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Abstract—Application of monoammonium phosphate has been demonstrated to re-immobilize glyphosate
sorbed by soil under model laboratory experiment conditions. This effect was most pronounced in the gray
forest soil (Haplic Phacozem), where the concentration of herbicide in the presence of fertilizer was 3.6 times
higher than in its absence. For soddy-podzolic soil (Albic Retisol) and leached Chernozem (Luvic Cherno-
zem), this ratio was 1.5 and 2.8, respectively. Thus, the introduction of monoammonium phosphate into soils
contaminated with glyphosate may result in an increase of the risk of herbicide migration into the neighboring
environments. The estimated number of functional genes of bacteria responsible for glyphosate degradation
by means of the C—P bond cleavage did not show statistically significant effect of the fertilizer on the number
of copies of the phnJ gene, encoding the C—P lyase of o.- and y-proteobacteria. The release of glyphosate was
not accompanied by any adverse effects on the length and biomass of wheat plants.
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INTRODUCTION

Glyphosate [N-(phosphomethyl)glycine] was put
into agricultural practice in 1974 as a non-selective
herbicide under the Roundup brand name. The patent
for exclusive manufacturing of Roundup outside the
USA expired in 1991 and in USA in 2000. This
resulted in sharp decrease of herbicide prices and
increase of the number of manufacturers. Glyphosate
price decreased by 40% only in the first year after
repeal of the patent, and currently it is manufactured
in USA, Europe, Australia, and China [54]. In Russia,
glyphosate is manufactured by Kirovo-Chepetsk
Chemical Company. Moreover, the Orgsyntez Group
companies planned the construction of glyphosate
manufacturing plant with the production output up to
30 thousand tons per year in 2020.

Glyphosate has a unique mode of action: it inhibits
5-enolpyruvylshikimate-3-phosphate synthase; an
enzyme participated in the synthesis of aromatic
amino acids, presented in plants, bacteria, and fungi,
but not found in animals [24]. This allowed holding
out glyphosate as safe pesticide [33], and application
of this pesticide increased year by year: it increased

only in the USA from 0.36 thousand tons in 1974 to
12.5 thousand tons in 1995, i.e. almost 35 times [15].
Introduction into agricultural practice in 1996 of
genetically modified (GM) crops resistant to glypho-
sate was added incentive, and glyphosate became
recently the most widely used herbicide [24] with
annual use (as of 2014) about 826 thousand tons [15].
The glyphosate-based herbicides are certified for use
not only in agriculture but also for private users; and
this raises the risk of this herbicide abuse. Sum total 86
glyphosate-based herbicides were recommended for
use in our country in 2019 (https://www.agroxxi.ru/
goshandbook). Application of glyphosate implies
spraying of plants; in the case of such treatment, 70—
95% of pesticide enters the soil [7]. Additionally, gly-
phosate get into soil with plant residues. This causes
accumulation of glyphosate residues in the soil, so that
its concentration may reach more than 1.5 mg/kg of
soil [12, 52].

Glyphosate is quickly inactivated in soil owing to
sorption and mineralization [7, 16]. There are two pri-
mary ways of biological degradation of glyphosate:
with breakdown of C—N bond and aminomethylphos-
phonic acid (AMPA) formation, or with breakdown of
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C—P bond and formation of sarcosine (N-methylgly-

cine) and inorganic phosphate POi_ [9, 22]. Subse-
quently, glyoxylate is a source of carbon, and phos-
phates are a source of phosphorus. Degradation of gly-
phosate with AMPA formation is more common
among bacteria. It can be carried out by bacteria iso-
lated from the media contaminated by glyphosate as
well as from the habitats not treated by the herbicide
earlier. The C—N bond is destructed with the help of
enzyme glyphosate-oxidoreductase. This metabolic
pathway was found in bacteria of Bacteroidetes, Actino-
bacteria, Firmicutes, and Proteobacteria phyla [27, 60].
Degradation of glyphosate with breakdown of C—P
bond was performed with the help of C—P-lyases. Such
destruction of glyphosate was found in representatives
of the Proteobacteria phylum genera, such as o.-proteo-
bacteria Ochrobacterium anthropi, Rhizobium sp. [25],
betaproteobacteria Achromobacter sp. [26], Alcali-
genes sp., and Comamonas sp. [61], and y-proteobac-
teria Pseudomonas sp. [9] and Enterobacter sp. [38],
and rarely in actinobacteria [46]. It was found that
among microorganisms capable of degrading glypho-
sate (bacteria, fungi, micromycetes, and actinomy-
cetes) bacteria play a key role [61]. Of 26 described
strains degrading glyphosate, 19 ones belong to pro-
teobacteria [61]. So, the input of glyphosate to soil often
results in the increase of the abundance of proteobacte-
ria [40], and particularly of o-proteobacteria [19] and
Y-proteobacteria [43].

