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Abstract

This study aims to provide first insights on the impact of land-use
intensification and soil properties in shaping the composition of N-
cycling microbial communities in Mediterranean peaty soils drained for
agricultural purposes. An intensively cultivated peaty soil represented by
an intensive maize cropping system was compared with an extensive
grassland and an agricultural soil left abandoned for 15 years. Clone-
library sequencing based on partial amoA and nirK functional genes was
used to characterize the composition of ammonia-oxidizer
microorganisms and nirK-type bacterial denitrifiers, respectively. The
relative roles of land-use intensification and soil physico-chemical
properties in community composition shaping were quantified by
multivariate analyses. Phylogenetic and multivariate analyses showed
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that (1) the majority of sequences of ammonia-oxidizing archaea (AOA)
and ammonia-oxidizing bacteria (AOB) grouped within the Nitrosotalea
and Nitrosospira clusters, respectively; (i1) uncultured denitrifying
bacteria were unique to our soil; (ii1) land-use intensification shaped the
composition of N-cycling communities; (iv) ammonia-oxidizing
communities were driven by clay (AOA), bulk density (AOB), and
exchangeable calcium (both AOA and AOB); and (v) nirK-type
denitrifier bacteria were shaped by silt, ammonium, and exchangeable
potassium. Based on the variation partitioning, soil properties were the
primary determinants of the AOA and nirK-type denitrifier community
composition, while land-use intensification was the major factor shaping
the community composition of AOB. These findings improve the
knowledge on such vulnerable agrosystems aiming to optimize the
management of soil microbes in order to enhance the sustainability of N
fertilization.
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Introduction

Soil microorganisms are key players in agrosystem functioning since they
drive primary and secondary production and nutrient cycles (Nannipieri et
al. 2002 ; Bardgett et al. 2005). In particular, nitrifier and denitrifier
microorganisms play key roles in the nitrogen (N) cycle through the
nitrification and denitrification processes. N is the most important nutrient
for crop growth and the major element supplied by fertilization (Smil
1997). It has been estimated that in Europe N input exceeds N output by
crop uptake by 10-240 kg N ha™! per year (Velthof et al. 2011). It has
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been calculated that N-fertilization efficiency of crop production does not
exceed 30 %, which implies high economic and environmental costs
(Tilman et al. 2002). Excess N input into the soil changes rates of N
transformation, which increases the pathways for N loss: about 50—-60 % of
the N surplus is lost as molecular N (N,) emissions, followed by ammonia
(NH,) emissions, nitrate (NO,") leaching, and run-off and nitrous oxide
(N,0) and mono-nitrogen oxide (NO,) emissions (De Vries et al. 2011
Velthof et al. 2011). Moreover, N fertilizer surplus increases the
decomposition rate of crop residues and soil organic matter (SOM), with a
net decline in soil carbon (C) content and soil fertility (Khan et al. 2007;
Philippot et al. 2007).

Nitrification is a two-step process that includes the oxidation of NH, into
nitrite (NO, ) by ammonia-oxidizer microorganisms and its subsequent
oxidation into NO; by nitrite-oxidizer bacteria (De Boer and Kowalchuk
2001 ; Treusch et al. 2005 ; Stahl and de la Torre 2012). Denitrification is
the anaerobic process performed by denitrifier microorganisms in which
NO, and NO;  (both N oxides) are used as electron acceptors and reduced
to N, via nitric oxide (NO) and N,O (Zumft 1997).

Ammonia oxidation, the first and rate-limiting step of nitrification, is
catalyzed by aerobic chemolithoautotrophic ammonia-oxidizing bacteria
(AOB), which are mainly composed of Nitrosomonas and Nitrosospira
genera from the B-subclasses of Proteobacteria (Purkhold et al. 2000) and
by ammonia-oxidizing archaea (AOA) from the new phylum
Thaumarchaeota (Pester et al. 2011 ; Stahl and de la Torre 2012). Both
these groups employ the functional amoA gene, encoding the a-subunit of
ammonia monooxygenase, which catalyzes the oxidation of NH; into
hydroxylamine (NH,OH) (Kowalchuk and Stephen 2001 ; Pester et al.
2011). Regarding denitrification, a wide range of phylogenetically distant
microorganisms from a- and B-subclasses of Proteobacteria, archaea, and
fungi have been reported to use N oxides as final electron acceptors (Zumft
1997 ; Hayatsu et al. 2008). These groups employ several functional genes
encoding key enzymes, such as reductases for NO; (periplasmatic and
membrane-bound: napA and narG gene), NO, (cytochrome cdl- and
copper-containing: nirS and nirK gene), NO (cytochrome and quinola:
cnorB and gnorB gene), and N,O (nosZ gene) (Philippot et al. 2007).
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In agricultural soils, N-cycling communities and their functionality may be
greatly affected by land-use intensification (Bardgett et al. 2005).
Specifically, intensive agricultural practices, such as tillage, fertilization,
weed management, and mowing, can have great impact on the composition
of nitrifier and denitrifier microorganisms. Tillage has been reported to
decrease the abundance of AOA and AOB and the diversity of AOB (Bruns
etal. 1999; Liet al. 2015) and to modify the composition of the nirK-type
bacterial denitrifier community (Smith et al. 2010; Pastorelli et al. 2011,
2013). Similarly, N fertilization and weed management significantly
decreases AOA, AOB, and nirK-type bacterial denitrifier abundance and
affects the composition of only AOA communities (He et al. 2007 ; Hallin
et al. 2009; Chen et al. 2011 ; Kastl et al. 2015; Wang et al. 2015). With
regard to mowing, although no effects were observed on nirK-type
bacterial denitrifiers, strong decreases were reported in AOA and AOB
abundances, with few effects on community composition (Zhang et al.
2013; Chen et al. 2014 ; Xie et al. 2014).

With regard to soil properties, soil moisture, and temperature (Avrahami
and Bohannan, 2007), pH (Kowalchuk and Stephen, 2001 ; Nicol et al.
2008; Jiang et al. 2015), clay, organic C and soil structure (Pereira e Silva
etal. 2012; Wessén et al. 2011), and ammonium (NH4+) and NO,~
concentrations (Philippot et al. 2009 ; Tian et al. 2014 ) were reported to
considerably affect AOA and AOB abundances and composition. Similarly,
nirK-type bacterial denitrifier communities are shaped by several physico-
chemical properties, such as soil aeration, temperature, pH, copper, clay,
organic C, and NO;  availability (Philippot et al. 2007; Kastl et al. 2015).

