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A B S T R A C T

The use of glyphosate has been continually increasing world-wide. Microbes involved in the soil nitrogen cycle,
particularly the ammonia-oxidizing bacteria and archaea (AOB, AOA) that perform the rate-limiting step in
nitrification, i.e. the oxidation of ammonia to nitrite, are recognized to be sensitive to pesticide application.
However, knowledge about the effects of glyphosate on these microorganisms is limited, and no reports exist
about the impacts of simultaneous application of this herbicide and N fertilization, particularly with culture-
independent approaches. The aim of this study was to assess the non-target effect of glyphosate on overall
microbial activity and nitrification activity, as well as the dynamics of nitrifying populations, in a soil with the
addition of N fertilizer. Microcosms were prepared with the amendments: Fertilizer [(NH4)2PO4, 335 mg kg−1

soil], Glyphosate + Fertilizer [G + F, 150 mg kg−1 soil plus dose of F], or Control [CT, water]. Triplicate
microcosms were destructively sampled over 1 month and analyzed for nitrate production (N-NO3). Soil DNA
was extracted and copies of 16S rRNA and bacterial and archaeal amoA genes were measured by quantitative
PCR, while AOB community structure was analyzed by denaturant gradient gel electrophoresis (DGGE).

Results showed a significant interaction (P < 0.01) between amendment and sampling date effects for N-
NO3. The fertilized treatments did not differ in their N-NO3 concentration, and had higher N-NO3 levels than CT
at all sampling dates except day 4. The qPCR analyses of total bacteria and nitrifying prokaryotes, revealed that
amoA gene of AOA (∼1 × 107 copies μg−1 DNA, on average for all amendments and sampling times) were more
abundant than AOB (∼9 × 105 copies μg−1 DNA, idem AOA) in this soil. This predominant group of nitrifiers
were not affected by treatments or incubation time. Conversely, amendment and incubation time showed a
significant interaction influencing AOB abundance (P < 0.001), as F and G + F microcosms had higher amoA
abundance than CT at 18 and 32 days after amendment. Total bacteria were not affected by amendments, and
decreased over the incubation (P < 0.001). This study shows that nitrification and AOB abundance are more
sensitive parameters to assess the combined impact of glyphosate and fertilizer on microbial communities, than
total bacteria or AOA. Non-target effects of glyphosate when combined with N fertilizer on nitrifying microbes
were not detected in this short-term incubation.

1. Introduction

Panels of experts have recently recommended that the assessment of
detrimental effects of agrochemicals on soil microbiota should be
conducted initially by lab-scale analysis followed by field scale studies,
using advanced tools to measure impacts on sensitive, key-ecological
microbial groups (EFSA Panel on Plant Protection Products and their

Residues, 2016; Karpouzas et al., 2016; Martin-Laurent et al., 2013;
Nienstedt et al., 2012). In this regard, chemolitho-autotrophic ammonia
oxidizing (AO) microorganisms have been recognized as suitable
microbial indicators in the environmental risk assessment of pesticides
(Hoshino et al., 2011; Karpouzas et al., 2016; Wessen and Hallin, 2011),
given their sensitiveness to a wide spectrum of chemicals (Corbel et al.,
2015; Deni and Penninckx, 1999; Hernández et al., 2011; Mertens et al.,

http://dx.doi.org/10.1016/j.apsoil.2017.04.012
Received 5 January 2017; Received in revised form 31 March 2017; Accepted 19 April 2017

⁎ Corresponding author.
E-mail address: mzabaloy@uns.edu.ar (M.C. Zabaloy).

Applied Soil Ecology 117–118 (2017) 88–95

0929-1393/ © 2017 Elsevier B.V. All rights reserved.

MARK

http://www.sciencedirect.com/science/journal/09291393
http://www.elsevier.com/locate/apsoil
http://dx.doi.org/10.1016/j.apsoil.2017.04.012
http://dx.doi.org/10.1016/j.apsoil.2017.04.012
mailto:mzabaloy@uns.edu.ar
http://dx.doi.org/10.1016/j.apsoil.2017.04.012
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsoil.2017.04.012&domain=pdf


2006; Puglisi et al., 2012; Rousidou et al., 2013) and the well-
established protocols to measure their activity, diversity and popula-
tions size (Feld et al., 2015; Hart et al., 1994; Okano et al., 2004).

The systemic, broad-range herbicide glyphosate [N-(phosphono-
methyl)-glycine] was first introduced in the market in 1974 by
Monsanto, under the commercial brand Roundup. Since then, the use
of glyphosate has been incessantly increasing world-wide and is
expected to reach 1.35 million metric tons by 2017, due mainly to its
adoption in soil conservation management systems, in transgenic
glyphosate-resistant crops and in other alternative uses (Cerdeira and
Duke, 2006; Duke and Powles, 2008; Newman et al., 2016). Glyphosate
is a potent inhibitor of aromatic amino acid synthesis in plants via the
disruption of the shikimic acid pathway (Duke and Powles, 2008). This
metabolic pathway is shared with several fungi and bacteria, which
accumulate and/or excrete intermediates such as hydroxybenzoic acids
(Duke et al., 2012; Fei et al., 2013; Zablotowicz and Reddy, 2004).

Although there is still discrepancy about the occurrence of undesir-
able non-target effects in exposed microbial communities, a recent
meta-analysis showed that glyphosate effects on soil microbial biomass
and respiration are highly variable and dependent upon concentration,
duration of exposure, soil organic carbon and pH (Nguyen Binh et al.,
2016). This study concluded that the toxicity or safety of glyphosate to
soil microbial communities need to be defined under specific soil
conditions, while recognizing the necessity of further exploration of
impacts of glyphosate by means of molecular methods (Nguyen Binh
et al., 2016). In particular, the direct and indirect effects (e.g. inhibition
of nitrification mediated by hydroxybenzoic acids (Duke and Hoagland,
1978; Jobidon et al., 1989)) of glyphosate on AO microbes has received
little attention and research available is scarce to draw any conclusion
(Hendricks and Rhodes, 1992; Martínez-Nieto et al., 2011; Zabaloy
et al., 2016).

Also of interest is the fact that fertilization with inorganic N may
modify the effects of pesticides on microbial communities, specifically
on non-target soil AO microorganisms (Feld et al., 2015 Muñoz-Leoz
et al., 2012; Rousidou et al., 2013) and that may hold true for
glyphosate as well (Nguyen Binh et al., 2016). The aim of this research
was to analyze the impacts of simultaneous application of glyphosate
with N fertilizer on the dynamics of nitrifying populations using
culture-independent, molecular approaches, as well as on overall
microbial activity and nitrification activity using integrative indicators.

2. Material and methods

2.1. Soil sampling

The sampling site is located in the NE of the Universidad Nacional
del Sur campus (38°41.64′ S, 62°14.46′W) Bahía Blanca, Argentina. The
soil is a sandy loam Petrocalcic paleustoll (Ap-A2-AC-C-Ck-2Ckm) with
the following characteristics of Ap-horizon: pH (1:2.5 soil:water) 7.6,
apparent density of 1.27 g cm−3; C, 29 g kg−1; N, 1.6 g kg−1 and
extractable (Bray) P, 18 mg kg−1. The mineralogy of this soils is
described as “mixed”, containing mainly illite, interstratified illite-
smectite and/or chlorite-smectite with other tectosilicates (< 2 μm) in
the clay fraction (Blanco et al., 2003). In November 2014, a composite
sample of 20 soil cores (0–10 cm depth) was taken randomly from an
area of about 400 m2 within a 2 ha plot that has been cultivated with
oats as cover crop for the last 15 years. Field moist soil was immediately
sieved (< 5.6 mm) for biological analysis and stored at 4 °C until use,
within 1 week. Two−gram aliquots were stored at −20 °C for DNA
analysis.