C—P-lyases participate in catabolism of phospho-
nates; usually one operon (phn) encoding this meta-
bolic pathway is presented in the genome of bacteria.
In the case of presence of this enzyme system, glypho-
sate can be the only source of phosphorus for bacteria
in case of its deficiency, but this is rarely found in nat-
ural habitats [9]. Many bacteria cannot use glyphosate
as the only source of phosphorus, but they perform the
breakdown of C—P bond in glyphosate under the con-
ditions of low content of available phosphates [22]. So,
microbiological degradation of glyphosate in soils
depends directly on the presence of easily available
sources of phosphorus, inorganic phosphates.

Additionally to degradation, sorption of glyphosate
on soil particles results in inactivation of this substance
in the soil, because it is a strong chelating agent due to
presence in its molecule of carboxyl, phosphonate,
and amino groups, which allow glyphosate binding
with clay particles and iron and aluminum in the form
of oxides and hydroxides [16, 44]. Despite active sorp-
tion of glyphosate by soils, this process is reversible.
Among other issues, the assessment of fertilizers
effects on glyphosate behavior, and first of all, of
phosphorus fertilizer, is one of unsolved challenges.
This is caused by the fact, that phosphates often play a
role of herbicide antagonists from the sorption view-
point, because they compete with it for combining
sites [16, 41]. It was found for some soils that applica-
tion of phosphorus fertilizer can result in releasing of
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glyphosate or its primary metabolite AMPA, which is
also phytotoxic [17, 34]. Moreover, it was demonstrated
that high content of phosphates in the soil could inhibit
degradation of glyphosate to sarcosine, being a not toxic
product of glyphosate degradation [39]. Due to expand-
ing world application of phosphorus fertilizers, which
accounted for about 48.6 million tons in 2016 (http://
www.fao.org/faostat/), many researches are focused
recently on interactions between phosphates and gly-
phosate in soil [16, 17, 21, 31, 32, 34, 37, 41]. It was
found that phosphates in most cases compete with gly-
phosate for binding sites, but this does not occur in
some soils [16, 31]. So, the information about the
influence of phosphorus fertilizers on the interaction
between glyphosate and soil is often discrepant, and
this determines the necessity to assess this interaction
under the conditions of particular soil [16, 31]. Such
researches for Russian soils are absent. The processes of
glyphosate sorption—desorption affect in turn the rate
of its microbiological degradation: it was found that
absorbed herbicide is mineralized by soil microflora to
a lesser extent than the herbicide in free form [16].

Hence, inactivation of glyphosate in soils is deter-
mined by a complex of conditions, among which a
leading position is occupied by the adsorption capabil -
ity of soil towards the herbicide and peculiarities of
microbial community structure. Both these factors
depend significantly on the presence of easily available
phosphates. Our research was focused on evaluating
the possibility of glyphosate mobilization in soddy-
podzolic, gray forest soil, and chernozem under the
influence of phosphates, and the influence of this pro-
cess on the abundance of functional genes of bacteria
responsible for glyphosate degradation with C—P
bond breakdown.

OBJECTS AND METHODS

Collection and characteristics of soil samples. Soil
samples were taken from humus horizons from the
depth of 0—5 cm. Composite sample was made of five
individual samples taken with ’envelope’ method in
sampling plot about 1 m?, from which average sample
was obtained. The list of studied soils is presented in
Table 1. Sum total three soil samples were taken in dif-
ferent soil-geographical zones: soddy-podzolic (Albic
Retisol) soils (Moscow oblast, Solnechnogorsk dis-
trict), gray forest (Haplic Phacozem) soils (Tula oblast,
Shchekino district), and leached chernozems (Luvic
Chernic Phaeozem) (Lipetsk oblast, Danki district).

