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A Glyphosate Pulse to Brackish Long-Term Microcosms Has a Greater Impact on the Microbial Diversity and Abundance of Planktonic Than of Biofilm Assemblages
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The widespread herbicide glyphosate has been detected in aquatic coastal zones of the southern Baltic Sea. We monitored community dynamics in glyphosate-impacted chemostats for 20 weeks to evaluate the potential impact of the herbicide on free-living and biofilm-associated bacterial community assemblages in a brackish ecosystem. A HPLC-MS/MS method was developed to measure glyphosate, aminomethylphosphonic acid and sarcosine concentrations within a brackish matrix. These concentrations were analyzed weekly, together with prokaryotic succession, determined by total cell counts and next generation 16S rRNA (gene) amplicon sequencing. Shotgun metagenomics provided insights into the glyphosate degradation potential of the microbial communities. Temporal increases in total cell counts, bacterial diversity and the abundances of distinct bacterial operational taxonomic units were identified in the water column. Biofilm communities proved to be less affected than pelagic ones, but their responses were of longer duration. The increase of glyphosate oxidoreductase (gox) and thiO gene as well as the phn operon abundance indicated glyphosate degradation by first the aminomethylphosphonic acid pathway and possibly a subsequent cleavage of the C-P bond. However, although glyphosate concentrations were reduced by 99%, 1 μM of the herbicide remained until the end of the experiment. Thus, when present at low concentrations, glyphosate may evade bacterial degradation and persist in Baltic Sea waters.
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INTRODUCTION

Microorganisms are ubiquitous on Earth and respond rapidly to environmental changes. The majority of microorganisms live within biofilms, which promote high cell abundances and activities (Costerton et al., 1995). In mature biofilms, extracellular polymeric substances produced by resident species give rise to a distinct three dimensional structure. That way microorganisms are protected from disturbances that for planktonic cells or even higher organisms induce toxicity and other forms of stress (Davey and O’Toole, 2000; Reese et al., 2016). However, biofilms are not completely invulnerable (Qu et al., 2017), as evidenced by changes in their assemblages in response to a wide range of disturbances.

A potential environmental stressor is glyphosate, which has been in use since the 1970s. Following assessments demonstrating its relatively low environmental toxicity, it has become the most widely produced and sold herbicide worldwide. However, as a synthetic combination of glycine and a phosphate residue, coupled to form a stable phosphonate, glyphosate provides carbon (C), nitrogen (N), and phosphorus (P) for bacteria and fungi (Lipok et al., 2007; Duke and Powles, 2008). Two major routes of glyphosate biodegradation have been described according to their first respective intermediate: the sarcosine pathway and the aminomethylphosphonic acid (AMPA) pathway, encoded mainly by the phn operon and the glyphosate oxidoreductase (gox) gene, respectively. The phn operon encodes a C-P lyase, whose activity makes the P component of phosphonate bioavailable. In the AMPA pathway, glyphosate is cleaved at the C-N bond, resulting in AMPA and glyoxylate. An alternative pathway to yield AMPA from glyphosate was discovered with the enzyme glycine oxidase encoded by thiO. However, this enzyme possesses an unspecific Km of 87 mM for glyphosate, compared to 0.6 mM for glycine (Pedotti et al., 2009).

Glyphosate has been detected in marine and freshwater systems (Van Bruggen et al., 2018; Carles et al., 2019), representing a disturbance to microbial communities at concentrations upwards of 5.92 nM (Stachowski-Haberkorn et al., 2008). Moreover, its dissipation is enhanced by biofilms, probably due to their adsorption capacities (Klátyik et al., 2017). The presence of glyphosate in the brackish Baltic Sea from agricultural runoff has been reported (Skeff et al., 2015), but the effects of the herbicide on its ecosystems are as yet unknown. The Baltic Sea is known for elevated contamination levels and monitoring of the environmental state is mandatory (Helcom, 2018). Thus, the aim of this study was to investigate the impact of glyphosate on the state and succession of bacterial community assemblages in a Baltic-Sea-like environment. Potential effects were compared between free-living and biofilm communities, as biofilm communities are expected to be more resilient. Furthermore, the potential for and means of biodegradation, as well as the possibly involved OTUs, were analyzed to evaluate the fate of glyphosate entering the Baltic Sea.



MATERIALS AND METHODS


Experimental Setup


Microcosm Experiment

The experiment was conducted in two 12 L (20 × 30 × 20 cm) microcosms (Rebie Aquaristik, Bielefeld, Germany) made of float glass plates sealed with silicone glue. The microcosms were filled with 2 kg of combusted quartz sand as hard substrate, 8 L artificial brackish water (ABW) amended with casamino acids as liquid medium (modified after Bruns et al., 2002) and combusted GF/F microfiber filters (Ø 47 mm, Whatman, Little Chalfont, United Kingdom) as collectible, inert biofilm substrate. An air pump aerated and mixed the system continuously. The microcosms were incubated with a Baltic Sea-derived inoculum and the 140-day experiment started with an equilibration period from day −69 until day 0 to allow biofilm to form and mature. On day −31 the system switched from batch to continuous cultivation mode with an average efflux rate of 475–489 mL⋅d–1. During the whole period microbial succession in both microcosms was monitored. On day 0, a sterile-filtrated glyphosate solution (final concentration of 82.45 μM; Dr. Ehrenstorfer, Augsburg, Germany) was syringe-injected into the water column of the treatment microcosm and dispersed throughout by manual stirring. Monitoring went on until day +71. For further details on experimental procedures see Janßen et al. (2019).



