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Summary

The worldwide use of the phenylurea herbicide, iso-
proturon (IPU), has resulted in considerable concern
about its environmental fate. Although many microbi-
al metabolites of IPU are known and IPU-mineralizing
bacteria have been isolated, the molecular mecha-
nism of IPU catabolism has not been elucidated yet.
In this study, complete genes that encode the con-
served IPU catabolic pathway were revealed, based
on comparative analysis of the genomes of three IPU-
mineralizing sphingomonads and subsequent experi-
mental validation. The complete genes included a
novel hydrolase gene ddhA, which is responsible for
the cleavage of the urea side chain of the IPU demeth-
ylated products; a distinct aniline dioxygenase gene
cluster adoQTA1A2BR, which has a broad substrate
range; and an inducible catechol meta-cleavage path-
way gene cluster adoXEGKLIJC. Furthermore, the
initial mono-N-demethylation genes pdmAB were fur-
ther confirmed to be involved in the successive N-
demethylation of the IPU mono-N-demethylated prod-
uct. These IPU-catabolic genes were organized into
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four transcription units and distributed on three plas-
mids. They were flanked by multiple mobile genetic
elements and highly conserved among IPU-
mineralizing sphingomonads. The elucidation of the
molecular mechanism of IPU catabolism will enhance
our understanding of the microbial mineralization of
IPU and provide insights into the evolutionary sce-
nario of the conserved IPU-catabolic pathway.

Introduction

The introduction of xenobiotic chemicals, such as pesti-
cides, into the environment drives microorganisms to
evolve new catabolic pathways either to exploit new carbon
and energy sources or to detoxify these toxic compounds.
Mineralization of pesticides is considerably more difficult
than detoxification because microorganisms must recruit
multiple enzymes to convert pesticides into the specific
intermediates which are involved in a central metabolic
pathway (Copley, 2009). However, it is likely that, given a
sufficient time of exposure, microbial cells can evolve new
pathways to mineralize most newly introduced pesticides
(Lal et al., 2006; Shapir et al., 2007).

The phenylurea herbicide (PUH) family, first discovered
and marketed in the mid-20th century, is one of the most
important and extensively used herbicides in different
regions of the world, including China, Europe and the Unit-
ed States (Fabbri et al., 2015). Ecotoxicological data have
suggested that PUHs and their intermediates including ani-
line derivatives are harmful to animals, plants, aquatic
invertebrates, algae and microbes, in addition to humans
(Oturan et al., 2008; Mosleh, 2009; Da Rocha et al., 2013).
Isoproturon (IPU), first released in 1972, is the most exten-
sively used PUH in conventional agriculture particularly in
Europe and China. Due to its widespread usage, IPU and
its metabolites including 3-(4-isopropylphenyl)—1-methyl-
urea (MDIPU), N-(4-isopropylphenyl)urea (DDIPU) and 4-
isopropylaniline (4-1A) have been commonly detected as
contaminants in rivers, streams, lakes, marine water and
groundwater around the world. Therefore, much attention
has been paid to the environmental fate of IPU for more
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than 40 years (Sgrensen et al.,
2015).

Microbial degradation is considered to be the primary
mechanism for the dissipation of IPU from the environment
(Mudd et al., 1983; Gaillardon and Sabar, 1994; Cox et al.,
1996). Previous studies have indicated that an IPU-
catabolic pathway has evolved in bacteria during several
decades of widespread application of PUHs. In 1998,
some pure cultures of bacteria including a particularly
active strain tentatively identified as Pseudomonas fluores-
cens that catabolized IPU as the sole carbon and nitrogen
source, were obtained (Roberts et al, 1998). In 2001,
Sphingomonas sp. strain SRS2 was isolated from an IPU-
treated agricultural soil in the United Kingdom based on its
ability to mineralize IPU (Sarensen et al., 2001). Subse-
quently, about ten IPU-mineralizing bacteria were isolated
and characterized from different regions of Europe and
Asia (Fig. 1A. Pseudomonas fluorescens is not included
due to the unavailability of its 16S rRNA gene sequence).
Among these strains, eight are sphingomonads (Bending
et al., 2003; Sun et al., 2006; 2009; Hussain et al., 2011)
and other two are Methylopila sp. strain TES (El Sebai
et al., 2004) and Pseudomonas aeruginosa strain JS-11
(Dwivedi et al., 2011). Because similar intermediates have
been detected during the IPU-mineralizing process in
sphingomonads, a common catabolic pathway has been
proposed (Serensen et al., 2003; Hussain et al., 2015). In
this pathway, two successive N-demethylations are fol-
lowed by the cleavage of the urea side chain, generating
4-1A; 4-1A is transformed into 4-isopropylcatechol (4-1PC),
which is the substrate for ring-cleavage (Fig. 1B).

Though the metabolic pathway of IPU has been pro-
posed, the molecular mechanism of IPU mineralization is
far from clear. The pdmAB genes encode the Rieske non-

2003; Hussain et al.,
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heme iron oxygenase (RO), which were responsible for the
initial N-demethylation step (IPU to MDIPU), were the only
identified genes for IPU catabolism and were found to be
highly conserved (99% similarity) among the sphingomo-
nads YBL1, YBL2, YBL3, Y57 and SRS2 (Gu et al., 2013).
Considering the facts that the lihnABCDEF genes in hexa-
chlorocyclohexane (HCH)-mineralizing sphingomonads
are highly conserved and the first initial demethylation
genes pdmAB in IPU-mineralizing sphingomonads are
also conserved (Lal et al, 2006; Gu et al., 2013), we
hypothesized that the other genes involved in the IPU
catabolism might also be conserved (likely with >95%
similarity).

In this study, the genomes of the three IPU-
mineralizing sphingomonads Sphingobium sp. strain
YBL2 (isolated in Changzhou, China; Sun et al., 2009),
Sphingomonas sp. strain Y57 (isolated in Suzhou, Chi-
na; Sun et al, 2006) and Sphingomonas sp. strain
SRS2 (isolated from Wellesbourne, UK; Sgrensen et al.,
2001) were sequenced and compared. Strain YBL2 is
capable of utilizing IPU as the sole carbon and nitrogen
sources for growth and degrading IPU and its intermedi-
ates (Fig. 2). The highly conserved ORFs (> 95%
similarity) among the three strains were chosen and
subjected to bioinformatics analysis and experimental
validation. Genes involved in the IPU-catabolic pathway
were identified through recombinant expression, gene
knockout and complementation studies. Furthermore,
the expression regulation, transcriptional response, sub-
strate range and organization structure of IPU-catabolic
genes were also investigated. This work will elucidate
the molecular mechanism of IPU mineralization and
enhance our understanding of the evolutionary mecha-
nism of the IPU-mineralizing pathway.
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Fig. 1. IPU-mineralizing bacteria and proposed IPU-catabolic pathway in sphingomonads.
(A) Phylogenetic analysis of IPU-mineralizing bacteria. Pseudomonas fluorescens is not included due to the unavailability of its 16S rRNA

gene sequence (Roberts et al., 1998).

(B) Proposed IPU-catabolic pathway based on the intermediates detected in the IPU degradation process. PdAmAB has been previously
demonstrated to be responsible for the first N-demethylation step (Gu et al., 2013).
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Fig. 2. Degradation of IPU and its intermediates by strain YBL2. Growth of strain YBL2 using IPU as the sole carbon source (A), as the sole
carbon and nitrogen sources (B), or as the sole nitrogen source (C). Degradation kinetics of IPU and its metabolites in MSM by the cell
suspension of strain YBL2 (D). Detailed method was specified in the experimental procedures section. All experiments were carried out in

triplicate.

