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2,6-Dichloro-4-nitrophenol (2,6-DCNP) is an emerging chlorinated nitroaromatic pollutant, and its fate
in the environment is an important question. However, microorganisms with the ability to utilize 2,6-
DCNP have not been reported. In this study, Cupriavidus sp. CNP-8 having been previously reported to
degrade various halogenated nitrophenols, was verified to be also capable of degrading 2,6-DCNP.
Biodegradation kinetics assay showed that it degraded 2,6-DCNP with the specific growth rate of 0.124
h~1, half saturation constant of 0.038 mM and inhibition constant of 0.42 mM. Real-time quantitative PCR
analyses indicated that the hnp gene cluster was involved in the catabolism of 2,6-DCNP. The hnpA and
hnpB gene products were purified to homogeneity by Ni-NTA chromatography. Enzymatic assays showed
that HnpAB, a FAD-dependent two-component monooxygenase, converted 2,6-DCNP to 6-
chlorohydroxyquinol with a Ky, of 3.9 + 1.4 uM and a kca/Kim of 012 + 0.04 pM~! min~% As the oxy-
genase component encoding gene, hnpA is necessary for CNP-8 to grow on 2,6-DCNP by gene knockout
and complementation. The phylogenetic analysis showed that the hnp cluster originated from the cluster
involved in the catabolism of chlorophenols rather than nitrophenols. To our knowledge, CNP-8 is the
first bacterium with the ability to utilize 2,6-DCNP, and this study fills a gap in the microbial degradation
mechanism of this pollutant at the molecular, biochemical and genetic levels. Moreover, strain CNP-8
could degrade three chlorinated nitrophenols rapidly from the synthetic wastewater, indicating its po-
tential in the bioremediation of chlorinated nitrophenols polluted environments.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

detected in various water environments (Xiao et al., 2012; Jiang
et al, 2017; Liu et al, 2019). The toxicological studies have

As the most common halogenated nitroaromatic compounds, demonstrated that 2,6-DCNP is more toxic compared to many

chlorinated nitrophenols (CNPs) have been extensively used as
intermediates in synthesis of various industrial chemicals (Arora
et al, 2018). CNPs are severe environmental pollutants, being
potentially hazardous to human health and animals (Arora et al.,
2012a,b). 2,6-Dichloro-4-nitrophenol (2,6-DCNP) is a typical
representative of CNPs, and it is released into the environment
during its manufacture, transport and application. Also, it is a
common halogenated disinfection by-product and has been
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regulated disinfection by-products by the U.S. EPA (Yang and Zhang,
2013; Liu and Zhang, 2014). Thus, removal of this pollutant is very
significant due to its toxic profiles and its widespread occurrence
throughout the environment.

Both physical and chemical methods have been applied to treat
CNPs-contaminated water; however, these solutions are unable to
degrade the pollutants completely (Arora et al, 2012a,b; Arora
et al., 2018). In contrast, biological degradation is considered as a
promising approach to clean up contamination in the environment.
Previously, bioremediation has been successfully applied in reme-
diating various environments contaminated by aromatic com-
pounds (Cunliffe and Kertesz, 2006; Niu et al., 2009; Dastgheib
et al,, 2012; Chi et al., 2013; Wang et al., 2014; Fu et al., 2017; Min
et al., 2017a; Yue et al., 2018). However, it is well known that the


mailto:xkhu@yic.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envpol.2019.113703&domain=pdf
www.sciencedirect.com/science/journal/02697491
http://www.elsevier.com/locate/envpol
https://doi.org/10.1016/j.envpol.2019.113703
https://doi.org/10.1016/j.envpol.2019.113703

2 J. Min et al. / Environmental Pollution 258 (2020) 113703

essential prerequisite for bioremediation is to obtain a single
microorganism or a consortium with the ability to degrade the
target pollutant.

Up to now, studies on microbial degradation of CNPs by pure
culture bacteria were mainly focused on monochlorinated nitro-
phenols. Many bacteria with the ability to degrade mono-
chlorinated nitrophenols such as 2-chloro-4-nitrophenol (2C4NP)
(Ghosh et al., 2010; Arora and Jain, 2011; Pandey et al., 2011; Arora
and Jain, 2012; Min et al., 2014; Min et al., 2016; Tiwari et al., 2017),
2-chloro-5-nitrophenol (2C5NP) (Schenzle et al., 1999; Min et al.,
2017b), 4-chloro-2-nitrophenol (Arora et al., 2012a,b) or 4-chloro-
3-nitrophenol (Arora et al., 2014) have been isolated. Due to the
different substitutional position of chloro and nitro groups on the
aromatic ring, these bacteria exhibited various catabolic pathways
against different isomers (Arora et al., 2018). However, in contrast
to monochlorinated nitrophenols, dichlorinated nitrophenols
(DCNP) such as 2,6-DCNP and its isomers are more toxic and more
resistant to microbial degradation due to the extra chlorine sub-
stituent on the aromatic ring. Thus, no microorganism has been
reported to utilize 2,6-DCNP to date, although it was detected as a
serious pollutant in the environment.

