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Dioxins and dioxin-like compounds are highly toxic, ubiquitous polycyclic aromatic 

hydrocarbons with important environmental and human health impacts. Dioxins are listed 

among the most relevant environmental organic pollutants due to their high persistence 

and extreme lipophilicity. In recent years, a number of bacterial strains have been isolated 

and identified for their diverse metabolic capabilities to grow on and metabolize a broad 

range of environmentally recalcitrant compounds including, dibenzo-p-dioxin and 

dibenzofuran. Among these strains Sphingomonas wittichii RW1 has been one of the 

most effective dioxin degraders studied so far. RW1 is of great interest for its diverse 

metabolic activities and unusual genome structure.  The complete genome sequence of 

RW1 reveals that this strain contains one chromosome and two circular megaplasmids 

referred to as pSWIT01 and pSWIT02. Many of the important catabolic genes that are 

involved in dibenzofuran and dibenzo-p-dioxin degradation are located on the small 

megaplasmid pSWIT02; particularly genes encoding the initial dioxygenase system 

DxnA1A2, a ferredoxin Fdx3, and a reductase RedA2.  This unusual dioxygenase system 

initiates the oxygenolytic attack of dibenzofuran and dibenzo-p-dioxin in an angular 
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fashion. Here we report the first physiological identification of the important proteins that 

together function as the initial dibenzofuran and dibenzo-p-dioxin dioxygenase enzyme in 

RW1.  Knock out mutagenesis showed that two reductases RedA1 and RedA2 and two 

ferredoxins Fdx1 and Fdx3 are interchangeable where either RedA1/RedA2 in 

combination with Fdx1/Fdx3 can function as an electron donor to the terminal 

oxygenase. The knockout mutants were also screened on substrates other than 

dibenzofuran and dibenzo-p-dioxin such as salicylate and benzoate. We discovered that 

the reductase RedA2 is involved in supplying electrons to the salicylate oxygenase since 

deletion of the redA2 gene blocked the growth of RW1 on salicylate. Interestingly, single 

knockout mutants of redA1 and redA2 had no effect on RW1's ability to grow on 

benzoate while a double knockout mutant resulted in the loss of the ability to grow on 

benzoate.  In addition, we constructed stable and unstable cloning vectors for 

sphingomonads based on the Sphingobium yanoikuyae B1 pKG2 plasmid and the 

Sphingomonas wittichii RW1 pSWIT02 plasmid.  Stable vectors included the rep and par 

plasmid regions for replication and partitioning while unstable vectors included only the 

rep region.  The stable vector pSEZ_RW1RP was used to cure RW1 of pSWIT02 by 

plasmid incompatibility. The cured strain RW1c was no longer able to grow on dibenzo-

p-dioxin or dibenzofuran. A complementation test with the broad host range plasmid 

pRK415 carrying the initial dioxygenase system allows RW1c to grow on both dibenzo-

p-dioxin and dibenzofuran. These results demonstrate that the only major role that 

pSWIT02 plays in the degradation of dibenzo-p-dioxin and dibenzofuran is to supply the 

initial dioxygenase responsible for the first step in the catabolic pathway.  
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CHAPTER 1: LITERATURE REVIEW 

1.1. THE GENUS SPHINGOMONAS 

Sphingomonads are a bacterial group of great interest to the bioremediation field 

due to their unusual capabilities to biodegrade and metabolize a wide range of 

monocyclic and polycyclic aromatic compounds including benzene, toluene, biphenyl, 

naphthalene, phenanthrene, pyrene, carbazole, xylenes, phenols, dibenzofurans, and 

dibenzo-p-dioxins (1-4).  Some sphingomonad strains have even been found to grow on 

and utilize aromatic polymers such as lignin, a major component of plant cell walls (5-7).  

Sphingomonad species are well known for their significance in a wide variety of 

industrial applications and for their ability to produce exopolysaccharides called 

sphingans in particular the gellan polysaccharide, wellan polysaccharide, and rhamsan 

polysaccharide and also to produce carotenoids such as beta-carotene and nostoxanthis 

(8-12).  

Sphingomonads were first classified by Takeuchi et al. in 2001 to comprise the 

four genera Sphingomonas, Sphingobium, Novosphingobium, and Sphingopyxis on the 

basis of 16S rRNA sequence analysis and fatty acid profiles (13-17). In 2002, Yabuuchi 

et al. re-classified the group, including Sphingobium, Novosphingobium and 

Sphingopyxis, to involve only one genus called Sphingomonas (18).  Sphingomonads are 

gram negative, yellow pigmented, strictly aerobic, chemoheterotrophs, rod-shaped 

bacteria that contain unique glycosphingolipids as a major cell envelope component in 

place of lipopolysccaride (13, 19).   
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Sphingomonads species are widely spread in nature, found both in terrestrial and 

sediment habitants and play key role in carbon cycling (13). They have been isolated 

from different habitats including, soil, air, the plant phyllosphere and rhizosphere, 

sediments, freshwater and aquatic environments (20-23). Moreover, some sphingomonad 

strains such as Sphingomonas paucimobilis have been isolated from hospital samples and 

equipment and found to be associated with human infections such as pneumonia, 

peritonitis, septicemia, meningitis, nosocomial infection and urinary tract infections (24, 

25), and also have been implicated in biofilm formation (26).  Several sphingomonad 

species have been proposed as potent metabolizers of a number of herbicides and 

pesticides in the environment (27).  

  The genus Sphingomonas was initially proposed by Yabuuchi et al. in 1990 (22, 

28) on the basis of phylogenetic analysis and the presence of sphingoglycolipids (SGL) in 

the outer membrane instead of lipopolysaccharide found in other gram-negative bacteria 

(9, 28-31).  Members of the genus Sphingomonas belong to the family 

Sphingomonadaceae in the alpha-4 subgroup of the alphaproteobacteria and are gram 

negative, obligate aerobes, motile rods, nonsporulating, chemoheterotrophic, 

nonfermentative, white or yellow pigmented bacteria (9, 17, 21, 22, 30, 32-34). Species 

of the genus Sphingomonas generally possess ubiqunone-10 (Q10) type respiratory 

quinone as a major respiratory quinone component (16, 35, 36). In addition to the 

biochemical and structural properties, sphingomonads are characterized distinct from 

other alphaprotobacteria by the unusual genetic organization of catabolic genes involved 

in aromatic compounds degradation that are often found scattered on the genome rather 

than clustered in a single transcriptional segment (37).  
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 A number of Sphingomonas strains have been described for their versatile 

metabolic capabilities due to the presence of redundant aromatic pathways and multiple 

dioxygenase systems of broad substrate range specificity which enable these strains to 

utilize a numerous variety of polycyclic aromatic hydrocarbons and to play a crucial role 

in the elimination of herbicides and pesticides in the environment (38-41). Among this 

bacterial group, Sphingomonas wittichii RW1 has been considered to be the most 

efficient isolated dibenzofuran and dibenzo-p-dioxin degrader (31, 42).  S. wittichii RW1 

is of considerable interest for both the bioremediation and biotechnology fields due to its 

high potential to break down the backbone structure of dioxin and related compounds and 

to produce a number of important industrial products such as exopolysaccharides (43, 

44). S. wittichii RW1 is also able to co-metabolize and aerobically transform mono and 

dichloro derivatives and other chlorinated congeners of dioxin and dioxin like 

compounds (45, 46).  

The bacterium S. wittichii RW1 was initially isolated and described for the first 

time in 1992 by Wittich as a potent dioxin metabolizing bacterium (47, 48).  The 

bacterium S. wittichii RW1 is ubiquitously found in soil in contaminated industrial sites 

with polycyclic aromatic hydrocarbons. The chemical composition of the outer 

membrane in Sphingomonas wittichii RW1 was found to be distinct from that of the outer 

membrane of other gram-negative bacteria as it possesses glycosphingolipids instead of 

lipopolysaccharides, a major component in the cell membrane of gram-negative bacteria 

(30, 49, 50). This unique property of S. wittichii RW1 helps to provide a hydrophobic 

environment in the outer membrane and therefore facilitates the uptake and degradation 

of dioxin and related compounds from the environment.  The complete annotated genome 
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sequence of S. wittichii RW1 reveals that this strain, in addition to a main chromosome 

(5,382,261 bp), contains two circular megaplasmids referred to as pSWIT01 (310,228 bp) 

and pSWIT02 (222,757 bp)(1, 51), with DNA G+C content between 62% and 68% (30, 

31). Additionally, the genome of S. wittichii RW1 possess a large number of transposase 

genes flanking some of the important catabolic genes suggesting that these genes were 

obtained through horizontal gene transfer (51).  S. wittichii RW1 is characterized by the 

unusual arrangement of the dioxin catabolic gene clusters where most of these genes are 

located on variant loci on the megaplasmid and on the chromosome. For instance, the 

multicomponent dioxin dioxygenase system is carried in one distinct locus of the small 

megaplasmid. However, genes for the reductase RedA2 and the meta cleavage enzyme 

Dbfb have been found to be located on a neighboring genomic segment on the 

megaplasmid and oriented in the opposite direction to the dioxygenase system. Several 

key enzymes that are implicated in the degradative pathways of the diaryl ethers dibenzo-

p-dioxin and dibenzofuran have been characterized and described in detail such as the 

initial oxygenase, the extradiol dioxygenase, and the meta-cleavage product (MCP) 

hydrolase (46). S. wittichii RW1 is well characterized both genetically and biochemically 

and is considered to be a model organism that may facilitate the study of the molecular 

mechanism of dioxin and other environmental toxicants metabolism (52). In addition, the 

versatile metabolic capabilities of S. wittichii strain RW1 may provide promising 

directions to the fields of bioremediation and biodegradation.  

1.2. POLYCYCLIC AROMATIC HYDROCARBONS 

Polycyclic aromatic hydrocarbons (PAHs) comprise a large group of several 

hundred types of recalcitrant, nonpolar, lipophilic, and toxic organic pollutants with 
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different molecular composition and structure (53-57). Polycyclic aromatic hydrocarbons 

(PAHs), including polychlorinated dibenzo-p-dioxin, dibenzofuran, and biphenyls are 

known as persistent environmental pollutants and are among the most toxicants of 

concern at Superfund sites in the United States with over 600 PAH contaminated sites 

listed on the United States Environmental Protection Agency National Priorities List  (58-

63). These compounds are formed and released into the environment by anthropogenic 

sources such as industrial contamination, the chemical synthesis of pesticides and 

herbicides, gasification and incomplete combustion of organic compounds or natural 

sources such as volcano eruptions and forest fires (37, 64-68).  

The chemical backbone of PAHs is composed of two or more fused aromatic 

rings (69, 70). Based on the number  of the aromatic rings of the compound, polycyclic 

aromatic hydrocarbons are classified into two categories; low molecular weight (LMW) 

PAHs composed of two or three aromatic rings such as naphthalene, phenanthrene, and 

fluorene and high molecular weight (HMW) PAHs with more than three aromatic rings 

such as benzo[a]pyrene, chrysene, and fluoranthene (53, 69, 71-76).  The hydrophobic 

nature of PAHs is notably correlated with the molecular weight of the compounds where  

high molecular weight PAHs are more hydrophobic and persistent in the environment 

than low molecular weight PAHs (76, 77).  Polycyclic aromatic hydrocarbons are of 

considerable concern for environmental health due to their high recalcitrance and stability 

and hydrophobicity properties (78). They have also been reported for their adverse 

consequences on human health for their significant toxic properties as mutagenic and 

carcinogenic agents. (39, 53, 79, 80). As they enter the human body, they form 

hydroxylated products, particularly in the liver, that can easily interfere with the DNA 
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leading to serious diseases (81). High molecular weight (HMW) PAHs, such as pyrene, 

have been recognized as the most dangerous environmental contaminants for their high 

risk on human and environmental health and therefore have been identified as 

environmental priority pollutants by the U.S. Environmental Protection Agency (73, 75, 

82, 83). 

