soils from the beginning of the rice growing season
to winter.

Soils from different rotations’ phases also showed significant
differences in the abundance of bacterial and archaeal
populations during the growing season. Consistent differences
were observed within phases of the rotation rice–pasture, where
soils of the second year of rice (rRppp) exhibited significantly
higher density of bacteria, and archaea, than soils in the first
year of rice (Rrppp). The archaeal density seems to be more
responsive to previous crop since soils with rice following
rice (cR and rRppp) showed significantly higher abundance
of archaea than soils that had no rice in the previous summer
(rrppP and rS) or soils that had rice and were preceded by 3 years
of pasture (Rrppp).

Influence of the Rotation System on
Microbial Parameters of the Methane Cycle
To know the effect of the rotation over the potential for
methane emission, the abundance and activity of the microbial
populations directly involved in methane production and
consumption and the methane flux were evaluated at four
sampling dates.

Methane Flux
Field measurements of methane flux were performed for all
treatments during the annual crop cycle, but methane emission
was only detected in flooded rice. The methane production
rate was maximum at flowering (98 dae) and ranged between
14,102 g CH4 ha−1 day−1 for Rrppp and 20,951 g CH4 ha−1

day−1 for Rs with no significant differences between treatments
(Figure 2). Methane production rate decayed significantly at
ripening (124 dae), showing similar flux values for all treatments.
Significant differences between treatments were observed only
at 30 dae, when soils with rice as previous crop showed higher
methane flux (1,699 and 1,435 g CH4 ha−1 day−1 for cR and
rRppp, respectively) than the soil with pastures in the previous
summer (Rrppp).

Activity of Methane-Producing and

Methane-Consuming Prokaryotes
Soil incubations in microcosm assays were set up to determine
the methane production potential (MPP) and the methane
oxidation potential (MOP) in the four phases of the rotations
that had rice during the summer season. The MPP was strongly
influenced by the season showing the highest mean value for all
soils (35.3 nmol CH4 h−1 g−1 dry soil) at 30 dae at the beginning
of the rice crop season (Figure 3A). Then, the MPP decayed
significantly at flowering (19.5 nmol CH4 h−1 g−1 dry soil),
ripening (21.8 nmol CH4 h−1 g−1 dry soil), and at the winter after
the rice harvest (20.4 nmol CH4 h−1 g−1 dry soil).

On the other hand, some minor differences between rotations’
rice phases were observed along the whole sampling time. Soil
from the rice–pasture rotation having the first rice after pastures
(Rrppp) showed significantly higher MPP than soil that had rice
every summer (cR).
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TABLE 2 | Soil properties for each rotation phase at dates corresponding to 30, 98, and 124 dae (days after rice emergence) and in the winter post-harvest.

Rotation phase pH Eh (mV)(1)(2) NH+

4 - N (mg kg−1)(2) NO−

3 - N (mg kg−1)(2)(3)

30 98 124 w 30A 98B 124B w 30AB 98A 124B wA 30A 98C 124BC wB

cR 6.2 6.0 6.2 5.9 −203 −497 −441 nd 25.2 32.5 11.8 23.9 4.9 1.8 2.0 5.6

Rrppp 5.6 5.8 6.0 5.6 −338 −484 −433 nd 19.7 25.7 15.0 28.2 8.2 0.4 1.5 2.3

rRppp 5.8 5.8 5.9 5.7 −201 −497 −383 nd 22.3 26.5 13.3 21.9 5.4 0.5 2.4 3.6

rrppP 5.6 5.5 5.7 5.7 nd nd nd nd 25,2 36.5 9.3 41.1 1.3 6.8 6.1 4.1

Rs 5.7 5.8 5.8 5.7 −323 −488 −436 nd 29.2 37.4 11.3 40.8 9.3 nd 2.0 3.2

rS 5.4 5.5 5.7 5.6 nd nd nd nd 22,0 31,1 7.9 26.5 7.0 4.8 5.1 5.5

(1) nd: not determined; Eh was only measured for flooded paddy soils. (2) Different capital letters indicate significant differences between mean values of soils of all rotations phases for
different sampling dates (p ≤ 0.05). (3) Different lowercase letters indicate significant differences between mean values of soils nitrate content of the different rotation phases for all the
sampling dates: cRab; Rrpppb; rRpppb; rrrppPb; Rsab and rSa.

