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chlorobenzene degradation by a novel bacterium

Shihan Zhang,ab Zanyun Ying,a Juping You,a Jiexu Ye, *ab Zhuowei Cheng,ab

Dongzhi Chenab and Jianmeng Chenab

A newly isolated strain was identified as Ochrobactrum sp. by 16S rRNA sequence analysis and named as

ZJUTCB-1. The strain was able to degrade mono-chlorobenzene (CB) as the sole carbon and energy

source under aerobic conditions. This study is the first to report the degradation of CB by the genus

Ochrobactrum. The degradation rate of CB reached 170.9 mmol L�1 h�1, which is at least 6 times higher

than the previously reported data. The strain can efficiently degrade CB under a rang of temperatures

(30–40 �C) and pH (6.0–7.0) with optimum at 40 �C and pH 7.0. Salt concentration higher than

0.05 mol L�1 remarkably reduced the biodegradation capability. Moreover, true oxic condition was not

an essential element for biodegradation given that the CB degradation rate of 210.4 mmol L�1 h�1 was

obtained under microaerobic condition. Based on the Haldane kinetic model, the maximum specific

growth rate was 0.895 h�1, which is the highest in ever described CB-degrading strains. According to

GC-MS analysis and enzymatic assay, CB was degraded via the meta-cleavage pathway by using 2,3-

dioxygenase and 2-chlorophenol as the main intermediates, producing CO2 and Cl� as the final

products. The great performance of CB degradation by Ochrobactrum sp. ZJUTCB-1 provided an

alternative for development of more effective and reliable biotreatment process.
Introduction

Mono-chlorobenzene (CB) is not only a common industrial
solvent but also a widely used intermediate for the manufacture
of pesticides and dyes.1 The United States Environmental
Protection Agency (US EPA) listed CB as a priority pollutant with
a maximum contaminant level of 0.1 ppm due to its persistence
and potential toxicity. CB has high volatility and is released into
the air, water, and soil, leading to serious environmental issues
and health risks.2

In recent years, various physical–chemical technologies have
been proposed to eliminate CB. These technologies include
combustion, adsorption, absorption, photocatalysis, catalytic
oxidation, electrochemical reduction, membrane separation,
and plasma.3–10 However, these methods require large amounts
of energy and are expensive. Compared with physical–chemical
technologies, biological technology can be operated under
milder conditions and thus result in lower cost.11–14 It has been
established that the aerobic biodegradability of CB is thermo-
dynamically feasible.15 However, CB is a recalcitrant substrate,
and its performance in biological degradation relies on effective
microbial strains. As a result, isolation of a bacterium with
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excellent CB-degrading capability is critical and has attracted
considerable interest.

Scholars have isolated several CB-degrading bacteria, such as
Rhodococcus phenolicus sp. G2PT, Pseudomonas aeruginosa, Ral-
stonia pickettii L2, Acidovorax avenae, Escherichia hermanii, Pla-
nococcus sp. strain ZD22, Bacillus sp. TAS6CB, Brevibacillus agri
DH-1, and Pandoraea pnomenusa sp. strain MCB032.16–24 These
strains obtained aerobic degradation rate of 0.318–3.66 mg L�1

h�1.18,21,25–27 However, their microbial activities remain insuffi-
cient to meet the demand for effective large-scale applications.
Therefore, microorganisms with better CB-degrading ability are
still urgently required. In addition, sincemicroorganismsmight
expose to low dissolved oxygen due to the insufficient aeration,
it is necessary to pay attention to the degradation rate of
bacteria under microaerobic conditions.

The major pathway for CB degradation is initiated with
a dioxygenases, TecA.28 The resulting dihydrodiols are rear-
omatized by dihydrodiol dehydrogenases, encoded by tecB
genes,29 to chlorocatechols, which serve as the ring-ssion
substrate. The ring of chlorocatechols are cleaved in the ortho
position by 1,2-dioxygenase (products of clc gene cluster) or in
the meta position by 2,3-dioxygenase (products of cbzE
genes).30,31 On the other hand, Zhang et al.18 found that R.
pickettii L2 degraded CB via initial mono-oxygenation rather
than dioxygenation, generating 2-chlorophenol as the rst
intermediate. Hence, the metabolic pathways are diversity,
depending on the type of degrading bacteria. Therefore, the
This journal is © The Royal Society of Chemistry 2019
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degradation pathway should be determined for a novel strain
that can utilize CB as the sole carbon and energy source.

