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Abstract: Cefuroxime (XM), the most commonly prescribed antibiotic from the cephalosporin group,
may cause changes in the structure of the soil microbial community, and these changes may also
be reflected in the alteration of its functionality. Therefore, due to the lack of studies on this topic,
the scope of this study was to assess the functional diversity and catabolic activity of the microbial
community in soil treated with XM (1 mg/kg and 10 mg/kg soil) using the community-level
physiological profile (CLPP) approach during a 90-day experiment. In addition, the effect of
antibiotic-resistant Pseudomonas putida strain MC1 (Ps) was also evaluated. The resistance/resilience
concept and multifactorial analysis were used to interpret the data. The results showed that
the introduction of XM and/or Ps into the soil caused changes in the catabolic activity and
functional diversity of the microbial community. A decrease in the values of the CLPP indices
(i.e., microbial activity expressed as the average well-color development (AWCD), substrate richness
(R), the Shannon-Wiener (H) and evenness (E) indices and the AWCD values for the six carbon
substrate groups) for the XM-treated soil was generally detected up to 30 days. In turn, at the
same time, the activity measured in the Ps-inoculated soil was higher compared to the control soil.
A stimulatory effect of XM at 10 mg/kg (XM10) and XM10+Ps on the utilization pattern of each
substrate group was found at the following sampling times (days 60 and 90). The AWCD values for
the utilization of amines, amino acids, carbohydrates, carboxylic acids, miscellaneous compounds
and polymers for these treatments were found to be up to 2.3-, 3.1-, 2.3-, 13-, 3.4- and 3.3-fold higher
compared to the values for the nontreated control, respectively. The resistance of the CLPP indices
and the AWCD values for the carbon substrate groups were categorized as follows: E > H > R >
AWCD and amino acids = carbohydrates > polymers > amines > miscellaneous > carboxylic acids,
respectively. The results suggest a low initial resistance of the soil microbial community to XM and/or
Ps, and despite the short-term negative effect, the balance of the soil ecosystem may be disturbed.

Keywords: cefuroxime; Pseudomonas putida; catabolic activity; CLPP; the resistance/resilience concept;
soil microorganisms

1. Introduction

Antibiotics belong to a group of pharmaceuticals that have recently been excessively used,
consequently leading to their accumulation in various parts of the environment, including the
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soil. Studies have shown that the concentration of antibiotics in the soil can range from a few
nanograms to even 50 mg/kg of soil [1–4]. Antibiotics, as organic compounds, can be subjected
to various processes in the soil environment, the most important of which are sorption on soil
components, as well as transformation and/or degradation [5–9]. Factoring in both various abiotic
and biotic factors, which influence the behavior of the antibiotic in the soil, its degradation time
(DT50 or half-life) may vary from less than one (e.g., amoxicillin) [10] up to 3466 (e.g., azithromycin)
days [11]. In addition to antibiotics, bacterial strains resistant to these compounds may also enter the
environment [12–15]. The consequences of such actions may be the development of antibiotic-resistant
microorganisms [16–20]. It has been shown that even very low concentrations of antibiotics can
cause changes in the genome of microorganisms and consequently lead to the transfer of resistance
genes between individual members of an exposed population of microorganisms. In addition,
microorganisms naturally present in the soil can be a source of resistance genes that can be transferred
to other microorganisms such as human and animal pathogens [21–24]. In addition to this effect,
antibiotics belonging to different classes may adversely affect the soil microflora, possibly manifesting
themselves in the change of their structure [15,25–27] and functionality [6,9,28–30]. The consequence
of these changes may be the disturbance of the soil ecosystem balance. Data on the effect of antibiotics
on soil microorganisms are varied and include results related to the impact on individual species
and whole populations of microorganisms obtained on the basis of biochemical and genetic indices
analyses [9,30–33].

One of the most frequently used groups of antibiotics are the second-generation cephalosporins,
particularly cefuroxime (XM) [34]. The mode of action of this antibiotic involves blocking the synthesis
of the bacterial wall and is directed against a wide group of microorganisms [35–37]. For example,
the consumption of cefuroxime in many European countries reaches as much as 50% of the total
consumption of cephalosporins [34,38,39]. The consequence of such a high consumption of XM is its
detection in wastewater and surface waters, with the highest concentration reaching 210 µg/L for
wastewater from the pharmaceutical industry and hospitals around the world [40,41]. Considering
that currently used wastewater treatment systems do not guarantee 100% removal of antibiotics,
these compounds may enter the soil with the sewage sludge. However, there are no reports on
concentrations of this antibiotic in the soil environment, and studies on its degradation have shown
that in aerobic conditions, its elimination reached 42.8–80% in 64 days [42]. Additionally, data on
the effect of XM on soil microorganisms are limited. In our previous studies [43], including the
determination of the effect of XM and multidrug resistant Pseudomonas putida MC1 on the soil bacterial
genetic structure, the antibiotic showed a negative effect at 10 mg/kg in soil on the bacterial population
analyzed, resulting in a decrease in its biodiversity after 30, 60 and 90 days from the application of
antibiotics. In turn, the effect of strain MC1 on the measured biodiversity indices was not demonstrated.
Use of the resistance (RS)/resilience (RL) concept during the 90-day experiment demonstrated the
progressively detrimental effect of XM on the genetic structure of the soil bacteria [43]. The changes
observed in the diversity of microbial communities under the influence of XM may also be reflected in
the altered functions of soil microorganisms, possibly translating into soil processes important for the
ecosystem. Therefore, in this study, due to the lack of such studies, we assumed that the application
of XM and/or strain MC1 to the soil may result in changes in the functional biodiversity of the soil
microorganisms. To obtain this knowledge, the metabolic potential of the soil microbial community
analyzed was assessed using the community-level physiological profile (CLPP) approach. In addition,
the RS/RL concept and multivariate analysis were used to determine the ability of microorganisms
to maintain their activity and functional diversity under the stress conditions caused by XM and/or
strain MC1.
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2. Materials and Methods