Although the distribution of nitrifiers and denitrifiers in agricultural soils
has been widely investigated, only little is known about their distribution
in peaty soils (Andert et al. 2011 ; Herrmann et al. 2012). Peaty soils cover
almost 3 % of the global surface area and represent a major store of soil C
(approximately 50 % of the soil organic C in the world), a sink for carbon
dioxide (CO,), and a source of atmospheric methane (Strack 2008). About
14 % of European peatlands are currently used for agriculture after
drainage. Drainage increases N and P availability to crops due to peat
mineralization during the first years after drainage but also increases
mineralization rates, leading to soil-surface subsidence, nutrient leaching,
and a high increase in CO, and N,O emissions into the atmosphere
(Oleszczuk et al. 2008). Regarding the N cycle, since nitrification and
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denitrification are intensified in drained peatlands, studying changes in N-
cycling communities due to land-use intensification is crucial for
sustainable management of these agrosystems.

Therefore, in this study, we assessed, for the first time in Mediterranean
peaty soils drained for agricultural purposes, effects of land-use
intensification on ammonia-oxidizer microorganisms and nirK-type
bacterial denitrifiers. To this end, an intensively cultivated peaty soil
represented by a continuous maize (Zea mays L.) cropping system was
compared with an extensive grassland and an agricultural soil left
abandoned for 15 years. Clone-library sequencing based on amoA and nirK
genes was used to characterize the composition of N-cycling communities.
We hypothesized that land-use intensification in peaty soils would
negatively affect diversity and functional composition of the N-cycling
communities and would be the major driver in shaping these communities
with respect to the main soil physico-chemical soil properties that were
already shown to significantly impact the fungal communities in the same
site (Ciccolini et al. 2015).

Materials and methods

Field site and experimental setup

The experimental site is located in the southern portion of the
Massaciuccoli Lake basin (43° 49’ N, 10° 19" E) (Pisa, Italy). The organic
horizon of the field site is about 3 m (range 2—4 m) thick, with a mean
SOM content of 29.2 % (range 20.1-55.4 %, Walkley-Black method), a
clay content of 25 %, and a bulk density of 0.5 g cm > in the topsoil layer
(0-30 cm deep). The soil is classified as Histosol according to the USDA
system (Soil Survey Staff 1975) and defined as peaty soil (IPCC, 2006).
Details of the soil texture are given in Table S1 (Online Resource 1). The
climate is Mediterranean, according to Koppen classification, with dry and
hot summers and rainfall mainly concentrated in autumn and spring (mean
annual rainfall, ca. 945 mm year ') and mean monthly air temperature
ranging from 7 °C in February to 30 °C in August (mean = 14.8 °C year ).

The long-term (15-year) experiment was a completely randomized design
with land-use intensification as the treatment and three replicates (n = 3;
field replicates of 0.7 ha). The site was cultivated with maize until 15 years
ago when the experiment was established by the abandonment of

http://eproofing.springer.com/journals/printpage.php?token=8iLEFnXMzHBsmXezYWaw-F Ci1XhUlzcdW4uA3vzF Vsk

5/37



28/5/2016

e.Proofing
agricultural practices in an area of about 15 ha. In such an area, natural
succession vegetation was left to develop with or without mowing. The
surrounding area is still cultivated with maize. In detail, the land-use types
were set up as follows: (i) an intensive cropping system (high intensity, HI)
based on maize (Zea mays L.) that was carried out for the last 15 years. In
HI, field replicates were plowed (30—35 cm), harrowed, and sown with
maize at the beginning of June. Crops were harvested in late September.
Mechanical and chemical post-emergence weed control was also applied:
3,6-dichloro-2-methoxybenzoic acid (dicamba) (at a rate of 1 L/ha) and
nicosulfuron (at a rate of 1.5 L/ha). No pest management was applied.
Details of the sowing and fertilization are found in Pellegrino et al.
(2014). (i1) An extensive grassland (low intensity, LI): LI is an agricultural
soil where agricultural practices (i.e., crop sowing, tillage, fertilization,
and pest management) were stopped 15 years ago with the exception of the
vegetation mowing and removal twice a year. In LI, indigenous vegetation
was mainly composed by Portulaca oleracea L., Capsella bursa-pastoris
(L.) Med., Juncus bufonius L., Polygonum persicaria L., Sorghum
halepense (L.) Pers., Cynodon dactylon (L.) Pers., Datura stramonium L.,
Rumex crispus L., Echinochloa crus-galli (L.) Beauv., Calystegia sp., and
Amaranthus retroflexus L. (i11) An agricultural soil left abandoned (zero
intensity, ZI): ZI is an agricultural soil abandoned 15 years ago, when crop
sowing, fertilization, tillage, and other agricultural practices were stopped
and the indigenous grasses were left to develop as natural colonizers. The
most abundant plant species was Phragmites australis (Cav.) Trin. ex
Steud. A detailed list of the plant species composition is given by
Pellegrino et al. (2014). Distances between land-use sites were ca. 600 m.
Further details on soil physico-chemical properties and analytical methods
are provided in Online Resource 1 (data on soil texture and physico-
chemical properties in Tables S1 and S2, respectively).

Sampling and analyses

In late July 2011, one soil sample resulting from pooling seven bulk soil
cores (o = 5 cm) was collected (0-30 cm in depth) from each of the three
field replicates per treatment (a total of nine bulk soil samples) to cover
chemical and soil microbial spatial variability. Soil sampling was
performed only once, in July, since it should not occur close to soil-
management practices (Alef and Nannipieri 1995; Pellegrino et al. 2011)
and since soil microbial communities consistently maintain the same
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pattern of variability in differently managed ecosystems, albeit with
seasonal changes due to abiotic conditions (i.e., soil moisture and
temperature) (Wolsing and Priemé 2004 ; Stres et al. 2008 ; Wertz et al.
2009; Chen et al. 2014 ; Delmont et al. 2014). Each of the nine bulk soil
samples were stored in an ice box, transported to the laboratory, and stored
in ice until the analysis. Soil samples were sieved at 2 mm. Soil N analyses
were conducted within a maximum of 2 days. Then, a subsample of the
remaining soil was oven dried at 60 °C for chemical property
determinations and a subsample stored at —20 °C for extraction of soil
genomic DNA and construction of clone libraries.

