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Abstract

Background: Thiabendazole (TBZ), is a benzimidazole fungicide and anthelminthic whose high
persistence and toxicity pose a serious environmental threat. In our quest for environmental mitigation
we previously isolated the first TBZ-degrading bacterial consortium and provided preliminary evidence
for its composition and the degrading role of a Sphingomonas. Here, we employed a multi-omic
approach combined with DNA-stable isotope probing (SIP) to determine the genetic make-up of the
key consortium members, to disentangle nutritional and metabolic interdependencies, to identify the
transformation pathway of TBZ and to understand the genetic network driving its transformation.
Results: Time-series SIP in combination with amplicon sequencing analysis verified the key role of
Sphingomonas in TBZ degradation by assimilating over 80% of the '*C-labelled phenyl moiety of TBZ.
Non-target mass spectroscopy (MS) analysis showed the accumulation of thiazole-4-carboxamidine as
a single dead-end transformation product and no phenyl-containing derivative, in line with the phenyl
moiety assimilation in the SIP analysis. Time series metagenomic analysis of the consortium
supplemented with TBZ or succinate led to the assembly of 18 metagenome-assembled genomes
(MAGs) with >80% completeness, six (Sphingomonas 3X21F, y-Proteobacterium 34A,
Bradyrhizobiaceae 9B and Hydrogenophaga 19A, 13A, and 23F) being dominant. Meta-transcriptomic
and -proteomic analysis suggested that Sphingomonas mobilize a carbazole dioxygenase (car) operon
during the initial cleavage of TBZ to thiazole-4-carboxamidine and catechol, the latter is further
transformed by enzymes encoded in a catechol ortho-cleavage (cat) operon; both operons being up-
regulated during TBZ degradation. Computational docking analysis of the terminal oxygenase
component of car, CarAa, showed high affinity to TBZ, comparable to carbazole, reinforcing its high
potency for TBZ transformation. These results suggest no interactions between consortium members in
TBZ transformation, performed solely by Sphingomonas. In contrast, gene expression network analysis
revealed strong interactions between Sphingomonas MAG 3X12F and Hydrogenophaga MAG 23F,
with Hydrogenophaga activating its cobalamin biosynthetic pathway and Sphingomonas its cobalamin

salvage pathway along TBZ degradation.
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Conclusions: Our findings suggest interactions between consortium members which align with the
"black queen hypothesis": Sphingomonas detoxifies TBZ, releasing consortium members by a toxicant;
in return for this, Hydrogenophaga 23F provides cobalamin to the auxotrophic Sphingomonas.
Keywords: thiabendazole, biodegradation, B12 auxotrophy, bacterial consortium, Sphingomonas,

Hydrogenophaga, carbazole dioxygenase

Background

Thiabendazole (TBZ) is a benzimidazole compound which is used as a post-harvest fungicide to control
fungal infestations on fruits during storage [1] and as a broad spectrum anthelminthic to control
endoparasites in livestock farming [2]. It acts by binding to tubulin monomers inhibiting the
polymerization of microtubules and, thus, cell growth [3-5]. TBZ has been identified as a common
contaminant of natural water resources in citrus producing areas [6, 7] threatening the integrity of water
ecosystems due to its high aquatic toxicity (i.e. NOEC fish = 12 pg L") [8]. We recently reported TBZ
concentration levels in soils adjacent to fruit packaging plants of up to 12,000 mg kg™ resulting in a
depleted bacterial diversity [9]. The extensive environmental contamination by TBZ is the result of its
high persistence (DTso soil - acrobicy™ 365 days) [10] and the lack of implemented methods for the treatment
of TBZ-contaminated agro-industrial effluents (despite the implementation of relevant EC legislation)
[11]. The problem is further exemplified by the limited capacity of microbial communities in municipal
wastewater treatment plants to remove recalcitrant chemicals like TBZ [12]. Instead municipal
wastewater treatment plants act as point sources for the contamination of receiving water bodies [12]
and agricultural soils [13]. In the latter case the application of biosolids, derived from a TBZ-containing
wastewater treatment plant, as fertilizers resulted in the persistence of 83% of the initially applied TBZ

after 3 years [13].

Bacterial specialists that have the capacity to degrade TBZ could be invaluable in bioaugmentation and
biodepuration strategies to avert its environmental impact. In this context, we recently enriched from a
heavily TBZ contaminated soil the first bacterial consortium capable of degrading and detoxifying TBZ

while using it as the sole carbon source [14, 15]. The consortium, which was dominated by different a-
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76, B- and y-Proteobacteria, was stable in its composition and its degrading efficiency. Preliminary assays
77  (i.e. stable isotope probing combined with denaturant gradient gel electrophoresis (SIP-DGGE)
78  analysis) pointed to a Sphingomonas as the key degrader of TBZ [14], with the roles of the other
79  consortium members remaining unknown. No single TBZ-degrading bacterial strain was isolated from
80  the consortium despite our copious attempts with different media and solidifying agents, indicating
81  underlying interactions of the key degrader with the other members of the consortium. The coherence
82  of pollutant-degrading microbial consortia goes beyond simple collaborative transformation of the
83  target pollutants [16, 17] and involves syntrophic and cross-feeding relationships on biomolecules like
84  amino acids and vitamins [18-20]. Comparative genomic analyses suggested an evolutionary drift in
85  bacterial genomes towards auxotrophic lifestyles on energetically costly amino acids and cofactors like
86  BI12[21, 22], shaping microbial communities in various environments and the human gut [23].
87
88 A prerequisite for the biotechnological exploitation of microbial consortia is to disentangle the roles of
89  keystone members, degraders and suppliers/feeders on key nutrients, whose presence guarantees
90  consortium coherence [24, 25]. In the current study we seek answers to the following questions: (i) Is
91  Sphingomonas the sole member of the consortium involved in the transformation of TBZ or are there
92  transformation interdependencies driving the detoxification the fungicide? (ii) Which are the main
93  transformation products of TBZ? (iii) Which is the role of other members of the consortium, with
94  respect to TBZ degradation, and does its stable composition infer established roles amongst them? (iv)
95  Which are the genes and enzymes involved in the transformation process? To answer these questions
96 we employed, in time series experiments, an integrated, multi-omics approach (meta-
97  genomics/transcriptomics/proteomics) combined with non-target mass spectroscopy (MS) analysis and
98  SIP-based amplicon sequencing, with the latter enabling the confident identification of the key
99  degrading members of the consortium.

