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Abstract: Toxicity on soil bacterial community growth caused by the antibiotics oxytetracycline
(OTC) and chlortetracycline (CTC) was studied in 22 agricultural soils after 1, 8 and 42 incubation
days. The leucine incorporation method was used with this aim, estimating the concentration of each
antibiotic which caused an inhibition of 50% in bacterial community growth (log ICsg). For OTC,
the mean log ICsy was 2.70, 2.81, 2.84 for each of the three incubation times, while the values were 2.05,
2.22 and 2.47 for CTC, meaning that the magnitude of OTC toxicity was similar over time, whereas it
decreased significantly for CTC with incubation time. In addition, results showed that the toxicity on
bacterial community growth due to CTC is significantly higher than when due to OTC. Moreover,
the toxicity on bacterial community growth due to both antibiotics is dependent on soil properties.
Specifically, an increase in soil pH and silt content resulted in higher toxicity of both antibiotics,
while increases in total organic carbon and clay contents caused decreases in OTC and CTC toxicities.
The results also show that OTC toxicity can be well predicted by means of specific equations, using
the values of pH measured in KCl and those of effective cation exchange capacity as input variables.
CTC toxicity may be predicted (but with low precision) using pH measured in KCI and total organic
carbon. These equations may help to predict the negative effects caused by OTC and CTC on soil
bacteria using easily measurable soil parameters.

Keywords: bacterial growth; leucine incorporation; soil; veterinary antibiotics

1. Introduction

Veterinary antibiotics have been widely used in farms throughout several decades for the treatment
and prevention of animal diseases. In addition, they were used as nutritional supplements to enhance
animal growth, although they are now banned in several countries [1,2]. Most of the antibiotics provided
to livestock do not suffer metabolic changes in the digestive track of those animals. As a consequence,
between 30 and 90% of these antibiotics can be found later in the excrements [3]. These veterinary
antibiotics enter into the agro-systems through repeated applications of manure to agricultural soils [4].
In addition, the use of veterinary antibiotics is increasing worldwide. Specifically, 63,151 tons of
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antimicrobial compounds were administered to livestock during 2010, and an increase of 67% is
estimated for 2030, to reach up to 105,596 tons [5]. Furthermore, veterinary antibiotics are potentially
dangerous for non-target organisms present in the environment, such as soil bacterial communities.
In this regard, previous studies have reported that the increase in antibiotic concentrations in agricultural
soils may cause changes in soil bacterial communities, modifying bacterial growth, enzymatic activities,
and/or biodiversity [6-8].

Tetracycline antibiotics are one of the groups most widely used at the veterinary level, ranking
second place worldwide [9], mainly due to their cost, effectivity, broad spectrum, and high solubility
in water. Within tetracycline antibiotics, tetracycline (TC), oxytetracycline (OTC) and chlortetracycline
(CTC) are the most used. A previous work [10] showed the potential of TC to cause toxicity in soil
bacterial communities. However, the effects of OTC and CTC have notbeen studied in this regard. In fact,
few studies have focused on the effect of tetracycline antibiotics on soil bacterial communities [11-13],
and are very scarce, especially those including estimations of inhibition curves, i.e., the concentration
of antibiotics which may cause negative effects on bacterial activities.

In this study we hypothesize that OTC and CTC may cause toxic effects on soil bacterial
communities and that these toxic effects will be different in soils with different characteristics.
With this in mind, the aims of the current research are to elucidate the effects of OTC and CTC toxicity
on soil bacterial community growth, as well as to determine the effects of soil properties on the toxicity
exerted by OTC and CTC on the growth of soil bacterial communities, and specifically which soil
properties could be modified to effectively reduce the negative effects of OTC and CTC on soil bacterial
communities. For this purpose, 22 soils with different characteristics (mainly regarding organic matter
content and pH) were selected. The soils were spiked with different concentrations of the antibiotics,
and the bacterial community growth was estimated after three incubation periods, using the leucine
incorporation technique. The results of this research could increase the knowledge of the undesirable
effects of tetracycline antibiotics on bacterial communities, as well as the eventual efficacy of alternatives
to reduce it, which could be of relevance as regards environmental and public health.