A number of bacterial strains that can cometabolize or grow on dibenzo-p-dioxin 

and dibenzofuran have previously been isolated and identified as Pseudomonas, 

Rhodococcus, Terrabacter, and Sphingomonas species (45, 84-86). Species belonging to 

the sphingomonad group have been identified as the best-isolated aromatic compound 

degrading bacteria (82). The biodegradation of PAHs is affected by a number of 

important factors such as the long-term persistence, low water solubility, and the low 

bioavailability of these compounds in contaminated environments (63, 73, 87). The 

persistence of PAHs may also be affected by the number and the chemical structure of 

the aromatic nuclei of each class of the PAHs in addition to the number and the 

arrangement of any halogens on the aromatic rings (88, 89). For instance, low molecular-

weight polyaromatic hydrocarbon, such as naphthalene, are considered more susceptible 

to biodegradation than high molecular weight polyaromatic hydrocarbons (39, 66, 90).  

Interestingly, numerous enzymatic systems have evolved in different bacterial 

communities and several genes encoding dioxygenases that initiate the degradation of the 

diverse hydrocarbon compounds have been identified using degenerate primers or 

specific probes (78, 89, 91, 92). Some bacterial species, in addition, share similar initial 

dioxygenase systems or lower pathway enzymes in order to activate the degradation of 

the PAH. The presence of high similarity catabolic genes between different xenobiotic 
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degrading bacteria suggest that these genes have been acquired by the mean of horizontal 

gene transfer (88).  

 1.3. DIOXIN AND DIOXIN-LIKE COMPOUNDS: 

Dioxins are a large family of 210 different congeners of chemically and 

structurally related polychlorinated aromatic compounds known for their stability, low 

bioavailability and highly recalcitrant properties. Chlorinated dioxins are commonly 

composed of two main groups, the polychlorinated dibenzo-p-dioxins consisting of 75 

congeners and the polychlorinated dibenzofurans consisting of 135 congeners 

collectively referred as dioxin-like compounds (93). 

 

Figure 1. Skeletal structure of dibenzo-p-dioxin  

Dioxin and dioxin-like compounds are formed and released in large quantities to 

the environment as a consequence of human and ecological activities and industrial 

events such as incomplete combustion of organic substances containing chlorine, 

manufacturing of herbicides and pesticides containing chlorine, paper and pulp bleaching, 

and incineration of municipal and industrial waste (62, 94, 95). The first industrial release 

of dioxin pollution to the environment was in 1982 after the Seveso accident in Italy (96, 

97).  The chemical structure of dibenzo-p-dioxin is composed of two benzene rings 

connected by two oxygen bridges. Dioxin and dioxin like compounds are persistent and 
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chemically stable contaminants that are well known for their adverse impacts and the 

serious consequences on environmental and public health (85, 98).  

Dibenzo-p-dioxin is regarded as a carcinogenic and mutagenic agent and is a main 

cause of several inflammation cases in human such as chloracne syndrome and chronic 

skin inflammation (99, 100). Exposure to dioxins can also cause a number of other 

serious problems such as hepatoxicity, endocrine disorders, reproductive and neuro 

system disease, and respiratory problems (58, 97, 101, 102). The toxicity of dioxin is 

mainly due to the number and positions of chlorine atoms attached to the molecule. For 

instance, the dioxin molecule becomes highly toxic when the chlorine atoms are attached 

to the carbon atoms at the 2nd, 3rd, 7th, and 8th positions forming a compound called 

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), the most recalcitrant compound found in 

nature. The 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is known as the most potent 

dioxin congener and that poses a lethal effect on animal and human health and the 

environment (103-106).  

Because of their high recalcitrance, low solubility in water, and the high stability 

to biological degradation, dioxins have been reported to be the most dangerous 

environmental pollutants to human and environmental health and their removal from 

contaminated sites has become a challenge to bioremediation and bioaugmentation 

technologies. The degradation of dioxins occurs at very low rates in the environment. 

However, in the last few decades, a number of bacterial isolates, mainly Pseudomonas, 

Burkholderia, Arthrobacter, Rhodococcus, and Sphingomonas species, have been 

reported for their ability to break down the carbon structure of dioxin and other 

polycyclic aromatic hydrocarbons through a process called bioremediation (107).    
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The lipophilic properties and the limited solubility of dioxins in water cause these 

compounds to be easily accumulated and stored in the food chain (Chang, 2008, Cho and 

Kim, 2001, Takada et al, 1996). The highly toxic effect of dioxin compounds is 

associated with the binding of the dioxin molecule to a cytoplasmic receptor protein 

called the aryl hydrocarbon (Ah) receptor; a ligand-induced transcription factor that 

belongs to the helix-loop-helix (bHLH) superfamily of environmental response proteins 

(108-112). The extremely toxic dioxin congeners such as 2,3,7,8-tetrachlorodibenzo-p-

dioxin (TCDD) bind with high affinity to the cytoplasmic Ah receptor leading to serious 

health effects (113-115). In addition, the planar structure enables this compound to form 

a complex with the AHR receptor that interfere with the regulation of transcription in the 

cell causing serious effects on human health such as cancer, immune system problems, 

and developmental and reproductive diseases (116).  

1.4. BIOREMEDIATION 

Microorganisms including bacteria and fungi play an important role in breaking 

down the highly toxic compounds in contaminated sites into harmless forms throughout 

an effective process called bioremediation (117). These microorganisms have the 

potential to grow and utilize the toxic environmental compounds as the sole source of 

carbon and energy (40, 118).  Bioremediation is known as a powerful approach for the 

removal and detoxification of organic contaminants in the environment including 

polycyclic aromatic hydrocarbons (43, 119). It has been effectively used as an alternative 

treatment to traditional methods including physical-chemical strategies of dioxin removal 

from polluted sites. (69, 120). The process of bioremediation can be carried out using two 

important approaches, bioaugmentation and biostimulation (121). While bioaugmentation 
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involves the introduction of bacterial strains to the contaminated sites to stimulate 

pollutant degradation, biostimulation requires providing optimal conditions including 

temperature, nutrients, and aeration in order to promote bioremediation capabilities of 

microorganisms already present at the contaminated site and often involves using 

favorable electrons donors and acceptors that simulate the metabolic activities of the 

microorganisms in the contaminated environments (76, 117). Aerobic microbial 

degradation has been a subject of interest to the bioremediation field, in particular for the 

remediation of contaminated sites with the highly recalcitrant compounds dibenzo-p-

dioxin and dibenzofuran as well as other contaminants such as pharmaceuticals and 

organic solvents (119, 122). In addition, a number of bacterial strains are known to 

harbor the catabolic pathways and to completely mineralize the toxic compounds into less 

harmful structure. In recent years, research has focused on isolating potential bacterial 

strains that can be utilized in bioremediation (123). Furthermore, microorganisms have 

evolved new metabolic pathways that enable them to utilize a wide range of polycyclic 

aromatic hydrocarbons as a source of carbon (89). Microorganisms utilize three main 

strategies in order to break down the recalcitrant structure of highly toxic compounds.  

These include oxidative degradation using dioxygenases in aerobic bacteria, 

anaerobically via reductive dehalogenation, and fungal oxidation utilizing cytochrome 

P450 enzymes. Because of the hazardous impacts of xenobiotic compounds on the 

environment, bacterial degradation has been the focus of much research over the last 100 

plus years. A number of bacterial strains have been isolated for their remarkable ability to 

reduce the concentration and even completely eliminate environmental organic 

pollutants. Among these bacteria, S. wittichii RW1 has been shown to be a promising 
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microorganism for biodegradation and for the removal of dioxin from the contaminated 

sites. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 BACTERIAL STRAINS, PLASMIDS, AND CULTURE CONDITIONS  

Sphingomonas wittichii RW1 (48) and Sphingobium yanoikuyae B1 (124) were 

cultivated aerobically at 30°C on Luria-Bertani (LB) agar medium or mineral salts basal 

medium (MSB) (125) with either 10 mM phenylalanine or 10 mM succinate.  E. coli 

strains were grown on LB agar medium at 37°C supplemented with the appropriate 

antibiotics.  E. coli DH5α was used as a host strain for standard cloning and 

transformation. Growth media were supplemented with different antibiotics including 

kanamycin (Km) (100 µg ml-1), ampicillin (Amp) (50 µg ml-1), tetracycline Tc (15 µg ml-

1) or gentamycin (Gm) (25 µg ml-1) in order to screen for the resultant clones or to select 

for transformants, transconjugants, and knockout mutants.  

2.2. CHEMICALS AND REAGENTS 

Most chemicals used in this study were purchased from Sigma-Aldrich or Baker 

and were of the highest grade available. Luria-Bertani (LB) medium was obtained from 

Becton, Dickinson and Company (Sparks, MD, USA). Dibenzo [b,e], [1, 4] Dioxin and 

Dibenzofuran were purchased from Tokyo, Japan (Toshima, Kita-Ku, Tokyo, Japan). 

DifcoTM Noble agar was obtained from Becton, Dickinson and Company (Sparks, MD, 

USA) and used at a concentration 2% to solidify the mineral salts basal medium (MSB)  

Succinic acid, sodium salicylate, and L-phenylalanine were obtained from Aldrich 

Chemical Company (Milwaukee, WI, USA). Dibenzo-p-dioxin, dibenzofuran, L-

phenylalanine, salicylate, and succinate were added to the mineral salts basal medium 

(MSB) at a final concentration of 3 mM, 3 mM, 10 mM, 5 mM, and 10 mM, respectively. 

For growth curve experiments, the carbon sources dibenzo-p-dioxin or dibenzofuran were 
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dissolved in acetone and left in the hood for 6 hours to evaporate the acetone. 50 ml of 

MSB was then added and the flasks sonicated for 5 minutes to allow the dibenzo-p-dioxin 

or dibenzofuran crystals to disperse. For MSB agar medium, dibenzo-p-dioxin and 

dibenzofuran were provided as crystals in the petri dish lids.  

2.3. PLASMID DNA EXTRACTION AND MOLECULAR GENETICS METHODS 

Ligation reaction using T4 DNA ligase and restriction enzyme digestions with 

CutSmart buffer were set up following the instructions provided by the supplier (New 

England BioLabs Inc). Transformation and agarose gel electrophoresis were performed 

using standard techniques. Agarose gel electrophoresis was carried out in Tris (40 mM) 

acetate (20 mM) and EDTA buffer (2 mM). Total genomic DNA was extracted using the 

UltraClean ® Microbial DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA) 

according to the manufacturer’s recommendations. Plasmids were isolated with the 

NucleoSpin® Plasmid Kit (Macherey-Nagel, Düren, Germany) according to 

the manufacturer's instruction. DNA fragments were analyzed by electrophoresis on 0.8% 

agarose gels and purified by gel extraction using the Geneclean® III Kit (MP 

Biomedicals, LLC, IIIkrich, France). The kanamycin, kanamycin3, and gentamycin 

antibiotic cassettes (126, 127) were retrieved from the plasmids p34S-km, p34S-km3, and 

p34S-gm, respectively, using the primers outlined in Supplemental Table 2.  

 2.4. PRIMER DESIGN 

All primers were designed using the Lasergene SeqBuilder software (version 10, 

DNASTAR, Madison, WI, USA). The primer sequences and plasmids used in this study 

are listed in Supplemental Table 1 and 2.  
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2.5. PCR CONDITIONS 

For PCR reactions, the Phusion® High-Fidelity PCR Kit (New England BioLabs 

Inc) and the ReadyMix™ Taq PCR Reaction Mix (Sigma, St. Louis, MO, USA) were 

utilized following the manufacturer's directions. PCR purification products were purified 

from PCR reactions using Geneclean® III Kit (MP Biomedicals, LLC, IIIkrich, France. 

