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bstract

To screen high strength phenol degrading bacteria, we selected 108 rhizobial strains isolated from nodules of eight wild legumes species in
he mining tailing region of Shaanxi province, northwest of China, and cultivated them in a basal salt (BS) medium supplemented with different
henol concentrations as a sole carbon source. The results showed that some of the strains could use phenol as sole carbon source. In order to study
he characteristics of phenol degradation, the strain CCNWTB701 isolated from Astragalus chrysopteru was used as well, due to the fact that it

as very efficient in phenol degradation. The phenol degradation was around 99.5 and 78.3%, with an initial concentration of 900 and 1000 mg/l
henol in 62 and 66 h, respectively. Kinetic studies indicated that the strain had a high KS (743.1 �M) and an extremely high KSI (10,469 �M) in
aldane’s model. The phylogenetic analysis based on 16S rRNA gene sequences showed that CCNWTB701 belonged to the Rhizobium genus,

nd it was closely related to Rhizobium mongolense and Rhizobium gallicum.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Phenol and phenolic compounds are important for many
ndustries, which are involved in pesticide, tincture, bakelite, and

edicine extensively. Therefore, a large amount of phenol and
henolic compounds are effused into stream and soil, and have
adly polluted the environment. Phenol is now one of the most
ommon toxic environmental pollutants, which mainly origi-
ates from industrial processes, such as oil refineries, cooking
lants, industrial resin manufacturing, petroleum-based process-
ng plants, pharmaceuticals, plastic, and varnish industries, etc.
1,2]. Phenol is hazardous to aquatic life, plants, and many other
rganisms, and acts as a substrate inhibitor in the biotransfor-
ation [3]. Thus, elimination of phenol effectively is necessary
o preserve the environment and the health of human beings.
Now, different treatment methods are available for the

egradation of phenol, and compared with physico-chemical

∗ Corresponding author. Tel.: +86 29 87092262; fax: +86 29 87092262.
E-mail address: weigehong@yahoo.com.cn (G. Wei).
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ethods, the biodegradation methods of phenol reduction is
niversally preferred, because of lower costs and the possibil-
ty of complete mineralization [4]. Applying microorganism
o degrade phenol is the most efficient and prevalent way.
everal bacterial strains belonging to the species of Pseu-
omonas, Bacilli, Klebsiella, Ochrobactrum, Rhodococcus, etc.
ere reported for phenol degradation [5,6]. In addition, some
acteria belonged to rhizobia were also reported to utilize phe-
ol and aromatic compounds [7–9]. Employing rhizobia to
henol polluted soil firstly might degrade phenol via legume-
hizobia symbiosis, and may also increase the soil nitrogen level
hich will have an impact on promoting indigenous ecology

ebuilding.
In this paper, we study phenol degradation ability and kinet-

cs of strain CCNWTB701 in order to determine the quantitative
nd qualitative characterization of phenol degradation, and the
egradation capability of aromatic substrate. Besides, physi-

logical and biochemical features were used to characterize
CNWTB701, and phylogenetic analysis based on 16S rRNA
ene was used to reveal genetic relationship of the isolate with
ther rhizobial strains.

mailto:weigehong@yahoo.com.cn
dx.doi.org/10.1016/j.jhazmat.2007.05.058
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. Materials and methods

.1. Isolation of strains and culture conditions

Rhizobial strains were isolated from fresh nodules of Med-
cago lupulina, Astragalus chrysopteru, Vicia unijuga, Vicia
racce, Lespedeza cuneata, Indigofera pseudotinctoria, Campy-
otropis macrocarpa, Pueraria lebata, which grow in the mining
ailing region of Shaanxi province in north-western China. Hun-
red and eight rhizobial strains were obtained by a standard
ethod and using yeast-mannitol agar medium (YMA) [10].
ingle colonies were picked and checked for purity by repeated
treaking and microscopic examination. All strains were incu-
ated at 28 ◦C and maintained on YMA slants at 4 ◦C, or in 20%
v/v) glycerol at −70 ◦C. The ability of each isolate to nodulate
he original host plants was checked in glass tubes filled with
ermiculite as described [10]. The temperature in the greenhouse
as kept at 25 ◦C during the day and at 18 ◦C during the night
ith illumination of 10,000–20,000 lx for 14 h a day. Nodulation
as observed after one month.

