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Abstract Bacteria of the Thauera genus have been

described as important aromatic compound degraders and

have attracted increased attention. In this study, three

Thauera strains (Q4, Q20-C, and 3–35) were isolated from

a coking wastewater treatment plant (WWTP) with a high

abundance of Thauera. The 16S rRNA, nitrite reductase,

and phenol hydroxylase (LmPH) genes and pollutant-

degrading capacity of these strains were characterized and

compared. Their 16S rRNA gene sequences were identical,

but the genomic structures differed, as demonstrated by

distinct enterobacterial repetitive intergenic consensus

sequence PCR profiles with a similarity of less than 0.65.

The analysis of degradation of coking wastewater by these

strains showed that most of the main organic pollutants—

phenol, methylphenol, and indole, but not quinoline—were

degraded under aerobic conditions. These strains contained

different LmPHs genes and showed different phenol deg-

radation rates (Q4 [ 3–35 [ Q20-C). The presence of a

microdiversity of Thauera spp. implies the existence of

various finely differentiated niches in the industrial

WWTP. The capacity of the Thauera strains to degrade

a wide spectrum of aromatic compounds suggests their

potential in bioremediation applications targeting aromatic

pollutant-containing wastewater.
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Introduction

Bacteria of the Thauera genus, of the family Rhodocycl-

aceae of the beta-subclass of Proteobacteria, show versatile

aromatic compound-degrading capacity [4, 13, 17–20]. The

aromatics, such as phenol and cresol, were firstly trans-

formed into a central intermediate benzoyl-CoA by Thau-

era under anaerobic conditions through different peripheral

pathways, and then degraded through the same central

benzoyl-CoA pathway [7]. Thauera bacteria have been

recognized as functionally important populations in several

wastewater treatment plants (WWTPs) [9, 10, 21, 22]. In

our previous work, we found that Thauera spp. formed a

predominant population (11.46%) in a full-scale coking

WWTP [12], in which the main organic pollutants were

aromatic compounds [23]. The fluctuation of chemical

oxidation demand (COD) removal function of the WWTP

was closely related to the structural shifts of Thauera

bacteria in the bioreactor, which suggests that these

organisms might play important roles in this coking

WWTP. Moreover, sequencing analysis of the 16S rRNA

gene revealed that the predominant Thauera bacteria in this

WWTP was different from those reported by other

researchers [12]. Thus, isolation of the Thauera bacteria

from this WWTP could essentially be helpful to further

improve our understanding of their functions and ecologi-

cal attributes. However, none of them was purified after

many trials using the conventional isolation methods that
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were modified from previous studies [13, 17, 18]. The

difficulty in purifying Thauera bacteria with conventional

methods was probably due to the great variety of their

physiological traits. In total, around 50 Thauera strains

have been isolated worldwide, most were enriched or iso-

lated under denitrification conditions, and all the charac-

terized strains were known to be facultative denitrifiers.

However, these strains were not bound to be the predom-

inant ones in the community. As a result of the high

diversity and varied physiological traits of Thauera bac-

teria [13, 20], the isolation methods used in previous

studies may not be suitable for isolating the bacteria living

in other different environments, such as the coking WWTP.

Therefore, application of a new strategy is essential to

allow isolation of the Thauera not previously isolated, thus

enriching the available resource of versatile aromatic

compound-degrading bacteria.

Here we report isolation of three Thauera strains with

identical 16S rRNA genes from a full-scale coking WWTP

by using a sequence-guided approach [11]. The aromatic

pollutant-degrading capacities and related functional genes

(LmPHs and nirS) of the strains were characterized and

compared.

Materials and methods

Isolates and culturing conditions

The biofilms, where the Thauera strains were isolated,

were collected from the anoxic tank (named A2) of a full-

scale anaerobic-anoxic-aerobic (A1-A2-O) WWTP, loca-

ted in Shanghai, China. The influent coking wastewater of

the A2 tank was collected from this WWTP and used as the

cultivation medium for pollutant degradation experiments

after sterilization by successive filtering through 0.45-lm

and 0.22-lm membrane filters (Pall) and adjusting to pH

7.5. For denitrification testing, a modified basic chemical

medium (1 L, pH 7.5) was used, which contained 0.45 g

NH4Cl, 0.05 g K2SO4, 0.1 g MgCl2�6H2O, 0.025 g

CaCl2�2H2O, 0.04 g NaHCO3, 0.2 g NaAc, 0.5 g peptone,

and 0.3 g meat extract (Fluka), supplemented with 0.1 M

phosphate buffer (Na2HPO4 and NaH2PO4) and 2 mM

nitrate/nitrite. The changes in concentration of nitrate and

nitrite in the media were measured by using ion chroma-

tography to determine their denitrification ability. Thauera

linaloolentis (DSM12138), which showed aerobic growth

in this medium, was used as a positive control. Peptone and

meat extract were substituted by different concentrations

of phenol (45 and 160 mg/l) for phenol degradation

measurement.

