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Interactions between soil characteristics and soil microbiota influence soil ecosystem
processes such as nitrification; however, their complexity makes interpretation difficult.
Furthermore, the impact of soil management systems on abundance and activity of soil
microbial community is poorly understood, especially in the Neotropics. To investigate
these interactions, the effects of tillage, inorganic fertilization, and plant cover on the
abundance of ammonia-oxidizing archaea (AOA) and ammonia-oxidizing bacteria
(AOB) were assessed by quantification of the marker gene (amoA) during different
stages of soybean cultivation in a site under restoration from gravel extraction in the
Central Brazilian Savanna (Cerrado). Results of molecular analysis and classic and
isotope techniques showed that levels of organic C and NH4+-N were higher in the
soybean field during fallow than in an adjacent undisturbed field (Campo sujo).
Ammonia oxidizer abundance and nitrification rates were also higher in the agricultural
soil than in the undisturbed site, with the lowest ammonium:nitrate ratio in tilled soil.
Soil 15N was lower in the undisturbed soil than the agricultural soil. Both AOA and
AOB were more abundant during soybean crop transitional stages, and this increase
positively correlated with soil pH, particularly for AOB abundance, in tilled soil and
within the soybean rhizosphere. The results suggest that AOB have more copiotrophic
characteristics than AOA and are better able to change available ammonium in the soil.
The combination of standard soil ecological methods and modern molecular analysis
show the short-term modification of ammonia oxidizer abundance and soil N dynamics
in a managed system within the Cerrado biome.
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Abstract

Interactions between soil characteristics and soil microbiota influence soil ecosystem processes such
as nitrification; however, their complexity makes interpretation difficult. Furthermore, the impact of
soil management systems on abundance and activity of soil microbial community and-activity-is poorly

understood, especially in the Neotropics. To investigate these interactions, the effects of tillage,
inorganic fertilization, and plant cover on the abundance of ammonia-oxidizing archaea (AOA) and
ammonia-oxidizing bacteria (AOB) were assessed by quantification of the marker gene (amoA) during
different stages of soybean cultivation in a site under restoration from gravel extraction in the Central
Brazilian Savanna (Cerrado). Results of molecular analysis and classic and isotope techniques showed
that levels of organic C and NH4*-N were higher in the soybean field during fallow than in an adjacent
undisturbed field (Campo sujo). Ammonia oxidizer abundance and nitrification rates were also higher
in the agricultural soil than in the undisturbed site, with the lowest ammonium:nitrate ratio in tilled
soil. Soil 5'°N was lower in the undisturbed soil than the agricultural soil. Both AOA and AOB were
more abundant during soybean crop transitional stages, and this increase positively correlated with soil
pH, particularly for AOB_abundance, in tilled soil and within the soybean rhizosphere. The results
suggest that AOB have more copiotrophic characteristics than AOA and are better able to change
available ammonium in the soil. The combination of standard soil ecologicaly methods and modern
molecular analysis show the short-term modification of ammonia oxidizer abundance and soil N
dynamics in a managed system within the Cerrado biome.
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Introduction

The impact of land use on the functioning of soil microbiota has consequences for the processes
governed by these organisms and consequently for the terrestrial ecological services that they provide
(e.g. decomposition and nutrient cycling). Agriculture and managed pasture for cattle breeding have
converted approximately 53% (117,870 km?) of the Cerrado biome landscape in the last two decades
(Beuchle et al. 2015), with increasing alterations in floristic composition and edaphic characteristics
due to fertilization, liming, and crop monoculture itself. Changes in soil use and management likely
modify the C and N dynamics in these areas , leading to changes in soil C and N stocks and increases
in greenhouse gas emissions to the atmosphere (Carvalho 2009).

Soil management and monoculture crops are associated with a decrease in total and microbial
nitregenN, particularly in conventional tillage systems (Hernandez-Hernandez and L6pez-Herndndez
2002). In contrast, no-till management is associated with better soil quality and higher levels-efenzyme
activity (Peixoto et al. 2010) and microbial earben-C biomass (Vinhal-Freitas et al. 2012). In addition,
no-till farming appears to have fewer effects on the composition of microbial communities (Rachid
2013). Previous research has shown that the soybean plant influences the composition of the soil
microbial community, with lower microbial diversity observed during plant development in soils under
soybean cultivation (Bresolin et al. 2010).

In the Amazonian forest, land use change alters functional gene diversity and the composition
and abundance of soil microbial communities, with differences in soil pH and organic matter content
linked to differences in the composition of genes, including those associated with earben-C and
nitregen-N cycles (Paula et al. 2014). For example, 15% to 30% of genes related to the nitregen-N
cycle are modified by bioenergy crops (Zea mays and Miscanthus giganteus) (Mao et al. 2011),
indicating that agriculture has an impact not only on microbial taxonomic composition but also on its
potential ecological functions.

In view of the economic and ecological costs of fertilization and nitrogen-N losses, it is
important to investigate nitrifiers in Cerrado soils to develop better soil management practices.
Undisturbed Cerrado soils under native vegetation have low pH and a high NH4*-N:NOs" ratio but very
low nitrification rates (Nardoto and Bustamante 2003) and insignificant N,O emissions (Cruvinel et
al. 2011; Pinto et al. 2006; 2002). These characteristics are often associated with a greater abundance
of ammonia-oxidizing archaea (AOA) (Gubry-Rangin et al. 2011; Gubry-Rangin et al. 2010; Nicol et
al. 2008), which appear to prefer ammonia generated from the mineralization of organic N and are the
predominant ammonia oxidizers in acid soils (Levi¢nik-Hofferle et al. 2012; Prosser and Nicol 2012;
Zhang et al. 2012). In contrast, ammonia-oxidizing bacteria (AOB) are more commonly associated
with nitrification in soils with higher ammonia input (Jia and Conrad 2009); therefore, the addition of
inorganic or organic nitregen-N fertilizers may influence the relative abundance of AOA and AOB.
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The abundance of ammonia oxidizers, which perform the rate-limiting step of nitrification, can be
estimated by amplification of the amoA gene, which encodes subunit A of ammonia monooxygenase.

Investigation of nitrification in the Cerrado biome is of particular interest because this
ecosystem is nitrogenN-limited (Bustamante et al. 2012), with low nitrate content (Bustamante et al.
2006; Nardoto and Bustamante 2003) and low rates of nitrification (Nardoto and Bustamante 2003).
These characteristics are usually associated with a high litter level and soil C:N ratio, leading to low
availability of nitregen-N and a higher rate of N immobilization than mineralization (Nardoto and
Bustamante 2003).

Long-term land use is believed to modify the composition of soil microbial communities
(Jangid et al. 2011; Paula et al. 2014), but few studies have described the short-term impacts (Lazcano
et al. 2013). This study investigated the short-term effects of land use change, over 134 days, on
ammonia oxidizers and tested the following hypotheses: 1) AOA are more abundant than AOB in
undisturbed Campo sujo soil and in soybean site during the fallow period because of lower pH and
provision of ammonium mainly by net N mineralization; 2) the relative abundance of AOB is greater
in agricultural fertilized soil; and 3) the relative abundance of AOB increases during crop establishment
due to the increase in pH and addition of inorganic fertilizers, which are associated with an increase in
nitrate content and nitrification. To test these hypotheses, changes in archaeal and bacterial amoA gene
abundance were determined by gPCR analysis in a soybean field and in soil from an adjacent
undisturbed site (Campo sujo). This work describes short-term changes in the abundance of ammonia
oxidizers in soil being restored after decades of gravel extraction in the Cerrado biome by evaluating

the impact of soil management on microbial communities.
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Materials and methods

Study sites and soil characteristics

The field sites are located in the Cerrado biome within a commercial farm, Fazenda Tabapué dos
Pireneus, in the municipality of Cocalzinho de Goias (Federal State of Goias, Brazil). Average
precipitation and temperature during sampling (134 days between the first and last days of sampling,
October 13, 2012 and March 24, 2013, respectively), measured at the nearest meteorological center
(approximately 30 km from the farm; Pirenopolis, GO, Station 83376, 15°50'60"S 48°57'36"W), were
270 mm per month (Figure S1) and 24.8°C (range 19°C-32.5°C) (Table S1). The climate in the
Cerrado biome is tropical (Koppen Aw), and all soil samples were collected during the wet season
(October to April), when 90% of the annual precipitation occurs.

This study focused on two sites: an undisturbed site dominated by grass and dispersed shrubs,
known as Campo sujo (Ribeiro 2008) (15°46'01"S, 48°48'57"W) and an adjacent site (approximately
200 m away) converted to soybean crop (15°46'06"S, 48°48'55"W) (hereafter called the “soybean
site”). Both sites have the same average altitude (1118 m), rainfall, and air temperature. The soybean
site, which was degraded because of gravel removal activity that occurred over decades, is in the
process of restoration to become an integrated livestock-forest system. It was first cultivated in 2012,
with the establishment of maize followed by natural fallow. For maize cultivation a solution of 100 kg
ha! of NPK (8:30:16) and 200 kg ha' urea were applied to the soil after plowing. Soybean seeds were
then sowed after a 1-year fallow period. For soybean cultivation, an NPK mixture (8:30:16) and 8%
micronutrient mixture (FPE BR12) were added to the soil at 5 cm depth. The transgenic soybean
Glycine max Bayer variety 810 was sowed (after inoculation with rhizobia) every 10 cm in rows
separated by 50 cm. Soil from the soybean site was sampled four times: after 9 months of natural
fallow since the last maize cultivation (F; mid-October 2013); the day after the soil was tilled to a depth
of 20 cm (T; first week of December 2012); 1 month after fertilization (FE, first week of January 2013);
and at the blossom soybean stage of development (end of February 2013), at which time bulk soil (B)
and rhizosphere soil (soil in direct contact with the root) (Rz) were sampled. To obtain soil from the
rhizosphere, plants near the bulk soil sampling location were removed, the soil loosely surrounding the
plant was released, and adherent soil at the rhizosphere was collected mechanically in a plastic bag.
Figure S2 illustrates the treatments and the two study sites. Although crops in this farm are usually
cultivated using no-till management, the history of gravel extraction in the soybean site necessitated
use of a plow in deeper soil (20 cm). The farmer did not initially consider plowing, and only the top
10 cm (more active layer) was sampled.

