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A laboratory work has been carried out to determine the tolerance of soil bacterial
communities to Ni and Zn and co-tolerance to tetracycline antibiotics (chlortetracycline
(CTC), oxytetracycline (OTC) and tetracycline (TC)) in soils individually spiked with five
different concentrations of Ni or Zn (1,000, 750, 500, 250, and 125mg kg−1), and an
uncontaminated (0 mg kg−1) control soil. The PICT parameter (pollution-induced
community tolerance) was estimated for the bacterial community using the tritium (3H)-
labeled leucine incorporation technique, and the values corresponding to log IC50 were
used as toxicity index. The mean log IC50 values observed in the uncontaminated soil
samples indicate that Zn (with log IC50 = −2.83) was more toxic than Ni (log IC50 = −2.73).
In addition, for the soil with the lowest carbon content (C = 1.9%), Ni-contaminated
samples showed increased tolerance when the Ni concentrations added
were ≥500mg kg−1, while for the soils with higher carbon content (between 5.3% and
10.9%) tolerance increased when Ni concentrations added were ≥1,000mg kg−1.
Regarding the soils contaminated with Zn, tolerance increased in all the soils studied
when the Zn concentrations added were ≥125mg kg−1, regardless of the soil carbon
content. The co-tolerance increases obtained after exposure of the bacterial suspension to
TC, OTC and CTC showed an identical behavior within these tetracycline antibiotics.
However, it was dependent on the heavy metal tested (Ni or Zn). In the case of soils 1 (C =
1.1%) and 2 (C = 5.3%), the soil bacterial communities showed increases in co-tolerance
to TC, OTC and CTC for Ni concentrations added of ≥125mg kg−1, while for soil 3 (with
C = 10.9%) co-tolerance took place when Ni was added at ≥1,000 mg kg−1. However, in
soils contaminated with Zn, increases in co-tolerance to CTC, OTC and TC occurred at Zn
concentrations added of ≥125mg kg−1 for the 3 soils tested. These results can be
considered relevant when anticipating possible environmental repercussions related to
the simultaneous presence of various types of pollutants, specifically certain heavy metals
and antibiotics.
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INTRODUCTION

Soil microorganisms are key components in ecosystem, by
their relevance in process such as organic matter recycling or
cycling of nutrients. The correct maintenance of biological
activity in soils is considered a key characteristic to guarantee
the functions of an ecosystem and its sustainable productivity
(Swift, 1994). The presence of contaminants in the soil can
endanger the proper functioning of its biological activity since
soil microorganisms are more sensitive than other organisms
to some contaminants such as heavy metals (Brookes, 1995;
Giller et al., 1999). Although, heavy metals are of moderate to
high physiological importance as they are essential
micronutrients required for various cellular components and
functions, such as Zn for DNA and RNA polymerase, and Ni
for urease (Seiler and Berendonk, 2012), the presence of these
compounds in high concentrations can bring negative effects.
Heavy metals can be naturally present in soils, although there
are also various anthropic activities, such as agricultural,
livestock, and industrial production, as well as mining,
which can promote a high entry of these substances into
terrestrial ecosystems (Kabata-Pendias, 2000; Abdu et al.,
2017). Agricultural soils can suffer from high concentrations
of heavy metals due to the repeated application of various
amendments, such as sewage sludge, phosphate fertilizers,
nitrate fertilizers, manure, lime, and composted residues. As
indicated in various publications (European Union, 2006; Wu
et al., 2013) heavy metals are frequently used in livestock
production, with many commercial feedings being added
with Zn, Cu and other essential elements, mainly used with
the aim of preventing different diseases.