Soil DNA was extracted from a 0.5-g subsample of soil using the

PowerSoil® MO BIO kit (MO BIO Laboratories Inc., Carlsbad, CA, USA).

DNA quality was checked by a ND-1000 spectrophotometer (NanoDrop
Technology, Wilmington, DE, USA). The primer pairs Arch-amoAF and
Arch-amoAR (Francis et al. 2005) and amoA 1F and amoA 2R
(Rotthauwe et al. 1997) were used to perform PCR amplification of AOA
and AOB partial amoA genes, respectively. A part of the functional nirK
gene, encoding copper-containing nitrite reductase, was PCR-amplified
using the primer pair nirK 1F-nirK SR (Throbéack et al. 2004 ). PCRs were
performed using the thermal profiles shown in Table S3 (Online Resource
1). PCR amplicons were generated from 10 ng pL~!' genomic DNA in
volumes of 20 pL with 0.5 U of GoTaq® Hot Start Polymerase (Promega
Corporation, Madison, WI, USA), 10 nM of each primer, 0.2 mM of each
dNTP, 1.25 uM of MgCl,, and 1x reaction buffer, using the S1000 Thermal
Cycler™ (Bio-Rad, USA). Before ligation, the PCR amplicons were
checked by a spectrophotometer (NanoDrop Technology, Wilmington, DE,
USA) for quantity and quality then were ligated into the pGem®-T Easy
vector (Promega Corporation, Madison, WI, USA) and used to transform
XL10-Gold® ultracompetent Escherichia coli cells (Stratagene®, La Jolla,
CA, USA).

Each library (nine libraries for each microbial group) was screened for
colonies containing inserts of the correct size. At least 25 positive clones
per library were sequenced using Arch-amoAF, amoA 1F, and nirK 1F
primers for AOA, AOB, and nirK-type bacterial denitrifiers, respectively,
in an ABI Prism® 3730XL automated sequencer (Applied Biosystems,
Foster City, CA, USA) at the High-Throughput Genomics Unit (Seattle,
WA, USA).
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Phylogenetic analysis

Reference datasets of public sequences for each microbial group were
created using only sequences of pure cultured organisms (these alignments
are open-access at
https://sites.google.com/site/restomedpeatland/microbiology ). The
reference datasets were used for further alignment of the newly generated
sequences, after checking the quality of their electropherograms with
Vector NTI. Affiliations of the newly generated AOA, AOB, and nirK-type
denitrifier sequences were verified using the BLAST tool in GenBank. For
each microbial group, the alignments for constructing the phylogenetic
trees also included environmental GenBank sequences similar to ours
(>97 %). An alignment of 260 AOA sequences (223 newly generated
sequences, 9 from the reference dataset, 27 environmental sequences from
GenBank and Candidatus Nitrosocaldus yellowstonii as an outgroup) was
trimmed to the same length (ca. 450 bp). For AOB, an alignment of 246
sequences (212 newly generated sequences, 16 from the reference dataset,
18 environmental sequences from GenBank and Nitrosococcus oceani as
an outgroup) was trimmed to the same length (ca. 432 bp). For nirK-type
bacterial denitrifiers, an alignment of 142 sequences (104 newly generated
sequences, 25 from the reference dataset, 12 environmental sequences from
GenBank and Neisseria gonorrhoeae as an outgroup) was trimmed to the
same length (ca. 475 bp). All alignments were performed with the online
version of MAFFT 7 using default parameters (Katoh and Standley 2013).

Phylogenetic analyses were conducted using MEGA version 5.1 (Tamura
et al. 2011 ; http://www.megasoftware.net ) and the Kimura two-parameter
model (Kimura 1980). Neighbor-joining (NJ) trees were constructed with
1000 replicates to produce bootstrap values. The Mothur program (Schloss
et al. 2009) was used to assign sequences to molecular operational
taxonomic units (MOTUs) after calculating Jukes-Kantor pairwise
distances with PHYLIP (Felsenstein 1989). Similar sequences of AOA,
AOB, and nirK-type denitrifiers were clustered into MOTUs using 90, 95,
and 90 % i1dentity thresholds, respectively.

MOTU richness, Shannon and Simpson index, and Hill number were
calculated using Primer v6. The MOTU richness is the number of MOTU
(phylo-species) per sample. The Shannon index (H') was calculated by the
formula A’ = — Ypi In pi (pi is the relative abundance of the i!" MOTU
compared with all MOTUs identified in a sample) and represents a
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measure of diversity, where the greater the value, the greater the sample
diversity (values ranging from 0 to ). The Simpson index was calculated
as 1 — D, where D = Y (n / N)? (n = total number of organisms of a MOTU;
N = the total number of organisms of all MOTU). The value of 1 — D
represents a measure of diversity that is more sensitive to evenness and
gives more weigh to dominant species with respect to H'. 1 — D ranges
from O to 1, and the greater the value, the greater the sample diversity. The
Hill number was calculated as N| = exp.(#I") and represents a measure of
diversity more sensitive to rare species. N, ranges from 0 to co where the
greater the value, the greater the sample diversity.

Community sampling effort was verified by Coleman rarefaction curves
(Coleman 1981) in EstimateS version 9.1 (Colwell 2013;
http://purl.oclc.org/estimates ) using individual-based rarefaction curves
(Gotelli and Colwell 2001 ) with clones/sequences considered as units of
replication. All newly generated sequences were submitted to the EMBL
nucleotide sequence database, and the accession numbers were assigned
from LN823729 to LN823950 for AOA, from LN828351 to LN828561 for
AOB, and from LN828562 to LN828664 for nirK-type bacterial
denitrifiers.

Statistical analyses

Dependent variables were analyzed by ANCOVA with land-use
intensification as a fixed factor and spatial coordinates of the plots
(latitude/longitude) as covariables. In this way, we factored out the plot-
distance variable, which may have affected responses of the dependent
variables, allowing the most rigorous comparison among treatments. To
use the spatial coordinates in the ANCOVAs, they were transformed into
radians and then standardized.