Prevention of Glyphosate Adsorption to Abiotic Surfaces

Glyphosate can adsorb to glass or sediment surfaces (Bergström et al., 2011; Huang and Zhang, 2011) and might also adhere to biofilms. Adsorption may affect not only glyphosate degradation in the liquid phase but also act as a glyphosate reservoir during incubations. However, a surface adsorption test performed prior to the start of our experiment showed stable glyphosate concentrations in the water column of the glyphosate-containing microcosms (Supplementary Material 1).



Sampling Procedure

Five-mL water samples for glyphosate, AMPA, sarcosine/L-alanine and nutrient analyses were stored at −20°C without further treatment. For nucleic acid extraction and subsequent next-generation sequencing (NGS) of planktonic cells, 100 mL of water was filtered through 0.22-μM GVWP filters in three replicates. For the analysis of biofilm communities, three overgrown GF/F filters were selected with sterile tweezers. The total data set consisted of 287 samples, with water samples covering 16 time points (days −25, −7, 0, +3, +7, +10, +14, +17, +22, +29, +36, +43, +50, +57, +64, +71) and biofilm filters eight time points (days −7, 0, +7, +17, +29, +43, +57, +71). Detailed meta-information describing the samples is provided in Supplementary Material 2. The filters were shock frozen in liquid nitrogen and stored at −80°C until their use for DNA/RNA extractions. Planktonic cell counts were determined in 1-mL water samples fixed with 1/10 v⋅v–1 formol (37%, sterile filtered, Rotipuran p.a. ACS, Carl Roth GmbH, Karlsruhe, Germany), incubated for at least 2 h at room temperature or overnight at 4°C and processed within 24 h. For C and N analyses, 100 mL of water was collected on day +71.



Determination of Total Cell Counts

Water column cell counts were determined by 4′,6-diamidino-2-phenylindole (DAPI; Applichem GmbH, Darmstadt, Germany) staining according to Porter and Feig (1980). To ensure that cells on the filter surfaces were evenly distributed, the cells on the filter were diluted, if necessary, using sterile ABW. The cells obtained by filtering 50–500 μL of water on a Cyclopore filter (PC BLK, 25 mm, 0.2 μm, Whatman, Maidstone, United Kingdom) were stained with 10 mg DAPI⋅L–1 for 3 min and embedded using AF1 (Citifluor Ltd, London, United Kingdom) and Vectashield (H 1000, Vector Laboratories, Burlington, CA, United States) at a 7:1 ratio. Total cell counts were determined in triplicate samples using an Axio Lab. A1 equipped with a N-Achroplan 100× oil dispersion objective (both Carl Zeiss AG, Göttingen, Germany). Twenty small quadrats were counted in 25 different fields of view per filter.



Significance Testing Applied to Total Cell Counts

To test for a statistically significant change in total cell counts after the addition of glyphosate, the cell counts prior to (days −7 to +3) and after (days +28 to +36) the cell number increase were combined and compared with the counts from days in which cell numbers increased (days +7 to +22). A second comparison was performed between treatment and control microcosms for the cell counts from day +7 to +22 only. Total cell counts were analyzed in triplicate samples using a two tailed t-test for two heteroscedastic samples. Significant changes (p < 0.05) are marked with ∗ in Figure 1A.
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FIGURE 1. Total cell counts (A) and glyphosate and AMPA concentrations (B) in the water column of the microcosms. (A) Total cell counts after glyphosate addition at day 0 increased significantly (∗) compared to cell numbers before and later after herbicide addition (p < 0.001) and to the cell counts of the control microcosms during the same time period (p < 0.001). (B) On day 0, the concentration was measured before and after glyphosate addition. AMPA was already present in the first sample taken 4 h afterward, though not at its highest concentration. The decrease in the calculated glyphosate concentration was slower than the measured values. Note the different scales for glyphosate and AMPA and that at the end of the experiment glyphosate persisted at a concentration > 1 μM.




Nutrient Analysis

To understand the nutritional relevance of glyphosate, particulate organic nitrogen and carbon (POC/PON) concentrations were analyzed using an vario Micro element analyzer (Elementar Analysensysteme GmbH, Langenselbold, Germany), and dissolved organic carbon and nitrogen (DOC/DON) concentrations using a Shimadzu TOC-V + TNM1 analyzer (Duisburg, Germany). Dissolved inorganic phosphorus (DIP) was measured following the method of Grasshoff et al. (2007).



Glyphosate and AMPA Analysis

Glyphosate and AMPA analyses followed the procedure of Skeff et al. (2015, 2016). Internal standards of glyphosate (1-2-13C2 15N glyphosate) and AMPA (13C 15N AMPA) were prepared in the same sample matrices and added to the samples. The samples were adjusted to pH 9 by the addition of 100 μL of borate buffer and then derivatized by treatment with 100 μL of 19.8 mM FMOC-Cl in acetonitrile. After 4 h of incubation at 21°C, the derivatized samples were filtered through a 0.45-μm Phenex-RC 15-mm syringe filter and subjected to LC–MS/MS. The target compounds were analyzed using an Accela HPLC system connected to a TSQ Vantage triple quadrupole mass analyzer with a heated electrospray ionization source interface. Chromatographic reversed-phase separation was achieved on a Gemini-NX C18 column coupled to a Gemini-NX Security Guard cartridge. The samples were eluted gradually from the column with (a) a 2 mM ammonium hydrogen carbonate buffer and ammonia solution (32%, v⋅v–1) at pH 9 and (b) acetonitrile. Before the analysis, the instrument was calibrated for the target substances using the same sample matrices. Each compound, including the internal standard, was scanned for two transitions in selected reaction monitoring mode. The most abundant transition was used for quantification and the other transition for confirmation.

