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Abstract A bacterium Raoultella sp. X1, based on

its 16S rRNA gene sequence, was isolated. Charac-

teristics regarding the bacterial morphology,

physiology, and genetics were investigated with an

electron microscopy and conventional microbiologi-

cal techniques. Although the isolate grew and

degraded dimethoate poorly when the chemical was

used as a sole carbon and energy source, it was able

to remove up to 75% of dimethoate via co-metabo-

lism. With a response surface methodology, we

optimized carbon, nitrogen and phosphorus concen-

trations of the media for dimethoate degradation.

Raoultella sp. X1 has a potential to be a useful

organism for dimethoate degradation and a model

strain for studying this biological process at the

molecular level.

Keywords Dimethoate � Co-metabolism �
Response surface methodology

Abbreviations

OP Organophosphorus

PDD Percentage of degradated dimethoate

DM Defined medium

DM-D DM supplemented with dimethoate

DM-

DSC

DM-D supplemented with sodium citrate

DM-Y DM supplemented with yeast extract

Introduction

Organophosphorus (OP) pesticides, consisting of

hundreds of OP compounds, are among the most

widely used insect control agents. The chemistry,

mechanism, and classification of OP pesticides have

been thoroughly reviewed in recent years (Chambers

et al. 2001; Costa 2006; Singh and Walker 2006).

While both agriculture and our daily life are indebted

to OP pesticides, their adverse effects in environ-

ments are increasingly evident. Exposure to OP

pesticides could cause both acute and long-term

effects (Costa 2006). While the acute effects of OP

exposure are surely life-threatening by direct poison-

ing, the long-term effects have been the focus of most
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research efforts. For example, OP pesticides could

damage mammalian peripheral and central nervous

system by inhibiting acetylcholinesterase, a process

termed organophosphate-induced delayed neuropathy

(OPIDN) (Costa 2006). Moreover, studies in recent

years suggested that OP pesticides may be even more

threatening to human as teratogens and carcinogens

(Chambers et al. 2001; Costa 2006; De Silva et al.

2006; Singh and Walker 2006).

Transformation of organic pesticides to non-toxic

matters is mostly done biologically, especially

by microorganisms, although physicochemical

approaches are also significant (Singh and Walker

2006). In general, microbial degradation of organic

pesticides is realized in two types of mechanisms:

catabolism and co-metabolism. The first type covers

either pure microbial isolates or mixed cultures

capable of utilizing specific pesticides as a sole

source of carbon (Richins et al. 2000; Horne et al.

2002; Siddavattam et al. 2003; Barton et al. 2004;

Singh et al. 2004). Mixed microbial cultures are

independently defined because their individual com-

ponents are unable to use the chemicals as an energy

source (Shelton and Somich 1988; Singh et al. 2003).

Co-metabolism refers to transformation of a non-

growth substrate in the presence of an obligated

growth substrate. In many cases, some of the key

enzymes and cofactors responsible for transformation

of the non-growth substrate and utilization of the

obligated growth substrate are shared. Co-metabolism

can be optimized by maintaining the proper ratio of

growth to non-growth substrates (Jung and Park

2005; Kan and Deshusses 2006; Sui et al. 2006; Claus

et al. 2007). Microbial co-metabolism of organic

pollutants has drawn a great deal of attention because

of its potential for high transformation rates, wide

applicability to a broad range of compounds, and a

requirement for an inexpensive and widely available

primary growth substrate (Kim et al. 2004; Frascari

et al. 2005). In recent years, extensive studies on

microbial co-metabolism of chloric organic pollutants

have been carried out, greatly promoting our under-

standing of the process (Kim et al. 2000, 2006; Sun

et al. 2000). However, little is known about co-

metabolism of OP pesticides although Girbal et al.

reported that the highest demeton-S-methyl biotrans-

formation rate by Corynebacterium glutamicum was

achieved in the presence of fructose (Girbal et al.

2000).