2. Material and Methods

2.1. Chemicals

Oxytetracycline hydrochloride (CAS. 2058-46-0; >95% in purity) and chlortetracycline
hydrochloride (CAS. 64-72-2; >97% in purity), supplied by Sigma—Aldrich (Steinheim, Germany),
were used for the oxyetracycline and chlortetracycline toxicity assessment.

2.2. Soil Samples and General Characterization

Twenty-two soil samples were selected among the soils previously described by Conde-Cid et
al. [14] in order to cover a wide range of pH and total organic carbon values (Table S1, Supplementary
material). Briefly, these soils presented a sand content ranging from 20 to 70%, a silt content from 12 to
61%, and a clay content from 17 up to 34%. Soil pH (measured in water) varied between 4.1 and 7.4,
while pHycj (measured in 0.1 M KCI) was between 3.7 and 6.6. Total organic carbon varied between 1.1
and 10.9%, whereas dissolved organic carbon (DOC) ranged between 211 and 773 mg kg~!, and total
nitrogen between 0.09 and 0.84%. The effective cation exchange capacity (ECEC) ranged from 4.1 to
23.2 cmolc kg_l. Additionally, these soils presented low concentrations of tetracycline antibiotics [15].

2.3. Experimental Design

Air-dried soil samples were rewetted up to 60-80% of water holding capacity, and incubated
at 22 °C during one week, in order to reactivate the bacterial activity in the 22 soils, taking into
account that this period of time would allow stabilization of soil bacterial community growth after
moisture adjustment [16]. Then, oxytetracycline (OTC) and chlortetracycline (CTC) were added
(in triplicate) to the soil samples, separately, in different doses, to achieve the following gradient of
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concentrations for each soil and antibiotic: 0, 0.49, 1.95, 7.81, 31.25, 125, 500 and 2000 mg kg_l. These
concentrations were selected in order to obtain dose-response curves as suitable tools to estimate
toxicity [17]. Both antibiotics were added to the soils using talc powder as a carrier for equalizing
the amount of dry material added to each microcosm and facilitating the mixture with the soil [18].
The mixtures resulted in a total of 1056 microcosms, 528 per antibiotic. All microcosms were incubated
at 22 °C in the dark, and the bacterial community growth was estimated after 1, 8 and 42 incubation
days (short, medium and long-term for the bacterial communities” adaptation to a toxicant).

2.4. Estimation of Bacterial Community Growth

The bacterial community growth was estimated using the leucine incorporation technique [19,20].
Briefly, 1 g of soil (fresh weight) was mixed with 10 mL of distilled water using a multivortex
shaker at maximum intensity for 3 min, followed by low-speed centrifugation at 1000x g for 10 min,
to create a bacterial suspension in the supernatant. Then, an aliquot of this bacterial suspension
(1.5 mL) was transferred to a 2 mL microcentrifugation tube, and 2 pL [*H]Leu (3.7 MBq mL™!
and 0.574 TBq mmol~1; Perkin Elmer, Waltham, MA, USA) were added together with non-labeled
Leu to each tube, resulting in 275 nM Leu in the bacterial suspensions. Then, the microtubes were
incubated for 2 h at 22 °C in the dark, and the growth stopped with 75 uL of 100% trichloroacetic acid
after the incubation period. Later, the bacteria in the tubes were washed as described by [20]. Finally,
3H radioactivity was determined using scintillation liquid counting (Tri-Carb 2810 TR, Perkin Elmer,
Waltham, MA, USA).

2.5. Data Analysis

The resulting inhibition curves obtained for each soil and antibiotic were subjected to modelling
by using a logistic model (1), which allowed the estimation of ICs values (antibiotic concentration
inhibiting 50% of bacterial community growth).

Y =¢/[1 +eP@=X)] 1

where Y is the leucine incorporation (bacterial community growth) for each concentration of antibiotic
added, X is the logarithm of the concentration of antibiotic added, a is the value of log ICs, b is a
parameter related to the slope of the inhibition curve, and c is the bacterial growth rate of the control
(sample without antibiotic). High values obtained for log ICs, indicate low antibiotic toxicity, while
low values of log ICs5 indicate high antibiotic toxicity.

In addition, values for log ICy( (antibiotic concentration inhibiting 10% of bacterial community
growth) were calculated using the following equation:

log IC1o = a — (Ln((c/0.9) — 1))/b @)

with 4, b and c parameters being the same as in the logistic model (1).

