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            Polyaromatic hydrocarbons (PAHs) are a group of complex organic 

compounds that contain at least two aromatic rings. Some of the PAHs, which have 

high molecular weight, are known carcinogens. PAHs are one of the most prevalent 

pollutants in the environment and have two main sources: petroleum products and the 

incomplete combustion of wood. Several microorganisms are known for the ability to 

degrade PAHs, either aerobically or anaerobically, such as algae, bacteria, and fungi. 

The initial step of the aerobic degradation of PAHs is catalyzed by dioxygenase 

enzymes, which introduces oxygen atoms into the aromatic rings. The first aim of this 

study was to isolate and identify bacterial species that may have unique enzymes for 

PAH degradation. Two strains, Paenibacillus validus RD5 and RD6, were isolated 

from sediment samples obtained from the Logan River, Utah, USA, by aerobic 

enrichment using biphenyl as the sole carbon source. The second aim was to sequence 

the RD5 and RD6 genomes and examine transcription of several predicted 

dioxygenase genes in P. validus RD5 and P. naphthalenovorans PRN1 during growth 

on naphthalene, biphenyl, dibenzofuran, cinnamate, and benzoate using the reverse 

transcription polymerase chain reaction (RT-PCR) technique.  Based on the RT-PCR 

results and comparison of the dioxygenase sequences to other enzyme sequences in 

GenBank hypotheses were formulated about the role of three of the enzymes in 

biphenyl, naphthalene, and dibenzofuran degradation in the two Paenibacillus strains.  
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Chapter I 

INTRODUCTION 

 

            Polyaromatic hydrocarbons (PAHs) are a group of complex organic 

compounds, containing only carbon and hydrogen, which are formed by the fusion of 

at least two aromatic rings (Harvey 1991). These compounds are some of the most 

prevalent pollutants in the environment and many of them are known carcinogens.  

Petroleum products and the incomplete combustion of wood are the main sources of 

PAHs. Also, these pollutants can be found in coal tar, oil shale, creosote, and fossil 

sources (Harvey 1991; Ravindra et al. 2008; Feng et al. 2009).  PAHs may have 

formed at the beginning of the universe as PAHs have been found in comets and 

meteorites (Cook et al. 1996). 

            The simplest PAH forms are naphthalene, phenanthrene, and anthracene while 

the most common are those with five and six rings. PAHs are divided into two groups 

based on their size: the "small" PAHs, which contain up to six rings, and the "large" 

PAHs, which contain more than six rings (Feng et al. 2009). These compounds are 

biochemically stable, which can resist nucleophilic attack, and the reason for this is 

the π-electron clouds on the aromatic rings. Most PAHs are insoluble in water, where 

the solubility decreases with increasing molecular weight. These physical properties 

are one of the reasons for the difficulty of microorganisms to utilize PAHs as carbon 

sources, which promote the accumulation of these pollutants in the environment 

(Johnsen et al. 2005). 

            The traditional method used to reduce the PAHs hazards in the environment 

are limited to the physical removal or isolation of the pollutant. These methods are 
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expensive, time consuming, and not as effective as bioremediation. In contrast, 

bioremediation can reduce the hazards of these pollutants in a short time with less 

input of energy (Providenti et al. 1993; Ward et al. 2003). Algae, bacteria, and fungi 

are microorganisms known to degrade PAHs and use them as carbon and energy 

source. PAH degradation can be aerobic or anaerobic based on the microorganisms 

involved in the process. There are several factors that influence the rate of PAH 

degradation via microorganisms: (i) ecological factors such as pH, temperature, and 

oxygen; (ii) type and number of the microorganisms; and (iii) the chemical structure 

of the PAHs (Haritash & Kaushik 2009). 

            Well studied bacteria known for aerobic degradation of PAHs include 

pseudomonads, sphingomonads, actinobacteria, and firmicutes. These organisms use 

oxygen not only as an electron acceptor, but also as substrate for dioxygenase 

enzymes that introduce oxygen atoms into the aromatic rings in the first step of PAH 

degradation (Providenti et al. 1993; Haritash & Kaushik 2009; Lyu et al. 2014). Since 

dioxygenase enzymes are located inside the cell, PAHs must be taken up first by the 

microorganism before degradation can start. PAHs are then metabolized through 

dihydroxy compounds and ortho- or meta-cleavage pathways (Cerniglia 1984; 

Johnsen et al. 2005). 

            In 1993, the genus Paenibacillus was proposed based on phenotypic 

characteristics and 16s rRNA gene sequences data (Ash et al. 1991; Ash et al. 1993). 

The species belonging to the genus Paenibacillus are gram positive bacteria and are 

widely distributed in the environment and are found in water, soil, forage, 

rhizosphere, and insect larvae (McSpadden 2004; Lal & Tabacchioni 2009). 

Paenibacillus species have the ability to produce a special kind of endospore, the 

ellipsoidal endospore (Ash et al.  1993). There are distinctive characteristics that can 
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be used to distinguish Paenibacillus species: (i) high concentration of anteiso fatty 

acids (C15:0) in their cellular membrane; (ii) a DNA G+C ratio ranging between 45-

54 mol%; and (iii) ability to degrade different types of biopolymer such as alginate, 

chondroitin, chitin, curdlan, and starch (Ash et al. 1993; Montes et al. 2004; Kanzawa 

et al. 1995; Nakamura 1987). 

In this thesis, we analyzed the genomes of two different Paenibacillus species, P. 

naphthalenovorans and P. validus, focusing on the dioxygenases that initiate the 

degradation of different PAHs.  

            The first objective of this project was to identify the dioxygenase genes that 

have novel sequences which may code for unique enzymes. The second objective is to 

test the transcription of these genes under different growth conditions using reverse 

transcription polymerase chain reaction (RT-PCR) technique. 

  



4 

 
 

Chapter II 

LITERATURE REVIEW 

 

Characteristics and taxonomy of the genus Paenibacillus 

            In 1835, Bacillus subtilis was first described by Ehrenberg under the name of 

''Vibrio subtilis,'' which was then renamed by Cohn in 1872. The genus Bacillus is 

part of the Bacillaceae family which contains a large number of varied species. 

Members of the Bacillaceae family have the feature of producing different kinds of 

endospores (Claus 1986). Bacterial species that belong to genus Bacillus are rod-

shape gram-positive bacteria that are found in different environments such as 

freshwater, seawater, and hot springs. This genus contains aerobic and facultatively 

anaerobic as well as acidophilic and alkalophilic bacteria (Claus 1986; Nazina et al. 

2001).  

            In 1991, Ash et al. classified the genus Bacillus into five phyletic lines, based 

on 16S rRNA gene sequencing data. After two years, he reclassified the 

Paenibacillus, which was located in the group 3 rRNA bacilli, using both phenotypic 

features and 16S rRNA gene sequences to establish a new genus (Ash et al. 1993; Ash 

et al.1991).  There are currently more than 30 species under the genus Paenibacillus 

that have similar characteristics to the genus Bacillus. The name ''Paenibacillus'' 

reflects the fact of the similarity with the genus Bacillus, where paene in latin means 

almost (Ash et al. 1991, Lal & Tabacchioni 2009). 

The diversity of the Paenibacillus species 

            There are several examples that show the diversity of Paenibacillus species. 

First, Paenibacillus polymyxa, which is known for its ability to produce antibacterial 
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compounds. Paenibacillus polymyxa also plays an important role in agriculture and 

horticulture. This species has the ability to fix nitrogen as well as producing growth 

regulating substances, hydrolytic enzymes, and 2,3-butandiol, which is used in the 

production of different chemical compounds. Second, Paenibacillus koreensis, which 

has the ability to produce antifungal compounds (Lal and Tabacchioni 2009; Chung et 

al. 2000). Third, the species that have the ability to cause human infections such as 

Paenibacillus thiaminolyticus, which was isolated from a patient with renal failure 

(Ouyang et al. 2008). Fourth, the species that have a significant role in the industrial 

field such as P. amylolyticus, which is known for producing an alpha amylase enzyme 

that has important role in biofuel production (Ikram-Ul-Haq et al. 2012). Fifth, the 

species that have the ability to degrade polyaromatic compounds such as 

Paenibacillus naphthalenovorans and Paenibacillus validus, which will be studied in 

the thesis. 