Soil was obtained at nine locations at the two adjacent sites. The nine replicates were used for N
concentration, pH, and soil water content measurements. However, for the remaining physicochemical
data, molecular, and §*°N analysis, the samples were combined into triplicate samples, according to

the column numbers presented in Figure S2. In the soybean site, samples were taken from the rows.
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At each location, 10 soil core samples (10 cm deep, 5 cm diameter) (Figure S2) were obtained, passed
through a 2-mm mesh sieve, combined, and then stored at —20°C for subsequent physicochemical and
molecular analyses. Inorganic nitregen-N was extracted by agitating the soil sample for 1 hour in 1 M
KCI (1:5 soil:solution ratio). NH4*-N was determined using the Nessler colorimetric method (Embrapa
1999) with a spectrophotometer set at 425 nm. NOs-N was determined by spectrophotometry
(Mulvaney 1996) at 218 nm, subtracting interference caused by organic matter at 254 and 280 nm
(Meier 1991). These measurements were considered time zero and compared with NH4*-N and NO3™-
N measurements after samples were incubated in the laboratory in separate closed plastic bags for 7
days at room temperature in the dark (Piccolo et al. 1994). Net nitregen—N_mineralization and
nitrification rates were expressed as changes in NH4*-N + NO3-N or NOs™-N, respectively, during the
7 days of incubation. All results are expressed g oven-dried (105°C) soil.

Physicochemical and molecular analyses were performed in biological triplicates. Soil texture
and concentrations of macro- and micronutrients were determined by using standard methods (Soils
Embrapa-SNLCS) at SoloQuimica, Inc, Brasilia, Brazil. Both soils are well-aerated and well-drained.
The undisturbed Campo sujo soil is classified as sandy loam with 20.8% clay, and the soybean site is
in-a sandy clay soil with 31.7% clay. Both soils are considered to have a medium clay texture (Embrapa
2006) (Table 1). This work is not meant to compare the sites but to describe the rapid change in
ammonia oxidizer abundance during the establishment of a soybean crop. The undisturbed site was
used as_a control to represent nitrification in a pristine Cerrado area.

Isotope analysis

All soil samples were air-dried and ground to a fine powder. A sub-sample of 15 to 20 mg was sealed
in a tin capsule and loaded into a ThermoQuest-Finnigan Delta Plus isotope ratio mass spectrometer
(Finnigan-MAT; CA, USA) coupled with an elemental analyzer (Carlo Erba model 1110; Milan, Italy).
These analyses were performed at Centro de Energia Nuclear na Agricultura (CENA - USP) in
Piracicaba, Brazil. The natural abundance of stable isotopes of C and N were measured in relation to
recognized international standards. As standard laboratory procedure, internal working standards
(Atropine and soil standard no. 502-308 from LECO Corporation) were included in every run. Relative
stable isotope values are reported in “delta” notation, as & values in parts per thousand (%o) according
to the molar ratio (R) of the rare to abundant isotope (**N/**N; **C/*2C), i.e. 8%o = (R sample / R standard —

1) x 1000. The precision of measurements was +£0.3 and 0.5%o for §*°C and 5'°N, respectively.

DNA extraction
DNA was extracted from 0.5 g soil using the FastDNA Spin Kit (MP Biomedicals) with additional
treatment using solutions 2 and 3 from the PowerSoil DNA Isolation Kit (MO Bio Laboratories Inc.)

to achieve maximum DNA yields with the least organic contamination. The DNA was analyzed by 1%
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(w/v) agarose gel electrophoresis. The average concentration of each 24 DNA sample (24 in total) was
100 ng pL* (Invitrogen Qubit fluorometer dsDNA BR Kit).

Real-time PCR

Thaumarchaeota 16S rRNA and archaeal and bacterial amoA genes were amplified in an Eppendorf
Mastercycler and quantified using standard curves. Each 20-pl reaction contained 1X QuantiFast
master mix (for AOA) or QuantiTect master mix (for AOB) (Qiagen), 0.4 uM primers (archaeal 16S
rRNA, AOA amoA) or 0.6 uM primers (AOB amoA), 2 ug pl™ bovine serum albumin (Promega), and
5 ng DNA. The thaumarchaeal 16S rRNA gene was amplified with the 771f and 958r primers
(Ochsenreiter et al. 2003), the AOA amoA gene with the crenamo23f and crenamo616r primers
(Tourna 2008), and the AOB amoA gene with the amoA1F and amoA2R primers (Rotthauwe et al.
1997). Cycling conditions were as follows: 15 min at 95°C followed by 40 cycles of 15 s at 94°C and
1 min 30 s at 60°C for the AOA amoA gene; and 15 min at 95°C followed by 45 cycles of 1 min at
94°C, 1 min at 55°C, and 1 min at 72°C for the AOB amoA gene. Fluorescence was measured after 5 s
at 80°C (AOA amoA) or 8 s at 83°C (AOB amoA) to exclude fluorescence contamination of potential
primer-dimers. Melting curves between 65°C and 95°C were analyzed for each run.

Standards were made from 10-fold dilutions of the fragment of the gene of interest. This
fragment was obtained by amplification of the genes with the respective primers from a composite of
the soil samples used in this work. The fragment was cloned into a pGEM®-T Easy Vector (Promega)
and re-amplified using M13 primers that recognize sites flanking the cloned fragment. Three clones of
each gene were selected and verified by Sanger sequencing. The longer and more accurate sequence
was chosen as the standard. Plasmid DNA concentrations were verified using a Qubit 2.0 fluorometer
(Life Technologies) and NanoDrop 1000 spectrophotometer (Thermo Scientific). To verify the correct
size of individual PCR products, melting curve and agarose gel electrophoresis analyses were
performed. To exclude the fluorescence from potential primer-dimers, fluorescence was captured after
each amplification cycle above 80°C. Efficiency of amplification and r? values were 0.86 and 0.990
for archaeal 16S rRNA, 0.92 and 0.995 for archaeal amoA, and 0.86 and 0.994 for bacterial amoA,
respectively. No inhibition was detected in assays consisting of soil DNA diluted in water or with a

known amount of standard DNA.

Statistical Analysis

Statistical analyses were performed in R (v 3.0.2), and all gPCR and physicochemical data were
analyzed for normality and homoscedasticity with both Kolmogorov—Smirnov and Levene’s test
statistics. Data that did not follow a normal distribution were log-transformed. One-way ANOVA tests
were used to make multiple comparisons, with Tukey—Kramer post hoc tests to compare the group

means shown in the graphs with different letters and corresponding colors. All graphs in the boxplot



O©CO~NOOOTA~AWNPE

format were prepared in R with the ggplot2 library, in which the default is to present the upper and
lower sides of the box as the first and third quartile, whiskers corresponding to the highest and lowest
values within 1.5 interquartile range (IQR), and dots representing outliers outside the IQR. The Pearson
correlation was used to evaluate relationships between qPCR data and physiochemical variables with
relevant biological implications (i.e., pH, net nitrification rate, 5°N). The Bonferroni (Rice 1989) or
Benjamini—-Hochberg (BH) (Benjamini and Hochberg 1995) methods were used to correct p-values

for multiple comparisons; the Bonferroni correction is more conservative.
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Results

Description of study sites and soil physicochemical characteristics

Water content of the undisturbed soil was lower than that of the soybean site at all time points,
including soil collected on the same day in the soybean site during fallow. This finding may reflect
differences in soil texture (Figure S1). Fallow soil from the soybean site contained residual material
from the previous maize cultivation. Before sowing, 2 ton ha' limestone was applied to the soil, which
increased soil pH in H20 from 5.5 (4.3 in KCI) to 6 (5.2 in KCI). The undisturbed Campo sujo soil had
lower pH values (5.4 in H,0 and 3.6 in KCI) (Table S1).

Principal component analysis of soil physicochemical data (Figure 1) indicated that the
physicochemical characteristics in the fallow soil differed significantly from soil collected in the
soybean site at the other time points (Figure 1A). The undisturbed soil also differed from the fallow
soil from the soybean site, which had higher organic C and NH4*-N concentrations (Figure 1B).
However, other soils obtained from the soybean site clustered together, indicating similar
physicochemical characteristics. In particular, these soils had higher pH and levels of nitrate, water,

and micronutrients compared to the undisturbed Campo sujo soil and fallow soil (Figure 1B).