Differences among log ICsq or log IC; values at different incubation times were checked using a
paired t-test, whereas the effects of soil properties on OTC and CTC toxicity on bacterial community
growth were studied using Pearson correlations and linear multiple regression analyses. All statistical
analyses were performed using IBM SPSS Statistics 21 software. Figures were drawn using Synergy
Software KaleidaGraph software.

3. Results and Discussion

3.1. Bacterial Growth Dose-Response Curves after OTC and CTC Addition to Soils

The bacterial community growth response after the addition of OTC (Figure 1) and CTC (Figure 2)
to the soils, after 1, 8 and 42 incubation days, showed clear dose-response curves, which are sigmoid
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type. These curves are similar to those found by Rousk et al. [21] for antibiotics (streptomycin,
oxytetracycline and bronopol), or by other authors for fungicides [22,23] and phenols [24].
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Figure 1. Relative bacterial community growth in response to the oxytetracycline (OTC) addition to
the soil after 1, 8 and 42 incubation days in four soil samples (used as example). (A-D), represent soil
samples 2, 7, 18 and 21 (Table S1, Supplementary material).
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Figure 2. Relative bacterial community growth in response to chlortetracycline (CTC) addition to
the soil after 1, 8 and 42 incubation days in 4 soil samples (used as example). (A-D) represent soil
samples 3, 10, 11 and 20 (Table S1, Supplementary material).
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As a general trend, OTC (Figure 1 and Figure S1 (Supplementary material)) did not show
apparent differences between 1, 8 and 42 days of incubation. However, CTC toxicity (Figure 2
and Figure S2 (Supplementary material)) was still present after 42 incubation days, but apparently
decreased in relation to the results corresponding to 1 and 8 incubation days (the curves moved to
the right with time). Additional details and a deeper analysis of potential incubation time effects on
OTC and CTC toxicity are shown in the next section below.

For all soils, the dose-response curves were generally well described by the logistic model, for both
OTC and CTC, and for all three incubation times (R? > 0.86 in all cases, mean 0.96; Tables 1 and 2).
The log IC5, values obtained for OTC (Table 1) after 1 day of incubation ranged between 1.93 + 0.09
and 3.31 + 0.20 (mean = 2.70); for 8 days of incubation ranged between 2.18 + 0.21 and 3.41 + 0.07
(mean = 2.81); for 42 days of incubation were between 2.14 + 0.12 and 3.48 + 0.14 (mean = 2.84). In view
of that, OTC toxicity would have decreased with time. In the case of CTC (Table 2), log ICs( values after
1 day of incubation ranged from 1.11 + 0.11 to 2.89 + 0.06 (mean = 2.05); from 1.66 + 0.17 to 2.89 + 0.05
(mean = 2.22) for 8 days of incubation; lastly, from 1.60 + 0.12 up to 4.25 = 0.50 (mean = 2.47) for 42
days of incubation. As for OTC, these results would suggest that CTC toxicity decreased with time.

Table 1. Oxytetracycline toxicity on soil bacterial community growth estimated as log IC;( and log ICsq
values (mean + standard error, n = 3) after 1, 8, and 42 incubation days. R? values represent
the coefficients of determination for the logistic model.

