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Abstract

A previously reported o-nitrobenzaldehyde (ONBA) degrading bacterium Pseudomonas sp.

ONBA-17 was further identified and characterized. Based on results of DNA base composition and

DNA-DNA hybridization, the strain was identified as P. putida. Its degradation effect enhanced with

increase of inoculum amount and no lag phase was observed. Higher removal rate was achieved un-

der shaking conditions. All tested ONBA with different initial concentrations could be completely

degraded within 5 d. In addition, degradative enzyme(s) involved was confirmed as intra-cellular dis-

tributed and constitutively expressed. Effects of different compounds on relative activity of degra-

dative enzyme(s) within cell-free extract were also evaluated. Finally, 2-nitrobenzoic acid and 2,

3-dihydroxybenzoic acid were detected as metabolites of ONBA degradation by P. putida

ONBA-17, and relevant metabolic pathway was preliminary proposed. This study might help with

future research in better understanding of nitroaromatics biodegradation.
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Introduction

Nitroaromatic compounds occur as intermediates or

by-products in a number of industrial processes. Due to im-

proper storage, use and disposal, nitroaromatic compounds

have been released into environment which resulted in their

emergence as environmental contaminants (Lee et al.,

2005; Jeon and Madsen, 2013). These compounds are toxic

and recalcitrant to degradation due to stability of nitro-

aromatic ring structure. Microbial metabolism plays a very

important role in the degradation or detoxification of such

chemicals in the environment. Successful removal by im-

planted bacteria has been previously reported for many

compounds (Perelo, 2010; Ramos et al., 2011; Chakraborty

et al., 2012).

O-nitrobenzaldehyde (ONBA) is an important inter-

mediate for the synthesis of a number of chemicals (Liu et

al., 2012). In China, annually, a large quantity of waste-

water containing ONBA is generated and discharged into

environment, causing severe pollution hazards. Thus, it is

essential to treat such wastewater prior to its discharge even

though no acceptable limit of ONBA has been specifically

set.

Previously, an aerobic ONBA degrading bacterium,

designated as ONBA-17, was isolated from activated slu-

dge and identified as Pseudomonas sp. (Yu et al., 2006).

Subsequently, the feasibility of using ONBA-17 chromo-

somally marked with gfp gene to bioaugment a sequencing

batch reactor treating ONBA synthetic wastewater was

confirmed (Yu et al., 2010). However, further characteriza-

tion of the bacterium is still needed. In this study, we

described further identification and degradation character-

istics of ONBA-17. Distribution and expression of degra-

dative enzyme(s) in cell-free extract were also investigated.

Besides, ONBA metabolic pathway within this bacterium

was preliminary deduced.
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Materials and Methods

Chemicals

ONBA, 2-nitrobenzoic acid and 2, 3-dihydroxyben-

zoic acid were purchased from Sigma Aldrich (Beijing,

China). Other chemicals and reagents were of the highest

grade and employed without further purification.

Bacterial strains and medium

Bacterial strains used in this study but ONBA-17

were provided by Dr. Lei Ma, Nanjing Agricultural Univer-

sity. Compositions of minimal salts medium (MSM) were

as follows: MgSO4 0.25 g, NH4NO3 1 g, KH2PO4 2 g,

K2HPO4 7.5 g, NaCl 1 g, double distilled water 1 L, pH 7.6.

DNA base composition and DNA-DNA hybridization

G+C content of genomic DNA was determined by

thermal denaturation method (Marmur and Doty, 1962),

using Escherichia coli K-12 as a reference. Genomic DNA

from ONBA-17, P. monteilii ATCC 700476,

P. plecoglossicida ATCC 700383 and P. putida KT2440

(ATCC 47054) were extracted and purified according to

standard procedures (Sambrook and Russell, 2001). DNA-

DNA hybridization was carried out according to the me-

thod of Huss et al. (1983) using a Perkin Elmer Lambda 35

UV/VIS spectrometer equipped with a PTP-6 Peltier sys-

tem.

Degradation in MSM by ONBA-17

The effect of inoculum amount (OD600 0.1-0.6,

30 °C, pH 7.6, 160 rpm) on ONBA degradation was exam-

ined according to Yu et al. (2013). The washed cells were

inoculated into the MSM containing 100 mg/L of ONBA.