The methanotrophic activity also revealed a profile influenced
by the season (Figure 3B), with consistently high MOP rates
for the four soils at flowering that decayed toward winter. The
highest rate was observed at 98 dae with a mean value from the
four soils of 1,409 nmol CH4 consumed h−1 g−1 dry soil. At
the beginning of the rice crop season (30 dae), soils in rotation
with pastures exhibited very low methanotrophic activity, but
other soils (cR and Rs) showed such dispersion among the
values of replicated plots that made it doubtful to assess a
behavior for all soils at this stage. No significant differences
were observed between soils from different treatments along
the season.

Abundance of Methanogenic and Methanotrophic

Populations
The abundance of methanogens and methanotrophs was
assessed through the quantification of the specific genes mcrA
(methanogens) and pmoA (methanotrophs) in soils with rice
during the season studied. Season influenced the abundance of
methanogenic archaea, showing a consistent decrease in all soils
from flowering to winter. The abundance of mcrA gene was
significantly higher at flowering than at other sampling times.
The mean value for the four soils was 1.55 × 105 copies g−1 dry
soil at 98 dae, whereas at ripening and winter, the mean values
were 1.05 × 105 copies g−1 dry soil (Figure 4A). The abundance
of methanogens was quite heterogeneous among different soils at
the beginning of the rice crop season (30 dae), but methanogens
increased in all soils by flowering. At tillering, methanogens
represented between 1.43 and 3.98% of total Archaea, with the
lowest proportion for Rrppp soils and the highest proportion for
cR. Soils from the continuous rice system (cR) showed the highest
density of mcrA genes having a mean value of 2.09 × 105 copies
g−1 dry soil along the four sampling dates (p < 0.05).

The abundance of the pmoA gene revealed a consistent
increase of methanotrophic bacteria along the rice crop season
for the four soils, reaching the highest density at winter
(Figure 4B). The abundance of pmoA increased significantly
from a mean value of 2.24 × 105 copies g−1 dry soil at
rice flowering (98 dae) to 6.02 × 105 copies g−1 dry soil
in winter. Similar to methanogens, methanotrophs showed at

tillering different densities for different soils, but their abundance
increased consistently at rice flowering in all soils. At tillering,
methanotrophs represent between 0.004 and 0.029% of total
Bacteria, with the lowest proportion for Rrppp soils and
the highest proportion for cR. Contrastingly to methanogens,
the abundance of methanotrophs continued to increase after
flowering. An interesting trend was observed for soils from
different rotations along the season. Soils with rice in the previous
crop season (cR and rRppp) showed significantly higher density
of pmoA genes than soils that had an upland crop (soybean in Rs)
or perennial pasture (Rrppp) previously.

To evaluate the microbiological parameters of the C cycle
contributing to soil variability in rice rotations, a PCAwas plotted
(Figure 5). PC1 and PC2 explained 71.1% of the overall variation
for the four sampling dates, revealing that soil samples from
different rotations showed higher dispersion at tillering (30 dae)
tending to group together when the rice cropping cycle evolve
until the winter post rice harvest. Whereas, no correlation was
observed between activities and gene abundance, the abundance
ofmcrA and pmoA genes evidenced a weakly positive correlation
(r2 = 0.445, p = 0.002). These results confirmed the strong
influence of the phenology of rice crop in the microbial-specific
populations of the methane cycle. To analyze the effect of
the rotations, PCA was performed for physicochemical and
microbiological soil parameters at two sampling dates separately.
At tillering, PC1 and PC2 together explained 67.9% of the overall
variation (Figure 6A). This biplot shows the separation mainly
on the PC1 of rice-cropping systems having no rice in the
previous summer (Rs and Rrppp) compared to systems that
had two consecutive summers with rice (cR and rRppp), which
displayed the highest value of mcrA and pmoA gene copies. The
abundance of mcrA and pmoA genes were positively correlated
(r2 = 0.729, p = 0.007). In winter, PC1 and PC2 together
explained 65.8% of the overall variation (Figure 6B). This biplot
shows high environmental heterogeneity among replicates and
the separation mainly on the PC1 of Rs compared to other
rotation systems. The abundance of mcrA and pmoA genes was
also positively correlated (r2 = 0.668, p = 0.0176) and seems to
explain the clustering of the other three soils.
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FIGURE 1 | Dynamics of 16S rRNA gene copies of Bacteria (A) and Archaea (B) by g dry soil for all treatments. Sampling dates: days after rice emergence (dae) for

