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Diphenylmethane, biphenyl, and diphenylether are common contaminants in a former
industrial site along the Passaic River with similar structures that are of interest due to
their toxicity. This work identifies strains involved in their degradation, and the genes
involved in the pathways for their degradation. Based on 16s rRNA analysis three
phylogenetically diverse Pseudomonas species were isolated from the contaminated site
based on their ability to grow on diphenylmethane. They were named Pseudomonas sp.
AJR09, Pseudomonas stutzeri AJR13, and Pseudomonas sp. AJR20. The strains were
later tested on biphenyl and were found to be able to metabolize it using the same
pathway as for diphenylmethane degradation. All three strains were found to contain
identical dioxygenase gene sequences. The presence of the identical genes in three
diverse species led us to the conclusion that the genes must be horizontally transferred in
the environment. Based on the phenotype conferred by the element and the fact that one
strain had previously lost the ability to grow on the substrates tested, we hypothesized
that the element was an Integrative and Conjugative Element. Integrative and

Conjugative Elements (ICE) are a family of mobile genetic elements that can be

il



transferred between different cells/organisms, and once in the recipient they integrate into
the host’s chromosome using specific recombination sites. One of the three strains, the P.
stutzeri AJR13, was successfully mated with the well characterized P. putida KT2440
which subsequently gained the ability to grow on biphenyl, diphenylmethane, and
salicylate. This demonstrated the ability of the genes to self-mobilize leading us to
believe that the genes for degradation of the three compounds must be horizontally
transferred in the environment. The whole genomes of the three Passaic River strains and
the KT2440 recipient were sequenced and assembled to reveal that the degradative genes
are indeed present on an ICE. The ICE is about 128 kb in length and inserts at a short
sequence at the end of a tRNA Gly (CCC). It contains an integrase and other genes
involved in the transfer of the ICE, and genes for diphenylmethane/biphenyl and
salicylate degradation. It also contains a number of repeated sequences. We noticed that
mutations in the ICE were necessary in order to demonstrate growth similar to the
wildtype. Our work demonstrates that integrative and conjugative elements play a large
role in the spread of biodegradative genes in the environment. Another aim was to
characterize a dioxygenase gene involved in the degradation of diphenylether. Only a few
bacteria have been isolated for growth on diphenylether (DPE) as the sole carbon and
energy source. Sphingobium sp. strain SS3 is perhaps the best studied diphenylether
degrading strain with characterization of the catabolic pathway in the 1990s by
investigators at the University of Hamburg. The DPE catabolic pathway is initiated by a
dioxygenase attack resulting in the formation of catechol and phenol. We have sequenced
the SS3 genome and identified 13 genes encoding Rieske type oxygenases. Analysis of

the genome environments and comparison to related enzymes in the database identified
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promising candidate genes that could possibly be involved in the pathway for DPE
degradation. We carried out an RT-PCR experiment to identify which of the dioxygenase
genes are expressed when SS3 is growing in the presence of DPE. A gene encoding a
putative benzoate dioxygenase was upregulated most likely because the gene was situated
in an operon encoding the catechol branch of the beta-ketoadipate pathway. A gene
encoding a putative DPE dioxygenase was also upregulated. Gene knockout experiments
and heterologous expression of the angular dioxygenase confirmed its catalytic activity.
This adds to our knowledge of angular dioxygenase and helps us genetically characterize

only the second diphenylether degrading strain.
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Chapter 1: Introduction

Hazardous compounds in nature

Biphenyl, dibenzo-p-dioxin, and dibenzofuran, and their chlorinated forms have long
been known to cause contamination in the environment. These compounds are lipophilic
in nature, chemically similar in structure and have similar physicochemical behaviors and
toxicology effects (1). Rivers and other water bodies were often used to release industrial
waste until the 70s where the toxic industrial pollutants and contaminants would interact
with aquatic ecosystems often leading to bioaccumulation and biomagnification (2). The
Passaic River is one such contaminated river. The site of interest on the banks of the river
is the site of the Diamond Alkali site, also known as the Lister Avenue site in Newark,
New Jersey, USA, located 3.1 miles upstream of where the Passaic meets Newark Bay
(3). This was also the former site of Diamond Shamrock Chemicals Company and its
predecessors between 1948 and 1969 that manufactured pesticides and herbicides
including one of the main components of Agent Orange, a military defoliant. Due to the
presence of waste from these industries in the river, the site was added to the Superfund
National Priorities List in September 1984 on account of the level of 2,3,7,8-
tetrachlorodibenzodioxin contamination (3). A recent study examined the levels of
polybrominated diphenylethers, polychlorinated biphenyls and polychlorinated dibenzo-
p-dioxins/furans in the sediment, porewater, river water and organisms like blue crab and
different finfish species from the lower Passaic River to reveal bioaccumulation of the
toxic compounds in higher organisms (4). By studying the degradation of these related

compounds, we aim to learn more about the genes involved in the pathways for



degradation. The three primary compounds studied in this thesis are biphenyl,
diphenylmethane, and diphenylether (Figure 1). All three consist of two aromatic rings
linked together either directly or by a methylene bridge or by an ether bridge. The general
pathways for degradation are similar in these types of compounds and normally involves

a dioxygenase enzyme.

Relevance of compounds and their toxicity

While dioxin/dibenzofuran related compounds are generally produced as useless
byproducts in the process of waste combustion, petroleum refining, metallurgy
production, and synthesis of some chlorinated chemicals (1), the compounds being
studied had a number of purposes. Polychlorinated biphenyl compounds were produced
as hydraulic fluids, plasticizers, dyes, and adhesives (5). They were also previously used
as transformer oil and paint ingredients (1). These products were produced widely until
the 1970s and 1980s when they were widely banned as they were found to accumulate in
the environment and bioaccumulate in the food chain (6). Some studies have shown that
polychlorinated biphenyls are involved in metabolic diseases like diabetes, and endocrine
disruption particularity the thyroid and reproductive organs (6). Biphenyl has often been
used as a mineralizable analog for polychlorinated biphenyl degradation studies (7) and
we will be doing the same in this study.

Diphenylmethane on the other hand is naturally found as a component of crude oil
(8). It is a major component of polyurethane in the form of diphenyl methane

diisocyanate, and a central building block of the disinfectant hexachlorophene, and a



number of anti-allergenic agents (9). It also has a structure similar to the insecticide DDT
that is known to persist in the environment (10).

Diphenylether in the polybrominated form has previously been used as a flame
retardant in a number of consumer products like electronics, textiles, and
foam however this has been greatly reduced since it was determined that this compound
also bioaccumulates and is toxic (11). There are also a number of diphenyl ether based
herbicides. The diarylether structure is also an important part of the structure of hard coal
(12). Diphenylether derivatives are also used as heat transfer liquids and perfume
additives (13). It has been linked to endocrine disruption, reproductive/developmental
toxicity including neurotoxicity, and cancer in mammals (14).

The above-mentioned dioxin like compounds are toxic to vertebrates and this toxic
effect is mediated primarily via the aryl hydrocarbon receptor (AHR, or “dioxin
receptor”). This is a transcription factor that when activated by the appropriate ligand
works with the aryl hydrocarbon receptor nuclear translocator (ARNT) to alter the

expression of its target genes (15).

Degradation of Hazardous Aromatic Compounds

Polycyclic aromatic compounds are ubiquitous in nature due to the production of
numerous natural flavonoids, dibenzofurans, cresols, xanthones and lignin by plants (16).
Thus, bacteria have evolved to carry out bioremediation over a long time. Bioremediation
involves either the biotransformation of toxic compounds into harmless metabolites or
their mineralization into carbon dioxide and water (17). Aromatic compounds are usually

reduced compounds that can be made more susceptible to degradation by increasing the



oxidation state of the aromatic nucleus by the incorporation of molecular oxygen; this
enables microorganisms to utilize them as a sole source of carbon and energy (16).
Molecular oxygen being chemically inert requires the help of an oxygenase, a type of
oxidoreductase for insertion into the aromatic ring (16) they also usually require co-

substrates like FAD, NADH or NADPH for electron transport (18).

Oxygenase Enzymes

Oxygenase enzymes consist of two types of enzymes, monooxygenases and
dioxygenases, based on the number of oxygen atoms used during the oxygenation step
(19). Monooxygenases, also known as hydroxylases or mixed-function oxidases,
incorporate one atom of molecular oxygen into the aromatic ring to form a monohydroxy
compound (16). Monooxygenases are further classified into two subclasses on the basis
of the cofactors used: a flavin dependent monooxygenase or a P450 monooxygenase (20).
The former contains a flavin prosthetic group requiring NADH or NADPH as a
coenzyme (21). The latter are heme-containing and are found in prokaryotes and
eukaryotes. Some monooxygenases have also been described that are pterin or metal ion
dependent while others do not require a cofactor (20).