Dimethoate (O, O-dimethyl S-methylcarbamoylm-

ethyl phosphorodithioate, C5H12NO3PS2), a typical

organophosphorus pesticide, is generally metabo-

lized by reducing the P = S group in the molecule.

Although many bacteria were found to be able to

degrade dimethoate (Deshpande et al. 2001; Liu et al.

2001a; Jiang et al. 2007; Debmandal et al. 2008), only

two enzymes responsible for dimethoate degradation

have been so far identified and purified from Asper-

gillus niger ZHY256, and Klebsiella sp. strain F51-1-2

(Liu et al. 2001a; Jiang et al. 2007). As one of mid-

toxicity OP pesticides, dimethoate has been widely

used against pests on rice, potato, cabbage, and cotton

with a yearly output of 10 kt in China. As an

unfortunate result, a huge amount of the chemical

has accumulated in soil and water bodies. In the

present study, a strain capable of degrading dimeth-

oate via co-metabolism was isolated from soil samples

and characterized phylogenetically and physiologi-

cally. Using a response surface methodology (RSM),

three nutritional factors influencing growth and deg-

radation activities of the strain were examined

systematically Thus, the present study establishes the

bacterial degradation of dimethoate via co-metabo-

lism and suggests its possible application in

environmental remediation or wastewater treatment.

Materials and methods

Chemicals

Dimethoate was purchased from the Agriculture

Ministry of the People’s Republic of China. Yeast

extract and agar were obtained from Difco (Shanghai,

China). All other chemicals were purchased from

Sigma–Aldrich (Beijing, China).

Enrichment and isolation of microorganism

A modified defined medium (DM) used in this study

was composed of NaNO3 2, KH2PO4 2, KCl 0.5,

MgSO4 0.5, MnSO4 0.1, BaCl2 0.2, and CaCl2
0.05 g/l (pH 6.8) (Liu et al. 2001b). DM was

supplemented with 200 mg/l dimethoate (filter-ster-

ilized), resulting in DM-D. For solid media, agar was

added to a final concentration of 1.5% (w/v).

To isolate dimethoate degradation bacteria, soil

samples were collected from five different sites inside a
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factory manufacturing dimethoate in the south central

region of China (Changde, Hunan province, China). A

soil sample of 5 g was suspended in 50 ml of DM-D in

a 250 ml flask and incubated at 30�C in a shaker

(150 rpm) for a week. The flask was then taken out and

left on a bench to allow the soil particles to precipitate.

A 5 ml aliquot of the aqueous phase, which contained

microorganisms, was then used to inoculate a fresh

45 ml of DM-D and incubated for 7 days at 30�C in a

shaker (150 rpm). After repeated twice, cultures were

diluted 10-fold and spread onto DM-DY (DM-D

supplemented with 0.5 g/l yeast extract) plates for

isolation of single colonies.