100

101 Methods

102 Microbial consortium growth conditions.
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103 The TBZ-degrading bacterial consortium was routinely grown at 27°C in a minimal salts medium

104  (MSMN) supplemented with TBZ (25 mg 1"") as the sole carbon source [14] (see the supporting

105  information - SI - for media composition).

106

107  TBZ degradation assays

108  Experiment 1 - SIP analysis: A first degradation assay was performed to identify the members of the
109  consortium involved in the transformation of TBZ via DNA-SIP based amplicon sequencing analysis.
110 Triplicate 30-ml cultures of the consortium were supplemented with 25 mg 1" of unlabelled (**C) or
111 BC-TBZ labelled uniformly in its phenyl moiety (Clearsynth®, Mumbai, India). Triplicate flasks of
112 MSMN supplemented with unlabelled TBZ but not inoculated with the consortium were co-incubated
113 as abiotic controls. Aliquots of the cultures (0.5 ml) were removed at 36, 72, 117 and 141 h,
114 (corresponding to 10%, 30%, 100% degradation of TBZ and 24 h after its complete degradation, Figure
115 1A) to determine: (i) TBZ degradation via HPLC analysis as described previously [14] and (ii)
116  community composition via DNA extraction and amplicon sequencing as described below.

117  Experiment 2 - multi-omic analyses: A second degradation assay was employed to disentangle
118  metabolic interactions between consortium members and to identify, via a multi-omic approach, the
119  key genes/enzymes driving the transformation of TBZ. Triplicate cultures of the consortium were
120  amended either with 25 mg I"' TBZ (125 uM) or 37 mg 1"' of succinate (SUC; 314 uM) as the sole
121 carbon source (with a carbon concentration of 15 ug ml™' in each case). Parallel triplicate abiotic
122 controls as described above were also included. Aliquots (0.5 to 4 ml depending on the type of
123 measurement employed) were removed from cultures at multiple time points along the degradation of
124 TBZ and used for DNA/RNA/protein extraction and downstream metagenome binning, transcriptomic,
125  proteomic and non-target MS analysis for TBZ transformation product detection.

126

127  Nucleic acids extraction and quantification.

128  DNA and RNA were extracted from bacterial cell pellets with the NucleoSpin® Tissue and RNA kits,

129 respectively (Macherey-Nagel & Co, Diiren, Germany). Nucleic acid extracts were quantified with the
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130  Quant-iT™ HS ds-DNA assay kit and the Quanti-iT™ RNA HS kit with a Qubit™ fluorometer
131  (Invitrogen, USA).

132

133 SIP analysis.

134 DNA extracts from the '*C-labelled TBZ-treated culture were separated into '*C-labelled and unlabelled
135  fractions according to their buoyant density in a CsCl gradient established by ultracentrifugation at
136 167,000 x g for 36 hours at 20 °C [26]. DNA was extracted from the CsCl gradient buffer by
137  glycogel/PEG precipitation and used for subsequent 16S rRNA gene diversity analysis as described
138 further on and detailed in the SI.

139

140  Amplicon sequencing analysis.

141  The composition of the bacterial consortium in experiment 1 (SIP), was determined via multiplex
142 sequencing of PCR amplicons of the V4 hypervariable region of the 16S rRNA gene according to our
143 in-house protocol [27, 28] using primers S15F/806R [29, 30] as described in details in the SI. The
144 sample-wise-demultiplexed/quality-controlled read pairs were used for reconstructing the amplicon
145  sequences which were processed with the Lotus v1.58 suit [31] for generating the 97% sequence identity
146  operational taxonomic unit (OTU) matrices and obtaining their taxonomic classifications. The [-
147  diversity analysis was performed with the Entropart v1.4-7 [32] and the Vegan v2.5-5 [33] R v3.6.0
148  software [34] packages (more details are available in the SI).

149

150  Metagenome assembly, contig binning, annotation and synteny analysis.

151  Metagenome assembly within the context of the multi-omics experiment 2, was performed using the
152 sequencing data of five shotgun libraries over three sequencing runs using both second (Illumina) and
153 third generation (Pacific Biosciences) sequencing approaches as described in detail in the SI. The use
154  of both second and third generation sequencing approaches along with the choice of samples of the
155  consortium for DNA extraction at varying experimental conditions (assuring for differential genomic
156  coverage by the sequencing reads), aimed at achieving a robust assembly of the metagenome and

157  extracting metagenome assembled genomes (MAGs) as proposed previously [35]. Sequences were
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158  quality controlled and the devoted sequencing effort was assessed with Nonpareil v3.301 [36, 37].
159  Hybrid assembly was performed with Mira v5. 1 [38] and Megahit v1.1.3 [39] as described in the SI.
160  Metawatt v3.5.3 [40] was used for obtaining MAGs which were further classified and quality assessed
161  with MiGA against its registered NCBI genome collection [41]. Annotation of the sequences was
162  performed with Prokka v1.12 [42], enriched with the aromatic hydrocarbon degradation AromaDeg
163 [43] and the mobile genetic elements ALCME v0.4 [44] protein databases. The predicted open reading
164  frames (ORFs) were also compared against the SEED database [45] with Rapsearch v2.22 [46]. BLAST
165  was used for identifying molecular anchors during comparative genomics and the GenoPlotR v0.8.9
166  [47] R package was used for generating the associated plots.

167

168  RNA sequencing analysis.

169  Samples from experiment 2 obtained at 57, 73, and 109 hours post inoculation (hpi), corresponding to
170  40% degradation, 100% degradation and 36 h after 100% degradation of TBZ, were collected from
171  TBZ amended bacterial cultures (and from the succinate amended cultures) for transcriptomic analysis
172 via shotgun sequencing in Illumina Hiseq 2x250 bp rapid mode. Quality controlled sequences obtained
173 were mapped against the reference metagenome assembly sequence with STAR v020201 [48], while
174 transcript counts were predicted with HTSeq v0.9.1 [49]. Differential expression analysis was
175  performed using the trimmed mean of M-values (TMM) normalization approach [50] with edgeR
176 v3.14.0 [51] and hypotheses were tested with the negative binomial models and the generalized linear
177  model quasi likelihood F-test [52]. Associated multivariate analysis and modeling was performed with
178  the Vegan R package, while Spearman correlation tests (p > 0.5; Benjamini-Hochberg adjusted P-value
179  <0.05) followed by network analysis and associated substructure [53] identification methods were used
180  for identifying transcript memberships (see SI). Network and the keystoneness [54] analyses were
181  performed with Igraph v1.0.1 [55].