Dioxygenases on the other hand can be classified as either ring hydroxylating to
yield a dihydroxylated product or ring cleaving for aromatic diols effectively breaking the
aromaticity of the nucleus (16). In order for ring cleavage to occur via the latter, double
hydroxylation of the aromatic ring by the former is a prerequisite (22). Some well
characterized ring hydroxylating dioxygenase are the biphenyl (23) and naphthalene (24)

dioxygenases, that initiate degradation in the respective compounds through the



formation of a dihydrodiol intermediate (16, 25). These enzymes belong to the Rieske
non-heme iron oxygenase superfamily (22). In general, these dioxygenases consist of
three components, two of which are involved in electron transfer, in the case of
naphthalene electrons are derived from NAD(P)H by the iron-sulfur flavoprotein
reductase and transferred to a Rieske-type iron sulphur centre in a ferredoxin protein.
They are then transferred to the catalytic mononuclear iron of the oxygenase (26, 27).

On the other hand ring cleaving dioxygenase can be differentiated based on the
location of the cleavage: they can be either intradiol, if cleavage occurs between the
hydroxyl groups on the aromatic ring, also known as ortho cleavage or extradiol, if the
cleavage occurs between a hydroxyl group and a non-hydroxylated carbon on the
aromatic ring, this is known as meta cleavage (19). Extradiol dioxygenases are most
commonly found to house a nonheme iron Fe(Il) in their active site but others were found
to also be active with Mn(II) (19). Fe(III) is most commonly found in intradiol
dioxygenases (25). The Fe(Il) of extradiol dioxygenases is usually inert to molecular
oxygen until it binds to the aromatic substrate, this reduces it and opens the site for the
binding of molecular oxygen consequently transferring electron density to the oxygen,
activating it (28).

The catalytic component of the ring oxidizing dioxygenases has a o333
configuration with a mushroom-like quaternary structure. The o subunit is divided into
the Rieske [2Fe-2S] cluster domain and the mononuclear iron domain (27). The 3 subunit
on the other hand does not have any active sites and is assumed to be purely structural
(27). For individual a subunits the distance between the mononuclear iron and Reiske

cluster is too far apart for electron transfer (~45 A) however this distance is reduced to



~12A between the preceding subunits mononuclear iron and the succeeding subunits
Rieske centers to permit electron transfer (27).

While multiple classification systems have been proposed based on the electron
transport components (29) and the evolution of the enzymes (30), the easiest way to
classify them is based on their native substrate and the amino acid sequence of their
o subunit. They can thus be classified as belonging to the naphthalene, toluene/benzene,
biphenyl, and benzoate/toluate dioxygenase classes (22).

The ability of an organism to degrade the substrates depends on the substrate
specificity of the upper pathway enzymes, the induction of the upper pathway by the
substrates, the resistance to the toxic effects of the substrates, and the ability to degrade
the end products of the upper pathway. Degradation metabolic pathways are usually
divided into an upper, lower and central carbon pathway. The upper pathway is usually
induced by a specific parent substrate, the lower pathway is induced by intermediates of
the upper pathway, and the central carbon metabolism is usually constitutive since they

are housekeeping pathways (16).

Common Upper Pathway for Degradation

The upper pathway is the same for both biphenyl and diphenylmethane however
the end products of the upper pathway (Figure 2) are benzoate and phenylacetate
respectively (9) as well as 2-hydroxypenta-2,4-dienoic acid (31); this difference in
intermediates leads to the utilization of a different lower catabolic pathway.

The biphenyl catabolic pathway like most aromatic dioxygenase systems consists

of four enzymatic steps that lead to the conversion of biphenyl (or diphenylmethane) to



benzoate (or phenylacetate). First a multi-subunit biphenyl dioxygenase prepares the
aromatic ring for attack by adding oxygen to it. Next a dihydrodiol dehydrogenase
rearomatizes the ring. This is followed by a 2,3-dihydroxybiphenyl dioxygenase, which
cleaves the ring at the 1,2 position (32) and has a ferrous iron as a prosthetic group (33).
Finally, a 2,4-hydroxy-6-ox0-6-phenylhexa-2,4-dienoic acid hydrolase (HOPDA
hydrolase) hydrolyses the ring cleavage product producing benzoate and a 5-carbon
fragment (34-36).

The three components that make up the dioxygenase enzyme are a Rieske-type
dioxygenase which forms the catalytic unit (Figure 3). It is a heterohexamer that consists
of the large alpha and the small beta subunit, three molecules of each make up the
respective subunits (37). The C-terminal portion of the alpha subunit contains the [Fe>-
S2] Rieske cluster and the mononuclear iron containing catalytic center (38). This is the
major determinant of structural specificity. It was found that random mutagenesis of the
biphenyl oxygenase C-terminal end resulted in changes in the substrate specificity and
activity of the dioxygenase (39, 40). The other two components are a ferredoxin and a
ferredoxin reductase. These are responsible for the transfer of electrons from the electron

donor NADH to the Rieske center and then to the mononuclear iron catalytic unit (9, 41).

How are they transferred? Plasmids vs. transposons vs. ICEs

In the environment pathways for degradation of aromatics are constantly evolving to
give rise to new catabolic pathways due to the acquisition of genes via horizontal
transfer. The common elements responsible for this are conjugative plasmids, integrative

plasmids, conjugative transposons, and integrative and conjugative elements. The



elements are diverse existing in the linear or circular form or integrated into the
chromosome and can vary in size between a few kilobases to above 500 kb (42). Some
well characterized catabolic plasmids are the toluene degrading TOL plasmid from
Pseudomonas putida strain mt-2 that contains catabolic, transfer and regulatory genes
(42), the OCT plasmid carries genes for n-octane degradation in Pseudomonas
oleovorans (43) and the pDTG1 plasmid from Pseudomonas putida strain NCIB 9816-4
carries genes for naphthalene degradation through salicylate (44). Some biphenyl gene
carrying plasmids have also be studied like the pSK4 plasmid in Cupriavidus sp. strain
SK-4 (45) and the linear plasmid in Rhodococcus erythropolis TA421 (46).

There are also a number of well characterized catabolic transposons. Tn4653
contains the genes for toluene degradation and genes involved in the transposition of the
element. Tn4651 is another toluene gene containing element (47). Tn5271 carries the
genes for 3- and 4-chlorobenzoate degradation and lies either in the plasmid or
chromosome of Alcaligenes sp. strain BR60 (48). Tn4371 is a well characterized
biphenyl and 4-chlorobiphenyl catabolic gene containing transposon found in

Cupriavidus oxalaticus (previously Ralstonia eutropha) A5 (49).

What are ICEs?

Integrative and conjugative elements (ICEs), also known as conjugative
transposons, are a large family of mobile genetic elements. They are usually found
integrated into the host's chromosome and replicate with it, and are thus inherited and
transferred vertically. Certain conditions may cause them to excise, circularize into a

circular covalently closed molecule, and transfer to a recipient’s chromosome (50). ICEs



are of interest as they combine the features of plasmids, transposons, and bacteriophages.
They can integrate into and excise from the chromosome like a transposon, while using
conjugation to be transferred to the recipient's chromosome like a plasmid, and they
contain a recombination system similar to those seen in bacteriophages (Figure 4) (51).
In a study scanning a thousand genomes it was found that ICEs were the most
abundant conjugative elements in prokaryotes (52). The first ICE (previously called a
conjugative transposon) Tn916 was discovered in a Gram positive organism (53)
however it is suggested that ICEs first arose in Gram negative bacteria (diderms),
specifically in Proteobacteria and then spread to other monoderms and archaea. This
includes all the ICEs that are transferred as ssDNA. The proposal is based on the
simplicity of the transfer systems present in monoderms. The requirement for fewer
genes indicates that it could have arisen by deletion from a more complex gene
machinery required in diderms (54).
ICEs are usually mosaic or modular in structure. They usually contain genes of
similar function grouped together in the genome. These functional modules are often

acquired separately (55).

Common components/genes of an ICEs

ICEs are known to consist of four essential functional modules or groups of genes
involved in important functions: the integration/excision module, the replication/DNA
processing module, the DNA secretion module, and the regulation module (50). The
integration excision module is involved with intracellular mobility housing the att site

and the integrase. The replication module consists of the oriT and the genes for the
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cognate relaxase and the Type IV Coupling Protein involved in the ssDNA transfer. The
DNA secretion module consists of the genes for the Type IV secretion system involved in
the conjugative transfer, and finally the regulatory module, if present, can modulate the
activity of other modules (50). In addition to these different ICEs contain a variable

region that can confer the host with some selective advantage in its environment.

Classes/types of ICEs

There is no unified system of classification for ICEs nonetheless a number of
classification systems have been proposed; however, the sheer diversity in size, insertion
site, mechanism for mobility and transfer, and the cargo genes make a single system
difficult. One classification proposes separation based on the conjugative systems present
i.e. the relaxase (e.g. Tral), type IV secretion system proteins (e.g. VirB4) and the type IV
coupling protein (e.g. TraG) (54). Another system has categories based on the integrase
gene and the site for insertion (53). Some older systems for not only ICEs but a larger
group of genomic islands classify them based on the selective genes being carried on the

element.

