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Abstract

The gene encoding catechol 1, 2dioxygenase (catA) is one of the common biomarkers used for

evaluation of microbial degradation of aromatic compounds and bioremediation potentials,

whereas the expression of the gene has been little studied. The diversity of the catA genes and their

expression pattern in a novel Rhodococcus sp. strain LIN isolated from coastal sediments of the

Bohai Sea, China, were investigated. We found that this strain exhibited catechol 1, 2dioxygenase

activity when cultivated with benzoate as the sole carbon source. The catA genes were amplified

with degenerate primers and sequenced. Sequence analyses show that the strain has three catA

genes which are highly similar to each other (> 97%). However, only one gene was transcribed

according to reverse transcriptionpolymerase chain reaction (RTPCR) analysis. This indicates that

RNAbased approaches could better reflect the diversity and scale of the environmental microbial

function than DNAbased ones, when sequencing and quantifying (e.g. quantitative PCR) of the catA

gene are employed to assess the environmental pollutions and bioremediations.
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Introduction

Microbial degradation is perhaps the most effective

and economical way to remove aromatic compound

pollutants from waters and soil environments (Diaz and Prieto

2000, Mrozik et al., 2003, Parales and Haddock, 2004). Over

the past decades, both aerobic and anaerobic

microorganisms have been isolated and key functional genes

and enzymes have been identified during aromatic

compound degrading processes (Adebusoye and Miletto

2011, Cao et al., 2008, Gai et al., 2011, Garcia et al., 2011,

Tuan et al., 2011). Among these, genes encoding ring-

cleavage enzymes such as pcaH (protocatechuate 3, 4-

dioxygenase) and catA (catechol 1, 2-dioxygenase) (Buchan

et al., 2000, Velusamy et al., 2005, Yamahara 2000) are

recognized as common biomarkers for evaluation of microbial

degradation of aromatic compounds and bioremediation

potentials (Shen et al., 2009).

Benzoate is a typical aromatic compound and also an

intermediate of aerobic and anaerobic biodegradation of

some aromatic compounds (Caldwell and Suflita 2000,

Cerniglia 1992, Harwood and Parales 1996, Wackett 2003).

Benzoate is aerobically degraded through conversion into

catechol, followed by ring-cleavage and subsequent

reactions leading to Krebs cycle intermediates in some

bacteria (Cao et al., 2008). The ring-cleavage types of

catechol include ortho-cleavage (i.e. beta-ketoadipate

pathway) which is catalyzed by catechol 1, 2-dioxygenase

and meta-cleavage catalyzed by catechol 2, 3-dioxygenase

(Jiang et al., 2006, Sandhu et al., 2009). The beta-ketoadipate

pathway have been mostly reported for some soil bacteria.
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In the most studied group of marine bacteria Rosebacter,

these genes have also been found involved in the pathway

(Buchan et al., 2004).

Rhodococcus species, frequently isolated from

contaminated environments, are well-known Gram-positive

bacteria capable of degrading aromatic compounds (Sandhu

et al., 2009, Táncsics et al., 2008). Because of their high

catabolic diversity, Rhodococcus species are widely used

in bioremediation and bioengineering processing (Matera

et al., 2010). Most members of this genus contain ortho-

cleavage dioxygense genes (e.g. catA) on chromosome and

meta-cleavage dioxygenase genes on their plasmids

(Táncsics et al., 2008, Murakami 1997). In R. erythropoli,

the transcription of the single catA gene is regulated by

CatR (Veselý et al., 2007). Rhodococcus sp. AN-22 possesses

one catA gene which is constitutively expressed (Matsumura

et al., 2006). Two and four catA genes are located on

chromosomes of R. opacus and R. jostii RHA1, respectively

(Matera et al., 2010, McLeod et al., 2006); sequence

similarities of catA genes in these two species range from 47

to 77.9%. Nevertheless, the expression pattern of these

multiple catA genes in these taxa has not been studied so

far.

We have isolated a benzoate-degradable

Rhodococcus strain that could grow with benzoate as the

sole carbon source with induced catechol 1, 2-dioxygenase

activity. We cloned and analyzed the expression pattern of

the catA genes in this stain and found that it had three

types of catA genes of which only one type could be

transcribed when cultivated with benzoate as a sole carbon

source. The result may give a clue to characterization of

functional genes from polluted environments.

