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Fosfomycin is a re-emergent antibiotic known to be effective against severe bacterial infections even when other antibiotics fail. To avoid overuse and thus the risk of new antibiotic resistance, the European Commission has recommended the intravenous use of fosfomycin only when other antibiotic treatments fail. A release of fosfomycin into the environment via wastewater from not only municipalities but also already from the producing pharmaceutical industry can seriously undermine a sustaining therapeutic value. We showed in long-term continuous-mode bioreactor cultivation and by using microbial community flow cytometry, microbial community ecology tools, and cell sorting that the micro-pollutant altered the bacterial wastewater community (WWC) composition within only a few generations. Under these conditions, fosfomycin was not readily degraded both at lower and higher concentrations. At the same time, operational reactor parameters and typical diversity parameters such as α- and intracommunity β-diversity did not point to system changes. Nevertheless, an intrinsic compositional change occurred, caused by a turnover process in which higher concentrations of fosfomycin selected for organisms known to frequently harbor antibiotic resistance genes. A gfp-labeled Pseudomonas putida strain, used as the model organism and a possible future chassis for fosfomycin degradation pathways, was augmented and outcompeted in all tested situations. The results suggest that WWCs, as complex communities, may tolerate fosfomycin for a time, but selection for cell types that may develop resistance is very likely. The approach presented allows very rapid assessment and visualization of the impact of antibiotics on natural or managed microbial communities in general and on individual members of these communities in particular.
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INTRODUCTION

Worldwide, depending on the antibiotic class, 20–80% of antibiotics enter the environment via urine and feces as well as via the deliberate or accidental release (European Medicines Agency, 2020), e.g., by production facilities of the pharmaceutical industry (Andersson and Hughes, 2014). Antibiotics in wastewater treatment plants (WWTPs) have been shown to select for antibiotic-resistant bacteria (ARBs) and to facilitate horizontal gene transfer (HGT) of antibiotic resistance genes (ARGs) to previously antibiotic-sensitive bacteria (Brown and Wright, 2016). The host range of ARGs in highly diverse wastewater environments is huge (Che et al., 2019). Although the number of potential antibiotic-resistant pathogens (ARPs) has been found to decrease from the inflow to the effluent in a WWTP, acquired resistance is spreading between wastewater environments and ecosystems (Andersson and Hughes, 2014; Hernando-Amado et al., 2019; Hou et al., 2019). ARBs and the spread of ARGs have been described to affect the structure and function of microbial consortia in managed ecosystems such as WWTPs or natural ecosystems such as lakes, surface water, and soil, at least in the vicinity of effluent discharge (Chu et al., 2018).

Fosfomycin (cis-1,2-epoxypropylphosphoric acid) is a naturally occurring antibiotic and was first isolated from the fermentation broth of Streptomyces fradiae, Streptomyces virichromogens, and Streptomyces wedmorensis in 1969 (Hendlin et al., 1969; Silver, 2017; Aghamali et al., 2019). Glamkowski et al. (1970) chemically synthesized fosfomycin in 1970. The antibiotic is a small (138 Dalton), strongly polar, thus highly soluble molecule of a so far unique class with rapid diffusion abilities (Bergogne-Bérézin, 2005; Raz, 2012). Fosfomycin acts during the early stage of cell wall synthesis both in Gram-positive and Gram-negative bacteria (Aghamali et al., 2019). It is currently considered a valuable re-emergent antibiotic with broad-spectrum antibacterial activity and effective also against multidrug-resistant isolates (Cao et al., 2019). However, in industrial production, similar to the production of other antibiotics, fosfomycin is disposed of in wastewater and inefficiently removed by conventional wastewater treatment systems before being released into the environment. Concentrations far above average (18 mg L–1 fosfomycin) can temporarily be measured in the inflow of a pharmaceutical WWTP, and concentrations up to 10 mg L–1 could be expected in the vicinity of WWTP effluents (Zeng et al., 2014). Already a metallo-β-lactamase producing Escherichia coli strain has been found in the effluent of a WWTP connected to a canal in Tokyo Bay, Japan, which carried multiple antimicrobial resistance genes including fosfomycin, posing a potential threat to human health and ecosystem safety (Sekizuka et al., 2019). Numerous studies have been conducted on the development of proper treatment technologies for the removal of fosfomycin, both physical and chemical processes, but their relatively high costs hinder bigger-scale application (Xie et al., 2019). Thus, most of the larger fosfomycin manufacturers rely on biological processes to treat pharmaceutical wastewater.

High resolving single-cell Raman spectroscopy or metagenomics allows for tracking the fate of ARGs in WWTPs (Li et al., 2020; Brito, 2021). Especially the long-read nanopore sequencing technology has been described to successfully detect ARP profiles in less than 24 h after receiving a sample (Che et al., 2019). However, these highly resourceful approaches, which detect the transfer and spread of ARGs in bacterial communities, are still widely untapped to study the effects of antibiotics on antibiotic-susceptible bacteria in wastewater. A similar fast and underused technology based on single cell analytics is microbial community flow cytometry, which provides powerful means for monitoring structural and functional changes of complex communities with high temporal resolution (Koch et al., 2015; Liu et al., 2019; Vucic et al., 2021). As a low-cost observation method, flow cytometry measures the light scatter and fluorescence characteristics of every single cell in a community sample and allows the precise quantification of cells with similar phenotypical properties (Koch et al., 2013; Cichocki et al., 2020).

The aim of this study was to investigate if and to what extent fosfomycin can be biologically degraded or tolerated by a typical wastewater microbial community (WWC) and if the antibiotic has an impact on the structure and function of a WWC. Flow cytometry was used as a tool to follow dynamic changes of arising and disappearing subcommunities to reveal diverging and segregated responses of cell subsets of a WWC to fosfomycin. In parallel, a bio-augmented (gfp-labeled) Pseudomonas putida strain as a typical member of WWTPs (Chu et al., 2018) with inherent resistance to fosfomycin (Falagas et al., 2019), and as a possible future chassis for fosfomycin biodegradation pathways (Pallitsch et al., 2017; Nikel and de Lorenzo, 2018), was used as a model and marker organism, and its fate was continually tracked in a WWC under fosfomycin pressure. Exemplary WWCs and dominant cytometrically sorted subcommunities were analyzed taxonomically based on the 16S rRNA gene to identify phenotypes that may have been particularly selected by fosfomycin. The study provides evidence of the impact of fosfomycin on microbial communities in WWTPs and points out potential pitfalls if bio-augmented bacteria were to be used for antibiotic biodegradation.



MATERIALS AND METHODS


Cell Cultivation


Cultivation of the gfp-Labeled Pseudomonas putida KT2440

The gfp-labeled P. putida strain has a chromosomally located gfp-gene (PA1/04/03-RBSII-gfpmut3*-T0-T1 transposon cassette) at random position (Heydorn et al., 2000; Dechesne et al., 2005), which presented an insignificant metabolic burden (Lambertsen et al., 2004). The strain was precultivated on LB agar plates (Lysogeny broth, 30°C, 72 h). For liquid culture, a colony of the strain was inoculated into a 100-ml LB medium (500 ml flasks, 30°C, 125 rpm, 192 h). The LB medium contained tryptone 10 g L–1 (Oxoid, Hampshire, United Kingdom), yeast extract 5 g L–1 (Difco, Detroit, MI, United States), and NaCl 5 g L–1. Growth parameters and GFP autofluorescence of the strain were analyzed via OD600, λ = 5 mm (Ultrospec 1100pro, Amersham Biosciences, Buckinghamshire, United Kingdom) (Supplementary Figure 1.1) and flow cytometry (excitation of GFP fluorescence at 488 nm, emission at 530/40 nm, additional staining of cells and single cell analysis techniques below). Samples were taken for up to 192 h in biological triplicates. The strain showed an uncoupled DNA synthesis (Müller, 2007) within the first hours of cultivation and reached the stationary phase after 24 h by still representing four subpopulations with different chromosome numbers (C1n-C8n). The typical bi-modal DNA distribution (C1n-C2n) was reached after about 120 h (Supplementary Figure 1.2). The gfp-autofluorescence was the highest during exponential growth and declined gradually during the 192 h of cultivation due to stationary phase conditions, but was always clearly detectable within this period of time (Supplementary Figure 1.3).