Paenibacillus naphthalenovorans  

            The species name ''naphthalenovorans'' originally came from Persian which 

means ''naphthalene-devouring'' bacteria. P. naphthalenovorans was one of the 

Paenibacillus species isolated by Daane et al. (2002) from a petroleum contaminated 

area and salt marsh rhizosphere in Piles Creek, Linden, NJ, USA. Different tests were 

used in order to classify P. naphthalenovorans as a new species such as phenotypic 

and molecular tests, fatty acid methyl ester (FAME) profiles, and PAH-degradation 

profiles. In addition, naphthalene was used as the sole aerobic enrichment carbon 

source to isolate P. naphthalenovorans (Daane et al. 2001).  

             P. naphthalenovorans is a gram positive, strictly aerobic, rod-shaped 

bacterium that can move using peritrichous flagella. The approximate dimensions are 
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0.8 µm wide and 2.8-4.0 µm long and the mean of the GC content is 49 mol%. Like 

the other members of genus Paenibacillus, this species has the ability to form 

ellipsoidal spores in swelling sporangia and contains high concentration of (15:0) 

anteiso fatty acids. P. naphthalenovorans grows perfectly with temperatures that 

range between 30°C to 37°C and forms mucoid, translucent, white colonies on solid 

media (Daane et al. 2002).          

Paenibacillus validus  

             Paenibacillus validus has a long taxonomic history. In 1935, P. validus was 

first described by Bredemann and Heigener as Bacillus validus. Later, the strains 

belonging to B. validus were reclassified by Smith et al. (1952) and Gordon et al. 

(1973) as B. cirulans strans (Heyndrickx et al. 1995). In 1983, Nakamura and Swezey 

usedDNA GC content of their B. validus strains in order to consider this species 

unlinked to B. circulans. They found that the mean GC content of B. validus (54 

mol%) was higher than the GC content of B. circulans, which ranged from 37-39 

mol%. Therefore, B. validus was returned to its original classification after further 

phenotypic and genotypic studies conducted by Nakamura (Nakamura & Swezey 

1983, Nakamura 1984). Eventually, B. validus was moved with other species to the 

new genus Paenibacillus by Ash et al. in 1993 (Ash et al. 1993). 

            Unlike P. naphthalenovorans, P. validus forms non-mucoid, mottled colonies 

on solid media. Besides the colony morphology, PAH-degradation patterns, FAME 

profiles, and 16S rRNA sequences data were used in order to distinguish P. validus 

from other Paenibacillus species (Daane et al 2002). 

Formation of PAHs 
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            PAHs normally form under low oxygen conditions and via two main 

mechanisms, pyrosynthesis and pyrolysis. The first step involves formation of free 

radicals as a result of C-H and C-C bond breakage due to temperatures exceeding 

500○C. In the second step, these radicals link together yielding acetylene, which then 

forms aromatic ring structures that can resist the high temperatures.  Higher molecular 

weight PAHs can be formed by adding the hydrocarbon radicals to simple PAHs 

(Ravindra et al. 2008). 

Sources of PAHs 

             Petroleum products and the incomplete combustion of wood are the main 

sources of PAHs. PAHs are also found in fossil sources, crude oil, and coal tar. In 

addition to that, PAHs have five emission sources; agricultural, industrial, mobile, 

domestic, and natural. The PAH emission factors are used in estimating air pollution 

levels which helps in setting environmental protection policies (Ravindra et al. 2008). 

1. Agricultural and Industrial sources 

            The agricultural sources normally involve open burning of biomass which 

produces a significant amount of PAHs. There are several examples of agricultural 

sources such as open burning of stubble, straw, and sugarcane. Certain PAH 

emissions from sugarcane burning was studied by Godoi et al. (2004) and Fang et al. 

(1999). The results showed that the level of these emissions ranged from 7 to 46 

ng/m3 which is similar to the emissions level of some urban centers (Freeman & 

Cattell 1990).   

            Most of the industrial sources come from the manufacture of different 

products such as aluminum, coke, creosote, cement, asphalt, and rubber tires. Chen et 
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al. (2007) measured PAHs produced by the pyrolysis process of tire scrapping where 

they found that the mean was 77 μg/g with benzo(a)pyrene and dibenz[a,h]anthracene 

as the most dominate PAH. Beside these sources, Yang et al. (1998) demonstrated 

that industrial waste incinerators and heavy oil plants have a high emission factor of 

PAHs and benzo(a)pyrene (Chen et al. 2007; Ravindra et al. 2008). 

2. Mobile sources 

            These sources involve emissions from aircrafts, vehicles, and ships. The 

amount of PAH emission vary based on the engine type, fuel type, and the quality of 

the fuel. Several studies indicate that in urban areas, diesel and gasoline vehicles were 

the major contributors of PAH emission. These emissions were found to be higher in 

diesel fueled vehicles (Marchand 2004; Marr et al. 2006; Ravindra et al. 2008). Also, 

PAH emission from gasoline powered vehicles was found to be affected by the 

air/fuel ratio. Jones et al. (2004) found that a fast reduction in high molecular weight 

PAHs were recorded as the air/fuel ratio increased. 

             Mobile sources of PAH emission can also be generated from rail 

transportation such as diesel, electric, and coal-fired trains. In addition to that, a 

significant amount of PAH emission comes from aircraft exhaust as the worldwide 

estimated jet fuel consumption is 227 billion liter every year. Furthermore, these are 

other PAH emissions that are hard to quantify such as scraping of rubber tires and 

brake linings. The most prevailing PAHs found in these emissions were coronene, 

benzo[ghi]perylene, and pyrene (Chen et al. 2006; Ravindra et al. 2008). 

3. Domestic sources 
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            Burning of garbage, oil, wood, coal, and gas is the most dominant source for 

the domestic emission of PAH. Other sources were also indicated, especially in 

developing countries, such as using crop waste and dried dung for cooking. In 2002, 

WHO reported that approximately 75% of the people in China and India use solid 

fuels for cooking (Mutangadura 2004). The PAH emission factor of burning dried 

dung was estimated between 3.1 to 5.5 mg/kg (Venkataraman et al. 2002). Two 

studies were conducted by Boström et al. (2002) and Schauer and Cass (2000) in 

order to measure the benzo[a]pyrene emission in Sweden and Los Angeles 

respectively. These studies indicated that the estimated emissions of benzo[a]pyrene 

from wood burning was higher than the emissions from both gasoline and diesel 

vehicles. In domestic heating, several factors can affect the PAH emissions rate such 

as fuel type and burning conditions, which include oxygen availability and moisture 

(Standley and Simoneit, 1987; Jenkins et al., 1996) where Jenkins et al. (1996) found 

that PAH emissions from flaming combustion are 4-5 times less than the smoldering 

combustion. 

4. Natural sources of PAHs 

            The origins of natural sources can be terrestrial or cosmic. Terrestrial sources 

involve the burning of forests due to lightning strikes as well as volcanic eruptions. 

However, these sources were found to form a small fraction of PAH emission in 

comparison to other sources (Wild & Jones 1995; Ravindra et al. 2008). On the other 

hand, cosmic sources include carbonaceous chondrites, which arise in the asteroid 

belt. The production of PAHs in the chondrites can be either by high-temperature 

synthesis or thermal changes of aliphatic compounds. The thermal change requires the 

existence of magnetite and hydrated phyllosilicates which have low-temperature 

mineral stages (Halasinski et al. 2005; Ravindra et al. 2008). 

http://www.sciencedirect.com/science/article/pii/S1352231007011351#bib157
http://www.sciencedirect.com/science/article/pii/S1352231007011351#bib182
http://www.sciencedirect.com/science/article/pii/S1352231007011351#bib65
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PAHs and Human Carcinogenesis 

A- Historical significance 

            The key observation, which led to thinking about PAHs as human 

carcinogens, was in 1775 by the British surgeon Sir Percival Pott who found that 

exposure to soot can cause scrotal cancer in chimney sweeps. The second observation 

was in 1875 by von Volkmann who noticed an elevation of skin cancer cases among 

coal tar workers (Boström et al. 2002). In 1915, PAHs were demonstrated as 

carcinogens, when several studies on ears of rabbits showed that exposure to PAH-

containing compounds can cause tumors. These results were further proven a few 

years later when it was shown that the same compounds were tumorigenic in mice. 