Results

Genome features of three IPU-mineralizing
sphingomonads and prediction of IPU-catabolic genes
based on comparative genomic analysis

The complete genome sequence of strain YBL2 revealed
seven replicons, consisting of one circular chromosome (4
766 421 bp, 64.78% G + C, 4480 ORFs) and six circular
plasmids: pYBL2-1 (27 036 bp, 60.55% G + C, 34 ORFs),
pYBL2-2 (227 503 bp, 62.83% G + C, 244 ORFs), pYBL2-
3 (322 226 bp, 61.14% G + C, 399 ORFs), pYBL2-4 (44
342 bp, 62.24% G + C, 58 ORFs), pYBL2-5 (20 552 bp,
60.72% G +C, 23 ORFs) and pYBL2-6 (19 339 bp,
60.85% G + C, 17 ORFs). The whole genome has an
average G + C content of 64.42%, and it possesses a total
of three copies of rrn operons located on the chromosome.
A total of 5768 protein-coding genes were predicted. The
draft genome sequence of strain SRS2 contains 168 con-
tigs, constituting a total size of 4.63 Mb, of which the G + C
content is 63.9%. The draft genome sequence of strain
Y57 is 5.61 Mb in length (64.42% G + C content) and
consists of 195 contigs. The general features of these
three genomes are summarized in Supporting Information
Table S1.

Strains YBL2 (5.43 Mb) and Y57 (5.61 Mb) had similar
genome sizes, which were larger than that of strain SRS2
(4.63 Mb). However, a pairwise sequence comparison of
the genome sequences revealed high degrees of macro-
synteny (i.e., chromosomes with similar gene contents,
orders and orientations) (Hane et al, 2011) between
strains Y57 and SRS2, with an average amino acid
sequence similarity of more than 80% (Supporting Infor-
mation Fig. S1). The macrosynteny results were in
agreement with the phylogenetic relationships of strains
Y57 and SRS2 (Fig. 1A). In contrast, only mesosynteny
(i.e., chromosomes with similar gene contents but with dif-
ferent orders and orientations of genes) was observed
between strains YBL2 and Y57 or between strains YBL2
and SRS2, and most of the similarities of the orthologous
proteins were 60%—80%.

A total of 84 ORFs sharing more than 95% similarities
among the genomes of the three sphingomonads were
found (Supporting Information Table S2). Most of these
conserved ORFs were located on the six plasmids of strain
YBL2, with only three genes (encoding CoA reductase,
endonuclease and flavin monoamine oxidase) on the chro-
mosome. The location of the 84 ORFs on the genomes of
strains Y57 and SRS2 is unclear due to the lack of
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complete genome sequences. Given the pivotal roles of
plasmids in xenobiotics degradation, these 84 highly con-
served ORFs are likely to contain genes involved in IPU
catabolism.

Based on the IPU catabolic pathway (Fig. 1B), the candi-
dates responsible for each reaction step were predicted
from these 84 ORFs. (i) For the initial N-demethylation of
IPU to MDIPU, pdmAB genes were identified based on our
previous study (Gu et al., 2013). (ii) Because the demethyl-
ation of MDIPU by PdmAB was not identified in our
previous study (Gu et al., 2013), the successive N-demeth-
ylation of MDIPU to DDIPU was originally believed to be
catalyzed by another demethylase. According to the cur-
rent understanding, the O/N-demethylation reaction can be
catalyzed by cytochrome P450 monooxygenase (CYP)
(Wang et al, 2015), RO (Summers et al, 2012) or
tetrahydrofolate-dependent demethylase (Abe et al,
2005). However, no appropriate candidates were found
among the 84 conserved ORFs. (iii) The enzyme catalyz-
ing the cleavage of the urea side chain of DDIPU to 4-1A is
proposed to be a hydrolase. Although no likely candidate
was found among these conserved ORFs, two ORFs on
the plasmids of strain YBL2 warranted further investiga-
tion. One candidate is ORF228 on pYBL2-2. lts deduced
protein sequence shows 56% and 41% similarity to known
B-lactamase and esterase, respectively. Another candidate
is ORF4 on pYBL2-5. Its deduced protein sequence exhib-
its 21% similarity (coverage of 51%) to the carbaryl
hydrolase CehA from Rhizobium sp. strain AC100
(Hashimoto et al., 2002). CehA was able to cleave the
ester bond of carbaryl, a reaction similar to the cleavage of
the urea side chain of DDIPU. (iv) For the degradation of
4-|A, all of the currently known gene clusters involved in
the transformation of aniline/its derivatives into TCA-cycle
intermediates consist of the multi-component aniline dioxy-
genase gene cluster and the catechol-catabolic gene
cluster. ORF228-243 on plasmid pYBL2-2 was found to be
a typical aniline catabolic gene cluster. Specifically,
ORF238-243 encodes the aniline dioxygenase, and
ORF228-235 encodes the catechol meta-cleavage path-
way. Then, all of the candidate genes predicted for IPU
catabolism (Table 1) were subjected to experimental
validation.

ORF4 on pYBL2-5 encodes a novel hydrolase (DdhA)
that converts both MDIPU and DDIPU into 4-1A

The candidates for urea side chain cleavage were validat-
ed first because of the uncertainty regarding the second N-
demethylase. ORF4 and ORF228 were separately
expressed in both Escherichia coli BL21(DE3) and Sphin-
gomonas wittichii  RW1. Both recombinant strains
containing ORF4 converted DDIPU into 4-IA. In contrast,
neither strain expressing ORF228 showed activity toward

Molecular mechanism of the IPU-catabolic pathway 4891

DDIPU. Therefore, ORF4 was designated as the urea
side chain cleavage gene ddhA. Although recombinant
strain BL21(DE3)(pET-ddhA) exhibited obvious activity
against DDIPU when induced with isopropyl f-D-thioga-
lactopyranoside (IPTG), SDS-PAGE results showed that
DdhA was expressed at an extremely low level, even
using different hosts or growth conditions. Therefore,
cell-free extract of strain BL21(DE3)(pET-ddhA) after
IPTG induction was used to test the activity of DdhA,
and strain BL21(DE3) containing the empty vector was
used as the control. The cell-free extract of strain
BL21(DE3)(pET-ddhA) was able to transform both
DDIPU and MDIPU into 4-IA (Fig. 3). For MDIPU and
DDIPU, the specific activities of DdhA were 11.7 U/mg
protein and 4.0 U/mg protein, respectively. In addition,
the extract showed no activity toward IPU.

To further identify the in vivo role of ddhA in strain YBL2,
ddhA was inactivated through a single-crossover insertion,
generating the mutant YBL2-ddhA. The mutant failed to
convert either MDIPU or DDIPU into 4-IA, while comple-
mentation by the ddhA-containing plasmid pBBRddhA
restored its ability, showing that ddhA is the only gene
responsible for cleavage of the urea side chain in both
MDIPU and DDIPU. Therefore, these results demonstrated
that MDIPU could be directly transformed into 4-IA with
higher efficiency than DDIPU by DdhA in strain YBL2,
which was different from previous speculation that MDIPU
should be transformed into DDIPU first and then the urea
side chain was cleaved (Sgrensen et al., 2003; Hussain
etal, 2015).

pdmAB genes are also involved in the successive N-
demethylation and aromatic ring hydroxylation of MDIPU

Although the mutant YBL2-ddhA failed to cleave the urea
side chains of MDIPU and DDIPU, it was able to convert
MDIPU into DDIPU and a new compound at a low efficien-
cy (Fig. 4). The new compound was presumed to be the
aromatic-ring-hydroxylated MDIPU (called HO-MDIPU),
which was identified through LC-MS/MS analysis (Sup-
porting Information Fig. S2). Moreover, the pdmAB/ddhA
double mutant YBL2-ABA showed no detectable activity
toward |IPU, MDIPU or DDIPU. Therefore, these data indi-
cated that pdmAB genes are also involved in the
transformation of MDIPU into DDIPU and HO-MDIPU. To
further confirm this, plasmid pBBRPAB containing pdmAB
genes was introduced into strain RW1. Same with the
mutant YBL2-ddhA, strain RW1(pBBRPAB) could convert
MDIPU into DDIPU and HO-MDIPU within 36 h. By con-
trast, the control strain RW1(pBBR1MCS-5) showed no
detectable activity toward MDIPU. Taken together, these
results suggested that PAmAB is responsible for the con-
version of IPU into MDIPU, MDIPU into DDIPU as well as
MDIPU into HO-MDIPU. Previous reports have shown that
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Table 1. Candidate genes involved in IPU catabolism in strain YBL2.