Origin and Cultivation of the Wastewater Microbial Community

The WWC was obtained from an activated sludge basin of a full-scale WWTP in Eilenburg (Germany, 51°28′29.7″N; 12°37′13.9″E), fractionated and stored at −20°C. To start an experiment, WWC fractions were slowly defrosted and cultivated in a LB liquid medium. For the batch experiments, equal amounts of these fractions were added to each flask at an initial optical density (OD) of about 2 (OD600, λ = 5 mm, Ultrospec 1100pro, Amersham Biosciences, Buckinghamshire, United Kingdom) and cultivated in a 100-ml medium (500-ml flask, 30°C, 125 rpm, 72 h). The continuous reactor experiment was started with an OD of about 0.085 after inoculation of 10 ml of a 72-h batch culture of a WWC (detailed below).



Bio-Augmentation With gfp-Labeled Pseudomonas putida KT2440

The survival potential of gfp-labeled P. putida KT2440 in batch-grown WWCs was followed by (1) tracking the gfp-labeled P. putida within WWCs using flow cytometry, (2) changing the cell proportions of bio-augmented gfp-labeled P. putida within WWCs, and, on the contrary, (3) tracking the change in WWCs due to different bio-augmentation proportions of P. putida. For bio-augmentation of 72-h batch-grown WWCs, exponential-phase gfp-labeled P. putida KT2440 cells were used. Specifically, 6-h grown cells of gfp-labeled P. putida KT2440 were mixed in proportions of 1, 10, and 50% with the batch-grown WWC, based on OD (OD600, λ = 5 mm, Ultrospec 1100pro, Amersham Biosciences, Buckinghamshire, United Kingdom), respectively. The cells of the WWC were harvested and centrifuged (sterile; 3,200 g, 10 min, 4 °C). For 1% proportion of gfp-labeled P. putida KT2440, the WWC co-culture was resuspended in a fresh 100-ml LB medium, while for 10 and 50% proportions, the WWC was directly added to batch-grown gfp-labeled P. putida KT2440. All WWC co-cultures were grown at 30°C, 125 rpm for 192 h in triplicates, respectively (Supplementary Information 2).

For the bio-augmentation of the continuously grown bioreactor WWC, 24-h batch-grown gfp-labeled P. putida KT2440 cells were used. For harvesting, the gfp-labeled P. putida KT2440 cells were centrifuged (sterile; 3,200 g, 10 min, 4°C), and two-thirds of the supernatant were removed. The cells were vortexed (IKA® Vortex Genius 3, IKA®-Werke GmbH & CO.KG, Germany) within the remaining solution. The accurate proportion for augmentation of the continuously operated bioreactor was calculated based on OD (OD600, λ = 5 mm, Ultrospec 1100pro, Amersham Biosciences, Buckinghamshire, United Kingdom) and culture volume (V) added according to Equation 1:
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Continuous Cultivation of the Microbial Community

The continuous cultivation was performed to provide a balanced growth situation for studying the dynamics of a complex WWC under fosfomycin pressure during a long-time experiment for 672 h. The continuous cultivation was carried out in a 1-L Biostat® MD laboratory stirring bioreactor (BIOSTAT B-DCU II, Sartorius, Göttingen, Germany) with a final working volume of 800 ml. Operational conditions were set as in a previous study (Liu et al., 2018). In brief, the dilution rate was adjusted to d = 0.045 h–1 (0.6 ml min–1 LB medium: 36 ml h–1), which led to a generation time (τ) of 15.4 h and a hydraulic retention time (HRT) of 22.2 h. The dilution rate was maintained by a peristaltic pump (Watson Marlow, 101U/R, Falmouth, United Kingdom) during the whole experiment. The pH was kept constant at pH = 7.0 by adding 1M KOH or 1M H2SO4 as required and measured online in the liquid phase (Ingold, Mettler Toledo GmbH, Giessen, Germany). Temperature, stirring rate, and aeration were kept constant at 22°C, 400 rpm, and 2.0 L compressed air (1.2 bar) min–1 (Supplementary Figure 3.1). In addition to the online monitoring of the above parameters, samples were taken routinely at 28 time points for the measurement of cell number (CN), OD, chemical oxygen demand (COD), and fosfomycin concentration (FOM).

After inoculation with 10 ml (OD = 5.705) WWC, the experiment was started and subgrouped into four phases (Table 1). After an initial adaptation (phase 1: 0–168 h), proportions of 0.5% at 168 h and 2.5% at 264 h of gfp-labeled P. putida KT2440 were augmented into the continuous bioreactor (phase 2: 168–337 h). In phase 3 (337–432 h), a proportion of 2.5% gfp-labeled P. putida KT2440 was added at 337 h, and the LB medium was fed into the bioreactor together with the premixed antibiotic fosfomycin (10 mg L–1). In phase 4 (432–672 h), proportions of 2.5% gfp-labeled P. putida KT2440 were added at 432 and 529 h, and the concentration of fosfomycin was increased to 268 mg L–1 at 432 h. The 268 mg L–1 FOM was related to ½ of the half maximal effective concentration (EC 50) for fosfomycin (Xie et al., 2014). Daily, 13-ml samples were taken using a sterile syringe for the analysis of FOM, CN, OD, and COD as well as for flow cytometry of live gfp-labeled P. putida and for treatment of cells for flow cytometric measurement of community dynamics (Table 1 and Supplementary Information 3, 4).


TABLE 1. Continuous cultivation: times of augmentation of gfp-labeled P. putida KT2440 (in % proportions to the WWC) and of fosfomycin (FOM, mg L–1).
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Analyses of Bulk Parameters


Analysis of Optical Density and Chemical Oxygen Demand

OD600, λ = 5 mm was measured at the Ultraspec 1100pro (Amersham Biosciences, Buckinghamshire, United Kingdom). COD was measured with NANOCOLOR® test tubes (Macherey-Nagel GmbH, Düren, Germany) following the manufacturer’s instruction manual. The measurement of COD followed the APHA (Federation, Water Environmental and APH Association, 2005) protocol. All samples were measured in triplicate.



Analysis of Fosfomycin Sodium

The concentration of fosfomycin sodium (FOM) was measured in the liquid phase. Liquid samples were sampled and centrifuged at 5,000 g (5 min, 4°C, Heraeus Fresco 21, Thermo Scientific, Germany). The supernatants were filtered using a 0.2-μm filter (Labsolute, Lot. 7042868, Germany), and the filtered fluids were collected in Falcon tubes (12 ml, Nunc conical centrifuge tubes, Thermo Scientific, Germany) and stored under −20°C until analysis. For the analysis, DIONEX ICS-2100 (Thermo Scientific Dionex, United States) was used, and data analysis was performed using the Chameleon 6.8 chromatography workstation (Thermo Scientific Dionex, United States). The mobile phase was 30 mmol L–1 KOH, and the flow rate was maintained at 1 ml min–1. Chromatographic separations were performed at 30°C on a Dionex IonPac™ AS11-HC anion column (250 × 4 mm, Thermo Scientific Dionex, United States). ASRS500 was used as an anion suppressor (4 mm, Theromo Scientific Dionex, United States) with a current of 75 mA. The injection volume was 25 μl. The typical retention time for fosfomycin was 3.8 min.



Analysis of Cell Number

For CN analysis, 1-ml sample was taken and 500-μl ice cold 50% glycerol [1:1 (v:v), pure glycerol : Millipore water] was added to a final glycerol concentration of 16.7%. The sample was kept at −20°C until cell counting. Before cell counting, the samples were thawed on ice and diluted with 0.85% saline solution to an estimated range of 109–1010 cells ml–1. SYTO®9 dye (Lot. 2088729, Thermo Fisher Scientific, Eugene, OR, United States) was prepared as a 35-μM primary solution. For staining, SYTO®9 primary solution was added to the diluted sample to a final concentration of 1.75 μM and incubated for 15 min at room temperature (RT) before cell counting.