Therefore, our objective is to identify a microorganism with the
ability to degrade 2,6-DCNP and investigate the microbial degra-
dation of this pollutant, providing a foundation for bioremediation.
Initially, we aimed to isolate bacteria that can utilize 2,6-DCNP as
the sole source of carbon but failed after several attempts. Previ-
ously, Cupriavidus sp. strain CNP-8 isolated by us has been reported
to degrade several nitrophenols including meta-nitrophenol (MNP)
and 2C5NP (Min et al., 2017b), 2C4NP (Min et al., 2018) and 2,6-
dibromo-4-nitrophenol (2,6-DBNP) (Min et al., 2019). Moreover, it
degraded (halogenated)-meta-nitrophenol (such as MNP and
2C5NP) via the partial reductive pathways, whereas degraded
halogenated para-nitrophenols (such as 2C4NP and 2,6-DBNP) via
the oxidative pathways. Thus, given the ability of strain CNP-8 to
degrade various halogenated nitrophenols, it was employed to see
if it could also utilize 2,6-DCNP.

In our investigation, strain CNP-8 turned out to indeed use 2,6-
DCNP as the sole source of carbon and nitrogen. We investigate the
biodegradation kinetics of 2,6-DCNP by this strain. Moreover, the
catabolic pathway of 2,6-DCNP was characterized from the
perspective on molecular biology and biochemistry. The evolu-
tionary origin of HnpA which initiates the catabolism of 2,6-DCNP
was revealed by phylogenetic analysis. This study fills a gap in
the knowledge of microbial degradation of 2,6-DCNP and enhances
our understanding of the evolutionary origin of the enzymes
involved in nitrophenols catabolism.

2. Materials and methods
2.1. Biodegradation experiments

Cupriavidus sp. strain CNP-8 employed in current study was
isolated previously by us from the pesticide-contaminated soil in
Yantai, China (Min et al., 2017b), and it has been deposited in the
China Center for Type Culture Collection (CCTCC No. M 2017546). In
this study, to investigate the ability of Cupriavidus sp. CNP-8 to
utilize 2,6-DCNP, this strain was grown in minimal medium (Liu
et al,, 2005) (MM, without CaCly, pH = 7.0) supplemented with
2,6-DCNP as the sole carbon and nitrogen source. This aerobic
biodegradation experiments were carried out in 250 ml Erlenmeyer
flasks containing 100 ml MM with 0.4 mM 2,6-DCNP. Before the
experiment, strain CNP-8 was initially cultivated overnight in
MM + lysogeny broth (LB) (4:1, v/v) containing 0.4 mM of 2,6-DCNP.
The cells were harvested, washed twice and resuspended in fresh
MM. Then, the cells suspension was inoculated in 100 ml MM (with

0.4 mM 2,6-DCNP) at initial ODggg of 0.05, and the flasks were
shaken at 180 rpm at 30 °C. The ability of strain CNP-8 to utilize 2,6-
DCNP was determined by measuring the bacterial growth (ODggo)
and substrate’s consumption, together with nitrite and chlorine
ions release. To investigate the potential of strain CNP-8 in bio-
treatment of CNPs-contaminated wastewater, aerobic biodegrada-
tion of three CNPs by this strain was carried out in 4 L batch reactors
containing 2 L synthetic wastewater (Ahmadi et al., 2015), which
contains 2C4NP, 2C5NP and 2,6-DCNP (the concentration of each
CNP is 0.3 mM). Strain CNP-8 was initially cultivated overnight in LB
medium and washed twice by synthetic wastewater before being
introduced into the reactors at a concentration of 5 x 107 cells per
liter. The reactors were operated at room temperature and
continuously aerated using an air-compressing pump at a flow rate
of 250 ml min~. The samples were withdrawn regularly, centri-
fuged (13,000xg, 10 min), and the concentrations of CNP in the
supernatant were assayed by HPLC.

2.2. Biodegradation kinetics of 2,6-DCNP

To study the biodegradation kinetics of 2,6-DCNP, the effect of
different initial concentrations of substrate (0.05—1.5 mM) on
bacterial growth was investigated. In current study, the aeration
provided by shaking the flasks is able to keep the oxygen concen-
tration sufficient. Therefore, the strain CNP-8 growth rate and 2,6-
DCNP degradation rate were only limited by substrate concentra-
tion at fixed initial temperature (30 °C), pH (7.0) and shaking rate
(180 rpm).

Bacterial growth kinetics can be modeled by the following
equation

In(X / Xo) = ut (1)

The dry weight of biomass of strain CNP-8 was converted from
the ODggp value using a standard curve [dry weight (mg/
L) = 564.7 x ODgpp—2.75, R? = 0.986] (Min et al., 2018).