Day 1 Day 8 Day 42
log ICsp log ICqp R? log ICsp log ICqg R? log IC59 log ICqg R?
1 242 +0.17 1.33 0.935 2.82 +0.08 2.25 0.949 2.65 +0.05 1.86 0.989
2 279+0.07 2.02 0.978 2.98 +0.04 2.39 0.987 2.88 +0.06 2.25 0.978
3 2.45+0.10 1.41 0.970 2.72+0.14 1.40 0.941 3.14 +0.05 2.71 0.964
4 251+015 1.28 0.947 2.99 +0.08 2.33 0.949 2.77 +0.08 1.72 0.971
5 331+0.20 3.31 0.886 3.04£0.12 1.83 0.962 3.29 £0.05 2.94 0.871
6 3.12+0.18 0.76 0.945 249 +0.19 1.30 0.957 247 +0.10 1.47 0.986
7 284+0.10 2.03 0.953 2.85 +0.09 2.11 0.953 2.76 +0.04 2.21 0.986
8§ 273%0.10 1.92 0.956 3.03£0.11 2.42 0.901 3.10 £ 0.07 2.44 0.946
9 2.69 + 0.04 2.00 0.992 2.71 +0.05 2.25 0.977 2.65 +0.05 2.33 0.972
10 299 +0.24 0.76 0.910 2.86 + 0.09 1.60 0.967 2.93 +0.08 1.50 0.979
11 3.09+0.13 215 0.899 3.18 £0.11 2.35 0.900 3.06 + 0.09 2.42 0.920
12 3.15+0.06 4.40 0.984 2.84 +0.03 1.95 0.994 2.82 +0.11 2.08 0.933
13 2.15+0.09 0.97 0.983 2.30+0.10 1.49 0.971 214 £0.12 113 0.969
14 219 +0.08 1.30 0.985 2.45 +0.05 1.56 0.991 2.62 +0.03 2.02 0.994
15 238+0.15 0.86 0.957 2.56 + 0.09 1.69 0.971 2.60 + 0.03 1.72 0.997
16 1.93 +0.09 0.83 0.986 218 £0.21 0.82 0.973 2.50 + 0.05 1.50 0.993
17 2.05+0.15 0.73 0.965 2.59 £0.18 0.99 0.931 2.25+0.04 1.46 0.995
18 286+0.14 191 0.905 2.94 +0.06 1.96 0.978 291 +0.09 1.75 0.966
19 234+0.12 1.02 0.970 2.62 +0.16 0.65 0.962 317 +0.15 1.52 0.935
20 3.03+0.03 2.16 0.994 3.06 +0.10 1.79 0.957 3.06 +0.12 241 0.877
21  3.18+0.10 1.95 0.957 3.41 +0.07 2.20 0.979 3.10 +0.17 2.00 0.856
22 3.30+0.08 2.46 0.939 3.33£0.11 2.51 0.891 348 +£0.14 3.10 0.943
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Table 2. Chlortetracycline toxicity on soil bacterial community growth estimated as log IC; and log ICs
values (mean * standard error, n = 3) after 1, 8, and 42 incubation days. R? values represent
the coefficients of determination for the logistic model.

Day 1 Day 8 Day 42
log ICs log ICqo R? log ICs log ICyp R? log ICs log ICqp R?
1 1.81 £0.11 0.36 0.985 249 £0.13 0.56 0.977 2.68 +0.01 2.03 0.999
2 2.66 + 0.04 2.09 0.990 2.61 +0.08 1.98 0.972 2.53 + 0.05 1.88 0.989
3 1.73 £ 0.14 0.71 0.967 1.88 +0.19 0.47 0.969 2.38 +£0.17 1.09 0.953
4 2.39 £0.10 1.14 0.962 2.78 £0.12 1.97 0.939 2.78 £0.12 1.87 0.946
5 212 +0.19 0.65 0.956 1.72 £ 0.18 -0,02 0.972 2.67 +0.22 0.54 0.935
6 2.89 + 0.06 1.75 0.985 2.89 + 0.05 1.99 0.986 3.10 £ 0.04 2.10 0.988
7 2.44 +£0.07 1.23 0.987 2.25+£0.20 1.22 0.918 2.54 +0.09 1.45 0.975
8 2.23 +0.03 1.28 0.997 2.56 + 0.14 1.47 0.945 2.60 + 0.10 1.68 0.966
9 1.82+0.13 0.14 0.983 2.19 £0.12 1.22 0.971 2.18 £ 0.16 0.58 0.971
10 2.65+0.05 1.65 0.992 2.56 + 0.06 1.63 0.989 3.01 £0.01 243 0.998
11 1.60 £ 0.17 -0,17 0.977 2.03 +0.17 0.49 0.963 2.80 + 0.08 2.25 0.952
12 246+0.11 1.09 0.976 244 +0.26 0.51 0.921 2.73 £ 0.07 0.81 0.991
13 1.84+0.10 0.56 0.986 1.91 +0.09 0.75 0.991 1.85+0.25 0.54 0.961
14 1.11 £0.11 -0,75 0.994 1.96 £ 0.17 0.61 0.960 1.60 £ 0.12 0.17 0.986
15 197+0.13 0.48 0.980 1.86 = 0.09 0.54 0.990 1.96 +0.10 0.67 0.985
16 1.37 £0.13 0.28 0.976 1.66 £0.17 0.48 0.959 1.69 +0.15 0.45 0.971
17 1.25+0.23 -0,53 0.970 1.81 £0.11 0.32 0.986 1.63 £ 0.07 0.32 0.995
18  2.05+0.09 0.79 0.987 1.75+0.16 0.15 0.974 2.04 £0.26 0.37 0.930
19 1.81 £0.11 0.48 0.985 2.04 £0.12 0.99 0.972 2.18 £ 0.08 0.62 0.991
20 2.31 +0.08 1.30 0.984 2.29 +0.07 1.28 0.988 2.63 +0.15 1.87 0.945
21 2.05+0.12 0.92 0.974 251 +0.13 1.64 0.951 2.52 +0.06 1.52 0.989
22 248+0.20 0.81 0.933 2.70 £ 0.09 0.71 0.987 4.25 £ 0.50 2.22 0.873