A 8-ml aliquot of medium was distributed into each

autoclaved 34-ml serum flask (containing a magnetic

stirring bar). A 1-ml aliquot (0.9 O.D.) of culture with the

strain isolated from the biofilm of a coking WWTP and

prepared under aerobic conditions was inoculated into each

flask. For aerobic incubation, flasks were covered with an

aluminum membrane. For anaerobic incubation, 2 mM

nitrate was added and flasks were tightly sealed with rubber

septa (rubber stoppers, N 20, light gray, Macherey-Nagel,

Germany) and aluminum caps (CNW, Germany). Anaer-

obic conditions were established by flushing the flask with

N2 for 5 min. The microbiological Anaerotest� (Merck

KGaA, Germany) was used to confirm the anaerobic con-

ditions. Flasks were incubated at 28�C with stirring at

500 rpm for 4 days. Samples were collected and stored at

-20�C. All these cultivation experiments were repeated

three times.

Chemical analysis

Samples were centrifuged at 10,0009g for 10 min to

remove the cells. Organic compounds were extracted from

1 ml of the supernatant with 0.1 ml CH2Cl2 (HPLC grade).

A total of 1 ll of extracted content was analyzed by using a

Shimadzu GC-2010 equipped with a DB-5 column (30-m

length, 0.25-mm inner diameter) and a flame ionization

detector, using the following method: the injector temper-

ature was 280�C; the column of the GC was retained at

70�C for 3 min, and then increased to 280�C with an

increment of 5�C/min; the temperature for the MS ion

source was 200�C; and electron energy was 70 eV [23].

DNA extraction and PCR analysis

Genomic DNA was extracted from the collected bacterial

cells by using the bead-beating method [24]. Primers

E1 (50-ATGTAAGCTCCTGGGGATTCAC-30) and E2

(50-AAGTAAGTGACTGGGGTGAGCG-30) were used in

enterobacterial repetitive intergenic consensus sequence

(ERIC)-PCR [6]. The 25-ll PCR reaction mixture con-

tained 2.5 U Taq DNA polymerase (Promega Co., USA),

2.5 ll 109 buffer, 1.5 mM MgCl2, 200 lM each deoxy-

nucleoside triphosphate (dNTP), 10 pmol of each primer,

and 80 ng total DNA, and the reaction was performed in an

automated thermocycler (PCR Sprint, Thermo Electron,

Corp., UK) using the following program: 7-min pre-dena-

turation at 95�C; 30 cycles of denaturation at 95�C for 30 s;

annealing at 50�C for 1 min; and extension at 65�C for

8 min; followed by a final extension at 65�C for 16 min.

The concentration of the PCR product was determined by

using a DyNA Quant 200 fluorometer (Pharmacia, San

Francisco, CA, USA). A total of 200 ng of the PCR

product was then resolved on a 1.2% (wt/vol) agarose gel.

The gel was stained with ethidium bromide and photo-

graphed by using a UVI gel documentation system
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(UVItec, Cambridge, UK). The migration distance and

intensity of the ERIC-PCR bands were analyzed by using

Quantity One (version 4.4.0, Bio-Rad, California) accord-

ing to the manual. The band intensity data were normalized

into percentages for statistical analysis. Cluster analysis

was performed by using PAST software (Palaeontological

Statistics, ver. 1.58) with a Dice coefficient.