(Phillips 1983). In 1929, dibenz[a,h]anthracene was the first pure carcinogenic PAH 

to be synthesized. A few years later, benzo[a]pyrene, which was proved to cause 

tumors in rodents, was isolated from tar (Dipple 1985; Phillips 1983). As a result of 

that, benzo[a]pyrene is used frequently as a model for tumorigenic PAHs. However, 

benzo[a]pyrene is not the only PAH that can cause tumors. In 1998, Club et al. 

conducted an experiment by mixing the feed of mice with coal tar and benzo[a]pyrene 

separately. After two years, they noticed that coal tar induced tumors in the 

forestomach, lung, and liver while benzo[a]pyrene induced tumors in forestomach, 

tongue, and esophagus. These results showed that beside benzo[a]pyrene, other 

genotoxic components were responsible for the liver and lung tumors (Club et al. 

1998). 

B- Mechanisms of carcinogenesis 

            The mutagenic PAHs normally have more than four rings in addition to a ''bay 

region,'' a structural pocket which can facilitate PAH binding to metabolizing 
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enzymes. The metabolic alteration of PAHs inside an organism results in polar 

compounds such as diols, radicals, and quinines. These compounds can covalently 

bind to DNA and form bulky PAH-DNA adducts. PAH-DNA adducts can be stable, 

which leads to mutations, or unstable which causes depurination that also leads to 

mutations if unrepaired.DNA damage may also occur because reactive oxygen species 

are generated as a result of quinines formation. There are three metabolic pathways 

that describe the chemical carcinogenesis of PAH: the first pathway that involves 

dihydrodiol epoxide formation, which was dominant until the late 20th century. The 

second pathway that involves radical cation formation as a result of P450 peroxidase 

activity and was proposed in the mid 1990s. The third pathway involves o-quinone 

formation as a result of dihydrodiol dehydrogenase activity and was postulated in late 

1990s (Ramesh et al. 2004; Xue &Warshawsky 2005). The enzymes that are involved 

in PAH metabolism to diol epoxides are cytochrome P450 1A1, 1A2, and 1B1. The 

genes that code for these enzymes are regulated by the aryl hydrocarbon receptor 

(AHR) that binds to PAHs.  AHR works as a transcription factor that up-regulates the 

expression of these genes in the presence of PAHs, which ultimately increases 

enzyme production and thus facilitate PAH metabolism (Nebert et al. 2004). 

Microbial degradation of PAHs 

            The biodegradation of PAHs is one of the major methods used in order to 

totally remove these pollutants from the environment or at least reduce their effects. 

Several species of bacteria, fungi, and algae are known for their ability to degrade 

PAHs such as Paenibacillus naphthalenovorans, Cunninghamella echinulata, and  

Selenastrum capricornutum respectively. These microorganisms use different 

enzymes in order to initiate the degradation process of PAHs such as dioxygenases, 

monooxygenases, and lignin peroxidases (Fig. 1). The biodegradation rate of the 
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PAHs depends on the molecular weight of PAHs as well as the microorganism type 

that is involved in the degradation. The degradation of PAHs with low molecular 

weight, two or three rings, is easier and faster than the degradation of PAHs with high 

molecule weight, more than three rings. The reason for that is mainly the high water 

solubility of PAHs with low molecular weight, which increases the accessibility of 

these compounds to the degrading microorganisms. There are other factors that affect 

PAH biodegradation in soil such as temperature, moisture, soil type, pH, oxygen 

availability, and PAH concentration (Cerniglia1993; Haritash & Kaushik 2009). 

 

 

            There are several research areas in the PAH biodegradation field such as the 

isolation and detection of microorganisms via innovative methods, genetic studies of 

PAH-degrading microorganisms, and new techniques for enhancing PAH 

biodegradation (Cerniglia, 1993). In this thesis, we studied the genomes of two 

bacterial species that have the ability to degrade three different PAHs with low 

molecular weight: naphthalene, dibenzofuran, and biphenyl. 

Figure 1. Initial steps of PAHs oxidation via different microorganisms 

(Adapted from Cerniglia 1993) 
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1. The bacterial degradation of naphthalene  

            Naphthalene is the simplest PAH, with two rings, and is often used as a model 

compound to test the bacterial ability to degrade PAHs as well as understand the 

degradation pathway of complex PAHs. Several different genera of bacteria are 

known for their ability to degrade naphthalene and use it as a carbon and energy 

source. 

            Naphthalene degradation is catalyzed by a sequence of different enzymes: (i) 

naphthalene dioxygenase which initiate the degradation process by introducing two 

oxygen atoms to the aromatic ring forming cis-1,2-dihydroxy-1,2-

dihydronaphthalene, (ii) cis-dihydrodiol dehydrogenase that dehydrogenates the 

products of the naphthalene dioxygenase to 1,2-dihydroxynaphthalene which is then 

metabolized to salicylate through several steps (Fig. 2), (iii) a hydroxylase enzyme 

that converts salicylate to catechol (common pathway), which is further degraded via 

meta- or ortho-pathways, (iv) salicylate-5-hydroxylase that converts salicylate to 

gentisate, as described by Fuenmayor et al. (1998) (Seo et al. 2009). 

2. The bacterial degradation of dibenzofuran 

            The degradation of dibenzofuran, an O heterocyclic aromatic compound, is 

normally used as model for the biodegradation of biaryl ethers and chlorinated 

dibenzofurans. There are many bacterial strains that have the ability to degrade 

dibenzofuran such as Sphingomonas sp. strain RW1 and Terrabacter sp. strain 

DBF63. Also, these strains have the potential ability to degrade polychlorinated 

dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans, which are highly 

toxic compounds that result from the excessive use of pesticides and herbicides 

(Wittich et al. 1991; Kasuga et al. 2001; Xu et al. 2006). 
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The first step in dibenzofuran degradation involves an angular attack by  

dibenzofuran 4,4a-dioxygenase, which forms an unstable intermediate that then 

spontaneously forms 2,2',3-trihydroxybiphenyl (Fig.3). The second step, catalyzed by 

an extradiol dioxygenase, involves ring cleavage of 2,2',3-trihydroxy-biphenyl 

forming 2-hydroxy-6-(2-hydroxyphenyl)-6-oxo-2,4-hexadienoic acid, which is then 

cleaved to salicylic acid and 2-hydroxypenta-2,4-dienoic acid by a hydrolase. 

Ultimately, salicylic acid can be further degraded via either the catechol pathway or 

the gentisic acid pathway (Fig. 3)(Wittich et al. 1991; Kasuga et al. 2001). 

Figure 2. The proposed pathway of naphthalene degradation via 

bacteria (Adapted from Seo et al. 2009) 
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3. The bacterial degradation of biphenyl 

            Crude oil and coal tar are natural sources of biphenyl in the environment 

(Adams & Richardson 1953). In the late 1930s, biphenyl was used for many years as 

a fungicide in order to control the postharvest decay of citrus fruit (Eckert 1990). 

Biphenyl forms the nucleus of polychlorinated biphenyls (PCBs) which are 

widely distributed pollutants that can cause health effects. The microbial degradation 

of PCBs is one of the major methods used to remove these pollutants from the 

environment. There are many bacterial strains that are identified as PCB degraders 

such as Alcaligenes eutrophus H850 and Burkholderia xenovorans LB400 (Bedard et 

al. 1987; Fortin et al. 2006). 