In addition to the use of heavy metals in livestock
production, the use of veterinary antibiotics to treat
infectious diseases in animals or as growth promoters has
been implemented in the last century (Sapkota et al., 2008).
In addition, the use of veterinary antibiotics to treat infectious
diseases is common in livestock production. The most widely
used antibiotics in Europe are tetracyclines, among which
chlortetracycline (CTC), oxytetracycline (OTC), and
tetracycline (TC) stand out (European Medicines Agency,
2016). Once administered to cattle, antibiotics and heavy
metals are poorly absorbed by the animal intestine and a
high percentage of these compounds are excreted and
accumulated in feces and urine (Sarmah et al., 2006; Zhang
et al., 2012; Hejna et al., 2018). Tetracycline antibiotics and
heavy metals tend to accumulate in agricultural soils due to
frequent spreading of manures and slurries as organic
amendments (Hamscher et al., 2002; He et al., 2009), being
a widespread problem throughout the world.

The toxicity of antibiotics and heavy metals on soil
microorganisms depends on their concentration and their
chemical form (Nies, 1999). In this regard, there are several
studies that have evaluated the toxicity of heavy metals in soil
microbial communities (Hattori, 1992; Giller et al., 1998; Giller
et al., 2009; Abdu et al., 2017). On the other hand, there are also
previous studies focused on studying the effects of antibiotics
on soil microorganisms (Thiele-Bruhn, 2005; Toth et al., 2011;

Caban et al., 2018; Urra et al., 2019), however, there are few
studies that focus on the study of tetracyclines in soil bacterial
communities, such as Santás-Miguel et al. (2020a); Santás-
Miguel et al., 2020c; Santás-Miguel et al., 2020d), or on the
temporal evolution of various antibiotics affected by
environmental conditions, such as Rodríguez-López et al.
(2022). On the other hand, several works evaluated the co-
tolerance to antibiotics of soil bacterial communities, at the
functional and genetic level, in soils contaminated with heavy
metals (Bååth, 1989; Berg et al., 2010; Oyetibo et al., 2010; Ji
et al., 2012; Dickinson et al., 2019; Santás-Miguel et al., 2020b;
Santás-Miguel et al., 2022). However, few studies focused on
the concentration levels present in soils that would be the
starting point to cause increases in co-tolerance of soil bacterial
communities to antibiotics when simultaneously
contaminated with heavy metals (Fernández-Calviño and
Bååth, 2013; Song et al., 2017; Santás-Miguel et al., 2020b).
Knowledge of these concentrations would shed light on the
vulnerability of soils contaminated with heavy metals to the
presence of bacteria resistant to antibiotics, without previously
having been in contact with them. These antibiotic-resistant
bacteria, through horizontal gene transfer, can confer
resistance to human pathogens, becoming a threat to public
and environmental health (Davies, 1994; Knapp et al., 2010;
Serwecińska, 2020).

Therefore, the main objective of this study was to determinate
the concentrations from which increases in tolerance to Ni and
Zn and co-tolerance to tetracycline antibiotics (CTC, OTC, and
TC) occur in 3 agricultural soils contaminated separately with
5 different concentrations of Ni and Zn (1,000, 750, 500, 250, and
125 mg kg−1) compared with a control (0 mg kg−1). This study
could shed light on the vulnerability of soils contaminated with
heavy metals to achieve increased tolerance to antibiotics. This
information could facilitate an ulterior design and
implementation of appropriate management practices to
mitigate these undesirable effects.

MATERIAL AND METHODS

Chemicals
The metals in this research were Zn (as Zn(NO3)2 6H2O, CAS;
10196–18-6) andNi (as Ni(NO3)2 6H2O, CAS; 13478-00-7). They
were supplied by Panreac (Barcelona, Spain).

The antibiotics used in the tests were chlortetracycline
hydrochloride (C22H23ClN2O8) (≥97% in purity; CAS 64-72-
2), oxytetracycline hydrochloride (C22H24N2O9) (≥95% in
purity; CAS 2058-46-0), and tetracycline hydrochloride
(C22H24N2O8) (≥95% in purity; CAS 64-75-5), from
Sigma–Aldrich (Steinheim, Germany).

Soil Samples
Three agricultural soil samples from A Limia area in Galicia (NW
of Spain), were selected form a set previously characterized
(Conde-Cid et al., 2018). These soil samples were previously
used by Santás-Miguel et al. (2020c) and Santás-Miguel et al.
(2020d) for measuring the bacterial growth in soils polluted with
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tetracycline antibiotics. The methods used to analyze these soils
are included in Supplementary Material S1.