2.2. Experimental design and microcosm set-up

Microcosms were prepared in screw-capped plastic vials (150 cm3)
by weighing 50 g (dry-weight, DW) of field-moist soil. Microcosms
received the following treatments: Fertilizer (F, (NH4)2SO4,

335 mg kg−1 soil), Glyphosate+ Fertilizer (G + F, 150 mg kg−1 soil
plus the above dose of F), or Control (CT, only water added).
Ammonium sulfate used as N fertilizer was an analytical grade reagent
(Anedra, Argentina) and glyphosate was technical−grade N-(phospho-
nomethyl)glycine (95% purity, Nidera). Both chemicals were added to
the microcosms in distilled water, bringing the saturation percentage of
each soil flask to 60% (w/w). The fertilizer dose equals 71 mg N kg−1

soil which in turn represents a rate of 90 kg N ha−1, usual rate of N
fertilization in cereal crops and pastures in soils of this region.
Glyphosate dose represents a rate of 1.9 kg ha−1, assuming an interac-
tion of glyphosate with the soil profile of 10 mm depth. This herbicide
rate is about the amount of glyphosate routinely applied in crops and
pastures in the area. Temperature of incubation was 25 °C (in the dark).
Triplicate microcosms were destructively sampled at 4, 10, 18 and
32 days post treatment.

2.3. Microbial activity

Dehydrogenase activity (DHA) as a proxy of overall microbial
activity was determined in the microcosms sampled 4 and 32 days
after amendment (first and last sampling). Soil (3 g, DW) was incubated
with 4 ml of 60 mM phosphate buffer (pH 7.6) and 1 ml of 3%
triphenyltetrazolium chloride (TTC) aqueous solution at 37 °C for
24 h. The reduction of TTC yielded triphenylformazan (TPF) that was
extracted with 10 ml of acetone, and its concentration was determined
colorimetrically with photometer set at 505 nm (Zabaloy et al., 2008).

2.4. Soil extractable N-NO3 and potential nitrification activity

The transformation of the amended ammonium sulfate fertilizer was
followed by measuring the cumulative concentration of extractable N-
NO3

− in soil microcosms at all sampling dates. Soil aliquots of 5 g (DW)
of each microcosm were mixed with 25 ml of 1M KCl, shaken 30 min
and centrifuged and filtered until a clear filtrate was obtained. The
extracts were stored at −20 °C until analysis of N-NO3

−, by the vapor
distillation method with Devarda’s alloy and MgO (Mulvaney, 1976)
(analytical service provided by LANAIS, UNS–CONICET, Argentina).

The short-term assay to measure potential nitrification activity
(PNA) was done in the microcosms sampled 4 days after treatment
(first sampling only). Briefly, 15 g of soil (DW) were suspended in
100 ml of an aqueous solution containing 1 mM PO4

3− and 5 mM NH4
+

(pH 7.5) in a 250 ml Erlenmeyer flask (Hart et al., 1994). The soils
flasks were incubated in a rotary shaker at 22 °C ± 1 °C and 180 rpm,
for 24 h. Ten milliliters aliquots were withdrawn at 24 h, centrifuged
and filtered until a clear filtrate was obtained, as explained above for N-
NO3

− analysis.

2.5. Molecular analysis of microbial communities

Nitrifying populations’ dynamics were studied through Quantitative
Real Time PCR (qPCR). Microcosms sampled at 4, 18 and 32 days after
treatment, without fertilizer (CT) and with either F or G + F applica-
tions, were analyzed. Soil aliquots were processed with Power Soil DNA
Isolation kit (MoBio Inc., Carlsbad, CA) following manufacturer in-
structions. DNA quality was checked by gel electrophoresis in 0.9%
agarose, and quantitated with QuantiFluor dsDNA kit in a Quantus
fluorometer (Promega, Madison, WI).

2.5.1. Quantitative real time PCR (qPCR)
Quantitative PCR was used to measure abundance of 16S rRNA gene

and amoA genes, used as surrogates of population sizes of Eubacteria,
and AOB/AOA, respectively. However, no attempt was made to convert
copies into cell numbers to avoid introducing errors (e.g. an unknown
number of operons per cell in mixed bacterial communities). Primers
used for molecular analyses are listed in Table 1. Real time PCR master
mixes, reaction set-up and programs for 16S rDNA and amoA of AOB
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were as described previously by Zabaloy and colleagues (2016).
For archaeal amoA gene amplification, the reaction mixture con-

tained the following: 7.5 μl of PCR iTaq Universal SYBR Green
Supermix (2×; Bio-Rad Laboratories), 0.9 μl of each primer (10 μM
stocks, Invitrogen), 1 μl of template DNA (∼1–10 ng μl−1) and ultra-
pure water to 15 μl. The amplification program was as follows:
preincubation (95 °C, 5 min, one cycle), amplification (95 °C for 20 s,
55 °C for 30 s, 72 °C for 45s, 40 cycles), followed by melting curve
analysis (65–95 °C) in an ABI 7500 Real Time System (Applied
Biosystems, Foster City, CA). Prior to Q-PCR, a sample of agricultural
soil DNA was amplified with archaeal amoA primers (Table 1), the
resulting amplicon ligated to pJet 1.2/blunt plasmid using CloneJet
PCR Cloning kit (Fermentas, Vilnius, Lithuania), and this was used to
transform chemically competent E. coli DH5?? cells. A clone was
submitted to Macrogen Korea for sequencing of the 627 bp insert,
which showed 100% identity to amoA gene sequence of an uncultured
archaea in Genbank database (JQ406893.1). The standard curves for
amoA genes were prepared by tenfold serial dilution of linear plasmids
carrying the proper inserts, ranging from 106 to 102 copies, as described
recently (Zabaloy et al., 2016).

2.5.2. Analysis of AOB populations by DGGE
Shifts in the AOB community structure of soil microcosms treated

with either F or G + F, as compared to untreated CT, were assessed by
fingerprints of amoA gene by PCR-DGGE. The bacterial amoA gene was
amplified using a nested PCR approach (Nicolaisen and Ramsing,
2002). First PCR was done with the primer pair amoA-1F/amoA-2R
(Table 1) and second-round PCR was performed with primer pair
amoA-1F-GC/amoA-2R-TC clamp (Table 1) and subjected to DGGE
analysis. The detailed methodological procedure is extensively ex-
plained elsewhere (Zabaloy et al., 2016).

Digital gel images were processed using GelCompar™ II v. 4.6
(Applied Maths, Kortrijk Belgium). Optimum values for background
subtraction (background scale) and filtering (Wiener cut-off) of densi-
tometric curves were calculated from spectral analysis. The amoA PCR
amplicons of Nitrosomonas europea and uncultured bacteria 5-A51
(accession number KJ643949 in GenBank) were use as internal
reference positions for gel normalization (GelCompar II™ v. 4.6,
Software Manual). Analysis of normalized DGGE profiles was per-
formed through cluster analysis. Similarity matrices were obtained
through Pearson’s product–moment correlation coefficient (r) (Schäfer
and Muyzer, 2001) and clustered using the UPGMA algorithm
(Rademaker et al., 1999).