All data were transformed when necessary to fulfill assumptions of the
ANCOVA. The LSD significant difference test was used for comparisons.
When assumptions of the ANCOVA were not fulfilled, data were analyzed
using the Kruskal-Wallis non-parametric test, followed by Mann-Whitney
U post hoc tests. All analyses were performed in SPSS version 21.0 (SPSS
Inc., Chicago, IL, USA).

The partial redundancy analysis (pRDA) linear method (ter Braak and
Smilauer 2012) was used, since the length of the gradient of the detrended
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correspondence analysis was less than four. The pRDAs were used to
investigate the influence of land use or soil physico-chemical properties
(used as explanatory variables) on community composition (relative
abundance of MOTUs) of AOA, AOB, and nirK-type denitrifiers (used as
response variables). Monte-Carlo permutation tests were performed using
499 random permutations (unrestricted permutation) to determine the
statistical significance of relations between explanatory and response
variables.

The variation partitioning test (VarPart) by redundancy analysis (RDA)
was performed to assess the unique and shared contributions of the degree
of land-use intensification and significant soil physico-chemical properties
in explaining the community composition of each microbial group studied.
The shared partition represents the variation in the response data that could
be explained by both explanatory variables. VarPart was performed by
applying a model that tested the unique effects of predictors (VarPart-2-
groups-Conditional effects-tested) with independent stepwise selection of
explanatory variables in each of the two groups of predictors (ter Braak
and Smilauer, 2012) and by applying the approach described by Legendre
(2008). All multivariate analyses were performed with CANOCO 5 (ter
Braak and Smilauer 2012).

Results

Effect of land-use intensification on phylogenetic
diversity and abundances of AOA and AOB

From screening the clone libraries, a total of 221 and 202 positive clones
of AOA and AOB were obtained, respectively. For AOA, 58 positive
clones were obtained from HI, 92 from LI, and 71 from ZI soils. For AOB,
63, 74, and 65 positive clones were obtained for HI, LI, and ZI,
respectively. AOA sequences were grouped in 13 MOTUs (Fig. 1; Online
Resource 2: Fig. Sla, b). A total of 7, 11, and 8 MOTUs were retrieved
from the soils of HI, LI, and ZI, respectively. All MOTUs were
phylogenetically affiliated to uncultured Thaumarchaeota, except for
Nitrosotalea 1 AMASS (1) and Nitrosoarchaeum 1 AMASS (4), which
were affiliated to Nitrosotalea sp. and Nitrosoarchaeum sp., respectively.
All uncultured MOTUs and Nitrosoarchacum 1 AMASS (4) were
affiliated to the thaumarchaeal lineage I.1a, while Nitrosotalea 1 AMASS
(1) was affiliated to the I.1a-associated lineage. As shown in the pie charts
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of the NJ tree (Fig. 1), two MOTUs were retrieved exclusively from LI
soils (AOA 6 MASS and AOA 7 AMASS), while one
(AOA_10_AMASS) was exclusively found in ZI soils. In contrast,
Nitrosotaleal AMASS, AOA 1 AMASS, and AOA 5 AMASS showed
ubiquitous behavior. Nitrosotaleal AMASS was mainly present in HI soils
and Nitrosoarchaeum 1 AMASS in HI and LI soils. No significant
difference among land-use types was found based on diversity indices and
relative abundances (Table 1; Online Resource 2: Fig. S2a). MOTU
richness ranged from 4.0 to 6.0 in HI and ZI soils , respectively (Table 1).
The Shannon and the Simpson indices ranged from 0.84 to 1.33 and from
0.42 to 0.60 in HI and LI, respectively, while the Hill number ranged from
2.48 to 3.91 in HI and ZI, respectively.

Fig. 1

Neighbor-joining (NJ) tree of ammonia-oxidizing archaea (AOA) sequences
from soil under three levels of land-use intensification: high intensity (HI;
maize monoculture), low intensity (LI; extensive grassland), and zero
intensity (ZI; agricultural soil left abandoned). NJ is based on the functional
archaeal gene amoA (=450 bp; Arch-amoAF/Arch-amoAR fragment) and is
composed of 223 newly generated sequences plus 9 from a reference dataset
and 27 environmental sequences from GenBank (similarity >97 %). The tree
is rooted with Candidatus Nitrosocaldus yellowstonii. In the collapsed NIJ
tree, black triangles represent the 13 archaeal molecular operational
taxonomic units (MOTUs) retrieved in the study. The sequences obtained
were affiliated to Nitrosotalea sp. (1), Nitrosoarchaeum sp. (4), and
uncultured Thaumarchaeota (2, 3, 5, 6, 7, 8, 9, 10, 11, 12, 13). For each
MOTU, the proportions of sequences retrieved from each land-use type (HI,
red; L1, yellow; Z1, green) are shown in the pie charts. Accession numbers of
sequences obtained in the present study are shown in Fig. S3S1. Bootstrap
values (based on 1000 replicates) are shown at the nodes. The scale bar
indicates substitutions per site. Parentheses indicate the classification
according to Pester et al. (2011). The name of each MOTU is composed of
the name of the closest phylogenetically affiliated group, a serial number,
and the acronym of the experimental site. Please refer to the web version of
this article for interpretation of the colors in this figure
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Nitrosotalea_1_AMASS

™ AOA_1_AMASS

= AOA_2_AMASS
‘ij«iNltrumarchaeuml_AhlﬁSS
4 AOA_3_AMASS

Uncultured archacon clone AZ819 (sediment) JN 180028

H ——2— AOA_4_AMASS

“Sl AOA_S_AMASS

_ﬂ:l;multumd crenarchaecte clone (sandy soil) DO534828
= ADA_G_AMASS

Unculiured cremarchasote clone (alpine soil) DOQS34700
-IE AOA_7_AMASS
&= AOA_8_AMASS

e Uimicut Mtureed cremarchacate (sonl) ELS1572T
nl- candicatis Nitrosospher gargensis ELLZE13 18
coreliceres MNitrososphern gargensis ELIZE1321
candickains Nitrososphera viennensis FRTT3159