This work focuses on: (1) the isolation and characterization
of a new bacterium with superior CB degradation ability, (2)
investigating the effect of initial CB concentration, pH,
temperature, salt concentration, initial cell concentration, and
dissolved oxygen concentration on CB biodegradation, (3)
determination of the CB degradation kinetics, and (4)
proposing the CB degradation pathway.
Experimental section
Chemicals and medium

CB ($99%) and ethyl acetate ($99.5%) were acquired from
Shanghai Lingfeng Chemical Reagent Co., Ltd., China. Catechol
($99.5%) and Brilliant Blue G250 were acquired from Shanghai
Aladdin Bio-Chem Technology Co., Ltd., China. Na2HPO4-
$12H2O and NaH2PO4$2H2O with purity over 99% were
provided by Guangdong Guanghua Chemical Factory Co., Ltd.,
China. (NH4)2SO4, MgSO4, K2SO4, and NaCl with purity over
99% were obtained from Shanghai Shisihewei Chemical Co.,
Ltd., China. Yeast extract and tryptone were obtained from
Nuoyang Biotechnology Company, China. Agar and 2-chlor-
ophenol were obtained from Sinopharm Chemical Reagent,
China. All other chemical agents (analytical grade) were ob-
tained from Huipu Chemical Co., Ltd., China.

The employed minimal salt medium (MSM) contains (1 L):
0.66 g (NH4)2SO4, 0.11 g MgSO4, 0.12 g K2SO4, 22.20 g Na2HPO4-
$12H2O, 5.93 g NaH2PO4$2H2O, 0.62 mL vitamin solution, and
1.25 mL trace element solution. The composition of the vitamin
solution was based on our previous work.14 The trace element
solution includes (1 L): 0.01 g H3BO3, 0.1 g CaCl2$2H2O, 0.01 g
CuSO4$5H2O, 0.024 g NiCl2$6H2O, 0.025 g Na2WO4$2H2O, 0.025 g
Na2MoO4, 0.1 g CoCl2$6H2O, 0.1 g FeSO4$7H2O, 0.01 g AlK
(SO4)2$12H2O, 0.13 g ZnCl2, 0.5 gMnSO4$H2O, 1 g NaCl, 1.5 g NTA
and 3 g MgSO4. The pH value of the MSM (without the addition of
the trace element and vitamin solution) was set to 7.0 by adding
1 mol L�1 NaOH solution. The MSM was sterilized at 110 �C for
40min. The tracemineral and vitamin solutions were ltered aer
being disposed and transferred to MSM. The Luria-Bertani (LB)
medium contains (1 L): 5.0 g yeast extract, 10.0 g NaCl, and 10.0 g
tryptone. Before use, the LB medium was sterilized for 20 min at
121 �C. All the solid media contain 2 wt% agar.
Isolation of the strain ZJUTCB-1

An activated sludge obtained from a Hangzhou wastewater
treatment plant was used to isolate the strain. The activated
sludge was inoculated inMSM containing 100mg L�1 CB at 30 �C
and 160 rpm to enrich the bacterium. When the CB concentra-
tion was decreased by 50%, the solution was displaced using
fresh medium containing 100 mg L�1 CB. Aer repeating the
operation for ve times, the diluted enrichment liquid was
coated on solid MSM with CB for 3–5 days at 30 �C. Hereaer,
a single colony selected from solid MSM was inoculated to the
fresh LB liquid medium. The obtained pure culture was added to
This journal is © The Royal Society of Chemistry 2019
the fresh MSM with CB to test its capability for CB degradation.
The bacterium was designated as strain ZJUTCB-1.