Figure 3. The degradation pathway of dibenzofuran 

(Adapted from Kasuga et al. 2001). 
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            The degradation pathway of biphenyl starts by a dioxygenase attack, which is 

similar to the strategy used in the aerobic degradation of polyaromatic compounds, 

yielding a cis-2,3-dihydrodiol. The next step involves the conversion of the 

dihydrodiol to 2,3-dihydroxybiphenyl which is then cleaved via an extradiol 

dioxygenase yielding 2-hydroxy-6-oxo-6-phenyl-2,4-dienoate (HOPDA). Ultimately, 

a hydrolase cleaves HOPDA to benzoate and 2-hydroxypenta-2,4-dienoate which are 

then further degraded in the lower pathway of biphenyl (Fig.4) (Fortin et al. 2006). 

 

 

 

 

 

 

 

Figure 4. Biphenyl metabolic pathway (Adapted from 

Fortin et al. 2006) 
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Chapter III 

STUDY OBJECTIVES 

 

            The first objective was to isolate and identify new Paenibacillus strains that 

have the ability to degrade PAHs as the sole carbon source. The second objective was 

to sequence their genomes and search for dioxygenase genes which may code for 

unique PAH dioxygenases. The third objective was to test the expression of the 

identified genes and measure their transcription under different growth conditions 

using reverse transcription polymerase chain reaction (RT-PCR) technique. 

Objectives two and three were also used to identify and analyze dioxygenase genes in 

the genome sequence of P. naphthalenovorans PRN1. 
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Chapter IV 

MATERIALS AND METHODS 

 

Enrichment media preparation 

            Mineral salts basal (MSB) medium (1L) (Stanier et al. 1966) was prepared by 

adding 40 ml solution A, 20 ml solution B, and 10 ml solution C to 930ml dH2O. One 

liter of solution A (pH 6.8) contained 138g Na2HPO4•7H2O and 68g KH2PO4. Two 

liters of solution B (pH 6.8) contained 20g nitrilotriacetic acid, 14.6g KOH, 59.1g 

MgSO4, 6.7g CaCl2, 18.5mg (NH4) Mo7O24• -4H2O, 198mg FeSO4•7H2O, and 100ml 

Trace metals solution, which contained 250mg Na2EDTA•2H2O, 1.1g ZnSO4•7H2O, 

0.5g FeSO4•7H2O, 154mg MnSO4•H2O, 40mg CuSO4•5H2O, 25mg Co(NO3)2•6H2O, 

and 18mg Na2B4O7•10H2O. One liter of solution C contained 100g (NH4)2SO4 only. 

Luria-Bertani (LB) broth medium was prepared by adding 10g tryptone, 5g yeast 

extract, and 5g sodium chloride to 1L dH2O.  

Isolation of PAH degrading bacteria from soil 

            The PAH degrading strains RD5 and RD6 were isolated from sediment 

samples obtained from the Logan River, Logan, Utah, USA, by aerobic enrichment 

using biphenyl as the sole carbon source. The isolation process involved adding 1 g 

sediment and 50 mg biphenyl (̴ 6.5mM) to 50 ml MSB medium. The flasks were 

incubated at 30○C and 180 rpm for three days. The bacterial growth was monitored by 

taking samples from the enrichment media and the bacteria counted using light 

microscopy. After several dilutions and regrowth of the enrichment culture several 

purification steps were conducted by growing the bacteria on MSB biphenyl plates or 

on LB plates. Biphenyl was added to the plate lid so that the bacteria could grow on 
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the vapors.  The strains were stored in 20% (v/v) glycerol in LB at -70 ○C. The two 

strains were also tested on a variety of different polyaromatic compounds. 

Extraction of genomic DNA 

            Genomic DNA was extracted from cells grown on LB agar using the MO BIO 

UltraClean Microbial DNA Isolation Kit. The first step of DNA extraction involved 

cell lysis using SDS, followed by centrifugation that separate the DNA from large 

cellular components. The second step involved adding a reagent that precipitates the 

proteins and other cell molecules, which may affect the purity of the DNA. The third 

step involved adding a salt solution which helps the DNA to bind to the spin filter. 

Ethanol was used to clean the DNA bound to the silica filter membrane, followed by 

centrifugation to remove the ethanol wash solution. Finally, elution buffer was added 

which helps in releasing the DNA that is bound to the filter. The concentration and the 

purity of the DNA were measured using the Nano drop 2000 spectrophotometer 

(Thermo Scientific). 

PCR amplification and sequencing of 16S rRNA genes 

           The universal primers 27F, 517F, and 1522R were used in the PCR 

amplification of the 16S rRNA genes (Hendrickson et al. 2002; Johnson 1994). The 

PCR mixture of 20 μl contained 0.8 μl 27F or 517F primer (5 μM), 0.8 μl 1522R 

primer (5 μM), 10 μl ReadyMix (Sigma), 20 ng DNA template, and dH2O up to 20 μl. 

The amplification was performed using an Applied Biosystems Veriti 96 well thermal 

cycler programmed as: 3 min of initial denaturation at 95○C; followed by 30 cycles of 

95○C for 30 sec, 55○C for 30 sec, and 72○C for 1 min; 10 min of final extension at 

72°C. The PCR products were mixed with bromophenol blue (DNA loading dye) and 

run on 0.8% agarose gels. The agarose gel was made by adding 0.32 g agarose to 40 
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ml TAE buffer (1X), which is a mixture of Tris-acetate (0.04 M) and EDTA (0.001 

M). Then, the PCR products were stained with ethidium bromide and visualized via 

UV light. The size of the bands was determined using a 1 kb plus DNA ladder. 

            The bands were cut from the gel and purified using the Gene Clean III Kit 

according to the manufacturer’s instructions. Sequencing samples were sent to 

Genewiz (New Brunswick, NJ)  and contained 5 μl 27F or 517F primer (5 μM), 40 ng 

purified 16s rRNA gene, and dH2O up to 15 μl. The National Center for 

Biotechnology Information (NCBI) database was used to identify the 16S rRNA gene 

sequences via BLAST (Altschul et al. 1990).  

Isolation of the dioxygenase genes 

            The dioxygenase genes from RD5 and RD6 were amplified using the universal 

primers DOα-2 and DOα-3 (Iida et al. 2002). The PCR conditions were set as: 3 min 

initial denaturation at 94○C; followed by 30 cycles of 94○C for 30sec, 45○C for 1 min, 

and 72○C for 1 min; 10 min of final extension at 72°C. The PCR products were 

analyzed on an (0.8%) agarose gel and then purified as described above. The purified 

dioxygenase genes from RD5 were sent directly to Genewiz for sequencing as 

described above while the genes isolated from RD6 were cloned into the pGEM-T 

easy vector (Promega) before sending them for sequencing.  

            The pGEM-T cloning mixture (10 μl) contained 5 μl (2X) ligation buffer, 

inserted DNA (3:1) ratio, 1 μl T-easy vector, 1 μl T4 ligase, and dH2O up to 10 μl. 

After 24 h incubation at 4°C, the vector plus dioxygenase gene ligated mixture was 

transformed into E. coli DH5α. The transformation involved (i) adding 2 μl of the 

cloning mixture to 25 μl of DH5α and incubating on ice for 30min, (ii) heat shock for 

45 sec at 40°C, (iii) ice for 5 min, (iv) adding 100 μl of LB broth to the tubes and 
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incubation for 1.5 h at 37°C. Then, DH5α were moved to LB agar, which contains X-

gal (80 μg/ml) and ampicillin (100 μg/ml), and incubated for 24 h at 37°C. White 

colonies were selected for plasmid isolation, which was done according to the 

manufacturer’s instructions (Macherey-Nagel).  

            Plasmids were digested by mixing 2 μl cut smart buffer, 500 ng pGEM-T+ 

dioxygenase gene, 1 μl EcoRI (Biolabs), and dH2O up to 20 μl. The digestion mixture 

was incubated at 37°C for 1 h and then run on an 0.8% agarose gel. The pGEM-T+ 

dioxygenase genes (500 ng) were sent to Genewiz for sequencing using the T7 

primer. The sequences were identified by BLAST using the NCBI database.  