Table 1

Richness, Shannon index, Hill number, and Simpson index based on molecular oper
archaea (AOA), ammonia-oxidizing bacteria (AOB), and nirK-type denitrifier bact
intensification: high intensity (HI; maize monoculture); low intensity (LI; extensive
abandoned)

’ Parameter HI | LI ‘ VA | ‘ HI | LI
MOTU

richness 4.00 £1.00* 5.67+0.88 6.00+1.15 3.66+0.67 5.00=+0.58

?ﬁ;;;on 0.84+028 133+0.14 1.29+029 0.85+0.15 0.89+0.34

Hill 248+0.61 3.84+050 3.91+0094 239036 3.39£0.15
number a b

QTN 0425014 0.67£004 0.60+013 JAOFOTE 635034

#Values are means + SE of three replicate plots for each land-use type. For each pe
letters are statistically different among land-use types according to ANCOVA and-
the ANCOVA were not fulfilled, data were analyzed using the Kruskal-Wallis non-
post hoc test
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e AQA_9_AMASS
Uncultured crenarchaeote (upland agriculiural soil) AB353466
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— AOA_II_AMASS

Cemddigenters Mitrosocildus yellowstonn EL2E
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AOB sequences were grouped into 11 MOTUSs. A total of five, eight, and
eight were retrieved from the soils of HI, LI, and ZI, respectively (Fig. 2;
Online Resource 2: Fig. S3a, b). Six out of 11 MOTUs (AOB1_AMASS,
AOB2 AMASS, AOB3 AMASS, AOB4 AMASS, AOB5 AMASS,
AOB6 _AMASS) were phylogenetically affiliated to uncultured AOB,
while four (Nitrom 1 AMASS, Nitro sp 1 AMASS,
Nitro_sp 2 AMASS, Nitro_sp 3 AMASS, and Nitro_sp 4 AMASS)
were closely related to sequences of cultured isolates of Nitrosospira sp. (B
AOB). According to the classification of Purkhold et al. (2000) and Zhang
et al. (2009), Nitro m 1 AMASS and Nitro sp 3 AMASS fell into
cluster 3, while Nitro sp 1 AMASS and Nitro_sp 4 AMASS fell into
cluster 2 and Nitro_sp 2 AMASS into cluster 0. As shown in the pie
charts of the NJ tree (Fig. 2), three MOTUs were retrieved exclusively in
Z1 soils (Nitro m1_AMASS, AOB3 AMASS, AOB5 AMASS), while
Nitro_sp 4 AMASS was found exclusively in LI soils. In contrast,
AOB1 AMASS, AOB2 AMASS and Nitro sp 1 AMASS showed
ubiquitous behavior. The Hill number and the Simpson index were
significantly affected by land-use intensification, with lower values
observed in HI than in other land uses (Table 1). MOTU richness ranged
from 3.6 to 6.7 in HI and ZI soils , respectively, while the Shannon index
ranged from 0.85 to 1.53 in HI and ZI soils, respectively. Regarding
relative abundances (Online Resource 2: Fig. S2b), only
Nitros_sp 1 AMASS (cluster 2) was significantly higher in HI soils than
in those of LI soils (P < 0.05).

Fig. 2

Neighbor-joining (NJ) tree of ammonia-oxidizing bacteria (AOB) sequences
from soil under three levels of land-use intensification: high intensity (HI;
maize monoculture), low intensity (LI; extensive grassland), and zero
intensity (ZI; agricultural soil left abandoned). NJ is based on the functional
bacterial gene amoA (=432 bp; amoA 1F/—amo 2R fragment) and is
composed of 212 newly generated sequences plus 16 from a reference
dataset and 18 environmental sequences from GenBank. The tree is rooted
with Nitrosococcus oceani. In the collapsed NI tree, black triangles
represent the 11 bacterial molecular operational taxonomic units (MOTUs)
retrieved in the study. The sequences obtained were affiliated to Nitrosospira
sp. (2, 6, 7,9, 11) and uncultured AOB (1, 3, 4, 5, 8, 10). For each MOTU,
the proportions of sequences from each land-use type (HI, red; LI, yellow;
Z1, green) are shown in pie charts. Accession numbers of sequences obtained
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in the present study are shown in Fig. S5S3. Bootstrap values (based on
1000 replicates) are shown at the nodes. The scale bar indicates substitutions
per site. Parentheses indicate the classification according to Purkhold et al.
(2000). The name of each MOTU is composed of the name of the closest
phylogenetically affiliated group (Nitro m Nitrosospira multiformis;
Nitro sp Nitrosospira sp.), a serial number, and the acronym of the
experimental site. Please refer to the web version of this article for the
interpretation of the colors in this figure
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Nitrasacooous oceani AFRTIOA

Rarefaction curves showed that the sampling effort was sufficient for both

AOA and AOB, since the accumulation curves reached the asymptote
(Online Resource 2: Fig. S4a, b).

Effect of land-use intensification on phylogenetic
diversity and abundance of nirK-type denitrifier bacteria

A total of 103 positive clones of nirK-type denitrifier bacteria (nirK) were
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obtained from screening the clone libraries. In detail, 51 and 52 positive
clones were obtained from LI and ZI soils, respectively, while from HI
soils, despite modifying PCR conditions (e.g., annealing temperature,
master mix component, primer and template concentration), no nirK gene
fragments were amplified.

NirK-type sequences were clustered in 12 MOTUs (Fig. 3; Online
Resource 2: Fig. S5). All 12 MOTUs were retrieved in LI soils, whereas
only seven were retrieved in ZI soils. It is notable that no nirK sequences
were retrieved in Hlsoils. All MOTUs were phylogenetically affiliated to
uncultured denitrifying bacteria, except for Bradyrhizo 1 AMASS (2) and
Mesorhizo 1 AMASS (9), which were affiliated to Bradyrhizobium sp.
and Mesorhizobium sp., respectively. As shown in the pie charts of the NJ
tree (Fig. 3), five MOTUs (nirK 3 AMASS, nirK 4 AMASS,
nirK 5 AMASS, nirK 6 AMASS, and nirK 10 AMASS) related to
uncultured nirK were retrieved exclusively in LI. MOTU richness ranged
from 0.00 to 6.33 in HI and LI soils, respectively (Table 1). Regarding
MOTU richness and diversity indices, significant differences were
observed between HI and LI/ZI soils (Online Resource 2: Fig. S2¢). The
Shannon index, Simpson index, and Hill number ranged from 0.00 to 1.59,
from 0.00 to 0.75, and from 0.00 to 4.93 in HI and LI, respectively (Table
1). The relative abundances of nirK-type denitrifier bacteria (Fig S2¢
Online Resource 2) demonstrated that nirK 4 AMASS and
nirK 10 _AMASS were significantly higher in LI and ZI than in HI

(P <0.05).