All sequencing was performed by Genewiz (South Plainfield, NJ, USA). The thermal 

cycling conditions for Phusion® High-Fidelity PCR reactions were as follows: 98°C for 

30 sec, 98°C for 10 sec, 72°C for 30 sec, 72°C for 30 sec, 72°C for 7 min and 4°C hold. 

2.6. OVERLAP EXTENSION PCR 

The PCR reactions were carried out using Phusion ® High-Fidelity PCR Kit 

(New England BioLabs Inc). The thermal cycling program for overlap extension PCR is 

as follows: the first 10 cycles were run without adding primers using a program with 

94°C for 3 minutes, 94°C for 30 seconds, 60°C for 1.5 minutes, and 72°C for 2.5 

minutes. Next, the forward primer 5Z-oriR-lacZ and the reverse primer TnMod-oriT3 

were added and 25 cycles were run using the program 94°C for 5 minutes, 94°C for 30 

seconds, 72°C for 2 minutes, and 72°C for 3 minutes.  

 2.7. TRIPARENTAL CONJUGATION 

The bacterial triparental conjugation was set up using the “gob” method.  In this 

method, the three bacterial strains (the donor, the recipient, and the helper strain) were 

initially grown overnight on LB agar plates supplemented with the appropriate antibiotic. 

Each strain was suspended in 500 µl LB broth, pelleted together by centrifugation at 3000 

rpm for 3 min, and resuspended in 50 µl of LB broth. The mixture was placed as a spot 

on an LB plate and incubated overnight at 30°C.   
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2.8. GENE KNOCKOUT 

2.8.1. DxnA1A2 gene knockout  

2.8.1.1. Construction of plasmid and ΔdxnA1A2::Km mutant 

To generate the ΔdxnA1A2::Km knockout mutant, total microbial DNA was 

extracted from the wild type strain S. wittichii RW1 using  UltraClean® Microbial DNA 

extraction kit (Mobio, Carlsbad, CA). The dxnA1A2 genes encoding the angular dioxin 

dioxygenase were amplified from genomic DNA of S. wittichii RW1 by PCR with 

primers dxn-A1-ko-f1 and dxnA1-ko-r1 (Table 1) using Phusion® High-Fidelity PCR Kit 

(New England BioLabs Inc). The resultant amplicon (2.7 kb) was purified from the PCR 

reaction using the Geneclean® III Kit (MP Biomedicals, LLC, IIIkrich, France), digested 

with HindIII and XbaI, cloned into the corresponding sites of the unstable cloning vector 

pRK415, and transformed into competent E. coli DH5α cells. A 1.3 kb gene sequence 

encoding a kanamycin resistance cassette excised from p34S-Km plasmid was subcloned 

into the PstI site of the dxnA1A2 genes. The resultant construct was introduced into S. 

wittichii RW1 by triparental conjugation using pRK2013 as the helper plasmid. The 

transconjugant carrying the donor vector was confirmed by PCR and was subjected to a 

knockout by inoculating 5 ml of fresh LB broth medium with a single colony. A 100 µl 

volume was subcultured every 24 hours to another 5 ml of LB broth medium. After the 

8th to 10th subculture transfer, the culture was diluted and 100 µl from the 10-2 and 10-3 

dilution was spread on LB agar plates supplemented with the appropriate antibiotic.  The 

resultant colonies were screened on LB Tc plate and LB Km plate for the loss of the 

unstable vector as a result of homologous recombination of the kanamycin gene into the 

chromosome. Next, the knockout mutant was tested for loss of the ability to utilize 
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dibenzofuran and dibenzo-p-dioxin as the sole carbon source. To confirm our result, a 

growth curve was performed to measure the growth rate of the knockout mutant in 

comparison with the wild type strain.  
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Figure 2. Schematic representation of gene knockout procedure 
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2.8.1.2. Complementation  

To ensure the activity of the intact dxnA1A2 gene, the functional dxnA1A2 gene 

was PCR amplified with primers dxn-A1-ko-f1 and dxnA1-ko-r1 containing HindII and 

XbaI sites respectively, cloned into the cloning vector pRK415 and introduced into the 

dxnA1A2 knockout mutant by triparental conjugation. The resultant transconjugant was 

tested for ability to grow on MSB supplemented with either dibenzo-p-dioxin or 

dibenzofuran as the sole source of carbon and energy at 30°C.  

2.8.2. redA2 gene knockout 

In order to obtain a knockout mutant of the redA2 gene, the 5’ upstream fragment 

was isolated from genomic DNA of S. wittichii RW1 by PCR with primers RedA2-f with 

SacI site and RedA2-mr with KpnI site, forward and reverse primer, respectively (Table 

1) using Phusion® High-Fidelity PCR Kit (New England BioLabs Inc).  The resultant 

PCR product was cloned into the pGEM®-T Easy Vector (Promega Cooperation, 

Madison, WI, USA) by TA cloning method using 2X rapid ligation buffer. The ligation 

reaction was incubated at 4°C overnight. After the incubation period, 1 µl of the ligation 

reaction was transformed into competent DH5α cells and the clones were selected on 

LB/Amp/X-gal agar medium. The clone with the right size was verified by sequencing. 

Next, the 3’ downstream fragment was PCR amplified with the primers RedA2-mf with 

KpnI site and RedA2-r with BamHI site as the forward and reverse primers, respectively. 

The amplified DNA fragment was cloned into the pGEM®-T Easy Vector by TA 

cloning. The ligation reaction was transformed into E. coli DH5alpha cells and clones 

were selected on LB/Amp/X-gal agar medium. The clone with the right size was then 

verified by sequencing. The upstream and downstream flanking areas were digested from 
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the pGEM®-T Easy vector using the restriction endonucleases SacI/KpnI and 

KpnI/BamHI, respectively. The resultant 1.3 kb upstream fragment and 1.0 kb 

downstream fragment were gel purified and ligated into plasmid pRK415 at the 

corresponding restriction sites. Next, a 1.3 kb fragment containing the kanamycin cassette 

was retrieved from plasmid p34s-km3 and cloned at the KpnI site. To confirm the gene 

knockout mutant of redA2, the knockout mutant was PCR amplified with the primers 

km3-R and RedA2-R. The gene knockout mutant was verified using the primers RedA2-

R2 and km3-R because the construct and the mutant are with the same size (3 kb).  

2.8.3. redA1 gene knockout 

To generate a knockout mutant of the redA1 gene, the upstream flanking region 

(960 bp) of the redA1 gene was amplified by PCR using genomic DNA from S. wittichii 

RW1 as a template and the primers RedA1-MR and RedA1-F1 that introduced EcoRI and 

SacI restriction sites at the 5' and 3' ends of the DNA fragment, respectively. The 

amplified DNA product of the predicted size was cloned into the pGEM-T easy vector by 

the TA cloning method. The resultant clone with the right size of the insert was digested 

with EcoRI and SacI. The digested upstream fragment was then excised and purified 

from the 0.8% agarose gel. The downstream fragment (1 kb) was PCR amplified with 

primers RedA1-MF and RedA1-R which introduce a BamHI site and a SacI site at the 

two ends of the DNA fragment. The PCR amplification product was purified and cloned 

into the pGEM-T easy vector using the pGEM-T Easy cloning kit. The resultant clone 

was verified by sequencing and then digested with BamHI and SacI and run on agarose 

gel. The BamHI/SacI fragment was excised and purified from the gel. The digested 

product of both the upstream and downstream fragments were then cloned into the 
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pRK415 vector at the corresponding site to yield pRK415/RedA1. Next, a gentamycin 

cassette (850 bp) was digested with SacI, purified from the gel, and cloned into 

pRK415/RedA1 at the corresponding site. The final construct was then moved into S. 

wittichii RW1 via triparental mating and a knockout constructed and tested as explained 

above. 

 2.8.4 Complementation 

In order to ensure that the specified gene has the correct function, the DNA of the 

intact gene was PCR amplified from the wild-type strain with primers RedA1-FC1 and 

RedA1-RC1 for RedA1 gene complement and the primers RedA2-FC1 and RedA2-RC1 

for the RedA2 complement. The resulting PCR product was then cloned into the pGEM-

T easy vector by means of TA cloning. After confirming the correct gene by sequencing, 

the gene was retrieved from the pGEM-T easy vector and re-cloned into plasmid 

pRK415. The final construct was then moved into the double knockout mutant bacterium 

by means of triparental conjugation.  

 2.8.5. fdx3 gene knockout 

To obtain the fdx3 gene knockout, a 924 bp upstream region of the fdx3 gene was 

PCR amplified with primers Fdx3-f with a HindIII site and Fdx3-mr with a XbaI site 

using Phusion® High-Fidelity PCR Kit (New England BioLabs Inc).   The PCR product 

of the upstream fragment was purified and cloned into the pGEM®-T Easy Vector 

(Promega, Madison, WI, USA). Next, a 1,030-nucleotide downstream region of the fdx3 

gene was PCR amplified with primers Fdx3-mf with a XbaI site and Fdx3-r with a KpnI 

site, The PCR product was purified and cloned into the pGEM®-T Easy Vector by the 

TA cloning method using 2X Rapid ligation Buffer. The ligation reaction was incubated 

at 4°C overnight and 3 µl was transformed into DH5α. Cells were then plated on LB agar 
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plates with ampicillin and X-gal and incubated at 37°C overnight. A clone with the 

correct size was selected and verified by sequencing. The upstream region of the gene 

was excised from the pGEM-T vector with HindII and XbaI and the downstream region 

of the gene was excised from the pGEM-T vector with XbaI and KpnI and both the 

upstream and downstream fragments were cloned into the pRK415 vector. Next, the km3 

cassette (1 kb) was excised from p34S-Km3 plasmid and cloned into the XbaI site of the 

fdx3 gene. The resultant construct was moved into S. wittichii strain RW1 via triparental 

mating and the knockout mutant constructed as described above.  

2.8.6.  fdx1 gene knockout 

To generate the fdx1 gene knockout, a 1,084 bp fragment comprising the 5' 

upstream flanking region of the fdx1 gene was PCR amplified from genomic DNA of S. 

wittichii RW1 with primers Fdx1-F1 with an added EcoRI site and Fdx1-mr with an 

added SacI site using the Phusion® High-Fidelity PCR Kit (New England BioLabs Inc). 

The resulting PCR fragment was then cloned into the pGEM®-T Easy Vector (Promega, 

Madison, WI, USA). The clones were selected on LB medium with kanamycin and X-

gal. The correct clone was digested with EcoRI and SacI and the correct DNA fragment 

excised from the gel. Next, the 3' downstream flanking region (1,188 bp) of the fdx1 gene 

was PCR amplified with primers Fdx1-mf with an added SacI site and Fdx1-R with an 

added BamHI site, The PCR product was purified and cloned into the pGEM®-T 

Easy Vector by the TA cloning method using 2X Rapid ligation Buffer. The ligation 

reaction was incubated at 4°C overnight and 3 µl was transformed into competent E. coli 

DH5α cells. Cells were then plated on LB agar plates with ampicillin and X-gal and 

incubated at 37°C overnight. A clone with the correct size was selected and verified by 
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sequencing. The upstream region of the gene was excised from the pGEM-T vector with 

EcoRI and SacI and the downstream region of the gene was excised from the pGEM-T 

vector with SacI and BamHI, and both the upstream and downstream fragments 

were cloned into pRK415 digested with EcoRI and BamHI. Next, the gentamycin cassette 

(1 kb) was excised from the p34S-Gm plasmid and cloned into the SacI site. The resultant 

construct was moved into S. wittichii strain RW1 via triparental mating and a knockout 

strain constructed as described above.   