Because of the inhibition effect of 2,6-DCNP for CNP-8, Haldane’s
model (Wang et al., 2010) was used to investigate the kinetics of
2,6-DCNP biodegradation. The equation of the Haldane model was
described as follow:

umaxS

— > 2
g Ks+5+(52/Ki) @
where S is the substrate concentration (mg L), umax is the
maximum specific growth rate (h™!), Ks is the half saturation
constant (mg L), K is the inhibition constant (mg L™1).

For 2,6-DCNP degradation, the specific degradation rate was
defined as follows (Sun et al., 2016):

1 dS
X dt )

The maximum specific degradation rate obtained by Haldane’s
model as follows (Sun et al., 2016):

S+Ks+ (52/1<,-)
where S is the substrate concentration; q is the specific degradation
rate; gmax is the maximum specific degradation rate.

The biomass was estimated by the following equation (Min
et al., 2018):
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where Xpax is the maximum biomass (mg L), Xp is the initial
biomass, Sy is the initial substrate concentration (mg L’]), S, is the
substrate concentration when the biomass is maximum.

2.3. Biotransformation assay

The biotransformation assays were performed as described
(Chen et al., 2014) with little modification. Briefly, CNP-8 was
grown on MM with 20% LB to an ODggg of 0.2, followed by substrate
(2,6-DCNP or 2,6-DBNP) induction for 6 h. The harvested cells were
washed twice and suspended to ODggg of 2 in phosphate buffer
(20 mM, pH 7.2), followed by addition of 0.4 mM substrate. The
groups with no addition of substrate were used as uninduced
control. Samples (1 ml) were taken at 10-min intervals and
centrifuged 10 min at 13,000xg at 4 °C. The concentrations of
halogenated nitrophenols were determined by HPLC.

2.4. Real-time quantitative PCR (RT-qPCR) analysis

The total RNA of the 2,6-DCNP-induced and uninduced cells of
strain CNP-8 was isolated and reverse transcribed as described
(Min et al., 2017b). RT-qPCR was carried out on a 7500 fast real-time
PCR system with the primers listed in Table S1. The transcriptional
levels of the target genes were calculated by the 2-44¢ method
(Livak and Schmittgen, 2001) with 16S rRNA gene as control.

2.5. Protein purification and enzymatic assays

hnpA and hnpB were respectively cloned into the Ndel/Xhol
digested vector pET28a, and the N-terminal His-tagged HnpA and
HnpB were over-expressed in E. coli BL21(DE3) and purified (Min
et al,, 2019). The Bradford method (Bradford, 1976) was used to
determine the protein concentrations. The enzymatic assays of
HnpAB against 2,6-DCNP was performed using a UV/Vis spectro-
photometer (PE Lambda 365). The reaction system (1 ml) contained
Tris-HCI buffer (pH 7.5), 30 ug HnpA, 5 pg HnpB, 20 uM FAD and
200 pM NADH, and the reaction was initiated by substrate addition.
In the case of the kinetics assays, the concentrations of 2,6-DCNP
range from 0.5 to 40 uM with FAD and NADH fixed concentration
(0.02 mM and 0.2 mM, respectively). For the products’ identifica-
tion, the reaction products generated from 2,6-DCNP after in-
cubations with HnpAB were acetylated, dried over sodium sulfate
and analyzed by gas chromatography-mass spectrometry (GC-MS).

2.6. Analytical methods

The CNP compounds were analysis by HPLC with an Agilent
XDB-C18 column (250 mm x 4.6 mm x 5 um) and detected by a
DAD detector at 320 nm. The mobile phase was the same as
described (Min et al., 2019). GC-MS analysis was carried out on a
Thermo Trace GC Ultra gas chromatograph equipped with an Agi-
lent HP-5MS capillary column (30 m x 0.25 mm, 0.25 um) and
coupled with an ITQ 900 ion trap mass spectrometer (Thermo
Scientific). The condition of GC-MS analysis was the same as
described (Min et al., 2016). An ion-selective combination chloride
electrode (Model 96-17, Orion) was used to detect the chlorine ion.
The concentrations of nitrite were determined by colorimetric
method (Lessner et al., 2002).

2.7. Phylogenetic analysis

The phylogenetic tree for HnpA and the oxygenase components
of other two-component aromatic monooxygenases was con-
structed using the neighbor-joining method by the MEGA 5.02
software (Tamura et al., 2011). The topologic accuracy of the tree
was evaluated by using 1000 bootstrap replicates.