all rotations’ phases (with or without rice) and winter (259 days after rice emergence). Uppercase letters indicate significant differences between sampling dates for all

phases. Lowercase letters next to each sample name indicate significant differences for rotation phases along the year. The differences (p < 0.05) between phases for

log B 16S rRNA along all the sampling time were continuous rice rotation (cRab); rice–pasture rotation at the first (Rrpppc); and second (rRpppa) year of rice, or at the

third year (rrppPab) of pasture; rice–soybean rotation having rice (Rsabc) or soybean (rSbc) at the crop season. The differences (p < 0.05) between phases for log A

16S rRNA along all the sampling time were as follows: cRa, Rrpppb, rRpppa, rrppPb. Rsab, or rSb. Significant differences of the interaction phases*date are presented

in the figure with lowercase letters.

Influence of the Rotation System on
Microbial Parameters of the Nitrous Oxide
Cycle
Nitrous oxide emission fluxes were not detected for any of the
crops or pasture in the dates studied.

Denitrification Related Genes and Potential Activity
Potential denitrification activity of all soils was significantly
higher at rice tillering, 30 dae (average 120 µg N-N2O g soil−1

h−1) than at the other rice stages or in winter and decreased along
the year (Figure 7). When considering only the four soils having
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FIGURE 2 | Dynamics of methane flux (g CH4 ha−1 day−1) for rotations’ phases with flooded rice. Uppercase letters indicate significant differences between sampling

dates for all rice phases. Sampling dates: days after rice emergence (dae) for all treatments. Rotation phases: continuous rice rotation (cR); rice–pasture rotation at the

first (Rrppp) or second (rRppp) year of rice; rice–soybean rotation having rice (Rs) at the crop season.

rice, rRppp showed higher denitrification activity than Rs, 88 and
51 µg N-N2O g soil−1 h−1, respectively.

The behavior of some of the functional communities related to
N2O emission by denitrification (nirK, nirS, and nosZ) differed
for each gene. The nirK abundance was always greater than nirS,
∼1 order of magnitude, and the copy number of both genes was
highest in winter and lowest at the rice flowering stage (98 dae,
Table 3). The nirK abundance was higher for both rRppp and
rrppP than for Rs and Rrppp (between 2.5 and 1.3 × 107 nirK
copies g−1). In a different way, the abundance of nirS was greater
for rRppp (2.2× 106) than for Rs, rrppP, and Rrppp, (1.5× 106).
The highest abundance of nirS genes was also achieved in winter
and the lowest was attained at 98 dae with significant differences
among dates (Table 3).

The copy number of nosZ was not significantly different for all
phases and rotations or sampling dates. However, when analyzing
only the tillering stage (30 dae), the second rice after pasture
(rRppp) had also higher nosZ abundance than the first rice after
pasture (Rrppp), 2.3 vs. 1.9× 106. The highest PDAwas preceded
for highest denitrification gene abundance in the same phase of
the rotation.

Ammonia Oxidation Potential Activity and amoA

Genes Abundance
On the other hand, potential nitrification activity data were not
normally distributed, and a non-parametric ANOVA showed that
cR ranked lower than Rrppp, rS, and rrppP, these latter two had
no rice during the year. At tillering rice stage, ammonia oxidation

was lower for rRppp and cR (the two treatments that have had
rice the previous season) than for rS and rrppP, average 2 and
23mg N-NO−

2 g−1 h−1, respectively (Supplementary Figure 1).
Archaeal ammonia oxidizers were always higher than bacteria

(log amoA copies g−1 soil 6.1 and 5.2 on average, respectively).
Bacteria ammonia oxidizer number for rice soils was only
different between dates, being higher for winter than for 98 or
124 dae (Figure 8A). However, the archaeal amoA copy number
was only different among rotations’ phases, where the second rice
for the classical rotation (rRppp) presented higher values than the
first rice of this rotation (Rrppp) along the year, 2.3 vs. 0.7 × 106