182

183  Metaproteomic analysis.

184  Lysed cells from the same samples used for RNA sequencing were treated with dithiothreitol as

185  reducing agent and iodoacetamide to break and prevent the reformation of disulfide bonds respectively.
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186  The resulting protein extracts were digested with trypsin, and the samples were desalted with ZipTips
187  as described in detail in the SI. Peptide mixtures were analyzed by nanoLC-MS/MS using an Orbitrap
188  Fusion mass spectrometer (ThermoFisher Scientific, Waltham, MA, USA). Protein identification was
189  performed as described previously [56] with Proteome Discoverer v2.2 (ThermoFisher Scientific,
190  Waltham, MA, USA) using SequestHT to search against the consortium metagenome translations of
191  the predicted ORFs. Label-free quantification of peptides was done with the Minora node implemented
192  in Proteome Discoverer. The abundances of confidently predicted proteins (false discovery rate below
193 1% as determined with the Percolator node) were analysed similarly with the RNA sequencing data
194  (see SI).

195

196  Non-target MS analysis of TBZ transformation products.

197  Samples from experiment 2 collected from different time points along the degradation of TBZ were
198  lysed by four repeats of sonication at 80 kHz for 30 s. They were then filtered through 0.22-um PTFE
199  syringe filters and aliquots of 450 ul were diluted with 25 pl of acetonitrile and 25 ul of a *C-caffeine
200  (internal) standard solution (Sigma-Aldrich, Steinheim, Germany). These were injected in a liquid
201  chromatography coupled with a quadrupole-time-of-flight mass analyser (LC-QTOF-MS) with an
202 Agilent 1260 Infinity system (Agilent Technologies, Foster City, CA, USA) connected to a Triple TOF
203 5600+ (Sciex Instruments, Foster City, CA, USA). The chromatographic separation was performed
204  using a SB-C18 analytical column (3 mm x 250 mm, 5 pm) [57]. TBZ transformation product analysis
205  was carried out in the samples according to previous works [58, 59] and as described in the SI.

206

207  Modelling of enzyme-TBZ interactions.

208  Selected ORFs which presented annotation relevant to aromatic compounds biodegradation (i.e. multi-
209  component carbazole dioxygenase) and up-regulation in the presence of TBZ, shown in both meta-
210  transcriptomic and meta-proteomic analysis, were computationally analyzed for possible ligand-protein
211  interaction prognosis. Maximum common substructures between carbazole (the original substrate of
212 the multi-component carbazole dioxygenase homologue identified as suspect catabolic enzyme in TBZ

213 transformation) and TBZ (alternative substrate of carbazole dioxygenase, our study) were calculated
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214 with the fmcsR v1.24.0 [60] as implemented by Rcpi v1.18.1 [61]. The protein 3-dimentional structure
215  models were calculated using SWISS-MODEL homology-based structure prediction approach [62].
216  Docking of TBZ was performed using Autodock Vina v1.1.2 [63] and the Autodock Tools v4.2.6 [64],
217  while Chimera v1.11.2 [65] was used for illustration of the results.

218

219 Results

220  DNA-based SIP analysis of the bacterial consortium.

221  The bacterial consortium was supplied with *C-labelled and unlabelled TBZ as sole carbon source and
222 the composition of the bacterial consortium was determined at four time-points along the degradation
223 of TBZ (Figure 1A). DNA from the heavy (1.72 - 1.75 g ml") and the light fractions (1.69-1.72 g ml™)
224 of the cultures supplemented with *C-labelled TBZ (Figure 1B), and total DNA from the cultures
225  supplemented with unlabelled TBZ was subjected to amplicon sequencing. In all treatments the
226  Dbacterial consortium was dominated by the same nine main OTUs belonging to o- (Sphingomonas,
227  Bradyrhizobiaceae,  Rhizobium,  Novosphingobium,  Hyphomicrobium and  Shinella), f-
228  (Hydrogenophaga, Thiobacillus) and y-Proteobacteria (Thiohalobacter) (Figure 1C). However, their
229  relative abundance varied in the heavy DNA fraction obtained from the *C-TBZ supplied consortium,
230  compared with the patterns observed in the corresponding light DNA fraction, and the consortium
231  supplied with unlabelled TBZ (Figure 1C). Although the Sphingomonas OTU was dominant in all
232 fractions and growth conditions, it entirely dominated the heavy DNA fraction of the community grown
233 on "“C-labelled TBZ (>80 % relative abundance).

234
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235

236  Figure 1. (A) The degradation patterns of unlabelled (**C, blue line) and *C-labelled TBZ (red line)
237  in MSMN inoculated with the bacterial consortium. Data are presented as % degradation relatively to
238  the non-inoculated abiotic control. Each value is the mean of three replicates + the standard deviation.
239 Arrows indicate the time points (and % degradation of TBZ) where amplicon sequencing analysis was
240  implemented; (B) Recovery of DNA after density gradient centrifugation of sample replicates

241  retrieved from the unlabelled TBZ supplemented culture (left) and the *C-labelled-TBZ grown

242 cultures with the light (corresponding to the unlabelled TBZ sample peak CsCl solution densities of
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243 1.69-1.72 g ml™") and the heavy DNA fraction (corresponding to CsCl solution densities of 1.72-1.75
244  gml') separated along the CsCl density gradient (right panel); (C) The composition of the bacterial
245  consortium (determined via 16S rRNA gene amplicon sequencing) in the different DNA fractions

246  (unlabelled, light and heavy fraction of '*C-labelled TBZ) described above, with stacked bars

247  presenting the mean relative abundances of the OTUs among triplicates, and error bars showing the
248  standard deviations (taxa with up to 2 % relative abundance in all samples were grouped together).
249

250  Multi-omic and non-target MS analysis of TBZ transformation products

251  We subsequently determined in a time-series experiment (i) the meta-genome/-transcriptome/-
252 proteome of the bacterial consortium supplemented with TBZ or succinate (offered as a non-selective
253 C source) and (ii) the transformation products produced during the degradation of TBZ by the
254 consortium. These results allowed us to explore possible cross-feeding associations between members
255  of the consortium, to identify their metabolic potential and genes/enzymes with possible role in the
256  transformation of TBZ and eventually to propose a putative transformation pathway of TBZ.