3. Results
3.1. Strain CNP-8 can grows on 2,6-DCNP

The degradation of 2,6-DCNP by strain CNP-8 was determined
on MM supplemented with 0.4 mM 2,6-DCNP as the sole source of
carbon and nitrogen. As shown in Figs. 1 and 2,6-DCNP was
completely degraded within 35 h. Meanwhile, the cell density
increased gradually, together with nitrite and chlorine ions accu-
mulation. The accumulation of nitrite proposed that strain CNP-8
degraded the substrate via oxidative denitration. 0.76 mM chlo-
rine ion was accumulated when 2,6-DCNP was completely
degraded, indicating that strain CNP-8 can remove two chlorines
from 2,6-DCNP. Conversely, neither 2,6-DCNP degradation nor
bacterial growth was observed in a control without CNP-8 inocu-
lation. To our knowledge, strain CNP-8 is the first microbe capable
of utilizing 2,6-DCNP, which motivated us to carry out the subse-
quent work.

3.2. Biodegradation kinetic of 2,6-DCNP

Biodegradation of 2,6-DCNP at different concentrations was
investigated to estimate the effect of 2,6-DCNP’s concentration on
CNP-8's growth. As shown in Fig. S1, the added 2,6-DCNP was
degraded completely while the concentration of 2,6-DCNP was no
more than 1 mM. Meanwhile, the delay periods of substrate
degradation and cell growth extended significantly with 2,6-DCNP
concentration increase. Neither 2,6-DCNP degradation nor bacterial
growth occurred when initial 2,6-DCNP was increased up to
1.5 mM.

The biodegradation assay indicated that high concentration 2,6-
DCNP could inhibite the growth of strain CNP-8. Therefore,
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Fig. 1. Time course of 2,6-DCNP degradation by Cupriavidus sp. strain CNP-8 in mineral
salts medium, together with the accumulation of NO3, CI~ and ODggo. (H) 2,6-DCNP
concentration with strain CNP-8 inoculation; () 2,6-DCNP concentration without
strain CNP-8 inoculation; (@) ODggo with 2,6-DCNP addition; (O) ODggp Without 2,6-
DCNP addition; (A ) NO3 (W) Cl™.
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Fig. 2. Experimental and predicted specific growth rates of strain CNP-8 against 2,6-
DCNP according to Haldane’s model.

Haldane’s growth kinetics model was used to estimate the kinetic
parameters of microbial 2,6-DCNP degradation. Non-linear
regression analysis of the bacterial growth data (Fig. S1) was per-
formed using Origin software (Version 8.0). Experimental and
predicted specific growth rates of strain CNP-8 due to Haldane’s
model were shown in Fig. 2. The kinetic parameters for CNP-8's
growth on 2,6-DCNP obtained by Eq. (2), and umax (the maximum
specific growth rate) = 0124 h~! K (half saturation
constant) = 0.038 mM, K; (inhibition constant) = 0.42 mM
(R> = 0.927, standard deviation = 0.086). The value of pmax
increased with the initial 2,6-DCNP increasing to about 0.13 mM,
and then declined on further increasing substrate concentration.
Similarly, for substrate degradation, the specific degradation rates
(q) increased with increase of initial 2,6-DCNP concentration, and
then declined on further increasing substrate concentration
(Fig. S2). The maximum specific degradation rate (qmax) was ob-
tained by Eq. (4). By non-linear regression analysis using Origin
software, gmax Was obtained as mg substrate mg~! biomass h™".
The biomass yield coefficient (mg dry weight of biomass mg~!
substrate) was estimated by linearizing biomass increase with 2,6-
DCNP consumption, as estimated by Eq. (5). The biomass yield
coefficient varied from 0.06 mg mg ! to a maximum of
0.29 mg mg~! (Fig. S3). The yield coefficient varied slightly when
2,6-DCNP concentrations was no more than 0.3 mM. However, the
yield coefficient declined apparently when the initial substrate
concentrations were further increased up to 1 mM.

3.3. Simultaneous degradation of three CNPs from synthetic
wastewater by strain CNP-8

In addition to degrading 2,6-DCNP, strain CNP-8 has been pre-
viously proved to be capable for utilizing two monochlorinated
nitrophenols including 2C4NP (Min et al., 2018) and 2C5NP (Min
et al, 2017a,b). These three chlorinated nitrophenols would
coexist in the industrial wastewater due to their extensive uses in
the synthesis of various industrial chemicals (Arora et al., 2018). So,
simultaneous degradation of the three pollutants by strain CNP-8
was performed to investigate its potential in bioremediation. As
shown in Fig. 3, although all three CNPs at 0.3 mM could be
degraded completely from the synthetic wastewater, different
degradation rates were observed among them. 2C4NP was
completely removed in the first 48 h; however, 79%
(0.238 + 0.015 mM) of 2C5NP and 88% (0.267 + 0.024 mM) of 2,6-
DCNP remained after this period. The complete degradation of
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Fig. 3. Simultaneous degradation of three chlorinated nitrophenols by strain CNP-8
from the synthetic wastewater. (ll) 2C4NP; (@ 2C5NP; ( A ) 2,6-DCNP.