Partial nitrite reductase genes (nirS * 890 bp and

nirK * 514 bp) were amplified by using the primer pairs

nirS-1F (50-CCTAYTGGCCGCCRCART-30) and nirS-6R

(50-CGTTGAACTTRCCGGT-30), and nirK-1F (50-GGMA

TGGTKCCSTGGCA-30) and nirK-5R (50-GCCTCGATC

AGRTTRTGG-30), respectively, using a program of 94�C

for 5 min; 30 cycles of 94�C for 30 s, 60�C for 30 s, and

72�C for 1 min; and 72�C for 7 min [3]. Partial LmPH (the

largest subunit of the bacterial multicomponent phenol

hydroxylase, *620 bp) gene was amplified by using the

primer pairs pheUf (50-CCAGGSBGARAARGAGAR

GAARCT-30) and pheUr (50-CGGWARCCGCGCCAGA

ACCA-30), with a program consisting of 94�C for 10 min;

5 cycles of 94�C for 1 min, 58�C for 1 min, 72�C for

1 min; 5 cycles of 94�C for 1 min, 57�C for 1 min, 72�C

for 1 min; 25 cycles of 94�C for 1 min, 56�C for 1 min,

72�C for 1 min; and then 72�C for 10 min [5]. The 25-ll

PCR reaction mixture contained 1 U Taq DNA polymerase

(Promega Co., USA), 19 PCR buffer (Mg2? free), 2 mM

MgCl2, 10 pmol of each primer, 200 lM each dNTP, and

20 ng template DNA.

Sequencing analysis

PCR products were analyzed by using agarose gel elec-

trophoresis. Target bands were excised from the gel and

purified by using a DNA gel extraction kit (V-gene Bio-

technology Limited, Hangzhou, China). Purified PCR

products were ligated to a pGEM-T easy vector (Promega

Co., USA) and transformed to E. coli DH10B competent

cells. Clones were randomly selected and sequenced by

Sangon (Shanghai, China). The obtained sequences were

then analyzed by Blastn and Blastx against the National

Center for Biotechnology Information database (http://

www.ncbi.nlm.nih.gov/BLAST/).

The nucleotide sequences of nirS and LmPH genes have

been deposited in the GenBank database with the accession

numbers GU566032–GU566035.

Results and discussion

Isolation of Thauera strains

After several failed attempts at isolating Thauera bacteria

from the full-scale coking WWTP with conventional iso-

lation methods, a new isolation strategy using Thauera-

specific 16S rRNA gene as the indicator was employed to

assist the isolation [11]. Six types of media (nutrient broth,

10 times diluted nutrient broth, sterile wastewater, basic

Fig. 1 Phylogenetic analysis of

the Thauera isolates. OTU1–13

are the operational taxonomic

units (OTUs) of a Thauera-

specific 16S rRNA gene clone

library of the biofilm sample

from the same place where

those Thauera strains were

isolated [12]
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mineral medium with NaAc/phenol/quinoline) were used

both in aerobic and anaerobic conditions for the cultivation.

The abilities of these media in culturing Thauera spp. were

assessed by using a Thauera-specific PCR-denaturing gra-

dient gel electrophoresis (DGGE) method to analyze the

diversity of colonies growing on the media. The media 1/10

NB (10 times diluted nutrient broth) and MMQ (mineral

medium supplemented with quinoline), which supports a

higher diversity of Thauera spp. and fewer colonies

respectively, were selected to isolate Thauera bacteria.

More than 320 colonies that grew on these two media were

then screened by using Thauera-specific PCR, which yiel-

ded five colonies with positive signal. Their homogeneity

was then checked by using 16S rRNA gene (V3 region)

PCR-DGGE. The PCR-DGGE of 16S rRNA gene universal

V3 region showed that three colonies exhibited multiple

bands, which suggests these colonies had failed to be

purified even after several rounds of streaking on the

medium from which they originated. However, after being

streaked on other selective media (mineral medium sup-

plemented with acetate, phenol, or quinoline) and tracked

using Thauera-specific PCR and DGGE, Thauera spp. in a

positive colony, Q20, were enriched on the basic mineral

medium with phenol and finally purified after several

rounds of streaking. In total, three strains (Q4, Q20-C, and

3–35) were purified from the coking WWTP sample.

Thauera spp. have been reported to be an important

population with a high abundance in the ecosystem [10].

However, Thauera bacteria were difficult to isolate in pure

culture probably due to their low growth rate during the

isolation and are prone to be outgrown by other bacteria.

Thauera-specific PCR and PCR-DGGE were used to track

the Thauera bacteria during the isolation for screening the

optimum isolation conditions and selecting of Thauera

sequence-containing colonies. This strategy largely

increased the isolation efficiency, and should also have

great advantages for isolation of the other bacteria which

were difficult to isolate by conventional methods.

