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We determined the degradation rates of the herbicides 2,4-D and 2,4,5-T by two different bacterial communities. One of these originated from soil heavily contaminated with herbicides from Bien Hoa airbase, the other from the same soil but amended with additional carbon and Gibbs energy sources. The community from the contaminated, but untreated, soil degraded both 2,4-D and 2,4,5-T within 5 days of cultivation. The one from the amended soil, however, hardly showed any degradation of the compounds throughout 23 days of cultivation. After refreshment of the medium and prolonged culturing, however, this community degraded both herbicides within 25 days with progressively increasing rates. nMDS analysis revealed a highly significant differentiation pattern of the two communities. Cultures inoculated with amended soil showed a significant increase of Bacillus and Paenibacillus upon prolonged exposure to the herbicides. The succession in the culture from untreated soil, on the other hand, was dominated by species from the Proteobacteria. We were able to isolate two of them and they were shown to be related to Bordetella petrii and Sphingomonas histidinilytica, successively. Subsequent PCR analyses of their DNA revealed the presence of key genes involved in the degradation of the herbicides. This study provides a more fundamental understanding of the biodegradation of 2,4-D and 2,4,5-T by displaying part of the bacterial community succession during their breakdown allowing a comprehensive view on potential key degraders.
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INTRODUCTION

In the period 1961–1971 during the Vietnam War, the United States military army sprayed ~20 million gallons of herbicides over large areas in Vietnam, Cambodia, and Laos to defoliate trees and to destroy crops. The most widely used herbicide mixture consisted of the n-butyl esters of two phenoxyacetic acids termed 2,4-D and 2,4,5-T (Westing, 1984; Stellman et al., 2003). During the chemical production of these herbicides, trace amounts of dioxins were formed. Dioxins are persistent and have a great impact on human health even at very low concentrations (Van den Berg et al., 2006; Squadrone et al., 2015). Bien Hoa airbase in South Vietnam was an important airbase during the United States military operation called Operation Ranch Hand. This operation was part of the herbicidal warfare and Bien Hoa airbase served as a storage site for barrels containing the herbicides. Soils and sediments in the vicinity of Bien Hoa airbase were polluted with high concentrations of herbicides and dioxins due to large spills (Dwernychuk et al., 2002; Mai et al., 2007). The toxicity equivalent (TEQ) concentration of polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/Fs) in soil and sediment varied from 7.6 to 962,000 and 17 to 4,860 ng/kg dry weight, respectively (Thuong et al., 2015). Since the end of Operation Ranch Hand in 1971, there has been an increasing concern about the human and environmental health effects associated with these spills. Therefore, actions have been taken to control the situation and to prevent further damage to human health and the environment.

One of the options to remove toxic substances from soils is via bioremediation using microorganisms, during which these compounds are degraded by dedicated microorganisms. The pollution of soil and water by herbicides is a worldwide problem, and bioremediation by microorganisms has always been a popular research topic because it is a clean, cheap, and relatively efficient process (Chatterjee et al., 1982; Golovleva et al., 1990; Oh and Tuovinen, 1990; Daubaras et al., 1996; Maltseva et al., 1996; Macur et al., 2007; Cycoń et al., 2011; Stibal et al., 2012; Han et al., 2015; Hayashi et al., 2016). Indeed, many reports indicated that bacterial strains isolated from different environments, such as Cupriavidus pinatubonensis JMP 134, Sphingomonas sp. TFD44, Achromobacter xylosoxidans subsp. denitrificans EST4002, Bradyrhizobium sp. HW13, Pseudomonas aeruginosa PAOlc, and Halomonas sp. EF43 are able to degrade 2,4-D aerobically (Filer and Harker, 1997; Laemmli et al., 2000; Kleinsteuber et al., 2001; Kitagawa et al., 2002; Vedler et al., 2004; Thiel et al., 2005). They have been mainly isolated from soils polluted with herbicides (Ka et al., 1994; Tonso et al., 1995). The characteristic feature of most of these bacteria is that they have a set of 6 so-called tfd genes which encode the enzymes for the sequential breakdown of 2,4-D into maleylacetate (Serbent et al., 2019; Pimviriyakul et al., 2020).

In contrast to the diversity of aerobic 2,4-D-degrading bacteria, only a few aerobic 2,4,5-T degraders have been reported. The best known are members of the genera Burkholderia (Kellogg et al., 1981; Daubaras et al., 1996; Huong et al., 2007), Nocardioides (Golovleva et al., 1990), Sphingomonas (Huong et al., 2007), and Bradyrhizobium (Rice et al., 2005; Huong et al., 2007; Hayashi et al., 2016), all of which were capable of utilizing 2,4,5-T as the major carbon and energy source. A characteristic enzyme involved in the corresponding degradation pathway is a Tft-type ring hydroxylating dioxygenase responsible for the initial removal of the acetate side chain to convert 2,4,5-T into 2,4,5 trichlorophenol (2,4,5-TCP) (Danganan et al., 1994). Its subunits, TftA and TftB, are key in the kyoto encyclopedia of genes and genomes (KEGG) pathway “chlorocyclohexane and chlorobenzene degradation” including the pathways for 2,4-D and 2,4,5-T degradation (Kanehisa and Goto, 2000). Well-studied homologs of TftA/TftB are HadA/HadX, which catalyze dehalogenation of halogenated phenol derivatives (Pimviriyakul and Chaiyen, 2018), and TcpA/Fre, which dehalogenate dihalophenols (Fang et al., 2020). They belong to a larger family of monooxygenases including PcpA/PcpB, CphC/CphB, and DcmB1/DcmB2 (Pimviriyakul et al., 2020).