257  Metagenome analysis of the bacterial consortium: The metagenome assembly resulted in 6,742
258  contigs with an N50 of ~100 kb and an overall assembly length of ~98.5 Mbp (considering contigs >
259 500 bp; Table S1), with the devoted sequencing effort sufficiently covering the existing diversity
260  (Nonpareil based coverage of > 99% in all samples). Binning resulted in a total of 39 MAGs with 18 of
261  them showing a minimum of 80 % genome completeness, and 7 of them having at least 90% quality
262  according to MiGA and therein implemented indices [41], while contamination was 1.6 % on average
263  (+ 1.4 % SD; Table S1). Amongst the assembled MAGs 11 showed mean relative abundance (in the
264  three time points studied, 57, 96 and 120 h corresponding to 50%, 100% and 24h after complete
265  degradation of TBZ) higher than 1% and all but one (MAG 8C, Filimonas lacunae, Bacteroidetes) were
266  associated with a-, B- and y-Proteobacteria, in line with the SIP-amplicon sequencing data. The six
267  most abundant MAGs accounted for over 72% of the assembled metagenome hits and identified as y-
268  Proteobacterium MAG 34A (mean abundance =+ standard deviation, 21.8 + 7.9%), Sphingomonas MAG

269  3X21F (17.9 = 7.1%), Bradyrhizobiaceae MAG 9B (16.3 + 9.7%), Hydrogenophaga MAG 23F (8.9 +
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270  4.2%), Hydrogenophaga MAG 19A (4.5 £+ 6.3%) and Hydrogenophaga MAG 13A (3.2 + 1.8%) (Table
271 S1).

272

273 Translated ORF screening of the metagenome of the bacterial consortium against the AromaDeg
274  database [43] indicated the presence of several genes scattered in the different MAGs and unbinned
275  contigs with functional annotation associated with the aerobic degradation of monoaromatic (benzoate,
276  genitsate, protocatechuate, salicylate, phtalate) and polyaromatic (biphenyl) hydrocarbons (Figure S1).
277  Of particular interest was the presence of a carbazole dioxygenase (car), with carbazole being a
278  structural homologue of TBZ (Figure S2), and a catechol ortho-cleavage pathway (cat) operon on MAG
279  3X2I1F contigs of Sphingomonas, which was identified as the main consumer of *C-TBZ (Table 1).
280  Comparative genomics between the Sphingomonas MAG 3X21F and other sphingomonad genomes
281  revealed synteny between the genomic regions of Sphingomonas 3X21 MAG containing the car/cat
282  operons and four unbinned contigs with a 50 kb region of the pCAR3 plasmid of the carbazole-
283  degrading Novosphingobium sp. strain KA1 [66] (Figure 2A). Both car operons (in Sphingomonas
284  3X21F MAG and in Novosphingobium sp. KA1) were missing carAd encoding the ferredoxin reductase
285  component of carbazole dioxygenase. Instead we identified in another contig of the 3X21F MAG of
286  Sphingomonas a ferredoxin reductase homolog gene fdr/ (Table 1), known to be responsible for
287  transferring electrons from NADH" to the reductase component of carbazole dioxygenase, CarAc,
288  during carbazole transformation by Novosphingobium sp. KA1 [67].

289
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291  Figure 2. (A) Comparative analysis of a 50 kb stretch of the 255 kb long pCAR3 plasmid (upper arrow
292 panel) carried by Novosphingobium sp. KA1 (NCBI accession AB270530) [66] with the car and cat
293 operons found in the Sphingomonas 3X21 MAG (lower arrow panel, contigs C1 and C3),and also the
294 unbinned contigs C2, C4, C5 and C6 of the assembled metagenome (NCBI accessions for C1-6:
295  QFCS01001188.1, QFCS01006733.1, QFCS01001185.1, QFCS01006070.1, QFCS01006598.1,
296  QFCS01006504.1). Red trapezoid shapes between upper and lower arrows panel denote homologous
297  regions between the bacterial consortium metagenome and pCAR3. Annotations of all the genes in the
298  two arrow panels are provided at the figure bottom, colored in consistency with the colors of the graphic
299  gene representations. (B) Structural alignments of the putative carbazole operon enzymes found in
300  Sphingomonas 3X21 MAG with homologous characterized protein crystal structures deposited in the
301  protein databank (PDB; homologues are represented with the light blue crystal structures while our
302  modeled protein structures have brown and orange colors — in the case of the CarBaBb dimer). Closest
303  PDB accession number per gene product: 1E9M for CarAc; 1B4U for CarBaBb; 3GKQ for CarAa; 1J11
304  for CarC.
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14
306  Table 1. Genes and enzymes with a putative role in the transformation of thiabendazole (TBZ) as
307  identified in the consortium metagenome. Their contig and operon residence, functional description,
308  the target compound transformed, and the relevant transformation products derived are presented. Car
309  operon encodes the enzymes responsible for the transformation of TBZ to thiazole-4-carboxamidine
310  and catechol (directly or through the intermediate production of anthranilate) which is further
311  transformed, through the enzymes coded by the cat operon, to succinate and acetyl-CoA.
312
MAG  Contig accession  Operon Protein Functional description Target compound TP
QFCS01001167. car Fdrl Ferredoxin--NAD(P)(+)
1 reductase
TonB-dependent
§ receptor B12/siderophore receptor S
g CarAc Ferredoxin \Q*w/[\\\)
S 2-hydroxy-6-ox0-6-(2'- 4\ >
= CarC aminophenyl)hexa-2,4-dienoic 4\ \ NH
= QFCS01001185. acid hydrolase N
u‘”_ 1 CarBb meta-cleavage subunit B NH
2
~ CarBa meta-cleavage subunit A
> -
2 CarAa Car!oazo[e 1,9a-dioxygenase,
terminal oxygenase component
RspR HTH-type transcriptional
repressor
QFCS01005972. AndAd Anthranilate 1,2-dioxygenase
- 1 small subunit oo OH
9]
= QFCS01006510. AndAc Anthranilate 1,2-dioxygenase NH
lg 1 large subunit ’
> QFCS01006715. and AndAa Anthranilate 1,2-dioxygenase
1 large subunit
positive transcriptional
AndR regulator for anthranilate
dioxygenase
CatD 3-oxoadipate enol-lactonase 2
§ CatA Catechol 1,2-dioxygenase
Q Muconolactone Delta- ?
= CatC . HON
S isomerase OH
&0
£ QFCS01001188. CatB Muconate cycloisomerase 1 OH © +
= 1 BenM HTH-type transcriptional OH o
o cat en regulator — I
— - CH;—C—S—CoA
o PcaR Pca regulon regulatory protein
> -
A 3-oxoadipate CoA-transferase
Pcal ;
subunit A
3-oxoadipate CoA-transferase
Pca) .
subunit B
PcaF Beta-ketoadipyl-CoA thiolase
313