2.8.7. Complementation 

 In order to verify the function of the target genes that are responsible for the 

initial dioxygenolytic attack of dibenzo-p-dioxin and dibenzofuran, the fdx1 and fdx3 

genes encoding the two ferredoxins were PCR amplified with primers Fdx1-FC1 

AAGCTTctgccagtaaaaatttgcattgg and Fdx1-RC1; GGATCC gatttcaaatctacgctgtgg  and   

Fdx3-FC1 CTGCAGgcaccatctctcggatgggag and Fdx3-RC1 GGATCC 

ggataactttggaggatcg, respectively. The PCR products were then cloned into the broad 

host range vector pRK415 at the corresponding sites. The resultant clones were then 

confirmed by sequencing and mobilized into the mutant strain via triparental mating. The 

resulting transconjugant was then tested for the ability to grow on MSB supplemented 

with dibenzo-p-dioxin or dibenzofuran.   

2.9. CONSTRUCTION OF A NEW SHUTTLE VECTOR PSEZ-B1RP 

The construction of a new plasmid vector requires the presence of a number of 

important putative parts including an origin of replication oriR associated with 

partitioning genes, an origin of transfer oriT, and an antibiotic resistance marker such as 

TcR. The new Sphingomonas plasmid vector was constructed as follows. Genomic DNA 
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of S. yanoikuyae B1 was extracted using the UltraClean® Microbial DNA (MO BIO, 

Carlsbad, CA). The XhoI-BglII 2.4 kb region containing parA-repA-oriR was PCR 

amplified using the Phusion ® High-Fidelity PCR Kit (New England BioLabs Inc) from 

the plasmid pKG2, a cryptic plasmid in S. yanoikuyae B1 with primers par_rep_5 and 

par_rep_3. The PCR amplification product was purified from solution using the 

Geneclean® III kit and incorporated into the pGEM-T Easy vector by TA cloning. The 

transformed DH5α colonies were plated on LB agar supplemented with ampicillin and 

Xgal.  The desired clone was then confirmed by sequencing.  A 2.0 kb fragment with the 

tetA-tetR genes for tetracycline resistance was PCR amplified from pRK415 using the 

415_Tc_5 and 415_Tc_3 primers containing the restriction sites BglII and KpnI, 

respectively. The PCR product was purified using the Geneclean®  III Kit (MP 

Biomedicals, LLC, IIIkrich, France) and cloned into the pGEM-T easy vector. The 

ligation reaction was transformed into competent DH5α cells and the correct clone 

selected on LB-Amp-Xgal agar plates. Clones with the correct insert size were then 

verified by sequencing. The E. coli plasmid OriR region was isolated from pGEM5Z(f-) 

using the Phusion® High-Fidelity PCR Kit (New England BioLabs Inc) with primers 5Z-

oriR-lacZ-5 (forward primer) and 5Z-OriR-lacZ-3 (reverse primer). The OriT fragment 

was isolated from plasmid pTnMod-Okm3 using the Phusion® High-Fidelity PCR Kit 

(New England BioLabs Inc) with primers TnMod-oriT-5 (forward primer) and TnMod-

oriT-3 (reverse primer). After PCR, the OriR fragment and the OriT fragment were run 

on a 0.8% agarose gel and excised and purified using the Geneclean® III Kit (MP 

Biomedicals, LLC, IIIkrich, France). The purified products of both PCR fragments were 

used as a template for the overlap extension PCR. The first 10 cycles were run without 



24 

 
 

primers and 25 cycles were run with the primers 5Z-oriR-lacZ-5 (forward primer) and 

TnMod-oriT-3 (reverse primer) using the Phusion® High-Fidelity PCR Kit (New 

England Biolabs. Inc). The amplified fragment was run on 0.8% agarose gel and purified 

from the gel using Geneclean®  III Kit (MP Biomedicals, LLC, IIIkrich, France).  The 

purified 1.8 kb fragment with the pMB1 oriR, lacZ (MCS), and RK2 oriT was 

sequentially cut with KpnI and then with XhoI. The resulting three PCR fragments were 

ligated together using the respective restriction enzyme cutting sites as shown in Figure 3. 

The final construct was verified by complete sequencing. 
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Figure 3: Construction of a new Sphingomonad plasmid vector 
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2.9.1. Deletion of the partitioning region parA from the new vector pSEZ-B1RP  

To remove the parA-repA-oriR which encodes for the partitioning system of the 

new cloning vector pSEZ_B1RP, the plasmid DNA was isolated from the host E. coli 

DH5α, digested with BglII and XhoI and run on a 0.8% agarose gel. The plasmid 

backbone (minus the parA-repA-oriR region) of 3.8 kb was excised and purified from the 

gel. The repA fragment (1.7 kb) was isolated from pKG2 plasmid of strain B1 with 

primers end-par introducing a XhoI site and par-rep3 introducing a BglII site using 

Readymix Taq. The 1.7 kb PCR fragment was purified and cloned into the pGEM-T-easy 

vector by TA cloning. After verifying by sequencing, the repA  fragment was removed by 

digestion with XhoI and BglII.  The gel-purified repA fragment was then ligated with the 

3.8 kb vector backbone. The ligation reaction was incubated at 16℃ overnight, 

transformed into DH5α, and plated on LB agar with tertracycline. The resultant vector 

was then cut with BglII and XhoI which yields two fragments (3.7 kb and 1.7 kb) to 

verify the correct size of the resulting vector.  

 2.9.2. Examine the stability of the new vector pSEZ-B1RP and pSEZ-B1R in 

Sphingomonas yanoikuyae strain B1 

To assess the stability of the new vector pSEZ-B1RP in S. yanoikuyae B1, the 

plasmid vector was introduced into the recipient cells of B1 by triparental conjugation 

using the  "Gob method" procedure.  In this method, the recipient strain B1 was grown on 

an LB agar plate at 30°C overnight.  E. coli HB101 containing the helper plasmid 

pRK2013 was grown on an LB Kanamycin plate overnight at 37°C and E. coli 

DH5α containing the donor plasmid was grown on LB Tetracycline overnight at 37°C.  A 

loop full of the bacterial cells of the recipient, the donor, and the helper was each 
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suspended in 500 µl of LB broth medium. After centrifugation at 3,000 rpm for 3 

minutes, the supernatant was discarded and the pellets of the helper strain and the donor 

strain were suspended in 200 µl LB broth. Then, 25 µl of the helper and 25 µl of the 

donor were added to the pellet of the recipient strain, mixed together, and the suspension 

was plated on LB agar medium and incubated at 30℃ overnight. After incubation, the 

cells were suspended in 1 ml of LB broth and serial dilutions were made. Then, 100 µl 

from the 10-3 and 10-4 dilutions were spread on MSB medium supplemented with 

succinate for selection. The transconjugant carrying the new plasmid was confirmed by 

PCR with primers lacZ mapF and RepA mapR (Table 2). In order to obtain a pKG2 free 

strain, the resulting transconjugant was grown in 5 ml LB broth with tetracycline and 

incubated at 30°C overnight. After two subculture transfers in LB broth with tetracycline, 

individual colonies were selected and assessed for the loss of the pKG2 plasmid using 

PCR with primers BlankmapF (forward primer) and RepAmapR (reverse primer). Then, 

one single colony that exhibited loss of the cryptic plasmid pKG2 was used to test the 

stability of the new cloning vector. The colony was first grown on LB tetracycline plates 

and incubated at 30°C overnight. The growing cells were suspended in 350 µl LB broth 

and 100 µl was transferred to 3 tubes of 5 ml LB broth and incubated at 30°C overnight. 

2.9.3. Stability of the new vector pSEZ-B1RP in Sphingomonas wittichii RW1 

To examine the stability of the new cloning vector pSEZ-B1RP in S. wittichii 

RW1, the cloning vector was introduced into RW1 via triparental mating using pRK2013 

as a helper plasmid. The resulting transconjugant was grown on MSB succinate 

supplemented with tetracycline and incubated at 30℃ for two days.  Then, 5 ml of LB 

broth was inoculated with the growing bacterial cells. 50 µl was transferred from the LB 
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broth tube to another 5 mls of LB broth and incubated at 30℃ overnight. This step was 

repeated for 6 days. Next, serial dilutions were made from each tube and 100 µl from 10-3 

and 10-4 dilutions were plated on LB agar and LB tetracycline plates.  On the first day, 

after 24 hours incubation at 30℃, the numbers of the colonies were almost the same on 

both the LB agar and LB agar with tetracycline. However, the numbers of colonies on LB 

tetracycline plates decreased highly on the second days and there were no growth at all 

on the LB tetracycline plates on the third day.  

2.10. ELIMINATION OF THE MEGAPLASMID 

The new plasmid vector pSEZ_RW1RP (8,177 bp) was developed from the 

previously constructed vector pSEZ-B1RP. The origin of replication of pSEZ-B1RP was 

removed and replaced by the pSWIT02 oriR obtained from the total DNA of S. wittichii 

RW1. First, the plasmid pSEZ-B1RP was digested with the restriction endonucleases 

BglII and XhoI. A 3.4 kb fragment containing the origin of transfer (oriT) gene, the lacZ 

gene and the tetracycline resistance genes was retrieved from the plasmid pSEZ-B1RP 

(digested and purified from the gel).  Next, the origin of replication of plasmid pSWIT02 

along with the genes for partitioning were obtained from genomic DNA of S. wittichii 

RW1 by PCR amplification with the forward primer parB-F containing a BglII site and 

the reverse primer  Rep-R containing a XhoI site. The resulting 4.3 kb fragment was 

purified from the PCR reaction and ligated into the pGEM-T Easy vector. The clone with 

the correct insert size was selected based on the blue white screening method and 

confirmed by sequencing. The 4.3 kb fragment containing the  RepA-parB genes was 

retrieved from the pGEM-T Easy vector with the restriction sites BglII and XhoI. After 

purification, the two fragments (the 3.8 kb region of plasmid pSEZ-B1RP and the 4.3 kb 
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region with the RepA-ParB region) were ligated together with T4 ligase. The construct 

was transformed into E. coli DH5α and the construct verified by restriction mapping.  

The construct, designated pSEZ_RW1RP was then transferred to S. wittichii RW1 by 

triparental mating with tetracycline selection.  RW1 containing pSEZ_RW1RP was 

subcultured several times in MSB liquid medium supplemented with 10 mM 

phenylalanine.  Selection of cured RW1 was carried out by screening colonies on MSB 

agar plates supplemented with dibenzo-p-dioxin or dibenzofuran crystals. To verify the 

loss of the megaplasmid pSWIT02, the wild-type strain S. wittichii RW1 and the cured S. 

wittichii RW1 were analyzed by PCR with the primers RepA-F, 

GGAGATCTGGTTGCATCAGTGGCCATAGG,  as a forward primer, and RepA-R2, 

TCAACGTGAACGGCTCGGAG, as a reverse primer, and RepA-F as a forward primer 

and RepA-R3, CACCTTCATCACCAGCAACC, as a reverse primer. The wild type 

strain gives a 1.9 kb band from RepA-F and RepA-R2 and a 2.6 kb fragment from RepA-

F and RepA-R3. 

2.11. REMOVAL OF THE NEW VECTOR PSEZ_RW1RP FROM PSWT02 FREE 

RW1 

 The new plasmid vector pSEZ_RW1RP was removed from the cured RW1 as 

follows. The cured RW1 strain was grown in 5 ml of LB broth and incubated at 30°C 

overnight. Serial dilutions were then made and cells from the 10-3 and 10-4 dilutions were 

plated on LB agar medium. To test for the curing of the vector pSEZ_RW1RP, 100 single 

colonies were transferred to LB tetracycline medium and LB medium without antibiotic. 