.2. Phenol utilization of tested strains

Hundred and eight rhizobial strains were tested for their abil-
ty to utilize phenol as the sole carbon source in a basal salt solid

edium (BS) supplemented with phenol at a concentration of
00, 500, 600, 700, 800, 900 mg/l, respectively. BS (per liter)
ontained 6.8 g of Na2HPO4, 3.0 g of KH2PO4, 0.5 g of NaCl
nd NH4Cl, respectively. The pH was adjusted to pH 6.8 ± 0.2.
trains grew at a temperature of 28 ◦C for three days. In order

o prove the test result, the strains utilizing high concentration
henol were transferred into BS liquid medium supplemented
ith phenol at a concentration of 400, 500, 600, 700, 800, 900,

nd 1000 mg/l phenol, and were incubated at 28 ◦C with shaking
t 200 rpm for 72 h. The growth of strains was determined by
bsorbance at 600 nm (OD600). The OD600 >0.3 was considered
s the standard of utilizing phenol [9]. The residual phenol con-
entration was determined by 4-aminoantipyrene colorimetric
ssay [11]. All tests were done in triplicate.

.3. Kinetics of phenol degradation

The culture of CCNWTB701 growing in TY (5 g of tryp-
one, 3 g of yeast extract, and 0.7 g of CaCl2·2H2O per liter)
iquid medium overnight, from late exponential phase was har-
ested and rinsed with 50 mM phosphate buffer (pH 6.8) twice,
hen 1 ml of the culture was inoculated into 100 ml BS medium
hich containing 100, 200, 300, 400, 500, 600, 700, 800, 900,
000 mg/l, respectively. The incubations were grown at 28 ◦C
ith shaking at 200 rpm, cell growth biomass and residual
henol concentrations were determined at 2 h intervals. Cell
rowth biomass was monitored using Perkin–Elmer UV–vis

pectrometer at 600 nm and phenol concentration was deter-
ined according to Folsom et al. [11]. All tests were done in

riplicate, hence the results are the means of three indepen-
ent experiments. The initial specific phenol degradation rate
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v0,phenol) was determined by Eq. (1):

0,phenol = 1

X

dCphenol

dt
|t→0 (1)

here X denotes the cell concentration (g/l) or in absorbance
nit at 600 nm (OD); Cphenol denotes the concentration of phe-
ol (�M) and t denotes the cultivation time (h). The relationship
etween v0,phenol versus Cphenol represents the kinetics of phe-
ol degradation by the strain CCNWTB701. To describe the
inetics of phenol-inhibition cell growth and phenol degrada-
ion, Haldane’s substrate-inhibition model was used, as it has a
idespread acceptance for phenol degrading and simplicity.

.4. Multi-aromatic substrates utilization by CCNWTB701

To determine the inhibition of aromatic compounds to the
rowth of CCNWTB701, cultures of CCNWTB701 growing in
Y liquid medium overnight to late exponential phase were har-
ested and twice rinsed with 50 mM phosphate buffer (pH 6.8).
hen 1 ml of the culture was inoculated into 100 ml BS medium,
hich contained 4 mM of phenol, benzophenone, resorcin, cin-
amic acid, and 4-hydroxybenzoic acid as the sole carbon
ource, respectively. The incubations were shaking in 200 rpm
t 28 ◦C. The absorbance values were determined every 4 h at
00 nm by Perkin–Elmer UV–vis spectrometer.