The strain ZJUTCB-1 was identied by 16S rRNA analysis. A kit
of DNA extraction (Sangon, Shanghai, China, SK8255) was used
to extract genomic DNA of the strain according to the manufac-
turer's instruction. The 16S rRNA sequence was amplied via
polymerase chain reaction (PCR) for 30 cycles by using universal
forward and reverse primers such as CAGAGTTTGATCCTGGCT
and AGGAGGTGATCCAGCCGCA. The PCR program was carried
out as follows: denaturing for 4 min at 94 �C and then running 30
cycles of 45 s at 94 �C (denaturation), 45 s at 55 �C (annealing),
and 1 min at 72 �C (extension). The resulting product was
sequenced by the Shanghai Sangon Biotech Co., Ltd., China. The
obtained sequence was in comparison with that reported in the
GenBank database via the BLAST program. A phylogenic tree was
established using MegAlign soware (MEGA 5.1).
CB degradation experiments and kinetics experiments

The strain ZJUTCB-1 was pre-grown in MSM with CB at 30 �C to
late exponential growth phase and then collected via centrifuga-
tion (10 000 rpm, 3 min, 4 �C). The harvested cells were re-
suspended in MSM for further use aer washing with MSM thrice.

In a typical test, the degradation experiment was conducted
in 340 mL serum vials with 50 mL MSM containing 520–2600
mmol L�1 CB and 24–62mg DCW L�1 ZJUTCB-1 (160 rpm) under
aerobic condition (�7 mg L�1 DO). N2 with high purity was
passed into the serum vials for 30min to achieve a microaerobic
condition (�0.2 mg L�1 DO). For pH test, the initial pH of MSM
was adjusted to 5.0, 6.0, 7.0, 8.0, and 9.0. To evaluate the effect
of temperature, we varied the incubation temperature from 25–
45 �C. The effect of salt concentration on CB degradation was
investigated using MSM containing 0–0.4 mol L�1 NaCl. Each
group of experiments set up a blank control group (without
bacterium). The samples in the liquid and gas phase were ob-
tained at the certain interval. The degradation kinetics was also
investigated under the cell concentration of 39 mg DCW L�1

with different initial CB concentrations (520–2600 mmol L�1) at
160 rpm and 30 �C. The classical Haldane model was used to
estimate the kinetics as follows:32

m0 ¼
1

X

dX

dt
¼ mmaxS

Ks þ S þ S2=Ki

n0 ¼ 1

X

dS

dt
¼ nmaxS

Ks þ S þ S2=Ki

where m0 and n0 are the specic cell growth and CB degradation
rate, respectively, h�1; mmax and nmax are the maximum specic
cell growth and degradation rate, h�1, respectively; S is the
concentration of CB, mmol L�1; X is the concentration of strain
ZJUTCB-1, mg DCW L�1; Ki is the inhibition constant, mmol L�1,
and Ks is the half-saturation constant, mmol L�1.
Enzyme assays

The bacteria were harvested by centrifugation (10 000 rpm,
10 min, 4 �C), washed twice with 50 mmol L�1 phosphate buffer
RSC Adv., 2019, 9, 15004–15012 | 15005
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(pH ¼ 7.2), and suspended in phosphate buffer. The cells were
broken by sonication and centrifuged at 12 000 rpm, 4 �C for
30 min. The precipitate was discarded, and the supernatant was
kept on ice until use. The reaction system contained 0.3 mmol
catechol, 1.0 mL of 50 mmol L�1 phosphate buffer, and cell
extract (0.3–0.9 mg of protein) in a nal volume of 3 mL. The
mixtures were reacted in water bath (30 �C) for 10 min. When
cis,cis-muconic acid and 2-hydroxymuconic semialdehyde were
formed, the absorbance at 260 and 375 nm increased,
respectively.

Specic enzyme activities were calculated using the extinc-
tion coefficient of each reaction product: 16 800 L mol�1 cm�1

for cis,cis-muconic acid at 260 nm and 36 000 L mol�1 cm�1 for
2-hydroxymuconic semialdehyde at 375 nm.33,34 Specic enzyme
activities were expressed in mmol of product formed per min
per mg of protein.35 The content of protein in the cell-free
extract was determined using the Bradford method.36
Analytical methods

The concentrations of CO2 and CB in the gas phase were
determined using the 6890N gas chromatograph (Agilent
Technologies, America). For CB analysis, it was measured by
a column of HP-INNOWax and ame ionization detector under
air and hydrogen ow rates of 450 and 40 mL min�1, respec-
tively. The inlet was in split mode with N2 as carrier gas (33.4
mLmin�1). The temperatures of the injector, detector, and oven
were 200, 180, and 100 �C, respectively. CO2 was measured
using a thermal conductivity detector and a column of HP-Plot-
Q with helium as carrier gas (2 mL min�1). The temperatures of
the injector, detector, and oven were 90, 180, and 40 �C.