DNA extraction for full genome sequence analysis  

            The DNA was extracted from RD5 and RD6 according to the Qiagen genomic 

DNA isolation protocol. The bacteria were first grown in LB broth for 24 h. Then, the 

cells (2 ml) were harvested by centrifugation  at 5000 x g for 10 min (4°C). After 

discarding the supernatant, the bacterial pellets were resuspended in 1 ml of Qiagen 

buffer B1 plus RNase (0.2 mg). The cells were lysed using 20 μl lysozyme (100 

mg/ml) and the proteins were degraded using 45 μl of proteinase K (20 mg/ml) with 

incubation at 37°C for 30 min. For efficient deproteinization, 0.35 ml of buffer B2 

was added and mixed by vortexing for a few seconds followed by incubation at 50°C 

for 30 min.  

            The Qiagen genomic-tip 20/G was equilibrated using 2 ml of buffer QBT and 

the tips allowed to empty by gravity flow. Then, the lysis mixture was applied to the 

equilibrated Qiagen Genomic-tip and allowed to enter the resin by gravity flow. Next, 

the Qiagen Genomic-tip was washed by 3 ml of Buffer QC. After that, the genomic 

DNA was eluted by adding 2 ml of Buffer QF. The eluted DNA was precipitated by 
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adding 1.4 ml of isopropanol followed by centrifugation at 5000 x g for 15 min at 

4°C. After removing the supernatant, the DNA pellets were washed with 1 ml of cold 

70% ethanol followed by a brief vortex and centrifugation at 5000 x g for 10 min at 

4°C. The supernatant was carefully removed and the DNA pellets were air-dried for 

10 min and then resuspended in 100 μl of Tris (10 mM), pH 8.5. Eventually, the 

genomic DNA was dissolved in the Tris buffer at 55°C for 2 h.  

            Genomic DNA was analyzed by agarose (0.8%) gel electrophoresis for 16 h at 

25V and the band sizes determined using the 1 kb Extended DNA ladder. Finally, the 

genomic DNA was sequenced by MicrobesNG (University of Birmingham, UK). 

 

Composition Buffer 

50 mM Tris.Cl, pH 8.0; 50 mM EDTA, pH 8.0; 

0.5% Tween-20; 0.5% Triton X-100 

Buffer B1 

(Bacterial Lysis Buffer) 

3 M guanidine HCl; 20% Tween-20 Buffer B2 

(Bacterial Lysis Buffer) 

750 mM NaCl; 50 mM MOPS, pH 7.0; 15% 

isopropanol, 0.15% Triton X-100 

Buffer QBT 

(Equilibration Buffer) 

1.0 M NaCl; 50 mM MOPS, pH 7.0; 15% 

isopropanol 

Buffer QC 

(Wash Buffer) 

1.25 M NaCl; 50 mM Tris·Cl, pH 8.5; 15% 

isopropanol 

Buffer QF 

(Elution Buffer) 

 

Genome sequence analysis 

            The draft genome sequence of PRN1 was downloaded from GenBank and the 

draft genome sequences of RD5 and RD6 were received from MicrobesNG.  The 

Blast+ program was downloaded from NCBI and installed on a Windows 10 PC.  

Table 1. The Qiagen buffers composition 
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Local databases of the amino acid and nucleotide sequences of PRN1, RD5, and RD6 

were constructed with the makeblastdb program.  The three databases were searched 

using a seed database of known dioxygenase amino acid sequences and the predicted 

amino acid sequences of the RD6 dioxygenase PCR products using the standalone 

programs blastp and tblastn.  The independent sequence hits were extracted and re-run 

against the three databases to ensure capturing all of the dioxygenase genes and 

proteins in the three strains.  Using the DNAStar Lasergene SeqBuilder program the 

amino acid sequences for each dioxygenase hit were extracted from the assembly 

contigs.  Searching for related sequences in the GenBank database was performed 

with both the standalone Blast+ programs and the web-based Blast program.  

Dendrograms depicting the relationship of the different dioxygenase amino acid 

sequences to each other were constructed using the DNAStar Lasergene MegAlign 

program using clustalV. 

PCR primer design 

             Seven different primers were designed (Sigma-Aldrich) based on the full 

genome sequence of P. naphthalenovorans. These primers were used to test 

transcription of the predicted dioxygenase genes in the strain PRN1 under different 

conditions (Table 2). The designed primers were first tested on the genomic DNA of 

the strain PRN1 as a positive control. The experiment was conducted by adding every 

primer separately, with final concentration of 0.2 μM, to the genomic DNA with final 

concentration of 1 ng/μl. The PCR conditions were set as follow: 3 min of initial 

denaturation at 95○C; followed by 30 cycles of 95○C for 30 sec, variable annealing 

temperatures for 30 sec, and 72○C for 1 min; 10 min of final extension at 72°C. The 

annealing temperatures of the seven primes were set as follow:  44○C for PRN1_108 
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and PRN1_115; 48○C for PRN1_114 and PRN1_109; 50○C for PRN1_106; 52○C for 

PRN1_111; 54○C for PRN1_123. The PCR products were run on a 1.5% agarose gel. 

RNA isolation  

             The PRN1 strain was first grown on LB medium for 24 h and then moved to 

different flasks that contain 50 ml MSB broth plus naphthalene crystals (4 mM), DBF 

crystals (3 mM), benzoate (5 mM), cinnamate (20 mM), and succinate (10 mM) as the 

negative control . The cells were harvested after reaching mid-log phase by 

centrifugation at 5000 x g for 10 min at 4°C, and then resuspended using 1 ml TRIzol 

Reagent (Invitrogen by Thermo Fisher Scientific). Next, 0.2 ml of chloroform was 

added and the mixture was shaken vigorously and incubated for 3 min at room 

temperature followed by centrifugation at 12,000 x g for 15 min at 4°C. After that, the 

aqueous phase (̴ 0.5 ml) was moved to a new tube followed by adding 0.5 ml 

isopropanol (100%). The mixture was incubated for 10 min at room temperature 

followed by centrifugation at 12,000 x g for 10 min at 4°C. Then the supernatant was 

discarded and the RNA pellets were washed using 1 ml of 75% ethanol followed by 

another wash using 1 ml of 95% ethanol. In the two washing steps, the tubes were 

briefly vortexed and then centrifuged at 7500 x g for 5 min at 4°C followed by 

discarding the wash. Eventually, the RNA pellets were air-dried for 5 min and then 

resuspended using 20 μl of RNase-free water with incubation at 55°C for 15 min. 

            The isolated RNA was treated with 1 μl TURBO DNase plus 2 μl 10X 

TURBO DNase buffer (Invitrogen by Thermo Fisher Scientific) and the mixture was 

incubated at 37°C for 25 min. Then, 2 μl of DNase inactivation reagent was added 

followed by incubation at room temperature for 5 min. Finally, the mixture was 
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centrifuged at 10,000 x g for 1.5 min and the RNA was transferred to fresh tubes and 

stored at -70°C. 

RT-PCR 

            RT-PCR was conducted using a High Capacity cDNA Reverse Transcription 

Kit (Applied Biosystems). The RT-PCR mixture of 20 μl contained 2 μl 10X RT 

buffer, 0.8 μl 25X dNTP mix (100 mM), 2 μl 10X RT Random Primers, 1 μl 

multiscribe reverse transcriptase, 100 ng RNA, and nuclease-free H2O up to 20 μl. 

The PCR conditions were set as follow: 25°C for 10 min, 37°C for 120 min, and 85°C 

for 5 min. The RT-PCR products (cDNA) was stored at -20°C. Finally, the designed 

primers were tested separately on the cDNA using the same concentrations and PCR 

conditions as used with the genomic DNA described above. 

            The three steps above were repeated with the RD5 strain, which was isolated 

and sequenced in this study, using a different set of designed primers (Table 2). The 

PCR conditions were kept the same except the annealing temperatures which were set 

as follow: 44°C for RD5_7 and RD5_27 primers; 45°C for RD5_3 primer; 46°C for 

RD5_5 primer; 47°C for RD5_30 and RD5_140 primers; 49°C for RD5_1 primer; 

51°C for RD5_302 primers. In addition to the substrates mentioned above for PRN1, 

RD5 was also grown on biphenyl (3 mM) but not dibenzofuran. 
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Table 2: Primers used in this study 

Gene name Primer name Primer sequence (5'- 3') Product size Reference 

 

16S rRNA 

27F 

517F 

1522R 

(Universal primers) 

AGAGTTTGATCMTGGCTCAG 

GCCAGCAGCCGCGGTA 

AAGGAGGTGATCCANCCRCA 

 

1- 1.5 Kb 

Suzuki & Giovannoni (1996), 

Hendrickson et al. (2002). 