.5. Physiological and biochemical characteristics of
CNWTB701

Sixty-seven physiological and biochemical features were
sed to characterize the strain CCNWTB701. The analysis cov-
red the growth range of temperature and pH; resistance to NaCl,
ntibiotics, dyes, chemicals; utilization of sugars and organic
cids as sole carbon source; utilization of amino acids as sole
itrogen source; litmus milk reaction; reduction of methylene
lue and nitrate; production of urease and catalase; acid or alkali
roduction [12]. All tests were done in triplicate.

.6. 16S rDNA amplification and phylogeny analysis of 16S
RNA gene

Strain CCNWTB701 was incubated in TY and the genomic
NA was extracted using a phenol-chloroform extraction pro-

ocol [13]. The 16S rRNA gene was amplified using primers P1
5′-CGggatccAGAGTTTGATCCTGGTCAGAACGCT-3′) and
6 (5′-CGggatccTACGGCTACCTTGTTACGACTTCACCCC-
′), which corresponded to the nucleotide position 8–37 and
479–1506 of E. coli 16S rRNA gene [12]. Fifty microliters
f PCR volume consisted of 1 �g of total DNA, 5 �l 10× PCR
uffer, 2.5 �l of 25 mM MgCl2, 1 �l of 10 mM P1, and P6, 2.5 U
NA polymerase and adding ddH2O making the volume up

o 50 �l. The PCR was conducted at 94 ◦C predenaturing for
min and the 30 cycles (94 ◦C denaturing 1 min, 56 ◦C anneal-
ng 1 min and 72 ◦C extending 2 min), finally 72 ◦C extending
min again. The PCR amplification product was purified using

he PCR purification kit (geneworks). After purification, the
CR product was sequenced directly using an ABI Prism 377
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Fig. 1. Growth of CCNWTB701 in BS medium containing different initial
phenol concentration.
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NA sequencer (Perkin–Elmer applied biosystems). Nucleotide
equences of each 16S rRNA gene were aligned and phyloge-
etic tree was constructed with the software ClustalX Version
.81 by using the neighbor-joining method.

The generated 16S rDNA sequence (EF370483) and the
equences for reference strains obtained from the GenBank data
ibrary were used to construct the phylogenetic relationship tree.

. Results

.1. Screening of phenol-utilizing rhizobial strains

Hundred and eight rhizobial strains isolated from nodules
f eight wild legumes species in the mining tailing region of
haanxi province in northwest of China were incubated in BS
edium with 400–900 mg/l phenol as sole carbon source to iden-

ify the degree of utilization for different concentrations. Among
ll of the strains, CCNWTB021, CCNWTB041, CCNWTB351,
CNWTB701, and CCNWTB1012 could grow on media con-

aining 900 mg/l phenol. To study further into the characteristics
f phenol utilization, we selected CCNWTB701 isolated from
. chrysopteru as a test strain, as it had the best growth ability

OD600) after two days. CCNWTB701 was capable of nodula-
ion in its host plant, and the nodules were pink, indicating a
unctioning symbiosis.

.2. Kinetics of cell growth and phenol degradation by
CNWTB701

Fig. 1 showed the cell biomass of strain CCNWTB701 in
00–1000 mg/l phenol. From the curve, it was demonstrated
hat the lag time of CCNWTB701 was prolonged and biomass
f the cell was hardly antiblastic, as the phenol concentration
ncreased. The kinetic trends in specific growth rate versus
ifferent initial phenol concentration appeared to Andrews’s
ubstrate inhibition model (Eq. (2)) [14]. Its relevant constant
alues were listed in Table 1. From the model, the specific growth
ate also increased at the beginning with phenol concentration
ncreasing. While the phenol concentration exceeded 2858 �M,
he specific growth rate decreased (Fig. 2). According to our data,
he strain CCNWTB701 can grow in different concentration of
henol as the sole carbon source, and with the concentration
ncrease, the lag time of growth was extended too. With a phe-
ol concentration of 800, 900, and 1000 mg/l, the lag time of

rowth was 40, 44, and 56 h, respectively.