Ammonium and nitrate concentrations and soi/ 5*°N

NH4*-N concentration in the undisturbed Campo sujo soil generally ranged from 5 to 8.3 pg g dry
soil, with two outliers of 11.8 and 48.7 ug g™ dry soil (Figure 2A). The potential net N mineralization
rate, determined by incubation of soil in the laboratory at room temperature, indicated that NH4*-N

NH4*-N concentration was higher than NO3-N concentration in every soil sample but was

particularly high in the undisturbed Campo sujo soil (Figure 2E). Fallow, tilled, and fertilized soils of
the soybean site had similar average NO3™-N concentrations, which were higher than that of the bulk
soil and rhizosphere soil collected during the blossom stage (Figure 2B). Nitrification was greater in
fallow soil from the soybean site than in undisturbed Campo sujo soil (Figure 2D). Analysis of the
soybean site samples showed a decrease in NH4*-N concentration as the crop developed, with
significantly lower concentration in tilled soil and soil collected during the blossom stage of soybean
development (both bulk and rhizosphere soils) than in fallow soil (Figure 2A). Nitrogen

( Field Code Changed

( Field Code Changed
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immobilization was greater than mineralization in fallow soil, recently tilled soil, bulk soil during the
blossom stage, and especially in soil collected 1 month after fertilization. Nonetheless, the average net
N mineralization differed significantly only between fertilized soil and soil collected during the
blossom stage (both bulk and rhizosphere soils) (Figure 2C). Because fertilization was carried out at
the same time as sowing, plant growth may have influenced the results obtained from soil collected 1
month after fertilization through NH4*-N uptake and the low inorganic N content in soil collected

during the blossom stage. However, net N mineralization and nitrification occurred in a plant-free soil

bag under laboratory conditions; therefore, NH4s* would have been assimilated by microorganisms or
oxidized to NOs by nitrifiers.

Another informative parameter was the NH4*-N:NO3™-N ratio, with the lowest ratio observed
in tilled soil, emphasizing the need for mineral N by the plants and soil microbial community during
the blossom stage (Figure 2E). Figure 2E also shows the high ammonium:nitrate ratio in the
undisturbed Campo sujo soil.

These results were supported by the integrated stable isotope ratios of C and N in these soils.
The first soybean (C3 plant) cultivation did not change the *°C signal that remained from maize (C4
plant) cultivation or from the grassland before agriculture installation (Figure S3); however, the
integrated soil 3!°N values were more labile. Soil 5°N was significantly lower in the undisturbed
Campo sujo soil than in fallow soil from the soybean site (Figure 2F). Although soil 3'°N did not
significantly change during the soybean cultivation period, an increase was observed during the
blossom stage (p-value 0.0795, results of ANOVA between samples from the soybean site) (Figure
2F). These integrated isotope values are congruent with instantaneous values for mineralization and
nitrification obtained from each sample in which significant changes in N cycle dynamics were
observed, compared to the adjacent undisturbed site.

Abundance of archaeal and bacterial amoA genes
Archaeal 16S rRNA and archaeal and bacterial amoA genes were amplified with specific primers to
quantify the abundance of these genes in the undisturbed site and in the soybean site.

The mean abundances of AOA and AOB amoA genes in the undisturbed Campo sujo site
were 3.4x10° and 1.6x10° g* dry soil, respectively, representing an average AOA:AOB ratio of 212.9
(Figure 3C). In addition, AOA and AOB were, respectively, 26-fold and 49-fold less abundant in the
Campo sujo site than the soybean site during the fallow period (Figure 3). The thaumarchaeal 16S
rRNA:archaeal amoA gene ratio in the Campo sujo site varied from 785 to 1340 and was significantly

higher than that of fallow soil from the soybean site. Fhis—result—which-may-be-due-to-primerbias;

The abundance of thaumarchaeal 16S rRNA and bacterial amoA increased during soybean

development, but AOA amoA gene abundance decreased by 45% in the tilled soil compared to fallow
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soil. Tillage did not have the same effect on AOB, as demonstrated by the lack of significant change
in AOB amoA gene abundance between fallow and tilled soil samples (Figure 3B). In fertilized soil
AOA amoA gene abundance increased 2.6-fold and AOB amoA abundance increased 2-fold (Figure
3). However, AOB amoA gene abundance was more affected by soybean cultivation than AOA amoA
gene abundance, as demonstrated by comparingsen ef-rhizosphere soil with bulk soil during the
blossom stage of soybean development. Furthermore, the increase in AOB abundance from fallow soil
to rhizosphere soil was 2.9 greater than the increase in AOA abundance.

Soybean cultivation affected the abundance of both bacterial and archaeal ammonia oxidizers. Fhis

ivation—The correlation between pH
measured in H,O and Logio[AOB] (R? 0.75, p-value < 0.05 with the Bonferroni correction) was higher
than the correlation between pH and Log1o[AOA] (R? 0.63, p-value < 0.05 with the BH correction).
Similarly, the pattern of 5'> N was more strongly associated with Log:o[AOB] (R? 0.96, p-value < 0.05
corrected by Bonferroni method) than with Logio)[AOA] (R? 0.88, p-value < 0.05 with the Bonferroni
correction). Nevertheless, when analyzing only soils from the soybean site, AOA abundance did not
correlate with pH, and the correlation between pH and AOB abundance was lower (R? 0.55, p-
value=0.72 with the Bonferroni correction). Similarly, the correlation between §'> N and Logio[AOA]
was not significant (R? 0.24, p-value=0.64 corrected by BH method) when analyzing only soils from
the soybean site, but the correlation was still significant between §** N and Logio[AOB] (R? 0.68, p-
value < 0.05 with the BH correction).

Discussion

In assessing links between environmental characteristics, nitrification, and the abundance of ammonia-
oxidizer communities in the soil, it is important to assess abundances of both AOA and AOB, given
the predominance of AOA amoA genes in many soils (Isobe 2012; Leininger 2006; Prosser and Nicol
2012). To assess the impact of land use conversion to soybean cultivation, ammonia oxidizer
abundance and nitrification were evaluated in a soybean site after fallow, tillage, and fertilization and
during the blossom stage of soybean development. These measurements were compared with those of
an adjacent undisturbed Campo sujo site with low nitrate concentration, which is typical of Cerrado
soil. These measurements support our hypothesis that both fertilization and soybean cultivation
decrease the AOA:AOB ratio in association with increases in pH (Nicol et al. 2008; Prosser and Nicol
2012) and inorganic NH4* (Levi¢nik-Hofferle et al. 2012), which is consistent with studies reporting
that AOA are predominant in low-nutrient, low-pH environments (Erguder et al. 2009; Prosser and
Nicol 2012). However, this study highlights the rapidity of changes in nitrifiers, N dynamics, and
yields that occur in Cerrado soils after conversion to soybean cultivation.
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The cultivation of soybeans in Brazil has been successfully implemented with inoculation of
Bradyrhizobium strains to decrease or even completely eliminate the need for nitregen-N fertilizers
(Mendes et al. 2003). Nevertheless, the soybean site studied here required tillage and fertilization. Our
results showed the effect of plant cover during the fallow period on soil recovery in the soybean site.
Soil collected during the fallow period had soil characteristics similar to those of the undisturbed
Campo sujo site, despite the different soil texture.

The undisturbed soil had the highest net N mineralization rate (average of 2 ug NH4*-N g*
dry soil day?) and the lowest net nitrification rate, suggesting the inhibition of nitrification or low

abundance of nitrifiers despite the presence of NH4*-N. However, potential nitrification was negative
indicating that the microbial community used nitrate at a faster rate than it was produced by

nitrification. The soil was incubated in plastic bags; nitrate loss through leaching is negligible.
Denitrification is unlikely at the moisture content of the soil used, and previous studies report that the

loss of N gases is undetectable in undisturbed Cerrado soils (Bustamante et al. 2006; Pinto et al. 2002).
Both NH4*-N and NO3-N concentrations were particularly low in the soybean site during the

blossom stage of soybean development, possibly because of N uptake by the soybean plants. N
mineralization exceeded immobilization in the rhizosphere soil but not in the bulk soil, which suggests
greater nitrogen-N availability due to symbiotic nitregen-N fixation. The soil C:N ratio > 20 (data not
shown) in the bulk soil may partly explain the greater N immobilization, leading to depletion of N by
both microbiota and plants.

The decrease in NH4*-N and NOs™-N during soybean growth was expected and is associated
with periods of intense plant growth (Cruvinel et al. 2011). Nevertheless, Cruvinel et al. (2011)
reported higher concentrations of NOz -N (1-52 mg kg%, depending on the period) and NH,*-N (21.3—
50.7 mg NH4*-N kg™ soil) in soils during soybean cultivation higher than the levels of NOs"-N and
NH,4*-N_concentration-deseribed-here-from-a_in the soybean site in recovery, supporting our finding
that the soils sampled in our study were relatively depleted in mineral nitregenN. Cruvinel et al.
(2011)Fheseresearchers-also discussed possible competition between plant roots and microorganisms
in the planted rows during cotton cultivation in the Cerrado because of the lower inorganic pitregen-N
availability and NO-N fluxes than that observed between rows—{Crivinel2011). Low abundance of
AOA and AOB in Cerrado soils may be due to competition with soil fungi for ammonium or inhibition
by bioactive compounds synthesized by fungi (Yu et al. 2014). Nardoto and Bustamante (2003)
showed that in both burned and unburned Cerrado areas, inorganic ritregen-N content decreases during
the rainy season, despite the observed increase in net N mineralization and net nitrification after the
first rainfall events of the dry season (Nardoto and Bustamante 2003). These studies are consistent
with our findings, as soils have higher levels of ammonia than nitrate, and the ammonium:nitrate ratio
was lowest in the tilled soil, likely due to nitregen-N release from organic matter. Similarly, the

ammonium:nitrate ratio is high in integrated agricultural systems in Cerrado but is lower in crop-
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livestock and crop-livestock-forest systems compared to agroforestry and exotic pasture (Carvalho et
al., personal communication). The same study also reports higher N2O emissions from all of these
agricultural systems compared with native Cerrado soils, with crop-livestock having the highest levels
(Carvalho et al., personal communication).