Fig. 3

Neighbor-joining (NJ) tree of nirK-type denitrifier sequences from soil under
three levels of land-use intensification: high intensity (HI; maize
monoculture), low intensity (LI; extensive grassland), and zero intensity (ZI;
agricultural soil left abandoned). NJ is based on the functional bacterial gene
nirK (=475 bp; nirK1F/nirK5R fragment) and is composed of 104 newly
generated sequences plus 25 from a reference dataset and 12 environmental
sequences from GenBank. The tree is rooted with Neisseria gonorrhoeae. In
the collapsed NJ tree, black triangles represent the 12 bacterial molecular
operational taxonomic units (MOTUs) retrieved in the study. The sequences
obtained were affiliated to Bradyrhizobium sp. (2), Mesorhizobium sp. (9),
and uncultured nirK copper-containing nitrite reductase bacteria (1, 3, 4, 5,
6,7,8,10, 11, 12). For each MOTU, the proportions of sequences from each
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land-use type (HI, red; LI, yellow; Z1, green) are shown in pie charts.
Accession numbers of sequences obtained in the present study are shown in
Fig. S7. Bootstrap values (based on 1000 replicates) are shown at the nodes.
The scale bar indicates substitutions per site. The name of each MOTU is
composed of the name of the closest phylogenetically affiliated group, a
serial number, and the acronym of the experimental site. Please refer to the
web version of this article for the interpretation of the colors in this figure
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Rarefaction curves showed that the sampling effort was sufficient, since
the accumulation curves reached the asymptote (Online Resource 2: Fig.
S4c).

Effect of land-use intensification and soil physico-
chemical properties on the community composition of
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AOA and AOB

The pRDA showed that land-use intensification significantly affected AOA
and AOB community composition (Fig. 4a, b). Regarding AOA, the first
two axes explained 32.1 % (Fig. 4a), and the Monte-Carlo permutation test
indicated that the AOA community in ZI differed from those in the other
land uses (P = 0.036). Specifically, AOA 10 _AMASS was preferentially
associated with ZI, while AOA 6 AMASS and AOA 7 AMASS were
associated with LI and Nitrosotalea 1 AMASS with HI. Similarly, the
AOB community in ZI differed from those in the other land uses

(P =0.020) (Fig. 4b). In this case, the first two axes explained 46.2 % of
the total variance. Specifically, Nitrom_ 1 AMASS, AOB_3 AMASS, and
AOB_5 AMASS were preferentially associated with ZI, while AOB_4 (5)
and Nitro_sp4 AMASS were associated with HI and LI, respectively.

Fig. 4

Partial redundancy analysis (pRDA) biplots based on relative abundances of
molecular operational taxonomic units (MOTUs) of a ammonia-oxidizing
archaeca (AOA), b ammonia-oxidizing bacteria (AOB), and ¢ nirK-type
denitrifier bacteria, used as response variables, and three levels of land-use
intensification, used as environmental variables. Land uses were high
intensity (HI; maize monoculture), low intensity (LI; extensive grassland),
and zero intensity (ZI; agricultural soil left abandoned). Spatial coordinates
of the plots (latitude/longitude) were used as covariables. The sum of the
variance explained by the 1st and 2nd axes together accounted for 32.1, 46.2,
and 46.3 % of the total variance of a, b, and ¢, respectively. The Monte-
Carlo permutation test showed that AOA, AOB, and nirK-type denitrifier
compositions were significantly different between Z1 and HI/LI (P = 0.036,
P =0.020, and P = 0.016, respectively). In the case of nirK-type denitrifiers,
no sequences were retrieved in HI, and the Monte-Carlo permutation test
showed a difference between HI and LI (P = 0.002). The name of each
MOTU is composed of the name of the closest phylogenetically affiliated
group, a serial number, and the acronym of the experimental site. Please
refer to the web version of this article for the interpretation of the colors in
this figure
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The pRDA showed that soil physico-chemical properties significantly
affected AOA and AOB community composition (Fig. 5a). The first two
axes explained 40.4 and 45.0 % of the total variance for AOA and AOB,
respectively (Fig. 5a). ExchCa and the clay percentage of the soil mineral
component revealed significant soil physico-chemical drivers of AOA
composition (Monte-Carlo permutation test and stepwise selection

P =0.014 and P = 0.032, respectively), while bulk density and ExchCa
drove AOB composition (Monte-Carlo permutation test and stepwise
selection P =0.014 and P = 0.036, respectively) (Fig. 5b).

Fig. 5

Partial redundancy analysis (pRDA) biplots based on relative abundances of
MOTUs of a ammonia-oxidizing archaea (AOA), b ammonia-oxidizing
bacteria (AOB), and ¢ nirK-type denitrifier bacteria, used as response
variables, and soil physico-chemical parameters, used as environmental
variables. Spatial coordinates of the plots (latitude/longitude) were used as
covariables. The sum of the variance explained by the lst and 2nd axes
together accounted for 40.4, 45.0, and 49.6 % of the total variance of a, b,
and ¢, respectively. Bold red arrows show the significant soil physico-
chemical parameters selected after the Monte-Carlo permutation test and
stepwise selection (P < 0.05). Significant soil physico-chemical parameters
were exchangeable calcium (ExchCa) and the clay percentage of the soil
texture for the AOA community, ExchCa and bulk density (BD) for the AOB
community, and ammonium (NH4+), the silt percentage of the soil mineral
component, and exchangeable potassium (ExchK) for the nirK-type
denitrifiers. The name of each MOTU is composed of the name of the closest
phylogenetically affiliated group, a serial number, and the acronym of the
experimental site. Please refer to the web version of this article for the
interpretation of the colors in this figure
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The negative value of the shared variation fraction in AOA indicates that
the joint explanatory effect of the two groups of variables, namely, land-
use intensification and physico-chemical properties, is stronger than the
sum of their marginal effects (Table 2). By contrast, VarPart of AOB
composition showed that land-use intensification contributed more than
soil physico-chemical properties to the shaping of the community.