Importantly, the degradation pathways via TftA and TftB work only under aerobic conditions as they involve mono- and dioxygenases. Anaerobic degradation of 2,4-D and 2,4,5-T and other chlorinated aromatic compounds involves many types of reductive dehalogenases such as 2,5-dichlorohydroquinone reductive dehalogenase (Miyauchi et al., 1998), and chlorohydroquinone dehalogenase (Arora and Jain, 2012; Arora et al., 2014), but knowledge about the processes is scarce (Ghattas et al., 2017; Al-Fathi et al., 2019). Yet, one has to be aware of the fact that major portions of environmental pollutants flow to anaerobic zones. There, the degradation of the herbicides may well be less efficient resulting in more persistency of them under anoxic conditions (Albrechtsen et al., 2001; Shareef et al., 2014; Al-Fathi et al., 2019).

As part of the cleaning approach at Bien Hoa airbase in Vietnam, an active landfill contaminated with herbicides and dioxins was biotreated in four bioremediation cells for 40 months (Nguyen and Dang, 2012). The details of the biotreatments are described in the supplement of a related study (Lechner et al., 2018). In short, the landfill consisted of four cells containing 3,384 m3 of herbicide and dioxin contaminated soil. The soil contaminated with polychlorinated dibenzo-p-dioxins and herbicides were well mixed with different agents such as rice straw, hulls, biosurfactants, nutrients, electron acceptors, electron donors and vitamins and was periodically supplied with water (moisture range from 16 to 24%). The 2 m thick soil layer was sealed above and below with four layers of bentonite and geological protection material and 50 cm of non-contaminated soil as the top layer, which was planted with grass. The result of that bioremediation study showed that the average total toxicity equivalence from all four cells decreased from around 10,000 to 14 ng TEQ/kg dry weight (Dang, 2013). Lechner et al. further demonstrated that enrichment cultures obtained after cultivation of soil from these bioremediation cells in medium with 2,4,5-T and pyruvate and lactate degraded 2,4,5-T via 2,4,5-trichlorophenol (TCP) to 3,4-dichlorophenol in the presence of pyruvate as carbon and Gibbs energy donor (Lechner et al., 2018). A follow-up study aimed at displaying the effect of different amendments to mesocosms filled with soil contaminated with herbicides collected from Bien Hoa airbase on the degradation rate of 2,4-D and 2,4,5-T. The average 2,4-D concentration at the start of that study was about 1,500 mg/kg soil Preliminary data indicated that soils amended with additional carbon and energy sources performed worse with respect to the degradation of the herbicides as compared to soils left untouched. More specifically, microbial communities from T1 soil degraded 97% of 2,4-D and 95% of 2,4,5-T during 38 months of incubation, while only 20% of 2,4-D and 17% of 2,4,5-T was degraded by the microbial communities from T4A soil (Thi Lan Anh Nguyen, unpublished data).

In this study, we aimed at getting a more fundamental understanding of the processes involved in the degradation of 2,4-D and 2,4,5-T, and at identifying the key microorganisms responsible for the breakdown of them. The specific approach was to enrich bacteria from soils from two of the mesocosms mentioned above under defined conditions with 2,4-D and 2,4,5-T as the major carbon and energy sources, and to monitor the degradation of these herbicides over time. We performed two independent experiments to correlate the resulting degradation kinetics to changes in community structures. In the first experiment, the herbicides were added to enrichment cultures in powder form. In the second experiment, the herbicides were added either in powder form or dissolved in acetone to study if dissolving the herbicides prior to the addition would stimulate their breakdown. Altogether, we obtained a more fundamental view of 2,4-D and 2,4,5-T degradation and the role of key species in that process. Most importantly, we show that initial starvation of bacterial communities in soils not amended with additional carbon and energy sources on the one hand and enrichment of these communities via pre-exposure to the herbicides, on the other hand, are key to a better performance of cultures degrading herbicides in particular and perhaps of xenobiotics in general.