314
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315  Meta-transcriptomic/-proteomic analysis of TBZ transformation genes: Metatranscriptomic analysis
316  showed that 21,965 genes were differentially expressed with 2,986 being up-regulated and 408 being
317  down-regulated in the presence of TBZ compared to succinate (Figure S3). Out of the several aromatic
318  hydrocarbon transformation annotated genes present in the consortium metagenome, the car and cat
319  operons present in the 3X21F MAG of Sphingomonas were significantly up-regulated in the presence
320  of TBZ along with the putative ferredoxin reductase fdrl. (Figure 3). Furthermore, regulatory elements
321  in the immediate vicinity of the car and cat operons (e.g. TonB dependent receptor and rspR
322 transcriptional repressor at the car operon, and benM/pcaR at the cat operon) were also up-regulated in
323 the presence of TBZ. We also observed a significant up-regulation of the different components of
324  anthranilate dioxygenases (andAcAdAa) and their transcriptional regulator (andR) under TBZ
325  supplementation (Figure 3). Apart from andR which was located upstream of the cat operon, all other
326  anthranilate dioxygenase components were scattered in unbinned contigs (locus tags 04040, 06397,
327  07193; Table 1).

328

329  Corresponding meta-proteomic analysis of the bacterial consortium showed 2602 proteins to be
330  differentially expressed in the two feeding conditions, 423 proteins being up-regulated and 652 down-
331  regulated in the presence of TBZ (Figure S3). When focused on proteins with putative role in the
332 transformation of TBZ, we noticed that the translated products of several of the genes of the car (Fdrl,
333  CarAaBa) and cat (CatABD, PcalF) operons showed (consistent to the meta-transcriptomic data)
334 significantly up-regulated profiles in the presence of TBZ (Figure 3). A consistent up-regulated profile
335  in the presence of TBZ was also evident for anthranilate dioxygenase components AndAaAc (Figure
336 3).

337
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Figure 3. Differential expression profile of genes and enzymes of the bacterial consortium grown

with thiabendazole (TBZ) or succinate. Data are presented as log,(fold change) vs the means of the

log>(copies per million reads - CPM) (MA) plot of the treatment-related gene differential expression

according to RNA. The car, cat and and loci associated points are depicted with open circles,

triangles and diamonds on the plots respectively. The expression boxplots in log;CPM values for

genes with a putative role in the transformation of TBZ are also provided with arrows and/or symbols

connecting them to the points of the MA plot. Genes/enzymes which showed consistent differentially

expressed patters at both metatranscriptomics and metaproteomics analysis are depicted with bold red

letters according to the key.

Modeling and structural comparisons of the CarAaAcBaBbC components of the carbazole dioxygenase

locus (Figure 2B) and of Fdrl (Figure S4) found in the Sphingomonas 3X21F MAG with the

corresponding components of the homologous characterized carbazole dioxygenase components of

Novosphingobium sp KA1, showed nearly identical three-dimensional conformations. CarAa showed

77% identities and 87% positives over the complete translated ORF length with the Novosphingobium

sp. KA1 putative homologue and 30 identical out of the 32 amino acids around the active site pocket

(Figure S5). The predicted CarAa active site pocket had similar affinity to carbazole (AG = -7.5 kcal

mol ™) compared to previously characterized CarAa enzymes (corresponding AGs of -8.4 and -7.4 kcal
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357  mol™ for Janthinobacterium and Novosphingobium sp. KA1 respectively), and a slightly lower affinity
358  to TBZ (corresponding AG values of -6.8 kcal mol” compared to AG values of -7 and -6.6 kcal mol™
359  for Janthinobacterium and Novosphingobium sp. KA1 respectively) (Figure S6).

360

361  Transcriptional profile associations between consortium members. We further investigated
362  potential interdependencies and associations at functional level between the different members of the
363  consortium. We performed a differentially-expressed-gene network analysis based on the
364  metatranscriptomic data. We identified two dominant network substructures with connections between
365 genes of Sphingomonas MAG 3X21F and the MAGs classified as Hydrogenophaga 23F,
366  Bradyrhizobiaceae 9B, and unbinned contigs. Correlation analysis between the SEED functional gene
367  categories of the genes comprising the network substructures, revealed a coincident expression of the
368  genes contained in the putative car and cat operons of Sphingomonas MAG 3X21F and genes encoding
369  cobalamin biosynthesis and its transmembrane transportation in the Hydrogenophaga MAG 23F
370  (Figure 4A). TonB-dependent transporter genes which are responsive to siderophores, colisin and
371  cobalamin [68], signaling genes with homology to the fixLJ two component systems (9 ORFs) and
372 secondary messengers like cyclic AMP were all up-regulated in the presence of TBZ only in the
373 Sphingomonas MAG 3X21F, although only cAMPs expression correlated with other MAGs (Figure
374 4A).