The cell counts were measured using the flow cytometer CyFlow®Space (Sysmex Partec GmbH, Görlitz, Germany) with the True Volumetric Absolute Counting mode measuring cells in a fixed volume of 200 μl. The flow cytometer was equipped with a 488-nm argon laser (50 mW, SAPPHIRE 488-50, Coherent, Santa Clara, CA, United States) for the excitation of forward scatter (FSC) and side scatter (SSC, trigger) and green fluorescence. For the daily optical calibration of the cytometer in the linear range, 0.5-μm yellow-green fluorescent FluoSpheres (ThermoFisher Scientific, F8827, Waltham, MA, United States) and 1.0-μm yellow-green fluorescent FluoSpheres (ThermoFisher Scientific, F13081, Waltham, MA, United States) were used. The measuring rate was adjusted to below 1,500 events s–1 via diluting samples with cell-free Millipore water. Based on a defined cell gate in an FSC vs. FL2 2D-plot, CNs per milliliter were counted automatically using the software FloMax (V2.4, Sysmex Partec GmbH, Germany). All samples were measured in triplicate.




Analysis of Cell Characteristics by Flow Cytometry


Treatment of gfp-Labeled Pseudomonas putida KT2440

The gfp-labeled P. putida KT2440 cells were both directly measured as vital cells and after sampling, fixation, and staining of the WWC using flow cytometry (details below). The strain was detectable in the green range throughout the batch-cultivation period (192 h, Supplementary Figure 1.3), with slightly reduced fluorescent intensity at the end due to the less active physiological state of cells at the end of the stationary growth phase.



Treatment of the Wastewater Community

After harvesting, the samples were centrifuged at 3,200 g (10 min, 4°C). The supernatant was removed, and the cell pellet was resuspended in 2 ml paraformaldehyde solution (PFA, 2% in PBS) and incubated for 30 min at RT. Afterward, the cells were centrifuged again (3,200 g, 10 min, 4°C), resuspended in 4 ml 70% ethanol, and stored at −20°C. For staining, an aliquot of the fixed sample was washed twice with PBS (3,200 g, 10 min, 4°C) and then adjusted with PBS to an OD700 nm of 0.035. Two milliliters of the adjusted cell solution was centrifuged (3,200 g, 10 min, 4°C), resuspended in solution B [0.24 μM DAPI in phosphate buffer (289 mM Na2HPO4 and 128 mM NaH2PO4 in distilled water)], and incubated overnight at RT.



Cytometric Analysis of the Cells

The cells were measured using a MoFlo Legacy cell sorter using the software Summit V4.3 (Beckman-Coulter, Brea, CA, United States) and evaluated according to previously published pipelines (Liu et al., 2019; Cichocki et al., 2020). The instrument was equipped with a 488-nm argon laser (400 mW, Coherent, Santa Clara, CA, United States) and a UV laser (355 nm, 150 mW, Xcyte CY-355-150, Lumentum, Milpitas, CA, United States). The 488-nm laser light was used for the detection of the FSC (488/10 nm band pass), the SSC (488/10 nm band pass, trigger signal), and the gfp-labeled P. putida KT2440 (GFP, 530/40 nm band pass). The DAPI fluorescence (DAPI, 450/65 nm band pass) was measured using UV excitation. The fluidic system was run at constant sheath pressure of 56.0 psi with a 70-μm nozzle. The sample pressure was adjusted within the range of 55.8–56.2 psi and around 3,500 events s–1. The sheath fluid was composed of a 10-fold sheath buffer (19 mM KH2PO4, 38 mM KCl, 166 mM Na2HPO4, 1.39 M NaCl in Millipore water) and further diluted with Millipore water to a 0.2-fold 0.13-μm filtered working solution (for cell sorting: 0.5-fold). For the daily optical calibration of the MoFlo in the logarithmic range, 0.5- and 1.0-μm UV Fluoresbrite Microspheres (both from Polysciences, Cat. No. are 18339 and 17458, Warrington, PA, United States) were applied. Furthermore, to ensure the daily reliability of the cell fixation and staining procedures, a microbial cytometric mock community (mCMC, Cichocki et al., 2020) was applied. The cells of the mCMC were handled identically to the staining protocol mentioned above. Prior to measurement, DAPI-stained cell samples were filtered to remove larger particles by using a nylon filter (CellTrics® 50 μm, Sysmex Partec GmbH, Görlitz, Germany) and were spiked with 0.5- and 1-μm UV Fluoresbrite Microspheres (both Polysciences, 18339 and 17458, Warrington, PA, United States). The microspheres served as internal standards to monitor instrument stability and to allow for sample comparison over longer time periods. Cell data were collected in logarithmically scaled DAPI vs. FSC 2D-plots. Two cell gates were defined (for batch- and continuously grown WWCs, each), which comprised 200,000 virtual cells for each measurement. Apparent cell clusters were gated, and all defined gates were combined together to create the gate templates for batch- and continuously grown WWCs (Supplementary Figures 4.1, 4.2). The relative cell abundance of each subcommunity was computed with the FlowJo software (V10, FlowJo LLC, OR, United States) for batch-grown WWCs (G1-G33) and Summit V4.3 (Beckman-Coulter, Brea, CA, United States) for continuously grown bioreactor WWCs (G1–G31). Cytometric data were deposited at the FlowRepository database (Repository ID: FR-FCM-Z46E) under1.



Cell Sorting

Cell sorting was performed according to a previous published protocol (Cichocki et al., 2020) using the most accurate single- and one-drop mode (99% purity). A total of 500,000 cells of each selected gate were sorted into a 1.5-ml Eppendorf tube at an event rate not more than 1,500 events s–1. Sorted cells were harvested from the sheath buffer by centrifugation (20,000 g, 6°C, 25 min), and the cell pellets were stored at −20°C for subsequent DNA isolation.



Bioinformatics Evaluation

A flow cytometric 2D-plot represents 200,000 cells per analysis, characterized by FSC, SSC, and fluorescent parameters. Cells with similar optical properties cluster together as a subcommunity (i.e., gate). The positions and the numbers of gates as well as the cell abundances per gate reflect the microbial community structures (i.e., the community fingerprint). These cell abundances were evaluated by using the flowCyBar2. Data analysis and visualization were performed in RStudio (V1.2.1335, Boston, MA, United States) with R (V3.6.3, R Core Team, 2020) using R packages “vegan” (V2.5.6) for NMDs analysis, “Hmisc” (V4.4.0) for correlation analysis, and “ggplot2” (V3.3.0) for plotting.




Determination of Diversity Values


Cytometric α- and β-Diversity Values

The cytometric α-diversity was calculated by gate-based Hill numbers (Dq = 2, also termed as the inverse Simpson index, Hill, 1973) using a procedure from Liu et al. (2018). Only those subcommunities were counted as dominant subcommunities that pass the average cell abundance threshold of 1/number of gates (3.03% for batch-grown and 3.23% for continuously grown WWCs). Cytometric intracommunity β-diversity values give information on community evolution by counting the numbers of unique subcommunities between successive sampling days of the same community. In this study, intracommunity β-diversity indicated time-dependent community variations in batch experiments as well as influences of fosfomycin disturbances in the continuous bioreactor experiment. Cytometric intercommunity β-diversity values were calculated by counting the numbers of subcommunities that were unique between the same sampling days of different communities (Liu et al., 2019). These values highlighted the differences between communities in the batch experiments dependent on the degree of bio-augmentation.



Nestedness and Turnover

The partitioning of β-diversity (βSOR, Sørensen pairwise dissimilarity) to nestedness (βNES) and turnover (βSIM) components was conducted using the “betapart” R package. For batch experiment, βNES and βSIM were analyzed intracommunity pairwise at successive time points and intercommunity pairwise at different augmentation proportions using the function “beta.pair.” For the continuous bioreactor experiment, samples from phase 4 (432–672 h) were analyzed intracommunity wise using the function “beta.multi” (Baselga, 2010; Liu and Müller, 2020).