Dimethoate degradation and tolerance test

All experiments regarding physiological characteris-

tics of the isolate in this study were performed in

triplicate unless otherwise noted. Overnight cultures

in LB (150 rpm, 30�C) from single colonies were

used to inoculate 50 ml of fresh LB in a 300 ml flask

and the resulting culture was kept in a shaker

(150 rpm) at 30�C. The cells were collected at

OD600 & 1.0 by centrifugation at 5,000 rpm for

10 min and washed 2 times with sterile 0.8% NaCl

to remove residual nutrients. Re-suspended in 50 ml

0.8% NaCl, cells were used to inoculate DM-D in

1:50 dilution and placed in a shaker (150 rpm) for

7 days at 30�C. During incubation, the concentrations

of dimethoate in cultures were monitored by the

dimethoate assay. In brief, 200 ll of filtered cell-free

cultures were added to 3.8 ml H2O, mixed with 1 ml

1 M NaOH and incubated at room temperature for

10 min. Following the addition of 2.5 ml HNO2

solution (prepared freshly by mixing 1 volume of

0.01 M NaNO2 with 9 volumes of 0.5 M H2SO4) and

5 min incubation, 0.5 ml 0.5% (w/v) ammonium

sulfamate was added and shaken vigorously for

1 min. Subsequently, 1 ml of a mixed p-amino

benzene sulfonamide (2.72% w/v) and mercury

bichloride (0.02% w/v) solution was added to the

resultant and incubated for 5 min. Finally, 1 ml 0.5%

(w/v) N-(1-naphthyl) ethylenediamine hydrochloride

was added, stabilized for 10 min, and the OD540

value of the final solution was recorded. The

dimethoate concentrations of cultures were calculated

out by comparison to the standard curve made with

pure dimethoate. Dimethoate sensitivity assays were

performed on DM-Y (DM supplemented with 0.5 g/l

yeast extract) plates supplemented with various

concentrations of dimethoate.

Identification of the isolate

Genomic DNA was extracted from strain X1 which

showed the strongest resistance to dimethoate among

all isolates with a Promega Wizard kit according to the

manufacturer’s instructions (Promega, Beijing). The

16S rRNA gene was amplified with primers

16S-8F (AGAGTTTGATCCTGGCTCAG) and 16S-

1537R (AAGGAGGTGATCCAGCC), and sequenced

with additional primers 16S-513F (CAGCAGCCGC

GGTAA) and 16S-907R (CCGTCAATTCATTT

GAGTTT). The nucleotide sequence of the 16S rRNA

gene of strain X1 determined in this study has been

deposited in GenBank under accession number

EU585749. All 16s rRNA sequences used in con-

structing phylogenetic tree were obtained from the

Ribosomal Database (http://rdp.cme.msu.edu/). Phy-

logenetic analysis was performed using the Ribosomal

Database Tree Builder tool as described previously

(Wang et al. 2007). The resultant solution was

downloaded in PostScript format and upgraded in

clarification for publication.

Characterization of the isolate

The morphology of the isolate was analyzed by using

scanning electron microscope (SEM) techniques.

Overnight Cells on an LB plate at 30�C were washed

off with phosphate-buffered saline (pH 7.0) and

harvested by filtering with 0.2 lM Nuclepore Track-

Etch Membrane (Whatman, Shanghai, China). The

cells on the membrane were fixed in 2.5% (w/v)

glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2),

stained by osmium tetroxide, and analyzed using a LEO

982 field emission SEM (Blair and Anderson 1998).

Standard protocols, including those for determin-

ing Gram reaction, catalase activities and enzymatic

hydrolysis of various substrates were employed to

establish the physiological and biochemical proper-

ties of strain X1 (Smibert and Krieg 1994). Growth of

the isolate under normal or various stress conditions,

including pH, temperature, and osmolarity by NaCl

was examined in LB. Experiments were conducted in

triplicate. The effects of different co-substrates on

dimethoate degradation of strain X1 were assessed.

Sixteen carbon sources, including starch, methionine,
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threonine, sorbitol, mannitol, glucose, sucrose, D-

galactose, trehalose, pyruvic acid, aspartic acid,

glutamic acid, sodium citrate, a-ketoglutaric acid,

succinic acid, and malic acid were tested individually

in liquid DM-D at a concentration of 0.5% (w/v).

To determine the degradation products of dimethoate

by X1, cells grown to the late log-phase in DM with

0.5% (w/v) of sodium citrate were collected by centri-

fugation and resuspended in DM-D to *1.2 of OD600.

After 2 h, the supernatant of the degradation assay was

applied to both two thin-layer chromatography (TLC)

and colorimetric analysis as reported previously

(Munnecke and Hsieh 1976; Kanagawa et al. 1980).

Cell-less DM-D medium was used as the control.

Central composite rotatable design, data analysis

and validation

Dynamics of dimethoate degradation and optimal

concentrations of carbon, nitrogen, and phosphorus in

DM-D were further studied by means of response

surface methodology (RSM). To this end, a central

composite design (CCD) was applied to reduce the

number of experiments but not the statistical signif-

icance of the results (Cochran and Cox 1992). In this

analysis, three variables with five concentration

levels for the bacterial dimethoate degradation were

examined by varying one variable at a time. A total of

20 experimental runs were carried out, of which 6

replicates at the center of the design were used to

estimate the error of the measurements. The second-

order polynomial was used to predict the response.