The main characteristics of the soils studied are shown in
Supplementary Table S1. Briefly, the 3 soils present similar
values of pH measured in water, ranging 4.5–4.8. However,
they show very different organic carbon contents, with values
between 1.1% and 10.9%, while DOC varies between 210.5 and
572 mg kg−1. The sand, silt and clay contents varied between
40.6 and 70.4, between 11.9 and 25.8, and between 17.7 and
33.6 respectively. Therefore, the texture of soil samples was sandy
loam for soil 1, clay loam for soil 2 and sandy clay loam for soil 3.
The cation exchange capacity ranged between 4.1 and 11.7 cmolc
kg−1. The Alo and Feo values ranged 855–3,535 mg kg−1 and
1,150–2080 mg kg−1, respectively. Total Ni and Zn contents
ranged 14.0–19.7 and 64–141 mg kg−1, respectively. These
values are similar to those found by Macías and Calvo (2008)
in uncontaminated soils in the area. The concentration of
bioavailable heavy metals to most heavy metal concentration
added (1,000 mg kg−1) at days 0 and 42 is shown in
Supplementary Table S2. The concentrations of bioavailable
heavy metals at day 0 in soil 1, 2 and 3, determined in
polluted soil samples extracted with CaCl2 were 413.6,
365.9 and 356.6 mg kg−1, respectively, for Ni and 558.5,
506.6 and 585.4 mg kg−1 respectively, for Zn. On the other
hand, the soil samples extracted with EDTA in soil 1, 2 and
3 at day 0, they were 900.8, 560.6 and 503.1 mg kg−1 for Ni,
respectively, and 878.6, 692.2 and 615.2 mg kg−1 for Zn
(Supplementary Table S2). The bioavailable concentrations
determined in polluted soil samples at day 42 of incubation in
soil 1, 2 and 3 were 288.2, 271.5 and 257.7 mg kg−1 for Ni and
were 527.8, 490.9 and 505.5 mg kg−1 for Zn, when extracted with
CaCl2, while they were 731.2, 367.8 and 333.5 mg kg−1

corresponding to Ni and 788.3, 528.7 and 517.9 mg kg−1

corresponding to Zn, when extracted with EDTA
(Supplementary Table S2).

Experimental Design
Each of the 3 soil samples were introduced into polyethylene
bottles of 500 mL (84 g per bottle) and moistened up to 70% of
their water holding capacity, being incubated for 1 week (at 22°C,
in the dark), as indicated by Meisner et al. (2013) to facilitate the
correct growth of the soil bacterial communities after adjustment
of moisture. After this time, the soil samples were distributed in
6 polypropylene tubes of 50 mL (14 g wet weight) and separately
spiked with 5 solution with different concentrations of Ni or Zn
to reach a final concentration of 1,000, 750, 500, 250, and
125 mg kg−1, also preparing an uncontaminated control soil
with water (0 mg kg−1). Then, for each metal (Ni or Zn), the
6 microcosms were distributed in 18 polypropylene tubes of
50 mL (6 microcosms x 3 replication), with 4.6 g (expressed in
dry weight) included in each of the tubes, and then incubated (in
dark conditions) during 42 days, being a total of 108 microcosms
for 3 soil samples and each heavy metal (Ni or Zn). A schematic
description of the experimental design is shown in
Supplementary Figure S1. The procedure detailed in Díaz-
Raviña et al. (1994) and in Díaz-Raviña and Baath. (1996) was
followed to determine the bacterial community tolerance