16s rRNA Gene Amplicon Sequencing

Whole community samples and flow cytometrically sorted subcommunity samples from the continuous bioreactor experiment were further investigated by 16S rRNA gene amplicon sequencing. Whole community samples were harvested at 1, 432, and 550 h, and cells of sorted subcommunities were obtained at 550 h. DNA was extracted using 70 μl of 10% Chelex 100 solution (Bio-Rad, Hercules, CA, United States) according to a protocol from Cichocki et al. (2021). 16S rRNA gene (V3–V4 region) amplicon sequencing was performed using Illumina Miseq (San Diego, CA, United States). The library was created by 35-cycle PCR with primers Pro341F 5′-CCTACGGGNBGCASCAG-3′ (Takahashi et al., 2014) and Pro805R 5′-GACTACNVGGGTATCTAATCC-3′ (Herlemann et al., 2011). To ensure the quality of the sequencing run and analysis, a sequencing mock community (ZymoBIOMICS™ Microbial Community Standard, Zymo Research Corp., Irvine, CA, United States, Cat. No. D6300) was included in the sequencing project. The sequence data were analyzed using QIIME2 (Bolyen et al., 2019) and DADA2 (Callahan et al., 2016). All sequencing raw data are available in the NCBI Sequence Read Archive (SRA3) with the BioProject ID: PRJNA7450844.




RESULTS

The variations caused by fosfomycin on WWC structures were monitored using a bioreactor setup operated in a continuous mode. The dynamics of structure changes were measured on the single cell level using flow cytometry. Sorted subsets of cells were further investigated by 16S rRNA amplicon sequencing to unravel species that were persistent under the pressure of fosfomycin. In addition, we used a metabolically versatile P. putida strain as a model organism to track the fate of a typical member of a complex WWC, which could also be implemented as a potential future chassis for fosfomycin degradation pathways. The fate of the gfp-labeled derivative of P. putida KT2440 was tracked both in fosfomycin undisturbed batch cultivations and under fosfomycin disturbed continuous-mode bioreactor operation.


Dynamics of Batch-Grown Undisturbed WWCs

The gfp-labeled derivative of P. putida KT2440 was bio-augmented in different proportions (1, 10, and 50%, see section “Materials and Methods”) into triplicate batch-grown WWCs. For all nine setups, the OD reached maxima between 24 and 48 h and declined to an OD of about 1 at 192 h (Figure 1A, top) due to stalled cell growth and cell death common for stationary phases of batch cultivations. The green fluorescence cells of the gfp-labeled P. putida KT2440 were also DAPI-stained and thus part of the DAPI vs. FSC community fingerprint. The position of the gfp-labeled P. putida KT2440 in the DAPI vs. FSC community fingerprint was marked by a gate, and the proportions of the green fluorescent cells compared to the cells of the WWC were determined (Supplementary Figure 4.1). At all three augmented proportions of gfp-labeled P. putida KT2440 cells declined rather fast (Figure 1A, bottom), which was also visualized for the FSC vs. greenFI 2D-plots in the movies S2.1 (1%), S2.2 (10%), and S2.3 (50%) and for the FSC vs. DAPI 2D-plots in the movies S2.4 (1%), S2.5 (10%), and S2.6 (50%) indicating no growth, out-competition, or even death of the augmented strain. To visualize WWC structural trends over 192 h for all nine community setups, we calculated intracommunity β-diversity highlighting the differences between successive samples per WWC. In all nine WWCs, the differences subsided over time (Figure 1B, top). These data indicate that in a batch culture, as time progressed, fewer and fewer cell types were able to grow in addition to those that already dominated the communities because further growth was not possible due to nutrient limitation. In addition, intracommunity β-diversity partitioning (βSOR, Baselga, 2010; Liu and Müller, 2020) suggested that turnover decreased in intracommunity β-diversity after 192-h cultivation, while nestedness remained low and unchanged (Figure 1B, bottom). Comparisons were also made between two WWCs of a triplicate, and this was done for all three co-cultures, taken at the same time points and over 192 h, respectively. These calculations showed that intercommunity β-diversity remained high over all nine WWC setups (Figure 1C, top), while the number of nested subcommunities that were present in all nine communities was low (Figure 1C, bottom).
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FIGURE 1. Growth and ecological characteristics of nine batch-cultured WWC co-cultures augmented by proportions of gfp-labeled P. putida KT2440 (1, 10, and 50%; left to right). (A) Top: OD changes over 192 h, (A) bottom: changes of proportions of gfp-labeled P. putida KT2440 within the WWCs. (B) Top: variation in intracommunity β-diversity values between successive time points over 192 h. (B) Bottom: partitioning of intracommunity β-diversity into turnover and nestedness components between successive time points over 192 h. (C) Top: intercommunity β-diversity between pairs of WWCs per co-culture setup. (C) Bottom: partitioning of intercommunity β-diversity into turnover and nestedness components over 192 h. All cultivations were done in triplicates.


Therefore, although the variation within each of the nine WWCs was minimized until the stationary phase of growth, distinctly different community compositions were seen between the nine WWCs, while all, however, did not support the augmented gfp-labeled P. putida KT2440.



Dynamics of a Continuously Grown WWC Under Fosfomycin Pressure

A WWC was grown in a continuous bioreactor setup over a period of 672 h. With the exception of oscillating dissolved oxygen concentration, other abiotic bulk parameters such as aeration, pH, temperature, and stirring velocity were measured and controlled online and found largely unchanging (Supplementary Figure 3.1). Biotic bulk parameters were measured offline such as OD, CN, and COD and remained also mostly on the same level after an adaptation period (Supplementary Table 3.1). Fosfomycin levels were always measured slightly higher than the added concentrations, and no degradation activities were observed (Figure 2B).
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FIGURE 2. Community dynamics during continuous cultivation for 672 h. (A) Cytometrically analyzed relative cell abundances (%) per subcommunity relative to the number of cells for each measurement (G01–G31). The relative cell abundance values were normalized by the average relative cell abundance per subcommunity over time (blue: higher than average, light blue: lower than average). The relative cell abundance per subcommunity was summarized as box plot (right side). The upper and lower edges of the boxes indicate 75th and 25th percentile; the middle line indicates the median. Points indicate the outliers. Clustering of subcommunities was arranged according to the similarity of their abundance changes over time (left side). (B) Variation in the concentrations of abiotic parameters from bottom to top: FOM (fosfomycin, mg L–1), COD (O2, mg ml–1), and CN (×1010 counts ml–1). In addition, the variation in α-diversity (Div, order-based Hill number q = 2) was given. The experiment was subgrouped in four phases—gray, adaptation; green, gfp-labeled P. putida KT2440 augmentation; light blue, fosfomycin 10 mg L–1; blue, fosfomycin 268 mg L–1 (details in Table 1).


Flow cytometric FSC vs. DAPI parameter measurement of 28 samples has been providing a data set of 868 subcommunities on the basis of 31 defined gates per sample. The experiment was divided into four phases with phase 1 comprising the adaptation time of the WWC to the continuous reactor conditions, phase 2 with the start of the addition of the gfp-labeled P. putida KT2440, phase 3 with the addition of 10 mg L–1 fosfomycin, and phase 4 with the addition of 268 mg L–1 fosfomycin. The different phases were color-coded, and the bio-augmented gfp-labeled P. putida KT2440 was added at proportions of 0.5–2.5% of the WWC (Table 1, Supplementary Figure 4.3, and Supplementary Movies 4.1, 4.2). Using dissimilarity analysis, the cultivated pure gfp-labeled P. putida KT2440 strain was found clearly separated from the continuously cultivated WWC (Supplementary Figure 5.1).