The concentration of Cl� was measured using an ICS-2000
ion chromatograph (DIONEX, America) equipped with the
Ionpac AS19-HC column. The eluent was KOH with a concen-
tration of 20 mmol L�1 at a ow rate of 1.00 mL min�1.

The intermediate products were identied by GC-MS (Agilent
7890N/MS 5975, America), using a column of HP-5MS and
helium as the carrier gas (1.5 mL min�1). The temperature of
the injector was 250 �C. The temperature of the oven was
maintained at 35 �C for 10 min, ramped to 190 �C at
10 �C min�1, kept for another 2 min, heated to 225 �C at
6 �C min�1, and kept for another 1 min. The mass spectrometer
was operated in the electron impact mode. The electron ioni-
zation mass spectra were acquired at 70 eV at ionization source
temperature of 230 �C. The intermediate products were deter-
mined and compared with the NIST standard library.

The cell concentration was determined by measuring the
optical density at 600 nm by using a U-2910 spectrophotometer
(HITACHI, Japan). The cell concentration was then calculated
according to an established correlation between the absorbance
and dry-weight concentration of strain ZJUTCB-1.
Results and discussion
Identication of strain ZJUTCB-1

The colonies of ZJUTCB-1 were light yellow with neat edges and
smooth surface. The morphology of the bacterium was bacilli
15006 | RSC Adv., 2019, 9, 15004–15012
with parallel edges and round ends without agellation. It was
a Gram negative bacterium. A sequence of the 16S rRNA gene
with 1425-bp fragment was submitted to the GenBank database
(accession number: MH910616). As shown in Fig. 1, the strain
ZJUTCB-1 was closely similar to the strain of the genus Ochro-
bactrum. The strain ZJUTCB-1 had the highest similarity
(approximately 98%) with Ochrobactrum anthropic ATCC 49188
(GenBank accession No. CP000758). As a result, it was initially
assigned as Ochrobactrum sp., and has been deposited in the
China Center for Type Culture Collection with accession
number of CCTCC M 2018490.

Ochrobactrum sp. can decompose various environmental
pollutants, including benzo[a]pyrene, di-n-butyl phthalate,
phenanthrene, phenol, and tetrabromobisphenol A.37–41 To the
best of our knowledge, the present work rst described an
Ochrobactrum sp. strain with CB degradation capability.

CB degradation by Ochrobactrum sp. ZJUTCB-1

Fig. 2 shows the CB degradation performance with different
initial substrate concentrations under aerobic condition. As
shown in Fig. 2a, the degradation of CB encountered a lag phase
and then gradually increased within the timeframe of the
operation, indicating that the enzyme pertinent to the CB
degradation was an induced enzyme rather than a constitutive
enzyme. Correspondingly, the cell concentration growth also
encountered a lag phase with the feeding of CB (Fig. 2b).
Moreover, it could be found that CB at all tested concentrations
was completely degraded within 26 h. The highest average
degradation rate of 170.9 mmol L�1 h�1 was obtained at 1216
mmol L�1 CB degradation, which was at least 6 times of the
reported data shown in Table 1. Ochrobactrum sp. ZJUTCB-1
exhibited the best CB degradation activity in ever described
microorganisms.