SAS software (Version 8.2, SAS Institute, Cary, NC,

USA) was used for regression and graphical analyses

of the data obtained. Response surfaces were drawn

as a function of two independent variables, while the

third was held constant and equal to its mean value.

To validate the predicted values, experiments with

the predicted optimum concentrations of carbon,

nitrogen, and phosphorus in DM-D were carried out.

Results

Strain isolation, physiological, and morphological

characterization

The soil samples used in this study were collected from

sites heavily contaminated with dimethoate, ranging

from 5 to 200 lg per gram of soil. During the

enrichment, the maximum cell density of the culture

was approximately 0.16 (OD600) and degradation of

dimethoate was observed. The percentages of degraded

dimethoate (PDD) in three rounds of enrichment in

7 days were virtually the same: 25.3, 27.4, and 28.1%.

Thirty individual colonies were obtained from these

soil samples at the final step of the enrichment. One of

these colonies, namely X1, was chosen for further

identification and characterization because of its

significantly stronger resistance to dimethoate (8 g/l).

The strain X1 is stable in terms of its dimethoate

degradation ability after repeated cultivation (*70

generations) in rich media.

Strain X1 is a rod-shaped Gram-negative bacterium,

1.5 and 0.5 lm in length and diameter, respectively

(Fig. 1). Positive reactions for catalase, nitrate reduc-

tase and glucose fermentation and negative for

gelatinase, amylase, oxidase and hydrogen sulfide

production were observed. The optimal temperature,

pH, and salt concentration for growth were 30�C, pH

6–8, and 2% (absolute concentration of NaCl), respec-

tively. The lowest temperature which allows growth

was 10�C. Growth and dimethoate degradation of X1,

like other 29 isolates, was poor when dimethoate was

used as the sole carbon and energy source with a

maximum cell density of approximately 0.12 (OD600)

and a PDD of approximately 27% over 10 day’s

incubation (Fig. 2). When grown in DM-DY, X1

exhibited fast growth with a doubling time of*40 min

during the exponential phase and was able to degrade

up to 28% of dimethoate in 10 days (Fig. 2).

Fig. 1 Scanning electron microscope image of Raoultella sp.

X1. Cells were prepared as described in Materials and methods
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Identification of strain X1

The total DNA was extracted from X1 cells grown in

LB to the exponential phase for genetic analysis. The

sequence of 16S rRNA gene was determined for

identification. The 16S rRNA gene of X1 exhibited a

99.3% nucleotide identity to Raoultella ornithinol

type strain. Based on these data, we propose that

strain X1 represents a member of Raoultella genus in

the enterobacterium subgroup of c-proteobacteria,

namely Raoultella sp. X1 (Fig. 3).

Selection of co-substrate

Growth and dimethoate degradation of strain X1 in

DM-D supplemented with one of substrates at 5 g/l

were examined and the results were summarized in

Table 1. The strain was unable to utilize starch,

methionine, and threonine as carbon sources for

growth. While saccharides, sugar alcohols and pyru-

vate could be used as carbon sources to support

growth of X1, they were not helpful for dimethoate

degradation. Interestingly, aspartate, glutamate,

sodium citrate, a-ketoglutarate, succinate and malate

facilitated degradation, suggesting that the dimetho-

ate degradation via co-metabolism by strain X1 could

be exploited. The highest PDDs were observed in the

presence of either sodium citrate (Fig. 2) or malate

(Table 1). For the subsequent experiments, we chose

sodium citrate (Na3C6H5O7) simply because it is less

expensive, resulting in DM-DC medium. Based on

these results and the finding of a low level of

dimethoate degradation by X1 in DM-DY, we

proposed that dimethoate degradation by X1 could

be increased by the optimization of media.