The changes in the community structure (subcommunities G1–G31) are shown in Figure 2A with the color key indicating increases in relative cell abundance per subcommunity by increasingly darker blue shades. After the initial adaptation to the continuous reactor conditions, the composition of the community changed constantly, which continued in phase 2 to phase 4. The gradual structure shift in phase 4 seems to have been influenced by the addition of 268 mg L–1 fosfomycin. The most dominant subcommunities during the whole experiment were G13–G14 and G22–G23, while the most markedly increasing subcommunities were G03, G06, and G10 after the addition of high concentrations of fosfomycin in phase 4.

The trend in community evolution during the four phases was visualized by a NMDS plot. The difference in intracommunity composition within phases was equalized from phase 1 to phases 3 and 4. In contrast, successive changes were found to occur between phases as responses to the addition of fosfomycin (Figure 3A and Supplementary Movie 4.2). The responsible subcommunities for these developments were found by correlation analysis, which indicated growing subcommunities by increases in CNs (e.g., G05 and G02) or subcommunities that correlated their fate with COD values (e.g., G31 and G15), or lost (e.g., G07 and G26) or profited (e.g., G3, G06, and G10) by increases in fosfomycin (Figure 3B). Therefore, increasing FOMs partially drove the community change from phase 2 to phase 4. The correlations were performed based on relative cell abundances of subcommunities using Spearman’s correlation index rho, and only strong IrhoI > 0.7 was shown in Figure 3B. The p-value per correlation was adjusted according to Benjamini and Hochberg (1995). Specifically, fosfomycin showed negative correlations with subcommunities (e.g., G08 and G09), and these, in turn, showed negative correlations with CNs, indicating a loss of subcommunities due to fosfomycin treatment (Figure 3C). The fosfomycin-supported subcommunities also reinforced each other (e.g., G3, G6, and G10) and, in addition, showed negative correlations to fosfomycin-inhibited subcommunities (G08 and G09). Not influenced by fosfomycin were subcommunities of, e.g., G11, G16, and G23, which showed a negative relationship to ten other subcommunities and COD (Figure 3C) and were also visualized separate from all other subcommunities in Figure 3B. P. putida was found in gates G15, G30, and G31 and shown to be positively correlated to fosfomycin and COD; however, the strain only accounted for less than 50% of cells in these gates, and neither gates had been dominant in the community.
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FIGURE 3. Trends in community evolution depending on fosfomycin concentrations. (A) The assembly process of the microbial community in the bioreactor was visualized via a NMDS plot based on the dissimilarity analysis (Bray–Curtis index) of relative cell abundance per subcommunity. Each point in the NMDS plot represent a whole community sample, and the increase in its sampling time was represented by the increased point size. Points were colored according to the sampling phases, and the starting point was marked by an arrow. The experiment was subgrouped in four phases—gray, adaptation; green, gfp-labeled P. putida KT2440 augmentation; light blue, fosfomycin 10 mg L–1; blue, fosfomycin 268 mg L–1 (details in Table 1). (B) Relationship between abiotic parameters and abundance variations of subcommunities (R function “envfit” from the vegan package); only significant correlations of | rho| > 0.7 and p-value < 0.05 were displayed such as FOM, CN, and COD. (C) Relationship between subcommunities and environmental parameters. The correlation was performed using Spearman rank index rho. Only significant correlations | rho| > 0.5 and p-value < 0.05 were displayed. The strengths of the correlation values were indicated by the size of points (subcommunities vs. subcommunities) or the thickness of the edges (subcommunities vs. environmental parameters) and by the color code below the x-axis (red: positive, blue: negative). Explanation of abbreviations: pH, DO (dissolved oxygen concentration), T (temperature), Str (stirring), Div (order-based Hill number q = 2), OD, CN (cell number), FOM (fosfomycin, mg L–1), and COD (O2 mg ml–1). (D) Multisite intracommunity β-diversity from 432 to 672 h using the R function “betapart.” Turnover and nestedness values within the whole community during continuous cultivation.


To verify if some of the dominant subcommunities (relative abundance >3.23%) remained persistent under high fosfomycin pressure (e.g., fosfomycin-resistant bacterial genera), a multisite intracommunity β-diversity comparison was made to unravel nested subcommunities. For this, 341 subcommunities of the 11 communities during phase 4 were tested for persistence (Supplementary Figure 5.2). The nestedness value was very low with 0.09 in comparison to the turnover value of 0.51 but revealed the subcommunities G03, G06, G10, G13, G14, and G22 as those that persisted in the bioreactor during phase 4 (Figure 3D and Supplementary Figure 5.2). The subcommunities G13, G14, and G22 were dominant through all phases, while the subcommunities G03, G06, and G10 only dominated and persisted in phase 4. The high turnover value supported the findings in Figure 2 where massive community shifts were observed along the phases.



16S rRNA Analysis of Selected Whole Communities and Sorted Subcommunities

The taxonomic composition of the wastewater community was determined before and after the impact of high FOM of 268 mg L–1. For this, samples were taken from phase 1 at 1 h and phase 4 at 432 h (starting point phase 4) and at 505 h. From the sample 505 h three gates persistent under 268 mg L–1 FOM s were sorted (Supplementary Figure 5.2). The subcommunity G10 was abundant at averaged values (5.95 ± 4.93%) and was strongly supported by fosfomycin. The subcommunities G14 and G22 were among the most abundant ones during all phases of the continuous cultivation (average value 8.08 ± 5.58 and 8.61 ± 3.78%, respectively) and were the major subcommunities composing the endpoint community after high fosfomycin pressure (Supplementary Figure 5.2).

The whole community showed a successive increase in the genera Elizabethkingia from nearly 0 to 41.19% at 1 h and Myroides from 7.73 to 25.08% at 550 h (Figure 4, left). The genus Brevundimonas was obviously inhibited by 268 mg L–1 fosfomycin from 40.01% at 432 h to 4.8% at 550 h. The genera Diaphorobacter (5.59%) and Pseudochrobactrum (5.22%) represented persistent members but with lower abundance at 550 h (Figure 4, left).
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FIGURE 4. The relative abundances (%) of genera in whole communities and sorted subcommunities. Whole communities at 1 h (starting time point of phase 1: adaptation), 432 h (starting time point of phase 4: 268 mg L–1 fosfomycin), and 550 h (a middle time point of phase 4: 268 mg L–1 fosfomycin). Subcommunities G10, G14, and G22 sorted from 550-h community. G10, G14, and G22 were persistent over phase 4.


Sorted cells from persistent subcommunities G10, G14, and G22 under high fosfomycin pressure revealed 90.28% of the genus Pseudochrobactrum in G22 as well as 78.47 and 19.47% of the genera Elizabethkingia and Myroides in G14. G10 showed a multigenera composition with 26.48% of the genus Diaphorobacter, while all of the previously mentioned genera and additionally the genera Leucobacter and Mesorhizobium were represented with about 5% (Figure 4, right).




DISCUSSION

The objective of this work was to investigate the long-term impact of low (10 mg L–1) and high (½ EC 50, 268 mg L–1) concentrations of the re-emergent fosfomycin on a microbial wastewater community (WWC) and to unravel if the antibiotic is disrupting the composition of the community and selects for specific microorganism. In addition, the survival capacity of the added gfp-labeled P. putida KT2440 within the community and under fosfomycin pressure was tested.

In a recent study, we have observed that generally undisturbed municipal WWTPs strongly sustain different but functionally active community compositions in nearly all basins and reactors over long time periods (Vucic et al., 2021). Contrarily, we found that communities cultivated in parallel insular bioreactor environments trajected into different compositions (Liu et al., 2019). A similar behavior was observed in our nine parallel but independently conducted batch experiments where the communities also trajected into different directions and were dissimilar to each other. However, typical nutrient limitation in batch cultivation prevented further changes in community composition (no turnover), and low intracommunity β-diversity indicated the stalling of community growth. Thus, referring on batch cultivation adopts an artificial view on community behavior and does not reflect community dynamics and responses to disturbance events occurring in managed or environmental settings.