(although with some modifications), complemented by the
details published by Díaz-Raviña and Bååth. (2001) and Díaz-
Raviña et al. (1994) as regards the leucine incorporation method.
For this, soil samples corresponding to each microcosm were
added with distilled water (at 1:20 (w/v)), shaking with a
multivortex (at maximum intensity) for 3 min. Then, the soil
+ water mixture was centrifuged during 10 min at 1,000 x g,
obtaining the soil bacterial suspension (supernatant). Volumes of
1.50 mL of the supernatant were transferred to Eppendorf vials of
2 mL, in which 150 µL of pollutant (heavy metal or antibiotic)
were subsequently added. The different concentrations of heavy
metals (Ni and Zn) and antibiotics (CTC, OTC, and TC) added to
the bacterial suspension plus a control sample (with only water
added) made a total of 8 concentrations of pollutants used for
each compound and soil sample. The final heavy metal
concentrations added in liquid to bacterial suspension ranged
between 10–2 and 10–5 mol L−1, while for the antibiotics ranged
between 400 and 9.7 × 10−2 mg L−1. The bacterial community
growth was estimated after a pre-incubation step of 24 h of
bacterial suspension containing the different antibiotics
concentrations added before performing the leucine
incorporation assay (Berg et al., 2010; Fernández-Calviño and
Bååth, 2013). On each micro-centrifugation tube, [3H] leucine
incorporation was then measured as follows: 0.2 µL [3H] Leu
(3.7 MBq mL−1 and 0.574 TBq mmol−1; Amersham)
incorporated with non-labeled Leu into each of the tubes,
giving 275 nM Leu in the bacterial suspensions. To stop
bacterial growth 75 µL of trichloroacetic acid (at 100%) were
added after 3 h of incubation. The indications from Díaz-Raviña
and Bååth. (2001) for washing, whereas a liquid scintillation
counter (Tri-Carb 2810 TR, PerkinElmer, USA) was used for the
radioactivity measurement. For determining the co-tolerance, the
results of bacterial growth that were obtained after the exposure
of the bacterial suspension to 8 concentrations (from o to
400 mg L−1) of the tetracycline antibiotics (CTC, OTC, and
TC, separately), were normalized with respect to the control,
obtaining dose-response curves for the different soil samples
contaminated with the various Ni or Zn concentrations added
(1,000, 750, 500, 250, and 125 mg kg−1, and the unpolluted
control sample).

Data Analyses
To estimate the tolerance of the bacterial community to Ni and
Zn, and to CTC, OTC and TC, the logarithm of the concentration
that resulted in 50% inhibition of bacterial community growth
(log IC50) was used. Log IC50 was calculated using a logistic
model, detailed below (Sebaugh, 2011):

Y � c/ 1 + eb x−a( )[ ] (1)
Where Y is the level of Leu incorporation (measured), X is the

logarithm of the concentration of the substance (Ni and Zn, or
CTC, OTC and TC) added to the bacterial suspension, a is the log
IC50, c the bacterial growth in absence of the toxics, and b is a
slope parameter indicative of the inhibition rate. High log IC50

values indicate higher community tolerance, whereas lower
values indicate higher toxicity to the bacterial community.
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RESULTS AND DISCUSSION

Tolerance of Soil Bacterial Communities to
Ni and Zn
The results of bacterial growth measured for each dose of Ni and Zn
[1,000, 750, 500, 250, 125, and 0mg kg−1)] were obtained after
exposing the bacterial suspensions to the various concentrations of
heavy metals (which expressed in molar concentrations went from
0 to 10–2 mol L−1). After being normalized compared to the control,
dose-response curves were obtained for the 3 tested soils
(Supplementary Figure S2). These dose-response curves were of
sigmoidal type, that is, low concentrations of added heavy metal do
not cause inhibition of bacterial growth, however, as the heavy metal

concentration added is increased, bacterial growth is progressively
inhibited. The dose-response curves show a shift to the right
compared to the control, which suggests increases in the tolerance
of the bacterial communities to the both heavy metals tested.