2.1. Experimental Design

The experiment was conducted using soil classified as a sandy loam [43], the parameters of
which were determined using the ISO (International Organization for Standardization) standards [44].
The experiment had a random block system and consisted of three replicates for the control soil and
soil contaminated with two concentrations of XM (1 mg/kg and 10 mg/kg soil) and/or inoculated
with strain MC1. The concentrations of XM reflect the adverse scenarios associated with the entry of
large quantities of antibiotics into the soil as a result of the uncontrolled disposal of unused drugs
into municipal waste or depositing them in landfills. The experiment used MC1 (accession number
in GenBank: MC327770), which was isolated from raw sewage in the presence of cefuroxime [43,45]
and identified as Pseudomonas putida based on the analysis of the 16S RNA gene [45] and biochemical
properties [46]. In addition, the strain MC1 was characterized by resistance to cefuroxime, clindamycin,
erythromycin and vancomycin with MIC values above 256 µg/mL [43]. Strain MC1 was introduced
into soil at 1.6 × 107 cells/g soil, and the preparation of its suspension was made with the use of a
previously described method [45]. All the treatments were incubated in the dark at 22 ± 1 ◦C for
90 days. On specific days of the experiment (1, 15, 30, 60 and 90 days), samples were randomly
removed to determine the biochemical potential of the soil microbial community. The design of the
experiment and the list of analyses performed are shown in Figure 1.
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Figure 1. Experimental design and analyses performed. R1–3 = replicates. T1–6 = treatments.
CLPP = community-level physiological profile. AWCD = average well-color development.
RS = resistance. RL = resilience. LSD = least significant differences. ANOVA = analysis of variance.
MANOVA = multivariate analysis of variance. PCA = principal component analysis.

2.2. Determination of the Catabolic Activity of Soil Microorganisms

The biochemical potential of soil microorganisms referred as to CLPP were determined using the
Biolog EcoPlateTM system (Biolog Inc., CA, USA). To extract the microbial community, soil suspensions
(10 g dry weight of soil in 90 mL sterile 0.85% NaCl solution) were shaken for 1 h, and aliquots of
125 µL were inoculated onto plates and incubated at 22 ◦C in the dark. The readings were taken
at 590 nm after inoculation and at 12 h intervals for 144 h using a BIOLOGTM microplate reader.
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The absorbance measurements for individual substrates were corrected against the control well,
which contained only water, and by subtracting the absorbance of the first reading to eliminate the
background absorbance [47].

2.3. Analysis of the Data

The data obtained from the absorbance measurements were used to determine the CLPP indices,
i.e., microbial activity expressed as the average well-color development (AWCD), substrate richness
(RS), and the Shannon-Wiener (H) and evenness (E) indices. The AWCD values were determined using
Equation (1) [48].

AWCD = ∑ODi/31 (1)

where ODi is the optical density value from each well.
The RS and H values were calculated using Equations (2) and (3), respectively [48].

H = −∑pi (lnpi) (2)

E = H/Hmax= H/lnRS (3)

where pi is the ratio of the activity on each substrate (ODi) to the sum of the activities on all of the
substrates (∑ODi), and RS is the number of substrates metabolized.

To assess the resistance (RS) of the catabolic activity of the soil microorganisms under the stress
conditions caused by XM and/or strain MC1 at individual sampling days of the experiment and
resilience (RL), indicating the recovery of balance, on day 90 after the application of the XM and/or
strain MC1, indices proposed by Orwin and Wardle [49] were used. The RS index was calculated using
Equation (4).

RS(t0) = 1 − 2|D0|/(C0 + |D0|) (4)

where D0 is the difference between the control (C0) and the disturbed soil (P0) at the end of the
disturbance (t0). The RL index was calculated using Equation (5).

RL(tx) = 2|D0|/(|D0| + |Dx|) − 1 (5)

where D0 is as above and Dx is the difference between the nontreated control (Cx) and the exposed soil
(Px) at the time point (tx) chosen to measure the resilience.

The data obtained for the CLPP indices (i.e., AWCD, RS, H and E), and the AWCD values for the
six carbon substrate groups (i.e., amines, amino acids, carbohydrates, carboxylic acids, miscellaneous
and polymers) were analyzed using a three-way analysis of variance (ANOVA) to assess the level of
variability (%) related to the factors tested, i.e., the concentration of XM, the presence of MC1 strain
and the sampling time [50]. In the case of the data obtained for the RS and RL indices, two-way and
one-way ANOVAs were applied to examine the differences among sampling time and differences
among the different treatments, respectively. The statistical significance of the differences (p < 0.05)
was assessed using the least significant differences (LSD) test. A principal component analysis (PCA)
of the data for the CLPPs and the AWCD data for the carbon substrate groups was conducted for all
the sampling days and separately for each sampling day. The principal component (PC) scores from
the PCA were subjected to a three-way and two-way multivariate analysis of variance (MANOVA) for
the first and second PCA sets, respectively. The Statistica 13.0 PL software package was used for all of
the statistical analyses performed.
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3. Results