2.6. Statistical analysis

All data were inspected for normality and homogeneity of variances
with modified Shapiro-Wilks test on residuals and Levene test, respec-
tively, in addition to visual inspection of diagnostic plots (Crawley,
2007). One-way ANOVA was used for the analysis of PNA data, while
DHA, extractable nitrate and gene abundances were subjected to two-

way ANOVA (α=0.05). Significance of the F-values for the main factors
and the interaction term were considered with P< 0.05, while
marginally significant P-values are reported as such. Post hoc compar-
ison of means was done with Tukey’s HSD test (P < 0.05). Simple
linear regression analysis was used to describe the relationship between
soil extractable nitrate and amoA gene abundance (as log10 copies).
Potentially influential observations were removed from the analysis
after computing regression (leave-one-out deletion) diagnostics
(Crawley, 2007). All statistical analyses were conducted using R
v.3.1.1. (R Development Core and Team, 2013).

3. Results

3.1. Microbial activity

Microbial activity, as reflected by DHA, was affected by the
incubation time (P < 0.001, Fig. 1) but not by the amendments, and
the enzyme activity doubled over the incubation, on average for all
treatments.

3.2. Soil extractable N-NO3 and PNA

There was a highly significant interaction (P < 0.01) among
amendments and sampling dates for soil extractable N-NO3

− content,

Table 1
Primers used in this study.

Target group Primer Sequence (5′→ 3′) Size (bp) Reference

Eubacteria 338F ACTCCTACGGGAGGCAGCAG
518R ATTACCGCGGCTGCTGG 200 (Fierer et al., 2005)

AOB amoA-1F GGGGTTTCTACTGGTGGT
amoA-2R CCCCTCKGSAAAGCCTTCTTC 491 (Rotthauwe et al., 1997)
amoA-1F-clampa GGGGTTTCTACTGGTGGT
amoA-2R-TC CCCCTCTGCAAAGCCTTCTTC 531 (Nicolaisen and Ramsing, 2002)

AOA amoA-19F ATGGTCTGGCTWAGACG (Leininger et al., 2006)
CrenamoA616r48x GCCATCCABCKRTANGTCCA 624 (Schauss et al., 2009)

a The GC-clamp added to the forward primers for PCR-DGGE: 5′-CGCCCGGGGCGCGCCCCGGGCGGGGCGGGGGCACGGGGGG-3′ (Muyzer et al., 1993).

Fig. 1. Dehydrogenase activity in soil microcosms amended with either (NH4)2SO4 as
fertilizer (F), (NH4)2SO4 plus glyphosate (G + F), or untreated (CT, water as control), at
the first and last sampling dates (4 and 32 days after amendment). Reported values are
the mean of triplicate microcosms; error bars represent S.E. of the mean (n = 3). Different
uppercase letters show significant differences between sampling dates (ANOVA,
P < 0.05).
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so comparisons of amendments were considered for each sampling date
and vice versa. Initially (4 days after amendment), soil extractable N-
NO3

− concentration did not differ among CT and fertilized microcosms.
Later, the fertilized microcosms had higher N-NO3

− levels than the CT
soils, while F and G + F did not significantly differ in their N-NO3

−

concentration (Fig. 2). While N-NO3
− levels increased markedly in

fertilized treatments (F and G + F) at the second sampling date and
then stabilized, it remained invariable over the incubation in the CT
microcosms (Fig. 2).

Potential nitrification in fertilized microcosms tended to be higher
than the activity of the control, although there were no significant
differences among treatments (Fig. 3).

3.3. Abundance of nitrifying prokaryotes and total bacteria

The relationship between Ct values and gene copies for each target
gene was described by the following regression equations:
Ct = 38.81–3.45 log10 (gene copies) for 16S rRNA (R2 = 0.991),
Ct = 39.2–4.24 log10 (gene copies) for bacterial amoA (R2 = 0.988),

and Ct = 38.91–3.97 log10 (gene copies) for archaeal amoA
(R2 = 0.998). The calculated PCR efficiencies were: 95% for 16S
rRNA, 72.5% for bacterial amoA; and 78.6% for archaeal amoA.

Archaeal amoA copies were one order of magnitude higher than
bacterial amoA in this soil on average for all treatments and sampling
dates (Fig. 4a). This predominant group of nitrifiers were not affected
by amendments nor incubation time (Fig. 4a, Table 2). Conversely, the
significant interaction (P < 0.001) detected for AOB precludes any
generalization about the principal effects of amendment and incubation
time (Table 2). Instead, comparisons of amendments were considered
for each sampling date and vice versa. Bacterial amoA increased with
incubation time in all microcosms, but the increase was observed in
different sampling dates for CT and fertilized microcosms. While the CT
soil maintained an almost constant size of AOB populations during
incubation and only increased by the last sampling date, the fertilized
microcosms showed a faster increase, with higher bacterial amoA
abundance 18 and 32 days after fertilization with respect to the initial
sampling date (Fig. 4b). AOB were more abundant in F microcosms
than in CT 4 days after treatment, while G + F microcosms did not
differ significantly from CT and F. Later, in the third and last sampling,
both F and G + F amendments showed higher abundance of bacterial
amoA than CT (Fig. 4 b).

Total bacteria, as reflected by 16S rRNA gene abundance, were not
affected by amendments but significantly varied with sampling time
(P < 0.01; Table 2). The abundance of Eubacteria slightly decreased in
the third and last sampling with respect to the initial sampling date
(Fig. 4c). As observed for bacterial amoA abundance, the significant
interaction (P < 0.01) detected for the ratio between AOB: bacteria
(calculated as bacterial amoA to 16S rRNA gene log10 copies) precludes
generalizations about the principal effects of amendment and incuba-
tion time (Table 2). The AOB to bacteria ratio increased with time of
incubation, being significantly higher in the third and last sampling
with respect to the initial sampling date in F and G + F microcosms,
while in CT microcosms significantly increased only in the last sampling
with respect to the first (4 days after treatment) (Table 3). This ratio
was higher in F microcosms than in CT soils in the first sampling (4 days
after amendment); it was significantly higher in F and G + F micro-
cosms than in CT in the third sampling (18 days after amendment) and
it remained higher in F than in CT microcosms by the last sampling date
(32 days) (Table 3).

There was a significant interaction (P < 0.05) between amend-

Fig. 2. Dynamics of extractable N-NO3
− in soil microcosms amended with either (NH4)2SO4 as fertilizer (F), (NH4)2SO4 plus glyphosate (G + F), or untreated (CT, water as control).

Reported values are the mean of triplicate microcosms; error bars represent S.E. of the mean (n = 3).

Fig. 3. Potential nitrification activity in soil microcosms sampled 4 days after being
amended with either (NH4)2SO4 as fertilizer (F), (NH4)2SO4 plus glyphosate (G + F), or
untreated (CT, water as control). Reported values are the mean of triplicate microcosms;
error bars represent S.E. of the mean (n = 3).
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ment and sampling date in the AOA to AOB ratio (calculated as archaeal
amoA to bacterial amoA gene log10 copies) and comparisons of
amendments were considered for each sampling date, and vice versa
(Table 2). The AOA: AOB ratio significantly decreased in the last
sampling with respect to the initial sampling date in CT only, while
both F and G + F microcosms had lower ratios in the third and last
samplings compared to the first sampling (Table 3). The AOA: AOB
ratio was significantly lower in the F and G + F microcosms compared
to the CT soil 18 days after amendment, and was lower only in F with
respect to CT soils in the last sampling (Table 3).