Cargo Genes

ICEs vary widely in their size from the 11 kb pSAM2 in Streptomyces
ambofaciens to the 674 kb PAISt in Streptomyces turgidiscabies (56). This size is
primarily determined by the number of cargo genes being carried. The cargo genes can be
highly variable even in ICEs having similar conjugation and recombination modules.

These genes are not involved in the mobility of the ICE but confer the host with a
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selective advantage. They may even lead to a lifestyle change such as resistance to
antibiotics, heavy metals or phages, sucrose catabolism, bacteriocin synthesis,
pathogenicity, or symbiosis (56).

The ICE Tn916 initially found in Enterococcus (Streptococcus) faecalis was found to
carry the genes for tetracycline resistance (57) and the SXT ICE in Vibrio chlorae 0139
carries genes for resistance to multiple antibiotics (58). Other ICEs have been found to
carry genes for carbon source utilization like the ICEcIc®!® in Pseudomonas knackmussii
B13 involved in 3-chlorobenzoate degradation (59), the bph-sal element in Pseudomonas
putida KF715 involved in biphenyl and salicylate degradation (31), and the CTnScr94 in
Salmonella senftenberg 5494-57 carrying the genes for sucrose fermentation (60). The
ICEMISym®’A ICE carries the genes for nodule formation and nitrogen fixation in
Mesorhizobium loti R7A (61). The ICE PAPI-1 in Pseudomonas aeruginosa PA14 is

involved in both virulence and biofilm formation both important medically (62).

Degradation related/dioxygenase gene carrying ICEs

There is a great amount of divergence among the biphenyl catabolic (bph) genes in
nature, pointing to the fact that these are probably very ancient genes and have thus
evolved over the years (31). A number of ICEs carrying dioxygenase degradation
pathway genes have been characterized. ICEcIc is probably the most well-known ICE
from Pseudomonas knackmussii B13 that contains the genes for chlorocatechol
degradation (63). In ICEclc®! the site of integration is an 18 bp sequence present at the
3’-end of the glycine tRNA gene (attB) and is identical to a region on the excised ICE

itself. A gene 202 bp downstream of the integration site, a P4-family tyrosine
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recombinase-type IntB13 integrase is responsible for mediating the integration. This
process occurs via a staggered-cut followed by strand-swapping similar to that seen in a
phage lambda system (59). ICEclc®!? has two promoters for the integrase intB13 in
different conformations, a weak promoter Pint is present upstream of the integrase in the
chromosomal integrated form and a strong promoter Pecirc is present in the circular form.
The Pint is active in only about 3% of the cells in the stationary phase, especially when
grown on 3-chlorobenzoate or fructose. However, in the circular excised form Peirc is
constitutively active. This promoter faces outwards in the integrated form however on
integration by recombination between the attL and attR sites, it changes its orientation to
lie upstream of the Pint, thus voiding its activity. This constitutive expression thus ensures
the integration of the ICE into the new host chromosome before the Pcirc goes back to its
previous orientation (64, 65). This mechanism thus decreases the chances of excision and
increases the chances of integration when in the circular form, after entry into the host,
respectively.

Another well characterized ICE was found to be involved in both biphenyl and
salicylate catabolism in Pseudomonas putida KF715. The genes for salicylate catabolism
converted salicylate to 2-hydroxymuconic semialdehyde. P. putida KF715 was observed
to readily lose the 90 kilobase element, thus losing the ability to grow on both substrates,
when grown in nutrient rich medium. The strain was also found to be able to transfer the
large element to P. putida AC30 via filter mating (31). Another strain Pseudomonas
furukawaii KF707 isolated from the same site was also found to contain a biphenyl and

salicylate pathway containing ICE (66).
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The ICE in Acidovorax sp. strain KKS102 called ICEkks1024677 carries the
polychlorinated biphenyl (PCB)/biphenyl degradation gene cluster. The ICE is ~62 kb
and inserts into tRNA genes. In experiments to characterize the transfer of the ICE to
three different recipient strains the frequencies for obtaining transconjugants was low, 5.8
x1071° on average i.e. about 1 colony after 4 days of incubation from about 2 x 10? donor
cells (67).

A possible ICE is present in Achromobacter sp. BP3 that carries the biphenyl
degradation genes. It contains an integrase with 98% similarity to the integrase of the

Pseudomonas putida KF715 bph-sal ICE, and transposon related genes (68).

The integrase/recombinase involved in its transfer

The integrase enzyme is an important enzyme in any ICE as it is involved with the
excision and recombination of the entire element. The process of recombination does not
require any external energy and involves strand breakage, exchange, and rejoining (69).
Integrases are site-specific recombinases and are divided into two recombinase
superfamilies: tyrosine type recombinases and serine type recombinases (69). They are
classified based on the amino acids in their active site. The tyrosine recombinase contains
a 3’-phosphotyrosine that interacts with the cleaved DNA. It also causes recombination
via the formation and resolution of a Holliday junction intermediate (70). The tyrosine
type recombinases are further divided into two types: the complex unidirectional
(tyrosine-type phage integrases) recombinase and the simple bidirectional recombinase
(70). The tyrosine-type phage integrase requires the recognition of an attachment site on

the bacterial chromosome called the attB site and a homologous region on the mobile
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genetic element called the attP and gives rise to an attL and attR site on the left and right

junction of the integrated fragment, respectively (71).

tRNA: the site for ICE insertion

A common site of insertion for a number of mobile genetic elements are tRNA genes.
The same site of insertion is observed in a number of retroviruses (72) since the
translational machinery associated is vital for viral replication. As the 3’ end of the
tRNAs are accessible, unlike other RNA molecules, they can be recognized and act as
primers for their replication (73). This region is also transcriptionally active conferring
the integrated element with an advantage. As previously mentioned, the integrase gene
responsible for the recombination is similar to phage integrases which could explain the
integration into different tRNA genes. A number of mobile genetic elements are known
to integrate into a number of different tRNA genes. A 106 kb plasmid was found to
integrate into a lysine tRNA gene in a Pseudomonas aeruginosa sp. (73), a number of
plasmids into the leucine tRNA in Haemophilus influenzae (74), and the bph-sal ICE into

the glycine tRNA in Pseudomonas putida KF715 (31) to name a few.

Mechanism of transfer: the Type IV secretion system and rolling circle replication
for transfer by conjugation

A component deemed essential to ICEs in a number of studies are the conjugation
machinery. The types of ICEs being described here utilize a type IV secretion system

similar to those present in plasmids (55). The conjugative machinery consists of a
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relaxase or integrase, a type IV coupling protein and a type IV secretion system, the only
exceptions are for the ICEs found in Actinobacteria (75).

The type IV secretion system encodes a protein complex that forms a secretion
channel spanning the donor’s membranes which usually also includes an extracellular
pilus. In Gram negative organisms this machinery spans both membranes, the periplasm
and the cell wall (76). The genes are usually arranged in a single or a few operons. The
virB operon usually consists of 11 genes (virB1 to virB11) that encode the components of
the Type IV secretion systems. The virD operon encodes 4 genes (virD1 to virD4) that
encode the relaxase and the type 4 coupling protein. The genes essential for building a
Type IV secretion system consist of a type 4 coupling protein, the Type IV secretion
system secretion channel consisting of energizing components i.e. VirB4 and VirB11, the
transmembrane components responsible for the formation of translocation channels
(VirB3, VirB6, and VirB8 in the inner membrane, and VirB7, VirB9, and VirB10 in the
outer membrane), the hydrolase VirB1; and a pilus consisting of components VirB2 and
VirB5 (77). The number and complexity of the conjugation system may vary based on
the type of cell wall; whether a thicker cell wall in Gram positives or multiple membranes
in Gram negatives. However the minimal conjugative system of Th916 is capable of
transferring DNA across both (55).

In order to initiate the transfer of an ICE a relaxase binds covalently to and nicks
the 5’-end of the DNA via a transesterification reaction at the origin of transfer (oriT) to
create T-DNA. Also, a recombinase or integrase binds to the ICE bordering sequences.
Factors then cause unwinding of the two strands. This nucleoprotein complex then

interacts with the ICE encoded type 4 coupling protein (an ATPase) to target the mating
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pore of the type IV secretion system, this enables transfer to the recipient cells. Once
transferred the single stranded DNA is recircularized by the relaxase using the energy
released while breaking the initial phosphodiester bond during strand nicking and is used
as a template for DNA polymerase to reform the double stranded circular molecule by
rolling circle replication (55, 78, 79).

Some ICEs use the same origin of replication and proteins for both conjugative
transfer and rolling circle replication, while some have distinct origins and associated
proteins (55). Studies of some ICEs demonstrate that they undergo autonomous rolling
circle replication, this is of importance for the maintenance of the ICE in the population
of cells (80). ICEs like ICEBs1 and ICEMISym®7 have a bifunctional OriT and DNA
relaxase that enable the replication (80). However it is difficult to study due to the low

rate of induction and excision for most ICEs (55).