3.1. The CLPP Indices

The results of this study showed that the introduction of XM and/or strain MC1 to the soil
caused changes in the catabolic activity of the microbial community analyzed, and these changes
were demonstrated by a significant decrease (p < 0.05) in the CLPP indices for the XM-treated soil
generally up to 30 days. At the same time, the catabolic activity in the soil inoculated only with
strain MC1 was significantly higher (p < 0.05) (Figure 2A–D). In general, statistical analysis of the
results showed that the values of the CLPP indices measured were influenced by all of the factors
analyzed, i.e., strain MC1, the concentration of XM and incubation time, and among them the time
effect contributed to the most of the variability observed. In addition, the interactions between these
factors had a significant impact (Table 1). The XM and XM+Ps treatments contributed to a significant
decrease (p < 0.05) in the AWCD values, and this decrease accounted for 26–68%, 6–31% and 9–22%
of the control values on days 1, 15 and 30 of the experiment, respectively (Figure 2A). In turn, in the
second part of the experiment, a significant increase in the AWCD values was observed. The XM10
and XM10+Ps-treatments showed approximately three-fold higher AWCD values, when compared to
the non-treated control on day 90 (Figure 2A). The study revealed that the substrate richness (RS) value
was influenced by the XM treatment, and its decrease was observed on days 1 and 15 compared to the
control soil. In turn, an increase in the RS index values for the XM10 and XM10 + Ps treatments within
the range of 15–20% and 28–33% was noted on days 60 and 90, respectively, compared to the control
soil (Figure 2B). A similar effect of XM and/or Ps was observed in the case of the H index. The XM
and XM+Ps treatments contributed to a significant decrease (p < 0.05) in the H index values, and this
decrease accounted for 85–95%, 76–94% and 74–88% of the control values on days 1, 15 and 30 of the
experiment, respectively (Figure 2C). In turn, in the second part of the experiment, an increase in the
H index values for the XM10 and XM10+Ps treatments within the range of 17–21% and 20–23% was
noted on days 60 and 90, respectively, compared to the nontreated soil (Figure 2C).

Table 1. Results of the three-way ANOVA for the CLPP indices and carbon substrate groups.

SV
AWCD R H E Amines

VE p VE p VE p VE p VE p

S <1 0.004 ** <1 0.403 2 <0.001 *** 3 <0.001 *** 1 <0.001 ***
C 11 <0.001 *** 2 <0.001 *** 5 <0.001 *** 8 <0.001 *** 6 <0.001 ***
T 31 <0.001 *** 38 <0.001 *** 40 <0.001 *** 25 <0.001 *** 41 <0.001 ***

S × C <1 0.019 * <1 0.586 <1 0.063 <1 0.210 <1 <0.001 ***
S × T <1 <0.001 *** 3 <0.001 *** 1 0.001 ** 4 0.005 ** 1 <0.001 ***
C × T 55 <0.001 *** 47 <0.001 *** 46 <0.001 *** 36 <0.001 *** 46 <0.001 ***

S × C × T <1 0.866 2 0.029 * 2 0.002 ** 9 <0.001 2 <0.001 ***

SV
Amino acids Carbohydrates Carboxylic acids Miscellaneous Polymers

VE p VE p VE p VE p VE p

S <1 0.084 <1 <0.001 *** <1 <0.001 *** <1 0.002 ** <1 0.013 *
C 8 <0.001 *** 9 <0.001 *** 6 <0.001 *** 18 <0.001 *** 11 <0.001 ***
T 41 <0.001 *** 53 <0.001 *** 44 <0.001 *** 9 <0.001 *** 26 <0.001 ***

S × C <1 <0.001 *** <1 0.077 <1 0.025 * <1 <0.001 *** <1 0.001 **
S × T 2 <0.001 *** 1 <0.001 *** <1 <0.001 *** <1 0.080 1 <0.001 ***
C × T 47 <0.001 *** 36 <0.001 *** 47 <0.001 *** 72 <0.001 *** 58 <0.001 ***

S × C × T <1 <0.001 *** <1 0.005 ** 1 <0.001 *** <1 <0.001 *** 1 0.002 **

SV: source of variation, S: strain, C: concentration, T: time, AWCD: average well-color development, R: substrate
richness, H: Shannon-Wiener index, E: evenness index, VE: variance explained (%). Asterisks represent the
significance level (* p < 0.05, ** p < 0.01 and *** p < 0.001).
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Figure 2. Effect of XM and/or strain MC1 on the values of the CLPP indices, i.e., AWCD (A), Rs (B),
H (C) and E (D). The data presented are the means of three replicates with standard deviations.
Significant differences (LSD test, p < 0.05) between treatments at the same sampling time and between
sampling times within the same treatments are denoted with different lower and uppercase letters,
respectively. The treatment abbreviations are explained in Figure 1.

