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Abstract 26 

Biodegradation of the phenylurea herbicide linuron appears a specialization within a 27 

specific clade of the Variovorax genus. The linuron catabolic ability is likely acquired by 28 

horizontal gene transfer but the mechanisms involved are not known.  The full genome 29 

sequences of six linuron degrading Variovorax strains isolated from geographically distant 30 

locations were analyzed to acquire insight in the mechanisms of genetic adaptation towards 31 

linuron metabolism in Variovorax. Whole genome sequence analysis confirmed the 32 

phylogenetic position of the linuron degraders in a separate clade within Variovorax and 33 

indicated their unlikely origin from a common ancestral linuron degrader. The linuron 34 

degraders differentiated from non-degraders by the presence of multiple plasmids of 20 to 35 

839 kb, including plasmids of unknown plasmid groups. The linuron catabolic gene clusters 36 

showed (i) high conservation and synteny and (ii) strain-dependent distribution among the 37 

different plasmids. All were bordered by IS1071 elements forming composite transposon 38 

structures appointing IS1071 as key for catabolic gene recruitment. Most of the strain 39 

carried at least one broad host range plasmid that might have been a second instrument for 40 

catabolic gene acquisition. We conclude that clade 1Variovorax strains, despite their 41 

different geographical origin, made use of a limited genetic repertoire to acquire linuron 42 

biodegradation.  43 

Importance  44 

The genus Variovorax and especially a clade of strains that phylogenetically separates from 45 

the majority of Variovorax species, appears to be a specialist in the biodegradation of the 46 

phenyl urea herbicide linuron. Horizontal gene transfer (HGT) likely played an essential role 47 

in the genetic adaptation of those strain to acquire the linuron catabolic genotype. 48 

However, we do not know the genetic repertoire involved in this adaptation both regarding 49 

catabolic gene functions as well as gene functions that promote HGT neither do we know 50 
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how this varies between the different strains. These questions are addressed in this paper 51 

by analyzing the full genome sequences of six linuron degrading Variovorax strains. This 52 

knowledge is important for understanding the mechanisms that steer world-wide genetic 53 

adaptation in a particular species and this for a particular phenotypic trait as linuron 54 

biodegradation.   55 
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Introduction 56 

Linuron [3-(3,4-dichlorophenyl)-1-methoxy-1-methyl urea] is a phenylurea herbicide that 57 

has been widely used for weed control in agriculture. Biodegradation is the major route of 58 

linuron dissipation in the environment(1). Bacteria belonging to the genus Variovorax were 59 

isolated from geographically-distant locations either as single strains (2–4) or as members 60 

of consortia (4, 5) that have the ability to mineralize and utilize the herbicide for growth. 61 

Single strains convert linuron to CO2 and cell material while in consortia, Variovorax 62 

perform particularly the initial hydrolysis of linuron into the primary metabolite 3,4-63 

dichloroaniline (DCA). The metabolic pathway of linuron degradation in Variovorax sp. 64 

WDL1 and SRS16 are well studied. The linuron hydrolases HylA (identified in WDL1) (6) and 65 

LibA (identified in SRS16) (1) perform the hydrolysis of linuron into DCA and N,O-66 

dimethylhydroxylamine (N,O-DMHA) (1, 6). In both strains, a multicomponent chloroaniline 67 

dioxygenase DcaQTA1A2B converts DCA to 4,5-dichlorocatechol while chlorocatechol is 68 

further metabolized to oxo-adipate by enzymes encoded by the ccdCFDE gene cluster(7). 69 

PCR analysis has shown that other linuron-degrading Variovorax share the same catabolic 70 

genes. Interestingly, based on 16S rRNA gene phylogeny, the linuron degrading Variovorax 71 

strains appear to belong to a clade of Variovorax strains that separates from the main bulk 72 

of strains, including most of the type strains (4). The ability to degrade and/or grow on 73 

linuron is unique for those strains within the Variovorax genus, indicating that they must 74 

have genetically adapted by acquiring the catabolic genes by horizontal gene transfer 75 

(HGT). This is supported by the observation that in strains SRS16 and WDL1, the catabolic 76 

genes are physically-linked with mobile genetic elements (MGE). In SRS16, the DCA 77 

catabolic genes are bordered by multiple insertion sequence (IS) elements2. The same 78 

applies to hylA, the dca cluster and the ccd cluster in strain WDL19. Moreover, the three 79 

catabolic gene clusters in Variovorax sp. WDL1 reside on a large extra-chromosomal 80 

element that shows several plasmid features including gene functions for conjugation (8). 81 
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However, how the constellation and the genetic context of the catabolic genes and their 82 

linkage with MGEs varies between different linuron-degrading Variovorax strains and how 83 

this relates to the geographic origin of the strains is yet unknown.  Such knowledge will 84 

provide insight in the mechanisms that govern the functional evolution of genomes and 85 

especially those of organic xenobiotic degraders and more specifically of the genus 86 

Variovorax. This organism inhabits a wide variety of environments suggesting that it is 87 

prone to adaptation to new environmental constraints. To this end, we sequenced the 88 

complete genomes of six different linuron-degrading Variovorax strains isolated from 89 

distantly located geographical areas. We (i) re-analyzed the phylogenetic relationship 90 

between the strains and their phylogenetic position within the Variovorax genus, (ii) 91 

examined how their genomes differ with those of non-linuron degrading Variovorax strains 92 

emphasizing on the occurrence and types of MGEs and (iii) and compared the genetic 93 

constellation and context of the gene clusters involved in linuron metabolism to reveal how 94 

these traits were acquired among different strains.  95 

Results and discussion 96 

General genome features of linuron-degrading Variovorax strains 97 

The full genome sequences of six linuron-degrading Variovorax sp. strains, i.e., WDL1 (5), 98 

SRS16 (2), PBL-H6, PBL-E5, PBS-H4 (4) and RA8 (3) were obtained. Their general genomic 99 

features are listed in Table 1. Strain WDL1 was recently found to consist of two 100 

subpopulations that only deviate in the presence of linuron or DCA degradation genes (9). In 101 

this study, the genome of one of these two subpopulations, i.e., the one carrying the hylA 102 

gene cluster was re-sequenced. The new sequence deviated slightly from the one reported 103 

by Albers et al. (9) The 5400 kb and 1240 kb replicons reported in (9) formed one 104 

chromosome of 6.7 Mbp while the 1380 kbp plasmid-like extrachromosomal replicon 105 

consisted of two replicons, i.e., pWDL1-1 (800 kbp) carrying linuron catabolic genes and 106 
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pWDL1-2 (540 kbp). Chromosome sizes (ranging from 5.99 to 8.36 Mbp) and GC content 107 

(ranging from 66.24 to 66.86%) of the linuron-degrading strains were comparable to those of 108 

other Variovorax genomes. Sizes of other reported non-linuron degrading Variovorax 109 

genomes range between 4.31 to 9.24 Mbp (median: 7.2 Mbp) with GC contents of 64.6 to 110 

69.6 (median: 67.4) (Table S1). All linuron- degrading Variovorax strains contained a relatively 111 

high number of extra-chromosomal elements (two to six), including smaller obvious plasmid 112 

replicons (20 to 70 kbp) but also larger replicons of more than 500 kbp). The GC content and 113 

codon usage of most of those larger extra-chromosomal elements substantially differed from 114 

those of the chromosome (Figure S1). They also did not contain any essential genes for cell 115 

viability, categorizing them rather as plasmids than as a second chromosome or chromid (10, 116 

11). pPBL-E5-2 and pSRS16-3 showed GC-contents similar to those of the chromosome but 117 

did not contain genes for cell viability and carried plasmid-like replication modules, 118 

suggesting they are also plasmids. In contrast to the linuron-degrading Variovorax genomes, 119 

none of the non-degrading ones Variovorax strains for which genome sequences are 120 

available, carried plasmids. IncP-1 plasmids were though reported in three not 121 

phylogenetically-classified Variovorax isolates with unknown genome sequences. pHB44(12) 122 

and pBS64(12) were identified in Variovorax strains associated with the mycorrhizal fungus 123 