Factors affecting CB degradation

Effects of pH and temperature. pH and temperature were
generally considered to be the main factors affecting microbial
growth and contaminant degradation.44,45 The most suitable pH
for CB degradation by strain ZJUTCB-1 was 7.0 (Fig. 3a). The cell
growth rate and CB degradation rate were higher under slightly
acidic conditions than under microalkaline conditions,
demonstrating that the bacteria preferred slightly acidic and
neutral environments. Fig. 3b shows that strain ZJUTCB-1 can
efficiently degrade CB under 30–40 �C with an optimum
degradation at 40 �C. The CB degradation rate and cell growth
rate rapidly reduced by 60% and 50%, respectively, when the
temperature increased to 45 �C. These phenomena were similar
to the result reported in pervious study of Ochrobactrum sp.46

The key enzyme involved in the CB degradation lost its activity,
which may be an important cause of low degradation rate under
high temperature.

Effects of salt concentration. Fig. 4 shows that the cell
growth rate and CB degradation rate reached the maximum at
NaCl concentration of 0.05 mol L�1. With the increase of salt
concentration, CB degradation rate decreased. The CB degra-
dation rate at NaCl concentration of 0.4 mol L�1 was
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Phylogenetic tree of 16S rRNA for the strain ZJUTCB-1.
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approximately 30% of the degradation rate at NaCl concentra-
tion of 0.05 mol L�1, which may due to the cellular water loss or
cytoplasm recession under high salt concentration.47 Corre-
spondingly, the cell growth rate also had similar changes. Trace
salinity was good for cell growth and CB degradation, whereas
high salinity inhibited cell growth and CB degradation
remarkably.

Effects of initial cell concentration. As shown in Fig. 5a and
b, when the initial cell concentration was increased from 24 to
54 mg DCW L�1, the consumption rate of CB and the growth
rate of strain ZJUTCB-1 were both accelerated by �200%.
However, initial cell concentration exceeding of 54 mg DCW L�1

did not result in further noticeably increase in the degradation
rate and cell growth rate. Therefore, conditions with a cell
Fig. 2 Degradation of CB byOchrobactrum sp. ZJUTCB-1 with different
and [cell]0 ¼ 39 mg DCW L�1).

This journal is © The Royal Society of Chemistry 2019
concentration of 54mg DCW L�1 were themost favorable for CB
degradation and cell growth.

Effect of dissolved oxygen concentrations. Fig. 6a and b show
the CB degradation rate and cell growth rate with different
initial substrate concentrations under aerobic and micro-
aerobic conditions. Under both aerobic and microaerobic
conditions, CB degradation rate as the function of the substrate
concentration followed a reverse V-shape (Fig. 6a), indicating
that CB inhibited the degradation at high CB concentration due
to its toxicity.18 The relationship between substrate concentra-
tion and cell growth rate followed a pattern similar as the
degradation (Fig. 6b). It was also noted that, compared with
aerobic biodegradation, the strain ZJUTCB-1 had a similar
ability to degrade CB when met with oxygen limitation. The
initial CB concentrations under aerobic condition (pH¼ 7.0, T ¼ 30 �C,

RSC Adv., 2019, 9, 15004–15012 | 15007
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Table 1 Performance of CB degradation by various microorganisms

Culture Condition
CB concentration
(mg L�1)

Reaction
time

Removal
efficiency (%)

Average degradation
rate (mg L�1 h�1) Temperature (�C) Ref.

Ralstonia pickettii L2 Aerobic 220 75 h 100 2.933 30 18
Acidovorax avenae Aerobic 7.65 24 h 100 0.318 25 19
Escherichia hermanii Aerobic 394 300 h 100 1.313 30 20
Planococcus sp. ZD22 Aerobic 112.5 120 h 67.3 0.63 20 21
Mixed fungal–bacterial
consortium

Aerobic 220 60 h 100 3.666 30 25

Ralstonia sp. DSM 8910 Aerobic 50 21.6 h 93 2.155 20 26
Labrys portucalensis F11 Aerobic 56 10 d 0.5 � 0.03 25 27
Enrichment culture Anaerobic 225 50 d 100 0.1875 30 42
Sediment culture Anaerobic 78.75 140 h 100 0.5625 43
Ochrobactrum sp. ZJUTCB-1 Aerobic 136.75 9 h 100 19.23 (170.9 mmol L�1 h�1) 30 This work

Fig. 3 Effects of pH (a) and temperature (b) on the degradation of CB and the growth ofOchrobactrum sp. ZJUTCB-1 ([CB]0¼ 868 mmol L�1, and
[cell]0 ¼ 39 mg DCW L�1).