= μmaxCphenol

KS,G + Cphenol + C2
phenol/KSI,G

(2)

n
t
F
h

able 1
inetic parameters estimated from numerical simulations with the Andrews’s substra

arameters index Phenol-limited growth kinetics (Andews’s mod

aximum rate μmax (h−1) 0.054
alf-saturation constant KS,G (�M) 673.4

nhibition constant KSI,G (�M) 7818
oefficient of determination R2 0.963
ig. 2. The specific growth rate of CCNWTB701 on initial phenol concentration.

here the μ denotes the specific growth rate of strain
CNWTB701 on BS medium with phenol as the sole carbon

ource (h−1); μmax denotes the maximum specific growth rate
f strain CCNWTB701 on BS medium with phenol as the sole
arbon source (h−1); Cphenol denotes the initial phenol concen-
ration (�M); KS,G and KSI,G denote the half-saturation and
nhibition constant for growth kinetics respectively.

At the same time, phenol degradation and the specific phe-
ol degradation rate of strain CCNWTB701, corresponding

o different initial phenol concentrations was demonstrated in
igs. 3 and 4. The time for phenol degradation increased in
igh phenol concentration, the strain CCNWTB701 degraded

te inhibitory model and Haldane’s model

el) Phenol degradation kinetics (Haldane’s model)

vmax,phenol (�M/min/g cell) 41.5
KS (�M) 743.1
KSI (�M) 10469
R2 0.947
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ig. 3. The biodegradation of phenol by CCNWTB701 in BS medium contain-
ng different initial phenol concentration.

bout 99.5 and 78.3% of phenol in 62 and 66 h, correspond-
ngly, starting with an initial concentration of 900 and 1000 mg/l.
he specific phenol degradation rate was firstly increased and

hen reduced whilst the concentration of phenol was up to
248 �M. In order to simulate the data of phenol degradation
y CCNWTB701, the Haldane’s mathematical model was used
Eq. (3)) [14], and its kinetic parameters were showed in Table 1.

phenol = vmax,phenolCphenol

KS + Cphenol + C2
phenol/KSI

(3)

.3. Aromatic compounds-utilizing by CCNWTB701

The strain CCNWTB701 had an excellent ability for the
ecompounding of phenol, however, the growth biomass was
reatly inhibited in high concentrations of phenol. To evalu-
te the influence of aromatic compounds on CCNWTB701,

e selected phenol, benzophenone, resorcin, cinnamic acid,

nd 4-hydroxybenzoic acid as the sole carbon source on
S liquid medium. Fig. 5 was the growth biomass curve
ompare to the culture time. From Fig. 5, we knew

ig. 4. The specific phenol degradation rate of CCNWTB701 on initial phenol
oncentration.
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ig. 5. Growth of CCNWTB 701 in BS medium with the five aromatic com-
ounds each as the sole carbon source.

CNWTB701 had good utilizing behavior towards benzophe-
one in which the OD600 was increasing up to 0.955 after
0 h. The ranking of the five aromatic compounds used by
CNWTB701 is as follows: benzophenone > 4-hydroxybenzoic
cid > phenol > cinnamic acid > resorcin.

.4. Physiological and biochemical characteristics of
CNWTB701

The physiological, biochemical characteristics of
CNWTB701 were given in Table 2. CCNWTB701 had
n effective growth at 28 ◦C, a wide range pH tolerance of
.0–11.0 and salt tolerance up to 3% of NaCl. CCNWTB701
ould use the following materials (mg/ml): sucrose, ery-
hritol, arabinose, rhamnose, galactose, d-xylose, sodium
yruvic acid, glucosamine hydrochloride, amylomaltose,
alactosylglucose, and d-fructose as sole carbon sources, and
-norleucine, l-leucine, l-aspartate, l-cysteine, l-glutamate
nd l-tryptophan as sole nitrogen sources. CCNWTB701
as resistant to the following antibiotics (�g/ml): penicillin

5–100), fosfomycin (5–300), lincomycin (5–300), and
hloromycetin (5–50). It could grow in a medium supplemented
ith congo red (0.1%) and thymol blue (0.2%). CCNWTB701
roduced acid in YMA and catalase, and it was a nitrate-
educer.