  

Dioxygenase  

 

 

DOα 2 

DOα 3 

(Universal primers) 

 

TGYHSNTAYCAYGGNTGG 

TCNRCNGCNARYTTCCART T 

 

300bp 

 

Iida et al. 2002 

 

PRN1_111 

 

PRN1_111-F  

PRN1_111-R 

 

GATTTACCGCGGACCAACCT 

TATCCCGGACGATTCCTCTT 

 

̴ 1 kb 

 

This study 

 

 

PRN1_123 

 

PRN1_123-F 

PRN1_123-R 

 

 

TCGTCACGAGAAATGTCGCG 

TCTGACTCTTCTCGCTTGCG 

 

̴ 900bp 

 

This study 
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PRN1_108 PRN1_108-F 

PRN1_108-R 

 

GAAACGGGTTCAATTAGTCG 

TAAGTCTTTGGTCAATCTGT 

800bp This study 

 

 

PRN1_114 

 

PRN1_114-F 

PRN1_114-R 

 

 

GACGGGACAAAGATAAGAGA 

ACGCGAACTTCGGATCCCCA 

 

̴ 700bp 

 

This study 

 

 

PRN1_109 

 

 

PRN1_109-F 

PRN1_109-R 

 

TGCTGAAACAGGAGTTAGAC 

CACTACCCATCGCTGCGGGA 

 

 

 600bp 

 

This study 

 

 

PRN1_115 

 

PRN1_115-F 

PRN1_115-R 

 

CTTTGGAAGTGGATAGGATA 

TACAACCCAGCGCTGAGGAC 

 

̴ 500bp 

 

This study 

 

 

PRN1_106 

 

PRN1_106-F 

PRN1_106-R 

 

 

CGTCCCATTCCAAGAGTAGA 

GACTTGGGACTGCTTGTGAT 

 

350bp 

 

This study 
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RD5_1 

 

RD5_1F 

RD5_1R 

 

 

GCTGAACTTGGATAAGGCAA 

GCCATACCGCTTCACAACGT 

 

1.1kb 

 

This study 

 

RD5_3 

 

RD5_3F 

RD5_3R 

 

ATTCCAGATACTTGCCATAA 

ACCTCACATTTTCGCTGTCC 

 

 

1kb 

 

This study 

 

RD5_5 

 

RD5_5F 

RD5_5R 

 

 

CAAATCACGTGGCCGACTGA 

CCGTTTCGCACATAAAATAC 

 

̴ 900bp 

 

This study 

 

RD5_7 

 

RD5_7F 

RD5_7R 

 

AACGGTAACTTCAGCGTGGA 

ACACTTTCAATGCTTGTATC 

 

̴ 800bp 

 

This study 

 

RD5_27 

 

RD5_27F 

RD5_27R 

 

 

CAAATGTTCAATTGGTTAGC 

CCACAGCGTTGGACCGTAAA 

 

̴ 700bp 

 

This study 



29 
 

 
 

 

 

 

 

 

RD5_30 

 

RD5_30F 

RD5_30R 

 

 

GTTCCAGCCAATACTCGTGC 

TATATGCAGGATATGGCCAT 

 

̴ 600bp 

 

This study 

 

RD5_140 

 

RD5_140F 

RD5_140R 

 

 

TCTTGCAGCATCTTCAGCCA 

TGAACGTAATTTGAATCCGG 

 

̴ 500bp 

 

This study 

 

RD5_302 

 

 

RD5_302 

RD5_302R 

 

CCAACTGGAAGCTGACATCG 

CACACACGCATGTTCAAGTA 

 

 

370bp 

 

This study 
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Chapter V 

RESULTS 

 

Isolation and identification of PAH-degrading bacteria  

Paenibacillus naphthalenovorans PRN1 was received from Dr. Max 

Haggblom and is the type strain of the species.  Two strains, RD5 and RD6, were 

isolated by aerobic enrichment of sediment samples from the Logan River (Utah) 

using biphenyl as the sole carbon source. The turbidity of the enrichment media and 

direct count of the bacteria were used as an indicator of bacterial growth. The two 

strains formed white colonies when grown on LB agar and on MSB plus biphenyl. 

Both strains appeared yellow when grown on naphthalene possibly due to the 

formation of a meta cleavage product in the catabolic pathway.  The three strains 

(PRN1, RD5, and RD6) were tested for growth on minimal medium with different 

aromatic and nonaromatic carbon sources (Table 3).  The major difference between 

the three strains is that PRN1 grows on dibenzofuran and RD5 and RD6 grow on 

biphenyl.  In addition, strain RD6 grows noticeably faster on solid minimal medium 

with naphthalene than strain RD5. 

STRAIN DD DBF NAP BPH CIN BEN SUC 

PRN1 — + + — + + + 

RD5 — — + + + + + 

RD6 — — + + + + + 

Table 3.  Growth of Paenibacillus strains on various carbon sources.   

Abbreviations: DD: dibenzo-p-dioxin, DBF: dibenzofuran, NAP: naphthalene, BPH: 

biphenyl, CIN: cinnamate, BEN: benzoate, SUC: succinate. 
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In order to identify strains RD5 and RD6 to the species level their genomic 

DNAs were isolated and the 16S rRNA genes PCR amplified and directly sequenced 

with internal primers.  The sequences were compared to 16S rRNA gene sequences 

from type strains of Paenibacillus.  The closest match is P. validus which is closely 

related to P. naphthalenovorans PRN1 (Figure 5). 

 

Figure 5.  Dendrogram showing the relationship between the 16S rRNA gene 

sequences of RD5 and RD6 and those from the closest matching Paenibacillus type 

strains. 

 

Preliminary analysis of dioxygenase genes in RD5 and RD6 

Strains RD5 and RD6 were characterized further by analyzing the types of 

dioxygenase genes that can be PCR amplified from their genomes.  The universal 

primers DOα-2 and DOα-3 previously used to characterize dioxygenase genes in 

Paenibacillus sp. strain YK5 (Iida et al. 2002) were used to isolate a fragment of the 

dioxygenase genes from strains RD5 and RD6. The expected 300 bp band was 

observed after running the PCR products on a 0.8% gel.  After direct sequencing, the 

RD5 PCR product showed a single nucleotide sequence while the RD6 PCR product 

showed a mixture of sequences.  The RD6 PCR products were then cloned into the 

pGEM-T vector and six clones were sequenced. The sequences of the seven 

sequenced PCR products were compared with sequences in the GenBank (NCBI) 

database.  A dendrogram (Figure 6) of the RD5 and RD6 sequences along with the 

P. validus JCM9077 (AB073203)

RD5 and RD6

P. naphthalenovorans PRN1 (AF353681)

P. ginsengihumi DCY16 (EF452662)

P. pueri b09i3 (EU391156)
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closest matches in GenBank shows that the dioxygenase gene sequence fragments 

from RD5 and RD6 are unique. The RD5 and RD6 dioxygenase gene fragment 

sequences clustered away from genes from other closely related bacteria. The six RD6 

sequences fell into three groups and the single RD5 sequence matched one of the RD6 

sequences (Figure 6). 

 

Figure 6.  Phylogenic tree of the RD5 and RD6 dioxygenase gene fragment 

nucleotide sequences compared to the closest nucleotide sequences in GenBank. 

 

Genome Sequence of PRN1, RD5, and RD6 

 The genome sequence of P. naphthalenovorans was completed in 2016 in a 

collaboration between the Haggblom laboratory and the DOE Joint Genome Institute.  