ORF no. (Location)

Protein length
(aa®) (Accession no.)

Closest relative (Accession no.)

Identity (aa®)

Function

4 (pYBL2-4)
5 (pYBL2-4)
228 (pYBL2-2)
4 (pYBL2-5)

238 (pYBL2-2)

239 (pYBL2-2)

240 (pYBL2-2)

241 (pYBL2-2)
242 (pYBL2-2)
243 (pYBL2-2)
227 (pYBL2-2)

229 (pYBL2-2)

230 (pYBL2-2)

231 (pYBL2-2)

232 (pYBL2-2)

233 (pYBL2-2)

234 (pYBL2-2)

235 (pYBL2-2)

324 (AGS18337.1)
176 (AGS18336.1)

412 (WP_044663302.1)
712 (WP_044663665.1)

114 (WP_044663309.1)

335 (WP_044663310.1)

213 (WP_044663335.1)

444 (\WP_044663311.1)
242 (WP_044663312.1)
499 (WP_044663313.1)
251 (WP_044663301.1)

508 (WP_044663334.1)

262 (WP_044663303.1)

267 (WP_044663304.1)

77 (WP_044663305.1)

305 (WP_044663306.1)

346 (WP_044663307.1)

295 (WP_044663308.1)

Sphingobium sp. strain YBL2

PdmA (AGS18337.1)

Sphingobium sp. strain YBL2

PdmB (AGS18336.1)

Caulobacter sp. strain K31 beta-lac-

tamase (WP_012284656.1)

Pseudomonas sp. strain C5pp hypo-

thetical protein (WP_039615392.1)

uncultured bacterium GntR family-
transcriptional regulator

(BAH90337.1)

Pseudomonas putida electron trans-

fer protein (WP_032490114.1)

Burkholderia sp. strain K24 hypothet-

ical protein, partial

(WP_035520062.1)

Delftia acidovorans

DcaA1 (WP_015060610.1)

Burkholderia fungorum hypothetical

protein (WP_028196319.1)

Comamonas testosterone

CaoQ (WP_014386258.1)

Dechloromonas aromatic transcrip-

tional regulator (WP_011289515.1)

Hydrocarboniphaga effuse

2-hydroxymuconic semialdehyde

dehydrogenase (WP_007184067.1)

Azoarcus toluclasticus 2-keto-4-
pentenoate hydratase
(WP_018992902.1)

Polycyclovorans algicola 4-
oxalocrotonate decarboxylase
(WP_029889205.1)

Aquaspirillum serpens 4-
oxalocrotonate tautomerase
(WP_022653256.1)

Polycyclovorans algicola acetalde-
hyde dehydrogenase
(WP_029890418.1)

Methyloversatilis universalis 4-
hyroxy-2-oxovalerate aldolase
(WP_018230569.1)

Methyloversatilis universalis catechol
2,3-dioxygenase
(WP_018230568.1)

100%

100%

58%

43%

62%

60%

71%

72%

55%

66%

61%

76%

64%

54%

54%

76%

81%

72%

IPU to MDIPU,
MDIPU to DDIPU,
and MDIPU to
HO-MDIPU

DDIPU to 4-IA

Aniline dioxygenase;
4-|A to 4-IPC

Catechol degradation;
4-IPC to TCA-cycle
intermediates

a. Amino acid.

trace DDIPU was detected during the process of IPU deg-
radation by different sphingomonads (Sgrensen et al.,
2001; Sun et al., 2006), which was in agreement with our
finding of low transformation efficiency of MDIPU into
DDIPU by PdmAB. Moreover, strain RW1(pBBRPAB)
could not hydroxylate DDIPU or 4-lA (data not shown),
indicating PdmAB could only hydroxylate MDIPU. Addition-
ally, the cell-free extract of IPTG-induced strain
BL21(DE3)(pET-ddhA) showed no detectable activity
toward HO-MDIPU.

ORF238-243 (adoQTA1A2BR) on pYBL2-2 encodes the
aniline dioxygenase with a broad substrate range

The downstream genes responsible for the catabolism of
4-lA and aniline derivatives were further identified. As
shown in Fig. 5, the aniline catabolic genes are typically
composed of two parts: the aniline dioxygenase gene clus-
ter and the catechol metal/ortho-cleavage pathway gene
cluster. Because conversion of aniline into catechol is the
key step in the aniline catabolism, this work focused mainly
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on characterizing the aniline dioxygenase gene cluster
adoQTA1A2BR from two aspects: sequence analysis and
substrate range. Urata et al. (2004) suggested that the cur-
rently characterized aniline dioxygenase gene clusters
from Gram-negative bacteria could be divided into two dis-
tinct groups, tdn (Fukumori and Saint, 1997) and atd (Fujii
et al., 1997), by comparison with glutamine synthetase
(GS)-like protein (TdnQ/AtdA1). Within each group, the
GS-like proteins shared strong similarities (86.3%—99.2%).
The GS-like proteins in the tdn group were only 60%—66%

similar to those of the atd group. In addition, the regulators
of both groups (TdnR/AtdR) were LysR-type transcriptional
activators in the presence of aniline (Geng et al., 2009).
The six genes in adoQTA1A2BR cluster were expected
to encode a GS-like protein (AdoQ, corresponding to
TdnQ/AtdA1), a glutamine amidotransferase-like protein
(AdoT, corresponding to TdnT/AtdA2), large and small
subunits of an aromatic compound dioxygenase
(AdoA1A2, corresponding to TdnA1A2/AtdA3A4), a reduc-
tase (AdoB, corresponding to TdnB/AtdA5) and a regulator
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Fig. 4. HPLC analysis of the products of MDIPU treated with the ddhA-disrupted mutant YBL2-ddhA. The cell suspension assay was carried
out as specified in the experimental procedure section and the reaction time was 24 h. The products were further identified as DDIPU and
HO-MDIPU by LC-MS/MS analysis (shown in Supporting Information Fig. S2).

protein (AdoR, corresponding to TdnR/AtdR). Sequence
analysis indicated that the ado cluster is distinct from the
tdn and atd clusters. First, AdoQTA1A2B was 50%—70%
similar to its counterparts in the Tdn group and 30%—57%
similar to its counterparts in the Atd group. Second, AdoQ
only showed 65% and 57% similarity to TdnQ and AtdQ,
respectively, which was significantly less than the similarity
for assigning ado cluster into the tdn or atd group (Urata
et al., 2004). Third, unlike LysR-type TdnR and AtdR,
AdoR is a truncated GntR-type regulator (Fig. 5C). Finally,
different from the organization of tdn and atd groups,
adoQTA1A2BR and adoXEGKLIJC (the following catechol
meta-cleavage pathway gene cluster) were transcribed in
the opposite direction rather than organized into one tran-
scription unit.