Laccaria proxima, and carry genes that increase the Variovorax host fitness by enabling metal 124 

ion transport and bacitracin resistance(13). pDB1(14) in Variovorax sp. DB1, carries genes for 125 

the biodegradation of the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D). Another feature 126 

that distinguishes the linuron-degrading strains from the non-degraders is the occurrence of 127 

a high number of IS1071 elements varying from four to seven copies in the degraders, while 128 

non-degraders did not carry any IS1071. IS1071 is an insertion element that was first 129 

described bordering the 3-chlorobenzoate catabolic genes of Pseudomonas sp. BRC60 130 

plasmid pBRC60(15). Since then it has been frequently associated with primarily catabolic 131 

genes in various organisms, especially β-proteobacteria (16). It often flanks the catabolic 132 
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genes at both sites, forming a putative composite transposon which has been shown to 133 

translocate as a whole (15). The element has been suggested to play a primarily role in the 134 

acquisition and subsequent distribution of adaptive genes and especially catabolic functions 135 

in bacteria (16–18).  136 

Phylogenetic analysis of linuron-degrading Variovorax strains 137 

The phylogenetic relatedness between the linuron-degrading Variovorax strains was 138 

determined by digital DNA:DNA hybridization values (dDDH) ( Table S2). With the exception 139 

of PBL-E5 and SRS16, which represent the same species (dDDH value of 86%), all linuron-140 

degrading Variovorax were designated as distinct species, and none of them belonged to 141 

any type species. Their phylogenetic divergence strongly indicates that the five degraders 142 

acquired linuron degradation genes independently as opposed to being derived from one 143 

common ancestral linuron degrader. Whole genome-based phylogeny (showed that the 144 

Variovorax species sequenced to date separated into two clades (clade 1 and clade 2), and 145 

that the linuron-degraders are very closely related species, all belonging to clade 1. The tree 146 

topology remained the same when only the linuron-degrader chromosomes were used 147 

(Figure S2). This separation largely replicated the 16S rRNA gene sequence-based phylogeny 148 

(Figure S3) with the exception of V. soli and V. sp. OV329. The low dDDH values of the V. 149 

soli genome with the degrader genomes (24.7-25.7%) however confirmed that these are 150 

distantly related. In addition to the linuron-degrading Variovorax strains, clade 1 included 151 

various other isolates but no type species. From those, a closed genome sequence was only 152 

available for the lignin-degrading soil isolate strain HW608 (19). Clustering of the linuron 153 

degrading strains was independent of either the geographical origin, the capacity to 154 

degrade linuron completely or partially to 3, 4-DCA, or the presence of specific catabolic 155 

genes involved in linuron biodegradation. Clade 2 contained the majority of the Variovorax 156 

strains, including the species V. boronicumulans, V. soli, V. paradoxus, V. gossypi and V. 157 

guangxiensis. Interestingly, in contrast to clade 2, non-linuron degrading strains from clade 158 
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1 were often associated with the catabolism of natural and anthropogenic organic 159 

compounds such as Variovorax sp. WS11 (an isoprene-degrading phyllosphere isolate (20)), 160 

KK3 (a 2,4-D-degrading freshwater isolate (21)), and JJ 1663 (an N-nitroglycine-degrading 161 

activated sludge isolate (22)). As such, including the linuron degraders, eight of the 162 

fourteen clade 1 strains were degraders of anthropogenic compounds. Clade 2, however, 163 

included only one xenobiotic-degrading isolate (one in 55 strains), i.e., V. boronicumulans 164 

J1(23) that degrades the neonicotinoid thiacloprid but only co-metabolically (24). These 165 

results indicate that the linuron-degrading strains belong to a Variovorax clade or originates 166 

from common ancestor that is/was more prone to genetic adaptation and hence 167 

specialization towards the biodegradation of anthropogenic compounds. The clade 168 

separation of strains with and without biodegradation capacity has not been observed 169 

before in other genera (25, 26). 170 

Plasmids hosted by linuron-degrading Variovorax sp. 171 

Phylogenetic analysis of the entire plasmid sequences clustered some of the plasmids 172 

identified in the linuron-degrading Variovorax sp. strains, into well-known but also novel 173 

plasmid groups (Figure 2). Some of the plasmids occur in multiple strains in which they are 174 

highly conserved (Figure S2).  Table S3 shows overview of the replication and conjugation 175 

systems encoded on these plasmids. Twelve plasmids have type IV secretion system genes 176 

(T4SS) which facilitate conjugative transfer, but the origin of transfer (oriT) could not always 177 

be determined.  178 

Known conjugative plasmids and their role in linuron degradation 179 

Plasmids pPBL-E5-3, pRA8-3, and pSRS16-4 were classified as IncP-1δ plasmids. The three 180 

plasmids were 99% identical at the nucleotide (nt) level over the entire plasmid sequence 181 

and carry the libA locus between trfA and oriV, a known insertion hot spot for accessory 182 

genes in IncP-1 plasmids (16). Catabolic IncP-1δ plasmids have been reported before either 183 

isolated by means of exogenous isolation (27) or from isolates17,(29) all carrying 2,4-D 184 
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degradation genes, between trfA and oriV. The above mentioned Variovorax plasmids 185 

pDB1(14), pHB44(12) and pBS64(12) are also IncP-1 plasmids, but belong to the IncP-1 β 186 

group. 187 

Instead of IncP-1 plasmids, PBL-H6 and PBS-H4 carried self-transmissable broad host range 188 

PromA plasmids. pPBS-H4-2 carries hylA and the ccd gene cluster while pPBL-H6-2 carries 189 

an isolated IS1071 transposase copy with inverted repeats (IR). pPBL-H6-2 and pPBS-H4-2 190 

are most closely related to the PromA γ plasmids pSN1104-11 and pSN1104-34 (30) isolated 191 

by exogenous isolation, and hence pPBS-H4-2 and pPBL-H6-2 represent the first PromA γ 192 

plasmids obtained from isolates. Their presence in Variovorax extends the host range of 193 

PromA γ plasmids, as for PromA α and PromA β plasmids, to β-proteobacteria. pPBS-H4-2 is 194 

the first catabolic PromA plasmid, and is one of the few non-cryptic PromA plasmids(31). 195 

The often cryptic character of PromA plasmids has been the subject of a debate since it 196 

might harness their stability as they do not benefit the host fitness. It was suggested that 197 

they mainly support the conjugative transfer of other mobilizable replicons (31). The finding 198 

that PromA plasmids can carry catabolic genes shows that they, as is the case for IncP-1 199 

plasmids, can indeed acquire and distribute genes beneficial for the host. The location of 200 

cargo genes in both pPBS-H4-2 and pPBL-H6-2 (near virD2) differs from this in other PromA 201 

plasmids (near parA)(32) and identifies  the virD locus as an alternative hot spot for 202 

insertion of accessory genes in PromA plasmids.  203 

Novel putatively conjugative plasmids in linuron-degrading Variovorax strains 204 

Other plasmids than IncP1 and PromA plasmids were identified that carry homologues of 205 

TS44 genes (Table S3), i.e., pWDL1-3 and pWDL1-5, pRA8-1 and pSRS16-2. None of those 206 

plasmids categorized into a known plasmid group. Although these plasmids carried T4SS, 207 

the origin of transfer (oriT) and the type IV coupling protein (T4CP) could not always be 208 

identified, and a relaxase, which is necessary for conjugative transfer (33), could only be 209 

identified in pWDL1-3. pWDL1-3 carries a remarkably high number of 41 putative 210 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted September 6, 2019. ; https://doi.org/10.1101/759100doi: bioRxiv preprint 

https://doi.org/10.1101/759100
http://creativecommons.org/licenses/by-nc-nd/4.0/


10 
 

transposases albeit without IS1071, and several gene clusters for xenobiotic degradation. 211 