Therefore, we measured the dynamics of the wastewater community under continuous cultivation conditions inclusive of the addition of the antibiotic fosfomycin at low and high concentrations. The cytometric diversity parameters did not unravel the action of fosfomycin: the α-diversity (order-based Hill number q = 2) and intracommunity β-diversity values (Supplementary Figure 5.2) were not effective in detecting specific community trends. Also, noteworthy variations in biomass production measured by OD and CNs, or in COD, were not indicated (Figure 2). Regardless, the community composition changed. The community trajectory suggested that microbial communities tolerated low concentrations of fosfomycin, although the study period chosen may have been too short to find clearer traces of slow changes (Figure 3A). Instead, high concentrations of fosfomycin caused a turnover of cytometric community structure, reshaped the community, and simultaneously selected for persistent subcommunities (Figure 3). These findings were supported by exemplary 16S rRNA gene sequencing, which showed a compositional shift of the WWC where, e.g., the genus Brevundimonas was lost and the genera Elizabethkingia and Myroides increased in relative abundance. Therefore, the proportions of cell types changed and with this the community composition, while CN, OD, or COD values remained unchanged.

We showed by correlation analysis that specific cytometric subcommunities were functionally interactive with and supported by fosfomycin, while others were obviously inhibited by the antibiotic as their CN went down (subcommunities G08 and G09). Therefore, the change in the proportions of the subcommunities in the community demonstrated the selection of cell types. Some of the subcommunities that survived even the high FOM were sorted for 16S rRNA analysis. Tolerance to these high FOM s could be supported by specific characteristics of strains belonging to the dominant genera found under fosfomycin pressure. One of those was the highly abundant genus Pseudochrobactrum in the subcommunity G22. These bacteria are well known for their heavy metal resistance, e.g., a Pseudochrobactrum saccharolyticum strain has been described to be involved in the efficient removal of Cr(VI) (Li et al., 2019). Heavy metal resistance has been shown to frequently co-select with antimicrobial resistance, so increased abundance of this genus under the given conditions is not surprising (Dickinson et al., 2019). Cell abundance of the genus Myroides was also increasing under fosfomycin pressure, and their members have been described to be highly resistant to most available antibiotics (Hu et al., 2016); among the genus Elizabethkingia, clinical isolates have been found that were containing different lactamase- and efflux protein-encoding genes (Chen et al., 2019). Therefore, although Bottery et al. (2021) argued that the effect of antibiotics on bacteria is slowed by interspecies relationships in highly diverse communities through mechanisms such as collective resistance, collective tolerance, and exposure protection, the continuous reactor setup strongly selected for genera in the WWC that are well described to cover the species involved in pathogenesis and antibiotic resistance. These bacteria were obviously able to sustain the action of fosfomycin under continuous reactor conditions, and they covered nearly 70% of the whole community after 550 h of cultivation.

It is obvious that measures must be undertaken to avoid the spread of antibiotic-resistant species. Some earlier studies already adopted biological processes to treat pharmaceutical wastewater. McGrath et al. (1998) isolated Rhizobium huakuii with fosfomycin degradation capabilities. This strain belongs to the genus Mesorhizobium, which was also found in our community and even to above 8% in the subcommunity G10. We, therefore, tested in our study how well a bio-augmented P. putida strain might survive. While having inherent resistance capacities to fosfomycin (Falagas et al., 2019) but no degradation capabilities, this strain was, under all conditions, outcompeted. This highlights the difficulties of sustainment of augmented functionally valuable strains in natural microbial communities over long periods of time. Nevertheless, P. putida KT2440 is a genetically well-studied organism, often used for genetic engineering in synthetic biology (Nikel et al., 2014) and may contribute to a solution in the future, although this would require closed-system wastewater treatment facilities.

The use of high-throughput flow cytometry, cell sorting, and selected 16S rRNA gene sequencing in combination with continuous cultivation of a WWC allows for assessing the impact of antibiotics on natural or managed microbial communities in general and on individual community members in particular. This inexpensive and rapid technology is a more in-depth approach than classical cultivation techniques and is also likely to be less labor intensive compared to single-cell Raman spectroscopy or metagenomics in visualizing changes in community structure in response to antibiotic pressure. In particular, the usefulness of flow cytometry to analyze the effects of low fosfomycin pressure over long periods of time may be of general interest, as this is the more typical pressure that WWCs must deal with. However, preventing or minimizing the release of antibiotics such as fosfomycin into WWTPs by manufacturers would be the most promising step in reducing the further spread of fosfomycin resistance.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: NCBI (accession: PRJNA745084) and FlowRepository (repository ID: FR-FCM-Z46E).



AUTHOR CONTRIBUTIONS

SL performed the bioreactor experiment, evaluated the data, and wrote the manuscript. ZL measured and evaluated the cytometric data and revised the manuscript. CS performed the bioreactor experiment. LC measured the fosfomycin concentration. SM designed the experiment and wrote the manuscript. PZ performed the batch experiments and revised the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the Chinese Scholarship Council and the Helmholtz-Centre for Environmental Research—UFZ in the frame of the Integrated Platform Electro-Biorefineries & Biosyntheses (EBB). Open Project of State Key Laboratory of Urban Water Resource and Environment, Harbin Institute and Technology (No. ES202118).



ACKNOWLEDGMENTS

The gfp-labeled Pseudomonas putida strain was provided by Anja Worrich, Helmholtz Centre for Environmental Research—UFZ. We also want to thank Florian Schattenberg for preparing the samples for the MiSeq analysis, René Kallis for performing the MiSeq analysis, and Nafi’u Abdulkadir for the curation of the MiSeq data.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.737831/full#supplementary-material


FOOTNOTES

1https://flowrepository.org/id/FR-FCM-Z46E

2https://www.bioconductor.org/packages/release/bioc/html/flowCyBar.html

3https://www.ncbi.nlm.nih.gov/sra

4http://www.ncbi.nlm.nih.gov/bioproject/745084


REFERENCES

Aghamali, M., Sedighi, M., Bialvaei, A. Z., Mohammadzadeh, N., Abbasian, S., Ghafouri, Z., et al. (2019). Fosfomycin: mechanisms and the increasing prevalence of resistance. J. Med. Microbiol. 68, 11–25. doi: 10.1099/jmm.0.000874

Andersson, D. I., and Hughes, D. (2014). Microbiological effects of sublethal levels of antibiotics. Nat. Rev. Microbiol. 12, 465–478. doi: 10.1038/nrmicro3270

Baselga, A. (2010). Partitioning the turnover and nestedness components of beta diversity. Glob. Ecol. Biogeogr. 19, 134–143.

Benjamini, Y., and Hochberg, Y. (1995). Controlling the false discovery rate – a practical and powerful approach to multiple testing. J. R. Stat. Soc. Series B Stat. Methodol. 57, 289–300. doi: 10.1111/j.2517-6161.1995.tb02031.x

Bergogne-Bérézin, E. (2005). “Fosfomycin and derivatives,” in Antimicrobial Agents: Antibacterials and Antifungals, ed. A. Bryskier (Washington, DC: ASM Press), 972–982.