3.2. Carbon Substrate Utilization Pattern

An analysis of the AWCD values showed that XM and/or strain MC1 changed the pattern of
carbon substrate group utilization during the experiment (Figure 3). The XM and XM+Ps treatments
contributed to a significant decrease (p < 0.05) in the AWCD values for the utilization of all of the
carbon substrate groups up to 30 days of the experimental period. At the same time, the catabolic
activity in the soil inoculated only with strain MC1 was significantly higher (p < 0.05) (Figure 3A–F).
At the following sampling times (days 60 and 90), a stimulatory effect of XM10 and XM10+Ps on
the utilization pattern of each substrate group was observed (Figure 3). The AWCD values for the
utilization of amines, amino acids, carbohydrates, carboxylic acids, miscellaneous and polymers for
these treatments were found to be up to 2.3-, 3.1-, 2.3-, 13-, 3.4- and 3.3-fold higher compared to
the value for the nontreated control, respectively (Figure 3). In general, statistical analysis of the
results showed that the AWCD values of all the substrate groups were affected by all of the factors
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analyzed, i.e., strain MC1, the concentration of XM and incubation time, and among them the time
effect contributed to the most of the variability observed. In addition, the interactions between these
factors had a significant impact (Table 1).
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Figure 3. Effect of XM and/or strain MC1 on the AWCD values of carbon substrate groups,
i.e., amines (A), amino acids (B), carbohydrates (C), carboxylic acids (D), miscellaneous (E) and
polymers (F). The data presented are the means of three replicates with standard deviations.
Significant differences (LSD test, p < 0.05) between treatments at the same sampling time and between
sampling times within the same treatments are denoted with different lower and uppercase letters,
respectively. The treatment abbreviations are explained in Figure 1.

3.3. Principal Component Analysis

The PCA plots obtained for the CLPP indices (Figure 4A) and the carbon substrate groups
(Figure 4B) revealed a pattern of variability dependent on all of the factors tested (i.e., bacterial strain,
XM dosage and time). The PCA plot generated for all of the sampling days showed that the samples
were primarily scattered along the PC 1 axis, and this scattering contributed to 71.1% and 85.0% of the
total variability for the CLPP indices and the carbon substrate groups, respectively (Figure 4). The first
PCA axis was characterized by a decreasing gradient of all of the CLPP indices (Figure 4A) and carbon
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substrate groups (Figure 4B). Generally, a significant impact of the XM dosage and/or Ps was evident
during the whole experimental period. It was clearly observed that the CLPP profiles and carbon
substrate utilization patterns for the soil samples treated with XM and/or Ps were separated from
those obtained for the control soil (Figure 4A,B). This observation was also confirmed by analysis of
the scores from PC 1 and PC 2 using a three-way MANOVA. However, among the three factors tested,
the primary contribution in the observed variability was obtained for time (Table 2).
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Table 2. Results of the three-way MANOVA for the PC 1 and PC 2 based on the CLPP indices and
carbon substrate groups.

SV

CLPP Indices Carbon Substrate Groups

PC 1 PC 2 PC 1 PC 2

VE p VE p VE p VE p

S 1 <0.001 *** 1 0.072 <1 0.003 ** <1 <0.001 ***
C 8 <0.001 *** 4 0.005 ** 11 <0.001 *** 2 <0.001 ***
T 35 <0.001 *** 25 <0.001 *** 34 <0.001 *** 46 <0.001 ***

S × C <1 0.267 1 0.456 <1 0.045 * 1 <0.001 ***
S × T 1 0.003 ** 7 0.001 ** 1 <0.001 *** 4 <0.001 ***
C × T 50 <0.001 *** 32 <0.001 *** 54 <0.001 *** 41 <0.001 ***

S × C × T 1 0.005 ** 10 0.002 ** <1 0.003 ** 4 <0.001 ***

SV: source of variation, S: strain, C: concentration, T: time, VE: variance explained (%). Asterisks represent the
significance level (* p < 0.05, ** p < 0.01 and *** p < 0.001).

The PCA plots generated for each sampling day also showed that the samples were primarily
scattered along the PC 1 axis, and this scattering contributed to 68.2–89.0% and 63.9–98.4%% of the total
variability for the CLPP indices (Figure 5A) and the carbon substrate groups (Figure 5B), respectively.
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This observation was also confirmed by analysis of the scores from PC 1 and PC 2 using a two-way
MANOVA. However, among the two factors tested, the primary contribution for PC 1 (up to 93% and
99% for the CLPP indices and the carbon substrate groups, respectively) in the observed variability
was obtained for the dosage of XM (Table 3). The first PCA axis was characterized by an increasing
and decreasing gradient of all of the CLPP indices on days 1 and 15 and on days 30, 60 and 90,
respectively (Figure 5A). In the case of the carbon substrate groups, the gradient generally decreased,
and a significant impact of the XM dosage and/or Ps was evident for each sampling day (Figure 5B).
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Table 3. Results of the two-way MANOVA for the PC 1 and PC 2 based on the CLPP indices and
carbon substrate groups.