To test its function, the plasmid pBBRQR harbouring
adoQTA1A2BR was introduced into Pseudomonas putida
KT2440-AcatA (in which both catechol dioxygenase genes
were deleted) (Takeo et al., 2013). Gas chromatography-
mass spectrometry (GC-MS) analysis showed that 4-1A
was transformed into 4-IPC (Supporting Information Fig.
S3). In addition, all of the aniline derivatives shown in Fig.
6 could be transformed into the corresponding catechols
by strain KT2440-AcatA(pBBRQR) (Supporting Informa-
tion Fig. S3). Interestingly, all of the aniline derivatives
related to the commonly used PUHSs could be transformed.
Moreover, strain KT2440-AcatA(pBBRQR) was able to effi-
ciently transform halogen-substituted anilines, such as 3,4-
dichloroaniline (Supporting Information Fig. S3). More than
90% of 3,4-dichloroaniline (123 pM) was transformed into

the corresponding catechol within 12 h (data not shown).
However, aniline derivatives containing halo-substitutions
at position 2 or 5 could not be transformed. Whether strain
YBL2 could use these aniline derivatives as the sole car-
bon and energy source for growth was further investigated.
As shown in Supporting Information Fig. S4, strain YBL2
could grow on 4-IA; 3-methylaniline (3-MA) and 4-
methylaniline (4-MA), indicating the produced catechol
derivatives could be further transformed through aromatic
ring-cleavage pathway in strain YBL2. Although halo-
substituted anilines were degraded, no growth of strain
YBL2 was observed, probably due to the toxicity of the
halo-substituted anilines or their metabolites to cells.

To confirm whether ORF235-228 (adoXEGKLIJC) on
pYBL2-2 are involved in the catabolism of 4-IPC in strain
YBL2, the adoC gene encoding the catechol 2,3-dioxyge-
nase was inactivated. Ultraviolet scanning and GC-MS
analyses showed that inactivation of adoC resulted in the
accumulation of 4-IPC during the degradation of IPU, indi-
cating that adoXEGKLIJC are responsible for the further
catabolism of 4-IPC (Supporting Information Fig. S5).

Transcription of IPU-catabolic genes in response to IPU

The genes pdmAB, ddhA, adoQTA1A2B and adoXEG-
KLIJC were proved to be organized in four transcriptional
units via RT-PCR (Supporting Information Fig. S6). Tran-
scription of these catabolic genes in strain YBL2 with or
without IPU was determined using both RT-PCR and RT-
gPCR. As shown in Fig. 7A and C, the transcription of the
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Fig. 5. Comparison of the three aniline degradation gene clusters ado, tdn and atd.

(A) Genetic organization of ado, tdn and atd. The genes encoding transposase, aniline dioxygenase, catechol cleavage pathway and a
transcription regulator are shown as red, blue, grey and green arrows, respectively. The homologous genes are connected by dotted lines and

the amino acid similarities are shown above the dotted lines.
(B) The proposed catabolic pathway of aniline. The genes involved in each
(C) Schematic domain organization of GntR-type regulator and AdoR. The

step are shown.
domain containing the HTH DNA binding motif is indicated by a

black box and the domain bound to the chemical inducer is indicated by a white box.

genes pdmAB, ddhA and adoQTA1A2B was constitutive
and not enhanced by IPU, which was in agreement with
the degradation dynamics of IPU and its intermediates by
strain YBL2 (Fig. 2D). No obvious lag was observed at the
beginning of the degradation process of any of the tested
substrates (IPU, MDIPU, DDIPU and 4-lA). In addition,
compared with MDIPU, DDIPU was degraded with a lower
efficiency, which could be attributed to the low catalytic effi-
ciency of DdhA to DDIPU. The adoR in the adoQTA1A2BR
cluster was presumed to encode a transcriptional repres-
sor belonging to the GntR family. However, it is a truncated
gene (losing the N-terminal DNA binding domain) and

© 2016 The Authors. Environmental Microbiology published by Society
Environmental Microbiology, 18, 4888-4906

allows the constitutive expression of adoQTA1A2B (Fig. 7A
and C), which has also been confirmed by the lacZ-adoQ
promoter fusion assay (data not shown).

The adoC and adoE genes in the catechol meta-cleav-
age pathway showed low transcriptional levels in the
absence of IPU, but their transcriptional levels increased
by 5.5- to 6.5-fold in the presence of IPU (Fig. 7A and C).
Because the adoXEGKLIJC gene cluster was organized in
one transcription unit, the transcriptional levels of adoC
and adoE as two representative genes indicated that the
expression of the entire cluster was induced by IPU or its
intermediates. Upstream of adoXEGKLIJC, there is a

for Applied Microbiology and John Wiley & Sons Ltd,
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Fig. 6. Conversion of aniline derivatives to corresponding catechols by AdoQTA1A2B. The cell suspension assay was carried out as specified
in the experimental procedure section. Substrate (30 mg/l) was added to the cell suspension of strain KT2440-AcatA(pBBRQR) in MSM (1.3 X
108 cells/ml). Cultures were incubated at 30°C and 200 rpm for 24 h. The products were analyzed by GC-MS (shown in Supporting
Information Fig. S3). Strain KT2440-AcatA(pBBR1MCS-5) was set as the control and the control experiments were carried out in parallel.

divergent GntR-type regulator gene adoR2. Inactivation of
adoR2 resulted in the enhanced transcription of adoC and
adoE by approximately 5-fold compared with the wild-type
in the absence of IPU (Fig. 7B), suggesting that AdoR2 is
a transcription repressor of operon adoXEGKLIJC.

Distribution of IPU-catabolic genes in the genome of
strain YBL2

The key genes involved in IPU catabolism were all
encoded on the plasmids in strain YBL2, specifically
pdmAB on pYBL2-4, ddhA on pYBL2-5 and adoQ-
TA1A2BR/adoXEGKLIJC on pYBL2-2 (Fig. 8), suggesting
that these plasmids played important roles in the evolution
of IPU-catabolic pathway in strain YBL2 and also indicating
that IPU-catabolic genes were not simply acquired all at
once. Interestingly, as shown in Fig. 8, among the six repli-
cation initiation genes (repAs) of plasmids, only the repAs
of pYBL2-2, pYBL2-4 and pYBL2-5, which harbour IPU-
catabolic genes, contained highly conserved regions with
both strains Y57 and SRS2. Moreover, a major part of

pYBL2-4 was highly conserved with strain Y57 and
approximately half of pYBL2-4 was highly conserved with
strain SRS2; further, the major part of pYBL2-5 was highly
conserved with both strains Y57 and SRS2. Therefore, it
seems likely that plasmids pYBL2-2, 4 and 5, particularly
pYBL2-4 and —5, played key roles in the recruitment of the
IPU catabolic genes in sphingomonads.

BLASTDp results showed that the RepAs of the six plas-
mids in strain YBL2 have 94%—-100% similarities to
different replicons originating from sphingomonads, indi-
cating that these replicons are specifically distributed in
sphingomonads. Like many catabolic genes of xenobiotic
compounds, all of the IPU-catabolic genes were found to
be associated with mobile genetic elements (MGEs).
pdmAB was flanked by a single copy of ISSpwi2 and a
TnAse-like transposon, as well as four copies of tnpX,
which is a site-specific recombinase gene responsible for
the excision and insertion of the transposons Tn4451/53
(Lyras et al., 2004) (Fig. 9). ddhA was surrounded by a sin-
gle copy of inpX and a TnAs2like transposon.
adoQTA1A2BR and adoXEGKLIJC were associated with
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ISSpwi2, ISSsp2-like insertion sequence (IS) and multiple
copies of IS6100 (Fig. 9). IS6100 has been demonstrated
to play an important role in the spread and reorganization
of the lin catabolic genes in sphingomonads (Lal et al.,
2006). Thus, in addition to the mobile plasmids pYBL2-2,
pYBL2-4 and pYBL2-5, MGEs such as transposons and
ISs, could also play important roles in the evolution of the
IPU-catabolic pathway.