2C5NP and 2,6-DCNP occurred in 84 h and 108 h, respectively.
Although 2C4NP and 2C5NP are isomers, the degradation rate of
2C4NP is significantly faster than that of 2C5NP, indicating that the
latter is more difficult to degrade by CNP-8 than the former. The
degradation rate of 2,6-DCNP is significantly low as compared to
other two mono-chlorinated nitrophenols. This is due to that 2,6-
DCNP with an extra chloro on the aromatic ring is more toxic and
more resistant to microbial degradation (Arora et al.,, 2018). This
speculation can be furter justified by comparing the kinetic pa-
rameters of 2,6-DCNP with those of 2C4NP. Previously, strain CNP-8
has been reported to degrade 2C4NP as high as 1.6 mM, with K; of
0.022 mM and K; of 0.72 mM (Min et al., 2018). In this study, this
strain utilized 2,6-DCNP less than 1.0 mM, with K of 0.038 mM and
K; of 0.42 mM. These combined data indicated that strain CNP-8 had
lower substrate affinity for 2,6-DCNP, and higher inhibition by 2,6-
DCNP as compared to 2C4NP. Thus, 2C4NP was removed faster than
2,6-DCNP. On the other hand, considering that strain CNP-8 is able
to utilize 2C4NP, 2C5NP and 2,6-DCNP, respectively, as the sole
source of carbon and nitrogen, and no intermediates should accu-
mulate in the environment after completion of the biodegradation
process; therefore, strain CNP-8 could be a promising candidate for
the bioremediation of 2C4NP-contaminated sites.

3.4. The hnp gene cluster is involved in 2,6-DCNP catabolism

Previously, strain CNP-8 has been reported to degrade 2,6-
dibromo-4-nitrophenol (2,6-DBNP, the brominated analogue of
2,6-DCNP) by the enzymes encoded by the hnp genes (Min et al.,
2019). So, biotransformation assays were carried out to investi-
gate where the catabolism of these two halogenated nitrophenols
share the same enzymes. The uninduced cells of strain CNP-8
showed undetectable activity against both halogenated nitro-
phenols. However, either 2,6-DBNP- or 2,6-DCNP-induced cells of
strain CNP-8 have the ability to degrade both halogenated nitro-
phenols rapidly (Fig. 4). This indicated that the catabolism of 2,6-
DCNP in CNP-8 was performed by the enzymes encoded by the
hnp gene cluster (GenBank accession number: MH271067), as
outlined and annotated in Fig. 5A. Indeed, further transcription
level analysis showed that the transcription levels of hnpA, hnpB,
hnpC and hnpD in 2,6-DCNP-induced cells of strain CNP-8 increased
330-, 202-, 172- and 43-fold, respectively (Fig. 5B), significantly
higher compared to those in the uninduced cell.
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Fig. 4. Biotransformation of 2,6-DCNP (A) and 2,6-DBNP (B) by the induced and uninduced cells of strain CNP-8. (1) uninduced cells; (O ) 2,6-DCNP-induced cells; (/\) 2,6-DBNP-
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Fig. 5. Analysis of hnp gene cluster of strain CNP-8. (A) Schematic of the hnp gene
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3.5. Enzymatic assays of purified HnpAB against 2,6-DCNP

To further confirm whether hnpAB is involved in the catabolism
of 2,6-DCNP, their products were expressed and purified, respec-
tively (Fig. S4). As shown as in Fig. 6A, the two-component HnpA
(the oxygenase component) B (the reductase component) degrades
2,6-DCNP  (Amax = 400 nm) rapidly, together with NADH
(Amax = 340 nm) consumption. In contrast, neither 2,6-DCNP nor
NADH consumption was found when purified HnpB was omitted
from the reaction system (Fig. 6B). The maximum activity of HnpAB
for 2,6-DCNP was 0.42 + 0.07 U mg~ L. The enzymatic kinetic assays
revealed that HnpAB transformed 2,6-DCNP with a Ky of
3.9 + 1.4 uM and a Keae/Km of 0.12 + 0.04 pM~! min~L

Two compounds with GC retention times of 9.87 and 10.74 min,

respectively, were detected by the GC-MS analysis of the acetylated
products of 2,6-DCNP catalyzed by the purified HnpAB. The mass
spectrum of the product at 9.87 min showing the typical frag-
mentation pattern of 2,6-dichlorohydroquinone (2,6-DCHQ) (Louie
et al., 2002), with a molecular ion peak at m/z 262.04 and the
fragments at m/z 219.94 (losing one acetyl group) and m/z 177.96
(losing two acetyl groups) (Fig. 6C). The mass spectrum of the
product at 10.74 min showing the typical fragmentation pattern of
acetylated 6-chlorohydroxyquinol (6-CHQ), which showed a mo-
lecular ion peak at m/z 286.04 as well as the fragments at m/z
244.05 (losing one acetyl group), 201.97 (losing two acetyl groups)
and 159.97 (losing three acetyl groups) (Fig. 6D). In addition to 2,6-
DCNP, the purified HnpAB is also able to catalyze the conversion of
2,6-DCHQ to 6-CHQ in the presence of NADH and FAD, although
with a very slow rate of 0.005 + 0.0028 U mg~ .