Among these is a gene cluster that encodes for homologues (40-43% identity) of proteins 212 

encoded by the tphA1A2A3BR –gene cluster for terephthalate degradation in Comamonas 213 

sp. E6(34) as well as for benzoate 1,2-dioxygenase subunits. pRA8-1 is distantly related to 214 

pWDL1-3 and carries the ccdCFBD operon. In addition, it contains homologues of genes for 215 

the biodegradation of non-chlorinated catechols, as well as cation efflux proteins CusABF 216 

(35) and cadmium transport protein CadA (36) flanked by an IS1071 element. The small 217 

pWDL1-5 carries no cargo gene. A highly similar plasmid (99% nt identity, 72% coverage), 218 

also without cargo, is present in the chlorobenzene-degrading Pandoraea pnomenusa strain 219 

MCB032(37). The finding of this plasmid group in two different genera/families of the same 220 

bacterial order indicates its transferability within Burkholderiales. The Trb homologues 221 

encoded by pSRS16-2 as well as the oriT are highly similar (75-80%) to those encoded by 222 

IncP-1 plasmids. However, unlike IncP-1 plasmids, pSRS16-2 does not carry trfA, and its size 223 

(560 kbp) is much larger than IncP-1 plasmids. pSRS16-2 encodes for a broad range of 224 

functions, including 37 transport-related proteins, 18 proteins related to aromatic 225 

degradation and 31 transposases. We conclude that this plasmid represents a novel 226 

plasmid group, with conjugative transfer machinery similar to this of IncP-1 plasmids. 227 

Non-transferrable plasmids pSRS16-3 and pPBL-E5-2 228 

The closely related plasmids pPBL-E5-2 and pSRS16-3 carrying the repB-parAB replication 229 

system do not contain homologues of genes related to conjugal transfer, suggesting that 230 

they are not self-transmissable. These plasmids are different to the rest in that they have a 231 

GC content and codon usage similar to the chromosomes. Both carry distantly-related 232 

homologues of catabolic genes such as tfdA encoding conversion of 2,4-D (33% aa identity) 233 

in Cupriavidus necator JMP 134(38), and the dmpKLMNOPQBCDEFGHI gene cluster for 234 

phenol degradation (45-66% aa identity) in Pseudomonas sp. CF600) (39), as well as the 235 
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phnCDEGHIJKLMN gene cluster for phosphonate uptake and degradation (45-62% aa 236 

identity) in  Eschericia coli K12) (40).  237 

t-RNA carrying megaplasmids of linuron-degrading Variovorax sp. 238 

Pairwise alignment showed that pPBL-H6-1, pSRS16-1, pPBL-E5-1 and pWDL1-1 are highly 239 

identical to one another. These show 99% nt identity over the entire sequence including the 240 

putative replication/partitioning module repB-parAB (Figure 3A). pPBL-H6-1 carries all three 241 

gene clusters required to convert linuron to 3-oxoadipate, while pSRS16-1 and pPBL-E5-1 242 

only carry the dcaQTA1A2BR and ccdCFDE gene clusters. The pWDL1-1 variant sequenced in 243 

this study carries the ccdCFDE genes and the hylA gene. The proteins encoded by the repB-244 

parAB module show only slight similarity to their nearest relatives (27, 48 and 39% aa 245 

similarity for RepB, ParA and ParB, respectively) and hence the four mega-plasmids might 246 

represent a new plasmid group, potentially specific for Variovorax. All four plasmids carry 247 

traALBFHJDNUWG and trbCG homologues, albeit with low similarity at aa level (30-43%) 248 

involved in conjugative transfer, suggesting that these may be transferrable plasmids. No 249 

putative relaxase was though found.  250 

Strikingly, the four megaplasmids carry tRNA genes that encode for all the proteinogenic aa 251 

codons. Unlike the scattered appearance of the tRNA genes located on the chromosome, 252 

the plasmid encoded tRNA genes are concentrated in one array (Figure 3B). Except for the 253 

tRNA encoding for codons glutamine (CAG) and arginine (CGC), all tRNAs on these plasmids 254 

are also present on the chromosome. In all four hosts, these two codons are preferred by 255 

both plasmids and the chromosome, however, multiple other tRNAs encode for these aa’s 256 

on the chromosome, suggesting that although the plasmid-encoded tRNAs may enhance 257 

gene expression they are not essential for expression of plasmid genes. pSRS16-1 further 258 

lacks the tRNA for valine (CAC), which is preferred by both the chromosome and plasmids; 259 

however this tRNA is present in pSRS16-2 as well as in the chromosome.  260 
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The presence of tRNA genes on large plasmids has been reported before in other bacteria 261 

(41–44)..None of these plasmids however related to the tRNA-carrying Variovorax plasmids. 262 

In Bifidobacterium breve the tRNA-encoding plasmid improves gene expression from both 263 

the chromosome and the plasmid (43) while in Anabaena sp. PCC 7120 it is dispensable for 264 

growth (44). Other MGEs different from plasmids (45) as well as bacteriophages (46) 265 

encode for tRNA genes. In the acidophilic, bioleaching bacterium Acidithiobacillus 266 

ferrooxidans, the tRNA genes are located on an integrative-conjugative element and are 267 

likely not essential for growth (45).  268 

Another feature that sets these plasmids apart is the presence of a CRISPR3-Cas cassette, 269 

which is identical (100% identity on nt level) in all of them. The cassette consists of a CRISPR 270 

array with 15 spacers, in addition to the genes encoding for a Cas6/Cse3/CasE-type 271 

endonuclease, the Cascade subunits CasA, CasB, CasC and CasD and the CRISPR-associated 272 

proteins Cas1 and Cas2, which is similar to the class I-E CRISPR-Cas systems (47). The 273 

CRISPR-defense system protects bacteria and archaea against MGEs and phages (48), and 274 

can be transferred horizontally (43, 49). Although the exact direct repeats of the CRISPR 275 

structure were also found in the Serpentinomonas mccroryi strain B1 genome 276 

(GCA_000828915.1), the spacer sequences did not have any match in the CRISPR 277 

databases. Interestingly, no CRISPRs were found in other Variovorax genomes available in 278 

public databases, with the exception of Variovorax sp. PDC80 (GCF_900115375.1), which 279 

carries a class I-F CRISPR-Cas system with spacers unrelated to those of the megaplasmids.  280 

Other plasmids that carry tRNA genes in the linuron-degrading strains are plasmids pRA8-2 281 

and pWDL1-2. These plasmids are distantly-related to pPBL-H6-1, pSRS16-1, pPBL-E5-1 and 282 

pWDL1-1 and also carry the tRNA genes in an array, however, their tRNAs do not encode 283 

for all proteinogenic amino acids and are all redundant. The two plasmids neither have 284 

functions for conjugal transfer nor carry catabolic genes but encode for putative heavy 285 

metal resistance, like the cobalt-zinc-cadmium efflux system encoded by czcABCD (50, 51), 286 
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the copper-response two-component system encoded by cusRS and cusABRS (35), and 287 

mercury resistance encoded by merACPTR (52) . Unlike pWDL1-2, pRA8-2 carries an IS1071 288 

element adjacent to a gene cluster encoding for homologues of the toxin-antitoxin system 289 

proteins DinJ-YafQ (53) and the antirestriction protein KlcA that play a role in ensuring 290 

plasmid stability.  291 

Genomic organization of linuron degradation genes among different 292 

Variovorax strains 293 

We analyzed the presence, location and genomic context of hylA and libA genes for linuron 294 

hydrolysis, dcaQTA1A2BR genes for DCA conversion to 4,5-chlorocatechol(54) and 295 

ccdCDEFR genes for 4,5- dichlorocatechol degradation(1, 6) in each of the degraders 296 

genome. These genes were not present in any of the other publicly-available Variovorax 297 

genomes. 298 

Genomic context of the linuron-hydrolysis genes hylA and libA 299 

The linuron hydrolysis genes hylA and libA were highly conserved among the different 300 

strains. The six linuron degraders carried either hylA or libA, but never both. hylA is present 301 

in one copy in strains PBS-H4 and WDL1. As previously reported for WDL1, hylA in strain 302 