Table 2

Results of variation partitioning by redundancy analysis (RDA) on the significant
drivers of community composition of ammonia-oxidizing archaea (AOA), ammonia-
oxidizing bacteria (AOB), and nirK-type denitrifier bacteria (nirK) in soils under
different degrees of land-use intensification: high intensity (HI; maize monoculture);
low intensity (LI; extensive grassland), and zero intensity (ZI; agricultural soil left
abandoned)

S(c):)l nrlnnilcurltl)il;;al Driver df Explain(e(go ;'ariance

a 2 364
b (ExchCa + clay) 2 70.0

AOA c (a and b) - —64
Total explained 4 100.0
Total variation g8 -
a 2 66.6
b (ExchCa + BD) 2 282

AOB c (aand b) - 52
Total explained 4 100.0
Total variation 8 -
a 2 149
b + 3 434
(Silt + NH, " + ExchK)

nirk ¢ (a and b) _ 418
Total explained 5 100.0
Total variation g8 -

The unique contributions of drivers (a = land-use intensification; b = soil
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physico-chemical parameters) and mutual overlaps (c) are shown. Variation was
adjusted as described in Legendre (2008)

ExchCa exchangeable calcium, BD bulk density, NH," ammonium, ExchK
exchangeable potassium

Effect of land-use intensification and soil physico-
chemical properties on the community structure of nirK-
type denitrifier bacteria

The pRDA showed that land-use intensification and soil physico-chemical
properties significantly affected nirK-type community composition (Figs.
4c¢ and 5c¢). Regarding land-use intensification, the first two axes
explained 46.3 % of the total variance, and the Monte-Carlo permutation
test indicated that the nirK-type community in HI differed from those in
the other land uses (P = 0.050), since no nirK-type gene fragments were
amplified in the former. In addition, nirK-type composition in LI differed
from that in ZI (P = 0.016). Specifically, five MOTUs affiliated with
uncultured nirK-denitrifying bacteria (nirK 3 AMASS, nirK 4 AMASS,
nirK 5 AMASS, nirK 6 _AMASS, and nirK 10 _AMASS) were
preferentially associated with LI.

Regarding soil physico-chemical properties, the first two axes explained
49.6 % of the total variance (Fig. 5c), and according to the Monte-Carlo
permutation test and stepwise selection, the silt percentage of the soil
mineral component (P = 0.020), NH," (P = 0.026), and ExchK (P = 0.050)

were the significant drivers.

VarPart of the nirK-type composition showed that most of the contribution
was shared between land-use intensification and NH," (Table 2).

Discussion

This study provides the first insights on the impact of land-use
intensification and soil properties in shaping the composition of N-cycling
communities in Mediterranean peaty soils drained for agricultural
purposes. A continuous maize cropping system (HI) was compared to an
extensive grassland (LI) and to an agricultural soil left abandoned for

15 years (ZI). Phylogenetic and multivariate analyses showed that (1) the
majority of sequences of AOA and AOB grouped within the Nitrosotalea
and Nitrosospira clusters, respectively; (i1) uncultured denitrifying bacteria
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were unique to our soil; (ii1) land-use intensification shaped the
composition of N-cycling communities; (iv) ammonia-oxidizing
communities were driven by the clay percentage of the soil mineral
component (AOA), bulk density (AOB), and exchangeable calcium (both
AOA and AOB); and (v) nirK-type bacterial denitrifiers were shaped by
the silt percentage of the soil mineral component, NH,", and exchangeable
potassium.

Effect of land-use intensification and soil properties on
phylogenetic diversity and abundances of AOA and AOB

Phylogenetic analyses of AOA showed that most sequences were grouped
in Nitrosotalea, while some were grouped in the
Nitrosoarcheum/Nitrosopumilus cluster. This is similar to previous findings
obtained from soils of peatlands, forests, paddies, and grasslands
(Herrmann et al. 2012 ; Puglisi et al. 2014 ; Zhao et al. 2015) and contrasts
with other studies that observed the dominance of Nitrososphaera in
agricultural soils and grasslands (He et al. 2007 ; Shen et al. 2008 ; D1 et al.
2009; Chen et al. 2014). All other sequences grouped in clusters related to
the lineages 1.1a and 1.1a-associated, which are often retrieved in
agricultural acidic soils (Zhalnina et al. 2012 ; Zhang et al. 2012). The
presence of sequences with similarities to Nitrosotalea devanaterra
increases the number of studies that reported the presence of this
microorganism in peaty soils and strengthens its role in the explanation of
ammonia oxidation processes in acidic soils (Herrmann et al. 2012 ; Puglisi
et al. 2014). Although no differences were found among the diversity
indices of the three land-use types, their values fell within previously
observed ranges (Xu et al. 2012 ; Wang et al. 2014 ; Zhao et al. 2015).

Phylogenetic analyses of AOB showed that most sequences were affiliated
with Nitrosospira clusters, whereas other sequences showed no similarity
with any known cultivated species. This finding agrees with previous
studies that demonstrated a clear dominance of Nitrosospira-like sequences
in agricultural soils (Bruns et al. 1999 ; Phillips et al. 2000; He et al.
2007 ; Chen et al. 2014). Across all three land-use types, most sequences
were affiliated with cluster 2 (Nitro sp 1 AMASS and
Nitro_sp 4 AMASS), which is commonly retrieved in acidic soils, such as
under forests and peatlands (Stephen et al. 1996 ; Kowalchuk et al. 2000
Herrmann et al. 2012). In LI and Zlsoils, we found several sequences
affiliated with cluster 0 (Nitro sp 2 AMASS) since they are typically
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retrieved in undisturbed and unfertilized grasslands and high NH,
concentrations inhibit their growth (Kowalchuk et al. 2000; Webster et al.
2002 ; Tourna et al. 2010). In addition, as in managed soils, sequences
affiliated with Nitrosospira cluster 3 (Nitrom_1_ AMASS and
Nitro_sp 3 AMASS) were mainly retrieved in HI and LI soils (Kowalchuk
et al. 2000 ; Phillips et al. 2000; He et al. 2007 ; Shen et al. 2008). Values
of the Shannon index fell within previously observed ranges (Zhao et al.
2015), and, in agreement with other studies (Phillips et al. 2000 ; Carney
et al. 2004 ), it did not change between uncultivated and cultivated soils. In
contrast, the significantly lower value of the Simpson index and Hill
number in HI soils with respect to LI/ZI soils demonstrated that land-use
intensification determined a decrease of abundance of both dominant and
rare species.