The colonies that are sensitive to tetracycline were selected from LB agar medium and 

confirmed by PCR for the loss of the vector pSEZ_RW1RP.   
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2.12. STABILITY OF THE NEW VECTOR PSEZ-PSWIT02 BA02-REPA02 AND 

PSEZ-PSWIT02 REP-02 IN CURED S. WITTICHII RW1 

To assess the stability of the new plasmid vector, the two new Sphingomonas 

vectors, pSEZ-pSWIT02 BA02-RepA02 or pSEZ-pSWIT02  RepA02, were introduced 

into the cured S. wittichii RW1 via triparental mating. The resulting transconjugants 

carrying the new vector pSEZ-pSWIT02 BA02-RepA02 or pSEZ-pSWIT02  Rep-02 

were grown on LB agar medium supplemented with tetracycline at 30°C overnight. The 

grown cells were then suspended into LB broth medium (without selective pressure) and 

a 100 µl from the suspension was transferred to three tubes each containing 5 ml of LB 

broth medium and incubated at 30°C overnight. Next, 100 µl was transferred from each 

tube into another 5 ml of LB broth and incubated at 30°C overnight. Serial dilutions were 

then made from the first transfer and a 100 µl from the 10-3  and 10-4  dilutions was spread 

on LB agar medium without selective pressure and incubated at 30°C for four days. Next, 

50 colonies were transferred to LB agar medium supplemented with tetracycline and the 

number of the sensitive colonies were counted out of 50.  
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Figure  4. Construction of the pSWIT02-derived plasmid 
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2.13. GROWTH CURVE 

To measure the turbidity of growing cells, the bacterial cells of S. wittichii RW1 

wild type and the knockout mutants were grown in 5 ml LB broth each with an 

appropriate antibiotic and incubated at 30°C with agitation overnight. When the OD600  

reached 1.5 , the growing bacterial cells were transferred to 50 ml of MSB with 

phenylalanine to a starting OD600 of 0.1 and incubated at 30°C for 12 hours. When the 

optical density reached 1.2 to 1.5 the bacterial cells were then transferred to 50 ml of MSB 

supplemented with either 3 mM dibenzo-p-dioxin or dibenzofuran as the only carbon 

source with a starting OD600 of 0.05.  Growth was measured first after 8 hours and then 

every 3 hours at OD600 for the dibenzo-p-dioxin culture and first after 6 hours and then 

every 2 hours at OD600 for the dibenzofuran culture.  
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Table 1: Plasmids and Primers 

Strain/Plasmid  Feature  Source/Reference 

pTnModOKm3 Kmr Dennis, J. J., & Zylstra, G. J. (1998).. Applied 

and environmental microbiology, 64(7), 2710-

2715. 

DH5α supE44 Δ lacU169 (ϕ80 lacZΔ M15) hsdR17 

recA1 endA1 gyrA96 thi-1 relA1 

Invitrogen  

pRK415 Tcr, broad host range vector N.T. Keen, S. Tamaki, D. Kobayashi, and D. 

Trollinger. 1998.  

pRK2013 Kmr Knauf VC, Nester EW. Plasmid 8: 45-54, 1982.  

S. wittichii RW1 PAH degrading bacterium Wittich RM, Wilkes H, Sinnwell V, Francke W, 

Fortnagel P. 1992. Metabolism of dibenzo-p-

dioxin by Sphingomonas sp. strain RW1. Appl 

Environ Microbiol 58:1005-10. 

S. yanoikuyae B1 PAH degrading bacterium Gibson DT, Roberts RL, Wells MC, Kobal VM. 

1973. Oxidation of biphenyl by a Beijerinckia 

species. Biochem Biophys Res Commun 

50:211-9. 

P34S-km Kmr Dennis, J. J., & Zylstra, G. J. (1998). Applied 

and environmental microbiology, 64(7), 2710-

2715. 

P34S-km3 Kmr Dennis, J. J., & Zylstra, G. J. (1998). Applied 

and environmental microbiology, 64(7), 2710-

2715. 

P34S-GM Gmr Dennis, J. J., & Zylstra, G. J. (1998). Applied 

and environmental microbiology, 64(7), 2710-

2715. 

pGEM T-Easy Amr, broad host range cloning vector Promega 
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Primer 

Name 

Forward Primer  Reverse Primer Anneal 

temperature ( ͦC) 

using Phusion or 

ReadyMix 

FDX3-FC1 

FDX3-RC1 

CTGCAGGCACCAT

CTCTCGGATGGGA

G     

GGATCCGGATAAC

TTTGGAGGATCG         

72 ͦC Phusion 

56 ͦC ReadyMix 

FDX1-FC1 

FDX1-RC1 

AAGCTTCTGCCAG

TAAAAATTTGCAT

TGG         

GGATCCGATTTCA

AATCTACGCTGTG

G             

72 ͦC Phusion 

55 ͦC ReadyMix 

RedA1-FC1 

RedA1-RC1 

 

CTGCAGGCATAGA

GAAAGCCGGGAG 

 

GGATCCCGCGATG

CTACGGTTCCCGC                      

72 ͦC Phusion 

62 ͦC ReadyMix 

RedA2-FC1 

RedA2-RC1 

CTGCAGGCTAAGG

AGGGCAGGTTCTG

G 

   

GGATCCGGCGTCT

CCCTGCTCCAATA

G 

72 ͦC Phusion 

65 ͦC ReadyMix 

par_rep_5 

par_rep_3 

CTCGAGGACGGAC

GTGACTAAGCGAC 

AGATCTCGAAGGC

GCATTGGCCGTAG

G 

72 ͦC Phusion 

62 ͦC ReadyMix 

415_Tc_5 

415_Tc_3 

AGATCTGGCTCTG

CTGTAGTGAGTGG 

GGTACCCCTATCG

TTTCCACGATCAG

CG 

70 ͦC Phusion 

59 ͦC ReadyMix 

end_par 

TnMod_ori

T_3 

GGCTCGAGAAGTA

AGCGAGGTTGGAT

GA 

GGCTCGAGGCCGC

CTTTTCCTCAATCG

C 

72 ͦC Phusion 

61 ͦC ReadyMix 

TnMod_ori

T_5 

TnMod_ori

T_3 

CGCATTAAGCATC

GTCTCTCGCCTGTC

CCC 

GGCTCGAGGCCGC

CTTTTCCTCAATCG

C 

72 ͦC Phusion 

65 ͦC ReadyMix 
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5Z_oriR_lac

Z_5 

5Z_oriR_lac

Z_32 

CCGGTACCGCGCG

TAATCTGCTGCTTG

C 

 

GAGAGACGATCGC

TTACAATTTCCATT

CGCC 

72 ͦC Phusion 

60 ͦC ReadyMix 

RepA-F 

RepA-R2 

GGAGATCTGGTTG

CATCAGTGGCCAT

AGG 

TCAACGTGAACGG

CTCGGAG 

67 ͦC Phusion 

58 ͦC ReadyMix 

RepA-F 

RepA-R3 

GGAGATCTGGTTG

CATCAGTGGCCAT

AGG 

CACCTTCATCACC

AGCAACC 

64 ͦC Phusion 

54 ͦC ReadyMix 

Fdx3-f 

Fdx3-mr 

AAGCTTGGCCCTA

GCTTAAGCTACAA

CG 

TCTAGAGACGTTC

ATCGTGTCCGATC 

72 ͦC Phusion 

57 ͦC ReadyMix 

Fdx3-mf 

Fdx3-r 

TCTAGAGGACACG

ATGAACGTCCCAA

GC 

GGTACCGGCGACG

GTTGGTGCTAGAC

GC 

72 ͦC Phusion 

61 ͦC ReadyMix 

parB–

pSWIT02 

repA-

pSWIT02 

GGAGATCTCCAAT

CTCCCCGAAGCGC

GGC 

GGCTCGAGGGAGA

TCATCGGTCAGTC

GTCC 

72 ͦC Phusion 

66 ͦC ReadyMix 

parA–

pSWIT02 

repA-

pSWIT02 

GGAGATCTGGTTG

CATCAGTGGCCAT

AGG   

GGCTCGAGGGAGA

TCATCGGTCAGTC

GTCC 

72 ͦC Phusion 

62 ͦC ReadyMix 

RedA2-f 

RedA2-mr 

GAGCTCCTTGTTG

AGGACACTCATGG   

GGTACCGCGACCG

ACCAACGCGATCG

AGCC 

72 ͦC Phusion 

59 ͦC ReadyMix 

RedA2-mf 

RedA2-r 

GGTACCGGCCGCA

AGCTGGTCGAGGC

G 

GGGGATCCGCTGC

TGGGTCAGCATCG

ATAG 

72 ͦC Phusion 

67 ͦC ReadyMix 
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Km3-F 

Km3-R 

GGAGATCTGCCAC

GTTGTGTCTCAAA

ATC 

GGCTCGAGGCTCT

TAGAAAAACTCAT

CGAGC 

 

70 ͦC Phusion 

69 ͦC ReadyMix 

RedA1-F1 

RedA1-MR 

GGGAATTCGCCTT

CCAGCCCGATCTT

AGCTG 

GGGAGCTCCGAGC

TGCACGTCGACGC

CATGG     

72 ͦC Phusion 

65 ͦC ReadyMix 

RedA1-MF 

RedA1-R 

GGGAGCTCGCGCC

AAGGTCGACTGCA

TCGTCG    

GGGGATCCGCCAT

CGGCCTCAGTCGA

TCTG     

72 ͦC Phusion 

68 ͦC ReadyMix 

Fdx1-F1 

Fdx1-mr 

GGGAATTCCGGAC

GGTCGCGTGATGG

CCGG 

 

GGGAGCTCGGACG

TGAACACGGCAGG

TTGC 

72 ͦC Phusion 

68 ͦC ReadyMix 

Fdx1-M 

Fdx1-R1 

GGGAGCTCCTGCC

GAATGGCAGGCGT

GTTGC 

 

GGGGATCCCTGCG

CTGCCTTCGTGATC

GGC 

72 ͦC Phusion 

68 ͦC ReadyMix 

RedA2-R2 

Km3-F 

GGAGATCTGCCAC

GTTGTGTCTCAAA

ATC 

GGCTCGAGGCTCT

TAGAAAAACTCAT

CGAGC 

 

70 ͦC Phusion 

59 ͦC ReadyMix 

LacZmapF 

RepAmapR 

GCAGCCTGAATGG

CGAATGG 

GAATGAACAGGTC

GAACTCG 

61 ͦC Phusion 

50 ͦC ReadyMix 

BlankmapF

RepAmapR 

CAAATGGCTGGAG

ACAGTGG 

GAATGAACAGGTC

GAACTCG 

61 ͦC Phusion 

50 ͦC ReadyMix 
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CHAPTER 3: GENETIC CHARACTERIZATION  

OF THE SPHINGOMONAS WITTICHII RW1  

ANGULAR DIOXYGENASE SYSTEM 

3.1 BACKGROUND 

Oxygenases are a large class of enzymes including both monooxygenases and 

dioxygenases which play a key role in detoxifying organic pollutants in the environment. 

In general, dioxygenases have been classified into two common classes: ring-

hydroxylating dioxygenases and ring-cleaving dioxygenases. The ring-hydroxylating 

dioxygenases are multi-component Rieske nonheme iron dioxygenase enzymes 

catalyzing the initial oxidation step of a wide range of natural and anthropogenic 

aromatic compounds and their substituted derivatives (Ashikawa et al. 2006; Barry and 

Challis 2013; Wammer and Peters 2006; Sauber et al. 1977).  

