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Abstract

:

Diffuse environmental antibiotic and antibiotic resistance gene contamination is increasing human and animal exposure to these emerging compounds with a consequent risk of reduction in antibiotic effectiveness. The present work investigated the effect of the antibiotic sulfamethoxazole (SMX) on growth and antibiotic resistance genes of a microbial community collected from an anaerobic digestion plant fed with cattle manure. Digestate samples were used as inoculum for concentration-dependent experiments using SMX at various concentrations. The antibiotic concentrations affecting the mixed microbial community in terms of growth and spread of resistant genes (sul1, sul2) were investigated through OD (Optical Density) measures and qPCR assays. Moreover, SMX biodegradation was assessed by LC-MS/MS analysis. The overall results showed that SMX concentrations in the range of those found in the environment did not affect the microbial community growth and did not select for antibiotic-resistant gene (ARG) maintenance or spread. Furthermore, the microorganisms tested were able to degrade SMX in only 24 h. This study confirms the complexity of antibiotic resistance spread in real matrices where different microorganisms coexist and suggests that antibiotic biodegradation needs to be included for fully understanding the resistance phenomena among bacteria.
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1. Introduction


Antibiotic resistance (AR) in bacteria is a natural phenomenon [1]. However, antibiotic abuse in human and veterinary medicine has caused a worldwide increase and spread in antibiotic multi-resistant bacteria among humans, animals, and the environment [2,3,4]. The role of various anthropogenic sources (e.g., wastewater treatment plant effluents and biosolids, reclaimed water, organic amendments for agricultural practices, farm runoff) as key points in the diffusion of resistant bacteria and genes in soil and water ecosystems has been recognized [3,5]. AR is a “One Health” challenge on a global scale and an international emergency affecting both public health safety (10 million deaths predicted due to AR a year by 2050) and economic activities [6]. A holistic and multidisciplinary approach including humans, animals, food-producing industries, and the related environments is necessary for understanding AR overall impacts and assessing effective mitigation measures [7,8]. However, several ecological aspects of AR spread in natural microbial communities need to be clarified. Microorganisms interact in both intra- and inter-specific relationships, modulated by site-specific environmental conditions (e.g., temperature, humidity, multi-contamination), which make each ecosystem a unique one. Consequently, the effects of antibiotics on ecosystems can be variously and strongly linked to the bacterial resistance and resilience responses to their occurrence [9]. For example, the evaluation of the minimal selective concentration (MSC), i.e., the environmental antibiotic threshold concentration for the selection of resistant bacteria, remains a hot topic. It has been recently suggested that MSC data may be used in combination with traditional ecotoxicology data to propose threshold concentrations of antibiotics and other antibacterial compounds that are safe for environmental and human health [10,11]. Most studies aimed at evaluating the MSC showed that environmental antibiotic residues (e.g., in the range of 100 pg/mL to ng/mL, depending on the antibiotic and the type of resistance mutation examined) can select resistant bacteria [12,13]. However, most of these works did not take into account the complexity of microbial community interactions, including possible horizontal gene transfer mechanisms (HGT-transfer among different bacterial species, taxa, and habitats) [14]. HGT is the predominant mechanism making possible the transfer of antibiotic-resistant genes (ARGs) across different species, facilitated by the exchange of mobile genetic elements such as integrons [15]. Among these, the class 1 integrase gene intI1 is strongly involved in the horizontal transfer of ARGs [16] and is considered a suitable proxy for anthropogenic pollution [17]. In a microbial community context, the acquisition of antibiotic resistance is linked to the fitness cost for resistant microorganisms. This varies with the specific environmental conditions and the general level of stress undergone by each microorganism. In practice, AR acquisition can be positively selected and spread among bacterial populations if its fitness cost is offset by the benefit of resistance within the specific environmental conditions. In an antibiotic-free environment, the resistant organisms could be out-competed by the wild-type susceptible ones [18]. This suggests that there is a strong correlation between environmental antibiotic concentrations and the spread of antibiotic resistance but, in general, there are limited data on the selection and mobilization of resistance genes in complex natural microbial communities [19,20,21]. In this context, the present study evaluated the antibiotic SMX effects on growth and AR spread of a mixed natural microbial community collected from an anaerobically digested cattle manure (digestate). The digestate was selected because it is commonly used as a biofertilizer. If digestate can be a source of antibiotics and ARGs in agroecosystems, then the antibiotic amounts that can affect microbial communities need to be better investigated. For this purpose, “concentration-dependent” experiments were performed and the digestate microbial community was exposed to various SMX concentrations (from 0.07 to 76 mg/L) in liquid medium. The SMX concentrations able to influence the microbial community growth (one-day acute experiment) and AR spread (MSC, seven-day chronic experiment) were investigated. Antibiotic resistance was assessed by evaluating the changes in relative abundances of the intI1 gene (an indicator of HGT) and the main genes encoding resistance to sulfonamides (i.e., sul1 and sul2). SMX biodegradation was also estimated one day (acute experiment) and seven days (chronic experiment) after the microbial community exposure to the antibiotic.