Regulation

ICEs usually remain integrated in the host chromosome. The genes for conjugation are
repressed under normal conditions as their constant expression can be detrimental to the
cell (55). Certain mechanisms are involved in the control of the Type IV secretion system
gene expression like feedback based on intracellular relaxase levels, cell envelope or
environmental stress response effect on the expression, molecule copy number control
and incompatibility similar to that found in plasmids, partitioning, or entry exclusion, and
immunity systems like CRISPR and CRISPR associated genes, and transcription

blocking by HN-S silencing (79, 81).
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Under specific conditions the genes for excision and transfer are de-repressed to
cause the ICE to excise from the chromosome; however this excision happens in a very
small population of the cell population (55). Stress conditions like the recA mediated
SOS response due to DNA damage in cells can lead to ICE activation. They can also be
induced due to quorum sensing signaling the availability of potential mating partner
recipients, or by the onset of the stationary phase of growth. Some others are induced by
the phenotype they carry i.e. tetracycline induces the tetracycline resistance conferring
Tn916 ICE (78).

Once the ICE excises it must either reintegrate into the host chromosome or transfer
to the recipient and integrate into the chromosome to prevent loss of the ICE from
daughter cells and to ensure vertical inheritance (55). Thus, ICEs capable of autonomous
replication have an advantage as they can decrease the odds of the ICE being lost in case
the integration site is being replicated. Further multiple transfers of each copy to a
recipient cell increases the frequency of transfer. Multiple ICE copies with an active
partitioning system can also help ensure the repartitioning of the ICEs to the daughter
cells appropriately (82). For all these reasons the number of ICE-free cells in a population
is low. The rate of ICE excision from the host chromosome is very low to begin with (80)
and thus the rate of transfer is also low, with only 10 to 107 transconjugants acquired

per donor cell under laboratory conditions (81).

ICE containing organisms
The host range for ICEs can be very diverse. Most are known to transfer between

related species if not within the same genus, while others like those belonging to the
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Tn916 family of ICEs can transfer across a number of Gram positives and some Gram
negatives like Proteobacteria (56). The well characterized degradation ICE ICEclcB!? is
capable of transferring between betaproteobacteria and gammaproteobacterial in the
environment (78). The limitations in host range are believed to arise from incompatibility
of the different steps in the conjugation machinery and possibly the need for transient
replication to form a double stranded molecule in the recipient host (56). Transfer of an
ICE could also have other effects on the recipient. It is known that acquiring foreign
DNA can temporarily affect host fitness. It has also been demonstrated for the ICE
CTnDOT that the addition of genes on the ICE to the host Bacteroides thetaiotaomicron
VPI-5482 can alter the expression of other genes, even those present on other mobile
genetic elements (78).

This research aims to further our understanding about lateral dioxygenase genes
by describing another variant involved in the degradation of both biphenyl and
diphenylmethane in Chapter 2. We contribute to the knowledge about ICEs by the
characterization of an Integrative and Conjugative Element that carries the genes
involved in the above pathway in Chapter 3. And finally, we characterize a novel angular

dioxygenase involved in the degradation of diphenylether in Chapter 4.
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Figure 3. Biphenyl dioxygenase consists of a large alpha and a small

beta subunit.

The electron transfer components of the enzyme transfer electrons
from an NADH via a ferredoxin reductase and ferredoxin to the Rieske
center which is then transferred to the catalytic center and involved in

the addition of molecular oxygen to the aromatic ring.
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Figure 4. Life cycle of an integrative and conjugative element.

(A) The ICE excises from the chromosome and circularizes in response to certain
conditions (B) The ICE is then transferred to a recipient via the conjugation machinery (C)
Both in the host and recipient rolling-circle replication occurs to reform a double stranded

DNA molecule (D) This then reintegrates into the host chromosome.
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Chapter 2: Isolation and Characterization of Diphenylmethane

and Biphenyl Degrading Bacteria from the New Jersey Passaic River

INTRODUCTION

Diphenylmethane and biphenyl are two hazardous and toxic compounds with a
structure similar to each other. Both compounds consist of two aromatic rings either
directly linked together (biphenyl) or linked together by a methylene bridge (Figure 1).
Diphenylmethane and biphenyl are of environmental concern since they form a major
component of a number of commonly found materials and compounds (9, 83), and are
also intermediates in the breakdown of a number of more complex compounds (84).
Bioconcentration of these compounds may occur in aquatic life-forms (85). These risks
have led to our interest in identifying bacteria that can degrade these compounds.

A number of strains are known to degrade biphenyl via a well characterized
catabolic pathway (9). Some, but not all, of these organisms are also capable of
metabolizing diphenylmethane using the same enzymes as those that are involved in the
biphenyl catabolic pathway. Since some biphenyl degrading bacteria can degrade
diphenylmethane we hypothesized that some bacteria isolated for the ability to degrade
diphenylmethane would also degrade biphenyl. The pathway for complete degradation of
these two compounds involves an upper and a lower pathway (Figure 2). The upper
pathway utilizes the same enzymes to metabolize both biphenyl and diphenylmethane.
However the end products of the upper pathway are benzoate and phenylacetate

respectively (9) as well as 2-hydroxypenta-2,4-dienoic acid (31). This thus requires that
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the full metabolism of biphenyl and diphenylmethane involves different lower catabolic
pathways.

The biphenyl catabolic pathway consists of four enzymatic steps that lead to the
conversion of biphenyl (or diphenylmethane) to benzoate (or phenylacetate). First a
multi-component enzyme, the dioxygenase adds both atoms of molecular oxygen to the
aromatic ring to form a dihydrodiol compound. Then a dihydrodiol dehydrogenase
rearomatizes the ring. The third step involves a 2,3-dihydroxybiphenyl ring cleaving
dioxygenase, which cleaves the ring at the 1,2 position (32) and has a ferrous iron as a
prosthetic group (33). Finally a 2,4-hydroxy-6-oxo0-6-phenylhexa-2,4-dienoic acid
hydrolase (HOPDA hydrolase) hydrolyses the ring-cleavage product producing benzoate
(or phenylacetate) and a 5 carbon fragment (34-36).

The initial enzyme in the pathway, biphenyl dioxygenase, is a very versatile enzyme
that is known to act on a number of biphenyl analogs (9). Since the substrate specificity
and the ability to degrade a compound is primarily dependent on the initial dioxygenase
investigators often focus primarily on this first enzyme. This multicomponent enzyme
involves the addition of both atoms of molecular oxygen to the aromatic ring (41) and
normally consists of three components: a Rieske-type dioxygenase which forms the
catalytic unit, (37), a ferredoxin and a ferredoxin reductase. The Rieske type oxygenase
component is a heterohexamer that consists of three large alpha and three small beta
subunits (37). The C-terminal portion of the alpha subunit contains the [Fe2-S2] Rieske
cluster and the mononuclear iron containing catalytic center (38). This is the major
determinant of structural specificity. It was found that random mutagenesis of the

biphenyl oxygenase C-terminal end resulted in changes in the substrate specificity and
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activity of the dioxygenase (39, 40). The other two components, the ferredoxin and
ferredoxin reductase are responsible for the transfer of electrons from the electron donor
NADH to the Rieske center and then to the mononuclear iron catalytic unit (9, 41). There
is a great amount of divergence among the biphenyl catabolic (bph) genes in nature,
pointing to the fact that these are probably very ancient genes and have thus evolved over
the years (31).

The biphenyl genes are also found in a variety of genera and while some lie on the
chromosome like in Burkholderia xenovorans LB400(86), others are often found to lie on
a number of mobile genetic elements. These ensure that the genes can thus be easily
transferred horizontally in the environment. Tn4371 is a well characterized catabolic
transposon discovered in the betaproteobacteria Alcaligenes eutrophus A5, known for
biphenyl degradation. (87) Plasmids containing the genes for biphenyl degradation have
been found in plasmids like pPRHL1 in Rhodococcus sp. (88, 89) and pSS50 in some
Alcaligenes and Acinetobacter species (90). More recently a number of Integrative and
Conjugative Elements (ICE) or conjugative transposons have been characterized that
contain the genes for biphenyl degradation in Acidovorax sp. Strain KKS102 (67) and
Pseudomonas furukawaii KF707 (66).

In this chapter three strains capable of growth on diphenylmethane and biphenyl
were isolated and the biphenyl dioxygenase characterized. It was discovered that the
same biphenyl dioxygenase genes were shared by the three diverse strains proving they
were acquired by horizontal gene transfer. The biphenyl genes and their transfer are of
interest to us because it contributes to our understanding of the degradation of toxic

compounds by enabling the transfer of the genes for their degradation. Our work
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identifies and characterizes a novel dioxygenase gene involved in the degradation of both
diphenylmethane and biphenyl. The mobility of the dioxygenase gene was also observed
between a number of strains. Thus, the presence of the genes for degradation of

diphenylmethane and biphenyl on a mobile genetic element confers a selective advantage

to recipient cells, allowing them to now grow in the contaminated environment.

METHODS

Strain isolation on diphenylmethane. The strains described were isolated from
sediment samples obtained along the Passaic River in Northern New Jersey, USA. The
sample site (N 40° 44.451 W 74° 07.657) was downstream from the Diamond Alkali
Superfund Site, which is designated as a federal Superfund site under the Environmental
Protection Agency (EPA) because of the high levels of contamination with 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) that it released (91).