3.6. hnpA plays a crucial role in 2,6-DCNP catabolism in CNP-8

Strains CNP-8AhnpA and CNP-8AhnpA[pRK-hnpA] (Table S1), the
hnpA deleted and complemented derivatives of strains CNP-8 were
constructed to investigate the physiological role of HnpA in the
catabolism of 2,6-DCNP. Strain CNP-8AhnpA completely lost the
ability to grow on 2,6-DCNP, whereas strain CNP-8AhnpA[pRK-
hnpA] recovered the ability to utilize 2,6-DCNP (Fig. S5). This indi-
cated that hnpAT1 plays a crucial role in 2,6-DCNP catabolism.

3.7. The evolutionary origin of HnpA

To elucidate the phylogenetic origin of HnpA, members of the
oxygenase components of the two component aromatic mono-
oxygenases were selected to construct the distance neighbor-
joining tree. As shown in Fig. 7, the phylogenetic tree is divided
into two larger branches. HnpA located in the upper branch that
mainly contains the phenol para-position monooxygenases
including the functionally identified para-nitrophenol mono-
oxygenases NpcA (Kitagawa et al., 2004) and NpdA2 (Perry and
Zylstra, 2007; Liu et al., 2010), 2-chloro-4-nitrophenol and para-
nitrophenol monooxygenase PnpAl (Min et al, 2016), 2,4,5-
trichlorophenol (2,4,5-TCP) monooxygenase TftD (Hubner et al.,
1998) and 2,4,6-trichlorophenol (2,4,6-TCP) monooxygenases
TcpA (Xun and Webster, 2004). The lower branch mainly contains
the phenol ortho-position monooxygenases including the
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Fig. 6. Enzymatic activity assay of HnpAB against 2,6-DCNP, together with the prod-
ucts identification. (A) Spectral changes during the transformation of 2,6-CBNP by
purified HnpAB. (B) Spectral changes during the transformation of 2,6-CBNP by only
purified HnpA. (C) The mass spectra of acetylated 2,6-DCHQ. (D) The mass spectra of
acetylated 6-CHQ.

functionally identified PNP monooxygenase NphA1 (Takeo et al.,
2008), 4-hydroxyphenylacetate monooxygenase HpaB (Galan
et al., 2000) and phenol monooxygenase PheAl (Duffner et al.,
2000; Kirchner et al., 2003). In the phenol para-position mono-
oxygenases branch, HnpA is closely related to chlorophenol mon-
ooxygenases (such as TftD, HadA and TcpA) but distantly related to
nitrophenol monooxygenases (such as NpcA, NpdA2 and PnpA1).

4. Discussion

2,6-DCNP is an emerging chlorinated nitroaromatic pollutant
and has been widely introduced into our surrounding environment
(Xiao et al, 2012). To date, nevertheless, no microorganism has
been reported to degrade 2,6-DCNP, not to mention the degrada-
tion kinetics, catabolic pathway and molecular mechanism infor-
mation. Herein, Cupriavidus sp. strain CNP-8, previously reported to
degrade various nitrophenols (Min et al., 2017b, 2018; 2019) was
found to be also able to utilize 2,6-DCNP as the sole source of

carbon and nitrogen, and remove two chlorines from 2,6-DCNP
(Fig. 1). The degradation kinetics of 2,6-DCNP (Fig. 2), together
with simultaneous removal of mixture CNPs by this strain (Fig. 3)
indicated that strain CNP-8 is an efficient candidate for bioreme-
diation. Moreover, this study provides biochemical and molecular
information for microbial 2,6-DCNP degradation, filling the gap in
our understanding of its fate in the environment.