2. Materials and Methods


2.1. Reagents


Methanol at HPLC grade, sodium chloride, and glycerol were obtained from VWR (Radnor, PA, USA). Water was purified (18 MΩ/cm quality) using a Milli-Q system (Millipore, Bedford, MA, USA). The Oxoid Iso-Sensitest broth was purchased from Thermo Fisher (Waltham, MA, USA). The Iso-Sensitest broth and glycerol were prepared using Milli-Q water and both solutions, and after preparation, were promptly sterilized in an autoclave.



SMX (purity 99%) was purchased from Sigma-Aldrich (Steinheim, Germany) in powder form. The stock solution of SMX (1000 mg/L) was prepared by dissolving an adequate quantity of the standard powder in Milli-Q water, which was stored at −80 °C. The working standard solutions were prepared at each sampling time by dilution of the stock solution with Milli-Q water or water:methanol (50:50, v/v) (for chemical determinations) and stored at 4 °C.



Oasis HLB (Hydrophilic–Lipophilic Balance) cartridges (6 mL, 1 g) were purchased from Waters (Milford, MA, USA) and diatomaceous earth (Thermo 062819) from Thermo Scientific (Waltham, MA, USA).




2.2. Anaerobic Digestate Samples


The anaerobic digestate was collected from an anaerobic digestion (AD) plant (output) located in the Lazio region (Italy) which produces biogas by utilizing cattle manure as fed-in biomass. The hydraulic retention time (HRT) of the plant is 60 to 70 days in one continuously stirred tank reactor (CSTR) operating under thermophilic conditions (45 °C).



Glass bottles (2 L) were filled with each sample (3 replicates) and transported to the laboratory, where aliquots were used for the SMX, intI1, sul1, and sul2 gene determinations. Microbial cells were extracted from the digestate following the method reported in Di Lenola et al. [22]. Briefly, three digestate sub-samples (1 g) were transferred to a test tube containing 9 mL of a non-fixative solution composed of phosphate-buffered saline: 130 mM NaCl; 7 mM Na2HPO4, 3 mM NaH2PO4; the non-ionic surfactant Tween 20 (0.5%, v/v) and 100 mM sodium pyrophosphate. The latter two were useful for decreasing particle aggregates and enhancing the detachment of cells from particles in solid samples.



The test tubes containing the digestate and the non-fixative solution were shaken for 30 min in an orbital shaker (400 rpm) and left for 24 h (4 °C) so that the larger soil particles could settle down [23]. Aliquots of supernatant (2 mL) were transferred into sterile tubes and centrifuged at 3500× g for 10 min. The supernatant was removed and the pellets (containing the mixed microbial community) were used for the experimental setup.




2.3. “Concentration-Dependent” Experiments


The concentrations of the antibiotic SMX able to influence the microbial community growth (due to acute exposure) were assessed by a microdilution test (96-well plate). Each well (final volume of 200 µL) was set up using an Iso-Sensitest broth solution with the microbial community (volume 10%) and SMX at one of the 11 concentrations tested [24]. The antibiotic concentrations ranged from 0.07 mg/L to 76 mg/L. Each concentration was tested in six replicates and a non-antibiotic control and sterile control were also assessed. The highest SMX concentration tested (76 mg/L) was the clinical breakpoint for the pathogenic bacteria Enterobacteriaceae, reported in the EUCAST database [25]. The 96-well plate was incubated in a Multiskan Sky Microplate Spectrophotometer (Thermo Scientific) at 37 °C with background pulsed shaking (low speed). The OD was measured at 600 nm every 15 min for 24 h (acute exposure). This well-known method is based on the assumption that the OD values are proportional to the number of cells.