A significant positive correlation between extractable N-NO3
− and

bacterial amoA gene abundance (as log10 copies) was observed
(r = 0.82, F(1,23) = 51.8, P < 0.001; Fig. 5). The regression equation
describing this relationship is:

N-NO3 (μg g−1 soil) = 60.08[μg−1 (log10 copies)−1] × log10 copies
amoA −307.41 μg g−1

Conversely, soil nitrate levels were uncorrelated to the abundances
of archaeal amoAmeasured in this experiment (r = 0.04, F(1,24) = 0.28,
P = 0.6; Fig. 5).

3.4. Structure of AOB community

Given the unresponsiveness of AOA in this experiment (based on the
above-mentioned results), we focused the analysis on the structure of
nitrifying populations of AOB only. DGGE patterns of amoA showed low
complexity, which suggests low diversity of AOB in this soil.
Dendrograms describing the effect of N fertilization alone or combined
with glyphosate on the AOB community composition showed separa-
tion of the G + F treatment from the CT and F microcosms at two
sampling dates (4 and 18 days after amendment), although the
differences in amoA fingerprints were small, as reflected by high

similarity among clusters (> 90% Pearson correlation) (Fig. S1).

4. Discussion

No significant impact on overall microbial activity, reflected by
dehydrogenase activity, of either N fertilizer alone or combined with
glyphosate was observed in this experiment. Remarkably, microbial
activity was sustained or even increased over the incubation (32 days).
This result is in line with those obtained in a plot-scale experiment set
in the same region and soil type, where field rates of glyphosate showed
no significant effect on microbial activity indicators (respiration and
DHA) in unfertilized soils (Zabaloy et al., 2016). Similarly, no con-
sistent significant effect on DHA was observed for a glyphosate
concentration equal to the dose used in the present study, in the

Fig. 4. Abundance of AOA (a) AOB (b) amoA gene and total bacteria 16S rRNA gene (c) copy numbers (log10 transformed) in soil microcosms amended with either (NH4)2SO4 as fertilizer
(F), (NH4)2SO4 plus glyphosate (G + F), or untreated (CT, water as control), sampled 4, 18 and 32 days after amendment. Reported values are the mean of triplicate microcosms; error
bars represent S.E. of the mean (n = 3). Different uppercase letters show significant differences among sampling dates within a given amendment (panel b) or on average for all of them
(panel c), while lowercase letters indicate significant differences among amendments within sampling date (Tukey’s HSD, P < 0.05).

Table 2
Analysis of variance for gene abundances for quantification of total Eubacteria (log10 copies 16S rRNA μg−1 DNA), AOB and AOA (log10 copies amoA μg−1 DNA), ratios between AOB:
bacteria (calculated as bacterial amoA/16S rRNA gene log10 copies), and AOA: AOB (calculated as archaeal amoA/bacterial amoA gene log10 copies), as affected by Amendments (A),
Sampling date (S), and their interaction (A × S). Significance is indicated by P-values, and statistically not significant factors are reported as such (n.s).

Factor Variables

Total bacteria AOB AOA AOB: Bacteria AOA: AOB

A (df = 2)a n.s P < 0.001 n.s P < 0.001 P < 0.001
S (df = 2) P < 0.01 P < 0.001 n.s P < 0.001 P < 0.001
A × S (df= 4) n.s P < 0.001 n.s P < 0.01 P < 0.05
Residual df 18 18 17 18 17

a Degrees of freedom (df).

Table 3
Ratios of microbial groups (as ratios between target gene copies) in soil microcosms
amended with either (NH4)2SO4 as fertilizer (F), (NH4)2SO4 plus glyphosate (G + F), or
unamended (only water, as control). Reported values are the mean for each treatment
(n = 3).

Sampling date Amendments

(days after amendment) CT F G+F

AOB:total bacteria
4 1.21 × 10−4

aA
a 3.26 × 10−4

bA 2.24 × 10−4
abA

18 1.57 × 10−4
aA 1.55 × 10−3

bB 1.65 × 10−3
bB

32 5.95 × 10−4
aB 1.98 × 10−3

bB 1.13 × 10−3
abB

AOA:AOB
4 85.9 aB 24.5 aB 30.1 aB

18 47.9 bB 5.5 aA 4.7 aA

32 10.5 bA 2.4 aA 10.8 abA

a Different lowercase letters show significant differences among amendments, and
different uppercase letters, differences among sampling dates (Tukey’s HSD, P < 0.05).
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absence of fertilizer, in short-term microcosms incubations with two
different soils (Petrocalcic Paleustoll and Typic Argiudol) (Zabaloy
et al., 2008). The application of NPK fertilizer in fungicide-treated soil
microcosms has been shown to counteract the inhibitory effects of the
pesticides on dehydrogenase activity (Muñoz-Leoz et al., 2012). Over-
all, our results suggest that no detrimental impact on dehydrogenase
activity is expected when glyphosate and N fertilizer are applied in
combination.

Potential nitrification activity reflects the short-term production of
nitrate in a homogeneous soil suspension supplied with excess substrate
(5 mM NH4

+) (Ouyang et al., 2016). In this study, PNA showed no
significant differences among treatments. This is consistent with the
results obtained with DHA, as it has been shown that DHA is highly
correlated to nitrification potential (Skujiņš, 1973; Tabatabai, 1994).

The temporal trend observed in soil extractable N-NO3
− concentra-

tion following fertilization coincides with the dynamics reported by
other authors (Feld et al., 2015; Okano et al., 2004), and also for
unfertilized soil microcosms, where the dynamics of N-NO3

− formation
has been shown to mirror the nitrifying activity (Marcos et al., 2016).
The fertilized soils (F and G + F) had higher level of N-NO3

− than CT
microcosms all over the incubation. However, no significant effects of
the combined use of glyphosate and N fertilizer were detected in our
study. Feld et al. (2015) observed that commercial formulations of
dazomet and mancozeb, a soil disinfectant and a fungicide, respec-
tively, inhibited nitrification in soils microcosms fertilized with ammo-
nium sulfate in comparison to pesticide-free fertilized control. Con-
versely, nitrification was stimulated in a soil treated with NPK fertilizer
and a fungicide (difenoconazole) (Muñoz-Leoz et al., 2012). Previous
studies have shown that low to moderate glyphosate doses have
negligible impact on nitrification in non-fertilized bulk soil (Hart and
Brookes, 1996 Martínez-Nieto et al., 2011) and in lake sediments
(Enrich-Prast, 2006). Our results are supported by the research
published by Belligno et al. (2000) about the combined effect of
glyphosate and N fertilizer on nitrification, that reported that glypho-
sate ammonium has no significant effect on nitrification potential.

Quantitation of amoA genes gives a close estimation of nitrifiers’
population sizes, given that most AOB possess 2–3 copies and AOA, 1
copy of the amoA operon (Kowalchuk and Stephen, 2001; Mincer et al.,
2007; Okano et al., 2004). AOA populations were more abundant than
AOB in this soil at all sampling dates (Fig. 4), although they were not

affected by amendment nor incubation time, in agreement with other
researchers’ findings (Ouyang et al., 2016). Other authors have
reported that archaeal amoA abundance is less responsive than bacterial
amoA to toxicants, e.g. a fungicide (mancozeb) (Feld et al., 2015) and
microcystins (Corbel et al., 2015). This is probably a consequence of
physiological and metabolic differences between both groups, for e.g.
AOA are better competitors than bacteria under low NH3

+ concentra-
tions, but AOB over-compete AOA in agricultural soils fertilized with
inorganic N sources, as a result of higher levels of ribosomal activity
(reviewed in Carey et al. (2016)). Active cells may be more susceptible
than inactive cells to environmental and external factors (Zhang et al.,
2014).