The dihydroxylation reaction catalyzed by oxidative enzymes requires the 

presence of electron transfer carriers in order to shuttle the electrons from NADH to the 

terminal oxygenase leading to the incorporation of two oxygen atoms at two carbon 

molecules into the substrate (Seeger, Camara, and Hofer 2001; Bunz and Schmidt 1997; 

Barry and Challis 2013). However, monooxygenases enzymes consume only one oxygen 

atom of the diatomic oxygen molecule for the oxidation of a substrate while reducing the 

other oxygen atom into water. The dioxygenation reaction is a primary reaction in the 

degradation of many polycyclic aromatic compounds by aerobic microorganisms 

including such compounds as dibenzo-p-dioxin, dibenzofuran, naphthalene, toluene, 

carbazol, and fluorene (Wang et al. 2014; Barry and Challis 2013; Peng et al. 2013; 

Ashikawa et al. 2006). 
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In the dibenzo-p-dioxin degradation pathway, the dioxygenase system in 

association with the electron transport components breaks down and transforms the 

planar structure of the dibenzo-p-dioxin toxicant into harmless intermediates (Takagi et 

al. 2005; Kasuga et al. 2013; Hartmann et al. 2012). Therefore, the dioxygenase enzyme 

plays a key role in the detoxification and remediation of toxic organic pollutants from the 

environment (Takagi et al. 2005).  

Bacterial strains have evolved two important modes of dioxygenation, lateral 

dioxygenation and angular dioxygenation (Nojiri, Habe, and Omori 2001). The 

dioxygenation reaction in the xenobiotic degraders such as Pseudomonas species is 

mostly attacking at a lateral position in the aromatic ring. However, sphingomonad 

species have been shown to have a mode of angular dioxygenation consisting of multiple 

protein components functioning together to initiate the dihydroxylation reaction 

(Armengaud, Happe, and Timmis 1998; Iida et al. 2002; Aly et al. 2008). More recently, 

several angular dioxygenases have been isolated and studied such as carbazole 

dioxygenase from Sphingomonas sp. strain CB3 and Pseudomonas resinovorans CA10, 

3-phenoxybenzoate-1,6-dioxygenase from Pseudomonas pseudoalcaligenes POB310, 

dibenzofuran-4,4a-dioxygenase from Terrabacter sp. strains YK3 and DBF63, and 

dibenzofuran-4,4a-dioxygenase from Sphingomonas wittichii RW1 (Armengaud, Happe, 

and Timmis 1998; Nojiri, Habe, and Omori 2001; Kasuga et al. 2013; Habe et al. 2001; 

Takagi et al. 2005). These types of dioxygenases are commonly known as Rieske non-

heme iron oxygenases consisting of a catalytic iron-sulfur protein with a Rieske-type 

[2Fe-2S] center (the terminal oxygenase component) and electron transfer proteins 

(Wang et al. 2014; Aly et al. 2008; Ashikawa et al. 2006). 
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The catalytic attack of the aromatic moiety by the ring-hydroxylating dioxygenase 

is not yet fully understood. However, previous studies have described a proposed reaction 

of the aromatic ring hydroxylation. First, the aromatic substrate binds to the mononuclear 

iron of the oxygenase component. Then, ferric iron is formed by binding one oxygen 

atom of the diatomic oxygen to the mononuclear iron and donating an electron from the 

Rieske center to the specified mononuclear iron. The ferredoxin component donates an 

electron to the mononuclear iron which leads to the formation of the ferrous iron and 

releasing the dihydrodiol product from the cleavage of the Fe—O bond. Then the 

ferredoxin donates a second electron to the Riske center forming a ferrous iron where the 

hydroxylase is at its initial step and ready to repeat the step again.  

Sphingomonas wittichii RW1 is well known as a dibenzo-p-dioxin mineralizing 

bacteria that was isolated for the first time from the Elbe River (Wittich et al. 1992). 

Genes involved in the dibenzo-p-dioxin degradative pathway can be divided into two 

groups, the upper pathway genes, and the lower pathway genes. The initial dioxygenase 

genes, the meta-cleavage genes, and the hydrolases are responsible for encoding the 

upper pathway. Most of these genes are well studied and characterized. On the other 

hand, the genes that are involved in the lower pathway part include all the genes 

responsible for converting the upper pathway intermediates into Krebs cycle 

intermediates.  

In S. wittichii RW1, the biodegradation of dibenzo-p-dioxin and dioxin-like 

compounds is initiated by an unusual enzyme system called dibenzofuran-4,4a-

dioxygenase (Bunz and Cook 1993; Happe et al. 1993). This type of dioxygenase 

requires a unique type of ferredoxins called a putidaredoxin-type [2Fe-2S] ferredoxin 



40 

 
 

rather than a Rieske-type [2Fe-2S] ferredoxin which is known to provide electrons to the 

common dioxygenase such as class IIB and class III dioxygenase (Armengaud and 

Timmis 1998, 1997). Because of the highly stable structure and the toxic nature of 

dibenzo-p-dioxin, this first step is considered as the most important step in the 

biodegradative pathway. 

 

 

 

 

 

  

Figure 5. A schematic of the angular dioxygenation reaction. 
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The dioxin dioxygenase was first purified and biochemically analyzed by Bunz 

and Cook in 1993 as a key enzyme responsible for the initial step of dioxin metabolism 

(Bunz and Cook 1993). The dioxin dioxygenase is a constitutive enzyme system that 

functions through a complex comprised of four important degradative genes, the 

dxnA1A2 encoded oxygenase, a reductase, and a ferredoxin. This reaction requires the 

transfer of electrons from NADH to the electron supply system: the reductase and the 

ferredoxin and finally to the oxygenase that adds two hydroxyl groups to the aromatic 

ring when it is activated. This step results in the formation of an unstable compound 

called a cis-dihydrodiol that coverts to a trihydroxy intermediate. The aromatic ring is 

subsequently cleaved by a ring cleavage enzyme that breaks one of the aromatic rings to 

yield 8-OH 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoate (HOPD). A hydrolase then 

catalyzes a reaction to form catechol that is further channeled and degraded into TCA 

cycle intermediates.  

Based on the electron transfer components properties, Batie et al. have classified 

the multicomponent dioxygenases into three major classes, class I, class II and class III. 

Each of these three classes is subdivided into two classes A and B. Class IA and class IV 

varies based on the redox center where class IA contains flavin mononucleotide FMN 

whereas class IB contains flavin adenine dinucleotide. Similarly, class IIA is known to 

have putidaredoxin ferredoxin instead of the Rieske center found in class IIB 

(Armengaud and Timmis 1998).  Based on the proposed classification system of Batie et 

al., the dioxin dioxygenase was classified to belong to the class IA ring-hydroxylating 

dioxygenases due to the biochemical properties of the ferredoxin gene where the 

prosthetic group 2Fe-2S is organized with four cysteine residues. 
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The two flavoprotein reductase components RedA1 and RedA1 and one 

ferredoxin named fdx1 were first cloned and studied from dibenzofuran-grown RW1 by 

Bunz and Cook in 1993 (Bunz and Cook 1993) and further characterized by Armenguad 

and Timmis in 1998 (Armengaud, Happe, and Timmis 1998; Armengaud and Timmis 

1997).  The structure of the ferredoxin component associated with the angular 

dioxygenase displays a unique type of electron transfer carriers called a putidaredoxin-

type [2Fe-2S] ferredoxin since the [2Fe-2S] cluster is ligated to four cysteine rather than 

two histidine and two cysteine residues found in Rieske type ferredoxins (Armengaud 

and Timmis 1997, 1998). The genes for the two ferredoxins were found in two loci in 

RW1.  The fdx3 gene is located in an operon with the dxnA1A2 oxygenase component 

genes while the fdx1 gene is located elsewhere on pSWIT02 in RW1.  The Fdx1 was the 

first electron transfer component associated with dibenzo-p-dioxin dioxygenase to be 

isolated and identified through hyperexpression experiment. The purified Fdx1 was found 

to function as an electron carrier to the dibenzo-p-dioxin dioxygenase.  A second 

ferredoxin component named Fdx3 functioned as an electron donor with the  dioxygenase 

and was isolated and purified by Armenguad et al. in 2000 based on its properties that 

match the previously isolated Fdx1 component (Armengaud, Gaillard, and Timmis 2000). 

This ferredoxin was also biochemically characterized and found to also contain a 

putidaredoxin-type 2Fe-2S cluster rather than the Rieske type 2Fe-2S cluster 

(Armengaud, Gaillard, and Timmis 2000). From the N-terminal sequence, they found that 

this ferredoxin exhibits moderate homology (35-45%) with putidaredoxin-type ferredoxin 

from Pseudomonas putida and ferredoxin from Rhodococcus sp. strain (Armengaud and 

Timmis 1997).  The flavoprotein reductase RedA2 was found to share a moderate 
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homology (about 40%) with class-I cytochrome P450 reductase (Armengaud and Timmis 

1998).    
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3.2. GENE KNOCKOUT 

Gene knockout is defined as the inactivation of a targeted gene function by 

introducing a mutation in that gene using different DNA recombining techniques. Over 

recent years, gene knockout technology has been widely used in a variety of organisms 

including both prokaryotic and eukaryotic organisms (128). Generating a knockout 

mutant was first described in E coli by Hamilton et al. in 1989 (129) and since then a 

numerous number of knockout mutants have been reported in a wide variety of bacterial 

species (130).  In bacteria, generating a knockout mutant has been considered as one of 

the most efficient ways and a powerful tool to elucidate gene function by deactivating the 

targeted gene. It helps better understand the molecular mechanism and the function of 

unknown genes.  

A gene knockout can be obtained using different approaches of genetic 

modification such as homologous recombination strategy, NHEJ technique or a CRISPR-

CAS9 method.  In the homologous recombination-based-method, the knockout is 

accomplished by designing a plasmid construct that carries a DNA sequence of the gene 

of interest flanked by a homologous sequence. The sequence of the gene is disrupted by 

inserting an antibiotic marker into the gene of interest. When the final construct is moved 

into the recipient strain the homologous ends will recombine with the original sequence 

in the wild type strain by homologous recombination resulting in a knockout mutant 

strain with nonfunctional gene. In our study, generating single and double knockout 

mutants was efficiently used to detect essential genes involved in the catabolic pathways 

and reveals that multicopy genes of the electron transfer carriers participate in the 

hydroxylation reaction of dibenzo-p-dioxin molecule. 
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3.3 GENERATING A KNOCKOUT MUTANT OF THE REDUCTASE AND 

FERREDOXIN.  

 

Abstract 

Sphingomonas wittichii RW1 is of a great interest for its diverse metabolic 

activities. S. wittichii RW1 uses a unique angular dioxygenase system to break down the 

recalcitrant carbon structure of dioxin. Previous studies showed that the RW1 

dioxygenase possibly functions with multiple ferredoxins and reductases. However, how 

many genes are actually involved in the electron transfer remains to be elucidated. Here 

we report the characterization of the essential electron carrier proteins, a ferredoxin and a 

reductase, implicated in dioxin metabolism by generating single and/or double knockout 

mutants of each electron transfer component. The single and double knockout mutants 

were examined on minimal medium supplemented with dibenzo-p-dioxin or 

dibenzofuran for growth ability. Screening tests revealed that either RedA1 or RedA2 and 

Fdx1 or Fdx3 are able to serve as an electron donor and to oxidize NADH in the first step 

of the dioxin degradation pathway. The single knockout mutant of each of the electron 

transfer components showed no effect when S. wittichii RW1 was grown on dibenzo-p-

dioxin or dibenzofuran while the double knockout mutant of the same component 

abolished growth on both of the substrates, confirming that two electron carrier proteins, 

Fdx1 and Fdx3, RedA1 and RedA2 participate in transferring electrons to the initial 

dioxygenase. This proves that the two ferredoxins and the two reductases are reciprocal 

in their function. Our work provides in vivo physiological proof of the role of the two 
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reductases and two ferredoxins in dioxin metabolism thus complementing the previous in 

vitro protein purification experiments. 