Phylogenetic analysis of Thauera isolates

Sequencing analysis of the three isolates revealed that they

had identical 16S rRNA genes (accession numbers in

GenBank EU850614–EU850616), and they were assigned

to the Thauera genus based on Ribosomal Database Project

classifiers (http://rdp.cme.msu.edu/classifier/classifier.jsp).

These isolates shared 100% similarity with the 16S rRNA

gene of Thauera sp. PIV-1 (AJ505850), which can use

pivalate under denitrification conditions [14]. However,

their closest type strain was Thauera chlorobenzoica 3CB-1

(AF123264), with which they shared 97% 16S rRNA gene

similarity.

Fig. 2 a Different ERIC-PCR

fingerprints of the Thauera
isolates with identical 16S

rRNA genes (M DNA ladder,

N negative control). b Cluster

analysis of the ERIC-PCR

profile using the Dice

coefficient. c Microscopy

photographs (91,000) of pure

cultures of strains (note the

morphology of these strains was

very similar)
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Previous investigation revealed quite high diversity of

Thauera spp. in this coking WWTP by using a Thauera-

specific clone library [12]. A 16S rRNA gene phylogenetic

tree was built for these isolates and the clones of the

Thauera-specific clone library for the same WWTP, and

also all eight know Thauera species (Fig. 1). The 16S

rRNA genes of these isolates were clustered to OTU-9,

which contains 6 clones. The cluster where the isolates

located contains the most predominant Thauera species in

this full-scale coking WWTP, which accounted around

60% of the total clones in the library.

Different genomic fingerprints of the Thauera isolates

ERIC-PCR is an efficient genomic fingerprinting tech-

nique that has been widely used to differentiate strains

with close or even identical 16S rRNA genes [8, 15].

Figure 2a shows the distinct ERIC-PCR profiles of strains

Q4, Q20-C, and 3–35. The differences among the fin-

gerprinting patterns were evaluated by cluster analysis

using the Dice coefficient method (Fig. 2b), and their

genomic fingerprinting similarities proved to be less than

0.65. This result demonstrated the wide variation of

genomic structure of Thauera strains with identical 16S

rRNA genes isolated from the same habitat. The variation

is probably attributable to the heterogeneity of the phys-

icochemical conditions within the biofilm [16], where the

strains occupy different niches and face different selective

pressures. This finding suggests that the diversity of the

Thauera population in the environment, usually evaluated

using the 16S rRNA gene clone library method, may be

significantly underestimated.

Fig. 3 GC-MS analysis of

organic compounds in the

coking wastewater. WW, the

GC profile of coking wastewater

that was used as media in the

cultivation; Thauera sp. 3–35,

Q4 and Q20-C, the GC profiles

of coking wastewater after

4-day aerobic incubation with

these Thauera strains; negative

control, the coking wastewater

incubated under the same

conditions but without

inoculation with any bacteria;

blank, the blank control in GC

analysis. a The relative

proportion of organic pollutants

in the coking wastewater

(before incubation), calculated

based on the peak area.

b The degrading capacity of

these strains for each peak after

4-day aerobic incubation:

?, significantly removed;

-, no degradation; D, slightly

decreased
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Aromatic pollutant-degrading capacity of the Thauera

isolates

The aromatic compound-degrading capacity of isolated

bacterial strains was evaluated under both aerobic and

anoxic conditions. To understand their functions in the

native environment, the medium used was the coking

wastewater, which was collected from the bioreactor

where the isolates originated and sterilized by filtration.

Gas chromatography–mass spectrometry (GC-MS) anal-

ysis of the coking wastewater revealed a complicated

composition involving 15 components (Fig. 3). Phenol

and cresol were the most predominant organic pollutants

in the wastewater. After a 4-day incubation under aero-

bic conditions, almost all of the organic pollutants in the

coking wastewater, except quinoline, were completely

degraded by any of the three isolates. This result dem-

onstrated the capacity of these Thauera strains for aer-

obic degradation of a wide spectrum of aromatic

compounds. However, the strains degraded nothing under

anoxic conditions. To the best of our knowledge, most of

the known Thauera species have more versatile aro-

matic compound-degrading ability under denitrification

conditions compared to aerobic conditions, including

T. aromatica and T. aminoaromatica [1, 13]. Only

T. phenylacetica is known to use phenol under aerobic

conditions [13].