MATERIALS AND METHODS


Soil Sampling and Culturing Conditions

This study describes two experiments to deepen our insight in the biodegradation of 2,4-D and 2,4,5-T. In the first experiment, we used two different herbicide-contaminated soils from the Bien Hoa Airbase, one that had been amended with organic materials and the other left unamended. In the second experiment, we used the same unamended soil but with herbicides added in two different forms, in powder or dissolved in acetone. The soil amendments were carried out in a previous study. In that previous study, herbicide and dioxin-contaminated soil was collected from Bien Hoa airbase (10°58′14.3″ N 106°48′19.3″ E), Dong Nai Province, Vietnam (Thi Cam Ha Dang, unpublished data). For that, five holes were dug 2.5–3 m deep from the surface by an excavator. Samples were taken at about 20–25 different positions of the piles of soil from each hole and well mixed on-site, transferred to Hanoi, and then divided over 6 containers, each with a volume of 200 L and filled with 140 kg of soil. The containers were periodically supplied with water to keep the moisture about 12–20%. The soils had an average dioxin toxicity of 21.605 ngTEQ/kg and 2,4-D and 2,4,5-T concentrations of 1,500 and 1,200 mg/kg soil, respectively. These soils were used for a bioremediation experiment during 38 months. One container, called T1, was left untreated for 38 months. The other five were biotreated for the same period each with a different design. The soil of one of these, called T4A, was amended with an inoculum of soil from Bien Hoa airbase after in situ bioremediation, 20% of agricultural waste (rice straw and rice husk) and compost from cattle manure and corn stalks, 17% of rice bran and soybean powder, along with 46% of a mixture of inorganic salts (NH4NO3, NH4Cl, K2HPO4, KH2PO4, Ca3(PO4)2 and MgSO4) and trace elements, 5% of plant surfactants and a mixture of vitamins (B12, B1, C), and 12% of organic acids and salts. The above components were supplied at the start and after 6, 21, 30 and 38 months of bioremediation (Thi Cam Ha Dang, unpublished data). In the study described here, we used the 38 months old soil from containers T1 and T4A to culture and enrich bacterial communities in order to correlate the potential of the communities to degrade the herbicides to their community compositions. The carbon and nitrogen concentrations in T1 and T4A soil were measured using a FlashEA 1112 (Thermo Scientific), with EAGER300 operating software and a thermoconductive detector (Aerts et al., 2019). T1 soil contained 0.43% carbon and 0.05% nitrogen, T4A soil contained 2.14% carbon and 0.31% nitrogen, which values are higher than in T1 soil as a result of the amendments. For all enrichment studies, we inoculated soil samples of 10 grams in 250 ml Erlenmeyers filled with basal salt medium (BS, 40 ml per culture) containing KH2PO4 0.5 g/l, (NH4)2SO4 0.25 g/l, MgSO4 0.2 g/l, CaCl2 0.5 g/l and NaNO3 0.4 g/l, pH 7.0 (van der Zaan et al., 2012). Compounds 2,4-D (>95% purity) and 2,4,5-T (>95% purity) were purchased from Sigma. In the first experiment, they were provided in powder form at final concentrations of 100 mg/l 2,4-D and 100 mg/l 2,4,5-T in cultures with soil from either the T1 or T4A containers that were incubated in the dark on a rotary shaker at 30°C and 200 rpm (1st enrichment). After a given cultivation period, 10 ml of these cultures were then used to inoculate 90 ml fresh BS medium with final concentrations of 200 mg/l 2,4-D and 100 mg/l 2,4,5-T and further incubated by shaking at 200 rpm and 30°C (2nd enrichment). In a second experiment, the herbicides were added either in powder form or dissolved in acetone at final concentrations of 100 mg/l 2,4-D and 100 mg/l 2,4,5-T in cultures with soil from the T1 container that were incubated in the dark on a rotary shaker at 30°C and 200 rpm (1st enrichment). Obtaining the 2nd, 3rd and 2nd spike enrichments was done essentially as described in the first experiment but again with the herbicides added either in powder form or dissolved in acetone at final concentrations of 200 mg/l 2,4-D and 100 mg/l 2,4,5-T. The number of cultivation days for each specific experiment is mentioned in the results section. From the initial carbon concentrations in T1 and T4A soils, we calculated that the residual carbon concentrations in the 1st, 2nd, and 3rd enrichments of T1 soil were 1075, 107.5, and 10.75 mg/L, respectively, and those of T4A soil in the 1st and 2nd enrichments 5,350 and 535 mg/L, respectively. All experiments were performed in triplicate. The control flask for non-biological degradation of the herbicides contained T1 soil that was sterilized by heating it at 121°C during 15 mins. A diagram with the set up of the mesocosms and the two enrichment experiments described in this study is shown in Supplementary Figure S1.



Rationale for Random Sampling vs. Destructive Sampling

We aimed to study the succession over time of bacterial cultures growing on 2,4-D and 2,4,5-T as the major carbon and Gibbs energy sources and to correlate community structures and their changes to their corresponding degradation capacities. We rationalized that it should be best if samples were taken over time from the same bottle rather than via destructive sampling of parallel cultures in time. Therefore, we investigated if the herbicides would be homogenously distributed during random sampling. For that, 2 ml of homogenate from flasks containing 10 ml of BS medium and 200 mg/l each of 2,4-D and 2,4,5-T were taken for herbicide extraction. For destructive sampling, three vials that had 2 ml of BS medium and 200 mg/l of each 2,4-D and 2,4,5-T were extracted using the QuEChERS method. The results showed no significant differences between either of the two sampling methods (Supplementary Figure S2). Therefore, we used random sampling from the same cultures to study the biological succession of their bacterial communities.



Determination of 2,4-D and 2,4,5-T Concentrations by Tandem Liquid Chromatography-Mass Spectrometry (LC-MS/MS)

To track the decline of herbicide concentrations over time, herbicides were extracted using the Quick, Easy, Cheap, Effective, Rugged, and Safe (QuEChERS) method (Rejczak and Tuzimski, 2015). At various time points, aliquots of the cultures (2 ml) were transferred to 15-ml Falcon tubes. Next, 2 ml of acetonitrile with 1% formic acid was added and vortexed for 15 min. A mixture of salts (2 g of MgSO4, 0.5 g of NaCl, 0.5 g of C6H5NaO7·2H2O, and 0.25 g of C6H6Na2O7·1.5 H2O) was added to the homogenate and mixed for 5 min, followed by centrifugation for 5 min at 12,000 × g. Then, 2 ml of the supernatant was collected for the LC-MS/MS analysis. The amount of residual 2,4-D and 2,4,5-T in the culture medium at different time points was determined by LC-MS/MS using an Elute ultra-high-pressure liquid chromatography (UHPLC) system coupled to an EVOQ triple quadrupole mass selective detector (TQ-MS; both Bruker, Bremen, Germany). The target compounds were separated on a 50 × 2 mm, 3 μm Luna C18 column (Phenomenex, Utrecht, The Netherlands) at a temperature of 40°C, applying a gradient of 0.1% formic acid and methanol (both Biosolve, Valkenswaard, The Netherlands). The gradient started with 5% methanol, increased in 2 mins to 30% followed by an elevation to 100% in 4 mins with a constant flow of 400 μl/min. The TQ-MS was set at electrospray ionization in a negative ion mode. The transitions for 2,4-D were 221 > 163 and 219 > 161 (quantifier/qualifier). For 2,4,5-T the transitions were 253 > 195 and 255 > 197 (quantifier/qualifier). All the transitions were scanned with a rate of 300 ms. Before analysis, samples were diluted in de-ionized water and stored at 4°C until injection. Data acquisition and analyses were performed with MS Data review software. Data analyses of the biodegradation tests were performed using Prism version 8.2.1.