3.4. RESULTS  

Unlike the lateral dioxygenation which several bacterial species rely on for the 

utilization of the aromatic compounds, only a few bacterial strains have the ability to use 

angular dioxygenation in aromatic compound degradation. Among the best studied 

dioxygenases systems isolated so far is the dioxin dioxygenase of the bacterium 

Sphingomonas wittichii strain RW1. The dioxin dioxygenase catalyzes the initial attack 

of both dibenzo-p-dioxin and dibenzofuran compounds. The genes that are involved in 

this step of dioxin metabolism include dxnA1A2 encoding the two angular oxygenase 

subunits, redA1and redA2 encoding two different reductases, and fdx1 and fdx2 encoding 

two different ferredoxins. This dioxygenase system is characterized by its unique mode 

of dioxygenation that attacks at an angular position (4,4a) on the ether bridge of dibenzo-

p-dioxin. The dioxygenation reaction is achieved through the inserting two hydroxyl 

groups into the dioxin molecule by an angular dioxygenase.  This specific reaction 

requires the oxidation of NADH via electron transfer carriers that involve a reductase and 

ferredoxin. The electrons therefore shuttle down to the terminal oxygenase that attacks 

the dioxin molecule by adding two hydroxyl groups, with one of them at the angular 

position on the aromatic rings.  Several studies have been reported on the enzymatic steps 

of the dibenzo-p-dioxin degradation pathway. The molecular and biochemical studies 

revealed that this microorganism contains multiple copies of the putative genes that are 

involved in the dibenzo-p-dioxin metabolism pathway. For example, two reductases and 

two ferredoxins have been identified to serve as electron carriers in the dibenzo-p-dioxin 
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degradation pathway. The first ferredoxin named Fdx1 has been purified and studied by 

Armengaud and Timmis (1997). From the N-terminal sequence of the purified protein, 

they recognized this protein as a putidaredoxin-type [2Fe-2S] ferredoxin that shares 

significant similarity (40%) with other known ferredoxins of different species of bacteria. 

In order to study the redundancy of these important genes involved in the 

degradative pathways of dibenzo-p-dioxin and dibenzofuran, generation of knockout 

mutants of each of these genes was attempted in order to investigate the function of the 

encoded proteins. To achieve this we isolated the targeted gene from the whole genomic 

DNA of S. wittichii RW1 and cloned it into an unstable cloning vector. The resulting 

clone was then moved into the recipient RW1 strain and the mutant strain was obtained 

via homologous recombination of the inactivated gene with original wild type gene. The 

mutant strain was first screened on LB kanamycin plates and LB tetracycline plates. The 

colonies that grow on kanamycin but not tetracycline are the desired mutant strains. The 

knockout mutant was then confirmed by PCR.  Then the knockout mutants were tested 

for growth ability on dibenzo-p-dioxin and dibenzofuran. The screening test showed that 

the oxygenase component knockout RW1ΔdxnA1A2 did not grow on either dibenzo-p-

dioxin or dibenzofuran. This indicates that the RW1 strain contains only one functional 

oxygenase component to initiate dibenzo-p-dioxin and dibenzofuran metabolism. On the 

other hand, the single knockout mutants of each of the ferredoxin genes (RW1Δfdx1 and 

RW1Δfdx3) and the reductase genes (RW1ΔredA1 and RW1ΔredA2) were still able to 

grow on both dibenzo-p-dioxin and dibenzofuran as the sole carbon and energy source.  

However, the double knockout mutants RW1Δfdx1Δfdx3 and RW1ΔredA1ΔredA2 lost 

the ability to grow on  dibenzo-p-dioxin. and dibenzofuran.  This proves that the two 
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reductases and the two ferredoxins can replace the function of each other and there are 

only two ferredoxins and two reductases in RW1 that can serve as electron carriers. The 

mutant strains were then complemented by the analogous cloned genes which restored 

the growth ability on the two aromatic substrates showing that no other genes were 

affected by the knockout mutataions.  

To further confirm these results and to examine the phenotype of the generated 

mutant strain, a growth curve has been performed for each of the knockout mutants to test 

the growth rate of the mutant strain in comparison with the wild type strain. The mutant 

strains were subcultured into minimal medium supplemented with 3 mM dibenzo-p-

dioxin or dibenzofuran. The growth curves show that the single knockout mutants grow 

as fast as the wild type strain. However, the double knockout mutants did not grow at all 

on either substrate. This confirms the plate screening test and indicates that the RW1 

harbors two genes encoding isofunctional ferredoxins and two genes encoding 

isofunctional reductases.  

3.5. DISCUSSION  

The dioxin degradation pathway in Sphingomonas wittichii RW1 occurs via a 

dihydroxylation reaction of the dibenzo-p-dioxin molecule by catalysis of a typical 

dioxygenase system called an angular dioxygenase functioning with electron transfer 

components, a reductase and a ferredoxin. In this important first metabolic step, the 

dibenzo-p-dioxin molecule is hydroxylated at two neighboring carbon atoms forming an 

unstable hemiacetal compound. This is followed by a spontaneous reaction which forms 

chemically stable compounds including, 2,2',3-trihydroxybiphenyl for the dibenzofuran 

pathway and 2,2',3-trihydroxybiphenyl ether for the dibenzo-p-dioxin pathway. This is 
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followed by ring cleavage of one aromatic ring to produce a compound called HOPDA. 

The latter compound then undergoes a hydrolysis reaction producing catechol from 

dibenzo-p-dioxin or salicylate from dibenzofuran. Based on previous biochemical work 

we know that there are multiple potential electron transfer components that are actively 

functioning to provide electrons to the terminal oxygenase. The first identification of 

these proteins was performed by Bunz and Cook in 1993 who demonstrated the presence 

of a putative dioxygenase enzyme and a reductase termed RedA1 and a ferredoxin 

designated Fdx1 (Bunz and Cook 1993). A few years later, an enzymatic analysis was 

done by Armenguad et al. 2000 on the characterization of the important catabolic genes 

involved in the first step of dioxin metabolism (Armengaud, Gaillard, and Timmis 2000). 

They have successfully demonstrated the genetic and biochemical analysis of the 

previously isolated electron transfer components. The multicomponent dioxin 

dioxygenase system was found to be carried on one distinct locus of the megaplasmid 

pSWIT02. However, the reductase RedA2 has been found to be located on a neighboring 

genomic segment on the megaplasmid and transcribed opposite to the genes for the 

dioxygenase system. Additionally, they found a second copy of the ferredoxin named 

fdx3 that can be used by the dioxygenase as an efficient electron transfer carrier 

(Armengaud, Gaillard, and Timmis 2000).  Other studies based on the proteomic analysis 

suggested that a third reductase identified as Swit_0104 may also participate in the 

electron transfer to terminal oxygenase. In this work, therefore, we sought to determine 

the exact copies of these important genes in Sphingomonas wittichii RW1. We 

successfully obtained a single knockout mutant of each of the reductase genes redA1 and 

redA2. We also obtained a single knockout mutant of each of the ferredoxin genes fdx1 
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and fdx3. Our data showed that each of the single knockout mutants was able to provide 

electrons to the dioxin dioxygenase and thereby allowed the growth of RW1 on both 

dibenzo-p-dioxin and dibenzofuran. However, by generating double knockout mutants of 

the two reductases and testing the mutant strains for their growth ability we noticed that 

the mutant has lost the ability to grow on both dibenzo-p-dioxin and dibenzofuran. 

Similarly, a double knockout mutant of the two ferredoxin genes could not use dibenzo-

p-dioxin or dibenzofuran as a sole carbon and energy source. These data provide proof 

that S. wittichii RW1 contains two reductases and two ferredoxins that function as 

putative electron transfer components in the dioxygenolytic attack of the dioxin 

compound. 
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Figure 7. Growth of DxnA1 knockout mutants on DD 
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Figure 8. Growth of Fdx1 and Fdx3 knockout mutants on DBF 
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Figure 9. Growth of Fdx1 and Fdx3 knockout mutants on DD 

  

0 10 20 30 40 50

RW1

KO Fdx1

KO Fdx3

KO Fdx1 Fdx3

0.05

0.1

0.2

0.4

0.8

Time (hr)



54 

 
 

 

 

Figure 10. Growth of Fdx1 and Fdx3 complements on DD 
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Figure 12. Growth of RedA1 and RedA2  knockout mutants on DBF 
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Figure 13. Growth of RedaA1 and RedA2 complements on DD 
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Figure 14. Growth of RW1 on 5 mM salicylate  
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To test whether the two reductases RedA1 and RedA2 are also involved in the 

electron transport for dioxygenases other than the angular dioxygenase DxnA1A2, the 

single knockout mutants RW1ΔredA1 and RW1ΔredA2 were grown on MSB agar plates 

supplemented with 5 mM salicylate and incubated at 30°C for four days. Interestingly, 

the RW1ΔredA1 knockout mutant showed normal growth on salicylate medium but the 

RW1ΔredA2 knockout mutant was no longer able to grow on salicylate. This proves that 

the second reductase RedA2 supplies electrons to the dibenzo-p-dioxin dioxygenase as 

well as to the salicylate oxygenase.  To better clarify the function of the reductase 

enzyme, a complementation test was performed of the RedA2 mutant strain. The wild 

type redA2 reductase gene was cloned into the pRK415 broad host vector and the clone 

was then moved into the RW1ΔredA2 knockout mutant by triparental mating. The 

complemented strain restored the ability to grow on MSB medium with salicylate. A 

growth curve was performed to measure the growth rate of the mutant strain and the 

complemented strain. The double knockout mutant RW1ΔredA1ΔredA2 was 

complemented with either cloned redA1 or redA2. Interestingly, when we complemented 

the double knockout mutant with either of the two reductases the cloned genes restored 

the growth on salicylate in both cases. Our hypothesis is that the redA1 gene is expressed 

constitutively on the plasmid pRK415 and became functional while the wild type redA1 

gene is not expressed when the wild type strain grows on salicylate. These findings prove 

that the salicylate oxygenase requires a reductase as an important electron carrier in the 

initial dihydroxylation attack and both the dibenzo-p-dioxin and the salicylate oxygenase 

share the same reductase component for this critical step.   In addition, the reductase 

knockout mutant was also tested on MSB with benzoate as the sole carbon and energy 
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source. The single knockout mutant of the RedA2 gene showed a normal growth on 

MSB/benzoate plate after 3 days incubation at 30 C. However, the mutant RW1 strain 

lacking both of the reductases genes was no longer able to utilize benzoate as the only 

carbon source and the growth was completely abolished on this substrate. These findings 

show that each of the dioxin dioxygenase, the salicylate oxygenase, and the benzoate 

oxygenase compete for the same electron transport component, in particular, the 

reductase component RedA1 and RedA2. 
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Figure 15. Growth of RW1 on 5 mM benzoate 
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Dioxygenase 

Component 

Generic Name Genome 

Location 

Sequence 

SWIT# 

Growth on 

Dibenzofuran 

Growth on 

Dioxin 

Oxygenase DxnA1A2 pSWIT02 4897 - - 

Ferredoxin Fdx3 

Fdx1 

Double Knockout 

pSWIT02 

pSWIT02 

4893 

5088 

+ 

+ 

- 

+ 

+ 

- 

Reductase RedA2 

RedA1 

Double Knockout 

pSWIT02 

Chromosome 

4820 

2055 

+ 

+ 

- 

+ 

+ 

- 

 

Table 2:  Summary of the RW1 DBF/DD Dioxygenase Knockout 
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CHAPTER 4: GENETIC MANIPULATION OF  

SPHINGOMONAS WITTICHII RW1 

 

4.1. ABSTRACT 

Sphingomonads are well known for their potential in the bioremediation field and 

their unusual capability to metabolize a wide range of monocyclic and polycyclic 

aromatic compounds including benzene, toluene, xylenes, phenols, biphenyl, 

naphthalene, phenanthrene, carbazole, dibenzofurans, and dibenzo-p-dioxins.  