Day SV

CLPP Indices Carbon Substrate Groups

PC 1 PC 2 PC 1 PC 2

VE p VE p VE p VE p

1 S 8 <0.001 *** <1 0.758 2 0.032 * <1 0.942
C 86 <0.001 *** 10 0.379 94 <0.001 *** 45 0.002 **

S × C 3 0.014 * 35 0.051 <1 0.955 31 0.007 **

15 S 5 0.009 ** <1 0.849 3 <0.001 *** 40 <0.001 ***
C 86 <0.001 *** 4 0.725 96 <0.001 *** 33 <0.001 ***

S × C 4 0.057 26 0.154 <1 0.079 22 <0.001 ***

30 S 11 <0.001 *** 27 0.007 ** <1 0.500 7 0.033 *
C 81 <0.001 *** 39 0.007 ** 98 <0.001 *** 33 <0.001 ***

S × C 3 0.066 3 0.569 1 0.194 47 <0.001 ***

60 S <1 0.592 4 0.201 1 0.438 13 0.027 *
C 92 <0.001 *** <1 0.959 85 <0.001 *** 47 0.002 **

S × C <1 0.907 66 <0.001 *** 3 0.214 16 0.051

90 S <1 0.332 9 0.114 <1 0.514 59 <0.001 ***
C 93 <0.001 *** 46 0.009 ** 99 <0.001 *** 1 0.210

S × C 1 0.334 6 0.435 <1 0.780 36 <0.001 ***

SV: source of variation, S: strain, C: concentration, VE: variance explained (%). Asterisks represent the significance
level (* p < 0.05, ** p < 0.01 and *** p < 0.001).

3.4. The Resistance (RS)/Resilience (RL) Indices

The changes observed in the catabolic activity of the microbial community were reflected in its
resistance to stress factors, i.e., XM and/or Ps (Table 4). In general, the ANOVA revealed that the
treatment, time and interaction between the factors tested had a significant impact on the resistance of
the CLPP indices and the metabolic activity expressed as the AWCD for the carbon substrate groups
(Table 5). The decrease observed in the RS index values for the soil treated with XM or XM+Ps at the
beginning of the experiment corresponded to the inhibitory effect, while in the second part of the study
(days 60 and 90), they were generally associated with the stimulatory effect of the parameters measured
(Table 4). Factoring in the mean values of the RS index for all of the sampling days, the resistance of
the CLPP indices and the AWCD values for the carbon substrate groups was categorized as follows:
E (0.868) > H (0.830) > R (0.748) > AWCD (0.417) and amino acids = carbohydrates (0.441) > polymers
(0.422) > amines (0.398) > miscellaneous (0.360) > carboxylic acids (0.325), respectively. An analysis of
the RL index for measured parameters demonstrated differences in its value for individual treatments
at the end of the experiment (day 90) (Table 6). In general, the positive values of the RL index
were obtained for the XM1-, Ps- and XM1+Ps treated soils in relation to all of the parameters tested.
In contrast, the RL index was generally found to be negative in the case of the XM10- and XM10+Ps
treated soils for all of the CLPP indices and the AWCD values for carbon substrate groups (Table 6).



Sustainability 2018, 10, 3549 11 of 18

Table 4. The resistance (RS) index for the CLPP indices and carbon substrate groups.

Parameter Day
Treatment

x
XM1 XM10 Ps XM1+Ps XM10+Ps

AWCD

1 0.374 Bc 0.196 Ad 0.731 Ba 0.571 Bb 0.229 Bd 0.420 A

15 0.085 Dc 0.045 Bc 0.759 Ba 0.184 Cb 0.100 Cc 0.235 B

30 0.161 Cb 0.086 Bbc 0.969 Aa 0.146 Cb 0.080 Cc 0.288 B

60 0.927 Aa 0.244 Ad 0.956 Aa 0.842 Ab 0.427 Ac 0.679 A

90 0.924 Aab −0.252 Cc 0.966 Aa 0.899 Ab −0.221 Dc 0.463 A

Substrate richness (R)

1 0.721 Db 0.402 Cd 0.816 BCa 0.743 Db 0.564 Bc 0.649 C

15 0.745C Db 0.626 Bc 0.862 Ba 0.919 ABa 0.626 Bc 0.755 ABD

30 0.952 Aa 0.783 Ac 0.868 Bb 0.809 Cbc 0.932 Aa 0.869 A

60 0.844 Bb 0.686 Bc 0.787 Cb 0.966 Aa 0.573 Bd 0.771 AB

90 0.795 BCc 0.432 Cd 0.958 Aa 0.893 Bb 0.394 Cd 0.694 CB

Shannon-Wiener index (H)

1 0.838 Cb 0.711 Ae 0.796 Cc 0.925 Ba 0.752 Ad 0.804 A

15 0.804 Cc 0.691 ABd 0.955 ABa 0.868 Cb 0.801 Ac 0.824 A

30 0.822 Cbc 0.662 Bd 0.960 Aa 0.848 Cb 0.786 Ac 0.816 A

60 0.925 Bab 0.723 Ac 0.978 Aa 0.979 Aa 0.697 Bc 0.860 A

90 0.964 Aa 0.689 ABc 0.918 Bb 0.991 Aa 0.656 Cc 0.844 A

Evenness (E)