Discussion

The evolution of the conserved IPU-catabolic pathway in
sphingomonads occurred in less than 50 years

Microbes usually require decades to evolve a complete
mineralizing pathway for a newly introduced pesticide. For
the recalcitrant HCH, the first mineralizing strain was isolat-
ed in the 1980s, approximately 40 years after the
beginning of widespread use of HCH (Bachmann et al.,

O Strain YBL2 uninduced

O Mutant YBL2-adoR2 uninduced

B Strain YBL2 induced by IPU

B Mutant YBL2-adoR2 induced by IPU

I  Strain YBL2 uninduced
Strain YBL2 induced by IPU

il i

adoAl adeA2 adoB adoC  adoE
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Fig. 7. Transcription of IPU-catabolic
genes in response to IPU. RT-PCR (A)
and RT-qgPCR (C) analyses of the
transcription of IPU-catabolic genes in
strain YBL2 grown with or without IPU.
(B) RT-gPCR analyses of the transcription
of adoC and adoE in strain YBL2 and
mutant YBL2-adoR2 grown with or
without IPU. Detailed method was
specified in the experimental procedures
section.

adoE

.

1988; Ryozo et al., 1989). Similarly, the first strain capable
of mineralizing atrazine was isolated in 1994, nearly 40
years after its first application (Yanze-Kontchou and
Gschwind, 1994). While, the evolution of the mineralizing
pathway for 2,4-dichlorophenoxyacetic acid (2,4-D)
seemed faster. The first 2,4-D mineralizing strain was iso-
lated approximately 26 years after its first use (Bollag
etal., 1968).

IPU was first introduced into environment in 1972. How-
ever, approximately 20 types of PUHs with similar
structures have entered the market since the 1950s. For
example, monuron, the first herbicide among the PUHs,
came into the market in 1951. On the other hand, both the
IPU-mineralizing sphingomonads (strains YBL1, YBL2,
YBL3, Y57 and SRS2) and PdmAB could also degrade
other PUHSs, such as diuron, monuron and chlorotoluron.
In addition, AdoQTA1A2T showed activity toward all of the
aniline derivatives related to the commonly used PUHs.

© 2016 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd,

Environmental Microbiology, 18, 4888-4906



4898 X. Yan et al.

$hice. i ‘\\
T\
RN
repA

77 79.3 81.6

~ pYBL21 &

839 862 885 908 931 954 977 10

Fig. 8. Comparative genomic analysis of the three IPU-mineralizing sphingomonads. The genome of strain YBL2 contains one circular
chromosome and six circular plasmids. Note that the replicons are not arranged in order and are not drawn to scale. The size scale for each
replicon is marked on the black scale circle. BLASTn searches for the strain YBL2 genome sequence toward the genome sequences of strains
Y57 (the first cycle outside of the black scale circle) and SRS2 (the second cycle outside of the black scale circle) are shown. The positions of
repA, transposon, IS and IPU-catabolic gene on the plasmids are displayed in the outer ring. The region containing the sequence that is
homologous to the other two IPU-mineralizing sphingomonads is coloured as a gradient to indicate the level of similarity. The results of GC
skew and G + C content are shown inside the black scale circles: GC skew (inside), the parts greater than and less than zero are coloured
cyan and magenta, respectively; G + C content (outside), the parts greater than and less than the average of each replicon are coloured green

and red, respectively. Drawn by MATLAB (http://www.mathworks.com/).

Considering these facts, the IPU-catabolic pathway might
have evolved under the pressures of different PUHs and
not only IPU alone. Because we are not sure whether the
first isolated IPU-mineralizing strain of Pseudomonas fluo-
rescens (Roberts et al., 1998) has the same IPU-catabolic
pathway with sphingomonads, we can only speculate that
the time for the evolution of the conserved IPU-catabolic
pathway in sphingomonads was less than 50 years, from
the launch of the first xenobiotic monuron in 1951 to the

isolation of the first IPU-mineralizing strain SRS2 in 2001
(Serensen et al., 2001).

Some microorganisms belonging to specific taxonomies
have been reported to show unique abilities to mineralize
pesticides. For instance, most HCH-mineralizing strains
are sphingomonads (Lal et al., 2006). It is interesting that
the majority of the strains reported to be able to mineralize
IPU are also sphingomonads, and they share the con-
served pathway for IPU catabolism (Fig. 10). It has been
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reported that genes involved in the mineralization of HCH,
atrazine, 2,4-D are highly conserved among hosts that
have been isolated from geographically distinct locations
(Liang et al., 2012). Among IPU-mineralizing sphingomo-
nads, including strains YBL1, YBL2, YBL3, Y57, pu21 and
SRS2, which were isolated from China and Europe, the
IPU-catabolic genes are also highly conserved. Therefore,
it is reasonable to speculate that this pathway is also con-
served in other IPU-catabolic sphingomonads.

The genes involved in the IPU-mineralizing pathway are
novel and distinct

In our previous study, PAmAB was confirmed to be a novel
bacterial N-demethylase belonging to the RO system (Gu
et al., 2013). ROs are multicomponent enzyme systems

DDIPU ¢

H,C }—\n:
>_©—‘“
HyC

TPdm;\B
0 Ly 0

DdhA

that are remarkably diverse and are found in bacteria iso-
lated from various habitats (Ferraro et al, 2005). The
majority of the characterized ROs are involved in hydroxyl-
ating aromatic ring substrates, while several ROs have
been identified as O-demethylases or N-demethylases. It
has been suggested that divergent evolution has resulted
in two groups of ROs: one for catalyzing aromatic ring
hydroxylation and one for a C—O/C—N bond-cleaving
reaction (Summers et al.,, 2012). Here, PdmAB was able
not only to N-demethylate IPU and MDIPU but also to
hydroxylate MDIPU. Therefore, it is likely that, although the
ROs have evolved into two groups, some ROs continue to
possess the functions of both aromatic ring hydroxylation
and C—0O/C—N bond-cleaving demethylation.

Sequence analysis provided little information about the
function or even the type of DdhA, indicating that it is a
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Fig. 10. The IPU-mineralizing pathway in strain YBL2 and the enzymes involved. IPU was first converted into MDIPU and trace amounts of
DDIPU and HO-MDIPU by PdmAB; then, MDIPU and DDIPU were transformed into 4-1A by DdhA; finally, 4-1A was converted into 4-IPC by
AdoQTA1A2BR, followed by the catechol meta-cleavage pathway and the TCA cycle. The previously characterized reaction is shown by black
arrows and the reactions investigated in this work are shown by red arrows. The dashed box indicates that the structure is predicted based on

LC-MS/MS analysis.
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novel enzyme. Most of the BLASTp hits in GenBank were
hypothetical proteins and showed minimal similarity with
DdhA, and even no putative conserved domain was
detected. The only clue is that the C-terminal half of DdhA
(80 kDa) showed 21% similarity to that of CehA (87 kDa),
which is a carbaryl hydrolase (Hashimoto et al, 2002).
However, CehA is also a rather uncommon enzyme, and
sequence analysis provided no information about its classi-
fication. Interestingly, DdhA was also found to be able to
hydrolyze carbaryl (data not shown).