Additional measurements for AMPA and sarcosine were carried out after an initial evaluation of the data. The applied method generally followed the procedure described above, with the following differences: After derivatization of the samples, 1 mL of dichloromethane was added to the mixture to extract the remaining FMOC-Cl. Samples were shaken and then centrifuged for 10 min at 1000 rpm. The supernatant was removed and transferred into a vial for analysis. Chromatographic separation and mass spectrometric detection was carried out as described above, but with a LC-2040C Nexera-I and a triple quadrupole mass spectrometer LCMS-8060 as also described in Wirth et al. (2019). Compounds were detected through SRM events, as described above. Sarcosine has the same MS fragments and retention time as L-alanine, since the two compounds are isomers. Thus, they could not be differentiated with the utilized method. To acquire evidence for the presence or absence of sarcosine in the samples, comparative measurements between samples from both microcosms were conducted, since the L-alanine concentration should be identical.



Nucleic Acid Extraction and Sequencing

The kit-based extraction of nucleic acids from free-living bacteria and subsequent DNAse digestion of the RNA extracts were performed according to Bennke et al. (2018). Biofilm samples were extracted using the phenol-chloroform method described in Weinbauer et al. (2002). cDNA synthesis was performed using 20 ng of DNA-free total RNA as the input for the MultiScribe (Fisher Scientific GmbH, Germany) reverse transcriptase system using the reverse primer 1492r (5′ TACGGYTACCTTGTTACGACTT, Lane, 1991). Illumina amplicon sequencing was prepared as described in Bennke et al. (2018). The V3-V4 region of the 16S rRNA gene was targeted using the primer set 341f-805r (forward: CCTACGGGNGGCWGCAG, reverse: GACTACHVGGGTATCTAATCC, Herlemann et al., 2011). Indexed amplicon libraries were pooled to a concentration of 4 μM. The PhiX control was spiked into the library pools at a concentration of 10%. Each final library pool (4 pM) was subjected to one of three consecutive individual paired-end sequencing runs using 600 cycle V3 chemistry kits on an Illumina MiSeq.



Bioinformatic and Statistical Analysis of the Amplicon Data

Amplicon read processing and annotation were conducted using Mothur v. 1.39.5 (Schloss et al., 2009). Sequences were combined in a pre-cluster step if there were less than 2 mismatches. Chimeras were removed using VSEARCH (Rognes et al., 2016). OTUs were picked based on a 98% similarity threshold. When counting the number of OTUs, singletons were ignored, but not removed from the data set. OTUs were only removed where mentioned and all parameters are deposited in the Github repository listed in the data availability statement.

The operational taxonomic unit (OTU) and taxonomy table were imported into R v. 3.5.1 (R Core Team, 2018) and analyzed using phyloseq v. 1.26.0 (McMurdie and Holmes, 2013), ggplot2 v. 3.1.0 (Wickham, 2009) and DESeq2 v. 1.22.1 (Love et al., 2016). Taxonomic annotation of the data presented herein was accomplished using the Silva release 132 (Yilmaz et al., 2014), including the taxonomic changes proposed by Parks et al. (2018).

Basic information on the amplicon sequencing-based approaches is provided in Supplementary Material 3, including the MiSeq run statistics, sequencing depth and average sequence length in the 16S complementary rRNA and 16S rRNA gene libraries.

The composition of the microbial communities was plotted enforcing a relative abundance cut-off value of 0.15% at order level to reduce the legend size. To identify OTUs whose abundance changed after glyphosate addition, unfiltered 16S rRNA gene and 16S rRNA OTU tables were used separately as input for DESeq2, as suggested by McMurdie and Holmes (2014). DESeq2 performed the Wald test on two time points (in three technical replicates) before glyphosate addition versus five time points directly thereafter. For the less-frequent biofilm sampling, the time span was the same, resulting in comparisons of two time points before versus two time points immediately after glyphosate addition. The abundances of selected OTUs were plotted. The relative abundances of the OTUs in treatment and control microcosms were compared manually to identify those OTUs that responded to glyphosate.

The similarity of microbial communities was visualized in non-metric multidimensional scaling (NMDS) analyses based on Bray–Curtis dissimilarities. Relative abundances were used as input, square-root-transformed and Wisconsin double-standardized. The ordination with the lowest stress was determined based on 100 runs. OTUs with at least three reads were included. OTU tables for the Chao1 richness estimate and Shannon index included singletons. A t-test was applied to analyze the significance of a change in α-diversity after glyphosate addition and was performed for all sample subsets from day −22 to day 0 vs. day +3 to day +17.

To include the concentration of glyphosate into the ordination, canonical correspondence analysis (CCA) and redundancy analysis (RDA) were performed within phyloseq using its ordinate function. The input data was as described for NMDS and glyphosate concentration was the constraint. The resulting plots are shown in Supplementary Material 4.



Metagenomic Analysis

For metagenomic analyses, technical replicates of DNA extracts were pooled. Metagenomic reads of seven treatment and three control microcosm water-column samples were generated by a full run on an Illumina Nextseq500 (LGC Genomics GmbH, Berlin, Germany). Reads were quality checked using FastQC v. 0.11.71 and trimmed with Trimmomatic v. 0.38 (Bolger et al., 2014). The individual samples were merged and co-assembled using MEGAHIT v. 1.1.3 (Li et al., 2014) with the k-mer list 21, 25, 29, 33, 37, 41, 45, 49, 53, 57, 61, 65, 69, 73, 77, 81, 85, 89, 93, 97, and 99. The genes were predicted and functionally annotated using Prokka v. 1.13.0 (Seemann, 2014). For gene quantification, the reads of the individual samples were mapped on the assembled contigs using Kallisto v. 0.44.0 (Bray et al., 2016).