1 0.936 Aa 0.920 Aa 0.564 Bb 0.955 Aa 0.922 Aa 0.859 A

15 0.897 Aa 0.823 ABa 0.934 Aa 0.895 Aa 0.961 Aa 0.902 A

30 0.834 Aab 0.623 BCb 0.911 Aa 0.912 Aa 0.804 Aab 0.817 A

60 0.909 Aa 0.551 Cb 0.937 Aa 0.981 Aa 0.834 Aa 0.842 A

90 0.963 Aa 0.886 Aa 0.920 Aa 0.964 Aa 0.866 Aa 0.920 A

AWCD—amines

1 0.414 Ba 0.323 Ab −0.167 Cc 0.335 Dab 0.351 Bab 0.251 B

15 0.137 Cc 0.051 Ccd 0.660 Ba 0.532 Cb 0.047 Cd 0.285 B

30 0.264 Cb 0.147 Bc 0.927 Aa 0.353 Db 0.108 Cc 0.360 B

60 0.789 Ab 0.270 Ae 0.961 Aa 0.668 Bc 0.461 Ad 0.630 A

90 0.774 Ab −0.113 Dc 0.952 Aa 0.863 Aab −0.166 Dc 0.462 AB

AWCD—amino acids

1 0.582 Bb 0.519 Ab 0.892 Ba 0.521 Bb 0.382 Bc 0.579 AB

15 0.079 Cd 0.024 Cd 0.673 Ca 0.354 Cb 0.153 Cc 0.257 CD

30 0.024 Cb 0.020 Cb 0.597 Da 0.020 Db 0.014 Db 0.135 D

60 0.879 Aa 0.350 Bb 0.968 Aa 0.942 Aa 0.939 Aa 0.816 A

90 0.868 Aa −0.311 Db 0.953 ABa 0.914 Aa −0.303 Eb 0.424 BC

AWCD—carbohydrates

1 0.514 Bab 0.126 Bd 0.611 Ca 0.477 Bb 0.299 Bc 0.406 BC

15 0.099 Cc 0.030 Bc 0.755 Ba 0.272 Cb 0.246 Bb 0.280 BC

30 0.067 Cb 0.035 Bb 0.818 Ba 0.039 Db 0.015 Cb 0.195 C

60 0.757 Ab 0.963 Aa 0.655 Cb 0.920 Aa 0.980 Aa 0.855 A

90 0.762 Ab −0.115 Cc 0.932 Aa 0.933 Aa −0.166 Dc 0.469 B

AWCD—carboxylic acids

1 0.748 Bb 0.057 Abc 0.947 Aa 0.709 Bb 0.119 Ac 0.516 A

15 0.086 Cb 0.028 Bb 0.728 Ba 0.042 Db 0.018 BCb 0.180 B

30 0.165 Cb 0.130 Abc 0.747 Ba 0.094 Dbc 0.069 Abc 0.241 AB

60 0.733 Ba −0.396 Dc 0.500 Cb 0.575 Cb −0.653 Dd 0.152 B

90 0.891 Aa −0.067 Cb 0.950 Aa 0.952 Aa −0.040 Cb 0.537 A

AWCD—miscellaneous

1 0.339 Ba bc 0.160 Abc 0.436 Ca 0.415 BC ab 0.212 AB bc 0.312 AB

15 0.057 Cb 0.045 Bb 0.819 Aa 0.037 Db 0.031 Bb 0.198 B

30 0.541 Ba 0.203 ABb 0.715 ABa 0.329 Cb 0.266 Ab 0.411 AB

60 0.773 Aab 0.255 Ac 0.606 BCb 0.884 Aa 0.244 Ac 0.552 A

90 0.964 Aa −0.396 Cc 0.851 Aa 0.576 Bb −0.362 Cc 0.326 AB

AWCD—polymers

1 0.346 Db 0.208 Bc 0.959 Aa 0.254 Dc 0.233 Bc 0.400 B

15 0.121 Ec 0.105 Cc 0.670 Ca 0.226 Db 0.068 Cc 0.238 B

30 0.576 Cb 0.213 Be 0.648 Ca 0.347 Ccd 0.280 Bde 0.413 B

60 0.842 Aa 0.337 Ad 0.774 Bab 0.731 Bb 0.609 Ac 0.659 A

90 0.748 Bb −0.367 Dd 0.939 Ba 0.901 Aa −0.210 Dc 0.402 B

The data presented are the means of three replicates. Significant differences (LSD test, p < 0.05) between treatments
at the same sampling time and between sampling times within the same treatments are marked with different lower
and uppercase letters, respectively. The treatment abbreviations are explained in Figure 1.
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Table 5. Results of the two-way ANOVA for the resistance (RS) indices.

SV/Parameter
AWCD R H E Amines

VE p VE p VE p VE p VE p

Tr 58 <0.01 ** 50 <0.01 ** 73 <0.001 *** 13 0.019 * 37 <0.01 **
T 16 <0.01 ** 19 <0.01 ** 3 <0.001 *** 5 0.306 15 <0.01 **

Tr × T 26 <0.01 ** 28 <0.01 ** 21 <0.001 *** 30 0.060 46 <0.01 **

SV/Parameter
Amino acids Carbohydrates Carboxylic acids Miscellaneous Polymers

VE p VE p VE p VE p VE p

Tr 36 <0.01 ** 26 <0.01 ** 60 <0.01 ** 47 <0.001 *** 51 <0.01 **
T 34 <0.01 ** 35 <0.01 ** 14 <0.01 ** 10 <0.001 *** 15 <0.01 **

Tr × T 30 <0.01 ** 37 <0.01 ** 24 <0.01 ** 36 <0.001 *** 33 <0.01 **

SV: source of variation, Tr: treatment, T: time, AWCD: average well-color development, R: substrate richness,
H: Shannon-Wiener index, E: evenness index, VE: variance explained (%). Asterisks represent the significance level
(* p < 0.05, ** p < 0.01 and *** p < 0.001).

Table 6. Values of the resilience (RL) index for measured parameters obtained at the end of
the experiment.