.5. 16S rRNA gene phylogeny of CCNWTB701

16S rRNA sequences analysis is a fast and accurate method to
dentify CCNWTB701 phylogeny position. Full-length (about
500 bp) 16S rRNA genes were sequenced and used to con-
truct phylogenetic tree (Fig. 6). We found that the tested
train CCNWTB701 was classified in the Rhizobium genera,
he similarities between CCNWTB701 and Rhizobium mon-

olense USDA1844, Rhizobium gallicum R602, R. yanglingense
CBAU71623, and R. sullae IS123 were 99.0, 99.0, 98.5, and
8.4%, respectively. So, CCNWTB701 was closely related to R.
ongolense and R. gallicum.
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Table 2
The physiological and biochemical characteristics of CCNWTB701

Physiological characteristics Antibiotics and dyes resistance Sole carbon and nitrogen
sources (1 mg/ml)

Biochemical characteristics

Growth at temperature (◦C) Penicillin (5, 50, 100 �g/ml) + Sucrose + Litmus milk alkali production –
4 – Penicillin (300 �g/ml) – Sodium hippurate – Litmus milk acid production –

10 – Streptomycin (5, 50, 100, 300 �g/ml) – Sodium citric acid – Litmus milk peptonization –
28 + Fosfomycin (5, 50, 100, 300 �g/ml) + Sodium oxalic acid – Litmus milk reduction +
40 – Lincomycin (5, 50, 100, 300 �g/ml) + Erythritol + Reduction of methylene blue +
60 – Chloromycetin (5, 50 �g/ml) + Arabinose + Reduction of nitrate +

Growth at pH Chloromycetin (100, 300 �g/ml) – Sorbose – Production of urease –
4 – Neutral red (0.1, 0.2%) – Rhamnose + Production of catalase +
5 – Methylene blue (0.1, 0.2%) – Glucogen – Acid production +
9 + Congo red (0.1%) + Galactose + Alkali production –

10 + Methyl green (0.1, 0.2%) – d-xylose +
11 + Methyl red (0.1, 0.2%) – Sodium pyruvic acid +
12 – Methyl orange (0.1, 0.2%) – Glucosamine hydrochloride +

Growth on NaCl (%) Thymol blue (0.1, 0.2%) + Amylomaltose +
1 + Galactosylglucose +
2 + d-fructose +
3 + Alanine –
4 – l-norleucine +
5 – l-leucine +
6 – l-tyrosine –

l-aspartate +
l-cysteine +
Glycine –
l-glutamate +
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. Discussion

Bacterial genera capable of degrading phenolic compounds
n the environment are important soil bacteria and may play
role in degrading phenolic compounds of toxic organic pol-

utants. Currently, a number of bacteria were discovered to
ave excellent capability of phenol degradation. Identification
f these bacteria showed the dominance of genus Pesudomonas,
specially Pesudomonas putida mainly because of its spread
istribution in soils. Besides, many other genera of bacteria
ere described as degrading strains of phenolic compounds,

ncluding Agrobacterium, Burkholderia, Acinetobacter, Ralsto-
ia, Klebsiella, Bacillus, Rhodococcus [15]. In the genera of
hizobial bacteria, phenolic waste degradation was also covered
ith Bradyrhizobium, Rhizobium, except for Ralstonia, which
elonged to �-proteobactreria rhizobia [7–9]. From our study,
he Rhizobium could utilize phenol as the carbon source, which
uggests a metabolic pathway maybe through an ortho- or meta-
xidation typically [16]. In our study, CCNWTB701 could grow
ell in 900 mg/l phenol and degrade 99.5% in 64 h. It also
egrades 78.3% in 66 h in 1000 mg/l of phenol. This demon-
trated that this strain had excellent phenol degrading ability.