In an attempt to determine the degradation prod-

ucts by X1, a degradation assay was performed with

TLC and colorimetric approaches. The first step of

dimethoate degradation by X1 was to break down the

P–S linkage of dimethoate revealed by the P–S

specific chemical in TLC. The colorimetric results

further demonstrated that O, O-dimethyl phosphoro-

thioate was present in the supernatant of the

experimental assay mixture but not in that of the

control assay mixture. These results suggest that the

first step of the dimethoate degradation pathway of

Fig. 2 Growth of X1 and time course of dimethoate degrada-

tion by X1 in various media. The cells from a single

preparation were used to inoculate three different media.

Growth was recorded as OD600 readings. Growth and PDD

were presented by solid and dash lines, respectively. In all

cases, DM-DY (r), DM-DSC (DM-D supplemented with

sodium citrate, m), and DM-D (d). The following controls

were included in experiments but not presented in this figure:

no growth of X1 was observed in DM (no carbon source);

Natural degradation of dimethoate (*2%) was observed in all

these tested media without cells. The data are averages from

three independent cultures. Error bars were omitted for clarity

Fig. 3 Phylogenetic

relationship among strains

in Raoultella (R) and

Klebsiella (K) genus. K(R)

represents that both genus

names are currently used for

the species. The neighbour-

joining tree was prepared at

Ribosomal Database

(http://rdp.cme.msu.edu/)

by Tree Builder with boot-

straps values of 500

replicates at the branches
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X1 appears to be the same to those in reported strains

(Liu et al. 2001a; Jiang et al. 2007).

Screening of other factors influencing the

dimethoate degradation

Although strain X1 required at least one of the carbon

sources as co-substrate for the dimethoate degrada-

tion, other factors may either facilitate or inhibit this

biological process. A series of tests were conducted

to investigate effects of individual factors on the

dimethoate degradation. Factors showing a significant

impact on the process included temperature, pH,

osmolarity by NaCl, and other nutrients. However,

the influence of these environmental factors on

degradation was highly correlated to the biomass

(data not shown). This result suggests that the

impaired degradation ability of X1 under unfavorable

conditions is most likely due to poor growth. In this

study, we focused our exploration on nutrients. Strain

X1 was able to use dimethoate as sole nitrogen or

phosphorus source evidenced by its ability to grow in

DM-DSC in the absence of either NaNO3 or KH2PO4

(data not shown). However, growth rate of strain X1

was about 20% slower and the maximum cell

density was reduced greatly to *0.6 of OD600.

We have showed above that dimethoate, 0.2% of

NaNO3 and KH2PO4 in DM-DC as the nitrogen or

phosphorus source were capable of supporting a

healthy growth of strain X1. A further investigation

revealed that NaNO3 and KH2PO4 in DM-DC

exhibited a significant impact on dimethoate degra-

dation only when their levels exceeded 0.2%. This

observation prompted us to develop a central com-

posite experiment for optimization of dimethoate

degradation by strain X1 using DM-DSC containing

0.2% of NaNO3 and KH2PO4 as the base medium.

The minimum and maximum limits of variables were

given in Table 2.

Development and examination of the fitted model

A central composite experiment was designed to

optimize carbon, nitrogen and phosphorus concentra-

tions for dimethoate degradation via co-metabolism

by strain X1. To this end, a total of 20 experiments

were conducted to generate the experimental data

(Table 2). Based on these data, a second-order

polynomial equation (Eq. 1) was established to

reflect the dimethoate degradation using multiple

regression analysis:

Y PDDð Þ ¼ 72:02þ 7:51Cþ 4:51Nþ 3:04P

� 9:49C2 � 6:64N2 � 8:24P2 � 0:89CN

� 2:09CPþ 5:98NP

ð1Þ

where C, N and P represented the coded values of

carbon, nitrogen, and phosphorus, respectively. The

predicted results from this equation were also given

in Table 2.