Primary soil chemical characteristics. Actual soil
acidity was determined according to [10]. The mea-
surements were carried out in the unit Hanna Micro-
processor pH Meter pH 211, electrode HI 1230
(Hanna Instruments Inc., USA). Concentrations of
organic carbon (C) and nitrogen (N) in soil were deter-
mined with catalytic combustion at 960°C [35] in oxy-
gen flow in element analyzer Vario Macro Cube (Ele-
mentar Analysen Systeme GmbH, Germany). Con-
EURASIAN SOIL SCIENCE  Vol. 53
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Table 1. The list of collected soil samples and their initial agrochemical characteristics (mean * standard deviation, n = 3)

Niin P robite c* N*
Index pH
mg/kg of soil %
Soddy-podzolic soil on cover loam underlain by moraine**/Albic Retisol***
SP | 4.4+0.1 \ 13.5+0.2 | 1.5£0.1 2.32 0.18
Gray forest soil on cover loam underlain by moraine **/Haplic Phaeozem™***
GF | 49+0.1 | 25703 | 5.8+0.2 2.65 | 0.26
Leached chernozem on loess-like loam**/Luvic Chernic Phaeozem™***
LC | 6.2+0.1 | 5302 | 127£09 | 4.05 | 0.34

* Measurements were carried out in single.
** According to [6].
*** According to [36].

centrations of mobile forms of phosphorus in soddy-
podzolic (SP) and gray forest (GF) soils were deter-
mined with Kirsanov method modified by TSINAO [3]
and in leached chernozem (LC) with Chirikov method
modified by TSINAO [2]. When determining phos-
phorus, optical density of solutions was measured in
spectrophotometer PortLab512 (Portlab, Great Brit-
ain) at wavelength 710 nm. Concentration of mineral

nitrogen was calculated as the sum of free ions NH;

and NO;, determined according to [8] with ion-spe-
cific electrodes EKOM-NH4 and EKOM-NO3,
respectively (Research and Production Enterprise
Ekoniks, RF). Primary agrochemical characteristics
of studied soils are presented in Table 1.

Model laboratory experiments. To assess the effects
of monoammonium phosphate (MAP) on glyphosate
immobilization, an experiment was carried out, which
included four variants: 1, control (introduction of dis-
tilled water); 2, MAP; 3, glyphosate; 4, glyphosate +
MAP. The experiment was carried out in triplicate.
Incubation was performed in two stages: at the first
stage, herbicide was equilibrated in the soil; at the sec-
ond stage, MAP was introduced, and the release of gly-
phosate under the influence of MAP was evaluated. The
duration of these stages was 7 and 14 days, respectively.

In order to provide concentrations of herbicide in
the soil 8 mg/kg, the glyphosate solutions (Roundup
WS 360 g/L, JSC Avgust, RF) were added to weighed
portions of air-dry soil of variants glyphosate and gly-
phosate + MAP, preliminary sieved through the sieve
2 mm mesh. It is understood that the herbicide is fixed
mostly in the upper soil layer 0—5 cm, so application of
glyphosate in recommended rates 2—8 L/ha provided
concentration of herbicide 2.4—9.6 mg/kg of soil [17].
Hence, concentration of glyphosate used in our exper-
iment corresponded to the rate of herbicide applica-
tion 6.7 L/ha recommended for the control of harmful
perennial weeds: field bindweed, Bermuda grass,
creeping thistle, etc. (6—8 L/ha). In order to provide
uniform distribution of herbicide in the soil sample,
the volume of introduced solution was taken in such a
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way as to moist soil to 70% of maximum water capac-
ity. The mass of air-dry soil in the beaker was 100 g;
beaker volume was 100 ml. Equal volumes of distilled
water were added into the beakers of variants: control
and MAP. The beakers were placed at the first stage of
incubation in growth chamber (day/night 12 h/12 h,
temperature 24°C, without watering) for 7 days to
equilibrate the herbicide in soil with subsequent sam-
pling for glyphosate content, AMPA, and microbio-
logical analyses. The samples were taken in sixfold,
because soils before fertilizer application did not differ
in variants: control and MAP (introduction of distilled
water) and variants: glyphosate and glyphosate + MAP
(introduction of herbicide solution).

At the second stage of incubation, solution of
MAP (mark A, N : P 12: 61, JSC Lifosa, Lithuania),
water-soluble nitrogen-phosphorus fertilizer recom-
mended for application at early stages of plant devel-
opment, in the period of root system formation, was
added to the beakers of variants: MAP and glypho-
sate + MAP. Soil concentration of MAP was
0.34 g P,Os/kg of soil, and this approximately corre-
sponded to the rate 120 kg P,0Os/ha. The volume of
introduced solution was taken in such a way as to moist
soil to 70% of maximum water capacity. Similar vol-
umes of distilled water were added into the beakers of
variants control and glyphosate.