Despite lower soil nitrate concentrations than those reported by other studies, N losses from
the soybean site compared with the undisturbed Campo sujo site are suggested by higher 3'°N values
and greater nitrate accumulation in the managed system. The integrative soil 8'°N signal, which
provides historical information on soil ritregen-N dynamics, indicates that soybean cultivation affects
soil N accumulation, as the expected values for symbiotic nitregen-N fixation are-were lower, at 0—
2%o (Delwiche et al. 1979). Nonetheless, the results demonstrate the labile characteristics of nitregen
N compared to carbenC, as 8'5N tended to increase during soybean cultivation, changing the short-
term N dynamics in the cultivated soil, whereas no significant changes in 5*3C were observed. A recent
study reported that the 5'°N signature reflects a strong pattern of change according to land use, mainly
due to soil earben-C dynamics and clay content (Craine JME 2015).

Many soil characteristics are associated with changes in soil nitrification, including pH
(Gubry-Rangin et al. 2011; Nicol et al. 2008), NHz and NH4" concentration ammenia—gualityand

guantity-(Levi¢nik-Hofferle et al. 2012; Stopnisek 2010), O, (Erguder et al. 2009), temperature (Tourna
2008), soil moisture (Placella and Firestone 2013; Thion and Prosser 2014), and organic earben-C
(Erguder et al. 2009); however, pH and ammonia concentration have received greatest attention as
potential drivers of ammonia oxidizer communities (Prosser and Nicol 2012). Kinetic studies of
ammonia oxidation by Nitrosopumilus maritimus suggest that AOA have a higher affinity for ammonia
(Martens-Habbena et al. 2009), but AOA may also be more sensitive than AOB to inhibition by high
ammonia concentration (Prosser and Nicol 2012). In terms of pH, there is strong evidence for the
selection of AOA, rather than AOB, in acid soils (Gubry-Rangin et al. 2011; Nicol et al. 2008; Zhang
et al. 2012). However, AOA also contribute to nitrification in soils with pH > 5.5 (Gubry-Rangin et al.
2011; Gubry-Rangin et al. 2010), and there is evidence for long-term pH selection of both AOB and
AOA phylotypes in soil (Nicol et al. 2008; Stephen et al. 1998). The increased pH observed during
soybean cultivation was associated with a lower AOA:AOB ratio in our study, but no significant effect
on nitrification was detected, and the expected decrease in pH that frequently accompanies nitrification
was not observed. This may be due to liming or the low rates of ammonia oxidation observed in these
soils. Therefore, pH may limit ammonia oxidizer growth in these low-nitrate Cerrado soils.

In this study we observed that tillage, fertilization, liming, and soybean monoculture altered soil pH,
moisture, and inorganic N contents, all of which can influence the abundance and diversity of microbial
communities and their functional potential, thereby influencing the production of nitrate, nitrite, NO,
and N2O (Mao et al. 2011). The change in land use had differential effects on the abundance of AOA

and AOB communities, reinforcing the idea that these two microbial groups have distinct ecological
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niches associated with environmental variables. Specifically, samples from recently tilled soil and soil
collected from the rhizosphere had smaller AOA:AOB ratios, and AOB showed a greater response to
changes occurring during soybean cultivation. The lower abundance of AOA in undisturbed soil can
be also related to the higher thaumarchaeal 16S rRNA:archaeal amoA ratio, which, in the absence of
primer bias, indicates a great abundance of non-ammonia—oxidizing Thaumarchaeota (e.g., belonging
to group 1.1c) (Weber et al. 2015).

A recent metagenomic study reported that Thaumarchaeota representatives were more abundant in
no-till soils than in soils under conventional tillage (Souza 2013), possibly because of greater organic
matter content or sensitivity to tillage. Although the AOA amoA gene was more abundant in all of our
soil samples, the increase in AOB amoA abundance in tilled soil was greater. This finding may reflect
the disruption of soil structure and release of C and N substrates previously not available to the
microbiota.

Our results provided evidence for our hypothesis that both AOA and AOB abundance increase
during soybean cultivation, with AOB increasing more than AOA, as predicted. Although AOA were
more abundant, nitrification was better explained by the increase in AOB abundance, as predicted by
the current view that AOB contribute more to ammonia oxidation than AOA in fertilized oxic soils at
near-neutral pH. Wertz et al. (2012) reported an increase in AOB abundance with fertilizer application

and nitrification in pine forests (Wertz et al. 2012)..—but-rmore—recent-work-suggests—ore—dynamic

~AOB abundance was more highly correlated with potential

nitrification (Meyer et al. 2014), indicating that other factors can influence ammonia oxidizer
communities. Moreover, although AOA abundance is potentially stable during the cultivation of
bioenergy crops (Zea mays and Miscanthus giganteus), AOA diversity decreases, and AOB abundance
increases, with this differential response to fertilization by AOA and AOB observed even 2 years after
the fertilization (Mao et al. 2011).

A similar increase in the abundance of AOB, rather than AOA, was reported for a fertilized maize crop
(Mao et al. 2011), and Mendes et al. (2014) recently showed that soybean plants select for the
rhizosphere a specific subset of the soil bulk microbial community, which appears to be related to
growth promotion and nutrition (Mao et al. 2011; Mendes 2014). Further studies are required to
elucidate the differential effect of soybean cultivation on AOA and AOB abundance to determine
whether these differences are direct effects of the soybean plant or due to fertilization promoting the
growth of AOB.

Conclusions
Our study showed a rapid turnover (less than 1 year) of microbial communities and soil chemical
properties due to anthropogenic impact in Cerrado soils. Land use changes promote differential short-

term effects on nitrification rates and AOA and AOB abundance, suggesting that these groups have
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different physiological characteristics with respect to nutrient availability. Results of molecular data
and soil ecological analyses are complementary and provide insights into the impact of soybean
management on ammonia oxidizers in an area under restoration in the Cerrado biome. Our results
confirm the dominance of AOA in soils collected at the field site in Cocalzinho de Goias (GO). These
results are consistent with the low pH and nitrification rates observed in Cerrado soils in general. We
found that despite ammonium availability in the undisturbed Campo sujo soil, the abundance of
ammonia oxidizers was low, as determined by amoA gene amplification. Nevertheless, soybean
cultivation altered both AOA and AOB abundance, with the soybean plants, nitrification rate, and pH
affecting AOB more than AOA. Although these changes were observed in a small area, they suggest
processes that occur on a larger scale.
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Figure Legends

Figure 1. Principal component analysis (PCA) of soil physicochemical properties based on a
correlation matrix performed in PAST v.3.01 (Hammer et al. 2001). (A) Analysis of soybean site
samples; (B) all samples including soil from the undisturbed Campo sujo site. Each vector points in

the direction in which the respective value increases.

Figure 2. One-way ANOVA tests on soil N values, with Tukey—Kramer post hoc tests to compare
group means (R with the ggplot2 package). Concentrations of (A) NH4*-N and (B) NOs™-N in soil
samples under each condition. (C) Net mineralization and (D) nitrification (D) determined by inorganic
nitrogen-N and NO3™ -N content, respectively, measured after soil incubation in the laboratory for 1
week; (D) NHs*-N: NOg-N ratio and (F) integrated values of soil 3'°N (%.). Letters represent
significant differences in inorganic N content between soil samples after post hoc tests: upper case
letters represent difference between undisturbed Campo sujo and fallow soil from the soybean site;
lower case letters present differences among soybean site samples. Soil samples obtained during the
blossom stage of soybean development are represented by Blossom-B for bulk soil and Blossom-R

for rhizosphere soil.

Figure 3. Changes in (A) AOA amoA gene abundance, (B) AOB amoA gene abundance, (C)
AOA:AOB amoA gene abundance ratio, and (D) archaeal 16S rRNA:amoA gene abundance ratio. One-
way ANOVA tests were performed, followed by Tukey—Kramer post hoc tests to compare group
means (R package with the ggplot2 library). Different letters represent significant differences in gene
abundance after post hoc tests: upper case letters represent difference between undisturbed Campo sujo
and fallow soil from the soybean site; lower case letters present differences among soybean site
samples. Soil samples obtained during the blossom stage of soybean development are represented by

Blossom-B for bulk soil and Blossom-R for rhizosphere soil.

Figure S1. Gravimetric soil water content. Boxplot created by R version 3.0.2 with the ggplot2 library.
Letters and corresponding colors correspond to significant differences among groups after the Tukey—

Kramer post hoc test.

Figure S2. Satellite view and photographs of the sample site on the Tabapua dos Pireneus Farm. (A)
Schematic representation of the sampling design on a Google Earth picture from the sample site. 1-3

represent composite samples for molecular analysis. (B)—(F) Photos of the soil collection sites. (B)
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Undisturbed Campo sujo site, (C)—(F) Soybean site at four different time points: (C) after 9 months of
natural fallow, (D) 1 month after fertilization, (E) during the blossom stage of soybean development,

(F) soybean plants with beans.