Using the standard analysis of variance (ANOVA),

we found that this quadratic regression model met our

expectation for optimizing our experimental param-

eters (Table 3). The model was highly significant

(P \ 0.0001) with an F-value of 134.44 and the

‘lack-of-fit’ of 1.60 which was insignificant. In

addition, the model possessed a determination coef-

ficient of 0.9918 (R2), confirming the adequacy of fit

of the model. Significance of individual coefficients

of the model varied. While all linear and quadratic

coefficients were highly significant (P \ 0.0001), the

interactive coefficients CP (P \ 0.0001) and NP

(P = 0.0085) but not CN (P = 0.1925) were

significant.

Table 1 Effects of substrates on dimethoate degradation and

growth by Raoultella sp. X1

Substratea OD600 PDD

Starch 0 ND

Methionine 0 ND

Threonine 0 ND

Sorbitol 1.60 ± 0.06 0.85 ± 0.25

Mannitol 1.39 ± 0.07 1.57 ± 0.50

Glucose 1.50 ± 0.08 0.65 ± 0.37

Sucrose 1.49 ± 0.05 1.23 ± 0.25

D-Galactose 1.76 ± 0.08 6.70 ± 0.40

Trehalose 1.42 ± 0.09 8.32 ± 0.35

Pyruvate 2.06 ± 0.11 5.57 ± 0.27

Aspartate 2.27 ± 0.15 27.17 ± 0.41

Glutamate 2.01 ± 0.10 28.56 ± 0.52

Sodium citrate 1.78 ± 0.09 43.8 ± 0.64

a-Ketoglutarate 1.76 ± 0.10 34.27 ± 0.72

Succinate 1.28 ± 0.11 42.35 ± 0.76

Malate 1.58 ± 0.06 47.5 ± 1.04

a Substrate concentration: 0.5%, ND no date
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Response surface analysis and validation

The response surface plots and their corresponding

contour plots of PDD were deduced from the Eq. (1)

(Fig. 4). In these contour plots, the steepest and

gentlest ascents passing through the optimal condi-

tions represented maximum and minimum decline

directions of the response with respect to the variable

values, respectively. A round contour suggests that the

steepest and gentlest ascents are equal, indicating that

Table 2 CCD for

optimization of carbon,

nitrogen and phosphorus

concentrations (%) for

dimethoate degradation by

Raoultella sp. X1

Run C uncoded/coded N uncoded/coded P uncoded/coded PDD observed PDD predicted

1 0.6/-1 0.04/-1 0.04/-1 33.94 35.59

2 0.6/-1 0.04/-1 0.12/1 35.08 33.89

3 0.6/-1 0.1/1 0.04/-1 36.43 34.43

4 0.6/-1 0.1/1 0.12/1 66.00 56.65

5 1.5/1 0.04/-1 0.04/-1 57.66 56.57

6 1.5/1 0.04/-1 0.12/1 44.97 46.51

7 1.5/1 0.1/1 0.04/-1 51.09 51.09

8 1.5/1 0.1/1 0.12/1 67.81 65.71

9 0.3/-1.68 0.06/0 0.08/0 32.20 32.55

10 1.8/1.68 0.06/0 0.08/0 57.50 57.81

11 1.2/0 0.02/-1.68 0.08/0 46.42 45.65

12 1.2/0 0.12/1.68 0.08/0 59.42 60.82

13 1.2/0 0.06/0 0.01/-1.68 43.24 43.60

14 1.2/0 0.06/0 0.15/1.68 53.41 53.83

15 1.2/0 0.06/0 0.08/0 72.01 72.02

16 1.2/0 0.06/0 0.08/0 73.41 72.02

17 1.2/0 0.06/0 0.08/0 73.65 72.02

18 1.2/0 0.06/0 0.08/0 69.48 72.02

19 1.2/0 0.06/0 0.08/0 72.69 72.02

20 1.2/0 0.06/0 0.08/0 71.04 72.02

Table 3 ANOVA for the fitted quadratic model of dimethoate degradation by strain X1