Three 250 ml flasks with 50 ml of Mineral Salts Basal medium (92) were
inoculated with 3 g each of the above sediment sample. Diphenylmethane (DPM) was
supplied in the vapor form as the sole source of carbon and energy and incubated at 30°C.
On observing an increase in turbidity/growth, the flasks were sub-cultured by adding 1 ml
of the original culture to fresh Mineral Salts Basal medium as mentioned above. This was
repeated once more on an increase in turbidity to produce a second subculture. Next,
three dilutions were prepared from each of the nine flasks and plated on Tryptic Soy Agar
medium and incubated at 30°C, this was done to ensure retrieval of a variety of organisms

from fast to slow growers. Subsequently, a variety of morphologically distinct colonies
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were selected from the nutrient rich medium and re-tested on Mineral Salts Basal
medium plates with diphenylmethane as the sole carbon source again supplied in the
vapor phase. The strains were then streaked for single colonies on nutrient rich medium
and three isolated colonies from each plate were retested on Mineral Salts Basal medium
with DPM. This was repeated twice more. The final strains were then frozen and retained
for further analysis.

Testing on other substrates. The isolated strains were tested for their ability to grow on
Mineral Salts Basal medium in addition to a number of aromatic compounds as a sole
source of carbon and energy. The compounds tested were biphenyl which is similar in
structure to diphenylmethane, phenylacetate and benzoate which are the products of the
upstream pathway for degradation and some other compounds namely salicylate, 4-
hydroxybenzoate, phthalate, phenantherene, naphthalene, and diphenylether.
Diphenylmethane, biphenyl, naphthalene, and diphenylether were supplied in the vapor
phase by placing it on the lid of the minimal medium plate, liquids were put in vials and
placed on the lid. The others were added directly to the medium at a concentration of 10
mM after autoclaving the media.

Identification of strains by 16S rRNA gene sequencing. The strains were grown
overnight on LB medium plates. The DNeasy UltraClean Microbial Kit (QIAGEN Cat
No./ID: 12224) was used with an appropriate cell mass based on the manufacturers
protocol for DNA isolation. In the final step the DNA was eluted with nuclease-free
water (Sigma-Aldrich). It was then quantified using a Nanodrop 2000 Spectrophotometer

(ThermoFischer Scientific) and stored at -20°C until further use.
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This DNA was then used as a template for PCR amplification using the
ReadyMix™ Taq PCR Reaction Mix with MgClz (Sigma-Aldrich, Cat no. P4600). The
complete 16s DNA sequence was obtained using the 27f forward and the 1522r reverse
primers (93). Methods were carried out in accordance with the manufacturers protocol
with template DNA added to a concentration of 1 ng/ul. Half the reaction mixture was
used to load a 0.8% agarose gel with a molecular marker to confirm the amplification of
the expected product by size. The remaining PCR product was then purified using the MP
Biomedicals™ GeneClean Kit (Fischer Scientific). The purified PCR product was then
sequenced by the company GENEWIZ using Sanger sequencing. Based on the sequences
obtained a phylogenetic tree was created using the ClustalW function of the DNAStar
Lasergene MegAlign Pro program to illustrate the relationship between all the strains and
some well characterized reference strains.

Characterization of dioxygenase genes in isolated strains. Next all of the strains were
tested for the presence of the aromatic initial dioxygenase gene in the catabolic pathway,
that is, the first enzyme in the pathway. The protocol was the same as above. We used the
BPHD-13, 5" AACTGGAARTTYGCIGCVGA-3' and the BPHD-rl, 5'-
ACCCAGTTYTCICCRTCGTC-3' primers (94) which are designed to match the
conserved regions of a wide variety of dioxygenase. The amplified product was
processed as above and then sequenced.

RT-PCR to determine if the same gene is used for the degradation of both
diphenylmethane and biphenyl. A reverse transcriptase PCR experiment was carried
out in order to confirm that the above dioxygenase gene was involved in the degradation

of diphenylmethane, and also induced by both the substrates diphenylmethane and
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biphenyl to initiate the respective upper pathways. This was carried out by growing cells
on LB plates followed by 50 ml Mineral Salts Basal medium with 10 mM succinate. This
was then used to inoculate 50 ml Mineral Salts Basal medium with either DPM, bipheny],
or succinate as a negative control. Cells were harvested during the exponential growth
phase and used for total RNA isolation using the Qiagen RNeasy Mini Kit (Cat No./ID:
74104) followed by treatment with Invitrogen™ TURBO DNA-free™ Kit (Cat No.
AM1907) to eliminate any residual contaminating DNA. The RNA quantity and quality
was approximated using the Nanodrop 2000 Spectrophotometer (ThermoFischer
Scientific).

The above was then used as template RNA for the RT-PCR reaction using QTAGEN
OneStep RT-PCR Kit (Cat No: 210210), this allows the reverse transcription of the
mRNA and the amplification of the cDNA in a single step reaction. The same well
conserved dioxygenase primers BPHD-f3 and BPHD-r1 were used for cDNA
amplification. Next 1% agarose gel electrophoresis was carried out to confirm the
expression of the genes by the presence of the amplified product. DNA contamination

controls were carried out by using the RNA template to carry out regular PCR.

RESULTS

Isolation of diphenylmethane and biphenyl degrading bacteria
The sample site on the banks of the Passaic River was selected due to a history of
industrial pollution. Specifically, the sample site was downstream of a former pesticide

company that released toxic contaminants, the most concerning of which is the highly
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toxic 2,3,7,8-tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD), into the river via leaks and
spills, wastewater discharges, and runoff (95). Decades of contamination have given rise
to a wide variety of degradation capabilities of the bacteria in the Passaic River.
Diphenylmethane degrading bacteria were enriched in the sediment samples by
incubating sediment samples with MSB containing diphenylmethane. Enrichment
cultures were subcultured when growth was observed. After two subcultures the
enrichment culture was plated at various dilutions on both TSA and MSB agar with
diphenylmethane added in the vapor phase. In order to obtain the most number of
different kinds of bacteria colonies were screened morphologically, physiologically, and
genetically. Strains were tested for growth on biphenyl, benzoate, phenylacetate,
salicylate, diphenylether, dibenzofuran, naphthalene, and phthalate. All the strains were
able to utilize biphenyl as the sole source of carbon and energy. PCR amplification and
sequencing of the 16S rRNA gene showed that the isolated bacteria grouped into three
different species. A representative strain was selected from each group and used in all
further experiments. The substrate range for growth of Pseudomonas sp. AJR09, P.
stutzeri AJR13, and Pseudomonas sp. AJR20 are shown in Table 1 and an analysis of the
16S rRNA sequence is shown in Figure 5. Interestingly, P. stutzeri AJR13 did not grow
on phenylacetate, which is an intermediate in the diphenylmethane degradation pathway,
and salicylate. The 16S rRNA sequence of AJR09 is identical to that for the well-known
strain P. putida KT2440. In the process of purifying the cultures AJR09 produced a
variant strain (named AJR10) that lost the ability to grow on diphenylmethane, biphenyl,

and salicylate.
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Identification of the diphenylmethane and biphenyl dioxygenase genes

The identity of the diphenylmethane/biphenyl dioxygenase in the three strains was
determined by PCR amplification using primers specific for the biphenyl dioxygenase
family (94). All three isolated strains (AJR09, AJR13, AJR20) had the identical
sequence for the 524 bp PCR fragment obtained (Figure 6). As expected, AJR10 did not
yield a PCR product showing that the dioxygenase genes had indeed been lost.
Comparison of the 524 bp sequence to other known dioxygenase sequences showed that
it was most similar to that for the Achromobacter sp. BP3 biphenyl dioxygenase large
subunit at a nucleotide sequence identity of 97.83% (Figure 6). The sequence does not

cluster with other well characterized dioxygenase genes forming a new sub family.

Induction of the dioxygenase genes with diphenylmethane and biphenyl

In order to implicate that the same dioxygenase was involved in the pathway for both
diphenylmethane and biphenyl degradation RT-PCR experiments were performed. The
two compounds are similar in structure and thus could potentially utilize the same
pathway for degradation. PCR amplification of mRNA using the same biphenyl
dioxygenase primers as above showed a positive band following growth of AJR09,
AJR13, and AJR20 on either diphenylmethane or biphenyl but did not show an amplified
band from cells grown on succinate or in the no-RT controls (Figure 7). Nucleotide
sequencing confirmed that the same fragment was obtained from all three strains and

following growth on both diphenylmethane and biphenyl.

DISCUSSION
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Three different species of Pseudomonas bacteria were isolated from the Passaic
River for the ability to degrade diphenylmethane. All strains were also able to grow on
biphenyl. The strains fell into three phylogenetic groups with AJR09 close to P.
plecoglossicida, AJR20 close to P. fulva, and AJR13 falling into the genomovar 3 family
of P. stutzeri (Figure 5). Based on PCR analysis all three strains were found to contain
an identical dioxygenase gene. This gene formed a new sub family as it did not cluster
with any other well characterized biphenyl dioxygenase genes. This leads us to
hypothesize that the genes for diphenylmethane and biphenyl degradation must be
horizontally transferred in the Passaic River environment.