In the un-amended CT microcosms, the AOB population size was
almost 7 times lower than in fertilized microcosms, on average for all
sampling dates and amendment levels (F and G + F), while there were
no differences in amoA abundance between these treatments. Both the
temporal trend observed after amendment with either N fertilizer or
glyphosate+ N (i.e., rapid increase in AOB population size in F and
G + F versus almost constant size in CT microcosms), and the effects of
fertilization on the bacterial amoA abundance are in agreement with
results obtained by Okano et al. (2004) in a silty clay loam agricultural
soil fertilized with similar rate of ammonium sulfate in lab incubations.
These results are also in line with those reported by Glaser et al. (2010)
in bulk-soil microcosms amended with the same N fertilizer at
equivalent rate. With regards to the glyphosate addition, we have
previously shown that no detrimental impact is expected on the amoA
abundance in unfertilized soils, at 2 × herbicide application rate in the
short-term (Zabaloy et al., 2016), and even after 3 applications of either
the active ingredient or a commercial formulation of glyphosate
(Allegrini et al., 2017). However, we do not know of any published
report about the combined effect of glyphosate and N fertilizer on amoA
abundances, used here as surrogates of AOB and AOA population sizes.

The ratio between AOA and AOB was generally higher in the CT
than in the fertilized microcosms (Table 3), but the dominance of AOA
over AOB decreased over the incubation and this was more pronounced
and statistically significant in the fertilized microcosms in the third and
last sampling date, in coincidence with the temporal increase in AOB
abundance (Fig. 4 b). Similar AOA:AOB ratios have been reported for
unfertilized vs. N fertilized plots in a silt loam soil in Utah (Ouyang
et al., 2016) and for ammonium sulfate- treated microcosms vs.

Fig. 5. Linear regression between soil extractable nitrate and amoA gene abundance (as log10 copies) of AOB (white circle) and AOA (gray circle). Lines show the best-fit regression, where
archaeal amoA vs. extractable N-NO3

− is the dotted line, and bacterial amoA vs. extractable N-NO3
− is the dashed line. Each symbol represents one observation. Potentially influential

observations that were removed from the regression analysis are shown with thick border, with sample size n = 25 for AOB and n = 26 for AOA.
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untreated microcosms of two contrasting types of agricultural soil
(Glaser et al., 2010). Again, this index was not affected by glyphosate
use in combination with inorganic N fertilizer.

Total bacterial abundance was not affected by amendments, and
slightly decreased over the incubation, probably as a result of exhaus-
tion of C sources to sustain the growth of heterotrophic bacteria. Similar
results were informed for the combined use of N fertilizer and a
fungicide (mancozeb) (Feld et al., 2015) and for agricultural soil
microcosms fertilized with (NH4)2SO4 (Okano et al., 2004). With
regards to glyphosate amendment, contrasting results have been
reported, as for instance, no effect in unfertilized soil microcosms with
up to 3 sequential applications (Allegrini et al., 2017), reduction in the
size of total bacteria population in field plots with 2 × herbicide
recommended rate (Zabaloy et al., 2016) and no long-term effect in
bacteria abundance in soils with and without glyphosate use history
(Allegrini et al., 2015). Nonetheless, no previous information is
available regarding the effect on total bacteria of the combined use of
N fertilizer and glyphosate. Changes in the ratio between AOB and total
bacteria were clearly driven by the increase in AOB abundance and the
decrease in total bacteria over incubation, getting to a maximal 10-fold
increase in fertilized soils compared to CT at 18 days after amendment.
However, no significant differences were observed in this index
between F and G + F at any time point, in consistence with the lack
of significant effects on both microbial indicators (amoA and 16S rRNA
gene abundance). This index varied only after 3 applications in soil
microcosms of a commercial formulation of glyphosate but not with the
active ingredient (Allegrini et al., 2017), as we used in the current
experiment.

The bacteria amoA abundance was positively and strongly corre-
lated to the N-NO3

− production in our study, in agreement with a
recently published meta-analysis, that showed that amoA gene abun-
dance is positively correlated with nitrification potential for AOB but
not for AOA (Carey et al., 2016). Feld et al. (2015) also observed that
bacterial but not archaeal amoA gene and transcripts correlated
positively to nitrate production in soil treated with pesticides (dazomet
and mancozeb) and either un-amended or amended with ammonium
sulfate as fertilizer.

The bacterial amoA DGGE profiling showed low genetic diversity in
this soil. This is in agreement with the findings of a biogeography study
that reported relatively low levels of sequence diversity in soil AOB
communities, with the majority of sequences belonging to the
Nitrosospira lineages (Fierer et al., 2009). More recently, Rousidou
et al. (2013) also observed low number of terminal restriction
fragments in T-RFLP profiles of PCR-amplified bacterial amoA, char-
acteristic of dominant Nitrosospira spp. populations, in a sandy loam
soil. The lack of a clear separation of treatments CT and F is not
surprising, given the relatively low rate of N addition, as only high rates
of N fertilizer (600 kg N ha−1 yr−1) (Jorquera et al., 2014) or repeated
fertilization (Ouyang et al., 2016) have been shown to induce shifts in
the structure of agricultural soil AOB community. With regards to the
herbicide effects, we have recently reported negligible impact of field
rates of glyphosate on the amoA DGGE profiles of an unfertilized soil in
a plot-scale experiment (Zabaloy et al., 2016). However, no reports
have been published so far on the combined effects of glyphosate and N
fertilizer on DGGE fingerprints of amoA, yet the structure of AOB
communities in soil fertilized with ammonium sulfate has been shown
to shift with the herbicide simazine (Hernández et al., 2011).

5. Conclusion and future directions

This is the first study to fully evaluate the potential effects of
glyphosate on non-target nitrifying microorganisms (bacteria and
archaea) when applied in combination with inorganic N fertilizer
(ammonium sulfate) in soil microcosms. We have assessed the impacts
at the functional as well as at the structural level of the ammonia
oxidizing microbial populations. Overall, our results revealed no

unwanted effect of the combined use of the herbicide and fertilizer in
the short-term. This is relevant in the context of real in-field agricultur-
al management, where simultaneous application of glyphosate and
fertilizer may occur, particularly in no-till systems planted to glypho-
sate-resistant crops (eg. Roundup Ready corn). To further exclude the
possibility of side-effects of these treatments it would be recommend-
able to investigate how these microbial indicators are affected by use of
glyphosate in fertilized soil −plant systems, when fertilizer is applied
simultaneously or at an earlier time point.

Funding sources

This study was supported by National Agency of Scientific and
Technical Promotion −ANPCyT, Argentina (grant BID−PICT 2012-
0122). M. Allegrini holds a doctoral fellowship awarded by CONICET.
K. Schuster and D. Tebbe received support from the International
Association for the Exchange of Students for Technical Experience
(IAESTE- MINCyT) and UNS for their internships in Argentina.

Acknowledgments

Dr. Zabaloy acknowledges Technician A.M. Zamponi (CONICET) for
assistance with soil analyses and Dr. Magalí Marcos for kindly provid-
ing DNA of N. europea. Dr. Lucía Pronsato and Dr. Lorena Milanesi are
gratefully acknowledged for giving us access to their lab facilities.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.apsoil.2017.04.012

References

Allegrini, M., Zabaloy, M.C., Gómez, E. del V., 2015. Ecotoxicological assessment of soil
microbial community tolerance to glyphosate. Sci. Total Environ. 533, 60–68. http://
dx.doi.org/10.1016/j.scitotenv.2015.06.096.