Aliquots of the anaerobic digestate microbial community were also used in the seven-day MSC experiment to assess the effects of SMX chronic exposure on microbial abundance and AR spread. The experiment was performed following the method reported in Murray et al. [24] for evaluating the minimal selective concentration. It consisted of a chronic daily exposure (for seven consecutive days) of the microbial community in liquid medium (10% volume), at one of the five concentrations (from 0.001 to 10 mg/L) of SMX. Microorganisms were incubated overnight at 37 °C under continuous shaking at 180 r.p.m. Every day, an aliquot (1% v/v) of each culture was transferred in fresh broth (Iso Sensitest broth) spiked with the antibiotic. This step was repeated for seven days. Control conditions consisted of inoculum of the bacteria without antibiotic addition (C-MSC). Each condition was tested in five replicates. At zero and seven days, an aliquot (2 mL X 2) of each daily culture was resuspended in glycerol (20%) and stored at −80 °C until DNA extraction analysis. Moreover, SMX content was determined in the liquid cultures on experimental days one (acute exposure) and seven (chronic exposure).




2.4. DNA Extraction and qPCR Analysis


DNA was extracted from digestate and liquid culture samples by using the DNeasy PowerSoil kit (QIAGEN) following the manufacturer’s protocol. The extraction yield and quality of the DNA were assessed with a spectrophotometer (Multiskan Sky Microplate Spectrophotometer, Thermo Fisher Scientific, Waltham, MA, USA). The products were amplified by a CFX96 real-time PCR detection system (Bio-Rad, Hercules, CA, USA) using SYBR Green detection, targeting the two genes encoding resistance to sulfonamide (sul1, sul2), the 16S rRNA gene, and integron-integrase gene intI1.



The primers used for the ARGs, 16S, and intl1 gene quantification are listed in Supplementary Table S1. Each reaction was carried out in a total volume of 20 μL containing 10 μL SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, USA), 0.5 μL of each primer (10 μM), and 15 ng of DNA template. The thermal cycling conditions were as follows: 95 °C for 3 min, 45 cycles at 95 °C for 15 s, annealing temperature (Tm) specific for each primer pair for 30 s (Supplementary Table S1), and 72 °C for 30 s. The fluorescence signal was read after each elongation step. All reactions were terminated with a melting curve starting at 55 °C and increasing by 0.5 °C up to 95 °C to verify amplicon specificity. Each assay was run in triplicate including the No Template Controls (NTC). Any possible qPCR inhibition was assessed with an inhibition test using samples diluted from 10 to 100-fold, and no inhibition was observed. The quantitative PCR data were expressed as the ratio of the intI1 gene or ARG copy number per 16S copy number to evaluate the relative proportion of the target gene in the community.




2.5. Analytical Determination of SMX


SMX was extracted from digestate samples by Pressurized Liquid Extraction (PLE) using the E-916 Speed Extractor (Büchi, Italy) system following the method reported in Gobel et al. [26]. The PLE extracts, after dilution with ultra-pure water to reduce the methanol content below 5%, were purified following the SPE (Solid Phase Extraction) procedure reported by Gobel et al. [27]. The SPE eluates were then evaporated and reconstituted with the mobile phase for the chromatographic analysis.



The SMX analytical determination in the purified extracts was carried out using an LC-MS/MS system (triple quadrupole mass spectrometer detector, equipped with an electrospray ionization detector, mod. API 3000, AB Sciex, Darmstadt, Germany), modifying the method reported in Spataro et al. [28]. The injector valve (Rheodyne, mod. 260 7125) included a 20 μL loop. The chromatographic Gemini column (150 × 4.6 mm, 5 μm RP C 18, Phenomenex, France), preceded by an equally packed guard column, was maintained at 25 °C. The isocratic elution was carried out at a 0.3 mL/min flow rate, using a mobile phase composed of MeOH (phase A): ultrapure water acidified to pH 3 with formic acid (phase B), 70:30. The MS/MS detector was set to positive ionization (ESI+) and a multiple reaction monitoring (MRM) mode. The optimized MS/MS parameters are reported in Supplementary Table S2. The Analyst Service version 1.6 software allowed both instrument control and data acquisition. Two calibration curves for SMX were obtained by analyzing working standard solutions in lower (1.0, 2.5, 5.0, 10.0, and 20.0 ng/L) and higher (25, 50, 100, 500, and 1000 µg/L) concentration ranges. The linearity was confirmed with an R2 ≥ 0.99 for both concentration ranges. The residual SMX concentrations in liquid culture were determined by direct injection of triplicate samples (20 µL) into the LC-MS/MS system following the method previously described. The recoveries of the method applied to the digestate and liquid medium were evaluated and turned out to be always above 90%. The limits of detection (LOD), calculated following the IUPAC method [29], were 0.41 μg/kg and 0.43 ng/L, respectively, for the liquid and solid matrices. The limit of quantification (LOQ) was set at three times the LOD.