Detection of 2,4-D and 2,4,5-T-Degrading Genes by PCR

Primers for the PCR amplification of tfdA, tfdB, tfdC, and tftA genes are listed in Table 1. The PCR amplification conditions were as follows: 3 min at 94°C, 30 cycles with 60 s at 94°C, 60 s at 53°C, 60 s at 72°C, and final elongation for 6 min at 72°C. All PCR products were separated on 1.5% agarose gel, stained with Roti®-Gelstain, visualized under UV light, and photographed. DNA of the PCR fragments was sequenced by Macrogen Europe.


Table 1. List of primers used for detection of genes involving in break-down of 2,4-D and 2,4,5-T and the V3-V4 region of bacterial 16S rRNA genes.

[image: Table 1]



Community Profiling Using Illumina Sequencing of the 16S rRNA Gene Amplicon

DNA of enrichment samples was extracted using the MoBio PowerSoil® DNA Isolation kit (Carlsbad, CA, USA). The quality and quantity of the extracted DNA were checked by agarose gel electrophoresis and Qubit dsDNA HS Assay kit (ThermoFischer Scientific, cat. no. Q32851).

The primers used to target the V3–V4 region of bacterial 16S rRNA genes are listed in Table 1. These amplicon primers contained Illumina adapters and an 8-nucleotide index barcode sequence (Kozich et al., 2013). The PCR system and amplification conditions were similar to those described by Mao et al. (2015). The composition of a PCR reaction was as follows: 5 μM primers, 5x Phusion HF Green Buffer, 10 mM dNTP mix, 2 U/μL Phusion II HS HF Polymerase, and 1.5 ng DNA template. The PCR program with Veriti Thermal Cycler (Thermo Fisher Scientific) consisted of the following steps: initial denaturation at 98°C for 30 s, 25 cycles at 98°C for 30 s, 55°C for 30 s and 72°C for 30 s, and a final extension at 72°C for 5 min. The PCR products were purified with Agencourt AMPure XP magnetic beads (Beckman Coulter, Brea, CA, USA) on a BILATEST magnetic separator plate (Sigma Aldrich, cat. no.: Z662429-1EA). Subsequently, purified PCR products were visualized using gel electrophoresis and quantified with a Qubit dsDNA HS Assay Kit on a Qubit 2.0 fluorometer (Thermo Fisher Scientific). The libraries were sequenced on the Illumina MiSeq platform (Illumina Inc; San Diego, CA, USA) with 150 cycles for forward and reverse reads.



Sequence Processing and Analyses

The sequencing data reads were processed as described previously (Persoon et al., 2017). In short, the reads were merged (Edgar and Flyvbjerg, 2015), filtered, and clustered into operational taxonomic units (OTUs) in line with the UPARSE method using USEARCH version 8.0.1623 (Edgar, 2013). Sequences to be mapped to the cluster centroids were filtered on a maximum error rate of 0.005, while no ambiguous bases were allowed. QIIME version 1.8.0 (Caporaso et al., 2010) was used to select the most abundant sequence of each OTU, the taxonomy of which was assigned using the RDP classifier (Wang et al., 2007) with a minimum confidence of 0.8 and the 97% representative sequence set (V3–V4 region only, made non-redundant [cf. Koopman et al., 2016] based on the SILVA rRNA database v132 (Quast et al., 2013). For the taxonomic summaries of the bacterial communities at phylum and genus levels, the counts in the OTU table were converted to relative abundances. Before the alpha- and beta-diversity analyses (including nMDS), the OTU table was standardized using the decostand function (method = “hellinger”) (Steinert et al., 2017, 2019; Helber et al., 2019) of the R package vegan v.2.5-6 (Oksanen et al., 2016) in R v3.3.1 (R Core Team, 2016). The alpha diversity indices, species richness (S, number of OTUs/sample), and Shannon index (H) were calculated in R using vegan. The difference in alpha diversity indices between two groups (i.e., spikes, soils, and enrichments of soils) was analyzed with the Wilcoxon rank-sum test using function wilcox.test, whereas the difference in alpha diversity indices among enrichments of each spike was analyzed with the Kruskal–Wallis rank-sum test using the function kruskal.test followed by Dunn's Kruskal-Wallis multiple comparisons test using the function dunnTest within the package FSA v.0.8.30 (Ogle, 2017) with the Benjamini-Hochberg (BH) p value correction for multiple testing (Benjamini and Hochberg, 1995). The non-metric multidimensional scaling (nMDS) plot was created via the function metaMDS (Bray–Curtis distances). Confidence ellipses in nMDS plots were shown at a 0.95 level using the function ordiellipse (kind “sd”) of the vegan package. Multivariate analysis based on Bray–Curtis dissimilarities (1,000 permutations) of bacterial communities based on soils, spikes, enrichments, followed by pairwise comparisons of enrichments were performed using the functions betadisper, permutest (dispersion), adonis (PERMANOVA) from vegan, and the function pairwise.perm.manova of the package RVAideMemoire v.0.9-77 (Hervé, 2020) with the BH p-value correction for multiple testing.

The OTU differential abundance (log2-fold change in abundance of each OTU) between two groups (i.e., between two culture periods of enrichment was calculated using the R package phyloseq v.1.32.0 (McMurdie and Holmes, 2013) and “DESeq2” v1.28.1 (Love et al., 2014). For this analysis, the original OTU table was normalized internally with DESeq2. The p values were adjusted with the BH correction method and an OTU was considered as differentially abundant if its mean proportion was significantly different between sample classes (p < 0.05). Only OTUs with a relative abundance of more than 2% in total were selected for these analyses.



Data Accessibility

The raw Illumina sequencing data were deposited at the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) under the accession number PRJNA596903. The link to this data, initially for review only, is https://submit.ncbi.nlm.nih.gov/subs/sra/SUB6464612/overview. After acceptance of the manuscript, the data will become publicly available along with an assigned DOI number. The 6 sequenced gene fragments have GenBank accession numbers from MT149894 to MT149899.