Functional Tree Calculation

Correlations between the abundances of OTUs and glyphosate degradation genes were identified. Protein sequences of organisms related to the OTUs identified in this study were downloaded from UniProt (Bateman et al., 2017). The corresponding genes identified in the assembled metagenome were translated and added to this sequence set. After the removal of exact duplicates using CD-Hit auxtools v.4.6.8 (Fu et al., 2012), a multiple sequence alignment was built using Mafft v. 7.407 (Katoh and Standley, 2013). A phylogenetic tree was calculated using RAxML v. 8.2.12 (Stamatakis, 2014), with “PROTCATAUTO” as the amino acid substitution model, and plotted together with the respective abundances using R package ggtree v. 1.8.2 (Yu et al., 2018). This workflow was implemented in Nextflow v. 18.10.1 (Di Tommaso et al., 2017).

No gox genes were annotated in the metagenomes. Instead, a sequence-based approach was used: reference sequences of gox were downloaded from UniProt and GenBank to create a DIAMOND database (v. 0.9; Buchfink et al., 2014). The metagenomic sequences were blasted against the DIAMOND database (e-value of 1E–8, sequence identity ≥ 40%, query coverage ≥ 70%) and eventually phylogenetic trees with the corresponding abundance were plotted as described above.



RESULTS


Total Cell Counts, Glyphosate and AMPA Concentrations and Nutrients

Total cell counts in the water column were in the range of 2–4 × 107 cells⋅mL–1 both in the treatment and control water samples (Figure 1A). Following glyphosate addition, they increased significantly, up to 7 × 107 cells⋅mL–1, and remained elevated over the following 14-day period, during which the decrease in glyphosate was the strongest (Figure 1B). Based on the chemostat’s volume and flow rate, the theoretical glyphosate concentration after approximately 60 days of incubation was close to zero. With a starting glyphosate concentration of 82.45 μM at day 0, the measured glyphosate concentrations, especially within the first two weeks of incubation, were 18–24 μM lower than the theoretical values. The results of the adsorption test (Supplementary Material 1) suggested that glyphosate was neither incorporated into biofilms nor adsorbed onto surfaces under our experimental conditions. After 71 days, glyphosate concentrations were reduced by 99%. AMPA was detected as soon as 4 h after addition in the first sample. 3 days later AMPA concentrations ranged from 0.27 μM to below the detection limit (LOD) by day +64 and +71. The highest ratio of AMPA to glyphosate was 1.35% on day +29. Peaks representing the isomers sarcosine and L-alanine could also be detected but were not reliably quantifiable, as their concentration (−0.017 to 0.016 μM) was close to the LOD. The peaks were present in both microcosms, before and after the addition of glyphosate.

The DIP concentration on day −69 was 15 μM, and on day 0 before and after glyphosate addition 23.3 and 24 μM, respectively. On day +71, at the end of the experiment, it declined to 16 μM. DOC and DN concentrations in the microcosms on day +71 were 80,000 and 20,000 μM, respectively. The resulting DOC:DN:DIP ratios were 238:56:1 for 24 μM DIP and 380:90:1 for 15 μM DIP.



16S rRNA and rRNA Gene Based Community Compositions

Among the 12,852 OTUs with more than one read, 10,692 originated from the water column. Two thousand nine hundred and three OTUs stem from the biofilm and 743 OTUs were present in both habitats. Planktonic 16S rRNA was roughly twice as rich in OTUs as either the planktonic 16S rRNA genes or the biofilm communities (Supplementary Material 2). Based on the number of reads, free-living (Figure 2) and biofilm (Supplementary Material 5) microbial community assemblages consisted almost exclusively of Proteobacteria, mainly Alpha- and Gammaproteobacteria. After the glyphosate pulse Alphaproteobacteria eventually comprised > 90% of the bacterial assemblages in the treatment microcosm. Therein, Rhizobiales and Rhodospirillales represented large and increasing portions thereof. Unclassified Rhizobiales OTU 1 was the most abundant OTU, up to 84% in the biofilm 16S rRNA (Supplementary Material 6). However, Pseudomonas OTU 7 reads (Supplementary Material 6) represented up to 25% of the 16S rRNA community in the water column of the treatment microcosm. Pseudomonas OTU 7 increased in abundance after the glyphosate pulse together with Alteromonadales, which includes the genus Gallaecimonas. In total, the OTUs covered > 320 genera, with 280 genera represented by 1–10  OTUs each. Ten very abundant genera, including Hoeflea, Ferrovibrio and undistinguished taxa (e.g., “unclassified” or “uncultured”), were represented by 100–318 OTUs. Based on a 0.01% relative abundance threshold, the biofilm community consisted of 90 genera and the water column community of 75 genera, with 59 shared genera (Supplementary Material 2). The diversity of members of the Gammaproteobacteria was evidenced by the finding that 10,088 of the 12,852 OTUs belonged to Pseudomonas, although > 98% of them were present at abundances of < 0.01%.
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FIGURE 2. Relative planktonic community composition in the treatment and control microcosms based on 16S rRNA gene and 16S rRNA abundances. Taxa were cumulated on the order level, sorted by class. α = Alphaproteobacteria, γ = Gammaproteobacteria. All orders with a relative abundance > 0.15% are displayed. Time of glyphosate addition is indicated by a vertical dashed line. Notice the dominance of Proteobacteria and the overall increase of planktonic Alphaproteobacteria.