2.6. Statistical Analysis


The MSC-experiment samples were analyzed three times for each replicate (five replicates) both for microbiological and chemical determinations and results are expressed as means ± standard errors (SE). The statistical analysis (R software) of biological and chemical data was performed using a two-way ANOVA and a multiple pairwise-comparison using the Tukey HSD (Tukey Honest Significant Differences) test.





3. Results and Discussions


3.1. SMX, intI1 Gene, and SMX-ARGs in the Digestate


SMX was detected in the digestate analyzed at a residual concentration of 2.4 ± 0.5 µg/kg (Table 1). Few data are currently available on its amount in digestate [30,31]; however, a recent study reports comparable SMX amounts in cattle manure samples collected from an AD plant-feeding tank [31]. SMX is commonly found in livestock manure and at much higher concentrations (until 5 mg/kg) [32] than those found in digestate.



The intI1 and sul1 genes’ relative abundances assessed in the digestate samples were similar (Table 1) and quite low if compared to those found in other studies in the same matrix [16,31]. Sul1 is generally located in the 3′ conserved segments of class 1 integrons and for this reason, it is related to the intI1 gene [33]. The sul2 gene was found at a relative abundance of 8.06 ×10−2, significantly higher (p > 0.01) than intI1 and sul1 genes (Table 1). These results are in line with those found by other authors in river water and urban wetlands [34,35].




3.2. “Concentration-Dependent” Experiments


In the present study, the growth curves of the digestate mixed microbial communities exposed to various SMX concentrations (from 0.07 to 76 mg/L) were evaluated over 24 h (acute exposure). Antibiotic concentrations from 0.07 mg/L to 4.75 mg/L (4.75, 2.38, 1.19, 0.59, 0.30, 0.15, 0.07 mg/L) did not affect the microbial community (no significant differences compared with the control free of antibiotics). However, SMX concentrations higher than 4.75 mg/L (9.5, 19, 38, and 76 mg/L) significantly inhibited (p < 0.01) microbial growth (data not shown). In line with our results, a recent study showed that 5 mg/L of SMX had an acute detrimental effect on the abundance of a digestate microbial community [31].



The effect of SMX on microbial abundance was evaluated in terms of 16S rRNA copy number at the start (zero days) and end (seven days) of the antibiotic chronic exposure (MSC-experiment). As it is possible to see in Figure 1, all the concentrations tested (0.1, 0.5, 2, 5, and 10 mg/L) were not able to significantly affect microbial abundance.



In the present work, the SMX concentrations tested did not select for an increase in ARG spread among the microbial community (MSC-experiment). All genes decreased significantly at day seven (Table 2) and gene abundance differences due to exposure time (zero, seven days) or specific gene (sul1, sul2, intI1) were both affected by the SMX concentration (Table 3, Supplementary Table S3). The overall results confirm that natural microbial communities can react differently to single species to antibiotic exposure as reported by other authors [19].



Other seven-day chronic exposure works evaluated MSCs for other antibiotics at concentrations much lower than those of this work [10,12,24]. Stanton et al. [36] reported MSCs for some macrolides in a wastewater microbial community at concentrations considerably higher than the environmental ones.



The fact that SMX addition did not select for ARGs and intI1 gene maintenance or spread in the digestate microbial community at the relatively high concentrations tested can be ascribed to a continuous presence of antibiotic residues in inputs of the anaerobic digestion plant. Indeed, SMX is currently used in livestock raising and its residues are generally detected in manure [37,38].



Interestingly, prompt biodegradation (from 23% to 76% at 24 h) of all initial spiked concentrations (10, 5, 2, 0.5, 0.1 mg/L) was observed for both one-day acute exposure and seven-day chronic exposure in the MSC experiments (Figure 2). The fact that the different removal percentages were not concentration-dependent was in accordance with recent findings [39]. SMX degradation can occur through both metabolic and co-metabolic pathways [40] and the different degradation rates might be due to these different processes; however, this work did not aim to assess these aspects.



The percentages of antibiotic degradation were higher than those reported in other studies for both a bacterial consortium (i.e., 5% SMX removal after 300 h) and a single species assay (Rhodococcus equi: 5% SMX removal at 24 h) [41]. A more prolonged (seven days) SMX exposure significantly (p < 0.05) favored the degradation if compared to the one-day exposure, for the 2, 0.5, and 0.1 mg/L antibiotic concentrations. The latter result can be ascribed to a “selective effect” due to the daily transfer of the microbial community into a new fresh antibiotic solution. In other studies, microbial pre-exposure to an antibiotic, in a rich medium, favored its biodegradation by co-metabolism [42,43].