The values of log IC;y obtained for OTC (Table 1) after 1 incubation day ranged between
0.73 and 4.40 (mean = 1.71); after 8 incubation days ranged between 0.65 and 2.51 (mean = 1.81);
after 42 incubation days between 1.13 and 3.10 (mean = 2.02). Regarding the values of log IC;q
obtained for CTC (Table 2), after 1 incubation day they varied between —0.75 and 2.09 (mean = 0.74);
after 8 incubation days were between —0.02 and 1.99 (mean = 0.95); finally, after 42 incubation days
between 0.17 and 2.43 (mean = 1.25). For both OTC and CTC, the time—course evolution of log IC
mean values was consistent with that of log ICsg, showing a slight decrease with time.

Winckler and Grafe [25] theoretically predicted that the concentration of tetracycline antibiotics
present in agricultural soils, as a function of manure regulation should, range between 0.5
and 0.9 mg kg~!. However, the concentrations of tetracycline antibiotics that are present in soils vary
between different regions. Thus, Hu et al. [26] found concentrations of tetracycline, chlortetracycline,
and oxytetracycline up to 0.11, 1.08, and 2.68 mg kg~!, respectively. In the north of Turkia,
Karci and Balcioglu [27] found oxytetracycline concentrations up to 0.5 mg kg™!. In cultivable
soils in Italy, OTC concentrations were between 0.13 and 0.22 mg kg_1 [28], while Andreu et al. [29]
examined TC residues in soil samples from Spain and observed that the most commonly detected
antibiotic was OTC, with values of 0.02-0.11 mg kg_l. Finally, Conde-Cid et al. [15] detected values
of TC and OTC in Galicia (NW of Spain) reaching up to 0.6 mg kg~! and 0.2 mg kg~!, respectively.
Since the minimum log ICs5q values found in the present work were 1.11 (ICso 13 mg kg™!) for
CTC and 1.93 (IC5p 85 mg kg_l) for OTC, the current values found in agricultural soils worldwide
(as those reported by [15,26-29]) are far from causing high negative effects on the growth of bacterial
communities. However, according to minimum log ICy values found for CTC (-0.02; IC59 1 mg kg_l),
the current values of tetracycline antibiotic found worldwide are in the limit for causing the appearance
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of negative effects on the growth of bacterial communities. As a result, the presence of these antibiotics
in agricultural soils may lead to future disruptions of natural environmental processes, like recycling
of nutrients and organic matter in soils [3].

3.2. Time—Course Evolution of Toxicity Due to OTC and CTC

To check the statistical significance of eventual decreases in the OTC and CTC toxicities with
the incubation time, paired t-tests were performed using log ICsy and log ICyg values (considering
significance at p < 0.05). Log ICsj analysis showed no significant differences between the different
incubation times for OTC. The results obtained using log ICyg values also showed no significant
differences with incubation, but one exception was found for log IC; values between 1 and 42 days of
incubation, with significant differences in this case (f = —2.149; p < 0.05). For CTC, the paired t-test
showed a significant difference for the log ICs, values between 1 and 8 days of incubation (t = —2.566;
p < 0.05); between 8 and 42 days of incubation (f = —=2.796; p < 0.05); as well as between 1 and 42 days
of incubation (f = —4.688; p < 0.05). A similar trend was found for log IC;j values, with significant
differences between 8 and 42 days (t = —2.193; p < 0.05), and between 1 and 42 days of incubation
(t = =3.571; p < 0.05). However, there were no significant differences between the values of log IC;( on
day 1 and 8.