The sphingomonads are among the most prominent
groups for the degradation of aromatic compounds.
Strangely, few sphingomonads were reported to be aniline-
degraders (Liu et al, 2005), and no aniline-degrading
genes have been identified in sphingomonads. Therefore,
to the best of our knowledge, adoQTA1A2BR is the first
aniline dioxygenase gene cluster identified in sphingomo-
nads. Furthermore, both the sequence comparison and
function identification showed that the ado cluster is clearly
distinct from the tdn (Fukumori and Saint, 1997) and atd
(Fuijii et al., 1997) groups. First, many previous sequence
comparisons have shown low similarity of xenobiotic-
degrading genes between sphingomonads and non-
sphingomonads (Stolz, 2009). In agreement with these
results, the sequence and organization of adoQTA1A2BR
were clearly distinct from those of the tdn and atd groups.
Due to the low similarities of AdoQ to TdnQ/AtdQ, adoQ-
TA1A2BR should be classified as the third group of the
aniline dioxygenase gene cluster according to the classifi-
cation method suggested by Urata et al. (2004). TdnR and
AtdR, from both of the existing groups, are LysR-type posi-
tive regulators, but the truncated AdoR is a GntR-type, and
our data indicated that it is a negative regulator. Second,
according to our results and previous reports, the substrate
specificity of AdoQTA1A2B is also different from that of the
other two groups. Both AtdA and TdnQTA1A2B showed
low activity toward halo-substituted anilines, particularly
dihalo-substituted anilines (Fujii et al., 1997; Fukumori and
Saint, 1997). However, AdoQTA1A2B exhibited strong
activity toward some halo-substituted anilines.

MGEs played key roles in the recruitment and
refinement of the IPU-mineralizing pathway

The evolution of key catabolic genes usually includes
mutation, transposition, DNA rearrangement, horizontal
gene transfer (HGT) and evolutionary refinement (Ochman
et al., 2000). The G + C% contents of pdmAB (55.37%),
ddhA (46.89%), adoQTA1A2BR (60.76%) and adoXEG-
KLIJC (61.62%) are obviously lower than those of the
genomes of their host strains YBL2 (64.42%), Y57
(65.96%) and SRS2 (63.83%), showing the features of
HGT. HGT is usually mediated by MGEs, such as

conjugative plasmids and ISs (Van der Meer et al., 1992;
Top and Springael, 2003; Juhas et al., 2009).

Plasmids are among the most important elements in the
evolution of prokaryotes and in their adaptations to chang-
ing environments (Brown Kav et al., 2012; Frost et al.,
2005). The recently sequenced genome of the HCH-
degrader Sphingomonas sp. strain MM-1 showed that the
lin genes were located on five plasmids. For example, the
linF was found on pISPO; /inA, linC and a truncated /inF on
pISP1; linDER on plISP3; linB, linC and another truncated
linF on pISP4; and linGHIJ on pISPO (Tabata et al., 2013).
Similar phenomena were observed in strain YBL2. To
recruit the genes for the IPU-catabolic pathway, it appears
that strain YBL2 accepted plasmids pYBL2-2, pYBL2-4
and pYBL2-5. Compared with other three plasmids,
pYBL2-2, —4 and —5 contained more regions that were
highly conserved with the genomes of strains Y57 and
SRS2, indicating pYBL2-2, pYBL2-4 and pYBL2-5 played
key roles in the recruitment of the IPU-catabolic genes in
strains YBL2, Y57 and SRS2.

Other important MGEs in the evolution of the IPU-
catabolic pathway are transposons and ISs. All four tran-
scription units were found to be flanked by ISs or tnpX. The
IS6100 element belongs to the IS6 family and has an
extremely broad host range (Mahillon and Chandler, 1998),
while tnpX was only found in IPU-degrading sphingomo-
nads. These MGEs probably facilitated the evolution of the
IPU-catabolic pathway by transferring genes from chromo-
somes to plasmids or altering native regulators. For
example, theoretically, the expression of the genes encoding
ROs should be inducible and should be suppressed without
the corresponding substrates. However, the regulators of
pdmAB and adoQTA1A2B were destroyed by tnpX and
IS6100, respectively, allowing for their constitutive expres-
sion. All these data indicated that MGEs played important
roles during the evolution of the IPU-catabolic pathway.

The IPU-catabolic pathway is probably in its early stage
of evolution

Like other xenobiotic-catabolic pathways, this newly
evolved IPU-catabolic pathway is still far from ideal. At
least several aspects are clearly not optimal. The first defi-
ciency is the regulation of gene expression. Constitutive
expression of pdmAB, ddhA and adoQTA1A2BR con-
sumes large amounts of energy, causing a heavy burden
on cells in the absence of IPU. The second issue is the
organization of the catabolic genes. The catabolic genes
were organized into four transcription units and were dis-
tributed on three plasmids, which is obviously undesirable
for coordinating regulation. Additionally, aniline is a natural-
ly existing compound, and all of the reported catabolic
gene clusters have been well evolved (Fuijii et al., 1997;
Geng et al.,, 2009). However, compared with other aniline

© 2016 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd,

Environmental Microbiology, 18, 4888—4906



catabolic gene clusters, ado is clearly immature. The ani-
line dioxygenase genes and the catechol meta-cleavage
pathway genes were neither organized into one transcrip-
tion unit nor coordinately regulated. All these indicated that
the IPU-catabolic pathway is in its early stage of evolution.

Experimental procedures

Chemicals and media. 1PU (99% purity), MDIPU (99%
purity) and DDIPU (99% purity) were purchased from Dr.
Ehrenstorfer-Schafers (Augsburg, Germany). 4-IA (98%
purity) and other aniline derivatives (98% purity) were pur-
chased from Sigma (Munich, Germany). Mineral salt
medium (MSM) contained (g/L) NaCl 1.0, NH;NO3 1.0,
K2HP04 1.5, KH2PO4 0.5, MgSO4 0.1, CaC|22H20 0.1
and 1 ml trace element solution (Pfennig and Lippert,
1966) at pH 7.0. The concentrations of various carbon
sources supplemented in MSM were indicated in experi-
mental procedures below.

Bacterial strains, plasmids and culture conditions. The
bacterial strains and plasmids used in this study are listed
in Supporting Information Table S3. The E. coli strains
were grown at 37°C in Luria—Bertani (LB) medium. Other
bacterial strains were grown aerobically at 30°C in LB
medium, R2A medium (Difco) or MSM medium supple-
mented with various carbon sources. Antibiotics were
added as follows (mg/l): ampicillin (Amp), 100; spectinomy-
cin (Spe), 100; gentamycin (Gm), 30; chloramphenicol
(Cm), 20; kanamycin (Km), 50; and streptomycin (Str),
100.

Expression of DdhA in sphingomonads and E. coli. The
fragment containing ddhA and its 220-bp upstream region
was amplified from strain YBL2 using the primer pair
pBBRddhAF/pBBRddhAF (Supporting Information Table
S4). The PCR product was then ligated with a BamHI-
digested broad-host-range plasmid pBBR1MCS-2 (Kovach
et al., 1995), yielding pBBRddhA, which was transferred
into S. wittichii RW1 or strain YBL2 through triparental
mating.

To express DdhA in E. coli, ddhA was amplified using
the PCR primer pair petddhaF/petddhaB. The PCR prod-
uct was then ligated with pET-29a(+)to generate
pETddhA. For DdhA expression, E. coli BL21(DE3) har-
bouring pETddhA was grown at 37°C to ODggonm = 0.5,
and then 0.2 mM IPTG was added. The induction was per-
formed at 16°C for 12 h.

Expression of AdoQTA1A2B in P. putida KT2440. The
fragment containing the 300-bp upstream region of the
start codon of adoQ, together with adoQTA1A2BR, was
amplified with the primer pair pPBBRQRF/pBBRQRB and
was ligated with pBBR1MCS-5 (Kovach et al, 1995) to
generate pBBRQR, which was introduced into strain
KT2440 via triparental mating.
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Disruption of the IPU-catabolic genes in strain YBL2. To
disrupt ddhA through a single crossover event, a 580-bp
DNA fragment (in the middle of ddhA) (amplified with the
primer pair pJQ200ddhAF/pJQ200ddhAF) was cloned at
the BamHl site of the suicide plasmid pJQ200SK (Quandt
and Hynes, 1993) to generate pJQddhA. pJQddhA was
delivered into strain YBL2 from E. coli via triparental mat-
ing, and the transconjugants were selected on LB plates
supplemented with Str and Gm. Because ddhA was locat-
ed on the plasmid in strain YBL2, the transconjugant was
sub-cultured with Gm for more than ten generations to
obtain the pure ddhA-disrupted mutant YBL2-ddhA. The
gene ddhA was also inactivated in the pdmAB-disrupted
strain  YBL2-1017, vyielding the pdmAB/ddhA double
mutant YBL2-ABA. Similarly, adoC and adoR2 were inacti-
vated in strain YBL2, generating mutants YBL2-adoC and
YBL2-adoR2, respectively.