The dose-response curves presented good fits (Supplementary
Tables S3, S4) to the logistic model (Eq. 1) with R2 from 0.873 to
0.996 (Mean = 0.960) in soils contaminated with Ni, and R2 from
0.824 to 0.999 (Mean = 0.975) for soils contaminated with Zn. From
the dose-response curves obtained for Ni and Zn in the 3 soils studied,
the log IC50 values were estimated for the 6 concentrations tested, as
represented in Figure 1. The log IC50 values obtained for the control
samples (0mg kg−1) for each soil show scores between−3.05 and−2.36
(mean = −2.73) for Ni, and between −2.99 and −2.69 (mean = −2.83)

FIGURE 1 | Evolution of bacterial community tolerance to Ni and Zn (as log IC50), for increasing Ni and Zn concentrations in the soil (0, 125, 250, 500, 750 and
1,000 mg kg−1). (A, B): soil 1; (C, D): soil 2, (E, F): soil 3.
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for Zn. Observing the mean log IC50 values, the concentration that
inhibits 50% of the bacterial population is slightly lower for Zn than
that observed for Ni, indicating that Zn seems has higher toxicity than
Ni on bacterial communities in the soil samples studied. The log IC50

values obtained in the present study for the control sample are similar
to those found in previous works by Santás-Miguel et al. (2022), with
log IC50 values of −2.56 for Ni and −2.89 for Zn.

The increases in tolerance to heavymetals were different depending
on the soil and the heavymetal tested. Soil bacterial communities show
increased tolerance toNi at concentrations≥500mg kg−1 for soil 1 (C=
1.1%) with respect to the control. However, increases in tolerance to Ni
in soils with higher carbon contents (5.3% for soil 2, and 10.9% for soil
3) occur at high metal concentrations added (≥1,000mg kg−1). On the
other hand, regarding Zn, the increase in tolerance with respect to this
metal is not dependent on the carbon content of the soil, since there is
an increase in tolerance to Zn with respect to the control in all soils at
concentrations ≥125mg kg−1.

The results of the current study are similar to those shown by
various authors who also observed increased tolerance toNi andZn in
soils polluted with different concentrations of these metals (Duxbury
and Bicknell, 1983; Díaz-Raviña et al., 1994; Díaz-Raviña and Bååth,
2001; Almås et al., 2004; Davis et al., 2004; Stefanowicz et al., 2009;
Zhong et al., 2021; Santás-Miguel et al., 2022). For example, Díaz-
Raviña et al. (1994) after 9 months of incubation observed a rise in
tolerance with respect to the control for all the concentrations of Zn
and Ni tested in agricultural soils from southern Sweden, which were
polluted with 1878mg kg−1 of Ni and between 1,046 and
2093mg kg−1 of Zn. Stefanowicz et al. (2009) measured the
tolerance of bacterial communities in soils near galvanized
electricity pylons contaminated with Zn using the Biolog plate
technique and observed an increased tolerance to Zn at
concentrations ≥300mg kg−1.

Observing the results obtained in the present research, it is
shown that Ni toxicity on soil bacterial communities has a
slight dependence on soil carbon content, while it does not
happen for Zn. In this regard, it should be bear in mind that the
affinity shown by heavy metals for organic matter increases
with pH, therefore, at acidic pH, the affinity will be lower than
at basic pH (Spark et al., 1997). Taking into account that the
pH of the soils here studied is between 4.5 and 4.8, the results
obtained may be due to the affinity that these metals have for
the organic matter of the soil. In fact, it is classified, according
to (Gluskoter, 1977), as a low affinity for Zn and medium
affinity for Ni. This difference in heavy metals affinity for soil
organic matter has been demonstrated by a large number of
authors (Khan and Schnitzer, 1978; McBride, 1994; Rule, 1999;
Sauvé et al., 2003; Refaey et al., 2014). In this sense, Piccolo
(1989) measured the effect of humic acids on the
immobilization of different heavy metals in soils and
observed the following sequence: Pb > Cu > Cd > Ni > Zn,
with Zn being the metal with the highest solubility followed by
Ni and, therefore, having greater bioavailability in soils than
other heavy metals. However, considering that other studies
such Milne et al. (2003) showed a slightly lower Ni affinity for
humic acids than Zn, other causes different than affinities for
organic matter cannot be discarded. Thus, log IC50 values
found in non-amended soil samples showed a slightly

higher toxicity of Zn than Ni on bacterial communities
(Supplementary Tables S3, S4).