Materials and Methods

Isolation and screening : Bohai Sea is an semi-closed sea

receiving a large amount of inorganic and organic pollutants.

Estuarine sediments were collected from one of these rivers

discharging into the Bohai Sea. Samples were diluted in

series and spread on mineral salt medium (MSM) agar plates

containing 2 mM benzoate (Konopka, 1993). One liter of

MSM contained 0.79g K
2
HPO

4
.3H

2
O, 0.2g MgSO

4
.7H

2
O,

0.02g FeSO
4
.7H

2
O, 1.0g NaCl and 1 ml stock solution (0.2g

CaCl
2
.2H

2
O, 0.2g MnSO

4
.4H

2
O, 0.1g CuSO

4
.2H

2
O, 0.2g

ZnSO
4
.7H

2
0, 0.09g CoCl

2
.6H

2
O, 0.12g Na

2
MoO

4
.2H

2
O,

0.006g  H
3
BO

3
, with pH adjusted to 7.0. The temperature for

incubation was 30°C. After incubation for 48 hr, viable

bacterial colonies were inoculated in MSM broth containing

2 mM benzoate for further screening of degradation ability.

We obtained a strain (Rhodococus sp. LIN) that possessed

relative high degradation ability for further analysis.

DNA extraction and PCR amplification of 16S rDNA

sequence : Cells of the selected strain were harvested when

reached late mid-log phase of growth. DNA extraction was

done with the Bacterial DNA Extraction Kit (Yuanpingkao,

Beijing). Primer set 27F/1492R was used for 16S rDNA

amplification (Lane et al., 1985). The PCR cycling conditions

were as follows: hot start at 95°C for 3 min, followed by 30

cycles of denaturation at 95°C for 60 sec, annealing at 56 °C

for 60 sec, and elongation at 72 °C for 1.5 min, with a final

elongation step at 72°C for 10 min. Taq DNA polymerase

(Fermentas, Thermo Fisher) was applied in these PCR

amplifications.

Enzyme assay of catechol 1, 2-dioxygenase : Ten ml cells

(OD600=0.5) were harvested by centrifugation (5000 g, 4°C,

10 min). The pellets were washed twice and re-suspended

by Tris-HCl (50 mM, pH 7.0). Cell-free extracts were prepared

by sonication of the whole cell suspension and

centrifugation at 10,000 g for 15 min at 4°C. Activity of

catechol 1, 2-dioxygenase [EC 1.13.11.1] was measured by

comparing the initiative and residual catechol content with

a spectrophotometer at 260 nm and room temperature. The

reaction mixture contained 50 μl catechol (20 mM), 1.4 ml

Tris-HCl buffer (50 mM, pH 7.5), and 50 μ l crude enzyme

extracts in a total volume of 1.5 ml. The residual catechol

was monitored at five time points (5, 10, 15, 20 and 30 min)

throughout the experiment.

Design of degenerate catA primers for Rhodococcus spp.:

Nucleotide sequences of catA genes of Rhodococcus

species had high similarities and there was no evidence for

the lateral gene transfer of catA in the species (Táncsics et

al., 2008). Full-length sequences of the catA genes from R.

jostii RHA1 (RHA1_ro2373, RHA1_ro2515, RHA1_ro08069),

R. erythropolis PR4 (RER_54230), R. opacus B4 (Rop_20870,

Rop_22420) were  downloaded from KEGG database (http:/

/www.genome.jp/kegg/), and subjected to multiple

alignment. Based on the alignment of six catA genes from

three Rhodococcus species, we newly designed specific

primers catAF (5’-CGACCTGATCTC CATGACCGA-3’) and

catAR (5’-TYAGGTCAKMA CGGTCA-3’), in order to

amplify a longer fragment of the catA gene sequences, of

which the was predicted to be approximately 845 bp.

Cloning of catA genes in Rhodococcus sp. LIN : The catA

genes of Rhodococcus sp. LIN were amplified with the

primers catAF and catAR. The PCR cycling conditions were

as follows: hot start at 95°C for 3 min, followed by 30 cycles

of denaturation at 95°C for 60 sec, annealing at 58°C for 60

sec, and elongation at 72°C for 1.5 min, with a final elongation

step at 72°C for 10 min. PCR products were linked into

pTZ57R/T vector and operations were following instructions

of InsTAclone PCR cloning kit (Fermentas, Thermo Fisher).