As there are data indicating soil phytotoxicity of gly-
phosate in the case of introduction of phosphates [17],
we carried out the assessment of the herbicide influ-
ence on plant growth under these conditions. For this
purpose, we sowed sprouting grains of common wheat
Triticum aestivum L., variety L-1, 5 grains/pot. The pots
were placed into growth chamber (day/night 12 h/12 h,
temperature 24°C) for plant growth, watering was per-
formed on an as-needed basis. After 14 days of grow-
ing, the second stage of incubation was completed,
plant length and biomass were measured, and soil sam-
ples were taken to determine glyphosate, AMPA,
microbiological analyses, and concentrations of mobile
phosphorus and mineral nitrogen in triplicate.
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Determination of concentrations of glyphosate and
AMPA in the soil. Water extraction of the herbicide
and its primary metabolite was carried out according
to [23]; chromatographic separation and mass-spec-
trometric determination were carried out according
to [57]. Weighed 1-g portions of soil were placed into
plastic tubes; 4 mL of deionized water, the mixture was
intensely agitated and stayed on agitator for extraction
for 30 min. Then the extract was separated from sedi-
ment via centrifuging at 17000 g during 10 min. Concen-
trations of glyphosate and AMPA were determined with
high-performance liquid chromatography with tandem
mass-spectrometric detecting (HPLC-MS/MS). The
HPLC-MS/MS system included liquid chromato-
graph Ultimate 3000 (Dionex, USA) with diode array
detector and hybrid triple quadrupole mass spectrom-
eter Qtrap 3200 (ABSciex, Canada) equipped with
ionization source via electrospraying. Chromato-
graphic separation of glyphosate and AMPA was car-
ried out on the column Shodex NH2P-50 2D (150 X
2.1 mm, 3 wm) with a precolumn. Mobile phase A:
water solution of 5 mM ammonium acetate, pH 11.
Mobile phase B: acetonitrile : water 20 : 80. Separation
was carried out in gradient mode at following propor-
tions of mobile phases A : B: 0—3 min 0 : 100, 3—8 min
50:50, 8—28 min 0 : 100. Flow rate 0.25 mL/min, the
temperature of column thermostat 35°C. Ionization
was carried out in negative mode. Detecting was car-
ried out in monitoring of selected reactions (MSR)
mode. The m/z 168 — m/z 63 was used as the main
transition for glyphosate and m/z 110 — m/z 63 for
AMPA. Additional transitions for the herbicide and its
metabolite were m/z 168 — m/z 149,9 and m/z 110 —>
m/z 79 respectively. MSR of transitions and parame-
ters of detecting was carried out in automatic mode
with the help of software deliverables (Analyst 1.5.1).

To account for the matrix effect (i.e. effect of sam-
ple matrix on ionization efficiency and degree and
efficiency of solute extraction), every sample was ana-
lyzed in duplicate, and the mixture of glyphosate and
AMPA was introduced into soil in the course of one of
these determinations. Correction factor k was calcu-
lated as the ratio of the areas of peaks of analyzed com-
ponent after introduction of addition into weighed
portion and extracting of the sample without addition
to the area of the peak of analyzed component in stan-
dard solution with concentration equal to concentra-
tion in extract with addition. Concentration of glypho-
sate and AMPA were calculated taking into account
the correction factor. Detection limits of glyphosate in
studied soils taking into account matrix effect were for
SP, GF, and LC: 0.60, 0.44 and 0.69 mg/kg. Analo-
gous values for AMPA were: 25, 15, and 7 mg/kg.
Detection limits for glyphosate and AMPA without
accounting for the matrix effect were 0.08 and
0.14 mg/kg respectively.

Molecular-biological analyses were focused on
determining the number of copies of 16S rRNA genes
of bacteria reflecting the total abundance of bacteria in
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soil, genes phnJ of o~ and y-proteobacteria encoding
C—P-lyases, and genes phoC and phoD encoding acid
and alkaline phosphatases, respectively (Table 2). Iso-
lation of DNA was carried out using the SileksMagNA
set for soils according to recommendations of manufac-
turer with modification at the stage of sample homoge-
nization: we used homogenizer Precellys 24 (Bertin
Technologies, France), program 5. Polymerase chain
reaction (PCR) was carried out in thermocycler C1000
Thermal Cycler with CFX96 Real-Time System (Bio-
Rad Laboratories, USA). Oligonucleotide primers
used in the work are presented in Table 2. The number
of copies of ribosomal bacterial genes was determined
in the samples using the method described in [4]. Pro-
tocols for quantitative PCR for the other genes were
taken from the works presented in Table 2. Reaction
volume for PCR was 20 uL, including 10 uL of BioMas-
ter HS-qPCRSYBR Blue (Biolabmix, Russia), 1 uL of
preparation of soil DNA and primers in concentra-
tion 0.5—0.8 uM. Melting profiles were analyzed to
evaluate reaction specificity. The number of gene
copies was estimated in the program CFX Manager
(Bio-Rad, CIF). Standards in concentrations 10° to
10° gene copies/uL were used. The standards for all
genes excluding bacterial 16S rRNA were obtained by
the way of purification of PCR products and quantita-
tive determination of concentration with the help of
fluorimeter Qubit3 (Thermo Fisher Scientific, USA).