RESULTS


Biodegradation of 2,4-D and 2,4,5-T by Bacterial Soil Communities Originating From Bien Hoa Airbase

Bacterial communities enriched from untreated soil were more potent in the degradation of 2,4-D and 2,4,5-T than those enriched from biotreated soil. We show that in the first set of experiments, during which we studied the degradation of the herbicides over time in cultures inoculated with soil from either T1 (untreated control) or T4A (biotreated) mesocosms. The results of that degradation experiment are shown in Figure 1. It should be noted that the initial concentrations of the herbicides in the T4A culture were higher than those of the control and the T1 culture due to residual 2,4-D and 2,4,5-T in the T4A soil. The flask inoculated with T1 soil degraded both herbicides within 5 days of cultivation. This is in contrast to the culture with T4A soil that hardly showed degradation throughout 23 days of cultivation (Figures 1A,B). When these cultures were refreshed with new medium and herbicides (see “Soil Sampling and Culturing Conditions” in Materials and Methods section), we noticed that the T1 cultures were still able to degrade the herbicides within 5 days. Now, also the T4A cultures showed degradation of both herbicides in this 2nd enrichment after 25 days of cultivation (Figures 1C,D). The data further show an apparent increase in the levels of the herbicides in T4A cultures (Figures 1C,D). We hypothesize that 2,4,5-T is slowly released from soil particles resulting in enhanced concentrations in solution. The levels of the herbicides stayed constant in the sterile controls. We also determined the number of colony forming units (CFUs) over time in both enrichments to get an impression of the biomass over time (Supplementary Figure S3).


[image: Figure 1]
FIGURE 1. Degradation of 2,4-D (A,C) and 2,4,5-T (B,D) in cultures inoculated with T1 (red curves) and T4A (green curves) soil of the 1st enrichment and the 2nd enrichment (C,D) in time. The blue curves are data from the sterilized control flask. Each data point is the average of three independent measurements, and the error bars are their corresponding standard deviations.




Community Dynamics of Herbicide Degrading Cultures Enriched From T1 and T4A Soil

This paragraph shows that the taxonomic diversity and succession of the bacterial communities in the enrichment cultures of T1 soil and T4A soil described above were significantly different. To obtain the taxonomic data of these bacterial communities, samples were taken at different time points for DNA extraction and subsequent community profiling via the Illumina MiSeq platform. Taxonomic analysis of the normalized (relative abundance) OTU tables yielded a total of eleven classifiable phyla (Supplementary Figure S4A). Three of these were dominant in all samples of communities enriched from T1 soil, namely Proteobacteria (63–74%), Actinobacteria (6.4–28%), and Bacteroidetes (3.0–19%). Bacterial consortia developed from T4A soil on the other hand contained a high percentage of Firmicutes (57–99.9%). Species from three genera, Sphingomonas, Glutamicibacter, and Pseudomonas, became dominant after 5 days of cultivation with relative abundances of 31, 27, and 7%, respectively. The relative abundance of species from some other genera, Castellaniella, Proteiniphilum, and from the family Microscillaceae, on the other hand, decreased in that period (Supplementary Figure S4B). Enrichments from T4A soil showed a significant increase of species from the genera Bacillus, Symbiobacterium, and Paenibacillus upon prolonged exposure to the herbicides. Representatives of the Atopostipes, on the other hand, were significantly decreased in their relative abundance (Supplementary Figure S4B). In the 2nd enrichment of all cultures enriched from T1 soil, members of three phyla, Proteobacteria (87–93%), Actinobacteria (1.3–14%), and Bacteroidetes (2–12.8%), were dominant (Supplementary Figure S5A). These included 9 relatively abundant genera amongst which Sphingomonas (17.7–59%), Luteimonas (4.4–22.5%), Proteiniphilum (0.7–6.4%), Rhodanobacter (0.6–14.6%), Bordetella (1–4%), Glutamicibacter (0.7–11%), Sphingopyxis (2.6–10%), Acinetobacter (0.2–2.6%) and Achromobacter (1.3–11.1%). Members of the genus Sphingopyxis were present at relatively high abundances at all time points of cultivation. The relative abundances of some other genera, however, changed over time. Those of the genera Sphingomonas and Pseudomonas increased during 25 days of cultivation. In contrast, the relative abundances of members of the genera Luteimonas (4.4–22.5%), Proteiniphilum and Acinetobacter decreased over time (Supplementary Figure S5B). The genera that were dominant in the enrichments of T1 soil were hardly present in those of T4A soil. In these cultures, members of the phylum Firmicutes were present at relatively high abundances (>99%). The most dominant genera after 25 days of cultivation were Paenibacillus (49.7%), Symbiobacterium (17.0%). The relative abundance of genera belonging to the Clostridiales, on the other hand, decreased in all cultures during 25 days of cultivation (Supplementary Figure S5B).

The OTU tables were further analyzed for alpha diversity indices (Supplementary Figure S6), both the OTU richness index (left panels of each set) and the Shannon index (right panels of each set), in order to determine the richness and diversity of species within these cultures. The results show that the alpha diversity indices of T1 soil were significantly higher than those of the T4A bacterial communities (Supplementary Figure S6A).

OTU richness and Shannon indices of the soil T1 were higher significant than those of the soil T4A. The bacterial diversity was statistically different as judged by the OTU richness index in the 1st and 2nd enrichment of T1 soil communities. In contrast, the results of the Shannon index did not reach the level of significance in either of the enrichment communities (Supplementary Figure S6B). We also compared the microbial species richness of the 1st and 2nd enrichment originating from T4A soil, as estimated by the OTU richness index and Shannon index, and the results show that they are not significantly different (Supplementary Figure S6C).