All three strains express the same dioxygenase gene when grown on both
diphenylmethane and biphenyl. This confirms that the strains utilize the same enzymatic
upper pathway for the degradation of both substrates, leading to phenylacetate and
benzoate, respectively. A large number of biphenyl dioxygenase have been studied
however our current research is of importance since only a few biphenyl dioxygenases
are capable of utilizing the same dioxygenase for the degradation of both
diphenylmethane and biphenyl. Pandoraea pnomenusa B356 (9) is one other such strain
that can oxidize both substrates using the same initial dioxygenase. It was interesting to
note that AJR13 did not grow on phenylacetate however it did grow on diphenylmethane
that forms phenylacetate. This leads us to believe that the strain must accumulate
phenylacetate in the medium while possibly growing on the five carbon compound.
AJR13 was also incapable of growth on salicylate in spite of carrying genes encoding for

degradation on the ICE.



In the process of analyzing the diphenylmethane degrading strains a variant of
AJRO09 appeared (named AJR10) which had spontaneously lost the ability to grow on
diphenylmethane, biphenyl and salicylate. This observation leads us to hypothesize that
the genes for diphenylmethane and biphenyl degradation must lie on a mobile genetic
element that could easily be lost. This is not uncommon as a number of biphenyl
dioxygenase genes are known to be horizontally transferred in the environment. A
number of strains have been isolated from biphenyl contaminated soil in Kitakyushu,
Japan that contain the genes for both biphenyl and salicylate degradation (66). The best
characterized of these, Pseudomonas putida KF715 (31) and Pseudomonas furukawaii
KF707 (96) have been known to contain genes for both biphenyl and salicylate
degradation lying in close proximity to each other in the genome allowing them to be
easily mobilized together.

The knowledge about an upper catabolic pathway capable of degrading both

diphenylmethane and biphenyl present on a mobile element gives us an insight into the
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selection occurring in-situ in Passaic River sediment and the mobility of genes which can

be exploited in the future for the clean-up of extremely contaminated sites by the

indigenous microbial population.



Pseudomonas putida KT2440
AJR10

AJR09

Pseudomonas plecoglossicida
Pseudomonas monteilii
Pseudomonas taiwanensis
Pseudomonas mosselii

| Pseudomonas fulva

Pseudomonas putida
— Pseudomonas stutzeri gv3

| AJR13

Pseudomonas stutzeri gv9

—|_— Pseudomonas stutzeri gv2
Pseudomonas stutzeri gv4

Pseudomonas stutzeri gvl

Figure 5. Phylogenetic characterization of the isolated strains AJR09, AJR10, AJR13, and
AJR20 in comparison to Type Strain 16S rRNA sequences downloaded from RDP based on their
16s rTRNA sequences.
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ARO09
AJR13

Achromobacter sp. BP3
_|— Burkholderia xenovorans LB400
Pseudomonas pseudoalcaligenes KF707
Acidovorax ap. KKS102

_|— Ralstonia cupriavidus Tn4371

Comamonas testosterone TK102

Pandoraea pnomenusa B356

Figure 6. Relationship of the AJR09/AJR13/AJR20 diphenylmethane/biphenyl dioxygenase to other
known oxygenases based on the partial sequence of the PCR product
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Figure 7. Reverse transcriptase PCR of mRNA following growth on various substrates.

A. Pseudomonas sp. AJR09, B. P. stutzeri AJR13, C. Pseudomonas sp. AJR20. Lane 1 is the Invitrogen
1 Kb plus DNA ladder. Lanes 2, 3, and 4 are the no reverse transcriptase negative controls testing for
contaminating DNA in the RNA extracts from cultures grown on succinate, biphenyl, and

diphenylmethane, respectively. Lanes 5, 6, and 7 are the reverse transcriptase PCR results, using RNA

extracted from cells grown on succinate, biphenyl and diphenylmethane, respectively.
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AJRO9 AJR13 AJR20 AJR10

B O R R B

Table 1. List of substrates tested for growth of the strains of interest.
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Chapter 3: Characterization of an Integrative and Conjugative Element

involved in Diphenylmethane and Biphenyl Degradation in Pseudomonas sp.

INTRODUCTION

Biphenyl and diphenylmethane are hazardous compounds that are similar in
structure. The genes for their degradation, especially the pathway for biphenyl
degradation, as well as the initial biphenyl dioxygenase has been well characterized (36).
The biphenyl pathway genes are found both on the chromosome and on mobile genetic
elements. Burkholderia xenovorans LB400 is a well characterized strain known to house
the genes on its chromosome (86). Some other biphenyl degradation pathway genes are
known to be readily transferable as is the case with the catabolic transposon Tn4371 (87);
plasmids such as pRHL1 (89) in Rhodococcus sp. and pSS50 (90) in Alcaligenes and
Acinetobacter species; and integrative and conjugative elements or ICEs like the ones in
Acidovorax sp. strain KKS102 (67) and Pseudomonas furukawaii (previously
pseudoalcaligenes) KF707 (66).

We had previously isolated strains Pseudomonas sp. AJR09, Pseudomonas sp.
AJR20, and Pseudomonas stutzeri AJR13 from the historically contaminated Passaic
River in New Jersey. All three strains were found to contain the identical versatile
biphenyl dioxygenase gene that was involved in the degradation of not only biphenyl but
also diphenylmethane. We also identified a variant of AJR09 (named AJR10) that had
spontaneously lost the ability to degrade diphenylmethane, biphenyl, and salicylate. This

led us to hypothesize that the genes for the degradation of these three subunits must be
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horizontally transferred in the environment and lie on a readily transferable mobile
genetic element.

Pseudomonas furukawaii KF707 and Pseudomonas putida KF715 were found to
carry the genes for both biphenyl and salicylate catabolism with strain KF715 able to
spontaneously lose or transfer the genes (31, 96). Thus, Nishi et al. (31) proposed that the
P. putida KF715 genes for biphenyl and salicylate metabolism are on an Integrative and
Conjugative Element (ICE). Characteristics similar to those in the biphenyl-salicylate
element have been observed in other genomic islands, an example of this is the well
characterized ICEclc containing genes for 3- and 4-chlorocatechol metabolism (59).

ICEs are of interest as they are mobile self-transmissible genetic elements. The
sequence not only encodes the mechanism for conjugation but also the machinery that
regulates and directs the excision of the element from the chromosome. An ICE has the
combined features of a number of mobile genetic elements; they can integrate into and
excise from the chromosome and can be transferred horizontally. Initially it was believed
that ICEs were incapable of autonomous replication (78) however there is now evidence
that ICEs may be capable of self-replication (55). These ICEs also do not confer
resistance to the organism to other ICEs and thus often more than one ICE can exist in
the same host (97).

In this chapter we validate the hypothesis that the genes for diphenylmethane,
biphenyl, and salicylate degradation lie on a mobile genetic element and that this element
is an ICE. Further we characterize the genes it contains and its ability to transfer the ICE
to other strains. ICE applications interest us because it can revolutionize the degradation

of toxic compounds by enabling the transfer of the genes for their degradation. The
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movement of the ICE was also demonstrated conferring the new host strain with the
ability to degrade the compounds. Thus, the presence of the genes for degradation of
diphenylmethane and biphenyl on an ICE demonstrates its ability to move around in the
environment conferring a selective advantage to the recipient cells that can now grow in

the contaminated environment.

METHODS

Transfer of the mobile genetic element. Pseudomonas putida KT2440 was selected as
the recipient strain for the experiment to determine if the genes could be transferred
horizontally. Pseudomonas stutzeri AJR13 was selected as the donor. P. putida KT2440
is resistant to chloramphenicol while the donor is susceptible, this phenotype was used to
select for the recipient while the salicylate genes were used to select for the transferred
mobile genetic element. The two strains were grown on LB plates overnight. They were
then mixed in a 10:1 donor: recipient ratio on an LB plate and incubated at 30°C. After 16
hours the mixed culture was resuspended in 50 mM sodium/potassium phosphate buffer
and plated on Mineral Salts Basal medium (92) supplemented with 10 mM salicylate and
33mg/ml chloramphenicol and incubated at 30°C until colonies appear. Four colonies
were then picked and streaked for single colonies on the same media as above. This was
repeated twice more. The final culture was frozen at -70°C for future work and named
Pseudomonas putida KT2440-AJR13ick.

The Pseudomonas putida KT2440-AJR 131ck strain was then tested on Mineral

salts basal medium supplemented with biphenyl and diphenylmethane, in the vapor phase
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by placing them in the lids of the Petri plates. The transfer was also confirmed using PCR
amplification using the BPHD-{3, 5'- AACTGGAARTTYGCIGCVGA-3' and the
BPHD-rl, 5'- ACCCAGTTYTCICCRTCGTC-3' primers (94), which were used
previously to characterize the dioxygenase gene.