375

376  We further investigated the completeness and the expression profile of the B12 biosynthesis and
377  transportation systems encoded in the different MAGs (Figure 4B). Most major MAGs including
378  Sphingomonas 3X21F contained several copies of the btuB and btuF genes encoding modules of the
379  cobalamin transmembrane translocation system [73]. Regarding cobalamin biosynthesis
380  Hydrogenophaga MAG23F carried copies of several of the genes necessary for the biosynthesis of the
381  co-factor, while near complete B12 biosynthesis pathways were noted on other MAGs like
382  Hyphomicrobium MAG 2A, Shinella MAG 7C and Novosphingobium MAG 5A (Figure 4B). On the
383  other hand, Sphingomonas MAG 3X21F was amongst the poorest of the MAGs in genes associated

384  with cobalamin biosynthesis. When the differential expression of the genes associated with the
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385  biosynthesis and transportation of cobalamin in the different MAGs was recorded, we observed an up-
386  regulation of the full array of the relevant genes in Hydrogenophaga MAG23F with concurrent up-
387  regulation of genes btuB and cobST associated with transmembrane transportation and salvage of
388  cobalamin respectively in Sphingomonas MAG 3X21F [69-71] (Figure 4B). In contrast we observed
389  down-regulation of the corresponding cob genes in other MAGs (Hyphomicrobium 2A,
390  NovosphingobiumSA and Shinella 7C) with a populated biosynthetic pathway of cobalamin.

391

392 Assessment of keystoneness indices [54] based on the metatranscriptomic data network analysis further
393  demonstrated the central role of the Sphingomonas MAG 3X21F among other MAGs (Figure S7). The
394  genes of MAG 3X21F showed the highest degree, indirect degree (significance group a), and transitivity
395  (highest significance groups; Figure S7), a relatively high closeness centrality (ranked 4™ out of 9
396  significance groups) and the lowest betweenness centrality values (8 out of 8 significance groups).

397
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Figure 4. (A) Heatmap of the correlations (Spearman p > 0.05, and Bejamini-Hochberg adjusted P-
value cutoff of <0.01) of the differentially expressed genes (Bejamini-Hochberg adjusted P-value cutoff

of < 0.01) of the two dominant network substructures including Sphingomonas 3X21F MAG genes,
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402  against the differentially expressed of other MAGs or genes on unbinned contigs of the same network
403  groups. (B) Bubble plot showing the presence of cobalamin biosynthesis and transportation gene counts
404  in the different MAGs of the bacterial consortium metagenome (left) and the expression profile (up- or
405  down-regulated) of significantly differentially expressed genes when supplemented with TBZ or
406  succinate (SCU) (log>(TBZ/SUC); right). Per-panel provided keys explain significance of the plotted
407  colors and bubble sizes.

408

409  Non-target MS analysis of TBZ transformation products. In the same time series experiment
410  (experiment 2) we determined, via non-target MS analysis, the formation of potential transformation
411  products of TBZ. The rapid degradation of TBZ was accompanied by the concurrent formation of a
412  single major metabolic product with an MS spectrum of 127 m/z [14, 57-59] identified as 1,3-thiazole-
413  4-carboxamidine (Figure 5A). This product was not further transformed by the bacterial consortium.
414  We also detected two other minor and transient transformation products in the bacterial culture
415  identified as 5-OH-thiabendazole, with an MS spectrum of 218 (Figure 5B), and thiazole carboxamide,

416  with an MS spectrum of 128 m/z (Figure 5C) (MS spectra given in our previous studies with TBZ [14,

417  57-59)).
418
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419

420  Figure 5. (A) The degradation of thiabendazole (TBZ) by the bacterial consortium (solid line, pg ml”

421 ') and the formation (MS peak area) of the persistent transformation product 1,3-thiazole-4-
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422  carboxamidine (dash-dotted line); (B) and (C) The formation and decay of the MS peak areas of the
423  transient transformation products 5-OH-thiabendazole and thiazole-4-carboxamide respectively.

424

425  Discussion

426  Bacterial consortia often encompass complex metabolic and nutritional interactions which support
427  effective pollutant degradation and their coherence. Working previously with a TBZ-degrading
428  consortium we showed, via SIP-DGGE analysis at a single time point (taken upon completion of TBZ
429  degradation) that a Sphingomonas sp. was the main TBZ degrader with the contribution of a
430  Hydrogenophaga being suggested [14]. Here, by employing a time-series SIP-based amplicon
431  sequencing approach we verified that Sphingomonas sp. is the sole member of the consortium involved
432 in the transformation of TBZ, and no cross-feeding events of transformation products were observed.
433

434  We also assembled the metagenome of the bacterial consortium aiming to unravel the metabolic
435  potential of its individual members. The consortium metagenome was composed of 18 major MAGs
436  (with at least 80 % completeness); of those six were dominant, when grown on TBZ, with a rich arsenal
437  of genes encoding the transformation of aromatic organic pollutants. Focusing on MAG 3X21F of
438  Sphingomonas as the TBZ degrader of the consortium, we found genes with hits in the benzoate,
439  biphenyl, extradiol, gentisate, LigB, protocatechuate and phthalate dioxygenase (super) families [43].
440  Most interestingly, we noticed two DNA stretches approximating 20-kb, encompassing a car and a cat
441  operon, both being significantly up-regulated during TBZ degradation according to meta-transcriptomic
442  and meta-proteomic analysis, suggesting their involvement in the transformation of TBZ. Carbazole is
443 an N-heterocyclic aromatic hydrocarbon, structurally similar to TBZ (Figure S2), found in fossil fuels
444  and coal/wood combustion products, and it is used as a chemical feedstock for the production of dyes,
445  reagents, explosives, insecticides, lubricants [72]. The carbazole skeleton is also present in natural
446  alkaloids produced by the roots of several plants [73]. The high anthropogenic and biogenic exposure
447  of several environments to carbazole skeleton explains the evolution of relevant catabolic degrading
448  systems and their widespread occurrence amongst bacteria isolated from activated sludge and soil [74-