The results showed that OTC and CTC toxicities were quite persistent during the incubation time.
However, there was an important difference between OTC and CTC, taking into account that OTC
toxicity presented a similar magnitude over time, whereas the CTC toxicity magnitude decreased
with time. This CTC toxicity behavior was similar to that previously found for tetracycline (TC) [10].
The persistence (in the case of OTC), or semi-persistence (in the case of CTC) of toxicity over time may
be attributed to the slow degradation suffered by these antibiotics in soils [30-32], especially at high
antibiotic concentrations [30,33]. In addition, Danilova et al. [34] showed that the effects of OTC on
the microbial community remain longer than the presence of antibiotics in soils. However, bacterial
growth recovered over time in the presence of CTC, which may be attributed to ageing processes [35]
or a bacterial community tolerance to antibiotics [36-38], but, further analysis is needed to clarify these
possible mechanisms.

3.3. Differences between the Toxicities of OTC and CTC

Figure 3 shows the dose-response curves obtained for OTC and CTC in four representative soils
after 1 day of incubation. In general, the dose-response curves for OTC suffered a displacement to
the right with respect to dose-response curves for CTC, suggesting that OTC would be less toxic
than CTC for bacterial communities. In order to check significant differences between OTC and CTC
toxicities, log ICsp and log ICq( values obtained after one incubation for OTC and CTC were compared
using a paired t-test. For log IC5g values, the paired t-test showed significant differences between OTC
and CTC (¢t = 8.672; p < 0.05). For log ICy values, significant differences between OTC and CTC were
also found (¢ = 4.339; p < 0.05). Therefore, it is clear that CTC is significantly more toxic than OTC
for bacterial community growth. In a previous work [10], the effect of tetracycline (TC) on bacterial
growth was studied in the same 22 agricultural soils, providing values for log ICsy and log IC;o, which
were used in the current work to compare OTC, CTC and TC toxicities to bacterial growth via paired
t-test analysis. This statistic test showed no significant differences between OTC and TC using both
log ICs values and log ICyg values. However, significant differences between CTC and TC were found
for log ICsq (t = —8.962; p < 0.05) and log ICy (t = —7.813; p < 0.05) values. Therefore, the resulting
overall sequence of toxicity would be CTC >> OTC > TC.
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Figure 3. Comparison of oxytetracycline (OTC) and chlortetracycline (CTC) toxicity for four soils
(used as example) after 1 incubation day. (A-D) represent soil samples 1, 9, 12 and 22 (Table S1,
Supplementary material).

3.4. Relations among OTC and CTC Toxicities and Soils Characteristics

Table 3 shows the Pearson correlation coefficients between selected soil properties and OTC
toxicity (log ICs5p and log ICqg values) after 1, 8 and 42 days of incubation. After 1 incubation day;,
log ICsq values were significantly and negatively correlated with soil pH (measured in water and in KCl)
and with silt content. Moreover, log ICs; values were significantly and positively correlated with
total carbon and clay content. After 1 day, log IC;y only showed a significant and positive correlation
with clay. After 8 days of incubation, both log ICsy and log ICy were significantly and positively
correlated with sand content and significantly and negatively correlated with silt content. Also,
log ICy was significantly and negatively correlated with soil pH (measured in water). After 42
incubation days, none of the studied soil characteristics were correlated with log ICsq or log ICyg.
These results suggest that soil characteristics have an important effect on the toxicity exerted by OTC
on bacterial growth, but this effect disappears with incubation time. Looking at the results obtained
through the Pearson correlation test, at acidic pH OTC was less toxic for soil bacteria than at neutral
pH values. These differences may be explained by different OTC availability in soils in response to
pH modifications. Thus, the adsorption of OTC to different soil compounds is strongly dependent
on pH [39-41]. At acidic pH, the adsorption of OTC to the different soil compounds is favored by
the cationic/zwiterrionic form in which OTC is found [39,41]. Regarding basic pH, OTC speciation
does not favor the adsorption onto the soil colloids. Pinck et al. [42] and Sithole and Guy [43] observed
that the OTC adsorption capacities of illite and bentonite decreased when solution pH was increased.
Moreover, Ter Laak et al. [44] observed that the sorption coefficients of anionic species of OTC were
significantly lower than the zwitterionic and cationic species. The soils studied here showed pH
values between 4.1-7.4, showing that the way in which OTC is mainly found is in cationic/zwitterionic
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forms at acid pH values, and in zwitterionic/anionic forms at pH values greater than 7 (Table S2,
Supplementary material). Additionally, the higher the clay content was, the lower the OTC toxicity on
soil bacteria. These results are consistent with those previously found by other authors, showing a
high OTC adsorption on the clay’s surface at neutral and acid pH [39,45]. In addition, for increased
carbon content in soils, the toxicity of OTC on soil bacteria decreased. These results are in agreement
with previous works that observed a positive role of soil organic matter on the adsorption of OTC on
soils [44,46-49]. The negative correlations found between silt, log ICsy and log ICyj in some cases may
be explained by taking into account the close correlation between this variable and soil pH measured
in water (r = 0.835; p < 0.01), as no clear reason allows to associate a higher OTC toxicity to increased
silt content in soils.