Multiple positive clones were chosen for sequencing of
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both DNA strands in Sinogenomax Incorporation (Beijing,

China). Sequences have been deposited in GenBank with

accession numbers FR846300 for 16S rRNA gene and

FR846301-FR846303 for catA genes.

Isolation of whole RNA from Rhodococcus sp. LIN : Cells

cultivated in MSM containing 2 mM benzoate were harvested

after 12 hr by centrifugation (5000 g, 10 min). The pellets

were washed by DEPC treated MilliQ water and centrifuged

again. Pellets were broken by frozen nitrogen grinding. The

following steps were operated following instructions of

RNAprep pure bacteria kit (Tiangen, Beijing, China).

Reverse transcription PCR : Three mg of total RNA and 20

pm primer catARTR (5’-CCTCGACCCACTCGCCGC-3’) were

incubated at 70°C for 10 min and then transferred onto ice

for 3 min. MMLV transcriptase buffer, dNTP (Fermentas,

Thermo Fisher), RNase inhibitor (Promega, Madison, USA)

and MMLV transcriptase (Promega, Madison, USA) were

added into the mixture and incubated at 42°C for 45 min.

One microliter of the reverse transcription product was taken

as template for PCR with the primers catARTR and catAF.

The cycling conditions were as follows: hot start at 95°C for

3 min, followed by 30 cycles of denaturation at 95°C for 50

sec, annealing at 58oC for 50 sec, and elongation at 72°C

for 1.5 min and a final elongation step at 72°C for 10 min.

Cloning of PCR products was as above-described. The

16S rRNA gene was chosen as control to evaluate the RT-

PCR system. Two specific primers were designed for the

obtained 16S rRNA gene of the strain LIN: 16SRTF (5’-

CCTTCGGGTTGTAAA CCTC-3’) and 16SRTR (5’-

CGTGGAAGGAAACCCACACC-3’).

Results and Discussion

Rhodococcus sp. LIN can assimilate benzoate: Following

the inoculation of the sediment samples, several bacterial

colonies were visible on the MSM agar plates after incubation

for 24 hr, and their color became pink after about 36 hr.

Sequencing of 16S rDNA showed these colonies had the

same nucleotide sequence. Blast analyses using the obtained

sequence indicated that these colonies represented a strain

of Rhodococcus (named Rhodococcus sp. LIN). The

isolated strain LIN grew well in MSM broth containing 2

mM benzoate, as turbidity of the culture solution increased

during the initial incubation of approximate 20 hr (Fig. 1).

LIN did not grow in the MSM broth without benzoate (data

not shown). This indicated LIN was capable of assimilating

benzoate and using it as the sole carbon source.

Benzoate induces catechol 1, 2-dioxygenase activity :

Aerobic degradation of benzoate has been elucidated in

some bacteria. In most cases, benzoate is degraded through

conversion to catechol which is then cleaved by catechol 1,

2-dioxygenase. In this study, the change of catechol content
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Fig. 1 : Growth curve of Rhodococcus sp. LIN cultivated in mineral

salt medium containing 2 mM benzoate
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Fig. 2 : Enzymatic activity assay of catechol 1, 2-dioxygenase in

Rhodococcus sp. LIN cultivated in mineral salt medium containing

(A) 2 mM succinate and (B) 2 mM benzoate

(A) (B)

Fig. 3: PCR amplification of catA in Rhodococcus sp. LIN using
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Fig. 4 : Alignment of deduced amino acid sequences of catA genes in Rhodococcus sp. LIN and CatA in Rhodococcus sp. An-22
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change with time were not detected during the cultivation

of LIN in LB broth (Fig. 2A), that is to say, there was no

catechol 1, 2-dioxygenase active during this period.

However, the catechol content increased with time was

observed when LIN was cultivated in MSM supplemented

with benzoate (Fig. 2B) and this result suggested that it was

benzoate which induced catechol 1, 2-dioxygenase in strain

LIN.