The GenBank project accession is FNDY00000000.  Total genomic DNA of RD5 and 

RD6 was isolated and the quality verified by agarose gel electrophoresis (large high 

molecular weight only with no smearing).  Sequencing and assembly of the RD5 and 

RD6 genomes was performed by MicrobesNG at the University of Birmingham (UK).  

The sequencing technology utilized 2x250 bp paired-end reads and Illumina MySeq 

RD6 Clone S3

RD6 Clone S1

RD6 Clone S5

RD6 Clone S8

Geobacillus sp. JF8

Rhodococcus sp. I24

Paenibacillus naphthalenovorans 32O-Y

Paenibacillus naphthalenovorans 32O-Y

Bacillus sp. OxB

RD5 Direct Sequence

RD6 Clone S4

RD6 Clone S7



33 
 

 
 

or HiSeq instruments.  As shown in Table 4 the three draft genomes are similar in size 

(>5 megabases) and quality (N50 and L50 values). 

Strain 
Total 

Length 
Contigs 

Largest 

Contig 
GC (%) N50 L50 

RD5 5,843,697 174 474,937 51.76 192,561 10 

RD6 5,358,074 48 804,754 52.38 271,878 5 

PRN1 5,289,735 99 501,793 50.00 145,459 11 

Table 4.  Summary of the draft genome sequences of RD5, RD6, and PRN1. 

Abbreviations: N50: is the length for which the collection of all contigs of that length 

or longer covers at least half an assembly, L50: is the number of contigs equal to or 

longer than N50.  L50 is thus the minimal number of large contigs that cover half the 

genome. 

 

Identification of genes encoding dioxygenases in PRN1, RD5, and RD6 

 The PRN1, RD5, and RD6 genomes were examined for genes coding for 

dioxygenases of the alpha:beta two subunit oxygenase component type.  This 

dioxygenase family initiates the metabolism of the target aromatic compounds in this 

study (polyaromatic hydrocarbons as well as benzoate and cinnamate).  A local 

database of each genome was separately scanned with the Blast+ tblastn program 

using seed amino acids sequences of known dioxygenase alpha subunits.  Protein hits 

from each of the three genomes were extracted, placed in a single fasta file, and were 

used again to scan the three genomes using the Blast+ tblastn program.  This process 

was iteratively repeated until no new dioxygenase amino acid sequence were found.  

Because the Rieske motif found in dioxygenase alpha subunit sequences is quite 

common the collection of amino acid sequences was manually curated to remove 

single component dioxygenase amino acid sequences and to remove non-aromatic 
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dioxygenase enzyme sequences (nitrite reductase, for example).  In total, six 

dioxygenases were found in RD6, seven in PRN1, and eight in RD5. 

Comparison of the discovered dioxygenases from the three strains to each 

other and to the recently completed P. naphthalenovorans 32O-Y genome sequence 

(Butler et al., 2016) reveals some interesting information (Figure 7).  The 

dioxygenases found in P. naphthalenovorans 32O-Y and PRN1 are practically 

identical.  There is only one cluster of closely related sequences between the four 

strains (near 32O-Y ALS23877 in Figure 7).  Two of the RD5 sequences have no 

close relative among the three other genomes but the other six RD5 sequences are 

practically identical to the six RD6 sequences.  Several of the sequences, especially in 

the bottom portion of the dendrogram in Figure 7 are distantly related to each other 

suggesting that the P. naphthalenovorans and P. validus strains may have 

dioxygenase enzymes with different functions. 
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Figure 7.  Relationship between different dioxygenase alpha subunit amino acid 

sequences in P. naphthalenovorans PRN1 and 32O-Y and P. validus RD5 and RD6. 

Nomenclature: The PRN1, RD5, and RD6 sequences are labelled 

StrainName_Contig#_BeginPosition_EndPosition_Direction.  The 32O-Y sequenced 

are labelled with the GenBank accession number. 

 

RT-PCR of the predicted dioxygenase genes from PRN1 and RD5 

 Now that the different dioxygenase genes have been identified in the 

Paenibacillus strains the question is which gene(s) and their associated protein(s) are 

involved in degrading each of the target aromatic compounds.  PCR primers were 

designed based on the identified dioxygenase gene sequences in P. 

naphthalenovorans PRN1 and P. validus RD5.  The primers were designed in such a 

way that each target gene would result in a different size PCR product to eliminate 

any confusion that may occur when the same size product is generated for each primer 

32O-Y ALS22986

PRN1_106_151320_152657_F

RD5_32_13616_14968_F_30

RD6_14_30239_31591_R

32O-Y ALS20465

PRN1_109_107296_105899_R

RD5_5_153331_154695_F_302

32O-Y ALS23575

PRN1_115_2698_4056_F

RD5_5_163341_164672_F_140

32O-Y ALS23877

PRN1_114_61585_60239_R

RD5_7_89697_91043_R_27

RD6_2_473462_474808_F

RD5_15_4281_5615_F_3

RD6_8_213803_215137_R

32O-Y ALS21084

PRN1_108_182023_183318_F

RD5_18_88302_89684_R_1

RD6_2_762679_764061_F

32O-Y ALS23599

PRN1_123_21771_20524_R

RD5_2_41156_42310_R_7

RD6_4_59498_60652_R

RD5_3_15526_16677_R_5

RD6_4_4978_6129_F

32O-Y ALS21765

PRN1_111_121992_120739_R
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pair (Table 2).   The designed primers for PRN1 (7 primer pairs) and RD5 (8 primer 

pairs) were first tested on the respective genomic DNA as a positive control (Figure 

8).  As expected, each PCR primer pair amplified a different size fragment from the 

respective genomes. 

The next goal was to determine which of the dioxygenase genes are expressed 

under different growth conditions using RT-PCR.  This involved isolation of total 

RNA from both strains following growth on naphthalene, dibenzofuran (PRN1 only), 

biphenyl (RD5 only), benzoate, cinnamate, and succinate (as the negative control).  

The isolated RNA was treated with DNase, reverse transcribed to cDNA, and 

subjected to individual PCR reactions with each primer set.  The data (Figure 9 and 

Table 5) shows that three of the seven PRN1 genes and four of the eight RD5 genes 

are expressed under one or more of the growth conditions.  In P. naphthalenovorans 

PRN1_108 is expressed during growth on DBF, PRN1_114 is expressed during 

growth on naphthalene, cinnamate, and benzoate, and PRN1_109 is expressed during 

growth on cinnamate and benzoate.  In P. validus the RD5_2 (7), RD5_3 (5), and 

RD5_7 (27) genes were all expressed during growth on naphthalene while the 

RD5_18 (1) gene was expressed only during growth on benzoate.  None of the 

predicted RD5 genes were expressed in the presence of biphenyl or cinnamate.  
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Figure 8.  PCR amplification of RD5 or PRN1 genomic DNA with the PRN1 (panel 

A) and the RD5 (panel B) dioxygenase primer pairs.  
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Figure 9. RT-PCR of RNA extracted from either RD5 or PRN1 grown under different 

conditions with the indicated dioxygenase primer pairs  
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Gene DBF NAP BPH CIN BEN 

PRN1_106   NA   

PRN1_108 +  NA   

PRN1_109   NA + + 

PRN1_111   NA   

PRN1_114  + NA + + 

PRN1_115   NA   

PRN1_123   NA   

RD5_2 (7) NA +    

RD5_3 (5) NA +    

RD5_5 (140) NA     

RD5_5 (302) NA     

RD5_7 (27) NA +    

RD5_15 (3) NA     

RD5_18 (1) NA    + 

RD5_32 (30) NA     

 

Table 5.  Gene induction in during growth on different hydrocarbons as determined 

by RT-PCR for each gene.  A + indicates that a PCR product was detected.  A blank 

indicates that no PCR product was detected.  NA: Not applicable. 
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Comparison of the Paenibacillus PRN1 and RD5 dioxygenases with closest 