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A., et al. (2019). Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 37, 1091–1091. doi: 10.1038/s41587-019-0209-9

Bottery, M. J., Pitchford, J. W., and Friman, V.-P. (2021). Ecology and evolution of antimicrobial resistance in bacterial communities. ISME J. 15, 939–948. doi: 10.1038/s41396-020-00832-7

Brito, I. L. (2021). Examining horizontal gene transfer in microbial communities. Nat. Rev. Microbiol. 19, 442–453. doi: 10.1038/s41579-021-00534-7

Brown, E. D., and Wright, G. D. (2016). Antibacterial drug discovery in the resistance era. Nature 529, 336–343. doi: 10.1038/nature17042

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869

Cao, Y., Peng, Q., Li, S., Deng, Z., and Gao, J. (2019). The intriguing biology and chemistry of fosfomycin: the only marketed phosphonate antibiotic. RSC Adv. 9, 42204–42218. doi: 10.1039/C9RA08299A

Che, Y., Xia, Y., Liu, L., Li, A.-D., Yang, Y., and Zhang, T. (2019). Mobile antibiotic resistome in wastewater treatment plants revealed by Nanopore metagenomic sequencing. Microbiome 7, 1–13. doi: 10.1186/s40168-019-0663-0

Chen, S. C., Soehnlen, M., Blom, J., Terrapon, N., Henrissat, B., and Walker, E. D. (2019). Comparative genomic analyses reveal diverse virulence factors and antimicrobial resistance mechanisms in clinical Elizabethkingia meningoseptica strains. PLoS One 14:e0222648. doi: 10.1371/journal.pone.0222648

Chu, B. T., Petrovich, M. L., Chaudhary, A., Wright, D., Murphy, B., Wells, G., et al. (2018). Metagenomics reveals the impact of wastewater treatment plants on the dispersal of microorganisms and genes in aquatic sediments. Appl. Environ. Microbiol. 84:e02168-17. doi: 10.1128/AEM.02168-17

Cichocki, N., Hübschmann, T., Schattenberg, F., Kerckhof, F. M., Overmann, J., and Müller, S. (2020). Bacterial mock communities as standards for reproducible cytometric microbiome analysis. Nat. Protoc. 15, 2788–2812. doi: 10.1038/s41596-020-0362-0

Dechesne, A., Pallud, C., Bertolla, F., and Grundmann, G. L. (2005). Impact of the microscale distribution of a Pseudomonas strain introduced into soil on potential contacts with indigenous bacteria. Appl. Environ. Microbiol. 71, 8123–8131. doi: 10.1128/AEM.71.12.8123-8131.2005

Dickinson, A. W., Power, A., Hansen, M., Brandt, K., Piliposian, G., Appleby, P., et al. (2019). Heavy metal pollution and co-selection for antibiotic resistance: a microbial palaeontology approach. Environ. Int. 132:105117. doi: 10.1016/j.envint.2019.105117

European Medicines Agency (2020). Recommendations to Restrict Use of Fosfomycin Antibiotics. Amsterdam: European Medicines Agency (EMA).

Falagas, M. E., Athanasaki, F., Voulgaris, G. L., Triarides, N. A., and Vardakas, K. Z. (2019). Resistance to fosfomycin: mechanisms, frequency and clinical consequences. Int. J. Antimicrob. Agents 53, 22–28. doi: 10.1016/j.ijantimicag.2018.09.013

Federation, Water Environmental and APH Association (2005). Standard Methods for the Examination of Water and Wastewater. Washington, DC: American Public Health Association (APHA).

Glamkowski, E. J., Gal, G., Purick, R., Davidson, A. J., and Sletzinger, M. (1970). A new synthesis of the antibiotic phosphonomycin. J. Org. Chem. 35, 3510–3512. doi: 10.1021/jo00835a070

Hendlin, D., Stapley, E. O., Jackson, M., Wallick, H., Miller, A. K., Wolf, F. J., et al. (1969). Phosphonomycin, a new antibiotic produced by strains of Streptomyces. Science 166, 122–123. doi: 10.1126/science.166.3901.122

Herlemann, D. P., Labrenz, M., Jürgens, K., Bertilsson, S., Waniek, J. J., and Andersson, A. F. (2011). Transitions in bacterial communities along the 2000 km salinity gradient of the Baltic Sea. ISME J. 5, 1571–1579. doi: 10.1038/ismej.2011.41

Hernando-Amado, S., Coquet, T. M., Baquero, F., and Martinez, J. L. (2019). Defining and combating antibiotic resistance from One Health and Global Health perspectives. Nat. Microbiol. 4, 1432–1442. doi: 10.1038/s41564-019-0503-9

Heydorn, A., Nielsen, A. T., Hentzer, M., Sternberg, C., Givskov, M., Ersbøll, B. K., et al. (2000). Quantification of biofilm structures by the novel computer program COMSTAT. Microbiology 146, 2395–2407. doi: 10.1099/00221287-146-10-2395

Hill, M. O. (1973). Diversity and evenness: a unifying notation and its consequences. Ecology 54, 427–432. doi: 10.2307/1934352

Hou, J., Chen, Z. Y., Gao, J., Xie, Y. L., Li, L. Y., Qin, S. Y., et al. (2019). Simultaneous removal of antibiotics and antibiotic resistance genes from pharmaceutical wastewater using the combinations of up-flow anaerobic sludge bed, anoxic-oxic tank, and advanced oxidation technologies. Water Res. 159, 511–520. doi: 10.1016/j.watres.2019.05.034

Hu, S. H., Yuan, S. X., Qu, H., Jiang, T., Zhou, Y. J., Wang, M. X., et al. (2016). Antibiotic resistance mechanisms of Myroides sp. J. Zhejiang Univ. Sci. B 17, 188–199. doi: 10.1631/jzus.B1500068

Koch, C., Fetzer, I., Schmidt, T., Harms, H., and Müller, S. (2013). Monitoring functions in managed microbial systems by cytometric bar coding. Environ. Sci. Technol. 47, 1753–1760. doi: 10.1021/es3041048

Koch, C., Kuchenbuch, A., Kretzschmar, J., Wedwitschka, H., Liebetrau, J., Müller, S., et al. (2015). Coupling electric energy and biogas production in anaerobic digesters – impacts on the microbiome. RSC Adv. 5, 31329–31340. doi: 10.1039/C5RA03496E

Lambertsen, L., Sternberg, C., and Molin, S. (2004). Mini-Tn7 transposons for site-specific tagging of bacteria with fluorescent proteins. Environ. Microbiol. 6, 726–732. doi: 10.1111/j.1462-2920.2004.00605.x

Li, H. Z., Zhang, D. D., Yang, K., An, X. L., Pu, Q., Lin, S. M., et al. (2020). Phenotypic tracking of antibiotic resistance spread via transformation from environment to clinic by reverse D2O single-cell Raman probing. Anal Chem. 92, 15472–15479. doi: 10.1021/acs.analchem.0c03218

Li, M., Zhuo, Y., Hu, Y., Li, S., Hu, L., Zhong, H., et al. (2019). Exploration on the bioreduction mechanism of Cr (VI) by a Gram-positive bacterium: Pseudochrobactrum saccharolyticum W1. Ecotoxicol. Environ. Saf. 184:109636. doi: 10.1016/j.ecoenv.2019.109636

Liu, Z., and Müller, S. (2020). Bacterial community diversity dynamics highlight degrees of nestedness and turnover patterns. Cytometry A 97, 742–748. doi: 10.1002/cyto.a.23965

Liu, Z., Cichocki, N., Bonk, F., Günther, S., Schattenberg, F., Harms, H., et al. (2018). Ecological stability properties of microbial communities assessed by flow cytometry. mSphere 3:e00564-17. doi: 10.1128/mSphere.00564-17

Liu, Z., Cichocki, N., Hübschmann, T., Süring, C., Ofiteru, I. D., Sloan, W. T., et al. (2019). Neutral mechanisms and niche differentiation in steady-state insular microbial communities revealed by single cell analysis. Environ. Microbiol. 21, 164–181. doi: 10.1111/1462-2920.14437

McGrath, J. W., Hammerschmidt, F., and Quinn, J. P. (1998). Biodegradation of phosphonomycin by Rhizobium huakuii PMY1. Appl. Environ. Microbiol. 64, 356–358. doi: 10.1128/AEM.64.1.356-358.1998

Müller, S. (2007). Modes of cytometric bacterial DNA pattern: a tool for pursuing growth. Cell Prolif. 40, 621–639. doi: 10.1111/j.1365-2184.2007.00465.x

Nikel, P. I., and de Lorenzo, V. (2018). Pseudomonas putida as a functional chassis for industrial biocatalysis: from native biochemistry to trans-metabolism. Metab. Eng. 50, 142–155. doi: 10.1016/j.ymben.2018.05.005

Nikel, P. I., Martinez-Garcia, E., and De Lorenzo, V. (2014). Biotechnological domestication of Pseudomonads using synthetic biology. Nat. Rev. Microbiol. 12, 368–379. doi: 10.1038/nrmicro3253

Pallitsch, K., Schweifer, A., Roller, A., and Hammerschmidt, F. (2017). Towards the biodegradation pathway of fosfomycin. Org. Biomol. Chem. 15, 3276–3285. doi: 10.1039/c7ob00546f

R Core Team (2020). R: A Language and Environment for Statistical Computing. Vienna: R Foundation for Statistical Computing.