Statistical treatment of data included calculation of
mean value and standard deviation. Significance of dif-
ference between mean values was evaluated with two-
way ANOVA with calculating the least significant dif-
ference (LSD). Confidence limit p = 0.05 was selected.

RESULTS AND DISCUSSION

The performed experiments demonstrated that gly-
phosate was most strongly inactivated during the first
7 days of incubation in LC: 1.3% of introduced herbi-
cide was found in soil. This value was 4.4% for SP soil
and 4.9% for GF soil. Observed inactivation was caused
by the process of herbicide sorption as well as by its deg-
radation. When pH increased in the range 4—8, nega-
tive charge of glyphosate increased owing to dissocia-
tion of carboxyl group (pKa 5.44), and consequently
the pH increase was accompanied by the decrease of
sorption capacity of soil to the herbicide [16]. On the
other hand, the decrease of glyphosate fixation by soils
was observed also in the case of increased mobile
phosphorus content in soil [21]. So, we can assume
that in this case, high degree of inactivation in LC,
characterized by maximal pH and concentration of
mobile phosphorus among studied soils, was caused
by glyphosate degradation. This possibility is sug-
gested by maximal abundance of bacteria indicated by
the number of copies of genes 16S rRNA (Table 3).

AMPA, the main metabolite of glyphosate, was
found in no variant. This could be connected with
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Table 2. PCR primers used in the study

Gene Primer nucleotide sequence (F, R) Reference

Bacteria 16S rRNA | Eub338 ACTCCTACGGGAGGCAGCAG [28]

Eub518 ATTACCGCGGCTGCTGG
Acid phosphatase phoC phoc-A-F1 CGGCTCCTATCCGTCCGG [29]

phoc-A-R1 CAACATCGCTTTGCCAGTG
Alkaline phosphatase |phoD phoD-F733 TGGGAYGATCAYGARGT [18, 48]

phoD-R1083 |CTGSGCSAKSACRTTCCA
C—P-lyases of a-PB* | phnJ phnJ-F1 ACbATCATCCAGACsCGbCA [58]

phnJ-R1 AGCTTsACITGCATSAGvCC with modifications.
C—P-lyases of y-PB** | phnJ phnJF2 GATCGGCACYTGITAGACsA [56]

phnJR2 tGCTCAAGGKCATCGAyCA with modifications.

* oi-proteobacteria.
** y-proteobacteria.

Table 3. Effects of glyphosate on the number of copies of target genes in studied soils after 7 days of incubation (mean *+

standard deviation, n = 6)

Content, copies/g
Soil
16S, x10° 0-PB* phnJ, x10* | y-PB** phnJ, x10* phoC, x10° phoD, x10°
Control
SP 0.21 +0.05 0.14 + 0.04 - 0.12+0.6 0.03 £ 0.01
GF 1.2£0.6 22404 26+0.6 20%0.5 8.1+18
LC 1.6 £0.2 23408 3.2+0.7 2.3+0.8 13+1
Glyphosate

SP 0.27 £ 0.05 0.19 £ 0.09 — 0.14 £ 0.05 0.06 + 0.03
GF 0.7+0.2! 1.6 £0.50 22+08! 1.5+0.6 45+29]
LC 1.5+0.4 3.2+08T 2.8+0.50 2.7+ 1.0 11+4
LSDy s 0.4 0.5 0.4 0.7 3

Hereinafter, the values significantly differing from the control are given in bold (p < 0.05); down and up arrows indicate the direction of

changes: decrease (»L) or increase (T).
* oi-proteobacteria.
** y-proteobacteria.

high fixing capacity of soils to this compound, which
exceeded in most cases the fixing capacity of soils
towards glyphosate [51]. It was found, when studying
sorption of glyphosate and AMPA on 17 soils, that
average value of Freundlich constant for glyphosate
equaled 144, and for AMPA 164 mg/kg (L/mg)~™, and
Freundlich constant for AMPA was 1.2—2.3 higher than
for glyphosate in 11 cases. On the other hand, detec-
tion limit of AMPA in soil, determined by disturbing
action of soil matrix, was also much greater than that
for glyphosate and 10—40 times exceeded it. Finally,
the absence of AMPA can be explained by predomina-
tion of sarcosine way of the herbicide degradation
under selected conditions.