Cell growth on phenol has been observed to display substrate
nhibition phenomena at high phenol concentration, and the Hal-

ane’s equation is often used to describe cell growth on phenol
ither by pure or mixed cultures [17]. To represent the growth
inetics of phenol inhibition, several kinetic models were fitted
o the experimental data for selecting the best models. Out of

o
A
r
u

l-tryptophan +
dl-histidine –

he models, Haldane’s model was used due to its mathemati-
al simplicity and wide acceptance for representing the growth
inetics of inhibitory substrates [18]. Watanabe applied the Hal-
ane’s model to describe the kinetics of phenol degradation for
number of bacteria and classified the phenol-degrading bac-

eria into three kinetically different groups according to the KS
nd KSI values [14]. Our research of phenol degradation kinetics
howed CCNWTB701 possessed a high KS (743.1 �M) and an
xtremely high KSI (10469 �M), which appeared to belong to
one of the three general kinetic groups suggested by Watanabe
t al. [14]. The result was different with Ralstonia taiwanensis
J86 isolated from Mimosa pudica, which possessed a low KS
alue [9], because the lag time of growth for CCNWTB701 was
ore prolonged than R. taiwanensis TJ86. The unique kinetic

haracteristics of CCNWTB701 with a high KS and an extremely
igh KSI give better phenol degradation activity. The Rhizobium
p. CCNWTB701 reported here seems to be the first documented
hizobial bacterium isolated from Astragalus that has the nature
f strength degrading phenol. In cell growth kinetic model and
egradation kinetic model of CCNWTB701 in phenol, R2-values
ere 96.3 and 94.7%, respectively. This result showed Hal-
ane’s model was effective for describe the dynamics of phenol
egradation for CCNWTB701 [19].

The genus Astragalus, including 1500–2000 species, is one

f the largest genera in the family leguminosae. Many species of
stragalus form nitrogen-fixing symbioses in association with

oot-nodule bacteria [20], and many species have ecological
ses, for example, as green manure, protection for soil ero-
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Fig. 6. Phylogenetic tree of rhizobia based on 16S rRNA gene sequence accord-
ing to the method of neighbor-joining. Numbers at the branch nodes are bootstrap
values (per 1000 trials). Only values greater than 800 are indicated. The bar
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epresents 10% base substitution. Abbreviations of Genus: Ag, Agrobacterium;
z, Azorhizobium; B, Bradyrhizobium; M, Mesorhizobium; R, Rhizobium; S,
inorhizobium.

ion and bioremediation [21]. Rhizoremediation has recently
een recognized to be of interest because it is a low-cost in
itu treatment method for pollutants in soils. Plants and their
hizomicrobes have been shown that they could enhance degra-
ation of toxic compounds in the rhizosphere [21]. Rhizobia
re known for their capacity to fix atmospheric nitrogen in a
ymbiotic relationship with the root of their specific host legu-
inous plants. This symbiotic capacity can assist the growth

f their host plants in nutrient-poor soils and increase nitrogen
nput into soils. Thus, there exists the potential for application
f pollutant degrading rhizobial strains along with host plants
o as to establish a rhizosphere clean-up system for remediation
f polluted soils.

. Conclusion
The rhizobial strain CCNWTB701 isolated from A.
hrysopteru had high strength phenol degrading ability, and
he phenol degradation was 99.5 and 78.3%, with an initial
oncentration of 900 and 1000 mg/l phenol in 62 and 66 h,

[
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espectively. The strain CCNWTB701 had a high KS (743.1 �M)
nd an extremely high KSI (10469 �M) in Haldane’s model.
CNWTB701 belonged to the Rhizobium genus according to
hylogenetic tree based on 16S rRNA gene, and it was closely
elated to R. mongolense and R. gallicum.
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