Whole genome sequencing of four strains was carried out. In order to confirm the
presence of and sequence of the possible ICE the four strains, Pseudomonas sp. AJR09,
Pseudomonas sp. AJR20 and Pseudomonas stutzeri AJR13 (representative of the isolated
strains) and Pseudomonas putida KT2440-AJR131cg, were selected for whole genome
sequencing.

For DNA isolation, mid-log phase strains were isolated from LB broth incubated
at 30°C. The Genomic DNA Buffer Set (QIAGEN) and Genomic-tip 20/G columns
(QIAGEN) were used. Isolation was carried out according to the kit instructions. The
quality of the DNA was determined by running at 0.8% agarose gel at 25 volts for 16
hours. DNA was quantified using a Nanodrop 2000 Spectrophotometer (ThermoFischer
Scientific). For sequencing, 100 pul of the samples were sent to MicrobesNG at the
University of Birmingham (UK) (supported by the BBSRC; grant number
BB/L024209/1) at a concentration of 30 ng/ul. The libraries were prepared and
sequenced on the Illumina HiSeq using a 250bp paired end protocol. After sequencing the
reads were adapter trimmed by MicrobesNG using Trimmomatic 0.30 (98) and de novo
assembly was performed using SPAdes v3.7 (99). The contigs were annotated using
Prokka v1.11 (100). The above analysis was repeated in the lab using Trimmomatic 0.36,
FastQC v0.11.7 (https://github.com/s-andrews/FastQC), SPAdes v3.11.1 and Velvet

version 1.2.10 (101). The resulting assembled contigs were then compared with the
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original contigs and evaluated using QUAST v5.0.2 (102) and progressiveMauve on
PATRIC web resources Version 3.5.43 (103).

Characterization of the Integrative and Conjugative Element. The SeqMan Pro™
Version: 10.1.2(20),419. DNASTAR. Madison, WI. was used to align all the previously
assembled contigs from all of the above strains to each other to reveal the regions of
similarity. PCR primers were designed and used to fill some gaps in the alignment due to
repeat regions. The assembled contig element was compared to other known ICEs and the
gene composition and relative alignment was used to determine the boundaries of the
ICE.

The Pseudomonas putida KT2440-AJR13ice genome was also compared to the
Pseudomonas putida KT2440 genome in the database to find insertions and differences.
Thus, confirming the sequence of the transferred ICE. The three ICE’s AJR09icE,
AJR13ice and AJR201ce were also compared to each other using Mauve for comparisons
at the operon level and SeqMan Pro™ for comparison at the nucleotide level. The
sequences of other well characterized ICEs like Pseudomonas furukawaii KF707 and
Acidovorax sp. strain KKS102 were also compared using progressiveMauve through
PATRIC and Easyfig v2.2.2. The raw reads were mapped back to the assembled ICEs to
confirm the assembly using BWA-MEM (104) and SAMtools (105), and visualized using
Tablet (106).

Demonstrating the loss of the ICE. The Pseudomonas putida KT2440-AJR13ick strain
was cultured on a nutrient rich LB plate at 30°C overnight. This was then tested on
Mineral salts basal medium with 10 mM salicylate to confirm the presence of the ICE

before being used to inoculate 5 ml of LB broth in 20 ml tubes. The culture was allowed
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to grow to log phase. A 10° dilution of the culture in 50 mM sodium/potassium phosphate
buffer was plated on an LB plate and then 10 pl was transferred to another 5 ml LB broth
tube. This was repeated daily. After growth 50 colonies were picked and tested on
Mineral Salts Basal medium with 10 mM salicylate to test for the loss of the phenotype
conferred by the ICE. Once the colonies were obtained, the loss of the ICE was
confirmed by testing for growth on the Mineral Salts Basal medium with biphenyl
supplied in the vapor phase. This was then confirmed by PCR amplification with the
dioxygenase gene primers used previously. The strains were purified by transferring
twice on LB plates and the culture was frozen for further use. The strain was designated
Pseudomonas putida KT2440-AJR13.
Creating a ApobA strain of Pseudomonas putida KT2440 to create a selectable
marker. Primers were designed to amplify the region flanking the ApobA gene, about a
thousand bases upstream and downstream of the gene using the Phusion® High-Fidelity
PCR Kit (New England Biolabs, Cat no. E0553S). The forward primer was named
pobA F2: 5’-CCCGGATCCcgctgtacatacagcagctg-3’ (containing the BamHI restriction
site) and the reverse primer was pobA_ R2: 5’- CCCGAATTCgatacattcctcaactcgec-3’
(containing the EcoRI restriction site). The product was then purified using the MP
Biomedicals™ GeneClean Kit (Fischer Scientific). This was inserted into the pGEM-T
easy vector (Promega, Madison, WI) and transformed into E. coli DH5a (103). The
construct was then sequenced by Genewiz (South Plainfield, NJ).

This plasmid construct was then isolated from the hosts using the NucleoSpin®
Plasmid Kit (Macherey-Nagel). This was then digested using the restriction sites created

on the ends of the PCR product. The product was then cleaned using the MP
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Biomedicals™ GeneClean Kit (Fischer Scientific). The pRK415, low copy number
plasmid with a tetracycline resistance antibiotic marker (107), was also digested with the
same restriction enzymes. The two were then ligated using the T4 DNA Ligase and the
corresponding buffer (New England Biolabs) according to the manufacturers protocol
and then transformed into an E. coli DH5a host.

The construct was once again isolated and digested with a single restriction site as
previously mentioned. The Km" cassette from the plasmid p34S-Km3 (108) was also
digested with the same enzyme before being ligated into the construct and selecting for
both kanamycin and tetracycline. This was once again transformed into the E. coli DH5a.

The construct was then transferred into the Pseudomonas putida KT2440 strain
by triparental mating (109) with the E. coli HB101 strain carrying the helper plasmid
pRK2013 (110). The strain mix was plated on Minimal Salts Basal medium
supplemented with tetracycline and succinate to select for the plasmid and the recipient
respectively. The transconjugant strain of Pseudomonas putida KT2440 was subject to
PCR amplification using the primers used initially pobA_F2 and pobA R2, to confirm
the transfer of the plasmid. This transconjugant was then transferred to 5 ml LB broth and
grown to late log phase before being transferred again, this was done repeatedly while an
appropriate dilution of cells were plated on LB plates. From there colonies were picked
and tested on LB plates with kanamycin and tetracycline respectively. A colony
containing a successful knockout would be kanamycin resistant but tetracycline sensitive.
This colony was then subject to PCR amplification using the initially used primers to

confirm that the knockout was successful and double crossover had occurred. The
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knockout was then tested on the substrate, p-hydroxybenzoate and a lack of growth was
observed.
Transferring the ICE from an ICE donor to a recipient. Other ICE transfers were
carried out as mentioned above. In the first instance Pseudomonas putida KT2440-
AJR131cEm), the mutated recipient was the ICE donor and Pseudomonas putida KT2440-
AJR13 (strain cured of ICE) was the recipient. Selection was carried out on Minimal
Salts Basal medium supplemented with 10 mM salicylate and chloramphenicol.
In the second transfer experiment, the donor was Pseudomonas putida KT2440-AJR13ice
(the original ICE recipient) and the recipient was the previously created p-
hydroxybenzoate knockout ApobA-Pseudomonas putida KT2440. Here selection was
carried out on Minimal Salts Basal medium with 10 mM salicylate and kanamycin.
Sequencing the mutant to determine the mutated gene. In order to carry out MinlON
sequencing DNA was isolated from log phase grown cells using a modified phenol-
chloroform method (111). The DNA was then purified using the Agencourt AMPure XP
beads (Beckman Coulter; Brea, CA, USA) and was later run on an 0.8% agarose gel in
TAE buffer to confirm the quality and quantity. Library preparation was carried out using
the Rapid Sequencing Kit SQK-RADO004 (Oxford Nanopore Technologies, Oxford, UK)
followed by loading 100 pl of the sample on a flowcell and used for MinION sequencing.
The raw fast5 files were basecalled using Guppy version 3.2.2. this was used for MinlON
sequencing.

The reads were assembled using Canu v1.8, with five rounds of correction followed
by trimming and assembly, with the following parameters: minReadLength = 5000

minOverlapLength = 1000 correctedErrorRate = 0.12 corOutCoverage = 60
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corMinCoverage = 4 corMhapSensitivity = normal. The assembly was then polished
using Racon v1.4.3, five rounds of polishing were carried out on the on the Amarel
cluster, Office of Advanced Research Computing (OARC) at Rutgers, The State

University of New Jersey. The assembly was then annotated using prokka v1.14.0.

RESULTS

Transfer of the ICE from P. stutzeri AJR13 to P. putida KT2440

It was important to demonstrate the transferability of the ability to grow on
diphenylmethane, biphenyl, and salicylate from one organism to another to confirm our
hypothesis that the genes that encode these abilities are on an ICE. The well characterized
P. putida KT2440 was selected as the recipient in the experiment since it lacks the ability
to grow on diphenylmethane, biphenyl, and salicylate and does have the ability to grow
on the products of the biphenyl and diphenylmethane upper pathway (benzoate and
phenylacetate, respectively).