Table 3. Pearson correlation coefficients between properties of the studied soils (1 = 22) and log ICs,
and log IC;( estimated for oxytetracycline after 1, 8 and 42 incubation days.

pHw pPHka eCEC C Sand Silt Clay DOC

log ICs5y 1 day —0465*  -0436* 0.157 0.574 ** 0.371 —-0.507 * 0.554 ** 0.367
log ICsq 8 days -0.317 —-0.276 0.175 0.256 0.440 * -0.438* 0.093 0.134
log ICs 42 days —-0.178 -0.177 0.105 0.345 0.249 —-0.314 0.280 0.345
log ICqg 1 day —0.243 —-0.301 —-0.074 -0.017 0.213 —0.324 0.430* 0.065
log ICqg 8 days —0.425* —0.400 —-0.184 -0.037 0.656 **  —0.605 ** —-0.023 -0.196
log ICqp 42 days —-0.224 —-0.232 —0.056 0.176 0.348 —0.408 0.287 0.246

pHw, pH measured in water; pHgcy, pH measured in 0.1 M KCl; eCEC, effective cation exchange capacity; C, total
carbon; DOC, dissolved organic carbon. ** p < 0.01. * p < 0.05.

Table 4 shows Pearson correlations between soil properties and CTC log ICs5y and log ICyg
values, after 1, 8 and 42 incubation days. After 1 incubation day, log ICsy values were significantly
and negatively correlated with soil pH (measured in water and in KCl) and silt, and significantly
and positively correlated with total carbon, sand and clay. After 8 and 42 incubation days, log ICsg
was significantly correlated with the same variables with the same sign, except for clay after 8 days
(no significant correlation was found). The same correlation trend was found for log IC;, but it was not
significantly correlated with total carbon and clay for any time, and also not significantly correlated
with soil pH after 1 and 8 incubation days. These results indicated that the effect of soil properties on
the toxicity exerted by CTC on bacterial growth was persistent with time, with a clear effect due to soil
textural fractions (specifically sand and silt).

Table 4. Pearson correlation coefficients between properties of the studied soils (1 = 22) and log ICsq
and log IC;( estimated for chlortetracycline after 1, 8 and 42 incubation days.

pHw pHka eCEC C Sand Silt Clay DOC

log IC5 1 day —-0.489 * —0.499 * —-0.044 0.531* 0.475* —0.584 ** 0.486 * 0.256
log ICs, 8 days -0.506*  —0.560 ** —-0.166 0.470 * 0.647 ** —0.682 ** 0.271 0.047
log IC5; 42 days —-0.461* —0.485* -0.012 0.610 ** 0.467 * —0.564 ** 0.442* 0.338
log ICyy 1 day -0.397 —-0.395 —-0.029 0.415 0.484 * —0.553 ** 0.348 0.193
log ICy, 8 days —-0.384 -0.391 -0.111 0.375 0.549 ** —0.539 ** 0.093 -0.017
log ICyq 42 days —0.549 *  —0.548 ** —-0.149 0.395 0.703 ** —0.687 ** 0.106 0.125

pHw, pH measured in water; pHgc, pH measured in 0.1 M KCl; eCEC, effective cation exchange capacity; C, total
carbon; DOC, dissolved organic carbon. ** p < 0.01. * p < 0.05.