DNA manipulation, sequencing and analysis. Oligonucle-
otide synthesis and DNA sequencing were performed by
Invitrogen Technology (Shanghai, China) Co., Ltd. BLASTn
and BLASTp were used for the nucleotide sequence and
deduced amino acid identity searches, respectively. For
phylogenetic analysis, Clustal_X was used to align all of the
sequences (Thompson et al., 1997). The multiple sequence
alignment was then imported into MEGA software, version
5.0 (Tamura et al., 2011), and the phylogenetic tree was
constructed by the Neighbour-Joining method.

Genome sequencing was performed by Shanghai Bio-
zeron Biotechnology Co., Ltd. (Shanghai, China). The
complete genome sequence of strain YBL2 was assem-
bled using a method combining Illlumina MiSeq
sequencing technology, Pacific Biosciences platform and
PCR validation (Luo et al., 2012; Koren et al., 2012; Chin
et al., 2013). The draft genome sequence of strain Y57
was generated using the lllumina MiSeq platform. The
draft genome sequence of strain SRS2 was kindly provid-
ed by Sebastian R. Sgrensen (Nielsen et al, 2015).
Annotation was performed using Glimmer 3.02 (Delcher
et al., 2007), tRNAscan-SE version 1.3.1 (Lowe and Eddy,
1997) and Barrnap 0.4.2 (Lagesen et al, 2007). The
genome map of strain YBL2 was drawn by MATLAB
(http://www.mathworks.com/). The blastn search of the
genome of strain YBL2 was conducted with the genome
sequences of strains Y57 and SRS2, and the results are
shown on the map. The whole-genome alignment tool
MUMmer (Kurtz et al, 2004) was used to analyze the
genome synteny among the three genomes. Transposons
and insertion sequences were identified using ISfinder
(Kurtz et al., 2004).

To find the highly conserved genes among strains YBL2,
Y57 and SRS2, the genome sequences of strains Y57 and
SRS2 were searched against the genome of strain YBL2,
using BLASTn with default parameters; the BLASTn output
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was further filtered by an in-house PERL script using the
strict criteria of alignment length > 100 bp, E-value < 1e-5
and similarity > 95%; then, the highly conserved sequen-
ces were retrieved with a filtered BLASTn output.

Biotransformation and biodegradation experiments. To
determine the growth of strain YBL2 on IPU, MSM without
NH4NO3 but supplemented with 170 uM IPU was used as
the basal medium. When IPU was used as the sole carbon
source, NH4;NO3 (1 g/l) was added. When IPU was used
the sole nitrogen source, glucose (5 g/l) was added. The
overnight-precultured strain YBL2 cells (in LB broth) were
harvested, washed twice with basal medium and then dilut-
ed to a final ODggonm Of about 0.04 (4.8 x 10° cells/ml).
Cultures (400 ml) were incubated in 1000-ml Erlenmeyer
flasks on a rotatory shaker (200 rpm) at 30°C and aliquots
from each suspension were taken regularly during the
incubation period. Cell density was monitored by measur-
ing the turbidity at 600 nm in a 1-cm cuvette with UV—
visible light spectrophotometer. The samples were
extracted with an equal volume of dichloromethane. The
extracts were dried over anhydrous Na,SO, and evaporat-
ed at room temperature. IPU was detected with HPLC as
described below. Three replicates were performed for each
treatment.

To determine the degradation kinetics of IPU, DMIPU,
DDIPU and 4-IA by strain YBL2, the overnight-precultured
strain YBL2 cells (in LB broth) were harvested, washed
twice with MSM and then suspended in MSM containing
145 pM substrate to a final ODggonm Of about 1.0 (1.2 X
108 cells/ml). Cultures (400 ml) were incubated in 1000-ml
Erlenmeyer flasks on a rotatory shaker (200 rpm) at 30°C.
Substrate was detected with HPLC method as described
below.

To validate the function of PdmAB, pBBRPAB (Gu et al.,
2013) which contained pdmAB under the control of its
native promoter, was introduced into strain RW1 through
triparental mating. Strain RW1(pBBRPAB) was grown
overnight in LB broth supplemented 30 mg/l Gm. The cells
were harvested, washed twice with MSM and then sus-
pended in MSM containing 170 uM IPU to a final ODggonm
of about 3.0 (3.3 X 108 cells/ml). Cultures (400 ml) were
incubated in 1000-ml Erlenmeyer flasks at 30°C and
200 rpm for 48 h. Substrate was analyzed with HPLC and
LC-MS/MS as described below. Strain RW1 containing the
empty vector pPBBR1MCS-5 was used as the control.

To analyze the products of MDIPU treated by the ddhA-
disrupted mutant YBL2-ddhA, the mutant was grown over-
night in LB broth. The cells were harvested, washed twice
with MSM and then suspended in MSM containing 170 uM
MDIPU to a final ODggonm Of about 3.0 (3.6 X 108 cells/ml).
Cultures (100 ml) were incubated in 500-ml Erlenmeyer
flasks at 30°C and 200 rpm for 24 h. Substrate was ana-
lyzed with HPLC and LC-MS/MS as described below.

To investigate the substrate range of AdoQTA1A2B, the
overnight-precultured strain KT2440-AcatA(pBBRQR) (in
LB broth) were harvested, washed twice with MSM and
then suspended in MSM containing 30 mg/L substrate to a
final ODggonm Of about 1.0 (1.3 X 10® cells/ml). Cultures
(20 ml) were incubated in 100-ml Erlenmeyer flasks at
30°C and 200 rpm for 24 h. Strain KT2440-
AcatA(pBBR1MCS-5) was set as the control. Substrate
was detected by GC-MS as described below.

Enzyme assay. To test the activity of DdhA, E. coli
BL21(DES)(pET-ddhA) was grown to ODgoonm = 0.5 in LB
broth, and then the cells were incubated with 0.2 mM IPTG
at 200 rpm and 16°C for 12 h. The cells (100 ml) were har-
vested, suspended in 15 ml Tris-HCI buffer (20 mM, pH
7.0) and lysed using a French press, followed by centrifu-
gation at 15,0009 for 30 min. Protein concentration in cell-
free extract was determined by the Bradford method (Brad-
ford, 1976) with bovine serum albumin as the standard.
The reaction mixture (5 ml) contained 20 mM Tris-HCI buff-
er (pH 7.0), 170 uM substrate and 100 pl cell-free extract
(10.3 pg crude protein). The reaction was performed at
30°C without shaking. The reaction was stopped by incu-
bation at 70°C for 10 min. Substrate concentration was
analyzed by HPLC as described below. One unit of
enzyme activity was defined as the amount of enzyme
required to hydrolyze 1 pmol of substrate per hour at 30°C.
Specific activities are expressed as units per milligram of
crude protein. E. coli BL21(DE3) containing the empty vec-
tor was used as the control. All assays were performed
independently in triplicate.