Figure S3. Relationship between soil §'*C and 5'°N in %o. Each point represents samples from each

soil condition, marked with different symbols.
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Abstract

Interactions between soil characteristics and soil microbiota influence soil ecosystem processes
such as nitrification; however, their complexity makes interpretation difficult. Furthermore, the
impact of soil management systems on_abundance and activity of soil microbial community ané
aetivity-is poorly understood, especially in the Neotropics. To investigate these interactions, the
effects of tillage, inorganic fertilization, and plant cover on the abundance of ammonia-oxidizing
archaea (AOA) and ammonia-oxidizing bacteria (AOB) were assessed by quantification of the
marker gene (amoA) during different stages of soybean cultivation in a site under restoration from
gravel extraction in the Central Brazilian Savanna (Cerrado). Results of molecular analysis and
classic and isotope techniques showed that levels of organic C and NH4*-N were higher in the
soybean field during fallow than in an adjacent undisturbed field (Campo sujo). Ammonia oxidizer
abundance and nitrification rates were also higher in the agricultural soil than in the undisturbed
site, with the lowest ammonium:nitrate ratio in tilled soil. Soil §1°N was lower in the undisturbed
soil than the agricultural soil. Both AOA and AOB were more abundant during soybean crop
transitional stages, and this increase positively correlated with soil pH, particularly for AOB
abundance, in tilled soil and within the soybean rhizosphere. The results suggest that AOB have
more copiotrophic characteristics than AOA and are better able to change available ammonium in
the soil. The combination of standard soil ecologicaly methods and modern molecular analysis
show the short-term modification of ammonia oxidizer abundance and soil N dynamics in a

managed system within the Cerrado biome.
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Introduction

The impact of land use on the functioning of soil microbiota has consequences for the processes
governed by these organisms and consequently for the terrestrial ecological services that they
provide (e.g. decomposition and nutrient cycling). Agriculture and managed pasture for cattle
breeding have converted approximately 53% (117,870 km?) of the Cerrado biome landscape in the
last two decades (Beuchle et al. 2015), with increasing alterations in floristic composition and
edaphic characteristics due to fertilization, liming, and crop monoculture itself. Changes in soil
use and management likely modify the C and N dynamics in these areas , leading to changes in
soil C and N stocks and increases in greenhouse gas emissions to the atmosphere (Carvalho 2009).

Soil management and monoculture crops are associated with a decrease in total and
microbial nitregenN, particularly in conventional tillage systems (Hernandez-Hernandez and
Lépez-Hernandez 2002). In contrast, no-till management is associated with better soil quality and
Freitas et al. 2012). In addition, no-till farming appears to have fewer effects on the composition
of microbial communities (Rachid 2013). Previous research has shown that the soybean plant
influences the composition of the soil microbial community, with lower microbial diversity
observed during plant development in soils under soybean cultivation (Bresolin et al. 2010).

In the Amazonian forest, land use change alters functional gene diversity and the
composition and abundance of soil microbial communities, with differences in soil pH and organic
matter content linked to differences in the composition of genes, including those associated with
carben-C and nitrogen-N cycles (Paula et al. 2014). For example, 15% to 30% of genes related to
the nitrogen-N cycle are modified by bioenergy crops (Zea mays and Miscanthus giganteus) (Mao
etal. 2011), indicating that agriculture has an impact not only on microbial taxonomic composition
but also on its potential ecological functions.

In view of the economic and ecological costs of fertilization and ritregen-N losses, it is
important to investigate nitrifiers in Cerrado soils to develop better soil management practices.
Undisturbed Cerrado soils under native vegetation have low pH and a high NH4*-N:NOs' ratio but
very low nitrification rates (Nardoto and Bustamante 2003) and insignificant N2O emissions
(Cruvinel et al. 2011; Pinto et al. 2006; 2002). These characteristics are often associated with a

Rangin et al. 2010; Nicol et al. 2008), which appear to prefer ammonia generated from the
mineralization of organic N and are the predominant ammonia oxidizers in acid soils (Levi¢nik-
Hofferle et al. 2012; Prosser and Nicol 2012; Zhang et al. 2012). In contrast, ammonia-oxidizing

bacteria (AOB) are more commonly associated with nitrification in soils with higher ammonia
input (Jia and Conrad 2009); therefore, the addition of inorganic or organic ritregen-N fertilizers
may influence the relative abundance of AOA and AOB. The abundance of ammonia oxidizers,
which perform the rate-limiting step of nitrification, can be estimated by amplification of the amoA

gene, which encodes subunit A of ammonia monooxygenase.
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Investigation of nitrification in the Cerrado biome is of particular interest because this
ecosystem is aitrogenN-limited (Bustamante et al. 2012), with low nitrate content (Bustamante et
al. 2006; Nardoto and Bustamante 2003) and low rates of nitrification (Nardoto and Bustamante
2003). These characteristics are usually associated with a high litter level and soil C:N ratio,
leading to low availability of nitreger-N and a higher rate of N immobilization than mineralization
and Bustamante 2003).

Long-term land use is believed to modify the composition of soil microbial communities
(Jangid et al. 2011; Paula et al. 2014), but few studies have described the short-term impacts
(Lazcano et al. 2013). This study investigated the short-term effects of land use change, over 134
days, on ammonia oxidizers and tested the following hypotheses: 1) AOA are more abundant than
AOB in undisturbed Campo sujo soil and in soybean site during the fallow period because of lower
pH and provision of ammonium mainly by net N mineralization; 2) the relative abundance of AOB
is greater in agricultural fertilized soil; and 3) the relative abundance of AOB increases during crop
establishment due to the increase in pH and addition of inorganic fertilizers, which are associated
with an increase in nitrate content and nitrification. To test these hypotheses, changes in archaeal
and bacterial amoA gene abundance were determined by gPCR analysis in a soybean field and in
soil from an adjacent undisturbed site (Campo sujo). This work describes short-term changes in
the abundance of ammonia oxidizers in soil being restored after decades of gravel extraction in the

Cerrado biome by evaluating the impact of soil management on microbial communities.
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Materials and methods

Study sites and soil characteristics

The field sites are located in the Cerrado biome within a commercial farm, Fazenda Tabapua dos
Pireneus, in the municipality of Cocalzinho de Goiés (Federal State of Goias, Brazil). Average
precipitation and temperature during sampling (134 days between the first and last days of
sampling, October 13, 2012 and March 24, 2013, respectively), measured at the nearest
meteorological center (approximately 30 km from the farm; Pirenopolis, GO, Station 83376,
15°50'60"S 48°57'36"W), were 270 mm per month (Figure S1) and 24.8°C (range 19°C-32.5°C)
(Table S1). The climate in the Cerrado biome is tropical (Képpen Aw), and all soil samples were
collected during the wet season (October to April), when 90% of the annual precipitation occurs.

This study focused on two sites: an undisturbed site dominated by grass and dispersed
shrubs, known as Campo sujo (Ribeiro 2008) (15°46'01"S, 48°48'57"W) and an adjacent site
(approximately 200 m away) converted to soybean crop (15°46'06"S, 48°48'55"W) (hereafter
called the “soybean site”). Both sites have the same average altitude (1118 m), rainfall, and air
temperature. The soybean site, which was degraded because of gravel removal activity that
occurred over decades, is in the process of restoration to become an integrated livestock-forest
system. It was first cultivated in 2012, with the establishment of maize followed by natural fallow.
For maize cultivation a solution of 100 kg ha* of NPK (8:30:16) and 200 kg ha* urea were applied
to the soil after plowing. Soybean seeds were then sowed after a 1-year fallow period. For soybean
cultivation, an NPK mixture (8:30:16) and 8% micronutrient mixture (FPE BR12) were added to
the soil at 5 cm depth. The transgenic soybean Glycine max Bayer variety 810 was sowed (after
inoculation with rhizobia) every 10 cm in rows separated by 50 cm. Soil from the soybean site was
sampled four times: after 9 months of natural fallow since the last maize cultivation (F; mid-
October 2013); the day after the soil was tilled to a depth of 20 cm (T; first week of December
2012); 1 month after fertilization (FE, first week of January 2013); and at the blossom soybean
stage of development (end of February 2013), at which time bulk soil (B) and rhizosphere soil (soil
in direct contact with the root) (Rz) were sampled. To obtain soil from the rhizosphere, plants near
the bulk soil sampling location were removed, the soil loosely surrounding the plant was released,
and adherent soil at the rhizosphere was collected mechanically in a plastic bag. Figure S2
illustrates the treatments and the two study sites. Although crops in this farm are usually cultivated
using no-till management, the history of gravel extraction in the soybean site necessitated use of a
plow in deeper soil (20 cm). The farmer did not initially consider plowing, and only the top 10 cm
(more active layer) was sampled.

Soil was obtained at nine locations at the two adjacent sites. The nine replicates were used
for N concentration, pH, and soil water content measurements. However, for the remaining
physicochemical data, molecular, and 3'°N analysis, the samples were combined into triplicate
samples, according to the column numbers presented in Figure S2. In the soybean site, samples
were taken from the rows. At each location, 10 soil core samples (10 cm deep, 5 cm diameter)

(Figure S2) were obtained, passed through a 2-mm mesh sieve, combined, and then stored at —
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20°C for subsequent physicochemical and molecular analyses. Inorganic ritregen-N was extracted
by agitating the soil sample for 1 hour in 1 M KCI (1:5 soil:solution ratio). NH4*-N was determined
using the Nessler colorimetric method (Embrapa 1999) with a spectrophotometer set at 425 nm.
NOs-N was determined by spectrophotometry (Mulvaney 1996) at 218 nm, subtracting
interference caused by organic matter at 254 and 280 nm (Meier 1991). These measurements were
considered time zero and compared with NH4*-N and NOz-N measurements after samples were
incubated in the laboratory in separate closed plastic bags for 7 days at room temperature in the
dark (Piccolo et al. 1994). Net nitregen-N mineralization and nitrification rates were expressed as
changes in NH4*-N + NOs™-N or NOs™-N, respectively, during the 7 days of incubation. All results
are expressed g oven-dried (105°C) soil.

Physicochemical and molecular analyses were performed in biological triplicates. Soil
texture and concentrations of macro- and micronutrients were determined by using standard
methods (Soils Embrapa—SNLCS) at SoloQuimica, Inc, Brasilia, Brazil. Both soils are well-
aerated and well-drained. The undisturbed Campo sujo soil is classified as sandy loam with 20.8%
clay, and the soybean site is in-a sandy clay soil with 31.7% clay. Both soils are considered to have
a medium clay texture (Embrapa 2006) (Table 1). This work is not meant to compare the sites but
to describe the rapid change in ammonia oxidizer abundance during the establishment of a soybean

crop. The undisturbed site was used as a control to represent nitrification in a pristine Cerrado area.