Parameter
Treatment

x
XM1 XM10 Ps XM1 + Ps XM10 + Ps

AWCD 0.750 a −0.206 b 0.321 ab 0.690 a −0.226 b 0.266
Substrate richness (RS) 0.302b c 0.160 cd 0.711 a 0.538 ab −0.095 d 0.323

Shannon−Wiener index (H) 0.678 a −0.011 b 0.478 c 0.793 a −0.158 b 0.356
Evenness (E) 0.344 ab −0.246 b 0.476 a 0.053 ab −0.249 b 0.076

AWCD—amines 0.242 c −0.660 c 0.938 a 0.537 b −0.705 c 0.070
AWCD—amino acids −0.278 a −0.959 b −0.354 ab 0.078 a −0.945 b −0.491

AWCD—carbohydrates −0.189 b −0.693 c 0.283 ab 0.456 a −0.797 c −0.188
AWCD—carboxylic acids 0.115 b −0.442 c −0.354 c 0.521 a −0.471 c −0.126
AWCD—miscellaneous 0.960 a −0.247 d 0.699 b 0.495 c −0.260 d 0.329

AWCD—polymers 0.682 a −0.354 b 0.021 b 0.898 a −0.222 b 0.205

The data presented are the means of three replicates. Significant differences (LSD test, p < 0.05) between the values
of each parameter are marked with different letters. The treatment abbreviations are explained in Figure 1.

4. Discussion

Due to the significant share of microorganisms in maintaining the balance of the soil ecosystem,
it is important to determine the impact of various factors on their catabolic potential. This potential may
be measured by the Biolog method and EcoPlatesTM that allow for insight into the functional activity
of the soil microbial community. However, some authors stated that the effects of contamination
can be better evaluated by measuring the activity of some soil enzymes rather than use of Biolog
EcoPlatesTM [51]. This conclusion may be due to the fact that the Biolog technique does not take
into account the activity of catabolically inactive microorganisms that exist in a dormant state or
non-culturable microorganisms. Moreover, mainly fast growing microorganisms are involved in this
analysis. Despite some limitations, as other studies have shown, this method can be useful to assess
the functional biodiversity of soils contaminated with antibiotics [32,52–54]. There are no reports on
the effects of XM and/or antibiotic-resistant Pseudomonas putida on soil microbial activity. However,
the results of other studies indicate that antibiotics may negatively affect the microbial activity of the
soil [9,25,52,55].

The presented study showed that the introduction of XM and/or strain MC1 to the soil caused
changes in the catabolic activity of the microbial community analyzed. At both doses of the antibiotic,
a decrease in the values of all the CLPP indices measured was generally observed up to 30 days.
In turn, at the beginning of the experiment, the catabolic activity in the soil inoculated with the
MC1 strain was higher compared to the control soil. In contrast to this effect, at the following
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measurement times (days 60 and 90), the values of the CLPP indices increased, particularly for the
XM-treated soil (10 mg/kg) in combination with strain MC1. A short-term negative effect on the
catabolic activity of soil microorganisms has also been noted for other antibiotics. For example,
Fang et al. [56] found that AWCD and functional diversity indices decreased significantly up to 35 days
after chlortetracycline application. A slight reduction in the value of the H index was observed for soil
treated with a gradient of oxytetracycline concentration (1–300 mg/kg in soil). In contrast, a marked
decline in functional diversity and AWCD values with increasing concentrations of oxytetracycline was
reported by Kong et al. [52]. Antibiotics from the sulfonamide group, such as sulfamethoxazole and
sulfamethazine, can also alter the activity of microbial populations; however, they only had short-term
detrimental effects [54,57]. Furthermore, sulfadimethoxine or chlortetracycline did not affect the CLPP
indices including AWCD, whereas other antibiotics such as monensin contributed to an increase in the
value of the H index [53].

An analysis of the AWCD values showed that XM and/or strain MC1 changed the pattern of
carbon substrate group utilization during the experiment. The introduction of XM at both dosages
contributed to a decrease in the AWCD values for the utilization of all of the carbon substrate groups
up to 30 days. In contrast, for soil inoculated only with strain MC1, the AWCD values increased
up to 30 days for all the carbon substrate groups. On the following measurement days, i.e., on day
60 and 90, a significant increase in the catabolic activity of the microbial community analyzed for
all of the substrate groups was observed in the XM+MC1 treatments. In many studies, changes in
the preferential degradation by microorganisms of some of the substrate groups were observed over
the course of an experimental period. For example, Xu et al. [27] revealed that sulfadiazine at a
higher concentration contributed to a decrease in the utilization rates of four categories of substrates
(carboxylic acids, amino acids, carbohydrates, and aromatic acids). Also, Liu et al. [58] observed
a short-term decrease in the usage of carbohydrates and miscellaneous by the analyzed microbial
community in soil treated with sulfamethoxazole. In contrast, the application of doxycycline generally
contributed to a stimulation of the substrate utilization [59].