RT-PCR and RT-qPCR

Strain YBL2 or mutant YBL2-adoR2 was grown in R2A
broth until ODggonm = 0.5. IPU was added to the culture at
a final concentration of 145 uM. Cells were obtained for
RNA extraction at different time points after the addition of
IPU (0.5, 1, 2 and 3 h). RNA was extracted from approxi-
mately 2 X 10° cells using the Spin Column Bacterial Total
RNA Purification Kit (Sangon Biotech, Shanghai). The
RNA concentration was first determined using a Nanodrop
and then was diluted to equal concentrations. Reverse
transcription was performed with the PrimeScript RT
reagent kit with gDNA Eraser (Takara, Dalian). gPCR was
performed using the CFX96 Real-Time PCR Detection
system (Bio-Rad) with SYBR Premix Ex Taq (Tli RNaseH
Plus) (Takara, Dalian) and gPCR primers (Supporting
Information Table S4). The experiments were performed
with controls and IPU-induced cells of strain YBL2 in tripli-
cate. The threshold cycle (Ct) value of the target gene was
normalized to the reference gene (16S rRNA gene). The
224CT method was used to calculate the relative expres-
sion level (Livak and Schmittgen, 2001).

© 2016 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd,

Environmental Microbiology, 18, 4888—4906



Analytical methods

For HPLC analysis, a separation column (internal diame-
ter, 4.6 mm; length, 250 mm) filled with Kromasil 100-5 C4g
was used. The mobile phase was acetonitrile:water (40:60,
V:V), and the flow rate was 0.8 ml/min. The detection
wavelength was 230 nm and the injection volume was 20
pl.

For LC-MS/MS analysis, the products were detected by
a UHPLC system (Dionex, Thermo, The United States)
connected to a LTQ-Orbitrap XLhybrid mass spectrometer
(Thermo Fisher Scientific). The instrument was controlled
using the Tune program (version 2.6.0) and the Chrome-
leon program. The UHPLC column was Hypersil GOLD
C1g (100 mm X 2.10 mm, 3 um particle size, Thermo Fish-
er Scientific). The mobile phase was solvent A (0.2%
formic acid in water) and solvent B (acetonitrile) at a ratio
of 60:40 (V:V). The data-dependent scan mode was
applied for MS/MS fragmentation. The ion source was
equipped with a HESI source. The product ions were gen-
erated by the HCD ion trap at a normalized collision
energy of 40% and a g-activation of 0.25, using an isola-
tion width of 1.0 Da. The data were processed using the
Xcalibur software.

To detect aniline derivatives and corresponding cate-
chols, GC-MS analysis was performed on a Thermo Trace
DSQ mass spectrometer under the following conditions.
Helium was used as a carrier gas at a flow rate of 1.2 ml/
min. GC was conducted using an RTX-5MS column (15 m
X 0.25 mm X 0.25 mm, Restek Corp., The United States).
The column temperature was programmed from 50°C (1.5
min hold) to 150°C (1 min hold) at 40°C/min and then from
150°C to 200°C (6 min hold) at 10°C/min and finally from
200°C to 260°C (6 min hold) at 50°C/min. The injector tem-
perature was set at 220°C with a split ratio of 20:1. The
interface temperature and ion source temperature were
set to 250°C. The column outlet was inserted directly into
the electron ionization source block, and it operated at 70
eV.

Nucleotide sequence accession number

The genome sequences of strains YBL2, Y57 and SRS2
have been submitted to the GenBank database under
accession no. CP010954-CP010960, LDES01000000 and
LARWO0000000, respectively.
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Fig. S1. Genome synteny of strains BYL2, Y57 and SRS2.
The x axis refers to the subject genome sequence with the
query genome sequence shown by the y axis. The coordi-
nates of the best hit protein between the two compared
genomes are plotted. The colours represent the level of
similarity of the match. For the genomes of strains Y57 and
SRS2, only contigs longer than 50 kb were analyzed.

Fig. S2. Analysis of HO-MDIPU by LC-MS/MS. (A) The HPLC
spectrum of the separated HO-MDIPU. (B) The standard MS
spectrum of HO-MDIPU. (C) The second-order MS spectrum of
HO-MDIPU. MDIPU was treated with the cell suspension of S.
wittichii RW1 harbouring pdmAB. Strain RW1(pBBRPAB) was
grown overnight in LB broth supplemented with 30 mg/L Gm.
The cells were harvested, washed twice with MSM and then
suspended in MSM containing 170 uM IPU to a final ODgggnm Of
about 3.0 (3.3 X 108 cells/ml). Cultures (400 ml) were incubated
in 1000-ml Erlenmeyer flasks at 30°C and 200 rpm for 48 h.
HO-MDIPU was separated by HPLC and was then subjected to
LC-MS/MS analysis with a UHPLC system (Dionex, Thermo,
USA), connected to a LTQ OrbitrapXL hybrid mass spectrome-
ter (Thermo Fisher Scientific). The possible compounds corre-
sponding to each peak were predicted, supporting that the
separated compound is HO-MDIPU, and the hydroxyl group is
most likely located on the aromatic ring.

Fig. S3. GC-MS analysis of the degradation products of
aniline derivatives by strain KT2440-AcatA harbouring
adoQTA1A2BR. (A) - (K) show the GC-MS analysis of dif-
ferent aniline derivatives and their products. The overnight-
precultured strain KT2440-AcatA(pBBRQR) cells (in LB
broth) were harvested, washed twice with MSM and then
suspended in MSM containing 30 mg/L substrate to a final
ODgoonm Of about 1.0 (1.3 x 102 cells/ml). Cultures (20 ml)
were incubated in 100-ml Erlenmeyer flasks at 30°C and
200 rpm for 24 h. Strain KT2440-AcatA(pBBR1MCS-5) was
set as the control and the control experiments were carried
out in parallel. GC-MS analysis was performed as described
in experimental procedure section.

Fig. S4. Growth of strain YBL2 using different aniline deriv-
atives as the sole carbon source in MSM. The overnight-
precultured strain YBL2 cells (in LB broth) were harvested,
washed twice with MSM and then diluted to the final
ODgoonm Of about 0.04 (4.8 x 10° cells/ml) or 0.1 (1.2 X
107 cells/ml). Due to the toxicity of halogenated anilines,
lower concentration of substrate and higher inoculation
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amount of strain YBL2 were used. Cultures (400 ml) were
incubated in 1000-ml Erlenmeyer flasks on a rotatory shak-
er (200 rpm) at 30°C and aliquots from each suspension
were taken regularly during the incubation period. Cell den-
sity was monitored by measuring the turbidity at 600 nm a
1-cm cuvette with UV-visible light spectrophotometer. Ani-
line derivatives were detected with HPLC. All experiments
were carried out in triplicate.

Fig. S5. UV scanning of the products of IPU degraded by
strain YBL2 and mutant YBL2-adoC. The tested cells were
washed twice with sterilized MSM and suspended in MSM
at a final ODggonm Of about 1.0. IPU was added to a final
concentration of 145 uM. Cultures (20 ml) were incubated
in 100-ml Erlenmeyer flasks at 30°C and 200 rpm for 12 h.
The products were detected by UV-visible light spectropho-
tometer. The accumulated 4-IPC was further confirmed by
GC-MS (data not shown).

Fig. S6. Analysis of the transcription of operons containing
the IPU-catabolic genes in strain YBL2 by RT-PCR. (A)
ORF3, ddhA and ORF5 on plasmid pYBL2-5. (B) tnpX,
ORF1, pdmA and pdmB on plasmid pYBL2-4. (C) adoQ-
TA1A2BR on plasmid pYBL2-2. (D) adoR2XEGKLIJC on
plasmid pYBL2-2. Total RNA of strain YBL2 induced by IPU
was used as the template for RT-PCR analysis and the
reaction performed without reverse transcription was used
as the negative control (CK). Lane M, molecular marker
(bp), 2000, 1000, 750, 500, 250, 100.

Table S1. Genome information of strains YBL2, Y57 and
SRS2.

Table S2. Highly conserved ORFs (>95% nucleotide simi-
larity) among IPU-mineralizing sphingomonads YBL2, Y57
and SRS2.

Table S3. Strains and plasmids used in this study.

Table S4. Primers used in this study.
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