PBS-H4 makes part of a larger gene cluster of 13 ORFs that is highly conserved among the 303 

two hosting strains (99 to 100 % nt identity and complete synteny) and that is flanked at 304 

both sites by an IS1071 composing a putative composite transposon (Figure 4A). The 305 

function of the hylA associated ORFs, and in particular the downstream ORFs, is currently 306 

unclear, but their conservative nature indicates that they play a role in linuron hydrolysis. 307 

Albers et al.(55) showed the upregulation of the downstream luxRI homologues when 308 

WDL1 is degrading linuron within a consortium. The hylA carrying composite transposon 309 

likely originated by inserting the hylA gene together with its downstream ORFs in a 310 

precursor composite transposon carrying the iorAB and dca gene clusters as suggested by 311 
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the presence of iorAB and a dcaQ remnant directly upstream of hylA. Interestingly, the 312 

dcaQ gene that directly flanks hylA, is truncated at a different residue in WDL1 and in PBS-313 

H4 (PBS-H4: nt position 749, WDL1: 689), which suggests that the hylA gene and its 314 

associated downstream ORFs were independently acquired by the composite transposons 315 

present in the two strains. However, this does not necessarily mean that IS1071 recruited 316 

the hylA locus for WDL-1 and PBS-H4. The locus might have existed, though in different 317 

forms, before its recruitment by WDL1 and PBS-H4, as integrated into a composite 318 

transposon and might have been distributed as such.   319 

libA is present in SRS16, PBL-E5, RA8 and PBL-H6. This gene also makes part of a larger 320 

highly conserved gene cluster of four ORFs flanked at both borders by an IS1071 element 321 

and hence composing a putative composite transposon structure (Figure 4B). In addition to 322 

libA, this gene cluster contains a luxR-family transcription regulator directly adjacent to libA 323 

followed by an IS91-family insertion element. The remarkable conservation of the libA locus 324 

including its integration into a composite transposon, might suggest that Variovorax 325 

recruited the libA locus rather through an already existing composite transposon structure 326 

carrying libA, as suggested above for the recruitment of the hylA locus, As reported above,  327 

the libA locus is carried by identical IncP-1 plasmids in strains PBL-E5, RA8 and SRS16. SRS16 328 

and PBL-E5 were isolated from the same agricultural field, albeit at different time points, 329 

and hence this plasmid seems to play an important role in distributing the libA locus in that 330 

field. RA8 though was isolated in Japan, indicating that similar plasmids evolved at different 331 

locations, or that the BHR plasmid was transferred across a large geographic distance. In 332 

contrast, in PBL-H6, which originated from a Belgian agricultural field, the transposon is 333 

located on the t-RNA carrying megaplasmid pPBL-H6-1 as two flanking complete copies. As 334 

such, in PBL-H6, the libA composite transposon appears to be obtained by integrating in a 335 

replicon different from IncP-1 plasmids. However, PBL-H6 also harbors the PromA plasmid 336 

pPBL-H6-2 that carries a copy of the IS1071 element. An ancestral version of the PromA 337 
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plasmid might have been the initial carrier of the libA carrying composite transposon in 338 

PBL-H6. After the ancestral plasmid was recruited by PBL-H6, the transposon might have 339 

transposed to and duplicated in pPBL-H6-1, after which the libA gene cluster was lost from 340 

pPBL-H6-2 by homologous recombination of the IS1071 element, leaving one copy behind. 341 

A similar phenomenon was previously shown for an IncP-1 plasmid carrying genes for 342 

atrazine biodegradation (56).  343 

The dca and ccd clusters of linuron-degrading Variovorax  344 

Similar to the hylA and libA genes, MGEs determine the genomic context of the dca and ccd 345 

genes. PBL-E5, PBL-H6 and SRS16 carry the entire dca and ccd clusters, which is consistent 346 

with their ability to degrade linuron and DCA. The ccd clusters of strains PBL-E5, PBL-H6 and 347 

SRS16 are on the 800 Mbp megaplasmids, directly downstream of the dca clusters (Figure 348 

4B). In both strains, the entire dca/ccd gene cluster is bordered by IS1071 at both sides, 349 

with two inward-directed IRs and one outward-directed IR missing. A similar composite 350 

transposon configuration including the dca and ccd genes is found in the chloroaniline 351 

degrader Delftia acidovorans LME1(54) (Figure 4B), except that PBL-H6 and SRS16 have two 352 

copies of the dcaA1A2 genes and PBL-E5 two adjacent copies of the dcaQTA1A2B genes 353 

with one intact and one truncated dcaB. Other chloroaniline degraders like Comamonas 354 

testosteroni WDL7 and Delftia acidovorans B8c(54) carry a similar structure but lacking the 355 

ccd genes (Figure 4B). Amino acid-level similarity of the proteins encoded by dcaQTA1A1BR 356 

and ccdCFDE between the three Variovorax strains and LME1/WDL7/B8c is around 99% 357 

(Table S4). As for the hylA and libA loci, we hypothesize that the dca/ccd gene clusters were 358 

obtained by being already integrated into an ancestral composite transposon but that 359 

afterwards gene rearrangements occurred that explained the observed variations. . This is 360 

further supported by the observation that in the chloroanaline degrading 361 

Comamonas/Delftia strains, the composite transposon structures carrying dca/ccd genes 362 

are located on IncP-1 plasmids, while in the three Variovorax strains they are located on the 363 
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800 kbp t-RNA carrying megaplasmids. In case of PBL-H6, these are directly adjacent to the 364 

composite transposon structure carrying libA (see above). In all three strains the location of 365 

the composite transposons is the same, marking the corresponding location as a likely 366 

accessory gene insertion hot spot in the mega-plasmid.  367 

The dca cluster and associated ORFs present on pWDL1-1 are also bordered by two IS1071 368 

elements, but the composite transposon does not contain a ccd cluster and the dca genes 369 

are rather related (99% nt identity) to the tadQTA1A2B encoding for conversion of aniline 370 

to catechol in Delftia tsuruhatensis AD9 (57). Also the ccd cluster, present on pWDL1-1, 371 

differs from those of PBL-E5, PBL-H6 and SRS16. This cluster is also bordered by IS1071 372 

elements and its location is in the direct vicinity of either hylA or the dca genes, depending 373 

on the WDL1 subpopulation (9). These genes are relatively distantly-related to other known 374 

catechol degradation genes (Table S4).  375 

The ccd gene clusters in the non-DCA degraders PBS-H4 and RA8 are identical to those of 376 

WDL1. In PBS-H4, the ccd cluster is on the PromA plasmid pPBS-H4-2, that also bears the 377 

hylA carrying composite transposon. The ccd cluster is flanked by IS1071 elements at both 378 

ends composing a putative composite transposon. Unlike pWDL1-1, where the putative 379 

transposons carrying the hylA and ccd cluster are directly adjacent to each other, on pPBS-380 

H4-2 they are separated by other IS1071 elements that don’t carry catabolic genes. In RA8, 381 

the ccd cluster is located on pRA8-1. This cluster is flanked by one truncated tnpAIS1071 382 

(Figure 4A), without an IR, indicating that IS1071 also played a role in recruitment of the ccd 383 

cluster by pRA8-1. Overall, as for the hylA, libA and dca loci, the apparent strong 384 

conservation of the ccd genes in a composite transposon structure in different plasmid 385 

vehicles indicates again that these genes were recruited as a composite transposon 386 

structure that already contained the respective loci. 387 
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Overall, the analysis of the genetic context of the genes involved in linuron catabolism, 388 

either upstream or downstream functions in the pathway, indicates that  IS1071 insertion 389 

element play an essential role in the plasmid-associated acquisition of the catabolic genes 390 

and genetic adaptation of Variovorax toward the ability to degrade linuron. The 391 

phenomenon that IS1071 elements are associated with genes involved in xenobiotic 392 

degradation was previously observed via both cultivation-dependent (7, 27, 58, 59) and 393 

cultivation-independent(16) methods. Subsequent inter- and intramolecular transposition 394 

of IS1071 is thought to lead to the assembly of catabolic genes into a composite transposon 395 

structure with the recruited genes flanked by IS1071 at both sites(60, 61). The new 396 

composite transposon structure can then move on itself between different replicons as 397 

shown for instance for Tn5271, the composite transposon consisting of the chlorobenzoate 398 

catabolic genes cbaABC flanked by IS1071, in Alcaligines sp BRC60(62). The strong 399 

conservative nature of the catabolic cargo in the putative composite transposon structures 400 

suggest that the recruitment of the different catabolic clusters in the linuron degrading 401 