NMDS Ordination

Overall changes in 16S rRNA and 16S rRNA gene OTU composition were visualized via NMDS. Both 16S rRNA genes and 16S rRNA based assemblages were mainly arranged along the NMDS 2 axis, thus correlating with the sampling time (Figure 3). Samples from treatment and control microcosms were clearly separated. The PERMANOVA yielded p-values of <0.001, with no significant differences in the dispersion of the control vs. the treatment groups for all subsets. In general, the water column samples from the treatment microcosms were more similar along NMDS 2 than were the control microcosms. Water column 16S rRNA gene (stress 0.113) and 16S rRNA (stress 0.102) based community compositions produced similar ordinations. However, the 16S rRNA gene data formed two main clusters that were separated by the glyphosate pulse (day 0 vs. day +3). As long as glyphosate concentrations exceeded 5.92 μM (day +3 to day +22), the free-living community composition in the treatment microcosm formed a subcluster (red polygons in Figure 3). These observations also applied to the 16S rRNA data but the differences were less distinctive.
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FIGURE 3. NMDS ordination plots based on the Bray–Curtis dissimilarity of the square-root-transformed and Wisconsin double-standardized 16S rRNA gene and 16S rRNA based community composition in the biofilms and water column. The axis direction for the biofilm ordinations was reversed to correspond to the pelagic orientation. The numbers refer to the sampling day; glyphosate was added before day 3. Technical replicates are connected by a polygon colored according to the measured glyphosate concentration.


Based on 16S rRNA gene data from the biofilm (stress 0.042), all communities remained stable. Biofilm community succession was generally less pronounced than that of planktonic communities, while control and treatment assemblages spanned a similar distance on NMDS2. In contrast to the control samples, the overall biofilm 16S rRNA (stress 0.072) communities before and after glyphosate addition (days −7 to +7) formed distinguishable clusters.



Alpha Diversity Measures

The Shannon index was statistically assessed to test the impact of glyphosate on community diversity. Samples were grouped before and after day 0. For planktonic samples, the trend in the diversity of control microcosm communities was toward lower indices whereas in the treatment microcosm diversity increased temporarily after glyphosate addition, from a Shannon index of about 2.2 to >2.5 (Figure 4). This development was again more pronounced for the 16S rRNA gene data, in which a significantly higher estimated richness (Chao1) after the pulse was also evident.
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FIGURE 4. The change in α-diversity (Shannon index) of the free-living and biofilm communities according to the 16S rRNA gene and 16S rRNA data from the treatment and control microcosms. The vertical dashed line indicates the time of glyphosate addition. Samples obtained between the start of the experiment and day 0 (group 1) and from day +3 to day +17 (group 2) were compared in a t-test. The increase in the diversity of the free-living communities was significant.


By contrast, the Shannon index of the biofilm community samples decreased after day 0 regardless of the treatment, from approximately 2.7–2.3 (16S rRNA gene) and from 1.8–1.2 (16S rRNA), hence displaying a uniform mode of succession. A decrease in the diversity of the planktonic control communities was also observed. Shannon indices between sample groups before and after day 0 were significant, ranging from a p-value of 1.04⋅10–07 for changes in the 16S rRNA gene of the treated planktonic samples to 0.03 for changes in the control 16S rRNA of the biofilm (Supplementary Material 7).



OTUs Increasing in Abundance After Glyphosate Treatment

The succession in planktonic and biofilm community composition was analyzed based on the relative OTU abundances that increased significantly after glyphosate addition. The analysis identified 24 OTUs, assigned to seventeen genera, that responded to glyphosate in the water column; three more OTUs originated from biofilms (Table 1, detailed statistics are provided in Supplementary Material 8). Distinctive positive responses were determined for OTUs of three Gallaecimonas spp. (Figure 5 and Supplementary Material 6, OTU 109/129), Methylotenera spp., Hyphomonas spp. and Parvibaculum spp., with both 16S rRNA and rRNA gene abundances increasing immediately after glyphosate addition (Supplementary Material 6, OTU 44/25/46). In agreement with the results reported above, the corresponding biofilm abundances for these OTUs remained stable.


TABLE 1. Differentially abundant OTUs in the treatment microcosm after the addition of glyphosate.
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FIGURE 5. Changes in the relative abundance of Gallaecimonas OTU 11 in the treatment and control microcosms over time as determined by 16S rRNA gene and rRNA amplicon analyses. The vertical dashed line indicates the time of glyphosate addition. There was no evidence of an impact of glyphosate on OTU 11 in the biofilm whereas planktonic OTU 11 responded rapidly based on 16S rRNA gene and 16S rRNA abundances.


The genus Pseudomonas accounted for most of the overall diversity within the microcosms, with variable responses by individual Pseudomonas OTUs to glyphosate addition. Thus, while the relative abundances of planktonic OTUs 7, 36 and 78 increased significantly, the abundance of OTU 29 was unaffected (Supplementary Material 6).



Duration of the Detected Signals

The detected microbial signals representative of free-living and biofilm communities after the glyphosate pulse differed in length and intensity. Total cell counts in the water column increased significantly from day +7 to day +22, whereupon the glyphosate concentration remained ≤ 4.4 μM and AMPA < 0.1 μM. The Shannon index increased significantly from day +3 to day +17 for both the 16S rRNA and 16S rRNA gene based planktonic communities. The clusters in the NMDS of the 16S rRNA gene (except for one technical replicate) and 16S rRNA data from free-living bacteria indicated that the community composition from day +3 to +22 (Figure 3; red polygons) was more similar among these samples than in subsequent samples. The relative abundances of the responding planktonic OTUs generally increased from day +3 to day +22. Some of the detected planktonic OTUs retained elevated abundances for a longer period, until day 64, such as several Pseudomonas OTUs. However, this behavior was commonly observed for biofilm OTUs, and specifically for Brevundimonas OTU 42, Defluviimonas OTU 98 and Pseudolabrys OTU 38 (Supplementary Material 6). The increase in abundance began gradually and was first detected typically after day +7, but it continued until the end of the experiment. For these biofilm OTUs, the continuously high abundances were accompanied by corresponding changes in planktonic abundances. Thus, biofilm reactions were maintained whereas most planktonic reactions ended on day +22, when the glyphosate concentration was 12.7 μM.