Introduction of glyphosate resulted in multidirec-
tional changes in the number of copies of functional
genes under selected conditions. Treatment with the
herbicide did not affect the number of studied genes
No. 6
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(Table 1) in SP soil with minimal pH value and the
lowest content of mobile phosphorus (Table 1). At the
same time, the decrease of the number of some stud-
ied target genes was observed in GF soil and LC,
which had higher values of actual acidity and greater
concentration of mobile phosphorus. The most pro-
nounced effect of glyphosate was in GF soil, where the
decrease was observed in the presence of the herbicide
in concentrations of all studied target genes, excluding
phoC, for which the decrease of the number of copies
from 2.0 x 103 to 1.5 x 10° was statistically insignifi-
cant. Obtained results are in agreement with the data of
other researchers reporting the decrease in the number
of bacteria after single application of glyphosate in the
soil with high content of mobile phosphorus and the
absence of similar effect in the soil with low value of
this index [14]. It is interesting to note that the number
of copies of the gene encoding the C—P lyase of y-pro-
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Fig. 1. Effects of MAP on glyphosate content in studied
soils. Bars indicate standard deviation (#» = 3). Similar let-
ters for each soil indicate the belonging to the same group
by the data of ANOVA.

teobacteria decreased in variants with glyphosate in
GF soil and in LC. It can be assumed that the abun-
dance of y-proteobacteria in variant with glyphosate
relative to control variant was due to less active devel-
opment of prokaryotic community. The increase of
the content of phnJ gene of oi-proteobacteria encoding
C—P lyase, responsible for glyphosate degradation via
the sarcosine way, was found in LC in variants with
glyphosate. This result agrees well with observed ear-
lier maximum degradation of glyphosate in LC.

The comparison of concentration of 16S rRNA
with residual concentration of glyphosate in soils after
first week of incubation demonstrated that there was
significant inverse correlation between these parame-
ters (r = —0.97). This apparently indicated the proba-
bility of partial suppression of bacteria by glyphosate
under selected conditions or the decrease of the rate of
glyphosate destruction in the case of low abundance of
bacteria. Despite the fact that the absence of pro-
nounced negative effect of glyphosate on microbial
community was noted in most researches [60], some
researchers reported little decrease of the number of
bacteria [13, 50] in the presence of glyphosate, or the
increase of the ratio of carbon of fungal biomass to
bacterial biomass [47]. Since the degradation of gly-
phosate in soil in most cases is the co-metabolic pro-
cess [16], the observed disagreement suggests the
necessity to study the successional changes in soil
under the influence of this herbicide, rather than
obtain single estimates.

Application of MAP resulted in mobilization of
glyphosate in all studied soils: herbicide concentration
in variant glyphosate + MAP by the end of incubation
exceeded not only the value of variant glyphosate, but
also the herbicide content before the beginning of the
second stage of incubation (Fig. 1). This indicates that
the disappearance of glyphosate from soils in the first
week of incubation was caused not only by herbicide
degradation, but also by a reversible absorption as the
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result of phosphates application. This effect was most
pronounced in GF soil: concentration of glyphosate in
the presence of MAP was 3.6 times higher than in the
case of fertilizer absence. These values for SP soil and
LC were 1.5 and 2.8 times, respectively.

The obtained results are in agreement with the data
of other researchers, who reported the possibility of gly-
phosate release from soil after application of phospho-
rus fertilizer [41, 45]. Both glyphosate and phosphates
can be fixed on mineral surfaces with variable charge
such as clay minerals and Al and Fe oxides and hydrox-
ides, forming the bonds AlI-O—P or Fe—O—P [16]. So,
the content of phosphates, which can compete for bind-
ing sites with glyphosate, is generally regarded as one of
the main factors affecting the sorption-desorption
behavior of glyphosate.