GenBank matches 

 It is possible to glean information about the biological activity of newly 

discovered dioxygenase enzymes through comparison with other amino acid 

sequences in the GenBank database.  Using the local Blast+ blastP program we 

queried the GenBank database with the seven PRN1 dioxygenases and the eight RD5 

dioxygenases.  The blastP program was set with a 0.001 Expect value cutoff and to 

return only the 10 best matches for each amino acid sequence.  The Accession 

Numbers for all of the GenBank matches were collated, deduplicated, and the 

corresponding amino acid sequences retrieved from the database.  Using the DNAStar 

MegAlign program and clustalV a dendrogram was constructed with the retrieved 

sequences along with the PRN1 and RD5 dioxygenase sequences.  The dendrogram 

was visually inspected and poor matches were removed.  The dendrogram was 

redrawn with the best matches and the PRN1 and RD5 sequences (Figure 10).  The 

results of the analysis show that there are not many good matches in the GenBank 

database for the Paenibacillus PRN1 and RD5 dioxygenase sequences.  There is an 

exact match of the PRN1_108 amino acid sequence to the Paenibacillus sp. strain 

YK5 dibenzofuran dioxygenase (DbfA1) (Iida et al. 2006).  There is a close match 

between the JF8 BphA biphenyl dioxygenase and RD5_15 and there is a close match 

between the suspected JF8 NahA1 naphthalene dioxygenase and PRN1_114 and 

RD5_7.  The Geobacillus sp. strain JF8 grows on both biphenyl and naphthalene and 

the initial biphenyl dioxygenase has been identified (Mukerjee-Dhar et al., 2005; 

Shimura et al., 1999; Shintani et al., 2014).   
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Figure 10.  Relationship between different dioxygenase alpha subunit amino acid 

sequences in P. naphthalenovorans PRN1 and P. validus RD5 and best matches in the 

GenBank database. 

Nomenclature: The PRN1 and RD5 sequences are labelled 

StrainName_Contig#_BeginPosition_EndPosition_Direction.  The database 

sequences are labelled with the GenBank accession number. 

  

WP_035295329 Brevibacillus thermoruber

WP_065066892 Brevibacillus sp. WF146

PRN1_109_107296_105899_R

SFK17334 Brevibacillus sp. OK042

PRN1_106_151320_152657_F

RD5_32_13616_14968_F_30

PRN1_115_2698_4056_F

WP_019122684 Brevibacillus massiliensis

RD5_5_153331_154695_F_302

RD5_5_163341_164672_F_140

PRN1_114_61585_60239_R

RD5_7_89697_91043_R_27

WP_020960494 Geobacillus sp. JF8 (NahAa??)

RD5_15_4281_5615_F_3

BAC79226 Geobacillus sp. JF8 BphA

PRN1_108_182023_183318_F

BAE53401 Paenibacillus sp. YK5 DbfA1

WP_013076269 Kyrpidia tusciae

WP_068083770 Mycobacterium sp. E1747

WP_068140560 Mycobacterium sp. E796

RD5_18_88302_89684_R_1

WP_029194744 Paenibacillus alginolyticus

WP_052228420 Paenibacillus chondroitinus

PRN1_123_21771_20524_R

WP_067929063 Alicyclobacillus shizuokensis

PRN1_111_121992_120739_R

WP_017727645 Bacillus ligniniphilus

WP_071394169 Bacillus sp. Marseille P248

RD5_2_41156_42310_R_7

RD5_3_15526_16677_R_5
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Chapter VI 

DISCUSION 

 

            The goal of this project was to identify the genes in Paenibacillus responsible 

for polyaromatic hydrocarbon degradation.  The genomes of two new P. validus 

strains (RD5 and RD6) were sequenced and analyzed along with one previously 

sequenced P. naphthalenovorans (PRN1) strain.  Seven genes encoding dioxygenase 

alpha subunits were found in the P. naphthalenovorans PRN1 strain, eight were found 

in the P. validus RD5 strain, and six were found in the P. validus RD6 strain.  Using 

RT-PCR we examined the transcription of 15 predicted dioxygenase alpha subunit 

genes from P. naphthalenovorans PRN1 and P. validus RD5 following growth on 

different carbon sources.  The results of the RT-PCR experiments along with the 

phylogenetic analysis of the dioxygenases is summarized in Figure 11. 

Interestingly, some RD5 genes showed unusual results such as RD5_2(7) and 

RD5_3(5), which were expressed during growth on naphthalene but clustered away 

from the dioxygenase genes of other naphthalene degrading bacteria.  Also, the 

RD5_18(1) gene, which was expressed during growth on benzoate but clustered 

closely to the angular dioxygenase genes.  A similar phenomenon was seen with some 

PRN1 genes where PRN1_109 and PRN1_114 were expressed during growth on 

more than one aromatic substrate.  Many aromatic pathways have multiple 

dioxygenases catalyzing different enzymatic steps in the catabolic pathway.  The 

naphthalene degradation pathway through gentisate, for instance, has both a 

naphthalene dioxygenase and a gentisate dioxygenase (but naphthalene degradation 

through the salicylate pathway only has the naphthalene dioxygenase).  In addition, 

the biphenyl degradation pathway has both a biphenyl and a benzoate dioxygenase. 
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Figure 11.  Gene induction analysis with the phylogenetic groupings of the 

dioxygenase enzymes.  Abbreviations: NAP: naphthalene induction, DBF: 

dibenzofuran induction, CIN: cinnamate induction, BEN: benzoate induction. 

 

The PRN1_108 enzyme, induced during growth on dibenzofuran, is 

practically identical to the well studied dibenzofuran dioxygenase of Paenibacillus sp. 

YK5 (Iida et al. 2006).  The PRTN1_108 dioxygenase thus most certainly catalyzes 

the first enzymatic step in PRN1 dibenzofuran metabolism. 

The RT-PCR results showed that both the RD5_7(27) and PRN1_114 genes 

were expressed during growth on naphthalene and the amino acid sequences of the 

encoded proteins are closely related to a dioxygenase in a Geobacillus strain capable 

of growth on naphthalene (Mukerjee-Dhar et al., 2005; Shimura et al., 1999; Shintani 

et al., 2014).  Based on these data we strongly suspect that the RD5_7(27) and 

32O-Y ALS22986

PRN1_106_151320_152657_F

RD5_32_13616_14968_F_30

RD6_14_30239_31591_R

32O-Y ALS20465

PRN1_109_107296_105899_R CIN BEN

RD5_5_153331_154695_F_302

32O-Y ALS23575

PRN1_115_2698_4056_F

RD5_5_163341_164672_F_140

32O-Y ALS23877

PRN1_114_61585_60239_R NAP CIN BEN

RD5_7_89697_91043_R_27 NAP

RD6_2_473462_474808_F

RD5_15_4281_5615_F_3

RD6_8_213803_215137_R

32O-Y ALS21084

PRN1_108_182023_183318_F DBF

RD5_18_88302_89684_R_1 BEN

RD6_2_762679_764061_F

32O-Y ALS23599

PRN1_123_21771_20524_R

RD5_2_41156_42310_R_7 NAP

RD6_4_59498_60652_R

RD5_3_15526_16677_R_5 NAP

RD6_4_4978_6129_F

32O-Y ALS21765

PRN1_111_121992_120739_R
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PRN1_114 dioxygenases catalyze the initial dioxygenase step in naphthalene 

metabolism in both PRN1 and RD5. 

While we did not detect expression of any of the P. validus RD5 dioxygenase 

genes during growth on biphenyl the RD5_15(3) dioxygenase is closely related to the 

known BphA1 biphenyl dioxygenase in Geobacillus sp. strain JF8 (Mukerjee-Dhar et 

al., 2005; Shimura et al., 1999; Shintani et al., 2014).  Based on this data we strongly 

suspect that the RD5_15(3) dioxygenase catalyzes the initial enzymatic step in RD5 

biphenyl degradation. 

            More experiments are needed in order to further study the role of the 

dioxygenase genes and enzymes in Paenibacillus aromatic metabolism.  For instance, 

the genes could be cloned into an expression vector and the enzymatic activity tested 

in E. coli. Also, knocking out these genes in either RD5 or PRN1 can be conducted 

followed by testing for growth on different aromatic substrates. Both experiments in 

combination can accurately identify the genes and their encoded proteins. 
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