(Figure 8B).
The PCA for microbiological parameters of the N cycle shows

that 63.8% of the variability in rice soils was explained by
the two main components (Figure 9). A trend in a seasonal
grouping of the samples can be observed along the PC1 associated
with the increase of all genes at 124 dae and winter. A
high positive correlation between nirK and nirS genes (r2 =

0.796, p = 0.001) was observed, with lower positive correlation
coefficients for the complete denitrification set of genes nirK
and nosZ (r2 = 0.322, p = 0.026) or nirS and nosZ (r2 =

0.354, p = 0.014). The density of ammonia oxidation genes
from bacteria and archaea was also positively correlated (r2

= 0.556, p = 0.001). To analyze the effect of the rotations
on the N cycle, PCA was performed for physicochemical and
microbiological soil parameters at two sampling dates separately.
At the beginning of the rice crop season (30 dae; tillering rice
stage) both principal components (PC1 and PC2) explained
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FIGURE 3 | Dynamics of (A) methane production potential (MPP) and (B) methane oxidation potential (MOP) in soils that had rice in summer. Uppercase letters

indicate significant differences between sampling dates for all rice phases. Sampling dates: days after rice emergence (dae) for all treatments. Lowercase letters next

to each sample name indicate significant differences for these rotation’s phases along the year. Rice phases of rotations: continuous rice rotation (cR); rice–pasture

rotation at the first (Rrppp) or second (rRppp) year of rice; rice–soybean rotation having rice (Rs) at the crop season. For MPP: cRb; Rrpppa; rRpppab; and Rsab. There

were no significant differences between rice phases for MOP.

almost 70% of the overall variation of physicochemical and
microbiological soil parameters of N cycle contributing the most
to soil rotation variability (Figure 10A). This biplot shows the

separationmainly on the PC1 of rice-cropping systems having no
rice in the previous summer (Rs and Rrppp) compared to systems
that had two consecutive summers with rice (cR and rRppp),

Frontiers in Soil Science | www.frontiersin.org 9 March 2022 | Volume 2 | Article 832600

https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/soil-science#articles


Fernández-Scavino et al. Rice Intensification and Microbial Populations

FIGURE 4 | Dynamics of (A) mcrA and (B) pmoA genes in soils having rice in summer. Uppercase letters indicate significant differences between sampling dates for

all treatments. Sampling dates: days after rice emergence (dae) for all treatments. Treatments: continuous rice rotation (cR); rice–pasture rotation at the first (Rrppp) or

second (rRppp) year of rice; rice–soybean rotation having rice (Rs) at the crop season. The differences (p < 0.05) between phases for mcrA along all the sampling time

were cRa, Rrpppb, rRpppab, and Rsab, and those for pmoA were cRa, Rrpppb, rRpppa, and Rsb. Significant differences of the interaction phase*date are presented in

the figure with lowercase letters.
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FIGURE 5 | Scatter plot of the two first axis resulting from the principal component analysis displaying the variance explained along the sampling dates among the

different rice phases of the rotations: continuous rice rotation (cR); rice–pasture rotation at the first (Rrppp) or second (rRppp) year of rice; rice–soybean rotation under

rice (Rs). Based on microbiological parameters (MPP, methane production potential; MOP, methane oxidation potential; mcrA gene copies, and pmoA gene copies).

which displayed the lowest value of soil nitrate content at this
stage. The gene nirK abundance was correlated with the other
denitrification genes, nirS and nosZ, and with the abundance
of amoA genes, either bacterial or archaeal. The nosZ copy
number correlated with redox potential (p = 0.034). Soil nitrate
content correlated negatively with nirS and nosZ abundance and
positively with PNA and amoA abundance. At winter sampling,
PC1 and PC2 together explained only 60.6% of the overall
variation (Figure 10B). This biplot shows high environmental
heterogeneity among replicates and the separation mainly on the
PC1 of cR, the most intensive rice system, compared to other
rotation systems. PDA, PNA, and nirK copies were positively
correlated at winter sampling.

DISCUSSION

The rice production system commonly used in Uruguay
consists in a cycle of 2–3 consecutive years of rice cropping
followed by 2–4 years of perennial pastures of grasses and
legumes seeded immediately after rice harvest and grazed by
cattle and sheep. This system allows a sustainable increase
in productivity, minimizing the use of agrochemicals and
contributing to greater resource-use efficiencies (1, 32), although

there are still opportunities for sustainable intensification (3).
The implementation of more intensive rotation systems, either
by increasing the proportion of rice or other crops like soybean
and reducing the pasture phase, has become an alternative for
farmers to increase productivity and economic options.