The decrease was observed of glyphosate content in
SP and GF soils in the case of MAP absence in com-
parison with its content in soil after the first stage of
incubation, and this decrease was attributed to herbi-
cide degradation. Unlike SP and GF soils, the change
of herbicide content in LC was not observed under
these conditions, and this indicates that glyphosate
was completely inactivated in LC owing to binding and
degradation during a week. This fact well agreed with
previously found fact that the maximal degree of her-
bicide disappearance was observed in the chernozem.
This was attested by the absence of increase in bacteria
abundance estimated on the basis of the number of cop-
ies of genes 16S rRNA during further incubation both in
the presence and in the absence of MAP (Table 4). Sig-
nificant increase of bacteria abundance was observed
in SP and GF soils, where further incubation was
accompanied by glyphosate degradation. Obtained
results agreed with the data of researchers who reported
the probability of short-time increase of the number of
bacteria in soil under the influence of glyphosate [43,
60]. Taking into consideration that the decrease of the
number of copies of gene 16S rRNA in GF soil was
recorded after first 7 days of incubation after glyphosate
introduction, the increase of this index during further
incubation can attest to the development of bacteria
resulting of the decrease of glyphosate concentration
and the decrease of its suppressive effect.

Introduction of glyphosate in SP soil in the presence
of MAP aswell as in its absence promoted the increasing
concentration of copies of gene phoC (Table 4), encod-
ing acid phosphatase, despite the recorded increase of
concentration of mobile phosphorus in all variants with
MAP introduced in 2.4—4.2 times (Table 5). This fact
does not agree with formerly obtained data on the
decrease of phosphatase activity in the case of glypho-
sate introduction [55]. The number of copies of phos-
phatase genes in soil depended on pH and increased in
the cases of available phosphorus deficiency and
organic fertilizer application [18]. Application of min-
eral phosphorus fertilizer can cause the decrease as well
as increase of abundance of genes phoC and phoD [48].
EURASIAN SOIL SCIENCE  Vol. 53
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application (mean = standard deviation, n = 3)
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Soil Content, copies/g
. 16S, x10° o-PB* phnJ, x107 | y-PB** phnJ, x10* phoC, x10° phoD, x10°
Control
SP 1.6 £0.3 0.8+0.4 - 0.4+0.2 45+0.2
GF 27%0.3 9+4 9.8+0.2 7+4 26+ 1
LC 1.0 £0.3 34+0.6 6t2 3+£1 10+4
MAP
SP 2.4+0.37 1.6 £0.8 - 0.9+0.8 15£2
GF 3.5+027 71 8+4 5£2 302
LC 1.3+£0.2 4.3+0.7 7x2 5+1 19+£2
Glyphosate
SP 2.2+0.37 1.1£0.3 — 4+37 6.1 £0.6
GF 3.1+£0.17 7+2 10£6 39+0.5 32+8
LC 0.9+0.2 32%+09 8.0+09 4+1 19+3
Glyphosate + MAP

SP 2.1+0.27 1.7+0.5 — 7+27 12+3
GF 32+027 8§£2 119+ 0.5 5£2 32+9
LC 1.2+04 4+1 9+£3 5+2 2219
LSDy 5 0.4 3 5 3 14

* oi-proteobacteria.
** y-proteobacteria.

An increase of abundance of gene phoC in the presence
of glyphosate recorded in our experiment could be
caused by nonspecific activity of phoC with using gly-
phosate or products of herbicide destruction as a sub-
strate. We did not find any changes in the abundance of
genes phnJ of a- and y-proteobacteria after introduc-
tion of MA at the second stage of experiment. It should
be noted that the increased abundance of bacteria in
all microcosms in comparison with control in SP and
GF soils with low content of mobile phosphorus, and
this can attest to a more intense development of com-
munity in the presence of phosphorus-containing
substrate. This fact agreed with earlier obtained data
on the increase of respiratory activity of microbial
community as a result of glyphosate introduction into
some soils [5, 42].

Along with the increasing content of available phos-
phorus, MAP is the source of mineral nitrogen in
ammonium form, the factor, which also could affect
soil microflora. So, the content of mineral nitrogen was
determined in soil samples after the second stage of
incubation. It was found that the application of MAP to
SP and GF soils resulted in the increase of ammonium
nitrogen concentration, whereas the changes in LC
were statistically insignificant. This apparently attested
to low nitrifying capacity under selected conditions of
SP and GF soils and high capacity of LC. This assump-
tion was confirmed by the fact that the increase of
nitrate nitrogen content was observed in variants MAP
and glyphosate + MAP in LC (Table 5).
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Correlation analysis demonstrated direct correlation
(r = 0.83) between the number of copies of 16S rRNA
and concentration of mineral nitrogen in ammonium
form, and this could indicate the contribution of nitri-
fiers into the total bacteria population under selected