Cultivation was conducted in a rotary shaker (160 rpm) for

72 h and residual ONBA was determined by gas chroma-

tography (GC) at 8-h intervals according to the method de-

scribed by Yu et al. (2006). The analysis was conducted

with a Shimadzu gas chromatograph (GC-14B) equipped

with a FID (flame ionization detector). Moreover, effects of

incubation conditions (shaking vs. static) on biodegrada-

tion were examined according to the method described by

Hussain et al. (2007). Biodegradation assay (OD600 0.4,

30 °C, pH 7.6, 160 rpm), containing different initial con-

centrations of ONBA (50-300 mg/L), were also conducted.

All above experiments were performed in quadruplicate.

Removal of ONBA by cell-free extract

Cell-free extract was prepared according to the me-

thod used in Yu et al. (2013). The assay to quantify removal

of ONBA by cell-free extract was performed in 0.05 M

phosphate buffer (pH 7.6). Each reaction vial comprised

20 �L of the cell-free extract prepared as described above in

2 mL of 0.05 M phosphate buffer (pH 7.6) containing

50 mg/L of the test substrate. At regular intervals, the reac-

tion was stopped by adding 0.1 M NaOH. The remaining

ONBA concentration in the vial was determined as de-

scribed in Yu et al. (2006). Total protein was estimated by

the method of Lowry et al. (1951), using bovine serum al-

bumin (Sigma, Beijing, China) as the standard.

Localization of degrading enzyme(s) was conducted

by the method of osmotic shock (Harold and Leon, 1965).

Solutions were each transferred (10%, v/v) into phosphate

buffer solution (0.05 M, pH 7.4) containing 20 mg ONBA

per liter and incubated at 30 °C with shaking at 120 rpm.

The reaction mixtures at zero time and 2 h were examined

against a blank control containing the same reaction mix-

ture, except that ONBA was omitted.

To determine whether enzyme(s) responsible for ON-

BA biodegradation was inducible or constitutive, the me-

thod described by Yu et al. (2008) was used. Cells were

grown in the MSM containing 0.5% glucose in the presence

or absence of 50 mg/L of ONBA. The reaction mixture

(1 mL) contained phosphate buffer (0.05 M, pH 7.4),

ONBA (50 mg/L) and cell crude extract. Reactions were

performed at 30 °C for 1 h without shaking, and the residual

ONBA was quantified as mentioned above. The pH and

temperature ranges of degradative enzyme(s) within the ex-

tract were determined as described by Liang et al. (2005).

The effects of potential inhibitors or activators on the en-

zyme(s) were determined by addition of various metal salts

(LiCl, AgNO3, MgCl2, CuCl2, ZnCl2, CdCl2, BaCl2, MnCl2,

CaCl2, NiCl2, CoCl2, FeCl2 and FeCl3), surfactants (SDS,

Tween 20 and Tween 80), and chelating agent (EDTA) into

the reaction mixture (5 mL) containing phosphate buffer

(0.05 M, pH 7.4), ONBA (100 mg/L) and 100 �L cell-free

extract. Final concentration of above test substances was

0.2 mM. Subsequently, reactions were performed at 30 °C

for 12.5 min without shaking, and the residual ONBA was

quantified as above mentioned.

Deduction of ONBA degrading pathway

50 mL Luria-Bertani (LB)-grown cells were harves-

ted and inoculated into 50 mL of MSM supplemented with

100 mg/L of ONBA and incubated at 30 °C for 48 h. Sam-

ples taken at 0, 2, 6, 12, 24, 36 and 48 h were immediately

treated and re-dissolved in acetonitrile as described by Yu

et al. (2006). Trimethylsilyl derivatives were prepared with

N, O-bis(trimethylsilyl)-trifluoroacetamide according to

the method provided by the distributor (Alltech Associates

Inc.). Gas chromatopgraphy-mass spectrometry (GC-MS)

analysis was conducted with TRACE GC-DSQ (Thermo

Finnigan) equipped with a DB-5MS capillary column

(25 m x 0.25 mm i.d. x 0.25 �m). Chromatography program

was as follows: initial column temperature of 160º C, iso-

thermal for 1 min, temperature increase of 20 ºC/min to

280 °C, and isothermal for 3 min. The electron impact mass

spectra were obtained at 70 eV and monitored in a range of

50 to 400 m/z. Product identities were confirmed by com-

parison of retention times (Rt) and MS fragmentation pro-

files to authentic chemical standards. Catechol 1, 2-dioxy-
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genase, catechol 2, 3-dioxygenase, nitrite and ammonia

concentrations assays were performed as previously de-

scribed (Haigler and Spain, 1993). The experiments were

performed in triplicate.