Isotope analysis

All soil samples were air-dried and ground to a fine powder. A sub-sample of 15 to 20 mg was
sealed in a tin capsule and loaded into a ThermoQuest-Finnigan Delta Plus isotope ratio mass
spectrometer (Finnigan-MAT; CA, USA) coupled with an elemental analyzer (Carlo Erba model
1110; Milan, Italy). These analyses were performed at Centro de Energia Nuclear na Agricultura
(CENA - USP) in Piracicaba, Brazil. The natural abundance of stable isotopes of C and N were
measured in relation to recognized international standards. As standard laboratory procedure,
internal working standards (Atropine and soil standard no. 502-308 from LECO Corporation) were
included in every run. Relative stable isotope values are reported in “delta” notation, as & values
in parts per thousand (%o) according to the molar ratio (R) of the rare to abundant isotope (**N/*N;
1BC/2C), i.e. §%o = (R sample / R standard — 1) % 1000. The precision of measurements was +0.3 and
0.5%o for 8*3C and &*°N, respectively.

DNA extraction

DNA was extracted from 0.5 g soil using the FastDNA Spin Kit (MP Biomedicals) with additional
treatment using solutions 2 and 3 from the PowerSoil DNA Isolation Kit (MO Bio Laboratories
Inc.) to achieve maximum DNA yields with the least organic contamination. The DNA was
analyzed by 1% (w/v) agarose gel electrophoresis. The average concentration of each 24 DNA
sample (24 in total) was 100 ng pL* (Invitrogen Qubit fluorometer dsDNA BR Kit).
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Real-time PCR

Thaumarchaeota 16S rRNA and archaeal and bacterial amoA genes were amplified in an
Eppendorf Mastercycler and quantified using standard curves. Each 20-pl reaction contained 1X
QuantiFast master mix (for AOA) or QuantiTect master mix (for AOB) (Qiagen), 0.4 uM primers
(archaeal 16S rRNA, AOA amoA) or 0.6 UM primers (AOB amoA), 2 pg pl* bovine serum
albumin (Promega), and 5 ng DNA. The thaumarchaeal 16S rRNA gene was amplified with the
771f and 958r primers (Ochsenreiter et al. 2003), the AOA amoA gene with the crenamo23f and
crenamo616r primers (Tourna 2008), and the AOB amoA gene with the amoAlF and amoA2R
primers (Rotthauwe et al. 1997). Cycling conditions were as follows: 15 min at 95°C followed by
40 cycles of 15 s at 94°C and 1 min 30 s at 60°C for the AOA amoA gene; and 15 min at 95°C
followed by 45 cycles of 1 min at 94°C, 1 min at 55°C, and 1 min at 72°C for the AOB amoA gene.
Fluorescence was measured after 5 s at 80°C (AOA amoA) or 8 s at 83°C (AOB amoA) to exclude
fluorescence contamination of potential primer-dimers. Melting curves between 65°C and 95°C
were analyzed for each run.

Standards were made from 10-fold dilutions of the fragment of the gene of interest. This
fragment was obtained by amplification of the genes with the respective primers from a composite
of the soil samples used in this work. The fragment was cloned into a pPGEM®-T Easy Vector
(Promega) and re-amplified using M13 primers that recognize sites flanking the cloned fragment.
Three clones of each gene were selected and verified by Sanger sequencing. The longer and more
accurate sequence was chosen as the standard. Plasmid DNA concentrations were verified using a
Qubit 2.0 fluorometer (Life Technologies) and NanoDrop 1000 spectrophotometer (Thermo
Scientific). To verify the correct size of individual PCR products, melting curve and agarose gel
electrophoresis analyses were performed. To exclude the fluorescence from potential primer-
dimers, fluorescence was captured after each amplification cycle above 80°C. Efficiency of
amplification and r? values were 0.86 and 0.990 for archaeal 16S rRNA, 0.92 and 0.995 for
archaeal amoA, and 0.86 and 0.994 for bacterial amoA, respectively. No inhibition was detected

in assays consisting of soil DNA diluted in water or with a known amount of standard DNA.

Statistical Analysis

Statistical analyses were performed in R (v 3.0.2), and all gPCR and physicochemical data were
analyzed for normality and homoscedasticity with both Kolmogorov-Smirnov and Levene’s test
statistics. Data that did not follow a normal distribution were log-transformed. One-way ANOVA
tests were used to make multiple comparisons, with Tukey—Kramer post hoc tests to compare the
group means shown in the graphs with different letters and corresponding colors. All graphs in the
boxplot format were prepared in R with the ggplot2 library, in which the default is to present the
upper and lower sides of the box as the first and third quartile, whiskers corresponding to the
highest and lowest values within 1.5 interquartile range (IQR), and dots representing outliers
outside the IQR. The Pearson correlation was used to evaluate relationships between qPCR data

and physiochemical variables with relevant biological implications (i.e., pH, net nitrification rate,
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315N). The Bonferroni (Rice 1989) or Benjamini—Hochberg (BH) (Benjamini and Hochberg 1995)
methods were used to correct p-values for multiple comparisons; the Bonferroni correction is more

conservative.
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Results

Description of study sites and soil physicochemical characteristics

Water content of the undisturbed soil was lower than that of the soybean site at all time points,
including soil collected on the same day in the soybean site during fallow. This finding may reflect
differences in soil texture (Figure S1). Fallow soil from the soybean site contained residual
material from the previous maize cultivation. Before sowing, 2 ton ha* limestone was applied to
the soil, which increased soil pH in H,O from 5.5 (4.3 in KCI) to 6 (5.2 in KCI). The undisturbed
Campo sujo soil had lower pH values (5.4 in H,0 and 3.6 in KCI) (Table S1).

Principal component analysis of soil physicochemical data (Figure 1) indicated that the
physicochemical characteristics in the fallow soil differed significantly from soil collected in the
soybean site at the other time points (Figure 1A). The undisturbed soil also differed from the fallow
soil from the soybean site, which had higher organic C and NH,*-N concentrations (Figure 1B).
However, other soils obtained from the soybean site clustered together, indicating similar
physicochemical characteristics. In particular, these soils had higher pH and levels of nitrate,
water, and micronutrients compared to the undisturbed Campo sujo soil and fallow soil (Figure
1B).

Ammonium and nitrate concentrations and soil 6**N
NH.4*-N concentration in the undisturbed Campo sujo soil generally ranged from 5 to 8.3 pg g*
dry soil, with two outliers of 11.8 and 48.7 ug g* dry soil (Figure 2A). The potential net N
mineralization rate, determined by incubation of soil in the laboratory at room temperature,
indicated that NH4*-N was becoming available in these soils at a rate of 0.8 to 3.29 NHs*-N pg g
L dry soil day™ (Figure 2C). H ; i ; ; e

locs of Nl aocac ic o
gas

NH4*-N concentration was higher than NO3z-N concentration in every soil sample but was
particularly high in the undisturbed Campo sujo soil (Figure 2E). Fallow, tilled, and fertilized soils
of the soybean site had similar average NO3-N concentrations, which were higher than that of the
bulk soil and rhizosphere soil collected during the blossom stage (Figure 2B). Nitrification was
greater in fallow soil from the soybean site than in undisturbed Campo sujo soil (Figure 2D).
Analysis of the soybean site samples showed a decrease in NH4*-N concentration as the crop
developed, with significantly lower concentration in tilled soil and soil collected during the
blossom stage of soybean development (both bulk and rhizosphere soils) than in fallow soil (Figure
2A). Nitrogen immobilization was greater than mineralization in fallow soil, recently tilled soil,

bulk soil during the blossom stage, and especially in soil collected 1 month after fertilization.
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Nonetheless, the average net N mineralization differed significantly only between fertilized soil
and soil collected during the blossom stage (both bulk and rhizosphere soils) (Figure 2C). Because
fertilization was carried out at the same time as sowing, plant growth may have influenced the
results obtained from soil collected 1 month after fertilization through NH4*-N uptake and the low
inorganic N content in soil collected during the blossom stage. However, net N mineralization and
nitrification occurred in a plant-free soil bag under laboratory conditions; therefore, NH4* would
have been assimilated by microorganisms or oxidized to NOs™ by nitrifiers.

Another informative parameter was the NH4*-N:NO3-N ratio, with the lowest ratio
observed in tilled soil, emphasizing the need for mineral N by the plants and soil microbial
community during the blossom stage (Figure 2E). Figure 2E also shows the high
ammonium:nitrate ratio in the undisturbed Campo sujo soil.

These results were supported by the integrated stable isotope ratios of C and N in these
soils. The first soybean (C3 plant) cultivation did not change the 5'°C signal that remained from
maize (C4 plant) cultivation or from the grassland before agriculture installation (Figure S3);
however, the integrated soil 5'°N values were more labile. Soil §'°N was significantly lower in the
undisturbed Campo sujo soil than in fallow soil from the soybean site (Figure 2F). Although soil
55N did not significantly change during the soybean cultivation period, an increase was observed
during the blossom stage (p-value 0.0795, results of ANOVA between samples from the soybean
site) (Figure 2F). These integrated isotope values are congruent with instantaneous values for
mineralization and nitrification obtained from each sample in which significant changes in N cycle
dynamics were observed, compared to the adjacent undisturbed site.

Abundance of archaeal and bacterial amoA genes
Archaeal 16S rRNA and archaeal and bacterial amoA genes were amplified with specific primers
to quantify the abundance of these genes in the undisturbed site and in the soybean site.