Source Sum of squares DF Mean square F-value P value prob. [ F Coefficient

Model 3,948.47 9 438.72 134.44 \0.0001 72.02

C 771.25 1 771.25 236.33 \0.0001 7.51

N 277.34 1 277.34 84.99 \0.0001 4.51

P 126.46 1 126.46 38.75 \0.0001 3.04

CN 6.37 1 6.37 1.95 0.1925 -0.89

CP 34.78 1 34.78 10.66 0.0085 -2.09

NP 286.08 1 286.08 87.66 \0.0001 5.98

C2 1,298.87 1 1,298.87 398.01 \0.0001 -9.49

N2 635.47 1 635.47 194.73 \0.0001 -6.64

P2 978.14 1 978.14 299.73 \0.0001 -8.24

Residual 32.63 10 3.26

Lack-of fit 20.11 5 4.02 1.60 0.3082

Pure error 12.53 5 2.51

TCE 3,981.11 19

R2 = 0.9918; R2
adj ¼ 0:9844

DF degrees of freedom; TCE total corrected error
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the interaction between two variables is insignificant.

As described above, interactive coefficient CN was

insignificant, matching nearly round contours in these

plots (Fig. 4b). The interaction between nitrogen and

phosphorus sources appeared to be highly significant,

evidenced by an elliptical contour plot (Fig. 4f). The

steepest ascents were generally along with the axle of

the carbon source, suggesting that PDD was more

sensitive to changes in C source concentration than N

source. As shown in (Fig. 4a–d), the response surface

showed a peak with a carbon source concentration of

&1.30% and a small deviation from this concentra-

tion resulted in a sharp decrease in the dimethoate

degradation. As shown in (Fig. 4e), the slopes were

steep compared to those in the C:N and C:P plots,

suggesting that changes in concentrations of nitrogen

and phosphorus sources had a significant impact on

the dimethoate degradation. Moreover, it is worth

noting that the concentration changing scale of carbon

source (0.15%) is much larger than those of nitrogen

Fig. 4 Three- and two-

dimensional contour plots

of the quadratic model for

dimethoate degradation by

strain X1. Solid and dash
lines indicate the steepest

and gentlest ascents,

respectively. SC sodium

citrate, SN sodium nitrate,

PPM potassium phosphate

monobasic. Refer to the text

for details
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(0.01%) and phosphorus sources (0.025%), indicating

that the dimethoate degradation by X1 was highly

sensitive to changes in nitrogen and phosphorus

amounts.

To validate the model, we examined the growth

and PDD of X1 under optimum conditions of the

media predicted by the model. According to the

model, the optimum concentrations of the tested

variables for the highest PDD 74.79% were:

Na3C6H5O7 1.30, NaNO3 0.06, and KH2PO4 0.12%.

The experimental value for PDD was 74.23%, which

was very close to the predicted maximum rate

(Fig. 5). More importantly, this value was higher

than all other PDDs that we have obtained in this

study (Table 2). This result thus validated the

adequacy and feasibility of our model.

Discussion

Degradation of some bio-refractory compounds is

measured traditionally by whether they can be used

as sole carbon and energy sources by microbes.

While this is a common scenario, especially among

bacteria isolated from contaminated sites with one or

multiple of those compounds, many microorganisms

are able to co-metabolize the non-growth substrates

concerned only when a growth-supporting substrate

is supplemented (Garnier et al. 2000; Liu et al.

2001a). Strain X1 investigated in this study is a good

example. From a heavily contaminated site with

dimethoate, we failed to isolate any bacteria capable

of maintaining a healthy growth on dimethoate as

only carbon source.

The isolate showing the strongest resistance to

dimethoate was characterized and named as Raoul-

tella sp. X1 based on its 16S rDNA sequence.

Raoultella, a new genus defined recently, contains

strains showing a potential as biocatalysts for biore-

mediation of aromatic hydrocarbons (ie. 2, 4, 6-

trinitrotoluene (TNT), 2, 4, 5-trichlorophenoxyacetic

acid, and benzoic acid) and even opportunistic

pathogens found in the environment (Drancourt

et al. 2001; Zharikova et al. 2006; Claus et al.