Sphingobium yanoikuyae strain B1 is one of the most interesting Sphingomonas strains 

because of its capability to degrade a broad variety of monocyclic and polycyclic 

aromatic hydrocarbons such as biphenyl, naphthalene, phenanthrene, toluene, and m- and 

p-xylene as the sole source of carbon and energy. The complete sequence of the 32 kb 

Sphingomonas yanoikuyae B1 cryptic plasmid pKG2 revealed an origin of replication 

sequence (oriR) and two essential genes encoding for replication and partitioning 

components of the plasmid, named repA and parA respectively. We hypothesized that the 

repA gene along with the origin of replication (oriR) is the minimum required for 

replication of pKG2. We also hypothesized that parA is required for stability of the 

plasmid and proper partitioning during cell division. We designed and constructed two 

Sphingomonas shuttle vectors, one containing repA and oriR from pKG2 and the other 

containing repA, oriR, and parA from pkG2. Additionally, the plasmids contained a 

tetracycline resistance gene, an origin of conjugal transfer (oriT), the E. coli pMB1 oriR, 

and a lacZ gene with a multiple cloning site from pGEM5Z(f-).  The newly constructed 

vectors were then examined for their ability to be maintained in Sphingomonas strains. 
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 Upon introduction into S. yanoikuyae B1 with tetracycline selection both new vectors 

caused the loss of plasmid pKG2 confirming the expected incompatibility due to the 

identical oriR in both plasmids.  Plasmid stability tests showed that the repA-oriR-parA 

vector was completely stable (0% loss) over six days of subculture without antibiotic 

selection. In contrast, the repA-oriR vector was lost at the rate of 10% for every 24 hr 

subculture. Our work demonstrates that the repA-oriR region is sufficient for replication 

and that parA is absolutely required for plasmid stability. These two cloning vectors in 

both a stable and unstable version are useful genetic tools for the manipulation of 

Sphingomonas strains. 

4.2. SPHINGOMONAD MEGAPLASMIDS  

A number of bacterial strains are known to harbor large circular or linear plasmids 

with sizes over 100 kilobases known as large plasmids or megaplasmids (131). These 

extrachromosomal DNA molecules confer significant traits for host bacteria such as 

antibiotic resistance, symbiosis, virulence, nitrogen fixation or xenobiotic compound 

degradation (132-134). Several degradation plasmids have been reported in different 

bacterial strains, specifically those that belong to the alphaproteobacteria family include 

plasmids such as pCAR3 of Sphingomonas sp. strain KA1 (135), pNL1 of Sphingomonas 

aromaticivorans F199, pSymA and pSymB of Sinorhizobium meliloti 1021 (133), and the 

pSWIT02 plasmid in S. wittichii RW1. These type of plasmids are commonly known as 

repABC plasmids. The repABC operons encode three proteins known as RepA, RepB, 

and RepC. While the repA and repB genes encode proteins responsible for plasmid 

partitioning, repC encodes a protein for replication. The megaplasmids pCAR3 and 

pSWIT02 contain a repeat DNA sequence known as iterons, between 14-17 bp long 
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which is a common characteristic of plasmids belonging to RepABC family within the 

RepA-group (136).  In particular, large plasmids are frequently found in members of 

sphingomonads that play an essential role in dibenzo-p-dioxin and/or dibenzofuran 

metabolism conferring a unique characteristic of Sphingomonas members (131, 136, 

137). Most of the sphingomonad megaplasmids encode important catabolic genes known 

to be involved in the degradation pathway of polyaromatic hydrocarbons. Therefore, 

megaplasmids contribute to the survival and adaptation of sphingomonad strains in 

contaminated environments with organic pollutants.  

The sequences of some of these large plasmids have been completed and analyzed 

(138). Sequence analysis of the large plasmids showed that catabolic genes are one of the 

dominant sequences in the large plasmids and most of the identified ORFs are related to 

aromatic compound degradation. For instance, the megaplasmid pNL1 from 

Sphingomonas aromaticivorans was found to have an essential role in the biodegradation 

of PAHs such as naphthalene and biphenyl and pSWIT02 from Sphingomonas wittichii 

RW1 has been shown to have a crucial role in dibenzo-p-dioxin metabolism (136).  

In recent years, intensive work has been done to detect the function of the large 

plasmids in several Sphingomonas strains particularly in the bacterium Sphingomonas 

wittichii RW1. Among these studies, protein purification experiments revealed the 

function of a number of the important catabolic genes that are located on the 

megaplasmid pSWIT02 such as the angular dioxygenase system, the meta-cleavage 

enzyme, and the hydrolases. In order to prove the important function of the megaplasmid, 

we sought to design a new shuttle vector that enables the loss of pSWIT02 based on the 

incompatibility of the introduced new vector and the original RW1 megaplasmid. A 
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previously designed vector termed pSEZ_B1RP was utilized to design a useful 

Sphingomonas vector carrying the same origin of replication of the megaplasmid 

pSWIT02. The new Sphingomonas vector named pSEZ_RW1RP was successfully 

utilized to determine the function of the important pathway genes for dibenzo-p-dioxin 

and dibenzofuran metabolism by eliminating the megaplasmid pSWIT02, which is 

known for its important function as a degradative plasmid carrying several important 

catabolic genes required for both dibenzo-p-dioxin and dibenzofuran metabolism. 

 

 

 

 

Figure 16. Final map of SEZ_B1RP and SEZ_B1R plasmids 
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Figure 17. Stability of the new versatile E. coli-Sphingomonas shuttle vector after 

seven successive subcultures. 

The pSEZ_B1RP and pSEZ_B1R vectors were mated into S. yanoikuyae B1 and 

S. wittichii RW1.  The native plasmid pKG2 in B1 was lost on the introduction of both 

plasmids which was confirmed by PCR using a set of primers BlankmapF and 

RepAmapR. Stability tests were performed by subculturing the cells in LB medium every 

day and plating on selective and nonselective medium.  
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Figure 18. Genetic components of the new vectors, pSEZ_B1RP and pSEZ_RW1RP 
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Figure 19. pSEZ_RW1RP final map 
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4.4. DISCUSSION  

Sphingomonas wittichii RW1 metabolizes dibenzo-p-dioxin and dibenzofuran as 

sole carbon and energy sources. S. wittichii RW1 is considered a model organism that 

facilitates the study of the molecular and biochemical mechanisms of dibenzo-p-dioxin 

and other environmental toxicants metabolism. Further, intensive effort and research have 

been performed to better understand the enzymes involved in the degradation pathway 

and a number of these enzymes have been purified and described in detail (139, 140). 

However, there is still a lack of sufficient molecular tools needed for genetic 

manipulation in Sphingomonas to better understand the metabolism and the genes 

participating in the degradation of dibenzo-p-dioxins as well as dibenzofurans (141). In 

the current work, we aimed to develop efficient genetic tools that can be exploited to 

study the metabolism of dibenzo-p-dioxin and dibenzofuran degradation in 

Sphingomonas and to identify genes that are indispensable for growth on these 

compounds. Thus, we designed and constructed a new Sphingomonas shuttle vector that 

can be stably maintained in Sphingomonas species providing a useful tool for genetic 

manipulation in the bacterium S. wittichii RW1 and for the identification and study of the 

catabolic pathway genes of xenobiotic compounds such as dibenzo-p-dioxin and 

dibenzofuran. 

The complete genome sequence of RW1 reveals that this strain, in addition to the 

main chromosome, contains two circular megaplasmids pSWIT01 and pSWIT02.  A 

number of studies have suggested that pSWIT02 carries genes that are involved in 

dibenzo-p-dioxin and dibenzofuran degradation.  Our hypothesis is that the megaplasmid 

pSWIT02 only encodes the first enzymatic step of the dibenzo-p-dioxin pathway. 
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Previous studies by other researchers suggested (erroneously) that the degradative genes 

of dibenzo-p-dioxin metabolism are expected to be located on the megaplasmid 

pSWIT02 rather than on the chromosome. To better clarify the role of pSWIT02 in S. 

wittichii RW1 we constructed the new plasmid pSEZ_RW1 containing the origin of 

replication oriR and associated partition (par) genes of pSWIT02 along with genes for 

tetracycline resistance.  This plasmid was mated into RW1 with the goal of forcing out 

the megaplasmid pSWIT02 since the shared oriR and par would result in incompatible 

plasmids.  The dual plasmid construct was subcultured multiple times in minimal 

medium supplemented with phenylalanine as a sole carbon source and colonies were 

examined for the presence of pSWIT02 by PCR.  This eventually resulted in a pSWIT02 

cured version of RW1.  The pSEZ_RW1 plasmid is slightly unstable and loss of this 

plasmid was then obtained by selecting for colonies lacking tetracycline resistance.  

Unsurprisingly, the pSWIT02 cured strain did not grow on either dibenzo-p-dioxin or 

dibenzofuran.  We used PCR to clone the dxnA1A2, fdx3, and redA2 genes encoding a 

multicomponent angular dioxygenase from three different locations in pSWIT02 into the 

low copy number vector pRK415 so that expression of the genes is from the lac 

promoter.  Moving this plasmid into the cured RW1 restored growth on dibenzo-p-dioxin 

and dibenzofuran.  Growth curves on minimal medium supplemented with either 

compound as the sole carbon source showed that the rate and extent of growth were 

almost the same as the wild type strain. 

Based on these experiments we conclude that the only pSWIT02 genes involved 

in the degradation of dibenzo-p-dioxin and dibenzofuran are the ones encoding the initial 

angular dioxygenase.  This explains why very few dioxin degrading organisms are 
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known, that a combination of plasmid and chromosome-encoded genes are necessary for 

growth on this recalcitrant compound.  Introducing only the two subunits of the dioxin 

dioxygenase (dxnA1A2) cloned into the unstable pRK415 vector did not restore the 

growth of the cured RW1 strain on dibenzo-p-dioxin and dibenzofuran. However, adding 

the genes for the electron transport components reda2 and fdx3 along with the genes for 

the dioxygenase resulted in the growth ability of RW1 on both dibenzo-p-dioxin and 

dibenzofuran. These results are consistent with previous data by Armenguad et al. (1998) 

who demonstrated that the activity of dioxygenase cannot be accomplished by DxnA1A2 

alone and that the presence of the reductase and ferredoxin is required for the 

heterologous expression of the dibenzo-p-dioxin dioxygenase system in E. coli DH5α. 

This data is also supported by our previous work involved the generation of the 

dioxygenase mutant RW1ΔdxnA1 where the mutant strain was not able to grow on 

dibenzo-p-dioxin and dibenzofuran. Both these data collectively provide solid evidence 

that the dioxygenase enzyme consisting of the large and the small subunits is located on 

the megaplasmid pSWIT02 and its function is important for the growth of RW1 on 

dibenzo-p-dioxin. The dibenzo-p-dioxin dioxygenase was shown to exist in only one 

copy that is located on the megaplasmid.  However, pSWIT02 genes encoding other steps 

in the catabolic pathway can be replaced by additional copies that are chromosomally 

encoded.   
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Figure 20: Complementation of the cured RW1 strain with the plasmid pRK415 

carrying the initial dioxygenase genes (DxnA1A2, RedA2 and RedA3)  

The broad host range plasmid pRK415 carrying the four genes, DxnA1A2, RedA2 ,and 

Fdx3, was moved into the cured RW1 via triparental mating method. The resulting 

transconjugant and the wild type strain (control strain) were then grown in MSB broth 

medium supplemented with 3 mM dibenzofuran and 3 mM dibenzo-p-dioxin. The growth 

turbidity was measured every 2 hours for dibenzofuran growth culture and every 3 hours 

for dioxin growth culture.  The growth curve results showed that the rate of the growth of 

the cured RWI with only dioxygenase genes expressed on plasmid pRK415 was almost 
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the same as the growth of the wild type strain. These results prove that the dioxin 

dioxygenase components are the only required genes located on the megaplasmid for 

dioxin and dibenzofuran metabolism.  
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