449  76]. The car locus codes enzymes for the transformation of carbazole (and several other aromatic
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450  pollutants) to catechol through the intermediate production of anthranilate [67]. The full transformation
451  pathway includes the electron transfer from NAD(P)H through a ferredoxin reductase (Fdrl/Fdrll in
452 Novosphingobium sp. KA1 [67] and CarAd in Pseudomonas resinovorans CA10 [77]) and a ferredoxin
453  (CarAc) to the terminal oxygenase component (CarAa) which angularly dioxygenates carbazole.
454  Following, a spontaneous cleavage takes place to form 2’-aminobiphenyl-2,3-diol, which is further
455  cleaved by CarBaBb to a mefa-cleavage product (2-hydroxy-6-oxo0-6-(2’-aminophenyl)-hexa-2,4-
456  dienoic acid), further hydrolyzed to anthranilate and 2-hydroxypenta-2,4-dienoic acid by CarC. The
457  former is transformed to catechol by anthranilate dioxygenase AndAaAbAd and finally to succinate
458  and acetyl Co-A via the catechol ortho-cleavage pathway. The car operon found in Sphingomonas
459  MAG 3X21F comprised cardaAcBaBbC, lacking carAd. This is a common feature of other carbazole-
460  degrading sphingomonads like Sphingomonas strain XLDN2-5 [78] and Novosphingobium sp.,
461  GTINI11 [79] but not of Pseudomonas CA10 [80] and Nocardioides aromaticivorans IC177 [81] where
462  carAd is part of the car operon. In the absence of carAd in its car operon, Novosphingobiumsp. KA1
463  plasmid pCAR3 contains genes coding for two ferredoxin reductases, Fdrl/Fdrll, located away from the
464  two car operons of Novosphingobium sp. KAland acting as CarAd substitutes [67, 82]. Screening of
465  Sphingomonas MAG 3X21F contigs lead to the identification of an Fdrl homolog, which was highly
466  up-regulated under TBZ at transcript and protein levels. The fdr/ ORF found on the MAG of the main
467  degrader, showed differential expression in the presence of TBZ, contradicting the previously reported
468  constitutive expression in Novosphingobium sp. KAl plasmid pCAR3 [82]; the difference in the
469  expression pattern may be related to the range of the enzyme-dependent reactions in each tested case.
470  Previous tests have also shown a broad range of activity compensation of Fdrl/FdrIl by spinach and
471  Escherichia coli crude extract ferredoxin reductases by 96% and 4.5% respectively [77]. These results
472  and the observed genetic organization of the relevant genes might suggest that fdr/ is shared amongst
473  several catabolic pathways, as previously proposed to be an evolutionary strategy of sphingomonads to
474  maximize their catabolic potential and minimize their energetic burden [82, 83]. Alternatively, the
475  pathway could be still under evolution [82]. The structural similarity of TBZ with carbazole, the
476  remarkably relaxed specificity of carbazole dioxygenase which could transform a very wide range of

477  polyaromatic pollutants (i.e., dibenzofuran, dibenzo-p-dioxin, biphenyl, napthalene, dibenzothiophene,
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478  diphenylamine) [67, 84] and its consistent up-regulation while growing with TBZ, suggest that
479  carbazole dioxygenase is responsible for the initial step of the transformation of TBZ by the bacterial
480  consortium. Further support of this is provided by the almost equivalent affinity of the CarAa found in
481  3X21F MAG of Sphingomonas to carbazole and TBZ indicated by in silico docking tests.

482

483  Comparative analysis between the whole consortium metagenome and carbazole-degrading bacterial
484  genomes showed high synteny of the car/cat operons with a 50 kb stretch of the pCAR3 plasmid
485  encoding the full pathway for the transformation of carbazole in Novosphingobium sp. KA1 [66]. Both
486  catabolic operons in MAG 3X21F and in Novosphingobium sp. KAl were flanked by transposable
487  elements suggesting that the car/cat genomic region of MAG 3X21F of Sphingomonas is a patchy
488  construction acquired most probably by other sphingomonads through horizontal gene transfer.
489  Sphingomonads are considered as "artists of biodegradation" due to their versatility in the degradation
490  of organic pollutants [85-87] stemming from their remarkable capacity to exchange whole plasmids or
491  mobile genetic elements to expand their catabolic repertoire [88, 89].

492

493  The andAaAbAd genes, although upregulated under the TBZ treatment, were not organized in the
494 vicinity of the car/cat operons in MAG 3X21F, compared to the pCAR3 plasmid of Novosphingobium
495  sp. strain KA1 where and genes were located closely upstream of the cat operon and in close proximity
496  to the car operon [66]. Instead, in our case they were scattered in MAG-unassigned contigs implying
497  that anthranilate is not produced during transformation of TBZ, in line with its lack of detection in the
498  culture during TBZ degradation. However, it cannot be excluded that its presence in unbinned contigs
499  might be associated with limitations of the metagenome assembly and binning methods with respect to
500 the available sequencing technologies. For instance, the existence of several homologs of anthranilate
501  dioxygenase throughout the consortium members (considering its role in the degradation of tryptophan
502  and other aromatic compounds [84]) and its common localization in transposable elements [66, 78],
503  may have resulted in population level repetitive regions which are usually recalcitrant to contiguousness
504  in assembly, and also to coverage and sequence structure based binning [90]. In contrast, we found a

505  complete putative cat operon composed of catABCD and pcalJF, binned in MAG 3X21F of
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506  Sphingomonas which was consistently upregulated, at both transcription and protein level, suggesting
507  its operation in the transformation of catechol produced by the phenyl moiety of the benzimidazole ring
508  of TBZ to tricarboxylic acid (TCA) cycle intermediates.

509

510  Considering all our meta-omic analysis, non-target MS analysis, current and previous isotopic (**C and
511 'C) studies [14] we propose a transformation pathway of TBZ fully accomplished by Sphingomonas
512 3X21F (Table 1): TBZ is initially cleaved at the imidazole moiety of the benzimidazole ring by
513  carbazole dioxygenase CarAaAcFdr; this produces an unknown dioxygenated transient intermediate
514  which is meta-cleaved by CarBaBb and hydrolyzed by CarC to 1,3-thiazole-4-carboxamidine as a dead-
515  end transformation product (in line with previous findings [14] and our non-target MS analysis), and
516  catechol (directly or through the intermediate production of anthranilate). This is further transformed
517 by Sphingomonas 3X21F (in line with the assimilation of the *C-phenyl moiety of TBZ in the SIP
518  analysis and previous radiorespirometric assays [15]) probably to the ortho-cleavage pathway terminal
519  products acetyl-CoA and succinate, entering the TCA cycle.