Fig. 4 Effects of salt concentration on the degradation of CB and the
growth of Ochrobactrum sp. ZJUTCB-1 (pH ¼ 7.0, T ¼ 30 �C, [CB]0 ¼
868 mmol L�1, and [cell]0 ¼ 39 mg DCW L�1).
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maximum average degradation rate of CB could reach 210.4
mmol L�1 h�1 under microaerobic condition (Fig. 6a). Thus, it
could be concluded that a truly oxic condition was not an
essential element for CB biodegradation by the strain ZJUTCB-
1. High oxygen affinities for some catabolic enzymes, such as
the activity of catechol 2,3-dioxygenase, would decrease by
increasing the oxygen level.48 The strain ZJUTCB-1 with good CB
degradation performance under microaerobic conditions could
reduce the aeration energy consumption in biological
processes, and it could also be used for the bioremediation of
groundwater and sediment.

Kinetics of CB degradation by Ochrobactrum sp. ZJUTCB-1

The Monod kinetic model and the Haldane kinetic model are
commonly used to predict substrate degradation.49,50 Consid-
ering the substrate inhibition occurred at high CB concentra-
tion, the Haldane kinetic model was used to predict the aerobic
biodegradation of CB in this work.

As shown in Fig. 7a, the Haldane kinetic model well tted the
experimental data (R2 > 0.95). The values of mmax, Ks, and Ki were
0.895 h�1, 2495 mmol L�1, and 697 mmol L�1, respectively. The
specic growth rate of aerobic degradation initially increased
and then decreased (Fig. 7a). This nding might indicate that
15008 | RSC Adv., 2019, 9, 15004–15012
the increasing available carbon source at concentrations below
1216 mmol L�1 was benecial to bacterial growth. When the
concentration was higher, the toxicity of CB inhibited cell
growth. The maximum specic growth rate was more than two
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Effects of initial cell concentration on the degradation of CB and the growth of Ochrobactrum sp. ZJUTCB-1 (pH ¼ 7.0, T ¼ 30 �C, and
[CB]0 ¼ 868 mmol L�1).
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times higher than that of the other aerobic degradation bacteria
reported in the literatures (0.15–0.36 h�1).24,25

Fig. 7b shows the change in the specic degradation rate of
strain ZJUTCB-1 at different CB concentrations in aerobic
condition. The experimental data also well tted to the Haldane
kinetic model (R2 > 0.90). Similar to the growth kinetic, the
degradation kinetics also showed the same tendency, conrm-
ing that CB inhibited the activity of CB degradation. The values
of vmax, Ks, Ki were 3.315 h�1, 2494.542 mmol L�1, and 697.149
mmol L�1, respectively. The maximum specic degradation rate
with a cell concentration of 39 mg DCW L�1 was approximately
11 times of the reported data.25

CB degradation pathway of Ochrobactrum sp. ZJUTCB-1

The pathway of CB degradation has been intensively investi-
gated.15,51 In this work, the CB degradation pathway was also
investigated. As shown in Fig. 8a, the characteristic peak of 2-
chlorophenol could be detected under aerobic condition by GC-
MS. The authenticity of the substance was conrmed by
comparing the peak with the NIST library. Fig. 8b shows the
main intermediate and cell growth under aerobic condition at
Fig. 6 Comparison of the degradation rate of CB (a) and the growth rat
conditions (pH ¼ 7.0, T ¼ 30 �C, and [cell]0 ¼ 39 mg DCW L�1).