Allegrini, M., del V. Gomez, E., Zabaloy, M.C., 2017. Repeated glyphosate exposure
induces shifts in nitrifying communities and metabolism of phenylpropanoids. Soil
Biol. Biochem. 105, 206–215. http://dx.doi.org/10.1016/j.soilbio.2016.11.024.

Belligno, A., Sambuco, F., Izzo, R., 2000. Action of Glyphosate Ammonium (GPA) on the
nitrification potential of soil treated with two different slow-release N-fertilizers.
Fresenius Environ. Bull. 9, 489–498.

del C. Blanco, M., Amiotti, N., Ruiz, J.A., 2003. Reconstrucción de la evolución geo-
pedogenética en una toposecuencia del sudoeste pampeano. Cienc Suelo 21, 59–70.

Carey, C.J., Dove, N.C., Beman, J.M., Hart, S.C., Aronson, E.L., 2016. Meta-analysis
reveals ammonia-oxidizing bacteria respond more strongly to nitrogen addition than
ammonia-oxidizing archaea. Soil Biol. Biochem. 99, 158–166. http://dx.doi.org/10.
1016/j.soilbio.2016.05.014.

Cerdeira, A.L., Duke, S.O., 2006. The current status and environmental impacts of
glyphosate-resistant crops. A review. J. Environ. Qual. 35, 1633–1658.

Corbel, S., Mougin, C., Martin-Laurent, F., Crouzet, O., Bru, D., Nélieu, S., Bouaïcha, N.,
2015. Evaluation of phytotoxicity and ecotoxicity potentials of a cyanobacterial
extract containing microcystins under realistic environmental concetrations and in a
soil-plant system. Chemosphere 128, 332–340.

Crawley, M.J., 2007. The R Book. John Wiley & Sons Ltd., West Sussex.
Deni, J., Penninckx, M.J., 1999. Nitrification and autotrophic nitrifying bacteria in a

hydrocarbon-polluted soil. Appl. Environ. Microbiol. 65, 4008–4013.
Duke, S.O., Hoagland, R.E., 1978. Effects of glyphosate on metabolism of phenolic

compounds I. Induction of phenylalanine ammonia-lyase activity in dark-grown
maize roots. Plant Sci. Lett. 11, 185–190. http://dx.doi.org/10.1016/0304-4211(78)
90002-0.

Duke, S.O., Powles, S.B., 2008. Glyphosate: a once-in-a-century herbicide. Pest Manage.
Sci. 64, 319–325. http://dx.doi.org/10.1002/ps.1518.

Duke, S.O., Lydon, J., Koskinen, W.C., Moorman, T.B., Chaney, R.L., Hammerschmidt, R.,
2012. Glyphosate effects on plant mineral nutrition, crop rhizosphere microbiota, and
plant disease in glyphosate-resistant crops. J. Agric. Food Chem. 60, 10375–10397.
http://dx.doi.org/10.1021/jf302436u.

EFSA Panel on Plant Protection Products and their Residues, 2016. Scientific Opinion
Addressing the State of the Science on Risk Assessment of Plant Protection Products
for In-soil Organisms, EFSA Journal. European Food Safety Authority, Parmahttp://
dx.doi.org/10.2903/j.efsa/20YY.NN.

Enrich-Prast, A., 2006. Effect of pesticides on nitrification in aquatic sediment. Braz. J.
Biol. 66, 405–412. http://dx.doi.org/10.1590/s1519-69842006000300004.

Fei, Y.-Y., Zhao, T.-J., Zhao, T.-J., 2013. Identification of regulated genes conferring
resistance to high concentrations of glyphosate in a new strain of Enterobacter. FEMS

M.C. Zabaloy et al. Applied Soil Ecology 117–118 (2017) 88–95

94

http://dx.doi.org//10.1016/j.apsoil.2017.04.012
http://dx.doi.org/10.1016/j.scitotenv.2015.06.096
http://dx.doi.org/10.1016/j.scitotenv.2015.06.096
http://dx.doi.org/10.1016/j.soilbio.2016.11.024
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0015
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0015
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0015
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0020
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0020
http://dx.doi.org/10.1016/j.soilbio.2016.05.014
http://dx.doi.org/10.1016/j.soilbio.2016.05.014
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0030
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0030
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0035
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0035
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0035
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0035
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0040
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0045
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0045
http://dx.doi.org/10.1016/0304-4211(78)90002-0
http://dx.doi.org/10.1016/0304-4211(78)90002-0
http://dx.doi.org/10.1002/ps.1518
http://dx.doi.org/10.1021/jf302436u
http://dx.doi.org/10.2903/j.efsa/20YY.NN
http://dx.doi.org/10.2903/j.efsa/20YY.NN
http://dx.doi.org/10.1590/s1519-69842006000300004
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0075
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0075


Microbiol. Lett. 349, 135–143.
Feld, L., Hjelmsø, M.H., Nielsen, M.S., Jacobsen, A.D., Rønn, R., Ekelund, F., Krogh, P.H.,

Strobel, B.W., Jacobsen, C.S., 2015. Pesticide side effects in an agricultural soil
ecosystem as measured by amoA expression quantification and bacterial diversity
changes. PLoS One 10. http://dx.doi.org/10.1371/journal.pone.0126080.

Fierer, N., Jackson, J.A., Vilgalys, R., Jackson, R.B., 2005. Assessment of soil microbial
community structure by use of taxon-specific quantitative PCR assays. Appl. Env.
Microbiol. 71, 4117–4120. http://dx.doi.org/10.1128/aem.71.7.4117-4120.2005.

Fierer, N., Carney, K.M., Horner-Devine, M.C., Megonigal, J.P., 2009. The biogeography
of ammonia-oxidizing bacterial communities in soil. Microb. Ecol. 58, 435–445.

Glaser, K., Hackl, E., Inselsbacher, E., Strauss, J., Wanek, W., Zechmeister-Boltenstern, S.,
Sessitsch, A., 2010. Dynamics of ammonia-oxidizing communities in barley-planted
bulk soil and rhizosphere following nitrate and ammonium fertilizer amendment.
FEMS Microbiol. Ecol. 74, 575–591. http://dx.doi.org/10.1111/j. 1574-6941.2010.
00970.x.

Hart, M.R., Brookes, P.C., 1996. Soil microbial biomass and mineralisation of soil organic
matter after 19 years of cumulative field applications of pesticides. Soil Biol.
Biochem. 28, 1641–1649. http://dx.doi.org/10.1016/s0038-0717(96)00249-0.

Hart, S.C., Stark, J.M., Davidson, E.D., Firestone, M.K., 1994. WI, p. Nitrogen
Mineralization, Immobilization, and Nitrification, in: Methods of Soil Analysis, Part
2. SSSA, Madison, pp. 984.

Hendricks, C.W., Rhodes, A.N., 1992. Effect of glyphosate and nitrapyrin on selected
bacterial populations in continuous-flow culture. Bull. Environ. Contam. Toxicol. 49,
417–424.

Hernández, M., Jia, Z., Conrad, R., Seeger, M., 2011. Simazine application inhibits
nitrification and changes the ammonia-oxidizing bacterial communities in a fertilized
agricultural soil. FEMS Microbiol. Ecol. 78, 511–519. http://dx.doi.org/10.1111/j.
1574-6941.2011.01180.x.

Hoshino, Y.T., Morimoto, S., Hayatsu, M., Nagaoka, K., Suzuki, C., Karasawa, T.,
Takenaka, M., Akiyama, H., Andosol, C., Soil, Y., Soil, G.L., 2011. Effect of soil type
and fertilizer management on archaeal community in upland field soils. Microbes
Environ. 26, 307–316. http://dx.doi.org/10.1264/jsme2. (ME11131).