520

521 We further looked for nutritional interdependencies between consortium members, beyond the
522 transformation of TBZ, that might contribute to the consortium coherence. RNA-based network
523  analysis revealed that certain functional features of Sphingomonas MAG 3X21F were highly correlated
524  with Hydrogenophaga MAGs 23F, Bradyrhizobiaceae MAG 9B and unbinned contigs. Amongst them
525 we observed a prominent positive correlative expression between cobalamin biosynthesis in
526  Hydrogenophaga MAGs 23F and the catabolism of carbazole/catechol or the transportation system of
527  cobalamin in Sphingomonas MAG 3X21F. Although several members of the consortium appear to
528  possess a well populated cobalamin biosynthetic pathway, transcriptomic analysis revealed that only
529  Hydrogenophaga MAG 23F mobilizes its cobalamin biosynthetic pathway (CobSTOQDP) and trans-
530  membrane transportation, (BtuBF) in the presence to TBZ (Figure 6B). At the same time Sphingomonas
531 MAG 3X21F, which is probably not capable of de novo biosynthesis of cobalamin, has activated its
532 cobalamin transmembrane transportation system (BtuBF) and the CobST genes participating in the

533 salvage pathway of cobamides [69, 70]. Since there are no known altruistic B12-producing bacteria
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534  [22], our findings indicate a nutritional inter-dependency between Sphingomonas 3X21F and
535  Hydrogenophaga 23F, complementing the probable B12 auxotrophy of the former with the B12
536  prototrophy of the latter. Several studies have stressed the key role of cobalamin in shaping microbial
537  communities [91], based on its key role as a co-factor in the reductive dehalogenation of organic
538  pollutants [92] and other key metabolic reactions, and the evolutionary loss of the energetically costly
539  BI12 biosynthesis by most bacteria [23, 93, 94]. The missing cobalamin biosynthetic genes from the
540  Hydrogenophaga MAG 23F could be the result of possible sequence divergence from characterized
541  database genes or a low coverage of these regions by our sequencing effort.

542

543  An interesting point is the specificity of the correlations between Sphingomonas MAG 3X21F and the
544  Hydrogenophaga MAG 23F, given the presence of other Hydrogenophaga MAGs in the bacterial
545  consortium metagenome which did possess cobalamin biosynthetic genes but showed no transcriptional
546  correlation with the Sphingomonas MAG 3X21F. Hence, we looked for the activation of potential
547  signaling mechanisms involving autoinducers or secondary messengers which might trigger this
548  specific interaction. In the presence of TBZ we observed up-regulation of several /uxR[-like two-
549  component sensory-histidine-kinase/regulatory genes, annotated as fixLJ [95, 96] at the Sphingomonas
550  MAG 3X21F, which did not appear to correlate with other members of the consortium. The fixLJ two
551  component system is considered to sense oxygen in nitrogen fixing bacteria, yet, a broader sensory role
552 of this two-component system was postulated in other bacteria (i.e. in the virulence of Bulkhorderia
553 dolosa) [97, 98]. Cyclic AMPs, on the other hand, are involved mainly in intracellular signaling and
554  were recently shown to participate in generic extracellular signaling, particularly during stress
555  conditions [99, 100]. These two signaling modes were upregulated under the TBZ treatment and
556  participated in the correlation network between the Sphingomonas MAG 3X21F and MAG 23F of
557  Hydrogenophaga. These traits and our results render them suitable candidate systems mediating an
558 interaction between the strains represented by the corresponding MAGs, which may have resulted in
559  the MAG 23F derived cobalamin support of Sphingomonas (MAG 3X21F). A possible alternative mode
560  for triggering cobalamin biosynthesis in Hydrogenophaga 23F could be associated with stress imposed

561 Dby the presence of TBZ known to exert toxic effects on prokaryotes [101-103]. Besides Sphingomonas
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562  MAG 3X21F, showing up-regulation of several stress-related genes when grown on TBZ (39 genes), a
563  pattern often observed in pollutant-degrading bacteria during exposure to the target pollutant [104-106],
564  Hydrogenophaga 23F was the only other MAG that mobilized a stress response, involving the up-
565  regulation of a general stress response gene and a glutathione-S-transferase gene (locus tag:
566  Bin 23F Hydrogenophaga 01167/03148). Oxidative stress elicitors have been shown to stimulate
567  cobalamin production in bacteria [107]. Yet, this would also fail to explain on its own the specificity of
568  the interaction, unless there are pronounced metabolic and functional differences among
569  Hydrogenophaga consortium members, previously reported for Hydrogenophaga isolates [108], which
570  enable this specialized interaction to occur.

571

572 Conclusions

573  We previously demonstrated the efficient degradation of the fungicide TBZ by a bacterial consortium
574  and showed first evidence for the role of a Sphingomonas in TBZ degradation [14]. Here we provide
575  unequivocal evidence that Sphingomonas is degrading TBZ without the involvement of any other
576  member of the consortium. To achieve this, it employs a carbazole dioxygenase and a catechol ortho-
577  cleavage operon, co-localized in a composite transposon most probably derived through horizontal gene
578  transfer by other sphingomonads upon selection pressure imposed by TBZ contamination. In contrast
579  to the lack of metabolic cross-feeding among consortium members in the transformation of TBZ, we
580  observed a strong metabolic interdependency of the B12 auxotroph Sphingomonas, based on its
581  assembled genome, with a Hydrogenophaga 23F which activates its cobalamin biosynthesis in response
582  to TBZ degradation. Based on our results we propose a model, schematically presented in Figure 6, that
583  describes the function of the TBZ-degrading consortium in line with the "black queen hypothesis"[109]:
584  Sphingomonas 3X21F, is taking over the degradation of TBZ, relieving consortium members by a
585  prokaryotic toxicant like TBZ [101-103]. In exchange for this, Hydrogenophaga 23F provides
586  cobalamin to the auxotrophic Sphingomonas 3X21F ensuring the survival of the "black queen" of the

587 consortium.
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Hydrogenophaga

588

589  Figure 6. Proposed model describing the interactions between the members of the bacterial consortium
590  driving the degradation of thiabendazole (TBZ). Green arrows indicate putative nutrient direction flows;
591  yellow double arrows indicate signaling interactions; red blocked lines indicate possible inhibitory/toxic
592  effects. car: carbazole-dioxygenase operon; and: anthranilate dioxygenase gene set; cat: catechol ortho-
593  cleavage operon; TCA: tricarboxylic acid cycle.
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