The transition from more intensive to less intensive rice
rotation system influences microbial community structure (8,
33–35), but the information about the opposite conversion
is scarce. In the present work, we studied the response of
microbial communities to the intensification, in early steps of
this conversion (4 years after intensification was implemented).
We examined the abundance and activity of bacteria and archaea
linked to GHG emission across three rice growth stages and
at one time after rice harvest in soils from rice rotations with
different levels of intensification.

The abundance of Bacteria andArchaea was greatly affected by
the season in all soils from the three rotational systems studied.
It has been observed that the stage of rice growth from seedling
to rice maturing had a significant effect on soil abundance
of bacterial 16S rRNA gene copies (12) but not in archaea
(36). Breidenbach and Conrad (37) reported that bacterial and
archaeal 16S rDNA copy numbers were highest during rice
growth at reproductive stage. The practice of leaving the straw
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FIGURE 6 | Scatter plot of the two first axis resulting from the principal component analysis displaying the variance explained at 30 dae or tillering (A) and at winter (B)

among the different rice phases of the rotations: continuous rice rotation (cR); rice–pasture rotation at the first (Rrppp) or second (rRppp) year of rice; rice–soybean

rotation under rice (Rs). Based on soil properties: physicochemical (nitrate and ammonium concentrations, redox potential, and pH) or microbiological parameters

(MPP, methane production potential; MOP, methane oxidation potential; mcrA gene copies, and pmoA gene copies).

FIGURE 7 | Dynamics of potential denitrification activity (PDA) by g dry soil along the sampling time for all soils. Sampling dates: days after rice emergence (dae) for all

treatments (with or without rice) and winter (259 days after rice emergence). Uppercase letters indicate significant differences between sampling dates for all rotations’

phases. Lowercase letters next to each sample name indicate significant differences for these phases along the year. Rotations’ phases: continuous rice rotation

(cRab); rice–pasture rotation at the first (Rrpppab) and second (rRpppa) year of rice, or at the third year (rrppPa) of pasture; rice–soybean rotation having rice (Rsb) or

soybean (rSab) at the crop season sampled.
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over the soil after crop harvest in Uruguayan no-till systems
likely increases the organic matter available for microbial growth
post crop harvest. It has been observed that bacteria, archaea,
and methanogenic communities strongly responded to rice straw
amendment in laboratory soil incubations by increasing their
abundance over the straw degradation period (38). Therefore,
our results indicate that the biomass of both archaea and bacteria
reached similar densities in rice paddy soils after summer crop
season than soils kept under pasture and may indicate that
the degradation of vegetal residues is a sustainable agricultural
strategy to maintain soil microbial biomass.

The intensification of rice cropping seems to influence the
archaeal community since soils with at least two summers of
rice showed significantly higher abundance of archaeal 16S rRNA
genes than soils that had no rice in the former summer or soils
that having rice in the previous summer were preceded by 3
years of pasture. A similar trend of increase was observed for
mcrA gene copy numbers in soils having rice more frequently.
Consecutive rice cropping has been reported as a main factor
raising the archaeal community in soil, moreover due to the
increase of methanogenic archaea (8).

Methane emission was only detected in the four soils having
rice when soil was flooded, as it was expected since waterlogged
soils sustain anaerobic conditions for C fermentation and
methanogenesis (39, 40). The highest flux was measured at rice
flowering, with rates that were not significantly different for
the rotational treatments, then decayed by ripening (Figure 2).
Methane flux was minimum at tillering, but significant
differences were observed between rotations. Soils under rice
in the previous summer showed higher methane flux than soils
with pasture or soybean in the previous summer. A similar
pattern for methane emission, maximum at flowering, medium
at ripening, and minimum at tillering, was observed previously
for a more frequent sampling study in Uruguayan systems
(10) as well as for other regions where rice is cultivated (41,
42). The maximum CH4 flux measured was higher than the
previous measurements (10) but consistent with fluxes reported
for other temperate rice cultivated in the region with crop
residues maintained on the soil surface (43) or with transplanted
rice without organic matter amendments for two rice varieties
cultivated in Japan (44). The differences observed in methane
emission among soil rotations at tillering were not endorsed by
the potential for methane production (MPP) or consumption
(MOP), since rates measured for all soils were not significantly
different at this stage of plant growth (Figure 3). The MPP
was strongly influenced by the season showing the highest
mean value at 30 dae for all soils. The organic matter of the
stubble from winter cover pastures may result in an increase
of fermentable substrates for methanogenesis after soils were
flooded and could explain this high potential for methane
production. Since methanogenic activity depends on the small
range of products of secondary fermentation, it is feasible that
at this step, the higher methanogenic activity would be due
to the supply of more direct methanogenic substrates rather
than to the abundance and activity of methanogenic archaea.
The soil organic C determined previously to rice sowing was
not different among different rotations, but crop residues from
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FIGURE 8 | Dynamics of amoA gene copies of Bacteria (A) and Archaea (B) by g dry soil along the sampling time for the soils that had rice during the year. Sampling