Variovorax strains is rather due to the recruitment of already existing catabolic composite 402 

transposons rather than by the assembly process itself. Broad host range plasmids such as 403 

IncP-1 are known to distribute catabolic clusters in communities and often contain IS1071 404 

associated catabolic composite transposons (7, 54). Interestingly, each of the linuron 405 

degraders with the exception of WDL1, carries at least one plasmid of a well-known 406 

promiscuous plasmid group (IncP-1 or PromA). Their involvement in distributing linuron 407 

catabolic genes in the linuron degrading strains is suggested from the fact that these 408 

plasmids all carry at least one of the involved catabolic gene functions with the exception of 409 

pPBL-H6-2. However, as mentioned above, the latter carries an IS1071 copy which might be 410 

obtained from internal recombination between two IS1071 elements bordering a 411 

composite transposon as explained above. In addition, other plasmids of yet unknown type, 412 

carrying signs of conjugative features, were present. Likely, plasmids move around in a 413 
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community, and pick up the composite transposons, for further transfer to their final hosts. 414 

As such, the BHR plasmids found in the linuron degrading strains might have, next to 415 

IS1071, functioned as a second crucial vehicle for acquisition of the catabolic genes. 416 

Interestingly, regarding catabolic functions, only a limited reservoir of catabolic loci was 417 

utilized for integration in the linuron catabolic pathways indicating that the choice of 418 

suitable catabolic functions for integration into a functional linuron catabolic pathway in 419 

Variovorax is limited, even on a worldwide scale. Curiously, these genes seem only to be 420 

recruited by a specific clade 1 of Variovorax, whose members, in addition to linuron, seem 421 

to be prone to genetic adaptation and hence specialization towards the biodegradation of 422 

other anthropogenic compounds. Apparently, for some reason, this clade is able to recruit 423 

and express foreign genes for xenobiotic biodegradation. Sequence analysis of other 424 

genomes within this clade, in addition to the linuron degraders, and comparison with the 425 

genome sequences of clade 2, might unravel the mechanisms involved in this special ability 426 

of catabolic gene recruitment.  427 

Materials and methods 428 

Genome sequencing, assembly and annotation 429 

The details of the biomass and library preparation for genome sequencing are given in the 430 

supplementary text S1. Genome assembly was performed based on the PacBio reads by 431 

means of the RS_HGAP_Assembly.3 protocol included in SMRT Portal version 2.3.0 applying 432 

target genome sizes of 5 Mbp (PBL-E5), 15 Mbp (WDL1) and 10 Mbp (others). All assemblies 433 

showed one chromosomal contig, several extra-chromosomal contigs and several artificial 434 

contigs. Artificial contigs were removed from the assembly. The remaining contigs were 435 

circularized and assembly redundancies at the ends of the contigs were removed. ORFs on 436 

the replicons were ordered using dnaA (chromosome) or repA/parA (plasmids) as the first 437 

ORF. Error correction was performed by mapping the Illumina short reads onto finished 438 
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genomes using bwa v. 0.6.2 in paired-end (sampe) mode using default settings(63) with 439 

subsequent variant and consensus calling using VarScan v. 2.3.6 (Parameters: mpileup2cns -440 

-min-coverage 10 --min-reads2 6 --min-avg-qual 20 --min-var-freq 0.8 --min-freq-for-hom 441 

0.75 --p-value 0.01 --strand-filter 1 --variants 1 --output-vcf 1)(63). A consensus 442 

concordance of QV60 was reached. Automated genome annotation was performed using 443 

Prokka 1.8(64). Genomes were deposited at EMBL/ENA under the accession numbers 444 

LR594659-LR594661 (PBL-H6), LR594662-LR594665 (RA8), LR594666-LR594670 (SRS16), 445 

LR594671-LR594674 (PBL-E5), LR594675-LR594677 (PBS-H4), and LR594689-LR594694 446 

(WDL1). 447 

Phylogenomic analysis of Variovorax sp. plasmids and genomes 448 

The accession numbers of the genome and plasmid sequences used to construct the 449 

phylogenetic trees are listed in Table S1.  450 

First, a phylogenomic analysis of the whole genome dataset was conducted at the 451 

nucleotide level using the truly whole-genome-based Genome-BLAST Distance Phylogeny 452 

method (GBDP)(65, 66)(67). Briefly, GBDP infers accurate intergenomic distances between 453 

pairs of genome sequences and subjects resulting distances matrices to a distance-based 454 

phylogenetic reconstruction under settings recommended for the comparison of 455 

prokaryotic genomes(65). The method is used by both the Genome-to-Genome Distance 456 

Calculator 2.1(65) and the Type Strain Genome Server(67). 457 

A second phylogenetic analysis based on the plasmids' amino acid sequences was 458 

conducted using GBDP as well, except that GBDP distance calculations were done under 459 

settings recommended for the analysis of bacteriophage sequences(68). The reason is that 460 

the sequence lengths of the plasmid sequences were in the same order of magnitude than 461 

bacteriophage sequences(68) and thus promised an equally good performance of the GBDP 462 

method when applied to plasmid data. The publicly-available plasmid sequences included in 463 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted September 6, 2019. ; https://doi.org/10.1101/759100doi: bioRxiv preprint 

https://doi.org/10.1101/759100
http://creativecommons.org/licenses/by-nc-nd/4.0/


20 
 

this study were selected based on their relatedness to the newly-sequenced plasmids, in 464 

order to allocate them into known plasmid groups.  465 

Regarding both analyses, a balanced minimum evolution tree was inferred using FastME 466 

v2.1.4 with SPR postprocessing each(69). 100 replicate trees were reconstructed in the 467 

same way and branch support was subsequently mapped onto the respective tree(66). 468 

For the 16S rRNA gene sequence-based phylogeny, the whole 16S rRNA gene sequences 469 

were retrieved from the SILVA database(70), and aligned with the SINA aligner(70). The 470 

phylogenies were inferred on the GGDC web server(65) using the DSMZ phylogenomics 471 

pipeline (https://ggdc.dsmz.de/phylogeny-service.php). Maximum likelihood (ML) and 472 

maximum parsimony (MP) trees were inferred from the alignment with RAxML(70) and 473 

TNT(70), respectively. For ML, rapid bootstrapping in conjunction with the autoMRE 474 

bootstopping criterion(70) and subsequent search for the best tree was used; for MP, 1000 475 

bootstrapping replicates were used in conjunction with tree-bisection-and-reconnection 476 

branch swapping and ten random sequence addition replicates. The sequences were 477 

checked for a compositional bias using the Χ² test as implemented in PAUP*(70). All 478 

phylogenetic trees were visualized with iTOL(71).  479 

Analysis of Variovorax sp. plasmids 480 

The codon usage of chromosomes and plasmids was calculated with CompareM v. 481 

0.0.23(72). Subsequently, a PCA was conducted and the principle components were 482 

hierarchically clustered using the Ward’s criterion with FactoMineR FactoMineR v. 1.36(73). 483 

The replication origins as well as the type IV secretion systems were predicted with 484 

oriTfinder v. 1.1(70).  485 

The COG categories on pPBL-H6-1 was determined with eggNOG(74). The circular 486 

representation was drawn with CGview(75) (Figure 3A), and the BLAST-based comparative 487 

analysis illustration was generated with Easyfig(76) (Figure 3B). SimpleSynteny(77) was 488 
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used to determine the positions of the catabolic clusters and associated ORFs, and draw the 489 

catabolic cluster illustrations. 490 
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Number of 