The correlation between CTC toxicity and the properties of the studied soils (Table 4) was very
similar to that observed for OTC when the incubation time was short (1 day). The effect of the soil pH on
CTC may be justified with the same arguments used for OTC (see above), as both have similar speciation
as a function of pH (Table S3, Supplementary material). Also, those properties showing the highest
correlations with CTC toxicity on bacterial community growth were carbon and clay contents; in fact,
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the higher the amount of these compounds was in the soil, the lower the toxicity of OTC on soil bacterial
community growth. This behavior is in accordance with previous literature, where it was reported
that the presence of clays and organic matter in the soil favored CTC adsorption [50]. In relation
to the effects caused by textural fractions (sand and silt), it could be explained by being correlated
with pH, as in the case of OTC. However, since correlation coefficients between silt and sand contents
and CTC toxicity were higher than those found for pH, more research is needed to clarify the potential
effect of texture on CTC toxicity on bacterial community growth.

3.5. Prediction of OTC and CTC Toxicity

Log ICs5¢ values determined after 1 incubation day for OTC and CTC, as direct toxicity proxies,
were subjected to stepwise regression analysis in order to find an equation based on general soil
characteristics, which would allow to predict OTC and CTC toxicities in soils. For OTC, a significant
equation (Equation (1)) relating log IC5¢ with pHgc) and eCEC was found, explaining 61.3% of
the log ICs( variance. By plotting estimated log ICsg values versus measured log ICsg values (Figure S3,
Supplementary material) a high quality of the predictive model was observed, indicating that it can be
an adequate tool to predict OTC toxicity in soils.

log ICs0 = (4.60 % 0.37) — (0.55 + 0.09) X pHicy + (0.08 % 0.02) x eCEC 3)

where R? = 0.613; all the parameters in the equation were significant (p < 0.05) eCEC expressed
in cmol. kg™!.

For CTC, a significant equation (Equation (2)) was also found relating log IC5p and two parameters:
pHxci and total soil carbon (C), explaining 42.6% of the log ICsy variance. The plotting of estimated
log ICsp values versus measured log ICsy values (Figure S4, Supplementary material) shows that
the prediction of log ICs( values fail for low values, while it gives a good prediction for the higher ones.

log ICsp = (2.90 + 0.47) + (0.09 + 0.03) x C = (0.24 + 0.09) X pHxc) 4)
where R? = 0.426; all the parameters in the equation were significant (p < 0.05). C expressed in %.

4. Conclusions

Oxytetracycline (OTC) and chlortetracycline (CTC) antibiotics may present toxicity effects on
soil bacterial community growth at high concentrations. For OTC, the toxicity was persistent during
the whole incubation period (42 days), whereas for CTC was semi-persistent, i.e., the CTC toxicity
magnitude slightly decreased with time. The effect that OTC and CTC exerted on the bacterial
communities’ growth was highly dependent on soil properties. High organic carbon and clay contents
in the soil decreased OTC and CTC toxicities, while increases in soil pH from acid to neutral values
increased both OTC and CTC toxicity. Finally, equations developed to predict OTC and CTC toxicity
on bacterial communities using general soil characteristics showed good results.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/7/1011/s1,
Table S1: General characteristics of the studied soils (n = 22), Table S2: Percentages of different oxytetracycline
species for each pH measured in the whole set of studied soils (n = 22), Table S3: Percentages of different
chlortetracycline species for each pH measured in the whole set of studied soils (n = 22), Figure S1: Relative
bacterial community growth in response to oxytetracycline (OTC) addition to the soil samples after 1, 8 and 42
incubation days in 18 soil samples studied remaining, Figure S2: Relative bacterial community growth in response
to chlortetracycline (CTC) addition to the soil samples studied after 1, 8 and 42 incubation days in 18 soil samples
studied remaining, Figure S3: Oxytetracycline log ICs values estimated using Equation. (1) after 1 incubation day
versus measured log ICs5j values, calculated using the logistic model. Continuous line represents a 1:1 relation,
whereas discontinuous lines represent 10% deviation from the 1:1 line, Figure S4: Chlortetracycline log ICs, values
estimated using Equation. (1) after 1 incubation day versus measured log ICsg values, calculated using the logistic
model. Continuous line represents a 1:1 relation, whereas discontinuous lines represent 10% deviation from
the 1:1 line.
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