The nMDS analysis revealed different profiles of bacterial communities between cultures enriched from T1 and T4A soils, which was significant as judged by permutational multivariate analysis of variance (PERMANOVA p < 0.001) (Supplementary Figure S7A). However, it should be noted that the multivariate homogeneity of group dispersions also indicated a significant difference between the T1 and T4A cultures (dispersion p < 0.01). Such dispersion of bacterial communities may well be explained by the fact that the bacterial communities were sampled and analyzed at different time points after the start of the experiment. The number of samples taken and analyzed at each time point were only two, which is not enough for statistics. Therefore, we do not display them in Supplementary Figure S7 and do not mention the effects of the sampling time on the bacterial communities structures. T1 cultures displayed significantly different bacterial community profiles between the 1st and 2nd enrichments, whereas they were homogeneous within each of the enrichments (dispersion p > 0.05 and PERMANOVA p < 0.001) (Supplementary Figure S7B). In the case of the T4A cultures, we noticed significant differences of bacterial community profiles between 1st and 2nd enrichments by both permutational multivariate analysis of variance (PERMANOVA p < 0.01) and the multivariate homogeneity of groups dispersions (dispersion p < 0.01) (Supplementary Figure S7C).

The different taxa whose relative abundances significantly changed over time during the cultivation are shown in Figure 2. The 1st enrichment of T1 soil showed 3 OTUs (genera Castellaniella, Proteiniphilum, and a member of the Microscillaceae) with decreased and 6 OTUs (genera Sphingomonas, Sphingobium, Achromobacter, Pseudomonas, Glutamicibacter, and Novosphingobium) with increased relative abundances over the time of cultivation. The latter six OTUs had a low relative abundance in the original inoculum, but they became more dominant during growth in the 1st enrichment cultures with 2,4-D and 2,4,5-T as the major carbon and energy sources. In the 2nd enrichment, 6 OTUs that belong to genera Sphingomonas, Pseudomonas, Bordetella, Achromobacter, Sphingobium, and Novosphingobium were significantly enriched after 5 days of cultivation (Figure 2C).
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FIGURE 2. Differential analysis of OTUs whose relative abundance changed significantly after 5 days of cultivation as compared to the start of the experiment. (A,B) Show the results from bacterial communities in the 1st enrichments of T1 and T4A soil, respectively, and (C,D) those from bacterial communities in the 2nd enrichments of T1 and T4A soil, respectively. The phyla of the respective OTUs are indicated at the upper left of each figure with the corresponding colors.


The 1st 5 days of enrichment of T4A soil resulted in decreased relative abundances of species from the genera Atopostipes, Ureibacillus, and Thermoactinomyces all 3 of which are from the Firmicutes (Figure 2B). Other genera such as Bacillus, Paenibacillus, Solibacillus, Lysinibacillus and Fontibacillus from the Firmicutes and Bacteroidetes became relatively more abundant.



Relation Between Bioavailability and Degradation Kinetics of 2,4-D and 2,4,5-T by T1 Communities

From the second set of experiments, we concluded that the breakdown of 2,4-D and 2,4,5-T improved when they were dissolved in acetone prior to addition to the enrichment cultures. To show this, we supplied the herbicides either in powder form (P) or dissolved in acetone (S), with the assumption that in the latter forms the herbicides should be more bioavailable. We decided to use the 38 months old T1 soil as inoculum as this soil showed the highest capacity to degrade the herbicides in the initial experiments. The resulting cultures degraded both herbicides within 25 days of cultivation during the 1st enrichment (Figures 3A,B), and possibly faster than that, but here we were interested in the enrichment of degrading species.
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FIGURE 3. Degradation of 2,4-D (A,C,E,G) and 2,4,5-T (B,D,F,H) in mineral salts medium inoculated with T1 soil in the 1st enrichment (A,B), degradation profiles of the 2nd enrichment (C,D), of the 3rd enrichment (E,F), and of the 2nd enrichment after addition of an extra spike of the herbicides (G,H) during a 12-day cultivation period. Each point and shape represent the average of three independent measurements, and the error bars are their standard deviations. Blue circles, control with sterilized soil (see “Soil Sampling and Culturing Conditions” in Materials and methods section); green triangles, herbicides in powder form; red squares, herbicides dissolved in acetone.


For the 2nd enrichment culture, we used a 10% volume from these 25 days-old cultures to inoculate fresh media with the herbicides and monitored the kinetics of their degradation. Both herbicides were fully removed within 7 days of culturing when they had been dissolved in acetone, but it took around 15 days when they were added in powder form (Figures 3C,D). When these 2nd enrichments had again been refreshed with new medium and herbicides, the rates of 2,4-D and 2,4,5-T degradation in this 3rd enrichment were similar regardless of whether they were supplied in powder form or dissolved in acetone. For both compounds, more than 60% was consumed within the first 2 days of culturing and complete removal was apparent within 5 days (Figures 3E,F). We also determined the degradation kinetics in the 2nd enrichment after the herbicides had been consumed and spiked with additional herbicides (2nd spike). The results are comparable with those from the 3rd enrichment (Figures 3G,H). Again, we determined the number of CFUs over time in all enrichments and the spike experiment to get an impression of biomass formation (Supplementary Figure S8).



Community Structures and Dynamics of Enrichment Cultures From T1 Soil

The nMDS analysis revealed that the addition of the herbicides in powder form or dissolved in acetone to the cultures resulted in somewhat different bacterial communities in the second enrichments (Figure 4A). Furthermore, we also observed significant changes in the bacterial consortia during successive enrichments of the cultures (Figures 4B,C). Pairwise comparisons between the enrichments after the spike P (herbicides in powder form) showed that the bacterial consortia of all pairwise comparisons of the enrichments were significantly different (Supplementary Table S1). Pairwise comparisons between the enrichments after the spike S (herbicides dissolved in acetone) showed that the bacterial consortia of almost pairwise comparisons of the enrichments were significantly different except for the pairwise comparison of the 2nd spike (2nd Sp) and 3rd enrichments, which had similar bacterial consortia (Supplementary Table S1).
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FIGURE 4. nMDS ordination of the Bray-Curtis dissimilarity between soil bacterial communities of cultures where the herbicides were added in powder form or dissolved in acetone (A), between soil bacterial communities of different enrichments where both 2,4-D and 2,4,5-T were added in powder form (B) and between soil bacterial communities of different enrichments where 2,4-D and 2,4,5-T were dissolved in acetone (C). P, herbicides in powder form; S, herbicides dissolved in acetone. Taxonomic variables (OTUs) have been added as gray dots to the background of each ordination using function argument “points,” display = “species” of the function “metaMDS” in R.