 
Strain Replicon 

Size 
(kbp) GC% ORFs 

tRNA 
genes Transposases IS1071 

Degradation 
genes 

         

WDL1 chromosome 6724.9 67.2 6376 56 64 5  

(linuron=>CO2) pWDL1-1 825.1 62.5 862 44 29  
hylA or dca 

and ccd 

 pWDL1-2 565.9 63.5 543 27 24   

 pWDL1-3 207.9 63.7 229  42   

 pWDL1-5 20.1 62.6 25     

 pWDL1-4 25.0 62.6 23  8 1  

 Total 8368.8  8058 127 167 6  

         

PBL-H6 chromosome 5990.2 66.8 5557 54 6   

(linuron=>CO2) pPBL-H6-1 839.2 62.4 883 50 36 5 libA, dca, ccd 

 pPBL-H6-2 (PromA) 42.1 63.5 49  1 1  

 Total 6871.6  6489  43 6  

         

PBS-H4 chromosome 6429.8 66.9 6031 57 7 2  

(linuron=>DCA) pPBS-H4-1 117.4 64.9 95  2   

 pPBS-H4-2 (PromA) 104.9 62.7 112  14 5 hylA, ccd 

 Total 6652.1  6238 161 23 7  

         

RA8 chromosome 6501.6 67.2 6129 52 7   

(linuron=>DCA) pRA8-1 429.0 64.9 443  8 2 ccd 

 pRA8-2 425.3 64.2 419 23 19 2  

 pRA8-3 (IncP-1) 68.4 61.2 63  30 3 libA 

 Total 7424.2  482 23 64 7  

         

SRS16 chromosome 5763.0 67.3 5469 50 13   

(linuron=>CO2) pSRS16-1 801.4 62.5 852 50 19 2 dca, ccd 

 pSRS16-2 560.6 64.5 555  31   

 pSRS16-3 478.8 67 469  0   

 pSRS16-4 (IncP-1) 71.1 61.9 66  12 3 libA 

 Total 7674.9  7411 100 75 4  

         

PBL-E5 chromosome 5660.8 67.3 5421 47 10   

(linuron=>CO2) pPBL-E5-1 801.5 62.5 844 50 20 1 dca, ccd 

 pPBL-E5-2 553.0 67.1 550  4   

 pPBL-E5-3 (IncP-1) 71.0 61.3 66  11 3 libA 

 Total 7086.4  6881 97 45 4  

  724 
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 725 

Figure 1: GBDP phylogenomic analysis of the Variovorax whole genome dataset. The branch 726 

lengths are scaled in terms of GBDP distance formula d5. The numbers above branches are 727 

GBDP pseudo-bootstrap support values from 100 replications, with an average branch 728 

support of 80.6%. Leaf labels are further annotated by their genomic G+C content, genome 729 

sequence length, phenotypic attributes and origin of isolation. 730 

 731 

 732 
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 733 

Figure 2: GBDP phylogenomic analysis of Variovorax plasmids and relevant relatives. The 734 

branch lengths are scaled in terms of GBDP distance formula d6. The numbers above 735 

branches are GBDP pseudo-bootstrap support values from 100 replications, with an 736 

average branch support of 91.3%. Leaf labels are further annotated by their genomic G+C 737 

content, length as well as special attributes. Previously-sequenced plasmids included in the 738 

study and their NCBI accession numbers are: pM7012 (NC_022995.1), pSB102 (AJ304453.1), 739 

pSN1104-34 (AP018708.1), pSN1104-11 (AP018707.1), pIJB1 (JX847411.1), pAKD4 740 
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(GQ983559.1), pDB1 (JQ436721.1), pHB44 (KU356988.1), pBS64 (KU356987.1), pL2 741 

(JF274989.1), pNB8 (NC_019264.1), pLME1 (NC_019263.1) and pTB30 (NC_016968.1). 742 
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Figure 3: (A) Synteny and BLAST identity of the four Variovorax tRNA carrying megaplasmids. 761 

Shaded regions indicate the BLAST identity at the nucleotide level. (B) Circular representation of 762 

the pPBL-H6-1 as an example of a Variovorax tRNA carrying megaplasmid. The colored arrows 763 

represent the main COG categories that the proteins were assigned to, as well as the tRNA genes. 764 

G+C content and skew are represented in the inner circles.  765 
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Figure 4: Catabolic clusters and their synteny. The genes with the same color code share 99-781 

100% identity at the aa level. Shaded arrows indicate truncated genes, with the lighter-782 

shade arrow indicating the full gene size. Broken likes indicate IS1071 IRs.  783 

(A): Catabolic genes of WDL1, RA8 and PBS-H4. The hylA and ccd clusters on the plasmids 784 

pPBS-H4-2, pWDL1-1 and pRA8-1, as well as flanking genes are illustrated. Catabolic cluster 785 

locations are depicted for each plasmid in base pairs. 786 

(B) Catabolic genes of SRS16, PBL-H6 and PBL-E5. On the top panel, the dca and ccd clusters 787 

on plasmids pPBL-E5-1, pSRS16-1 and pPBL-H6-1 as well as the Delftia acidovorans plasmid 788 

pLME1 are illustrated, together with flanking genes and genes directly neighboring each 789 

IS1071 element. The catabolic cluster locations and IS1071 insertion positions are given for 790 

each plasmid in base pairs. In the lower panel, the libA gene-associated IS1071 elements 791 

are illustrated for pPBL-H6-1, pPBL-E5-2, pSRS16-4 and pRA8-3. The insertion site of the 792 

libA- associated IS1071 elements on pPBL-H6-1 is depicted with fading lines. For the other 793 

three plasmids, genes directly flanking the IS1071 elements are given as well.  794 
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Supplementary information 806 

 807 

Supplementary Text S1: Library preparation for PacBio and Illumina sequencing: 808 

Biomass for genome sequencing of the six linuron-degrading Variovorax was obtained from 10 mL 809 

cultures grown in R2B medium supplemented with 10 mg/L linuron (Sigma-Aldrich, analytical 810 

standard) at 20 °C till an OD600 of 0.8-1. The linuron and/or DCA degradation phenotype of the 811 

cultures was assessed by monitoring the compounds concentration as previously described(1). 812 

DNA was isolated from the cultures using Qiagen Genomic-tip 100/G (Qiagen, Hilden Germany) kit 813 

according to the manufacturer’s instructions. For long read sequencing, 15 kbp libraries were 814 

prepared according to the SMRTbell™ template preparation protocol of PacificBiosciences (Menlo 815 

Park, USA), following the Procedure & Checklist – Greater Than 10 kbp Template Preparation. 816 

Briefly, 8 µg genomic DNA was sheared using g-tubes™ from Covaris (Woburn, USA). DNA was 817 

end-repaired and ligated overnight to hairpin adapters using the DNA/Polymerase Binding Kit P6 818 

(Pacific Biosciences, Menlo Park, USA). BluePippin™ Size-Selection gel cassettes were used to 819 

select for DNA fragments greater than 4 kbp according to the manufacturer´s instructions (Sage 820 

Science, Beverly, MA, USA). Conditions for annealing of sequencing primers and binding of 821 

polymerase to purified SMRTbell™ template were assessed with the Calculator in RS Remote 822 

(PacificBiosciences, Menlo Park, USA). One SMRT cell for sequencing was used per strain on a 823 

PacBio RSII apparatus (PacificBiosciences, Menlo Park, USA) taking one 240-minutes movie with 824 

exception of strain RA8, for which three SMRT Cells were used. For short read sequencing, short 825 

insert libraries were created using the Illumina Nextera XT DNA Library Prep Kit (Illumina, San 826 

Diego, USA) and pair-end (2 X 151 bp) sequenced on an Illumina NextSeq 550 (Illumina, San Diego, 827 

USA). 828 

 829 

 830 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted September 6, 2019. ; https://doi.org/10.1101/759100doi: bioRxiv preprint 

https://doi.org/10.1101/759100
http://creativecommons.org/licenses/by-nc-nd/4.0/


38 
 

Table S1: Variovorax genomes used in this study.  831 

Accession nr Species Sequence 

length (bp) 