This journal is © The Royal Society of Chemistry 2019
different time intervals. 2-Chlorophenol accumulated at the
initial stage of CB degradation, reaching the highest concen-
tration of 2.34 mg L�1 (3 wt% initial CB concentration) at 4 h,
and then gradually decreased. Meanwhile, noting that when the
concentration of 2-chlorophenol decreased, the cell concentra-
tion still increased. These results conrmed that CB degrada-
tion proceeded with 2-chlorophenol as an intermediate. We
inferred the degradation of CB was caused by monooxygenase,
which initially produced 2-chlorophenol and then converted
into 3-chlorocatechol. This step was similar to the result re-
ported by Zhang et al.18 but was different from some previous
works in which the degradation of CB was initiated by dioxy-
genase.43,52 The specic enzyme activity of 2,3-dioxygenase was
measured to be 1.03 mmol min�1 mg�1 protein, while that of
1,2-dioxygenase was not detected, suggesting that 2,3-dioxyge-
nase played a major role in CB degradation. Furthermore,
chlorine ion concentration increased in the aqueous phase, and
93% of CB was dechlorinated at the end of experiments (Fig. 8c).
Therefore, 3-chlorocatechol was deduced to be oxidized via
meta-cleavage pathway to acylchloride. The resulting acyl-
chloride was dechlorinated and converted into 4-
e of Ochrobactrum sp. ZJUTCB-1 (b) under aerobic and microaerobic

RSC Adv., 2019, 9, 15004–15012 | 15009
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Fig. 7 Specific growth kinetic (a) and specific degradation kinetic (b) analysis ofOchrobactrum sp. ZJUTCB-1 (pH ¼ 7.0, T ¼ 30 �C, and [cell]0 ¼
39 mg DCW L �1). The points represent the experimental data, and the lines represent the predicted data obtained from the Haldane kinetic
model.
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oxalocrotonate, which entered the Kreb's cycle subse-
quently.15,52 A possible pathway for CB degradation by Ochro-
bactrum sp. ZJUTCB-1 under aerobic condition was proposed in
Fig. 9. Furthermore, the existence of 2,3-dioxygenase also
conrmed that the great degradation performance of the strain
ZJUTCB-1 under microaerobic conditions might be attributed to
the high oxygen affinity of 2,3-dioxygenase.

The variation of carbon-based products, including the C-
biomass, C–CO2, and C–2-chlorophenol, during the aerobic
Fig. 8 Identification of CB degradation intermediates by Ochrobactrum
medium after biodegradation for 4 h, the insets in (a) show the electron io
detected at the retention time of 15.182 min; (b) concentrations of 2-chlo
CB during biodegradation; (d) carbon mass balance during CB degradatio
[cell]0 ¼ 54 mg DCW L �1).

15010 | RSC Adv., 2019, 9, 15004–15012
degradation within 5 h was determined. As shown in Fig. 8d, the
total carbon determined with C–CB, C-biomass, C–CO2, and C–
2-chlorophenol decreased by 9.24%, which suggested that
several intermediates were undetectable. Under the cultivation
time of 5 h, 39.3% of carbon from CB was converted into CO2,
and a higher fraction (43.4%) of carbon from CB was converted
into biomass. These results further certied that the biomass
assimilation and CO2 production were the two major fates of
the carbon in the removed CB.
sp. ZJUTCB-1. (a) Total ion chromatogram of the components in the
nization mass spectrum and the fragmentation patterns of the product
rophenol and cell during biodegradation; (c) concentrations of Cl� and
n by strain ZJUTCB-1 (pH ¼ 7.0, T ¼ 30 �C, [CB]0 ¼ 868 mmol L�1, and

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Proposed pathway for CB degradation by Ochrobactrum sp. ZJUTCB-1 under aerobic condition.
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Conclusions

The present work screened a new CB-degrading bacterium, and
it was identied as Ochrobactrum sp. ZJUTCB-1. The isolate
exhibited superior performance in aerobic CB-degrading
activity with a maximum average degradation rate of 170.9
mmol L�1 h�1. The strain can efficiently degrade CB under
a range of temperatures (30–40 �C) and pH (6.0–7.0) with
optimum at 40 �C and pH 7.0. Salt concentrations higher than
0.05 mol L�1 remarkably reduced the biodegradation capability.
CB degradation patterns were well described by Haldane model.
Moreover, the truly oxic condition was not an essential element
for the CB degradation by Ochrobactrum sp. ZJUTCB-1, because
the degradation rate of CB did not decrease under oxygen
limitation. 2-Chlorophenol was determined as the main inter-
mediate and Cl�, and CO2 as the nal products. CB was aero-
bically degraded via 2-chlorophenol into 3-chlorocatechol and
subsequently subjected to the meta-cleavage pathway for
further metabolism.
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