Denitrification capacity of the Thauera isolates

All of the Thauera strains characterized prior to this work

were known to be facultative denitrifiers. However, these

isolates did not perform denitrification either in the coking

wastewater or in the several other media in which they can

grow aerobically. The nitrite reductase genes (nirS/nirK) of

these strains were analyzed by PCR with primer pairs nirS-

1F/nirS-6R and nirK-1F/nirK-5R [3]. Only strain Q20-C

showed a nirS gene-positive PCR signal. The PCR product

of this strain was purified and cloned, and sequencing

analysis showed that its closest sequence was the nirS gene

of Thauera aromatica T1, with which it shared 90%

nucleotide sequence identity and 95% translated protein

sequence similarity.

Phenol-degrading efficiency and the LmPHs gene

of the Thauera isolates

Phenol is the most predominant organic pollutant in coking

wastewater. The degrading efficiency of these three

Thauera strains for phenol was evaluated under aerobic

conditions (Fig. 4b). With an initial concentration of

45 mg/l, 100, 19.7, and 36.8% (average value of triplicate

tests) of the phenol was removed by strains Q4, Q20-C, and

3–35, respectively, after a 7-h incubation in the mineral

medium at 28�C. With an initial concentration of 160 mg/l,

Fig. 4 a Phylogenetic analysis

of the largest subunit of the

bacterial multicomponent

phenol hydroxylase (LmPH) of

Thauera isolates. b Phenol

degradation curves of these

isolates at two different starting

concentration (45 and 160 mg/l)

under aerobic conditions at

28�C. Each experiment was

repeated three times

932 J Ind Microbiol Biotechnol (2010) 37:927–934

123



100, 21.2, and 43.6% of the phenol was removed by strains

Q4, Q20-C, and 3–35, respectively, after 22 h. The phenol

degradation rates of these strains differed from each other,

in the order Q4 [ 3–35 [ Q20-C.

The LmPH gene, which encodes the key enzyme for

aerobic metabolism of phenol, was amplified from each

strain by using primers pheUf/pheUr and then sequenced

[5]. The LmPH genes of Q4, 3–35, and Q20-C also dif-

fered, with Q20-C exhibiting the lowest similarity with the

others (Fig. 4a), which has lower phenol degradation rate.

This result showed the consistency between the phenol

degradation activity and LmPH gene sequence. Phyloge-

netic analysis with related LmPH genes in GenBank sug-

gested that the three isolates may belong to low-Ks-type

phenol-degrading bacteria (Fig. 4a). The nearest neighbor

of these strains in terms of LmPH genes is Azoarcus sp.

BH72 (AM406670), but it has less than 87% sequence

similarity with the potentially new type of LmPH gene of

these three Thauera isolates.

In conclusion, genetic and physiological divergence was

observed among these three phylogenetically identical

Thauera strains, which originated from the same coking

WWTP. Previous studies have revealed microdiversity

among phylogenetically identical strains; for example,

Jaspers and Overmann [8] found that 11 Brevundimonas

alba strains with identical 16S rRNA genes, isolated from

the same freshwater sample, exhibited highly divergent

genomes and ecophysiologies. To the best of our knowl-

edge, only two strains (Thauera aromatica SP and LG356)

in the Thauera genus have been reported to share identical

16S rRNA genes [13], but their G ? C content and sub-

strate-using characteristics differed; SP can use phenol,

toluene, and p-cresol, while LG356 cannot use any of these

[13]. However, these differences were probably the result

of their different original environments with different

selection pressures [2]. The biological significance of the

microdiversity of those three isolates, which represent a

functionally important population from the same bioreac-

tor, requires further investigation. Although these three

isolates exhibited microdiversity among themselves, the

obvious differences in the 16S rRNA genes and physio-

logical attributes between these isolates and the known

Thauera species (Table 1) suggest that they may represent

a new Thauera species with a high ability to degrade a

wide spectrum of aromatic compounds under aerobic

conditions. Sequencing the whole genomes of these iso-

lates will be a promising next step to obtain a deeper

understanding of these versatile aromatic compound

degraders. Continuing efforts also are focused on isolating

more Thauera strains from the coking WWTP.
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