The alpha diversity indices, Richness indices (left panels of each set in Supplementary Figure S9), and Shannon indices (right panels of each set in Supplementary Figure S9) were determined during the enrichments. The result shows that these indices do not differ significantly over time depending on whether the herbicides had been added in powder form or dissolved in acetone (Supplementary Figure S9A). We also compared the bacterial species richness of the 1st, 2nd, 2nd spike, and 3rd enrichment cultures with herbicides supplied in either powder form or dissolved in acetone, as estimated by the Richness index and the Shannon index. These results indicated that the diversity quickly decreased over time in each enrichment regardless of the way the herbicides were added (Supplementary Figures S9B,C).

The bacterial genera from the enrichments of T1 soil grouped into 13 phyla, the most dominant of which are Proteobacteria, Bacteroidetes, Actinobacteria, and Firmicutes (Supplementary Figures S10–S13). The profiles of the abundant phyla in the 1st enrichment were comparable regardless of whether the herbicides were added in powder form or dissolved in acetone (Supplementary Figure S10A), but they diverged in the 2nd, 3rd, and 2nd spike enrichments (Supplementary Figures S11A, S12A, S13A). The succession of the communities in the 3rd enrichment and in the 2nd enrichment with the additional spike was relatively comparable. Cultures, where the herbicides were dissolved in acetone, showed an increase in members of the Bacteroidetes and a decrease of those of the Proteobacteria. This is in complete contrast to the subsequent enrichments where the herbicides had been supplied in powder form. Here, we observed an increase in the Proteobacteria and a decrease in Bacteroidetes (Supplementary Figures S11A, S12A, S13A).

The 5 most abundant genera in the 1st enrichment where 2,4-D and 2,4,5-T had been spiked in powder form were Sphingomonas, Proteiniphilum, Luteimonas, Sphingobium, and Sphingopyxis. Most of the corresponding OTUs had a low relative abundance in the original inoculum, but they became increasingly abundant after 25 days of cultivation (Figure 5A). All of these had a significantly differential relative abundance increase over the time of cultivation. The relative abundance of members of the genera Sphingomonas and Pseudomonas further increased over time in the next enrichments (Supplementary Figure S14A).
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FIGURE 5. Differential analysis representing each OTU whose relative abundance changed significantly (p < 0.01) over time from the original inoculum (EPA), in 1st enrichment of T1 soil communities with 2,4-D and 2,4,5-T in powder form (A) and 2,4-D and 2,4,5-T dissolved in acetone (B). Colors represent the phylum of the presented OTUs.


Cultures spiked with 2,4-D and 2,4,5-T dissolved in acetone, showed differential increases of 26 OTUs, the most dominant of which belong to the genera Sphingomonas, Luteimonas, Gordonia, and families Burkholderiaceae, and Rhizobiaceae in the 1st enrichment after 25 days of cultivation (Figure 5B; Supplementary Figure S10B). The 2nd enrichment further boosted the growth of species from the genera Bordetella, Sphingomonas, Achromobacter, and Sphingobium after 7 days of cultivation (Supplementary Figures S11B, S15A). Interestingly, members of the genera Sphingomonas and Achromobacter became even more dominant in the 3rd enrichments and after the 2nd spike in the 2nd enrichment (Supplementary Figures S12B, S13B). This is also apparent from the differential abundance analyses (Supplementary Figures S15B,C).



Key Genes of 2,4-D- and 2,4,5-T-Degrading Bacteria

We also isolated two bacterial species and characterized them for key genes involved in degradation of the herbicides. For that, we plated serial dilutions of the 2nd enrichments on nutrient agar plates and isolated bacterial cells from two of the most abundant colonies that appeared, for an initial characterization of their genetic potential to degrade 2,4-D and/or 2,4,5-T. Sequencing of their 16S rRNA genes revealed that they were related to Bordetella petrii and Sphingomonas histidinilytica (Nguyen et al., submitted). We have tentatively designated these two species B. petrii BT1 9.2 and S. histidinilytica BT1 5.2, respectively. Targeted PCR on their DNA revealed that B. petrii BT1 9.2 has tfdA, B, and C genes (Table 2). It did not show a PCR product amplified from a homologous tftA gene. S. histidinilytica BT1 5.2 on the other hand did show the latter product, along with PCR fragments of the tfdB and tfdC genes. The tfdA gene was apparently absent from this species as we did not obtain the appropriate PCR fragment.