In this study, it was noted that regardless of whether only XM was used alone or in combination
with strain MC1, the antibiotic contributed to environmental stress conditions resulting in changes
in the catabolic activity and functional diversity of the microbial community analyzed. The loss of
the capability of the soil microbial community to utilize selected carbon substrates at the beginning
of the experiment could be associated with the negative effect of XM on specific enzymes produced
by microorganisms. Since XM is active against both Gram-positive and Gram-negative bacteria,
some microorganisms could have been killed or their metabolic activity inhibited. As a consequence of
this phenomenon, catabolic activity and functional diversity significantly decreased at the beginning
of the experiment. However, the negative effect of the antibiotic in combination with the MC1 strain
observed at the beginning of the experiment was slightly smaller compared to that observed for the soil
contaminated with only XM at both dosages. This suggests that part of the negative antibiotic effect
was abolished by inoculation with the MC1 strain. This is also confirmed by the results obtained for
the soil only inoculated with the MC1 strain. Higher values of the parameters measured suggest that
the bacterial strain introduced had the ability to survive in soil and increased the catabolic potential of
the microbial community. Since the MC1 strain is resistant to many antibiotics, including cefuroxime,
its activity in the soil has not been disturbed by XM and therefore a higher catabolic activity could
have been observed for XM+Ps treatments in comparison with XM treatments. In addition, a higher
catabolic activity for the Ps treatment could be the result of a larger starting number of microorganisms
as compared to the non-inoculated control. Many studies on the degradation of organic contaminants
in the soil environment showed synergy between inoculated strains and natural soil microflora,
resulting in the accelerated degradation of pollutants [60–62]. However, the lack of any effect after the
introduction of bacterial strains into the soil was also observed. For example, a study by Cycoń et al. [9]
showed that the antibiotic-resistant strain of Citrobacter freundii did not affect the catabolic activity and
functional diversity of the soil microorganisms whether it was introduced alone or in combination
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with vancomycin. This phenomenon may be related to the survivability of the inoculants in the soil
environment, which is often a foreign environment for them [46]. Soil is a very complex ecosystem and
many biotic and abiotic factors may determine the survival of the inoculants. In addition, there may
be competition between the natural soil microflora and the strains of microorganisms introduced.
The phenomenon of soil microorganisms producing various inhibitory substances that limit the activity
of inoculants is also of great importance [60,63].

After the initial inhibition caused by XM, the values of the CLPP indices, i.e., AWCD, R, H, E
and the AWCD values for the six carbon substrate groups increased over the next few sampling days.
This effect could be related to the development of the ability of selected microorganisms to degrade
the XM introduced into the soil and use it as a source of carbon and energy. This could result in an
increase in the number of degrading microorganisms and therefore, an increase in enzyme production.
Alternatively, the negative effect of XM could have been masked by the increased activity of other
microorganisms capable of surviving in the presence of an antibiotic and/or using compounds released
from the cells of killed microorganisms [9,64,65]. The effect observed could also be related to the XM
degradation in the soil. Available studies on degradation, however very scarce, have shown that XM
belongs to a group of compounds with relatively low stability under soil conditions, as evidenced
by the DT50 value at the level of several dozen days [42]. In addition, the loss of the antibacterial
properties of XM during the degradation in the soil could also have been of great importance.

The observed changes in the catabolic activity of the microbial community analyzed were reflected
in its resistance to stress factors. Evaluation of the resistance of the CLPP indices and the metabolic
activity expressed as the AWCD for the carbon substrate groups showed that the RS index was
affected by XM and strain MC1. According to the interpretation proposed by Orwin and Wardle [50],
the RS and RL indices may have values between −1 and +1. A value of +1 for the RS index shows
maximal resistance and that the exposure had no influence, while lower values show stronger effects
(less resistance) related to either stimulation or inhibition. In the case of the RL index, a value of
+1 at the sampling time shows maximal resilience, while lower values show a slower recovery rate.
The results obtained generally suggest a low initial resistance of microorganisms to the introduction of
XM and/or strain MC1, but they were resilient in the long term. A similar phenomenon was noted
by Cycoń et al. [9] and Baćmaga et al. [66] who studied the effect of another antibiotic, vancomycin,
and the pesticide azoxystrobin on the soil metabolic activity, respectively. Our results suggest that the
properties of the microbial community are a key factor responsible for maintaining the soil balance.
Despite the initial perturbations caused by stress factors, the initial balance may be restored [67–69].
However, alternatively, there may be changes in the structure of microorganisms, but their activity
related to the specific microbial process may be similar to that obtained from soil not subjected to stress
factors [37,69,70].

5. Conclusions

In this study, it was noted that regardless of whether XM was used alone or in combination
with Pseudomonas putida strain MC1, the antibiotic contributed to environmental stress conditions at
the beginning of the study, resulting in changes in the catabolic activity and functional diversity of
the soil microbial community. However, it was shown that strain MC1 introduced into the soil was
characterized by some properties to compensate for the negative effect caused by the antibiotic at the
beginning of the experiment. Higher values of measured parameters obtained for the soil inoculated
with solely the bacterial strain suggest that it had the ability to survive in the soil and increased the
catabolic potential of the soil microorganisms. The loss of the ability of a microbial community to
degrade selected substrates at the beginning of the experiment could be associated with the negative
effect of XM on selected microorganisms responsible for the production of specific enzymes. However,
after the initial inhibition, the increase in the catabolic activity of soil microorganisms was noted
during the following sampling days. This effect could be related to the increase in the number of
microorganisms degrading XM and/or masking the effect of XM through the increased activity of
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other microorganisms using compounds released from the cells of killed microorganisms. In addition,
the degradation of XM and its loss of antibacterial properties could also have great significance.
In general, the results obtained suggest a low level of resistance of soil microorganisms to XM and/or
strain MC1 at the beginning of the exposure time, but the microbial community had the ability to
recover its initial catabolic activity over the experimental period.
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