The high bioavailability of these metals in the soil causes the
bacterial communities in the soil to be exposed to this
contaminant and therefore the selection pressure exerted on
the communities is higher (Blanck, 2002). Zn, therefore, exerts
higher selection pressure than Ni, which caused that metal
tolerance increases take place from lower Zn concentrations
than those needed for Ni.

Co-Tolerance of Soil Bacterial Communities
to Tetracycline Antibiotics in Ni and Zn
Polluted Soils
The results of bacterial growth obtained after exposure of the
bacterial suspension to 8 concentrations of the three tetracycline
antibiotics (400–0 mg L−1), added separately, were normalized
with respect to the control, giving sigmoidal-type dose-response
curves for the different soil samples contaminated with the
various concentrations of Ni and Zn (1,000, 750, 500, 250,
125, and 0 mg kg−1) (Supplementary Figures S3–S5). The
dose-response curves show a clear shift to the right for most
heavy metals concentrations, indicating that there is a clear
increase in co-tolerance to CTC, OTC and TC in most of the
soils contaminated with the different Ni and Zn concentrations.

The dose-response curves were satisfactorily fitted to the
logistic model, with R2 values between 0.890 and 0.999
(mean = 0.983) for the 3 tetracyclines in Ni-contaminated
soils, and with R2 values between 0.874 and 0.999 (mean =
0.982) in Zn-contaminated soils. Log IC50 values were
estimated from the dose-response curves obtained for each
concentration of metal, soil and antibiotic added (Figures
2–4). The mean log IC50 values corresponding to the
uncontaminated control (0 mg kg−1 of Ni and Zn) after the
addition of the tetracycline antibiotics to the bacterial
suspension were 0.76 for TC, 0.78 for OTC and 0.41 for CTC,
indicating that CTC is the most toxic among them, while TC and
OTC show similar values. This sequence of toxicities is similar to
that found in previous works, where CTC >>OTC ≥ TC (Santás-
Miguel et al., 2020c; Santás-Miguel et al., 2020d).

The co-tolerance increases obtained after exposure of the bacterial
suspension to TC, OTC and CTC showed an identical behavior
within these tetracycline antibiotics.However, it was dependent on the
heavy metal tested (Ni or Zn). On the one hand, the tolerance
increases of TC, OTC and CTC in soils contaminated with Ni
were evidenced at concentrations ≥125mg kg−1 in soil 1 (C =
1.1%) and 2 (C = 5.3%), whereas in soil 3, with a very high
carbon content (C = 10.9%), increases in co-tolerance to
tetracycline antibiotics took place at very high concentrations
(≥1,000mg kg−1). Regarding soils contaminated with different
concentrations of Zn, co-tolerance increases were observed for TC,
OTC and CTC at the lowest concentration tested of ≥125mg kg−1

for the 3 soils. This behavior shown for tetracycline antibiotics is
similar to that observed for heavy metals in the previous section,
where Ni tolerance increases showed a slight dependence on soil
carbon content, while Zn tolerance increases were independent of
the soil carbon content. Therefore, the evidence from studies
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suggests that bacterial communities that have been previously
exposed to heavy metals may also develop co-tolerance to
antibiotics. There are several studies that show that
environmental contamination with heavy metals shows a high
correlation with antibiotic resistance genes (ARGs) (Ji et al., 2012;
Pal et al., 2015; Chen et al., 2019; Lu et al., 2020). Lu et al. (2020)
studied the abundance of heavy metals, antibiotics and ARGs in
sediments from China with organic matter values between 89 and
120 g kg-1. These authors found that there is a positive correlation
between most of the tetracycline ARGs analyzed (tetC, tetG, tetO,

tetE) and the presence of Zn in the sediments. However, in the case
of Ni, no correlations were found withmost of the tetracycline ARGs
studied (only with tetA and tetQ). However, there are various
mechanisms that can participate in the acquisition of resistance
to heavy metals and antibiotics, such as co-resistance, cross-
resistance and co-regulated resitant.