dates: days after rice emergence (dae) for all treatments (with or without rice) and winter (259 days after rice emergence). Treatments: continuous rice rotation (cR);

rice–pasture rotation at the first (Rrppp) or second (rRppp) year of rice; rice–soybean rotation having rice (Rs). Bacteria amoA were only significantly different for

sampling date. Archaea amoA were only significantly different for treatments: cRab; Rrpppb; rRpppa; and Rsab.

different winter cover pastures should be considered in these
no-till systems as nutrient source for methanogenic archaea.
Methane emissions are stimulated by improving C substrates
either directly, by plant straw amendment (38, 45, 46) and
N organic fertilization (47), or indirectly, by increasing the

availability of labile forms of soil organic carbon in no-tillage
systems (48). In addition, the priming effect that straw addition
has on soil organic carbon degradation, by causing a release of
dissolved organic carbon, also contributes to increase substrates
for methane production (49, 50).
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FIGURE 9 | Scatter plot of the two first axis resulting from the principal component analysis displaying the variance explained along the sampling dates among the

different rice rotations: continuous rice rotation (cR); rice–pasture rotation at the first (Rrppp) or second (rRppp) year of rice; rice–soybean rotation under rice (Rs).

Based on microbiological parameters (PDA, potential denitrification activity; PNA, potential nitrification activity; nirK, nirS, and nosZ gene copies, and amoA of bacteria

and archaea gene copies).

The main drivers for methane emission are the density
and activity of methanogens and methanotrophs, as well as
soil properties, rice cultivar, and agronomical practices that
affect the C availability for anaerobic fermentation (39, 51).
We observed that the highest MPP did not overlap with the
highest methane emission measured at flowering. It is suitable
to consider that the influence of the plant over microbial
community increases with time, mainly by the photosynthesized
compounds released to the rhizosphere. Root organic carbon is
the main C source for methane emission and increases as the
plant grows (49, 52). The exudation rates are lowest at seedling
stage, increased until flowering, but decreased at maturity (53).
Therefore, the high methane emission observed at flowering is
likely due to the increased C released by the plant, whereas
the microcosm assays made for the determination of MPP
had only C substrates derived from the soil. Furthermore, the
highest methane oxidation potential coincided with the higher
methane emission (Figure 3B), namely, when more methane
was available for methanotrophs, then the MOP decreased
consistently from flowering to winter of all soils. Lee et
al. (52) also reported that methane emission was positively
and significantly correlated with activity of methanotrophs

and methanogens measured through transcripts of pmoA and
mcrA genes.

The abundance of methanogens was quite heterogeneous
among different soils at the beginning of the rice crop season
(30 dae), but methanogens increased by flowering and showed
similar abundances at the two following sampling dates in all
rice rotational soils. This influence of the rice growing season has
been reported previously for the abundance of rhizosphericmcrA
and pmoA genes with sequential highest values for mcrA genes
preceding the highest values for pmoA genes (47). In wheat–
rice rotational fields, a significant effect of the rice growth season
has been observed for the abundance of mcrA and pmoA genes
with higher abundance of these populations at rice maturity
(36). The composition of methanogenic archaea instead, was
less influenced by the rice growing stage in similar wheat–rice
rotational fields (54).