Percent 

GC 

Other feature 

GCA 

001591345.1 

V. boronicumulans 

NBRC_103145 

6724210 68.2885 Boron accumulating, soil 

GCA 

003965815.1 

V. gossypii DSM_100435 6300928 67.4438 Cotton root 

GCA 

003952165.1 

V. guangxiensis 

DSM_27352 

7184833 67.4395 Banana root 

GCA 

000382045.1 

V. paradoxus 110B 7515245 67.7348 Rhizosphere  of 

Arabidopsis thaliana 

GCA 

000377585.1 

V. paradoxus 4MFCol3.1 7011330 67.5227 Rhizosphere  of 

Arabidopsis thaliana 

GCA 

000463015.1 

V. paradoxus B4 7148516 67.1562 Soil, 2-mercaptosuccinate 

degrader 

GCA 

000184745.1 

V. paradoxus EPS 6550056 66.4797 Soil 

GCA 

001591365.1 

V. paradoxus 

NBRC_15149 

6664268 67.7407 Soil 

GCA 

000023345.1 

V. paradoxus S110 6754997 67.5362 Endophyte 

GCA 

000807585.2 

V. paradoxus ZNC0006 8473132 68.3596 Zebrafish intestine 

GCA 

001591385.1 

V. soli NBRC_106424 5600425 67.787 Greenhouse soil 

GCA 

003955655.1 

V. sp. 369 7487985 67.7807 n.k. 

GCA 

003951285.1 

V. sp. 502 6765052 67.4001 n.k. 

GCA 

002754375.1 

V. sp. 54 6642361 67.6846 Lake sediment 

GCA 

003950725.1 

V. sp. 553 7212420 67.2617 n.k. 
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GCA 

001899795.1 

V. sp. 67-131 7946830 67.2828 Thiocyanate bioreactor 

GCA 

003952185.1 

V. sp. 679 7212419 67.2617 n.k. 

GCA 

900115685.1 

V. sp. 770b2 7449424 67.0516 Forest soil 

GCA 

900101545.1 

V. sp. CF079 6846381 66.9727 Populus root 

GCA 

000282635.1 

V. sp. CF313 6028886 66.8402 Populus root 

GCA 

003984625.1 

V. sp. DXTD-1 5254730 65.8435 Desert soil 

GCA 

900100965.1 

V. sp. EL159 7001541 66.6979 Forest soil 

GCA 

003253535.1 

V. sp. GV004 7466671 69.3112 Populus root 

GCA 

003096925.1 

V. sp. GV014 8606402 68.1098 Populus root 

GCA 

003217395.1 

V. sp. GV035 7466290 69.3105 Populus root 

GCA 

003053685.1 

V. sp. GV040 7459457 69.3174 Populus root 

GCA 

003208625.1 

V. sp. GV042 7458914 69.3169 Populus root 

GCA 

900090195.1 

V. sp. HW608 7733463 66.5307 lignin degrader, soil 

GCA 

002157355.1 

V. sp. JS1663 7324361 68.0306 N- Nitroglycine degrader, 

soil 

GCA 

003852515.1 

V. sp. KBW07 7174338 66.8329 Earthworm homogenate 

GCA 

001984055.1 

V. sp. KK3 7190799 67.4707 2,4-D degrader, 

freshwater 

GCA 

003984645.1 

V. sp. MHTC-1 5882526 67.0643 Ephedra rhizosphere 
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GCA 

900112125.1 

V. sp. NFACC26 8206836 67.3845 Endophyte 

GCA 

900113295.1 

V. sp. NFACC27 8233050 67.3685 Endophyte 

GCA 

900107915.1 

V. sp. NFACC28 8243820 67.3351 Endophyte 

GCA 

900108265.1 

V. sp. NFACC29 8213461 67.3833 Endophyte 

GCA 

002729445.1 

V. sp. NP4 9244582 69.127 n.k. 

GCA 

900109235.1 

V. sp. OK202 8802000 68.0234 Populus root 

GCA 

900112425.1 

V. sp. OK212 8802773 68.0231 Populus root 

GCA 

900115445.1 

V. sp. OK605 8712396 68.1283 Populus root 

GCA 

900111625.1 

V. sp. OV084 7387450 66.2934 Populus root 

GCA 

900114785.1 

V. sp. OV329 6313206 67.8224 Populus root 

GCA 

900099805.1 

V. sp. OV700 6483567 65.691 Populus root 

GCA 

001577265.1 

V. sp. PAMC_28711 4316152 65.9735 Antarctic soil 

GCA 

900115375.1 

V. sp. PDC80 8962376 69.5908 Populus root 

GCA 

003019815.1 

V. sp. PMC12 7015237 67.615 Tomato rhizosphere 

GCA 

002849325.1 

V. sp. RO1 6871164 67.3696 Arsenic resistant 

GCA 

001424835.1 

V. sp. Root318D1 5745530 65.8025 Arabidopsis root 

GCA 

001425205.1 

V. sp. Root411 6063830 66.6364 Arabidopsis root 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted September 6, 2019. ; https://doi.org/10.1101/759100doi: bioRxiv preprint 

https://doi.org/10.1101/759100
http://creativecommons.org/licenses/by-nc-nd/4.0/


41 
 

GCA 

001426595.1 

V. sp. Root434 6321673 66.9158 Arabidopsis root 

GCA 

001426505.1 

V. sp. Root473 5744754 67.842 Arabidopsis root 

GCA 

001725775.1 

V. sp. SCN_67-20 7722457 67.384 Thiocyanate bioreactor 

GCA 

001725035.1 

V. sp. SCN_67-85 7712539 67.3794 Thiocyanate bioreactor 

GCA 

003863415.1 

V. sp. T529 6695648 67.4047 n.k. 

GCA 

000620225.1 

V. sp. URHB0020 6629371 64.5764 Grassland 

GCA 

003014875.1 

V. sp. WS11 8562068 67.2245 Isoprene degrader, 

phyllosphere 

GCA 

900107745.1 

V. sp. YR216 7371494 66.2216 Populus root 

GCA 

900107295.1 

V. sp. YR266 7461239 66.2025 Populus root 

GCA 

900106655.1 

V. sp. YR634 7157607 66.3985 Populus root 

GCA 

900109805.1 

V. sp. YR750 8099115 67.4261 Populus root 

GCA 

900215425.1 

V. sp. YR752 7549133 66.2729 Populus root 

AY738708                 V. sp. MD2 n.a. n.a. maize-cultivated soil (only 

16S tree) 

AY738709 V. sp. MD3  n.a. n.a. maize-cultivated soil (only 

16S tree) 

 832 

 833 

Table S2: Digital DNA-DNA hybridization values calculated by the type strain genome server 834 

(tygs.dsmz.de)(1). A value of 70% of higher indicates that the two microorganisms belong to the 835 

same species(2). C.I.: confidence interval. 836 
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 837 

Query strain Subject strain dDDH (%) C.I. (%) 

PBL-E5 SRS16 86 [83.3 - 88.3] 

RA8 WDL-1 51.2 [48.6 - 53.9] 

PBL-H6 WDL-1 44.9 [42.3 - 47.4] 

PBL-H6 RA8 43.1 [40.6 - 45.7] 

PBS-H4 RA8 40.1 [37.7 - 42.7] 

PBL-H6 PBS-H4 39.9 [37.4 - 42.4] 

PBS-H4 WDL-1 39.3 [36.8 - 41.8] 

PBL-E5 PBL-H6 32.2 [29.8 - 34.7] 

PBL-H6 SRS16 32.1 [29.7 - 34.6] 

PBL-E5 WDL-1 30.6 [28.2 - 33.1] 

SRS16 WDL-1 30.4 [28.0 - 32.9] 

PBL-E5 RA8 26.9 [24.6 - 29.4] 

RA8 SRS16 26.8 [24.5 - 29.3] 

PBL-E5 PBS-H4 25.3 [23.0 - 27.8] 

PBS-H4 SRS16 25.3 [22.9 - 27.8] 
        

1. Meier-Kolthoff JP, Göker M. 2019. TYGS is an automated high-throughput platform for state-
of-the-art genome-based taxonomy. Nat Commun 10:2182. 