Distribution of Glyphosate Degradation Genes in Metagenomic Samples

Metagenomes of free-living microbial communities were analyzed to gain insights into glyphosate-related bacterial functions. All relevant glyphosate-degradation genes gox, thiO and phnC-P were detected. The phn operon might be involved in metabolization at two steps, either degrading glyphosate to sarcosine or cleaving the C-P bond in AMPA. Identifying the responsible pathway, if not all of them, was required.

For the sarcosine pathway, whether a particular phn operon enables glyphosate degradation at all depends on the encoded substrate specificity. Therefore, we screened for sequence clusters that became more abundant after glyphosate addition, as these may also have contained sequence motifs typical of glyphosate degradation. An example is the phnJ gene, which codes for an essential protein within the C-P lyase multienzyme core complex. Nonetheless, in samples from the treatment microcosm, the abundance profiles proved to be complex even for closely related sequences of phnJ genes (Figure 6). Based on phylogenetic analyses, phnJ genes similar to that of the alphaproteobacteria Yoonia vestfoldensis spp. (formerly Loktanella vestfoldensis, UniProtKB: A0A1Y0ECC7) were most abundant on day +14, when the total cell count reached a peak. This development was similar for the phnJ sequences of Ruegeria pomeroyi strain ATCC 700808 (UniProtKB: Q5LW71), Rhizobium meliloti strain 1021 (UniProtKB: Q52987) and Agrobacterium radiobacter strain ATCC BAA-868 (UniProtKB: B9J6Q8). Moreover, phnJ sequence reads correlated with the abundance of 16S rRNA gene OTUs, such as those of Yoonia spp., based on the taxonomy of the reference genes (Supplementary Material 6, OTU 59).
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FIGURE 6. Multiple sequence alignment of protein fasta sequences of the phnJ gene from the free-living treatment metagenomes. As a reference, the tree contains sequences from cultivated organisms related to the differentially abundant OTUs detected in this experiment. Taxonomy is presented according to UniProt. The heat map shows the abundance of a given phnJ gene relative to the other samples over time. Relative abundances in (%). Four groups are labeled, the first two consisting exclusively of Alphaproteobacteria and Gammaproteobacteria, respectively.


From the 29 phnJ genes annotated in the treatment microcosm, four main groups could be recognized. Based on the embedded reference genes from known organisms, the largest group consisted solely of the alphaproteobacterial phnJ sequences grouping with sixteen genes from the metagenomes. Alphaproteobacteria were by far the most abundant class inhabiting the microcosms. The second group solely contained gammaproteobacterial reference genes and six metagenomic genes. For the first two groups, phylogenetic relationships based on the 16S rRNA gene were similar to the clustering of the phnJ sequences, as highlighted by the subgroup of sequences from Enterobacter cloacae ssp. cloacae strain ATCC 13047 (UniProtKB: A0A0H3CFJ4) and Escherichia coli K12 (UniProtKB: P16688). Groups 3 and 4 gathered phnJ sequences from several less-related organisms. Also in these groups multiple phnJ sequences were those of the alphaproteobacteria Yoonia vestfoldensis spp. and were encountered in the first, third and fourth group. In the latter two groups, there was a low similarity with their closest relatives, which even included the cyanobacterium Nostoc sp. strain PCC 7120. Interestingly, the highly diverse genus Pseudomonas was represented by only three sequences; these were most closely related to phnJ from P. fluorescens strain SBW25 (UniProtKB: C3K5L9). Comparable results, i.e., varying numbers of Pseudomonas-related genes (data not shown), were achieved for other phn and the sarcosine oxidase (sox) genes.

The gox gene was not identified by Prokka in the metagenomes. A manually conducted comparison, however, detected thirteen closely related sequences which were annotated by Prokka as dadA (D-amino acid dehydrogenase), but instead appear to be more closely related to gox genes. The reference gox genes create a distinct group (UniProtKB: D2KI28, A0A142MF04, D4NZ76, D4NZ75; GenBank: ATE50174.1, ADV58259.1), whereas the metagenomic sequences are distinguished from this group (Figure 7). When challenged, the annotation of these sequences, by adding the Prokka-referenced dadA sequences (UniProtKB: P0A6J5, Q9HTQ0, A3KEZ1), the metagenomic sequences were indeed more similar to gox genes. The abundance of the potential gox sequences gox_1, 3, 5, 12, and 13 converged with the total cell counts peak. Due to the separate clustering of the reference sequences, the taxonomic inference remains unknown. However, a basic online BLASTp analysis assigned gox_10, 11 and 12 (Figure 7, purple ellipse) to FAD-binding oxidoreductase from Hoeflea marina (UniProtKB: A0A317PMM8) and Hoeflea sp. BRH c9 (UniProtKB: A0A0F2P8D1) with a query coverage of 100% and an identity > 88%.
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FIGURE 7. Multiple sequence alignment of protein fasta sequences of the gox and dadA genes deposited in Uniprot and GenBank. gox and dadA reference sequences clustered separately with the metagenomic sequences more related to gox. The purple ellipse marks sequences similar to those of the genus Hoeflea. Relative abundances in (%).