Jobidon, R., Thibault, J.R., Fortin, J.A., 1989. Phytotoxic effect of barley, oat, and wheat-
straw mulches in Eastern Quebec forest plantations 2. Effects on nitrification and
black spruce (Picea mariana) seedling growth. For. Ecol. Manage. 29, 295–310.
http://dx.doi.org/10.1016/0378-1127(89)90100-X.

Jorquera, M.A., Martínez, O.A., Marileo, L.G., Acuña, J.J., Saggar, S., Mora, M.L., 2014.
Effect of nitrogen and phosphorus fertilization on the composition of rhizobacterial
communities of two Chilean Andisol pastures. World J. Microbiol. Biotechnol. 30,
99–107. http://dx.doi.org/10.1007/s11274-013-1427-9.

Karpouzas, D.G., Tsiamis, G., Trevisan, M., Ferrari, F., Malandain, C., Sibourg, O., Martin-
Laurent, F., 2016. Love to Hate pesticides: felicity or curse for the soil microbial
community? An FP7 IAPP Marie Curie project aiming to establish tools for the
assessment of the mechanisms controlling the interactions of pesticides with soil
microorganisms. Environ. Sci. Pollut. Res. 23 (18), 18947–18951. http://dx.doi.org/
10.1007/s11356-016-7319-4.

Kowalchuk, G.A., Stephen, J.R., 2001. Ammonia-oxidizing bacteria: a model for
molecular microbial ecology. Annu. Rev. Microbiol. 55, 485–529. http://dx.doi.org/
10.1146/annurev.micro.55.1.485.

Leininger, S., Urich, T., Schloter, M., Schwark, L., Qi, J., Nicol, G.W., Prosser, J.I.,
Schuster, S.C., Schleper, C., 2006. Archaea predominate among ammonia-oxidizing
prokaryotes in soils. Nature 442, 806–809. http://dx.doi.org/10.1038/nature04983.

Marcos, M.S., Bertiller, M.B., Cisneros, H.S., Olivera, N.L., 2016. Nitrification and
ammonia-oxidizing bacteria shift in response to soil moisture and plant litter quality
in arid soils from the Patagonian Monte. Pedobiologia (Jena) 59, 1–10. http://dx.doi.
org/10.1016/j.pedobi.2015.11.002.

Martínez-Nieto, P., Romero-Torres, J., Bernal-Castillo, L., 2011. Efectos del glifosato
sobre microorganismos diazotroficos y nitrificantes en ecosistemas alto andino y seco
tropical colombianos (Effects of glyphosate on diazotrophs and nitrying bacteria in
Colombia ’ S high Andean and tropical dry ecosystems). Rev. Pilquen 13, 1–12.

Martin-Laurent, F., Kandeler, E., Petric, I., Djuric, S., Karpouzas, D.G., 2013. ECOFUN-
MICROBIODIV: an FP7 European project for developing and evaluating innovative
tools for assessing the impact of pesticides on soil functional microbial
diversity—towards new pesticide registration regulation? Environ. Sci. Pollut. Res.
20, 1203–1205. http://dx.doi.org/10.1007/s11356-012-1368-0.

Mertens, J., Springael, D., De Troyer, I., Cheyns, K., Wattiau, P., Smolders, E., 2006. Long-
term exposure to elevated zinc concentrations induced structural changes and zinc
tolerance of the nitrifying community in soil. Environ. Microbiol. 8, 2170–2178.
http://dx.doi.org/10.1111/j.1462-2920.2006.01100.x.

Mincer, T.J., Church, M.J., Taylor, L.T., Preston, C., Karl, D.M., DeLong, E.F., 2007.
Quantitative distribution of presumptive archaeal and bacterial nitrifiers in Monterey
Bay and the North Pacific Subtropical Gyre. Environ. Microbiol. 9, 1162–1175.
http://dx.doi.org/10.1111/j.1462-2920.2007.01239.x.

Muñoz-Leoz, B., Garbisu, C., Antigüedad, I., Ruiz-Romera, E., 2012. Fertilization can
modify the non-target effects of pesticides on soil microbial communities. Soil Biol.
Biochem. 48, 125–134.

Mulvaney, R.L., 1976. Nitrogen-Inorganic forms. In: Sparks, D.L. (Ed.), Chemical
Methods. Soil Science Society of America. ASA, Madison, WI, pp. 1123–1184.

Muyzer, G., Waal, E.C., Uitterlinden, A.G., 1993. Profiling of complex microbial
populations by denaturing gradient gel electrophoresis analysis of polymerase chain
reaction-amplified genes coding for 16S rRNA. Appl. Environ. Microbiol. 59,
695–700.

Newman, M.M., Hoilett, N., Lorenz, N., Dick, R.P., Liles, M.R., Ramsier, C., Kloepper,
J.W., 2016. Glyphosate effects on soil rhizosphere-associated bacterial communities.
Sci. Total Environ. 543, 155–160. http://dx.doi.org/10.1016/j.scitotenv.2015.11.
008.

Nguyen Binh, D., Rose, M.T., Rose, T.J., Morris, S.G., van Zwieten, L., 2016. Impact of
glyphosate on soil microbial biomass and respiration: a meta-analysis. Soil Biol.
Biochem. 92, 50–57. http://dx.doi.org/10.1016/j.soilbio.2015.09.014.

Nicolaisen, M.H., Ramsing, N.B., 2002. Denaturing gradient gel electrophoresis (DGGE)
approaches to study the diversity of ammonia-oxidizing bacteria. J. Microbiol.
Methods 50, 189–203.

Nienstedt, K.M., Brock, T.C.M., van Wensem, J., Montforts, M., Hart, A., Aagaard, A., Alix,
A., Boesten, J., Bopp, S.K., Brown, C., Capri, E., Forbes, V., Köpp, H., Liess, M., Luttik,
R., Maltby, L., Sousa, J.P., Streissl, F., Hardy, A.R., 2012. Development of a
framework based on an ecosystem services approach for deriving specific protection
goals for environmental risk assessment of pesticides. Sci. Total Environ. 415, 31–38.

Okano, Y., Hristova, K.R., Leutenegger, C.M., Jackson, L.E., Denison, R.F., Gebreyesus, B.,
Lebauer, D., Scow, K.M., 2004. Application of real-time PCR to study effects of
ammonium on population size of ammonia-oxidizing bacteria in soil. Appl. Environ.
Microbiol. 70, 1008–1016. http://dx.doi.org/10.1128/aem.70.2.1008-1016.2004.

Ouyang, Y., Norton, J.M., Stark, J.M., Reeve, J.R., Habteselassie, M.Y., 2016. Ammonia-
oxidizing bacteria are more responsive than archaea to nitrogen source in an
agricultural soil. Soil Biol. Biochem. 96, 4–15. http://dx.doi.org/10.1016/j.soilbio.
2016.01.012.

Puglisi, E., Vasileiadis, S., Demiris, K., Bassi, D., Karpouzas, D., Capri, E., Cocconcelli, P.,
Trevisan, M., 2012. Impact of fungicides on the diversity and function of non-target
ammonia-oxidizing microorganisms residing in a litter soil cover. Microb. Ecol. 64,
692–701. http://dx.doi.org/10.1007/s00248-012-0064-4.

R. Development Core Team, 2013. R: A Language and Environment for Statistical
Computing.

Rademaker, J.L.W., Louws, F.J., Rossbach, U., Vinuesa, P., de Bruijn, F.J., 1999.
Computer assisted pattern analysis of molecular fingerprints and database
construction. In: Akkermans, A.D.L., van Elsas, J.D., de Bruijn, F.J. (Eds.), Molecular
Microbial Ecology Manual. Kluwer Academic Publishers Dordrecht, pp. 1–33.