Finally, both groups of ammonia oxidizers had lower MOTU richness than
those detected in other studies (Carney et al. 2004 ; Zhao et al. 2015),
suggesting that the low pH and high contents of humic acids and organic C
in peaty soils have a selective pressure on the richness of these microbial
groups (Gubry-Rangin et al., 2010; Herrmann et al. 2012; Yao et al.
2013).

Effect of land-use intensification and soil properties on
phylogenetic diversity and abundance of nirK-type
denitrifier bacteria

Similar to results of Priemé et al. (2002 ) for nirS-type denitrifier bacteria,
the absence of nirK-type bacterial sequences in HI may be due to HI
having the lowest pH of the land-use types studied. It is worth to specify
that the absence of nirK-type bacterial sequences in HI does not
necessarily imply that the denitrification process is inhibited. Denitrifying
microorganisms may have nirS or nirK gene, and they are mutually
exclusive and functionally redundant. The niche segregation between the
two different types of nitrite reductases (nirS and nirK) has been widely
reported to be linked to the differential effect of the soil physico-chemical
properties on the two genes even at farm scale (Philippot et al. 2007;
Enwall et al. 2010).

Phylogenetic analyses of the nirK-type denitrifier bacterial sequences
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retrieved showed that most sequences in LI and ZI were grouped in
uncultured denitrifying bacteria mainly found in acidic soils. These
sequences, similar to those previously detected in paddy and agricultural
soils (Yoshida et al. 2009 ; Pastorelli et al. 2011, 2013 ), showed a high
similarity with Rhizobiales (Bradyrhizobiaceae and Phyllobacteriaceae).
The sequences belonging to nirK 2 AMASS, nirK 4 AMASS, and nirk
5 AMASS were not similar to any other sequences available in the
GenBank database, indicating that they were unique to our soil.

Effect of land-use intensification and soil physico-

chemical properties on the community composition of
AOA and AOB

Our study showed that land-use intensification shaped the soil community
composition of both AOA and AOB. Specifically, both community
compositions in ZI differed from those occurring in the more intensive
agrosystems. This finding agrees with observations in a wide variety of
soils where the community composition of ammonia oxidizers in arable
land and improved grasslands are clustered together and differ from those
under less-intensive land uses (Bruns et al. 1999 ; Philippot et al. 20007;
He et al. 2007; Yao et al. 2013). Among soil properties, clay percentages
of soil texture and bulk density were significant drivers of AOA and AOB
community composition, respectively. This agrees with several studies that
examined ammonia-oxidizing communities across agricultural soils and
demonstrated that soil texture, aggregate size, and clay content affect the
composition of N-cycling microbes (i.e., clay fractions in soils can form
microaggregates and macroaggregates and provide microaerophilic or
anaerobic conditions that are propitious for N-cycling microbial
communities) (Wessén et al. 2011 ; Pereira e Silva et al. 2012 ; Zhalnina et
al. 2012 ; de Gannes et al. 2014). Similar to observations of Yao et al.
(2013), ExchCa was also found to be a significant driver of both ammonia

oxidizing communities. This parameter may affect microbes by changing
soil aggregation, boosting bridges between charged clay particles and
humic acids (Muneer and Oades, 1989), and by increasing the nitrification
potential (de Gannes et al. 2014). Based on VarPart, soil physico-chemical
properties and land-use intensification were detected as major factors
shaping the community composition of AOA and AOB, respectively.
Concerning AOB, this agrees with previous observations in a wide soil
survey (Yao et al. 2013).
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Effect of land-use intensification and soil physico-
chemical properties on the community structure of nirK-
type denitrifier bacteria

Land-use intensification affected the community composition of nirK,
since no nirK sequences were retrieved in HI soils and the community
compositions in LI and ZI soils differed. Along with these findings,
previous studies reported a strong impact from tillage and fertilization on
nirK community composition and a strong decrease in nirK-gene copy
numbers due to land-use intensification and the use of nitrate fertilizers
(Hallin et al. 2009; Smith et al. 2010; Dandie et al. 2011 ; Pastorelli et al.
2013). In this regard, the absence of nirK-type denitrifers in the HI land
use does not necessarily imply a reduction of the denitrification activity
since changes in the community composition of nirK denitrifiers were
demonstrated not to be strongly correlated with changes in the
denitrification activity (Wertz et al. 2009; Yu et al. 2014).

Regarding soil properties, in agreement with previous studies on
agricultural soils and forests (Pastorelli et al. 2011), silt percentage of the
soil mineral component was a significant driver of nirK community
composition. Moreover, soil NH," concentration was negatively correlated
with nirK relative abundances since the vectors representing the relative
abundances of the MOTUs of AOA, AOB, and nirK-type denitrifiers (i.e.,
response variables) describe an angle >90° with the vector representing the
explanatory variable NH,". In addition, soil NH," concentration was found
to be the major driver of nirK community composition, similarly to the
observations of Szukics et al. (2010) and Kastl et al. (2015). Based on
VarPart, we can assert that soil properties (namely, silt, NH,", and ExchK)
are the primary determinants of nirK community composition, which
agrees with observations in agricultural soils by Pastorelli et al. (2011).

Since no information was previously available about the impacts of land-
use intensification on the composition of N-cycling communities in
Mediterranean peaty soils, our characterization of ammonia-oxidizing
microbes and denitrifiers and the definition of their major drivers in
shaping such communities are of great value. In such regard, understanding
the drivers affecting N-cycling communities of Mediterranean peatlands
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can be critical to develop appropriate agricultural strategies aiming to
optimize the management of soil microbes in order to enhance the
efficiency of N fertilization by reducing N losses. Future work should also
focus on understanding the changes of the community composition and
activity of nirS denitrifiers that are shown to be mutually exclusive with
nirK in several environments.
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