The investigation of degradation kinetics showed that strain
CNP-8 degraded 2,6-DCNP less than 1.0 mM, with gmax of 0124 h™,
qmax 0f 0.217 mg mg~' h~!, K of 0.038 mM and K; of 0.42 mM (Fig. 2
and Fig. S2). These kinetic parameters are very important in
assessing the ability and limitation of strain CNP-8 during biodeg-
radation (Shen et al., 2009; Tiwari et al., 2017). Because strain CNP-
8 is the first bacterium with the ability to degrade 2,6-DCNP, the
knowledge of microbial degradation kinetics of 2,6-DCNP is un-
available in the literature. Thus, we are unable to compare 2,6-
DCNP degradation efficiency between strain CNP-8 and other
bacteria. Although strain CNP-8 could utilize 2,6-DCNP, the bacte-
rial growth was inhibited by high concentration substrate (Fig. S1).
Therefore, the Haldane’s model which is widely application in
describing the bacterial growth kinetics against inhibitory aro-
matics (Shen et al., 2009; Zhang et al., 2009a,b; Sahoo et al., 2011a),
was used to investigate the microbial degradation kinetics of 2,6-
DCNP. Fig. 2 showed that the maximum specific growth rate
occurred at low 2,6-DCNP concentration; further increasing sub-
strate concentration resulted in the decline of the specific growth
rate, in line with the variation tendency of the maximum specific
degradation rates (Fig. S2). This phenomenon is in accord with the
microbial degradation of many aromatic compounds such as
phenol (Wang et al., 2010), 4-chlorophenol (Sahoo et al., 2011a), 4-
nitrophenol (Sahoo et al., 2011b), 2C4NP (Min et al., 2018) and
2,4,6-trinitrophenol (Shen et al., 2009). When strain CNP-8 grown
on 2,6-DCNP at different concentration, the biomass yield coeffi-
cient reached the highest value when initial 2,6-DCNP concentra-
tion is 0.2 mM, and further increase substrate concentration
resulted in the significant decrease of biomass yield coefficient
(Fig. S3). The significant decrease of biomass yield coefficient at
high 2,6-DCNP concentration indicated that more energy resulting
from substrate degradation was required to overcome the 2,6-
DCNP inhibition against strain CNP-8. This hypothesis has also
been proposed previously to explain the microbial degradation of
many toxic xenobiotics (Shen et al., 2009; Wang et al., 2010; Sahoo
et al, 2011a; Min et al, 2018; Min et al, 2019). In summary,
although the inhibition effect of 2,6-DCNP against CNP-8 was
inevitable, the extremely lower value of K (0.03 mM) than that of K
(0.42 mM) indicated that CNP-8 was able to effectively remove 2,6-
DCNP from the point of kinetic view.

Biotransformation assays showed that either 2,6-DCNP- or 2,6-
DBNP-induced cells of strain CNP-8 have the ability to degrade
both 2,6-DCNP and 2,6-DBNP rapidly (Fig. 4). Moreover, the tran-
scriptional level of hnp genes increased significantly after induction
by the substrate (Fig. 5B). These indicated that the hnp cluster was
also responsible for the catabolism of 2,6-DCNP, in addition to
degrading 2,6-DBNP. To date, limited literature reported that bac-
terium degraded different halogenated nitroaromatics by the en-
zymes encoded by the same gene cluster. Recently, Pseudomonas
stutzeri ZWLR2-1, a 2-chloronitrobenzene (2CNB) and 2-
bromonitrobenzene (2BNB) utilizer, was reported to degrade
2CNB and 2BNB by the enzymes encoded by the same cnb gene
cluster (Liu et al., 2011; Wang et al., 2019). This study yet provides
another example of a bacterium using the same set of enzymes to
degrade multiple substrates, making the hnp cluster well adapted
for bioremediation of various halogenated nitrophenols-
contaminated environments.

The function of HnpAB was experimentally validated both
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Fig. 7. (A) Phylogenetic relationship of the oxygenase component of the two-component phenols monooxygenases including HnpA. HnpA is indicated by a “*". (B) Comparison of
the genetic organization of the hnp gene cluster involved in 2,6-DCNP catabolism in strain CNP-8, the tcp gene cluster involved in 2,4,6-TCP catabolism in Cuptiavidus necator JMP134

and the gene clusters involved in 4-nitrophenol catabolism in some bacteria.

in vitro (Fig. 6) and in vivo (Fig. S5). Enzymatic assay showed that
the purified HnpAB catalyzed the transformation of 2,6-DCNP
rapidly, together with the formation of 2,6-DCHQ and 6-CHQ
(Fig. 6). The identification of 2,6-DCHQ and 6-CHQ indicated that
this two-component monooxygenase has the ability to catalyze the
sequential denitration and dechlorination of 2,6-DCNP. It is well
accepted that monooxygenases attack the phenolic ring substituted
with chloro or nitro generating quinone compounds (Xun and
Webster, 2004; Perry and Zylstra, 2007; Min et al., 2016). There-
fore, the identification of 2,6-DCHQ indicated that 2,6-dichloro-1,
4-benzoquinone (2,6-DCBQ) was the actual product of 2,6-DCNP
catalyzed by HnpAB (Fig. 8). Several analysis method including
HPLC and GC-MS were used to identify 2,6-DCBQ, but failed after
many attempts. This is due to that 2,6-DCBQ was rapidly reduced
2,6-DCHQ by NADH in the enzyme reaction system, which can be
justified by numerous reports revealing that (chlorinated) quinones
would be rapidly reduced to the corresponding (chlorinated)