Rotthauwe, J.H., Witzel, K.P., Liesack, W., 1997. The ammonia monooxygenase structural
gene amoA as a functional marker: molecular fine-scale analysis of natural ammonia-
oxidizing populations. Appl. Environ. Microbiol. 63 (12), 4704–4712.

Rousidou, C., Papadopoulou, E.S., Kortsinidou, M., Giannakou, I.O., Singh, B.K.,
Menkissoglu-Spiroudi, U., Karpouzas, D.G., 2013. Bio-pesticides: harmful or harmless
to ammonia oxidizing microorganisms? The case of a Paecilomyces lilacinus-based
nematicide. Soil Biol. Biochem. 67, 98–105. http://dx.doi.org/10.1016/j.soilbio.
2013.08.014.

Schäfer, H., Muyzer, G., 2001. Denaturing gradient gel electrophoresis in marine
microbial ecology. Methods Microbiol. 30, 425–468.

Schauss, K., Focks, A., Leininger, S., Kotzerke, A., Heuer, H., Thiele-Bruhn, S., Sharma, S.,
Wilke, B.M., Matthies, M., Smalla, K., Munch, J.C., Amelung, W., Kaupenjohann, M.,
Schloter, M., Schleper, C., 2009. Dynamics and functional relevance of ammonia-
oxidizing archaea in two agricultural soils. Environ. Microbiol. 11, 446–456. http://
dx.doi.org/10.1111/j. 1462–2920.2008.01783. x.

Skujiņš, J., 1973. Dehydrogenase: an indicator of biological activities in arid soils. Bull.
Ecol. Res. Commun. 17, 235–241.

Tabatabai, M.A., 1994. Soil enzymes. In: Angle, S., Weaver, R., Bottomley, P., Bezdicek,
D., Smith, S., Tabatabai, A., Wollum, A. (Eds.), Methods of Soil Analysis, Part 2. Soil
Science Society of America Madison, WI, pp. 775.

Wessen, E., Hallin, S., 2011. Abundance of archaeal and bacterial ammonia oxidizers-
possible bioindicator for soil monitoring. Ecol. Indic. 11, 1696–1698. http://dx.doi.
org/10.1016/j.ecolind.2011.04.018.

Zabaloy, M.C., Garland, J.L., Gómez, M.A., 2008. An integrated approach to evaluate the
impacts of the herbicides glyphosate, 2, 4-D and metsulfuron-methyl on soil
microbial communities in the Pampas region, Argentina. Appl. Soil Ecol. 40, 1–12.
http://dx.doi.org/10.1016/j.apsoil.2008.02.004.

Zabaloy, M.C., Carné, I., Viassolo, R., Gómez, M.A., Gomez, E., 2016. Soil ecotoxicity
assessment of glyphosate use under field conditions: microbial activity and
community structure of Eubacteria and ammonia-oxidising bacteria. Pest Manage.
Sci. 72, 684–691. http://dx.doi.org/10.1002/ps.4037.

Zablotowicz, R.M., Reddy, K.N., 2004. Impact of glyphosate on the Bradyrhizobium
japonicum symbiosis with glyphosate-resistant transgenic soybean: a minireview. J.
Environ. Qual. 33, 825–831.

Zhang, Y., Zhao, Z., Dai, M., Jiao, N., Herndl, G.J., 2014. Drivers shaping the diversity and
biogeography of total and active bacterial communities in the South China Sea. Mol.
Ecol. 23, 2260–2274. http://dx.doi.org/10.1111/mec.12739.

M.C. Zabaloy et al. Applied Soil Ecology 117–118 (2017) 88–95

95

http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0075
http://dx.doi.org/10.1371/journal.pone.0126080
http://dx.doi.org/10.1128/aem.71.7.4117-4120.2005
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0090
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0090
http://dx.doi.org/10.1111/j. 1574-6941.2010.00970.x
http://dx.doi.org/10.1111/j. 1574-6941.2010.00970.x
http://dx.doi.org/10.1016/s0038-0717(96)00249-0
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0105
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0105
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0105
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0110
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0110
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0110
http://dx.doi.org/10.1111/j.1574-6941.2011.01180.x
http://dx.doi.org/10.1111/j.1574-6941.2011.01180.x
http://dx.doi.org/10.1264/jsme2
http://dx.doi.org/10.1016/0378-1127(89)90100-X
http://dx.doi.org/10.1007/s11274-013-1427-9
http://dx.doi.org/10.1007/s11356-016-7319-4
http://dx.doi.org/10.1007/s11356-016-7319-4
http://dx.doi.org/10.1146/annurev.micro.55.1.485
http://dx.doi.org/10.1146/annurev.micro.55.1.485
http://dx.doi.org/10.1038/nature04983
http://dx.doi.org/10.1016/j.pedobi.2015.11.002
http://dx.doi.org/10.1016/j.pedobi.2015.11.002
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0155
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0155
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0155
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0155
http://dx.doi.org/10.1007/s11356-012-1368-0
http://dx.doi.org/10.1111/j.1462-2920.2006.01100.x
http://dx.doi.org/10.1111/j.1462-2920.2007.01239.x
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0175
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0175
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0175
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0180
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0180
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0185
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0185
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0185
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0185
http://dx.doi.org/10.1016/j.scitotenv.2015.11.008
http://dx.doi.org/10.1016/j.scitotenv.2015.11.008
http://dx.doi.org/10.1016/j.soilbio.2015.09.014
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0200
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0200
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0200
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0205
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0205
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0205
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0205
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0205
http://dx.doi.org/10.1128/aem.70.2.1008-1016.2004
http://dx.doi.org/10.1016/j.soilbio.2016.01.012
http://dx.doi.org/10.1016/j.soilbio.2016.01.012
http://dx.doi.org/10.1007/s00248-012-0064-4
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0225
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0225
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0230
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0230
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0230
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0230
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0235
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0235
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0235
http://dx.doi.org/10.1016/j.soilbio.2013.08.014
http://dx.doi.org/10.1016/j.soilbio.2013.08.014
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0245
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0245
http://dx.doi.org/10.1111/j. 1462�2920.2008.01783. x
http://dx.doi.org/10.1111/j. 1462�2920.2008.01783. x
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0255
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0255
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0260
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0260
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0260
http://dx.doi.org/10.1016/j.ecolind.2011.04.018
http://dx.doi.org/10.1016/j.ecolind.2011.04.018
http://dx.doi.org/10.1016/j.apsoil.2008.02.004
http://dx.doi.org/10.1002/ps.4037
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0280
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0280
http://refhub.elsevier.com/S0929-1393(17)30027-6/sbref0280
http://dx.doi.org/10.1111/mec.12739

	Nitrifying bacteria and archaea withstanding glyphosate in fertilized soil microcosms
	Introduction
	Material and methods
	Soil sampling
	Experimental design and microcosm set-up
	Microbial activity
	Soil extractable N-NO3 and potential nitrification activity
	Molecular analysis of microbial communities
	Quantitative real time PCR (qPCR)
	Analysis of AOB populations by DGGE

	Statistical analysis

	Results
	Microbial activity
	Soil extractable N-NO3 and PNA
	Abundance of nitrifying prokaryotes and total bacteria
	Structure of AOB community

	Discussion
	Conclusion and future directions
	Funding sources
	Acknowledgments
	Supplementary data
	References