Table 5. Effects of MAP and glyphosate on content of min-
eral nitrogen and mobile phosphorus in studied soils
(mean = standard deviation, n = 3)

Content, mg/kg
Soil
N-NHj} N-NOj P,0s
Control
SP 51£9 18+6 40 +7
GF 48 +7 8+ 1 47 +2
LC 23402 82+0.7 46 + 3
MAP
SP 77+ 177 17+4 171 £ 30T
GF 77 + 47 8.7+0.1 1 +117
LC 7+2 13+47 136 + 34T
Glyphosate
SP 26+ 4] 29+27 58+ 14
GF 49 +2 8+ 1 51+ 1
LC 2.6+0.9 1557 423+0.6
Glyphosate + MAP

SP 6697 15+8 176 £ 30T
GF 73+57 8+ 1 110 £ 57
LC 5.3+0.6 19+27 156 + 31T
LSD, o5 13 6 32
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Fig. 2. Effects of MAP and glyphosate on the (a) length
and (b) dry biomass of plants. Bars indicate standard devi-
ation (n = 3). Similar letters for each soil indicate the
belonging to the same group by the data of ANOVA.

LC

conditions and be explained by the introduction of
available nitrogen in ammonium form.

Evaluation of the content of mineral nitrogen
demonstrated that introduction of glyphosate in SP
soil resulted in the decrease of available nitrogen con-
tent in ammonium form. Some researchers reported
earlier similar effect after soil treatment by the herbi-
cide [20, 49, 53]. Glyphosate at the rate 4 kg/ha
caused significant decrease of nitrogen-fixing capabil-
ity of Azotobacter chroococcum and A. vinelandii, and
the rates 20—28 kg/ha caused practically complete
inhibiting of this process [49]. Moreover, the observed
decrease of ammonium nitrogen content could be
connected with intensification of nitrification process,
reported in some works [11, 53]. It was found that
introduction of glyphosate could initiate the increase
of the fraction of ammonium-oxidizing bacteria in the
case of single application of the herbicide [11].

Despite a significant increase of glyphosate con-
centration in soils after the introduction of MAP, the
herbicide did not produce any adverse effect on the
length and biomass of plants, (Fig. 2), and this well
agreed with commonly-known fact that glyphosate is
not a soil herbicide.

Obtained results attested to a high rate of glypho-
sate inactivation under selected conditions. Addition-

KULIKOVA et al.

ally, a positive effect was recorded in LC of MAP, it
was observed in the absence of herbicide as well as in its
presence: application of fertilizer promoted the increase
ofthe length (by 10—15%) and mass (16—28%) of wheat
seedlings. The observed positive effect of MAP on plant
growth in chernozem could be apparently explained by
low content of mineral nitrogen. Soils fall into the group
with very low supply of plants with nitrogen and very
high fertilizer requirement, when nitrogen content is
less than 15 (5.3 = 0.2 mg/kg for LC) mg/kg [1].

CONCLUSIONS

Glyphosate applied in recommended rates was
inactivated under the conditions of laboratory experi-
ment in soddy-podzolic and gray forest soils and in
leached chernozem by 95—99% during a week. Maximal
inactivation was observed in chernozem. A temporary
decrease of bacteria abundance estimated by the con-
centration of the number of gene copies of 16S rRNA
was observed, when concentration of mobile phospho-
rus was above 6 mg/kg and actual acidity was above 5.
Significant inverse correlation (» = —0.97) was demon-
strated between residual concentration of glyphosate
and the content of 16S rRNA.

Application of MAP caused mobilization of gly-
phosate in all studied soils. This effect was most pro-
nounced in gray forest soil, where concentration of
glyphosate in the presence of MAP was 3.6 times
higher than in the absence of this fertilizer. This value
was 1.5 and 2.8 for soddy-podzolic soil and cherno-
zems, respectively. Despite the 2.4—4.2 times increase
of available phosphorus content in the case of MAP
application, there was no statistically significant
change in the number of copies of genes phnJ, encod-
ing C—P-lyase of o.- and y-proteobacteria. The decrease
of ammonium nitrogen content and increase of nitrate
nitrogen content in the presence of glyphosate was
observed in soddy-podzolic soil, and this fact can sug-
gest intensification of nitrification process. Release of
glyphosate was not accompanied by adverse effects on
the length and biomass of wheat plants. The results
obtained suggest that application of phosphorus fertil-
izers in soils contaminated by glyphosate can be
accompanied by the increase of the risk of herbicide
migration into adjacent environments.
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