Results and Discussion

Further identification of strain ONBA-17

Results show that DNA G+C contents of strain

ONBA-17, ATCC 700476, ATCC 700383 and KT2440

were 61.4 � 0.2 mol%, 62.8 � 0.2 mol%, 60.5 � 0.3 mol%

and 61.7 � 0.1 mol%, respectively, close to those of other

species of the genus Pseudomonas (Nishimori et al., 2000).

DNA-DNA relatedness value between strain ONBA-17

and P. putida KT2440 was 85.3 � 0.4%, which is above the

value of approximately 70% that has been suggested as a

threshold to delineate bacterial species (Grimont, 1999).

The values between ONBA-17 and the other two strains

were 46.0 � 0.2% (ATCC 700383) and 35.4 � 0.1% (ATCC

700476), respectively. Thus, based on the results of mor-

phological, physiological and biochemical characteriza-

tion, phylogenetic analysis of 16S rDNA gene sequence

(Yu et al., 2006), DNA G+C content measurement and

DNA-DNA hybridization, strain ONBA-17 was identified

as P. putida.

Effect of inoculum amount on ONBA degradation

As shown in Figure 1, degradation effect enhanced

with increase of inoculum amount. In cultures inoculated

with the highest initial cell density (OD600 = 0.6), ONBA

degradation initiated rapidly within 8 h, apparently there

was no lag phase and more than 90% of the test substrate

was degraded within 40 h. Similarly, in cultures inoculated

with lower initial cell density (OD600 = 0.4), the same result

was observed and 100 mg/L ONBA could be thoroughly

degraded after 3 days of incubation. However, the percent-

age of ONBA removal decreased sharply and complete

degradation occurred in longer time when cell density

lower than 0.4. The percentages of ONBA removal at

OD600 0.2 and 0.1 were 85.3% and 53.3%, respectively, af-

ter 72 h of incubation.

Previous studies reported that the degrading effici-

ency of recalcitrant compound was dependent on initial

inoculum amount (Xu et al., 2011). In cultures with low

inoculum densities, there were long lag periods before effi-

cient degradation started as reported by Anwar et al.

(2009). When low inoculum amount was used, only a part

of introduced cells could survive from the initial competi-

tion and take part in degradation. Furthermore, high ino-

culum amount could partly compensate for the initial

population decline (Anwar et al., 2009). However, our re-

sults are not in accordance with above studies. Although

ONBA-degrading efficiency was enhanced by increasing

inoculum amount, there was no lag phase observed

throughout the test. Similarly, the phenomenon has also

been observed by Chen et al. (2011) and Yu et al. (2013).

The results suggest that strain ONBA-17 could degrade

ONBA rapidly even at low inoculum density, which might

signify the bacterium was robust and proficient for bio-

remediation of ONBA-contaminated sites.

A significant difference between biodegradation of

ONBA by the strain under static and shaking conditions

was noted. Maximum biodegradation of ONBA, up to

100%, was recorded under shaking conditions (30 °C,

160 rpm, ODinitial = 0.4, 72 h). However, the counterpart

was only 37.7% as found under static conditions. Better

bioavailability of the test substrate to microorganisms cou-
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Figure 1 - Effect of inoculum amount on ONBA degradation by P. putida ONBA-17. Values are means � S.D. of three replicates (the same below).



pled with physiochemical degradation might explain the

phenomenon to some extent. Besides, non-biological deg-

radation could not be neglected and was more obvious un-

der shaking conditions (data not shown), which implied

that aerobic conditions are relatively more conducive for

abiotic degradation.

Biodegradation of ONBA with different initial
concentrations

Dynamic curves of ONBA degradation with different

initial substrate concentrations were presented in Figure 2.

At the concentration of 50 and 100 mg/L, ONBA degraded

completely within 72 h. At the highest test concentration

(300 mg/L), only 79.02% was achieved within 3 d, and

complete degradation occurred in a longer time (about

120 h). The degradation rate and concentration were in pro-

portion. Furthermore, P. putida ONBA-17 had not been

saturated by the substrate, and increasing concentration

could raise the degradation rate.

Removal of ONBA by cell-free extract

When 20 �L of cell extract prepared was added to

2 mL of reaction buffer containing 50 mg/L ONBA the sub-

strate was completely depleted after 20 h incubation. Under

the same conditions, no substrate depletion was recorded

while boiled extract was added to the reaction buffer. This

indicates that ONBA was transformed by soluble enzymes

from cell-free extract of strain ONBA-17. The enzymatic

activity responsible for ONBA removal was stable. About

56 � 2.2% of the original activity remained when the extract

was incubated at 30 °C for 144 h. Results of GC analysis

show that no objective substance could be detected in the

mixture containing intra-cellular fraction solution sampled

at 2 h. Moreover, there was no downtrend of ONBA con-

centration in the mixture containing extra-cellular and

membrane fraction solutions. These results indicate that en-

zyme(s) involved in the initial degradation of ONBA was

endoenzyme(s).