The mean abundances of AOA and AOB amoA genes in the undisturbed Campo sujo site
were 3.4x10° and 1.6x10° g dry soil, respectively, representing an average AOA:AOB ratio of
212.9 (Figure 3C). In addition, AOA and AOB were, respectively, 26-fold and 49-fold less
abundant in the Campo sujo site than the soybean site during the fallow period (Figure 3). The
thaumarchaeal 16S rRNA:archaeal amoA gene ratio in the Campo sujo site varied from 785 to
1340 and was significantly higher than that of fallow soil from the soybean site. Fhis-resutwhich

The abundance of thaumarchaeal 16S rRNA and bacterial amoA increased during soybean
development, but AOA amoA gene abundance decreased by 45% in the tilled soil compared to
fallow soil. Tillage did not have the same effect on AOB, as demonstrated by the lack of significant
change in AOB amoA gene abundance between fallow and tilled soil samples (Figure 3B). In
fertilized soil AOA amoA gene abundance increased 2.6-fold and AOB amoA abundance increased

2-fold (Figure 3). However, AOB amoA gene abundance was more affected by soybean cultivation
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than AOA amoA gene abundance, as demonstrated by comparingsen ef-rhizosphere soil with bulk
soil during the blossom stage of soybean development. Furthermore, the increase in AOB
abundance from fallow soil to rhizosphere soil was 2.9 greater than the increase in AOA
abundance.

Soybean cultivation affected the abundance of both bacterial and archaeal ammonia

oxidizers.

correlation between pH measured in H.O and Log:o[AOB] (R? 0.75, p-value < 0.05 with the

Bonferroni correction) was higher than the correlation between pH and Log:o[AOA] (R? 0.63, p-
value < 0.05 with the BH correction). Similarly, the pattern of 3*> N was more strongly associated
with Log1[AOB] (R?0.96, p-value < 0.05 corrected by Bonferroni method) than with Logio[AOA]
(R?0.88, p-value < 0.05 with the Bonferroni correction). Nevertheless, when analyzing only soils
from the soybean site, AOA abundance did not correlate with pH, and the correlation between pH
and AOB abundance was lower (R? 0.55, p-value=0.72 with the Bonferroni correction). Similarly,
the correlation between §'° N and Logio[AOA] was not significant (R? 0.24, p-value=0.64
corrected by BH method) when analyzing only soils from the soybean site, but the correlation was
still significant between 3*° N and Log10[AOB] (R? 0.68, p-value < 0.05 with the BH correction).

Discussion

In assessing links between environmental characteristics, nitrification, and the abundance of
ammonia-oxidizer communities in the soil, it is important to assess abundances of both AOA and
AOB, given the predominance of AOA amoA genes in many soils (Isobe 2012; Leininger 2006;
Prosser and Nicol 2012). To assess the impact of land use conversion to soybean cultivation,
ammonia oxidizer abundance and nitrification were evaluated in a soybean site after fallow, tillage,
and fertilization and during the blossom stage of soybean development. These measurements were
compared with those of an adjacent undisturbed Campo sujo site with low nitrate concentration,
which is typical of Cerrado soil. These measurements support our hypothesis that both fertilization
and soybean cultivation decrease the AOA:AOB ratio in association with increases in pH (Nicol
et al. 2008; Prosser and Nicol 2012) and inorganic NH4* (Levi¢nik-Hofferle et al. 2012), which is

consistent with studies reporting that AOA are predominant in low-nutrient, low-pH environments
(Erguder et al. 2009; Prosser and Nicol 2012). However, this study highlights the rapidity of

changes in nitrifiers, N dynamics, and yields that occur in Cerrado soils after conversion to soybean
cultivation.

The cultivation of soybeans in Brazil has been successfully implemented with inoculation
of Bradyrhizobium strains to decrease or even completely eliminate the need for nitregen—N
fertilizers (Mendes et al. 2003). Nevertheless, the soybean site studied here required tillage and
fertilization. Our results showed the effect of plant cover during the fallow period on soil recovery
in the soybean site. Soil collected during the fallow period had soil characteristics similar to those

of the undisturbed Campo sujo site, despite the different soil texture.
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The undisturbed soil had the highest net N mineralization rate (average of 2 pg NH4*-N

1 dry soil day?) and the lowest net nitrification rate, suggesting the inhibition of nitrification or

low abundance of nitrifiers despite the presence of NH4*-N. However, potential nitrification was

negative, indicating that the microbial community used nitrate at a faster rate than it was produced
by nitrification. The soil was incubated in plastic bags; nitrate loss through leaching is negligible.

Denitrification is unlikely at the moisture content of the soil used, and previous studies report that

the loss of N gases is undetectable in undisturbed Cerrado soils (Bustamante et al. 2006; Pinto et
al. 2002).

Both NH4*-N and NOs™-N concentrations were particularly low in the soybean site during
the blossom stage of soybean development, possibly because of N uptake by the soybean plants.
N mineralization exceeded immobilization in the rhizosphere soil but not in the bulk soil, which
suggests greater aitregen-N availability due to symbiotic ritregen-N fixation. The soil C:N ratio >
20 (data not shown) in the bulk soil may partly explain the greater N immobilization, leading to
depletion of N by both microbiota and plants.

The decrease in NH4*-N and NOs-N during soybean growth was expected and is
associated with periods of intense plant growth (Cruvinel et al. 2011). Nevertheless, Cruvinel et
al. (2011) reported higher concentrations of NOz -N (1-52 mg kg%, depending on the period) and
NH4*-N (21.3-50.7 mg NH4*-N kg soil) in soils during soybean cultivation higher than the levels
of NOs -N and NH4*-N_concentration-deseribed-here—from—a_in the soybean site in recovery,
supporting our finding that the soils sampled in our study were relatively depleted in mineral
nitrogenN. Cruvinel et al. (2011)Fheseresearchers-also discussed possible competition between
plant roots and microorganisms in the planted rows during cotton cultivation in the Cerrado
because of the lower inorganic ritregen—N availability and NO-N fluxes than that observed
between rows-(Cruvinel-2641). Low abundance of AOA and AOB in Cerrado soils may be due to
competition with soil fungi for ammonium or inhibition by bioactive compounds synthesized by
fungi (Yu et al. 2014). Nardoto and Bustamante (2003) showed that in both burned and unburned
Cerrado areas, inorganic nitregen—N_content decreases during the rainy season, despite the
observed increase in net N mineralization and net nitrification after the first rainfall events of the
dry season (Nardoto and Bustamante 2003). These studies are consistent with our findings, as soils
have higher levels of ammonia than nitrate, and the ammonium:nitrate ratio was lowest in the tilled
soil, likely due to nitregen-N release from organic matter. Similarly, the ammonium:nitrate ratio
is high in integrated agricultural systems in Cerrado but is lower in crop-livestock and crop-
livestock-forest systems compared to agroforestry and exotic pasture (Carvalho et al., personal
communication). The same study also reports higher N2O emissions from all of these agricultural
systems compared with native Cerrado soils, with crop-livestock having the highest levels
(Carvalho et al., personal communication).

Despite lower soil nitrate concentrations than those reported by other studies, N losses
from the soybean site compared with the undisturbed Campo sujo site are suggested by higher

315N values and greater nitrate accumulation in the managed system. The integrative soil 3'°N
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signal, which provides historical information on soil ritregen-N dynamics, indicates that soybean
cultivation affects soil N accumulation, as the expected values for symbiotic ritregen-N fixation
are-were lower, at 0-2%. (Delwiche et al. 1979). Nonetheless, the results demonstrate the labile
characteristics of nitregen-N compared to earbenC, as 8'°N tended to increase during soybean
cultivation, changing the short-term N dynamics in the cultivated soil, whereas no significant
changes in 5'C were observed. A recent study reported that the 3*°N signature reflects a strong
pattern of change according to land use, mainly due to soil earben-C dynamics and clay content
JME 2015).

Many soil characteristics are associated with changes in soil nitrification, including pH
(Gubry-Rangin et al. 2011; Nicol et al. 2008), NHzand NH4" concentration ammenia-guatity-and

quantity-(Leviénik-Hofferle et al. 2012; Stopnisek 2010), O (Erguder et al. 2009), temperature

(Tourna 2008), soil moisture (Placella and Firestone 2013; Thion and Prosser 2014), and organic
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carbenr-C (Erguder et al. 2009); however, pH and ammonia concentration have received greatest
attention as potential drivers of ammonia oxidizer communities (Prosser and Nicol 2012). Kinetic
studies of ammonia oxidation by Nitrosopumilus maritimus suggest that AOA have a higher
affinity for ammonia (Martens-Habbena et al. 2009), but AOA may also be more sensitive than
AOB to inhibition by high ammonia concentration (Prosser and Nicol 2012). In terms of pH, there
is strong evidence for the selection of AOA, rather than AOB, in acid soils (Gubry-Rangin et al.
2011; Nicol et al. 2008; Zhang et al. 2012). However, AOA also contribute to nitrification in soils
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with pH > 5.5 (Gubry-Rangin et al. 2011; Gubry-Rangin et al. 2010), and there is evidence for
1998). The increased pH observed during soybean cultivation was associated with a lower
AOA:AOB ratio in our study, but no significant effect on nitrification was detected, and the
expected decrease in pH that frequently accompanies nitrification was not observed. This may be
due to liming or the low rates of ammonia oxidation observed in these soils. Therefore, pH may
limit ammonia oxidizer growth in these low-nitrate Cerrado soils.

In this study we observed that tillage, fertilization, liming, and soybean monoculture
altered soil pH, moisture, and inorganic N contents, all of which can influence the abundance and
diversity of microbial communities and their functional potential, thereby influencing the
production of nitrate, nitrite, NO, and N.O (Mao et al. 2011). The change in land use had
differential effects on the abundance of AOA and AOB communities, reinforcing the idea that
these two microbial groups have distinct ecological niches associated with environmental
variables. Specifically, samples from recently tilled soil and soil collected from the rhizosphere
had smaller AOA:AOB ratios, and AOB showed a greater response to changes occurring during
soybean cultivation. The lower abundance of AOA in undisturbed soil can be also related to the
higher thaumarchaeal 16S rRNA:archaeal amoA ratio, which, in the absence of primer bias,
indicates a great abundance of non-ammonia-oxidizing Thaumarchaeota (e.g., belonging to group
1.1c) (Weber et al. 2015).