phenols in the presence of NADH (Xun and Webster, 2004; Perry
and Zylstra, 2007; Liu et al., 2010; Min et al., 2016; Min et al,,
2019). In addition to catalyzing 2,6-DCNP degradation, the puri-
fied HnpAB also catalyzed the conversion of 2,6-DCHQ to 6-CHQ
(Fig. 8), similar with the catalytic activity of its counterparts
(TcpAX) against 2,6-DCHQ during 2,4,6-TCP degradation by
Cupriavidus necator JMP134 (Louie et al., 2002; Belchik and Xun,
2008). Therefore, during the catabolism of 2,6-DCNP in vivo, the
toxicity of potential by-product 2,6-DCHQ against the cells could be
eliminated by the transformation of 2,6-DCHQ to 6-CHQ. On the
other hand, the identification of 6-CHQ presented strong evidence
that 2,6-DCBQ would be further hydroxylated to 6-CHQ via 6-
chlorohydroxyquinone by HnpAB (Fig. 8). Indeed, most FADH,-
dependent monooxygenases have been reported to hydroxylate
their substrates twice in tandem (Louie et al., 2002; Xun and
Webster, 2004; Min et al., 2016; Pimviriyakul et al., 2017).
Generally, the genes responsible for catabolism of nitroaromatic
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Fig. 8. The catabolic pathway of 2,6-DCNP in Cupriavidus sp. strain CNP-8. TCA, tricarboxylic acid. The unidentified intermediate is in bracket.

compounds are clustered in the genome. In this strain, hnpC and
hnpD genes are clustered with hnpA, which is necessary for strain
CNP-8 to utilize 2,6-DBNP (Fig. S5). Moreover, transcriptional level
by RT-gqPCR showed that both hnpC and hnpD are up-regulated by
2,6-DCNP induction. These indicated HnpC and HnpD are involved
in the catabolism of 2,6-DCNP. The catalytic activity of HnpC and
HnpD was not performed because the commercial substrates are
unavailable. However, considering that HnpC exhibited very high
identity (93%) with the 6-CHQ dioxygenase (TcpC) from Cupriavidus
necator JMP134, which was experimentally validated to transform
6-CHQ to 2-chloromaleylacetate (2-BMA) (Louie et al., 2002);
therefore, HnpC is likely responsible for ring-cleavage of 6-CHQ to
2-chloromaleylacetate (2-CMA) during 2,6-DCNP degradation in
strain CNP-8 (Fig. 8). HnpD is a maleylacetate reductase. Previously,
many maleylacetate reductases were reported to be able to catalyze
the dechlorination of 2-CMA to maleylacetate (MA), followed by
transform MA to B-ketoadipate (Kaschabek and Reineke, 1995; Min
et al., 2014). Therefore, HnpD likely transform 2-CMA twice in
tandem, with the formation of B-ketoadipate during the catabolism
of 2,6-DCNP (Fig. 8).

The enzymatic assay and product identification indicated that
HnpAB catalyzed the sequential para- and ortho-position hydrox-
ylation of 2,6-DCNP. However, the phylogenetic analysis (Fig. 7A)
showed that HnpA is closely related to the phenols para-mono-
oxygenases (Hubner et al., 1998; Xun and Webster, 2004; Perry and
Zylstra, 2007; Liu et al., 2010; Min et al., 2016), but distantly related
to the phenols ortho-monooxygenases (Duffner et al., 2000; Galan
et al., 2000; Kirchner et al., 2003; Takeo et al., 2008). In the phe-
nols para-monooxygenases family, HnpA is more closely related to
the chlorophenols monooxygenases such as 2,4,5-TCP mono-
oxygenase (Hubner et al., 1998) and 2,4,6-TCP monooxygenase
(Xun and Webster, 2004) than the nitrophenols monooxygenases
such as the 4-nitrophenol monooxygenases (Perry and Zylstra,
2007; Liu et al,, 2010; Min et al., 2016). Furthermore, the genetic
organization of hnp cluster in strain CNP-8 was similar with that of
the tcp cluster involved in 2,4,6-TCP catabolism in Cuptiavidus
necator J]MP134 (Louie et al., 2002), but significantly different from
those of the clusters involved in the catabolism of 4-nitrophenols in
several bacteria (Fig. 7B) (Zhang et al., 2009a,b; Liu et al., 2010; Min
et al.,, 2014; Min et al., 2016). These indicated that the hnp cluster

responsible for the catabolism of halogenated nitrophenols (2,6,-
DCNP and 2,6,-DBNP) in strain CNP-8 originated from the cluster
involved in the catabolism of chlorophenols rather than
nitrophenols.

5. Conclusions

We reports the microbial degradation of 2,6-DCNP for the first
time. The biodegradation kinetics of 2,6-DCNP was investigated by
strain CNP-8. The two-component monooxygenase HnpAB cata-
lyzes the denitration and dechlorination of 2,6-DCNP twice in
tandem. The phylogenetic analysis indicated that the hnp cluster
originated from the cluster involved in the catabolism of chlor-
ophenols rather than nitrophenols. This study fills a gap in our
knowledge of the microbial 2,6-DCNP degradation.
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