Raz, R. (2012). Fosfomycin: an old—new antibiotic. Clin. Microbiol. Infect. 18, 4–7. doi: 10.1111/j.1469-0691.2011.03636.x

Sekizuka, T., Inamine, Y., Segawa, T., and Kuroda, M. (2019). Characterization of NDM-5-and CTX-M-55-coproducing Escherichia coli GSH8M-2 isolated from the effluent of a wastewater treatment plant in Tokyo Bay. Infect. Drug Resist. 12, 2243–2249. doi: 10.2147/IDR.S215273

Silver, L. L. (2017). Fosfomycin: mechanism and resistance. Cold Spring Harb. Perspect. Med. 7, a025262. doi: 10.1101/cshperspect.a025262

Takahashi, S., Tomita, J., Nishioka, K., Hisada, T., and Nishijima, M. (2014). Development of a prokaryotic universal primer for simultaneous analysis of bacteria and archaea using next-generation sequencing. PLoS One 9:e105592. doi: 10.1371/journal.pone.0105592

Vucic, V., Süring, C., Harms, H., Müller, S., and Günther, S. (2021). A framework for P-cycle assessment in wastewater treatment plants. Sci. Total Environ. 760:143392. doi: 10.1016/j.scitotenv.2020.143392

Xie, X. L., Zeng, P., Feng, Q., Wei, J., Tian, Z. Y., and Liang, D. (2019). Screening and degradation characterization of fosfomycin-degrading bacterial strains. J. Environ. Sci. Eng. 1, 36–43.

Xie, X. L., Zeng, P., Song, Y. H., Zhu, C. W., Liu, R. X., Cui, X. Y., et al. (2014). Biodegradation and interactions of fosfomycin and α-phenylethylamine in pharmaceutical wastewater. China Environ. Sci. 34, 2824–2830.

Zeng, P., Xie, X. L., Song, Y. H., Liu, R. X., Zhu, C. W., Galarneau, A., et al. (2014). Ion chromatography as highly suitable method for rapid and accurate determination of antibiotic fosfomycin in pharmaceutical wastewater. Water Sci. Technol. 69, 2014–2022. doi: 10.2166/wst.2014.114


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Li, Liu, Süring, Chen, Müller and Zeng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fmicb-12-737831-g002.jpg
nomalized
relative
abundance o

0 5 10 15 20

relative abundance (%)

Div
= N
oo
———

FOM COD CN
»n o
——

phase1 phase2 phase3 phase4





OPS/images/fmicb-12-737831-g001.jpg
>

OD600

proportion (%)

B-diversity

partitioning

partitioning [(-diversity O

1% 10% 50%
g' me
4 - . = *°
31 §! * . .
2-
1= s ®oegeooe kA o ..o"'
0- 1 I 1 1 I I | I 1 | I ] | | I
40 A
30 4 I
204
10 ~ ¥
N{®*eeeo®ee '!oooo"' P o0
0O 50 100 150 200 O 50 100 150 200 O 50 100 150 200
time (h)
intra—community
1% 10% 50%
19
0] @ 3
A J o g
5 - (o) A 8 (o]
a o o
mgA & Ammmé)‘m£ 5 Sg %g
O- || I I n‘ 1 | I I ] | I || I 1 I
1.8
0.8
0.6 1
0.4 1
0.2 4
ool 8n3my || 8R4305% || Buge sy
0 50 100 150 200 O 50 100 150 200 O 50 100 150 200
time (h)
inter-community
1% vs. 10% 1% vs. 50% 10% vs. 50%
a4 u
éﬂi g AP )
5- ‘f* ﬁ 4
O- I ] I 1 | 1 I 1 | 1 1 1 ] ]
1.01
0.5+
0.6 1
0.4
0.2
tlggeeddl  ||8..84 ’

0 50 100 150 200 O 50 100 150 200 0 50 100 150 200
time (h)

B—diversity partitioning

turnover
® nestedness






OPS/images/fmicb-12-737831-e000.jpg
proportion of augmentation (%)
OD (P. putida) x V (P. putida) (1)
OD (P. putida) x V (P. putida) + OD(WWC) x V (WWC)






OPS/images/fmicb-12-737831-g004.jpg
relative abundance (%)

whole community subcommunity

100 -
ran
50+
25"
0 -
1h 432h 550h G10 G14 G22
Genus
' Elizabethkingia  Paenochrobactrum - Stenotrophomonas . Pandoraea
. Pseudochrobactrum . Leucobacter B Koukoulia  Parapusillimonas
. Brevundimonas - Paenalcaligenes . Sphingobacterium Others
Myroides .~ Comamonas ~ Empedobacter
. Diaphorobacter . Mesorhizobium . Pseudomonas
. Shewanella . Providencia . Falsochrobactrum






OPS/images/fmicb-12-737831-g003.jpg
NMDS2

o _

{9

-

o

%

L0

o -

|

o

<

I | | I I |
-1.5 -1.0 -0.5 0.0 0.5 1.0
NMDS1
GO6Go
G03 @ G100
G10 @@ G
&

G11 ®
G16
G07 00® © “Div
G13 [ 2 D
G26 0000 2
G24 00000 G
G17 000000 [ )
G20 o000 )
G1 000 0000 .
G27 [ 1 I o0 0 G
G14 00 o o0 00
G22 @ ]
G25 o0 ([
G15 & (XY ) ]
G28 I X X ] o O @
G30 o0 O o @
G31 000 ® 00 @
G04 ® o @
G18
G29 @ o0 O oo
G21 o 00@ ® O
G01 00000 000 o
G08 o000e @ &
G0 o0000 LT § )

-1-0.9-0.8-0.70.6-0.50.40302010 010203040506070809 1

NMDS2

multisites —-diversity

1.0

0.5

0.0

-0.5

=145

1.0

0.8

0.6

0.4

0.2

0.0

FOM

-0.5 0.0 0.5

NMDS1

turnover nestedness






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Impact of the Antibiotic Fosfomycin on Wastewater Communities Measured by Flow Cytometry



		INTRODUCTION



		MATERIALS AND METHODS



		Cell Cultivation



		Cultivation of the gfp-Labeled Pseudomonas putida KT2440



		Origin and Cultivation of the Wastewater Microbial Community



		Bio-Augmentation With gfp-Labeled Pseudomonas putida KT2440



		Continuous Cultivation of the Microbial Community







		Analyses of Bulk Parameters



		Analysis of Optical Density and Chemical Oxygen Demand



		Analysis of Fosfomycin Sodium



		Analysis of Cell Number







		Analysis of Cell Characteristics by Flow Cytometry



		Treatment of gfp-Labeled Pseudomonas putida KT2440



		Treatment of the Wastewater Community



		Cytometric Analysis of the Cells



		Cell Sorting



		Bioinformatics Evaluation







		Determination of Diversity Values



		Cytometric α- and β-Diversity Values



		Nestedness and Turnover







		16s rRNA Gene Amplicon Sequencing







		RESULTS



		Dynamics of Batch-Grown Undisturbed WWCs



		Dynamics of a Continuously Grown WWC Under Fosfomycin Pressure



		16S rRNA Analysis of Selected Whole Communities and Sorted Subcommunities







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fmicb-12-737831-t001.jpg
Phase

First
Second

Third

Time (h) Concentration of gfp-labeled P. putida addition

FOM (mg L-1)
Time (h) Proportion (%)
0-168 0 = =
168-337 0 168 0.5
264 2.5
337-432 10 337 2.5

The color marks the subgroups for phases according to the addition of gfpo-labeled
P, putida KT2440 and FOM.





OPS/images/cover.jpg
, frontiers
in Microbiology










OPS/images/logo.jpg
, frontiers
in Microbiology