Field Code Changed

Field Code Changed

Field Code Changed

Field Code Changed

Field Code Changed

Field Code Changed

Field Code Changed

Field Code Changed

Field Code Changed

Field Code Changed

(
(
(
(
(
(
(
(
(
(
(
( Field Code Changed
(
(
(
[
(
(
(
[
(
(
(

Field Code Changed

) o JC U U JC U U U L )

[ Field Code Changed




©CO~NOOOTA~AWNPE

437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474

15

A recent metagenomic study reported that Thaumarchaeota representatives were more
abundant in no-till soils than in soils under conventional tillage (Souza 2013), possibly because of
greater organic matter content or sensitivity to tillage. Although the AOA amoA gene was more
abundant in all of our soil samples, the increase in AOB amoA abundance in tilled soil was greater.
This finding may reflect the disruption of soil structure and release of C and N substrates
previously not available to the microbiota.

Our results provided evidence for our hypothesis that both AOA and AOB abundance
increase during soybean cultivation, with AOB increasing more than AOA, as predicted. Although
AOA were more abundant, nitrification was better explained by the increase in AOB abundance,
as predicted by the current view that AOB contribute more to ammonia oxidation than AOA in
fertilized oxic soils at near-neutral pH. Wertz et al. (2012) reported an increase in AOB abundance
with fertilizer application and nitrification in pine forests (Wertz et al. 2012).;-but-mere—recent
work-suggests-mere-dynamic-changesin-AQA-than-AOBHowever-AOB abundance was more
highly correlated with potential nitrification (Meyer et al. 2014), indicating that other factors can
influence ammonia oxidizer communities. Moreover, although AOA abundance is potentially
stable during the cultivation of bioenergy crops (Zea mays and Miscanthus giganteus), AOA
diversity decreases, and AOB abundance increases, with this differential response to fertilization
by AOA and AOB observed even 2 years after the fertilization (Mao et al. 2011).

A similar increase in the abundance of AOB, rather than AOA, was reported for a
fertilized maize crop (Mao et al. 2011), and Mendes et al. (2014) recently showed that soybean
plants select for the rhizosphere a specific subset of the soil bulk microbial community, which
appears to be related to growth promotion and nutrition (Mao et al. 2011; Mendes 2014). Further
studies are required to elucidate the differential effect of soybean cultivation on AOA and AOB
abundance to determine whether these differences are direct effects of the soybean plant or due to

fertilization promoting the growth of AOB.

Conclusions

Our study showed a rapid turnover (less than 1 year) of microbial communities and soil chemical
properties due to anthropogenic impact in Cerrado soils. Land use changes promote differential
short-term effects on nitrification rates and AOA and AOB abundance, suggesting that these
groups have different physiological characteristics with respect to nutrient availability. Results of
molecular data and soil ecological analyses are complementary and provide insights into the
impact of soybean management on ammonia oxidizers in an area under restoration in the Cerrado
biome. Our results confirm the dominance of AOA in soils collected at the field site in Cocalzinho
de Goias (GO). These results are consistent with the low pH and nitrification rates observed in
Cerrado soils in general. We found that despite ammonium availability in the undisturbed Campo
sujo soil, the abundance of ammonia oxidizers was low, as determined by amoA gene

amplification. Nevertheless, soybean cultivation altered both AOA and AOB abundance, with the
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soybean plants, nitrification rate, and pH affecting AOB more than AOA. Although these changes
were observed in a small area, they suggest processes that occur on a larger scale.
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Figure Legends

Figure 1. Principal component analysis (PCA) of soil physicochemical properties based on a
correlation matrix performed in PAST v.3.01 (Hammer et al. 2001). (A) Analysis of soybean site
samples; (B) all samples including soil from the undisturbed Campo sujo site. Each vector points

in the direction in which the respective value increases.

Figure 2. One-way ANOVA tests on soil N values, with Tukey—Kramer post hoc tests to compare
group means (R with the ggplot2 package). Concentrations of (A) NH4*-N and (B) NO3™-N in soil
samples under each condition. (C) Net mineralization and (D) nitrification (D) determined by
inorganic nitregen-N_and NOs -N content, respectively, measured after soil incubation in the
laboratory for 1 week; (D) NHs*-N: NO3-N ratio and (F) integrated values of soil 8*N (%o).
Letters represent significant differences in inorganic N content between soil samples after post hoc
tests: upper case letters represent difference between undisturbed Campo sujo and fallow soil from
the soybean site; lower case letters present differences among soybean site samples. Soil samples
obtained during the blossom stage of soybean development are represented by Blossom-B for bulk

soil and Blossom-R for rhizosphere soil.

Figure 3. Changes in (A) AOA amoA gene abundance, (B) AOB amoA gene abundance, (C)
AOA:AOB amoA gene abundance ratio, and (D) archaeal 16S rRNA:amoA gene abundance ratio.
One-way ANOVA tests were performed, followed by Tukey—Kramer post hoc tests to compare
group means (R package with the ggplot2 library). Different letters represent significant
differences in gene abundance after post hoc tests: upper case letters represent difference between
undisturbed Campo sujo and fallow soil from the soybean site; lower case letters present
differences among soybean site samples. Soil samples obtained during the blossom stage of
soybean development are represented by Blossom-B for bulk soil and Blossom-R for rhizosphere

soil.

Figure S1. Gravimetric soil water content. Boxplot created by R version 3.0.2 with the ggplot2
library. Letters and corresponding colors correspond to significant differences among groups after
the Tukey—Kramer post hoc test.

Figure S2. Satellite view and photographs of the sample site on the Tabapud dos Pireneus Farm.
(A) Schematic representation of the sampling design on a Google Earth picture from the sample
site. 1-3 represent composite samples for molecular analysis. (B)—(F) Photos of the soil collection
sites. (B) Undisturbed Campo sujo site, (C)—(F) Soybean site at four different time points: (C) after

| Field Code Changed
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9 months of natural fallow, (D) 1 month after fertilization, (E) during the blossom stage of soybean
development, (F) soybean plants with beans.

Figure S3. Relationship between soil 5°C and 8'°N in %.. Each point represents samples from

each soil condition, marked with different symbols.
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23 Table 1. Soil physicochemical properties for each one of the replicates in all treatments. AT: average temperature; SWC: Soil water
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25 content; CEC: cation exchange capacity; DS: dry soil; OM: organic matter.

26 - - —

27 Campo sujo Fallow Tilled Fertilized Bulk - Blossom
gg SWC (% H20 g* DS) 16.1 +0.9 21.7 +2.063 229 +1.873 26.3 £1.583 19.8 £1.675
30 Clay (g kg™ 208.3 £8.3 308.3 £8.333 325.0 £14.434 333.3 £8.333 300.0 +14.434
g% Sand (g kg?) 733.3 183 600.0 +£14.434 541.7 +8.333 550.0 +14.434 558.3 +16.667
33 Silt (g kg™ 58.3 +8.3 91.7 +8.333 133.3 +16.667 116.7 +8.333 141.7 +8.333
gg pH (em H20) 54 £0.1 5.5 +0.058 6.0 +0.033 6.0 +0.033 6.0 +0.058
36 pH (em KCI) 3.6 0.1 4.3 +0.100 5.2 +0.033 5.2 +0.058 5.0 +0.058
37 CEC (cmolc dm-3) 6.0 +0.6 6.0 +0.577 6.3 +0.333 6.7 +0.333 6.7 +0.333
gg Al (cmolc dm-3) 1.2 0.1 0.1 +0.033 0.0 +0.000 0.0 +0.000 0.0 +0.000
40 N (%) 0.11 £0.00 0.12 £0.01 0.12 +0.01 0.12 +0.00 0.10 £0.00
j% SN 5.64 +0.08 7.05 £0.12 7.15 £0.16 7.16 £0.10 7.57 +0.14
43 C (%) 1.76 £0.03 2.04 +0.16 1.99 £0.12 1.92 £0.10 1.63 £0.06
jg OM (g kg-1) 42.6 +2.4 45.0 +4.159 39.1 £1.258 38.1 £2.118 36.5 +2.586
46 P (mg dm-3) 1.8 #0.1 1.2 +0.418 14.6 +6.053 14.1 +1.510 20.9 +11.767
j; Ca (cmolc dm-3) 0.4 +0.06 0.7 +0.115 2.7 +0.067 2.7 +0.338 2.7 +0.088
49 Mg (cmolc dm-3) 0.1 £0.03 0.6 +0.145 0.8 +0.033 0.7 £0.120 0.8 +0.033
50 B (mg dm-3) 0.24 +0.04 0.10 +0.039 0.46 +0.012 0.49 +0.040 0.48 +0.026
2% Cu (mg dm-3) 1.72 +0.04 1.57 +0.113 0.06 +0.020 0.05 £0.012 0.05 £0.028
53 Fe (mg dm-3) 165.40 +41.01 86.03 +6.731 106.40 +4.277 141.00 +7.000 92.37 +29.453
54 Mn (mg dm-3) 68.74 158.82 9.01 +2.865 7.70 £0.141 7.43 +1.017 8.64 +0.380
gg Zn (mg dm-3) 1.75 +1.71 0.22 +0.101 1.65 +0.405 2.34 +0.418 3.54 +1.033
57 S (mg dm-3) 6.03 +0.15 3.20 £0.100 3.13 +0.145 4.13 +0.865 4.63 +0.835
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