 

2. Liu Y, Lai Q, Göker M, Meier-Kolthoff JP, Wang M, Sun Y, Wang L, Shao Z. 2015. Genomic 
insights into the taxonomic status of the Bacillus cereus group. Sci Rep 5:14082. 
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Table S3: Overview of plasmid replication and conjugation systems. T4SS= type IV secretion 848 

system, T4CP= type IV coupling protein, n.f.= not found. P=present. For the relaxase, T4CP and 849 

T4SS. The % identity on aa level to the nearest relative, as well as the accession number are given.850 

   851 

Plasmid Relaxase T4CP T4SS ori
T 

Replication 
genes 

pPBL-E5-1 
pWDL1-1 
pSRS16-1 
pPBL-H6-1 

n.f. 34% 
YP_001911165 

TraALBFHJDNUW, 
TrbC, VirB4 

n.f. RepB-ParAB 

pSRS16-2 TraI 49% 
YP_195891 

72% 
NP_990928.1 

TrbLJIHGFEDCB, 
TraJ, VirB1 

P RepB-ParAB 

pSRS16-3 
pPBL-E5-2 

n.f. n.f. n.f. n.f. RepB-ParAB 

pSRS16-4 
pRA8-2 

pPBL-E5-3 

TraI 100% 
YP_006965894.1 

100% 
NP_990928.1 

TrbBCDEFGHIJKLN. 
TraXF 

P IncP-1 

pPBL-H6-2 
pPBS-H4-2 

TraS 79% 
CAC79161 

67% 
YP_001672044 

VirB123456891011, 
VirD4 

P RepA 

pRA8-1 Rel 81% 
SDZ72275.1 

45% 
WP_010895213 

VirB23456891011, 
VirD4 

n.f. RepB-ParAB 

pRA8-2 n.f. n.f. n.f. n.f. RepB-ParAB 

pPBS-H4-1 TraA 37% 
AAV52093 

n.f. n.f. n.f. RepA 

pWDL1-2 n.f. n.f. n.f. n.f. RepB-ParAB 

pWDL1-3 Rel 84% 
WP_093180082.1 

45% 
WP_010895213 

VirB23456891011, 
VirD4, TrbB 

n.f. RepAB 

pWDL1-4 n.f. n.f. n.f. n.f. ParAB 

pWDL1-5 n.f. 38% AEY63616 VirB568, TraD n.f. repA 

chrWDL1 
  

TrbBCDEJLFGI, 
VirD4, TraF 

  

chrSRS16 
  

TrbBCDEJLFGI, 
VirD4 

  

chrRA8 
  

n.f. 
  

chrPBL-H6 
  

TrbBCDEJLFGI, 
VirD4 

  

chrPBL-E5 
  

TrbBCDEJLFGI, 
VirD4 

  

chrPBS-H4 
  

TrbBCDEJLFGI, 
VirD4 

  

 852 

 853 
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Table S4: Presence of the catabolic proteins in each strain, their aa level identity to the nearest 

relative, and the accession number of the nearest relative. 

  

       

  PBL-H6 PBL-E5 SRS16 WDL1 PBS-

H4 

RA8 

HylA no no no yes yes  no 

LibA yes  yes  yes  no no yes 

DcaQ yes (100% identical to 

AEX00653.2 DcaQ [Delftia 

acidovorans]) 

yes (see 

PBL-H6) 

yes (see 

PBL-H6) 

yes (99% identical to 

WP_047349924.1 DcaQ 

[Delftia tsuruhatensis]) 

no no 

DcaT yes (100% identical to 

AEX00654.1 DcaT [Delftia 

acidovorans]) 

yes (see 

PBL-H6) 

yes (see 

PBL-H6) 

yes (98% identical to 

AAX47240.1  DcaT [Delftia 

tsuruhatensis]) 

no no 

DcaA1 yes (100% identical to 

AEX00655.1 DcaA1 [Delftia 

acidovorans]) 

yes (see 

PBL-H6) 

yes (see 

PBL-H6) 

yes (98% identical to 

AAX47241.1 DcaA1 [Delftia 

tsuruhatensis]) 

no no 

DcaA2 yes (AEX00656.1 DcaA2  

[Delftia acidovorans]) 

yes (see 

PBL-H6) 

yes (see 

PBL-H6) 

yes (99% identical to 

AAX47242.1 DcaA2 [Delftia 

tsuruhatensis]) 

no no 

DcaB yes (AEX00657.1 DcaB  

[Delftia acidovorans]) 

yes (see 

PBL-H6) 

yes (see 

PBL-H6) 

yes (99% identical to 

AAX47243.1 DcaT [Delftia 

tsuruhatensis]) 

no no 

DcaR yes (100% identical to 

AEX00658.1 DcaT  [Delftia 

acidovorans]) 

yes (see 

PBL-H6) 

yes (see 

PBL-H6) 

no no no 

CcdC yes (100% identical to 

WP_015060619.1 

chlorocatechol 1,2-

dioxygenase [Delftia 

acidovorans]) 

yes (see 

PBL-H6) 

yes (see 

PBL-H6) 

yes (76% identical to 

WP_102776360.1 catechol 

1,2-dioxygenase 

[Achromobacter pulmonis]) 

yes 

(see 

WDL1) 

yes 

(see 

WDL1) 

CcdF yes (100% identical to 

WP_015060622.1 

maleylacetate reductase 

[Delftia acidovorans]) 

yes (see 

PBL-H6) 

yes (see 

PBL-H6) 

yes (76% identical to 

AYE88726.1 

chloromaleylacetate 

reductase [Diaphorobacter 

sp.] ) 

yes 

(see 

WDL1) 

yes 

(see 

WDL1) 

CcdD yes (100% identical to 

WP_015060623.1 

yes (see 

PBL-H6) 

yes (see 

PBL-H6) 

yes (78% identical to 

AYE88727.1 

yes 

(see 

yes 

(see 
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chloromuconate 

cycloisomerase  [Delftia 

acidovorans]) 

dichloromuconate 

cycloisomerase 

[Diaphorobacter sp.] ) 

WDL1) WDL1) 

CcdE yes (100% identical to 

WP_015060624.1  

dienelactone hydrolase 

[Delftia acidovorans] ) 

yes (see 

PBL-H6) 

yes (see 

PBL-H6) 

yes (74% identical to 

AYE88728.1 

chlorodienelactone hydrolase 

[Diaphorobacter sp.] ) 

yes 

(see 

WDL1) 

yes 

(see 

WDL1) 

 855 

 856 

 857 

 858 

 859 

Figure S1: Hierarchical clustering of codon usage of all genomic elements 860 
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 864 

Figure S2: Circular representation of highly-similar regions between the plasmids of the degrading 865 

Variovorax genomes. On the ring, the different plasmids are shown, that are linked according to 866 

the length of the matching regions. The alignment was calculated with BlastN(2) (evalue < 1e-10, 867 

identity >= 95%), only alignment length of at least 10 kbp were taken into account. The circular 868 

plasmid comparison was generated with R v. 3.5.2 (https://www.R-project.org/) and the 869 

Bioconductor package circlize v. 0.4.5(3). 870 

 871 

 872 

 873 
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 874 

Figure S3: GBDP phylogenomic analysis of the Variovorax chromosome dataset. The branch 875 

lengths are scaled in terms of GBDP distance formula d5. The numbers above branches are GBDP 876 

pseudo-bootstrap support values from 100 replications, with an average branch support of 80.6%. 877 

For the linuron-degrading Variovorax, whole genomes were included in the calculation for 878 

comparison. 879 
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880 
 881 

Figure S4: 16S-based phylogeny of Variovorax. ML tree inferred under the GTR+CAT model and 882 

rooted by midpoint-rooting. The branches are scaled in terms of the expected number of 883 

substitutions per site. The numbers above the branches are support values when larger than 60% 884 

from ML bootstrapping. 885 
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