The antibiotic degradation in a few hours observed in the present work can explain the decrease in ARG abundance.



Indeed, complex natural microbial communities can show homeostatic capacities of resistance and resilience versus antibiotics; they can both resist antibiotics exposure through an increase in the ARG relative abundances among the community, and/or biodegrade them. Indeed, antibiotics can be an energy source for microbial growth [9,44,45]. ARGs have a fitness cost for bacteria and their selection depends on the specific microbial community and environmental conditions, but first of all, antibiotic presence [46]. In accordance with the results reported in the present study, in a digestate-amended soil microcosm experiment, a positive correlation between SMX degradation and an intI1 gene decrease was found [45]. A relationship between the persistence of this antibiotic and intI1 and sul1 genes was also observed in river water microcosm experiments [47,48].





4. Conclusions


The effects of SMX on microbial growth and antibiotic resistance in the digestate microbial community were evaluated with concentration-dependent experiments. The SMX concentrations which affected the microbial growth were higher (>4.75 mg/L) than those usually found in natural environments. The SMX concentrations tested did not exert a positive selection for the maintenance or spread of ARGs among the digestate microbial populations. This phenomenon was presumably due to a previous adaptation to the antibiotic. In fact, the microbial community was not only not inhibited, but was also able to promptly degrade (24 h) SMX in liquid cultures.



The overall data obtained in the present study show the complexity of this issue and how the effects of antibiotics on natural microbial communities can vary with different combinations of biotic and abiotic factors.
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Figure 1. Microbial abundances expressed as 16S rRNA copies under the various SMX concentrations at zero and seven days. C-MSC: free-antibiotic control. The vertical bars represent standard errors. 
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Figure 2. SMX degradation (%) in MSC experiments at one-day (acute experiment) and seven-day exposure (chronic exposure). n.d.: not detected. The vertical bars represent the standard errors. 
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Table 1. Average SMX concentration (µg/kg), SMX-ARGs (sul1 and sul2), and intI1 gene relative abundances measured in the digestate. s.e.: standard error.
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	SMX
	intI1 Gene
	sul1 Gene
	sul2 Gene





	Average values
	2.40
	3.03 ×10−4
	2.71 ×10−4
	8.06 ×10−2



	s.e.
	0.50
	1.20 ×10−3
	2.02 ×10−3
	0.03
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Table 2. SMX-ARGs (sul1 and sul2) and intI1 gene relative abundances at days zero and seven for each SMX concentration in MSC-experiment and control (C-MSC).
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sul1 Gene

	
sul2 Gene

	
intI1 Gene




	

	
0 Days

	
7 Days

	
0 Days

	
7 Days

	
0 Days

	
7 Days






	
C-MSC

	
2.6 × 10−4

	
8.3 × 10−8

	
8.1 × 10−2

	
2.0 × 10−4

	
3.2 × 10−4

	
2.8 × 10−6




	
10 mg/L

	
2.7 × 10−4

	
3.9 × 10−8

	
8.1 × 10−2

	
1.9 × 10−4

	
2.32 × 10−8

	
3.4 × 10−7




	
5 mg/L

	
2.7 × 10−4

	
0

	
8.0 × 10−2

	
0

	
2.32 × 10−8

	
2.3 × 10−6




	
2 mg/L

	
2.8 × 10−4

	
3.1 × 10−10

	
8.3 × 10−2

	
3.1 × 10−7

	
2.32 × 10−8

	
1.5 × 10−4




	
0.5 mg/L

	
2.5 × 10−4

	
7.3 × 10−10

	
8.1 × 10−2

	
4.7 × 10−5

	
2.32 × 10−8

	
1.2 × 10−5




	
0.1 mg/L

	
2.3 × 10−4

	
1.1 × 10−6

	
8.0 × 10−2

	
3.9 × 10−4

	
2.32 × 10−8

	
7.8 × 10−7
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Table 3. Effect of SMX concentrations (10, 5, 2, 0.5, 0.1 mg/L and C-MSC), time (zero or seven days), specific gene (sul1, sul2 or intI1) on gene abundances.
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	Factors
	p-Value





	(A) SMX concentrations
	0.00376 **



	(B) time
	0.01253 *



	(C) specific gene
	1.25 × 10−7 ***



	A × B Interaction
	0.01084 *



	A × C Interaction
	3.72 × 10−6 ***



	B × C Interaction
	0.10162







Two-way ANOVA results: p-values (signif. codes: 0: ***; 0.001: **; 0.01: *) for the main factors and interactions.
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