It should be considered that oxygen is a determining factor for
the spatial distribution of bacterial and archaeal communities in
rice paddy soils, with aerobic methanotrophs being higher near
the oxic–anoxic interface whereas methanogens predominate
associated to the rhizosphere (55). Therefore, by sampling
bulk soil, we might have underestimated the methanogenic
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FIGURE 10 | Scatter plot of the two first axis resulting from the principal component analysis displaying the variance explained at 30 dae or tillering (A) and at winter

(B) among the different rice rotations: continuous rice rotation (cR); rice–pasture rotation at the first (Rrppp) or second (rRppp) year of rice; rice–soybean rotation under

rice (Rs). Based on soil properties: physicochemical (nitrate and ammonium concentrations, redox potential, and pH) or microbiological (PDA, potential denitrification

activity; PNA, potential nitrification activity; nirK, nirS, and nosZ gene copies, and amoA of bacteria and archaea gene copies).

population, mainly in young plants with small roots, since at
the rice reproductive stage, most of the soil was covered with
rice roots.

Contrastingly to methanogens, the growth of methanotrophs
continued after flowering, reaching highest abundances in winter
in all soils. A similar increase from tillering to maturity was
reported for a different rice production system with annual
double-rice paddy soil, where rice seedlings were transplanted
into flooded soil (56). The increase in the methanotrophs
observed after flowering is consistent with the availability of
methane, the specific substrate for this population, which is
produced under flooding mainly at flowering. Oxygen is a
limiting substrate for methanotrophs under flooding conditions.
It has been suggested that the incorporation of winter cover
crops to flooded soil during rice transplanting decreases the
oxygen availability by organic matter consumption, limiting the
growth of methanotrophic bacteria (56). The high abundance
of methanotrophs observed in winter may be due to higher
substrate availability, because of the oxygen increase after rice
harvest, combined with the methane that might be still trapped
in soil and rice roots.

Although the rice growth stage had pronounced effects
on abundance and activity of microbial populations linked
to methane production and consumption, we observed slight
differences that may be attributed to rice rotations mainly
at rice tillering. Liu et al. (13) reported that in rotational
fields, where rice alternated with soybean under two kinds
of rotational intervals, the abundance of the methanogenic

archaeal populations decreased to about one-tenth compared
with consecutive paddy rice soil along several sampling seasons
and rice growing stages. The authors assert that the upland
conversion of flooded paddy soils for 1 year or longer than
1 year affected the methanogenic archaeal community. We
only observed minor differences of methanogens related to
the rice rotation at tillering, when rice followed by rice (cR
and rRppp) had higher amounts of methanogens than rice
soils preceded by soybean or pastures (Rs and Rrppp). These
slight differences may be because the intensification of rice
in our systems has been implemented quite recently. PCA
showed that rotational soils with two consecutive summers under
rice cropping separated from soils having pasture or soybean
previously, with the abundance of pmoA and mcrA gene copies
as main correlated factors explaining this grouping (Figure 6).
These results suggest that, in our system, where less intensive
rice–pasture cropping was recently converted to more intensive
systems, the abundance of methane-specific populations was
responsive to the increase in rice frequency. This response
was observed at rice tillering, when microbial communities
experimented the whole rotational previous management (crop
in summer + cover pasture in winter), but not at winter after all
soils had rice as summer crop. It is appropriate to highlight that
rice residues are considerably higher than other plant residues,
giving higher amounts of C for microbial decomposition in
winter in our no-till systems. The higher amounts of C in
soils at tillering that were preceded by rice in summer may
improve the methanogenic substrates and therefore populations
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linked to methane production and consumption. Zhou et al. (57)
reported that MPP and MOP as well as the abundances of mcrA
and pmoA genes increased with the co-incorporation of green
manure to the rice straw, suggesting that a rational utilization of
leguminous green manure combined with rice straw applications
may mitigate methane emissions by reducing the C/N ratio in
the residue and consequently reduce the dissolved organic carbon
from the residue that may serve as substrate for methanogenesis.

The episodic nature of N2O emissions (58) did not allow us to
detect any N2O peak when sampling once for each rice growth
stage or in winter. However, some peaks of N2O emission had
been measured in the same rice field at other crop seasons in the
period until 50 days after rice emergence (10).