thiO sequences were detected 28 times (Figure 8) with no clear taxonomic separation based on the positioning of the reference sequences. Three sequences were most abundant at day +14 in time with the cell counts peak (thiO_9, 12, 19) with thiO_19 being somewhat related to Yoonia vestfoldensis (UniProtKB: A0A1Y0E718). thiO_1 to 9 grouped with Pseudomonas aeruginosa ATCC 15692 (UniProtKB: G8PX29). Betaproteobacteria clustered together (Cupriavidus, UniProtKB: Q0KF33, G0ETC1, A0A1K0I947 and Burkholderia, UniProtKB: A0A0H3HPX7), although alphabacterial sequences were also similar. Interestingly, Yoonia vestfoldensis (UniProtKB: A0A1Y0EFI8, A0A1Y0E718) and Pseudomonas (UniProtKB: P33642, G8PX29) harbored dissimilar thiO sequences, which might be obtained by horizontal gene transfer.
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FIGURE 8. Multiple sequence alignment of protein fasta sequences of the thiO gene. Placement of sequences could be different between the same or closely related organisms such as Yoonia vestfoldensis or Pseudomonas. The presence of thiO genes over all sampled time points was less comprehensive compared to gox and phnJ genes. Relative abundances in (%).




DISCUSSION


Potential Impacts of Glyphosate on a Brackish Microbial Ecosystem

A glyphosate incubation experiment with a brackish water community was conducted to investigate the impact of glyphosate on free-living and biofilm microbial assemblages. Following the glyphosate pulse, changes in community composition and increases in total cell counts, α-diversity and the abundances of specific 16S rRNA (gene) OTUs were detected in the water column. By contrast, with a few exceptions, the biofilm, which was 69 days old when glyphosate was added, remained undisturbed. Other studies have also shown that organisms embedded in a biofilm are less responsive to disturbances in the surrounding medium (Davey and O’Toole, 2000; Tlili et al., 2011). Similarly, in this study, compared to the water column, fewer OTUs in the biofilm were affected by glyphosate. A smaller impact of glyphosate on freshwater biofilms, and especially on phototrophic organisms, was previously reported. Khadra et al. (2018) investigated periphytic biofilms differing in age (at least 2 months) and exposed to different glyphosate concentrations (35.4, 383.5, and 3540 nM) in a lake. They concluded that glyphosate had no effect on biofilms, a finding also reported by Lozano et al. (2018), who showed that periphyton was more resistant than phytoplankton to 17.7 μM glyphosate. Although the latter study did not find a biomass-based effect on periphyton, the abundance of certain taxa decreased. Vera et al. (2010) noted a delayed increase in the biomass of periphyton exposed to 47.3 μM glyphosate in freshwater mesocosms.

In our study, from the initial 82.45 μM glyphosate added at day 0, 1 μM remained at the end of the experiment. Thus, with the decreasing availability of glyphosate, the cost-benefit ratio of producing proteins for its metabolism seems to become increasingly unfavorable. This is supported by the absence of AMPA as indication of degradation in the later samples. Given that at 4.4 μM glyphosate a response by planktonic communities was no longer detectable, then at the pM to nM concentration ranges measured in estuaries of the Baltic Sea (Skeff et al., 2015) neither biofilms (harboring the majority of microbial cells) nor planktonic bacteria in the Baltic Sea are likely to be disturbed by the herbicide. However, the nutrient regime in Baltic seawater differs from that of the rich medium provided in this study. In addition, the long-term effects of glyphosate on microbial communities are as yet unknown. Mercurio et al. (2014) demonstrated an unexpected glyphosate persistence in seawater in the presence and absence of light. The study of Stachowski-Haberkorn et al. (2008) suggested that even low-nM glyphosate concentrations can affect natural coastal microbial communities in marine environments. According to our results, planktonic bacteria better reflect short-term disturbances, whereas the accompanying biofilm provides a reference for examining overall succession trends occurring as a result of exchange with the water column. A biofilm response would thus indicate that a threshold of disturbance tolerance had been exceeded. Expanding the shotgun sequencing to involve the biofilms could support this idea.



Differences in the Responses of Water Column and Biofilm Communities to Glyphosate Addition

The response of biofilm OTUs to glyphosate addition, as measured by abundance, was minor but detectable until the end of the experiment. One interpretation of this result is that the glyphosate pulse favored these OTUs over others in the biofilm community. Glyphosate has been shown to accumulate in biofilms, including those within a Brazilian river (59.2–1806 nmol⋅kg–1, AMPA 450.29–6033.89 nmol⋅kg–1; Fernandes et al., 2019), or to persist at a very small percentage of the initial concentration, as demonstrated in a microcosm study of biofilms in a French river (Carles et al., 2019). Either would provide glyphosate-degrading OTUs with a nutritional advantage. Our initial tests conducted prior to the experiment showed that the biofilms did not enrich glyphosate, at least not during the first 3 days after the glyphosate pulse. However, in the few cases in which a response by biofilm OTUs was identified, the respective signal was also detected in the water column, both for a longer time and indicative of a higher abundance. Several of the abundant biofilm OTUs, however, were characterized by a concise albeit constant changes in abundance regardless of the condition, which complicated the detection of glyphosate-responding OTUs (Figure 5). It should be noted that the growth substrates for the biofilm were initially sterile and that all colonization occurred via the inoculated water column. This could explain the overall concordance between abundant OTUs in the water column and in the biofilms.