2007). Although dimethoate catabolism has been

reported in various microorganisms, there is no

example in Raoultella. To our knowledge, it is the

first strain of Raoultella found to be able to degrade

OP pesticides. Like Aspergillus niger ZHY256 and

Klebsiella sp. F51-1-2, the strain X1 reduced the P–S

linkage of dimethoate, implicating that this feature

may be common in dimethoate degradation enzymes

(Liu et al. 2001a; Jiang et al. 2007).

An obvious prerequisite for biological degradation

of toxic compounds via co-metabolism is a suitable

growth substrate, which serves as a source of carbon

and energy. This is particularly important to degra-

dation of highly toxic compounds which may prevent

cells from growing to a high level of cell density.

Substantial degradation of toxic compounds may only

occur when a minimum level of cell density is

established. This strategy has been applied to not only

pure bacterial isolates but also microbial consortia

(Tharakan and Gordon 1999). Growth substrates can

be optimally chosen from a wide range of carbon

sources, including nontoxic, readily degradable, and

relatively cheap organic compounds (Frascari et al.

2005, 2006; Azizian et al. 2007). Dimethoate degra-

dation by Raoultella sp. X1 was greatly promoted

when cells were grown on tested TCA intermediates

but not on amino acids or carbohydrates in glycolysis.

These observations indicate that metabolic pathways

differ in their roles of dimethoate degradation via co-

metabolism, rendering the exploitation of the process

far more difficult than finding a growth-supporting

substrate.

In addition to support cell growth, co-metabolites

may serve as induces to enzymes and/or cofactors

required for degradation (Mai et al. 2001). Enzymes

involved in co-metabolic reactions usually act on a

series of closely related molecules and are not

absolutely specific for a single substrate. It is almost

a general phenomenon that competitive inhibition

Fig. 5 Growth of and dimethoate degradation by strain X1

under predicted optimal conditions in DM-DSC. Growth and

PDD were presented by solid and dash lines, respectively
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between growth and non-growth substrates occurs

since the same key enzymes are responsible for the

transformation of non-growth and co-metabolic sub-

strates (Mai et al. 2001). In our case, sodium citrate

may induce key enzymes necessary for dimethoate

degradation in addition to support growth. Both

growth and dimethoate transformation were strongly

affected by variation in concentrations of sodium

citrate in the culture. Therefore, the optimization of

co-metabolism can be obtained by maintaining the

proper concentrations of substrates as reported else-

where (Loh and Wang 1997; Alvarez-Cohen and

Speitel 2001; Wang et al. 2003).

On the basis of the strong correlation between

growth and degradation, it is not surprising that many

factors beyond substrates influencing growth may

have an impact on degradation by Raoultella sp. X1.

In this study, both environmental (pH, temperature,

and osmolarity, etc.) and nutritional (nitrogen and

phosphorus) factors were found to be critical to

dimethoate degradation. Using RSM, we optimized

media for dimethoate degradation by Raoultella sp.

X1. The optimal concentrations of the three major

components of the medium for dimethoate degrada-

tion were sodium citrate 1.30%, sodium nitrate

0.06%, monobasic potassium phosphate 0.12% and

the optimum PDD was 74.79%. In this medium, all

three variables were significant at its linear and

quadratic levels, implicating that they may act as

limiting factors and minor variations in its concen-

tration may alter the rate of dimethoate degradation.

In conclusion, the newly isolated Raoultella sp. X1

can be exploited for dimethoate degradation via co-

metabolism. The discovery of the isolate reveals that

bacteria of the Raoultella genus have a direct usage

of biodegradation of OP pesticides. In addition, we

found that RSM was particularly useful for optimiz-

ing media for dimethoate biodegradation by the

microorganism. Further investigation will be focused

on deciphering dimethoate degradation pathways by

means of molecular biotechnologies. The findings

will improve our understandings of the process and

the bacterium, which facilitates the application of the

bacterium to contaminated sites and/or its degrada-

tion genes for construction of engineered strains. In

China, this is particularly important and urgent given

that a large volume of soils and water bodies have

been contaminated with dimethoate resulting from an

annual output of 10 kt.
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