Table 2. Summary of species and genes involved in break-down of 2,4-D (columns 2,4-D) and 2,4,5-T (column 2,4,5-T).
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DISCUSSION

We here report on the bacterial community structure, activity, and dynamics of cultures originating from Vietnamese soil heavily contaminated with herbicides. Cultures from both the untreated control soil (T1) and biotreated soil (T4A; amended with various ingredients amongst which different carbon sources such as rice straw and compost. See the Materials and Methods section for details) were incubated with the herbicides 2,4-D and 2,4,5-T as the major sources of carbon and energy. Other sources were those still present in the original soil and amounted to about 10–50 mg/L in the 3rd enrichments, which is at about the same order of magnitude as the total concentrations of the herbicides, i.e., 200–300 mg/L. Both T1 and T4A soil communities showed degradation of the herbicides coupled to cellular growth, but the T1 culture did this significantly faster than the one from T4A. The U.S. Environmental Protection Agency estimated the half-life of 2,4-D in natural environments at around 10 days in aerobic soils and 41–333 days in anaerobic aquatic environments (EPA, 2005). Our T1 enrichment showed a half-life of 2,4-D of 1–2 days, which is even faster than described in that document. The initial T1 community was dominated by Alphaproteobacteria as opposed to some genera of the phylum Firmicutes, like Paenibacillus, Symbiobacterium, Bacillus, and Ureibacillus in the T4A community. Indeed, many species from the Alphaproteobacteria are known for their ability to degrade herbicides (Huong et al., 2007; Cycoń et al., 2011; Giri et al., 2016). We hypothesize that the community from untreated soil is relatively poor in carbon and Gibbs energy sources and as such offers niches for specialized strains that can use the herbicides as alternative sources much more efficiently than those from cultures raised from richer soil. In the latter case, the specialists may well have been outcompeted by those growing on the amendments as a result of competition for oxygen, for vitamins or for essential nutrients. Indeed, many reports indicate that indigenous microbial populations are good candidates for the breakdown of aromatic compounds that pollute the environment that they live in (Ren et al., 2015; Liu et al., 2019). More detailed studies also showed a clear correlation between expression of tfdA and cad genes involved in phenoxyacetic acid degradation and mineralisation rate of these herbicides along with the evolution of the soil microbial communities (Bælum et al., 2008; Ditterich et al., 2013).

The approach to expose the communities to the herbicides as the major sources of carbon and energy turned out to be successful. Firstly, the T4A community started degrading the herbicides, albeit only after a prolonged duration of the enrichment. Many studies have also reported the adaptation of microbial communities to persistent organic pollutants in laboratory systems (Macedo et al., 2006; Poursat et al., 2019a,b). Secondly, it has led to the enrichment of species that suggest their importance in their breakdown. Indeed, we isolated two species from the enrichments, termed them B. petrii BT1 9.2 and S. histidinilytica BT1 5.2 after their closest relatives, and showed that they contain genes relevant for the breakdown of 2,4-D and/or 2,4,5-T. Sphingomonas species are versatile organisms with a high potential to degrade (chlorinated) aromatics as well as 2,4-D (Smejkal et al., 2001; Fukuda et al., 2002; Xia et al., 2005; Sørensen et al., 2013). However, to our knowledge, this is the first study showing that a B. petrii species has that potential as well. Only one report describes genes involved in the degradation of 2,4-D, but that genetic potential has never been verified by physiological experiments (Gross et al., 2008).

In addition to these 2 species, several other ones that showed increased contributions upon successive enrichments were detected in the Illumina profiles. Sphingomonas, Pseudomonas, and Achromobacter are dominant genera that were enriched from T1 soil and these may play a crucial role in the degradation of 2,4-D and 2,4,5-T. Members of the genus Sphingomonas are becoming important in environmental microbiology because they have been reported to degrade 2,4-D as judged from many studies (Smejkal et al., 2001; Thiel et al., 2005; Shimojo et al., 2009; Cycoń et al., 2011). In addition to Sphingomonas, also species from the genera Pseudomonas and Achromobacter are known for their potential to degrade 2,4-D (Amjad, 2003; Vedler et al., 2004; Xia et al., 2017).

We further rationalized that bioavailability of 2,4-D and 2,4,5-T would be improved when we supplied them dissolved in acetone, rather than in powder form. Adding 2,4-D and 2,4,5-T dissolved in acetone to the incubations keeps these chemicals largely in the dissolved form and thereby avoids the dependence of their biodegradation rates on the rates of dissolution of the crystalline substrates. In soil, their rates of biodegradation will depend on their partitioning to soil particles and, in particular, on their rates of desorption. There is evidence that these chemicals form bound residues in soil with low bioavailability, which will therefore resist biodegradation (Davies et al., 1999; Botero et al., 2017). Indeed, we observed a fast breakdown of both herbicides dissolved in acetone at the first 7 days of the 2nd enrichment (see Supplementary Figure S1), while it took some 7 days before the start of degradation of the herbicides when they were added in powder form. When both cultures were refreshed with a new medium, the rates of the breakdown of the herbicides were comparable regardless of the way the herbicides were supplied. Apparently, both communities became optimally adapted to their specific culturing conditions. Not only were the kinetic patterns of herbicide degradation different, but also the community structures after the subsequent enrichments were different. The dominance of Sphingomonas was apparent in both types of culture, but the one with herbicides added as powder additionally showed relatively high abundances of Achromobacter and Pseudomonas, whereas the one with herbicides dissolved in acetone showed relatively high abundances of Luteimonas and Terrimonas. Perhaps this difference in community structure reflects the preference of certain bacterial groups concerning adhesion and uptake of the herbicides. Likewise, some bacterial species from these genera may feed on necromass as part of a more extended food web in these enrichment cultures.

Taken together, our study contributes to a more fundamental understanding of the succession of bacterial communities concerning structure, function, and dynamics upon exposure to herbicides and demonstrates the appearance of key species potentially speeding up the rate of herbicide degradation. Here, we assume that dominance of such key species reflects the potential to use the herbicides 2,4-D and 2,4,5-T as the major sources of carbon and energy, but this still requires verification. Most importantly, the rate of breakdown of the herbicides not only depends on the history of the indigenous community and a successful enrichment by supplying the herbicides as carbon and energy sources but also on the bioavailability of these herbicides on the one hand and a certain degree of starvation concerning alternative carbon and energy sources on the other hand. These conditions may sum up to a more general principle for biodegradation of other types of xenobiotics as well. More specifically, our study results, under laboratory conditions, suggest that keeping a carbon starvation condition during the onsite treatment may probably result in an efficient, low-cost and environmentally friendly remediation process for herbicide-contaminated soils.
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