Microbial responses within the water column were in most cases limited to day +22, which coincided with the strongest decrease in the glyphosate concentration to ≤4.4 μM, the AMPA concentration fell below 0.1 μM afterward. Transient effects on microbial communities by glyphosate have been previously described. For example, Weaver et al. (2007) found small, brief (<7 days) changes in the levels of fatty acid methyl esters and a reduction in the hydrolytic activity of a soil microbial community exposed to a glyphosate concentration of 277–828 μmol⋅kg–1. Using Biolog assays and phospholipid fatty acids analyses, Ratcliff et al. (2006) measured a non-specific, short-term stimulation of bacteria at a high glyphosate concentration. The increased α-diversity determined in this study confirmed the findings of Lu et al. (2017), who analyzed the rhizosphere of a glyphosate-tolerant soybean line based on 16S rRNA gene amplicon sequencing. The authors also found a higher diversity and varying OTU abundances in the rhizosphere of the treated than of the control cultivar. In a metatranscriptomic analysis, Newman et al. (2016) investigated changes in bacterial gene patterns in response to long-term glyphosate exposure. The results indicated a potential shift in bacterial community composition toward more glyphosate-tolerant bacteria. Wang et al. (2017) described the effects of two glyphosate concentrations on the microbial community associated with the dinoflagellate Prorocentrum donghaiense and showed that 36 μM glyphosate caused a decrease and 360 μM an increase in α-diversity. Several OTUs detected in our study belonged to genera whose abundance increased following glyphosate treatment (Methylotenera, Pseudomonas, Sphingobium, Thalassobaculum), demonstrating the ability of glyphosate to cause favorable conditions for these genera across various habitats. On a further note, the herein identified Rhodobacteraceae and Rhizobiaceae OTUs were confirmed in a novel approach using artificial neural networks and Random Forest to detect responding OTUs (Janßen et al., 2019).



Glyphosate-Induced Changes in OTU Abundance

In our study, temporally highly resolved NGS data revealed increased OTU abundances, but the mechanisms of the increases were unclear. While glyphosate can be considered as a source of C, N, or P, the microcosms were supplied with sufficient amounts of C and N (evidenced by the medium composition and end-of-experiment data points) and P from other sources.

Specific reactions to glyphosate have been described in studies of bacterial cultures, especially those of degraders (Wang et al., 2016) and resistant cyanobacteria (Lópes-Rodas et al., 2007). Within the same species, different strains may or may not be capable of degrading glyphosate and several pathways for glyphosate degradation may be present in a single strain. This is the case in Pseudomonas (Jacob et al., 1988; White and Metcalf, 2004; Zhao et al., 2015; Lidbury et al., 2016) and would explain why some, but not all of the Pseudomonas OTUs detected in our study became abundant after glyphosate addition. Thus, the pronounced diversity of Pseudomonas was also expressed by its reactions toward glyphosate.



Probability of Glyphosate Degradation

The responses mainly by free-living bacteria, such as the increase in cell counts and the presence of AMPA indicated that glyphosate was degraded. The amount of AMPA detected in comparison to the corresponding glyphosate concentrations suggests that only a minor fraction was metabolized, a quality associated with the glycine oxidase thiO. The increase in total cell counts and the discrepancy between the measured and the calculated glyphosate levels require a more complete degradation of glyphosate. Sarcosine/L-alanine levels do not compensate for this difference and as they did not change after glyphosate addition and were present in both microcosms it was more likely only L-alanine was present due to the inclusion of the casamino acids. This implicates that glyphosate was not metabolized by the sarcosine pathway. It is possible that rapid degradation of the intermediate product could have occurred, thus rendering it hardly detectible. However, it is unlikely that the glycine oxidase would be capable of such a degradation rate due to its low specificity toward glyphosate. A possible explanation is the degradation of glyphosate by gox into AMPA with an immediate continuation by C-P lyase. Sviridov et al. (2015) concluded in their review that the majority of described glyphosate-degrading bacteria use the gox gene and consequently export AMPA into their environment, but also stated that organisms not being capable of degrading glyphosate might still metabolize AMPA.

Furthermore, the abundances of gox genes, thiO genes, the phn operon, sox genes and aroA genes correlated with those of the detected OTUs (via multiple sequence alignment and reference sequences; Figure 6). It must be noted that phn operons encode functions that result in the degradation of a variety of phosphonates, although not necessarily including glyphosate. The respective genes are subject to extensive lateral transfer, which complicates data interpretation (Huang et al., 2005). The results of our metagenomic analysis suggested that phn genes have a higher sequence similarity based on phylogeny than on substrate specificity. Sequence abundances of a phnJ gene correlated with OTU 59 (classified as Yoonia/Loktanella spp.). This suggested that this OTU possesses phn genes whose abundances’ increase might be in response to the presence of glyphosate or AMPA as a nutrient source. The same reference organism, as well as Pseudomonas aeruginosa, correlated with the abundance of thiO genes. The phylogenetic comparison of gox, dadA and our metagenomic sequences (Figure 7) underlined the demand of properly described references and the potential of undiscovered gox variants. For the Hoeflea-related gox sequences, no treatment-specific abundance change could be assigned to Hoeflea OTUs. In conclusion, a metatranscriptomic analysis that describes the expressed phn, gox, and thiO mRNAs may have provided clearer evidence of the pathways used for glyphosate degradation (Martínez et al., 2013; Wang et al., 2016) as well as the involved organisms.

However, amplicon sequences still proved to be a cost efficient and sensitive method for community analysis, as comparisons of 16S rRNA (gene) and shotgun sequencing data indicated that glyphosate-responsive low-abundance OTUs were not covered in the metagenome. Furthermore, the 16S rRNA gene amplicon counts were a better indicator of community changes than 16S rRNA, indicating that DNA is a better proxy of abundance. Field experiments or laboratory studies involving more than one determinant should further investigate the potential of using detailed community composition data as an indicator of community disturbance.
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