As shown in Figure 3, 85.2 � 1.5% of ONBA was de-

graded by extract with induction. Meanwhile, in the treat-

ment of non-induced, 86.5 � 1.6% was metabolized. In

controls, abiotic degradation was negligible. These results

clearly indicate that there was no significant difference in

ONBA degradation between induced and non-induced

cells, suggesting that enzyme(s) responsible for the degra-

dation might be constitutively expressed.

The degradative enzyme(s) exceeded 65.2 � 1.3% of

its relative activity in a pH range between 6.4 and 8.0, with

an optimum at pH 7.4. Enzyme(s) was stable in a pH range

between 6.0 and 8.6. The enzyme(s) was optimally active at

around 32 °C and fairly stable under 45 °C. These were log-

ical, because the optimum pH value and growth tempera-

ture of the bacterium were around above conditions. It was

nearly completely inactivated at 60 °C. Furthermore, the ef-

fects of various chemicals on enzymatic activity were listed

in Table 1. No significant effect (less than 5% inhibition or

activation) was observed in the presence of Fe2+, Ba2+, Cd2+

and Zn2+. The presence of 0.2 mM Li+, Ni2+, Co2+ and Fe3+

caused more than 20% enzyme activity inhibition. Addition

of some divalent metal ions (Mg2+, Ca2+ and Mn2+) indeed

enhanced the activity (> 15%). The presence of Tween 20

and Tween 80, and chelating agent EDTA resulted in a

46-63% inhibition of the activity. The strongest inhibition

was observed with addition of surfactant SDS. The activity

was fully depressed.

Metabolism by whole cells

During the degradation of ONBA several degradation

products as well as some unknown transient accumulative

metabolites were detected. Among these, existence of

2-nitrobenzoic acid and 2, 3-dihydroxybenzoic acid was

confirmed. 2, 3-dihydroxybenzoic acid was firstly identi-

fied by characteristic mass fragments as follows: molecular
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ion [M+ (% relative intensity)] at m/z 370 (21) with major

fragment ions at m/z 355 (45), 73 (100). Subsequently, this

was further proved by comparison to the standard. Further-

more, ONBA-grown cells of strain P. putida ONBA-17

rapidly metabolized the substance with concomitant nitrite

release. However, ammonia was not detected in the me-

dium. Nitrite release was nearly stoichiometric when the

cells used in the assay were grown in the presence of

NH4C1 (data not shown). Extracts of cells grown on ONBA

exhibited catechol 2, 3-dioxygenase activity but not cate-

chol 1, 2-dioxygenase activity with catechol and 2, 3-dihy-

droxybenzoic acid (data not shown). Based on above

results, we would like to propose the pathway of ONBA

degradation by the bacterium as shown in Figure 4, al-

though on their own they could not be served as conclusive

evidences due to the possibilities of either multiple overlap-

ping pathways being present in the bacterium or non-

specificity of action of ONBA-induced enzymes as previ-

ously pointed out by Rhys-Williams et al. (1993). In addi-

tion, we have not been able to show growth of ONBA-17 on

the postulated metabolites, 2-nitrobenzoic acid and

2, 3-dihydroxybenzoic acid. This might be due either to the

toxicity or to the inability of the substances to act as induc-

ers of the catabolic enzymes.

In short, this study indicates that ONBA-17 was a

member of P. putida. Effects of inoculum amount, incuba-

tion condition and initial concentrations on ONBA bio-

degradation were investigated. The enzyme(s) involved

was proved to be endoenzyme(s) and constitutively ex-

pressed. Besides, effects of different compounds on relative

activity of degradative enzyme were examined. With GC-

MS and enzyme assays, 2-nitrobenzoic acid and 2, 3-dihy-

droxybenzoic acid were detected as the metabolites of

ONBA biodegradation, and relevant metabolic pathway

was preliminary proposed. This is the first report, to our

knowledge, on the deduction of ONBA degrading pathway

within a bacterial strain affiliates to P. putida. The data ob-

tained from this study could improve current understand-

ings on nitro-substituted aromatics biodegradation.

However, further research is still needed to clarify the

whole course and key genes involved in the metabolism.
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Figure 4 - Schematic pathway of ONBA degradation by P. putida ONBA-17.
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