As previously commented, many studies show that there are
increases in co-tolerance to antibiotics in the presence of different
heavymetals from a functional and genetic point of view (Berg et al.,
2010; Knapp et al., 2011; Hu et al., 2017; Knapp et al., 2017; Song

FIGURE 2 | Evolution of bacterial community tolerance to TC (as log IC50), for increasing Ni and Zn concentration in the soil (0, 125, 250, 500, 750 and
1,000 mg kg−1). (A, B): soil 1; (C, D): soil 2, (E, F): soil 3.
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et al., 2017; Xu et al., 2017; Nguyen et al., 2019; Santás-Miguel et al.,
2020b; Zhong et al., 2021; Santás-Miguel et al., 2022). But rather few
studies have focused on the concentrations of heavy metals present
in soils triggering the co-tolerance of soil bacterial communities to
antibiotics and, more specifically, to tetracycline antibiotics. In this
regard, Santás-Miguel et al. (2022) observed increases in co-tolerance
to tetracycline antibiotics at 1,000 mg kg−1 of 7 heavy metals
separately added to the soil, including Ni and Zn among them.
Song et al. (2017) observed increases in co-tolerance to tetracycline
in a soil sample (%C = 1.4) contaminated with Zn at
concentrations ≥264mg kg−1. However, Zhong et al. (2021) did

not observe an increase in co-tolerance to TC in soils contaminated
with different concentrations of Zn (33–3,811 mg kg−1). As for Ni,
there are very few studies dealing with increases in co-tolerance to
tetracycline antibiotics. Hu et al. (2017) observed an increase in
antibiotic resistance genes (ARGs) at Ni concentrations in
soil ≥100 mg kg−1, concentrations similar to those observed in
the present study for soils with a carbon content ≤5.3% (soil 1 and
2). Therefore, although the effect of heavy metals on soil bacterial
communities is a widely studied topic, additional research
should be carried out in the future, to be added to the current
investigation, to shed further light on what are the concentrations

FIGURE 3 | Evolution of bacterial community tolerance to OTC (as log IC50), for increasing Ni and Zn concentration in the soil (0, 125, 250, 500, 750 and
1,000 mg kg−1). (A, B): soil 1; (C, D): soil 2, (E, F): soil 3.
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of different heavy metals from which there is a risk of
increased co-tolerance to a vast variety of antibiotics. This
environmental problem must be treated as a priority to
recognize which are the soils with potential risk of
presenting bacterial communities resistant to antibiotics and
thus avoid the dissemination of antibiotic resistance genes in
the environment.

CONCLUSION

In the present study it was observed that, for the 3 agricultural soils
studied, Zn presented higher toxicity than Ni on soil bacterial
communities. In addition, the soils contaminated with different
concentrations of Ni and Zn showed increased tolerance to both
metals, with a slight dependence on the soil carbon content in the case

FIGURE 4 | Evolution of bacterial community tolerance to CTC (as log IC50), for increasing Ni and Zn concentration in the soil (0, 125, 250, 500, 750 and
1,000 mg kg−1). (A, B): soil 1; (C, D): soil 2, (E, F): soil 3.
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of Ni. However, for Zn these increments in tolerance were
independent of the soil carbon content. In addition, the samples
contaminated with Ni showed increases in co-tolerance from low
concentrations of these heavy metals (≥125mg kg−1) for tetracycline
antibiotics (TC, OTC and CTC) for soils with carbon content ≤5.3%,
whereas, for soil with a high carbon content (C = 10.9%), co-tolerance
increases occur at concentrations ≥1,000mg kg−1. On the other hand,
the samples contaminated with Zn showed increases in co-tolerance
from low concentrations of this metal (≥125mg kg−1) for the
3 tetracycline antibiotics. As a suggestion for future research, the
study of the interactions between different contaminants present in
agricultural soils and the selection pressure they exert on soil bacterial
communities should be addressed in more depth. The acquisition of
this knowledge will allow the implementation of more appropriate
agricultural soil management practices, such as the improvement of
high-carbon amendments to reduce the bioavailability of these
elements and thus reduce the risk to human and environmental
health that contaminated soils show.
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