LIN contains three catA genes : Using degenerate

primers catAF and catAR, approximately 845 bp long

fragments of catA genes were amplified by PCR (Fig. 3). To

the best of our knowledge, this is the longest catA sequence

acquired by degenerate primers. To avoid disruptions

derived from mismatch error of Taq DNA polymerase, 20

positive clones were selected for sequencing. Three

different catA genes were found in Rhodococcus sp. LIN,

named catA-1 (3 clones), catA-2 (7 clones) and catA-3 (10

clones), respectively. Similarities of nucleotide sequences

among the three catA genes were higher than 97%. Deduced

amino acid sequences from the three catA genes all had a

high identity (96%) with that of Rhodococcus sp. AN-22

catechol 1,2-dioxygenase (BAH56722.1) (Fig. 4) (Veseli  et

al., 2007, Matsumura et al., 2004).

Transcription of catA-2 is induced by benzoate : Although

Rhodococcus sp. LIN has three catA genes that all have

complete open reading frames, the fact is that their encoding

products are inducible. To check the transcription status of

these three catA genes, RT-PCR was applied using a

conserved reverse primer catARTR. No catA gene was

transcribed when cultivated with succinate as the sole

carbon source (Fig. 5). Sequencing of the RT-PCR products

(20 clones were screened) showed that the transcribed gene

was catA-2.

It has been reported that catA has coherence with

16S rRNA gene in Rhodococcus species (Shen et al., 2009,

Táncsics et al., 2008). For example, there are four catA genes

in R. jostii RHA1with sequence similarities ranging from 47

to 77.9% (McLeod et al., 2006). Two catA genes sharing a

similarity of 76.9% co-exist in R. opacus. In this study, we

found the three catA genes were highly similar (> 97%) in

Rhodococcus sp. LIN, which is an interesting point.

Nevertheless, it was also possible that the different

nucleotides were derived from PCR and sequencing errors.

To rule out this possibility, we performed PCR with high

fidelity polymerase and selected 20 positive clones for

sequencing, the identical results remained. This result allows

us to presume that these catA genes have evolved through

vertical transmission or gene polymorphism in the species

during the long-term evolution.

In order to examine whether all the three genes were

expressed, the catA genes of Rhodococcus sp. LIN were

subjected to RT-PCR. It turned out that only one catA gene

was transcribed when the strain was cultivated with

benzoate. On one hand, if there were three genes and

benzoate induces transcription of catA-2, we assume that

catA-1 and catA-3 have their own inducers, which needs

further investigations. The situation also occurs in

Acinetobacter lwoffii K24 and Pseudomonas acidovorans

CA28 (Hinteregger et al., 1992, Kim et al., 1997, Liu et al.,

2005). On the other hand, if the three catA gene were just

gene polymorphism with only one transformed catA gene,

we assume that Rhodococcus sp. LIN possess catA gene

polymorphism to survival in the complex estuarine

environment against pollution. No matter which way our

Rhodococcus sp. LIN belong to, our result suggested that

the RNA level could better stand for the function of bacteria

and fungi.

CatA genes of Rhodococcus AN-22 share the largest

similarity with those of Rhodococcus sp. LIN (> 96%)

(Matsumura et al., 2004, 2006). Despite high similarity, their

expressions are totally different, namely constitutively

transcribed versus induced (with benzoate). This suggests

that there may be some regulators in cat operon in

Rhodococcus sp. LIN, and that the evolution of the

regulators is not in accordance with the functional genes

(Diaz et al., 2000). Sequencing the cat operons in

Rhodococcus sp. LIN will be helpful in understanding the

underlying regulatory mechanism.

CatA genes have been used as bio-indicators for

assessing pollution levels or evaluating bioremediation

potentials (Jiang et al., 2006, Táncsics et al., 2008,

Wojcieszyñska et al., 2010). Previous and our present work

provide evidence that one bacterial strain could have

multiple catA genes which were quite similar or different in
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Fig. 5 : Transcription analysis of catA genes in Rhodococcus sp.

LIN using RT-PCR

Cloning and transcription of catA genes in Rhodococcus
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sequences, and have different expression statuses under

specific environmental conditions. As a whole, our study

indicated that RNA-based approaches could better reflect

the diversity and scale of the environmental microbial

function than catA gene-based ones, when sequence library

and sequencing and quantifying (e.g. quantitative PCR)

were employed for assessing the environmental pollutions

and bioremediations.
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