Nitrification and denitrification, themain processes associated
with N2O emission in agricultural soils, are influenced by
several soil and plant variables, which may be modified
through agricultural management practices (e.g., fertilization,
crop rotation, tillage, or irrigation) (59). A main reason for
N2O emissions from agricultural soils is the application of
inorganic/organic fertilizers when the crops cannot uptake all
the applied nitrogen (N) due to the requirements in each growth
stage. The fertilization in this case, which adjusts N synthetic rates
calculated considering the background soil mineral N and the
expected available N from mineralization of cover crop residues,
and the low use of N-fertilizer in Uruguayan rice systems (60)
may accomplish a high N-use efficiency.

Denitrification seems to be more relevant as a N2O source
than nitrification when studying different agroecosystems (61).
PDA that was highest at 30 dae (rice tillering stage) may be
influenced by the highest soil nitrate content at this stage and
recent flooding, generating redox potential conditions for this
process. In this work, PDA was lower in crop soils than in
pastures as has been previously reported (62). However, PDA
incubation conditions may not favor all denitrifiers that are
physiologically very diverse (63). Furthermore, rhizosphere with
its oxic/anoxic interphase offers a favorable habitat for coupled
nitrification–denitrification (64), but in this work, bulk soil
was sampled.

The nirK functional community was more abundant than
nirS as has been previously reported for some paddies (65–
67). The abundance of both genes was highest in winter, the
only soil sampled without flooding, but also nutrient availability
changes may influence both microbial communities (68). As
denitrifying microorganisms are very diverse metabolically and
denitrification is an alternative growth mechanism, denitrifiers
can be active and grow by relying on other electron acceptors.
In this respect, Hallin et al. (69) did not find any response from
the denitrifier community to agricultural management. NosZ is
responsible for N2O reduction to N2 and includes two distinct
clades (70), though the most common of type I of denitrifiers
was quantified here. Besides, not all denitrifiers possess the nosZ
gene (71), and its proportion may change along the sampling
dates. Considering only the rice crop, all these denitrification
genes’ copy number was higher for the second rice than for
the first in the traditional rotation, the less intensive of the
rotations considered. In the previous winter, rRppp had ryegrass,

whose higher C:N ratio and greater biomass (22), which included
the rest of the rice of the previous season, may explain this
highest activity.

The potential nitrification activity ranked higher for the
rotations’ phases without rice and at rice tillering for the phases
of the rotations without rice in the previous season, which were
the soils with lower ammonia content. Although this activity
differs from the actual in situ rate due to the broad physiological
diversity of ammonia oxidizers (63), its increase in the aerobic
phase of the rotations seems reasonable. Bacterial ammonia
oxidizers for the soils with rice during the sampling period
of this work were higher at winter, the only sampling date
without flooding. Moreover, the bacterial ammonia oxidizers did
not change with the different rotations while the abundance of
amoA from archaea increased in rice after ryegrass. Recently,
Rütting et al. (72), applying a combination of 15N tracers and
selective inhibitors, confirmed that AOB activity increased with
high ammonium addition and that of AOA was high for soils
with low, continuous NH+

4 production like in our case. Spatial
heterogeneity of these no-till cultivated soils with respect to
ammonium and oxygen distribution may explain the differences
among the first and second rice in the traditional rotation.

In general, our results confirmed the high resilience of N-
microbe guilds to both flooding and drying stress, which also has
been previously reported (73). Despite these considerations, the
PCA for winter sampling (Figure 10B) allowed us to discriminate
the cR soil, the most intensive of the rotations, from other soils
having rice previously. This rotation has a higher dependence
on external inputs, like a much higher application of N-
fertilizer, suggesting that this less sustainable rotation system
may be different with respect to the N cycle even at this initial
implementation of intensification.

Altogether, our results show that the microbial populations
involved in GHG were strongly affected by the season. All
rotational soils were highly similar mainly when rice was under
the reproductive stage and further. In summary, flooding with
consequent oxygen deprivation and plant growth phases have
a high impact over microbial populations involved in methane
emission. The differences imposed by rice intensification systems,
at least in these no-till systems where intensification was
implemented quite recently, disappear as the rice plant grows
and low redox potential is reached. However, a slight effect of
the recently implemented intensification could be perceived at
rice tillering and at winter postharvest when two consecutive rice
summer seasons are separated with respect to themicrobiological
parameters studied. Consequently, different GHG emission rates
would be expected for rotational rice systems after a longer period
under different intensification regimes, highlighting that the
design of agricultural systems is critical for matching productivity
and environmental goals.
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