P. stutzeri AJR13 was selected as the donor strain to enable ease of selection. The
organisms were mated biparentally and ICE recipients were selected based on their
ability to grow on salicylate (a gene suspected to be present on the ICE) and
chloramphenicol (the recipient was resistant). Salicylate was chosen to be the selective
marker due to the higher growth rate compared to biphenyl and also since salicylate can
be added directly to the media rather than as a volatile compound. Exconjugates were

confirmed to be P. putida KT2440 (and not P. stutzeri AJR13) by 16S rRNA analysis. In
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addition, transfer of the diphenylmethane/biphenyl dioxygenase gene was confirmed by
PCR with primers specific for the diphenylmethane/biphenyl dioxygenase.

Exconjugates selected for growth on salicylate were cross examined for the ability
to grow on diphenylmethane and biphenyl. Interestingly, all the exconjugates tested were
able to immediately grow on diphenylmethane at rates comparable to P. stutuzeri AJR13.
However, interestingly, the exconjugates did not immediately grow on biphenyl and it
took three days for colonies to appear in the streaks on biphenyl plates. A few of the
single colonies, which appeared to be possible mutants, were isolated and purified. These
strains were once again tested on biphenyl and this time growth was immediate
(overnight) and filled the entire streak. One mutant strain was saved and designated

KT2440-AJR13icemm) while an original exconjugates was saved as KT2440-AJR13ick.

Genome sequencing of AJR09, AJR13, AJR20, and KT2440-AJR13ck

In order to determine the sequence of the mobile genetic element the four strains
that contained the possible ICE were sequenced. Illumina short read sequencing led to
draft genome sequences that were composed of over a hundred contigs. The assembly
was repeated in the lab using SPAdes and compared to the assembly provided by
MicrobesNG with the help of QUAST and progressiveMauve on PATRIC. The
assemblies were found to be very similar and thus the original assembly was used for
further analysis.

Contigs of the donor AJR13 and the recipient strain KT2440-AJR131ce were
examined for overlapping sequences. Contigs from both strains were also compared to

the P. furukuwai KF707 ICE for biphenyl and salicylate degradation. KT2440-AJR131ce
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was also compared to the KT2440 genome present in the database and noted which
contig regions did not align with the KT2440 genome. PCR primers were then designed

to bridge the gaps between the ICE contigs

ICE Characterization

The full length ICE was annotated using Prokka. As is typical for ICEs the
insertion point was a gene for tRNA-glycine(CCC). By ascertaining the ends of the
element, we were able to determine its size to be 127,965 bp. At the start of the ICE is
an integrase gene of the tyrosine type of recombinase. This was followed by the operon
encoding for the diphenylmethane and biphenyl degradation upper pathway. The ICE
also contains genes for salicylate and benzoate degradation. The benzoate pathway was
the meta pathway for degradation as opposed to the ortho pathway already present in the

KT2440 chromosome.

ICE biphenyl degradation is not due to a host mutation

As mentioned above, transfer of the ICE from P. stutzeri AJR13 to KT2440 resulted
in a strain that readily grew on salicylate and diphenylmethane but that did not readily
grow on biphenyl. However, spontaneous mutants did arise that are able to efficiently
grow on biphenyl. These mutants could be the result of host mutations or mutations in
the ICE itself. If the mutation was in the host chromosome then curing a mutated strain
of the ICE would leave a mutated chromosome. Transferring an ICE back in would lead

to immediate growth on biphenyl.
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A variant KT2440-AJR 131cev) strain that had lost the ICE was obtained by
culturing the strain in the absence of any selective pressure. Colonies were tested for the
loss of the Sal+ Bph+ phenotype and the loss was confirmed by PCR with the biphenyl
dioxygenase primers. The cured strain was designated KT2440-AJR13.

The KT2440-AJR13 strain was mated biparentally with AJR13 and ICE recipients
were selected for salicylate growth and chloramphenicol resistance. Transfer of the ICE
was confirmed by PCR with the dioxygenase primers. Colonies were tested for growth
on diphenylmethane and biphenyl with the observation that they immediately grew on
diphenylmethane they did not grow on biphenyl. As demonstrated previously, colonies
did appear in the streaks after three days which represented mutants that when re-streaked
grew immediately on biphenyl (overnight). These observations suggest that the mutation

to gain rapid growth on biphenyl is in the ICE and not in the KT2440 host genome.

ICE biphenyl degradation is due to an ICE mutation

In order to test the hypothesis that the ICE after transfer to KT2440 mutated to allow
efficient growth on biphenyl the ICE was transferred from KT2440-AJR131cemm)to a
KT2440 derivative. KT2440-AJR131cem) was mated with KT2440ApobA with selection
for growth on salicylate and resistance to kanamycin. Exconjugates were analyzed for
the ability to grow on p-hydroxybenzoate, biphenyl, and diphenylmethane. As expected
due to the recipient phenotype, exconjugate colonies did not grow on p-hydroxybenzoate.
This strain was found to immediately grow on biphenyl and salicylate however it
demonstrated slower growth on diphenylmethane, comparable to the growth initially

observed on biphenyl. This demonstrated that the mutation could be transferred to the
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new recipient, conferring it with the ability to immediately grow on the substrate

biphenyl while displaying a different growth pattern on diphenylmethane.

DISCUSSION

Previously it was determined that identical genes for biphenyl/diphenylmethane
degradation were present in three different species isolated from a contaminated Passaic
River sediment. This led us to hypothesize that the degradation genes lie on a mobile
genetic element possibly an Integrative and Conjugative Element (ICE). The ICE was
found to be 127,965 bp in length. Two of the ICEs were found to be identical, AJR13icE
and AJR20ice while AJRO9ick had a large inversion in the second half of the sequence.
Barring the inversion the sequences were identical (Figure 8). Comparison was carried
out using Easyfig v2.2.2 (112).

A common site of insertion for a number of strains is the tRNA gene. Insertion
has been observed into the lysine tRNA (73), proline tRNA (113) and leucine tRNA (74)
to name a few. However, the most common site for insertion in this type of ICE is the
glycine tRNA as observed in Pseudomonas aeruginosa JB2 (114) and Pseudomonas
furukawai KF707 (66). The AJRick also inserts into a tRNAY specifically the
tRNAEY(CCC) when transferred to the KT2440 strain. It has an 19 bp att insertion site
similar to the 18 bp site found in Pseudomonas furukawai KF707 (66). However, the
extra base is an extra cytosine at the end of the sequence. A comparison of the four
insertion sequences revealed a sequence of 5’-TTCCCWYYRCCCGCTCCAC-3’ this has

been compared to other att sites in Figure 9. The ICE inserted at the end of the tRNA-gly
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gene in the chromosome effectively duplicating the 9 bp sequence at either end ensuring
that the function of the tRNA-gly gene was not disrupted. The ICE also encodes an
integrase of the tyrosine type recombinase based on similarity to other sequences in the
database. The 1854 bp integrase has 99.41% similarity with the ICEbph-salKF707 and
99.08% similarity with the Achromobacter sp. BP3ick.

The genes involved in the degradation of biphenyl are present in an operon at the
start of the ICE following the integrase. It consists of genes encoding the complete
biphenyl pathway beginning with bphR involved in regulation followed by the three
component dioxygenase including electron its transport proteins. This is followed by the
bphB dihydrodiol dehydrogenase and the bphC 2,3-dihydroxybiphenyl 1,2-dioxygenase
(ring cleavage dioxygenase). There is then a cluster of genes involved in the metabolism
of the 5 carbon compound produced by the upper pathway and finally the hydrolase
bphD. The operon bears a high level of similarity to the sequences in P. furukawai
KF707 and Achromobacter sp. BP3. On comparison it was determined that the ~11 kb
operon has 98% similarity at the nucleotide level to the operon in Achromobacter sp. BP3
and P. furukawaii KF707 (Figure 10).

A total of 152 genes were annotated on the ICE a third of which seemed to be
involved in degradation/metabolism pathways, a third were involved in the excision,
replication and transport, and the final third were hypothetical proteins. The ICE carried
the pathways for benzoate metabolism via the meta pathway and for salicylate
metabolism, it also carried two copies of the pathway for catechol degradation. The
catechol pathway included the genes for conversion of catechol like the catechol 2,3-

dioxygenase and other downstream enzymes. On comparison of the duplicated ~7.5 kb
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region (Figure 11 ) we observed that the initial ~5.1 kb of the duplicated region has an
86% similarity while the last ~2 kb is more diverse with a similarity of 80%. There is a
0.3 kb region between the two that has a high level of divergence.

The ICE also carries a number of transposase enzymes belonging to a number of
families like 1S4, IS401 and four 1S1001 regions. Two 1S1001 flank a 355 bp imperfect
(98%) repeat. Between these two sequences lie a number of mobile element-associated
genes that could possibly form a transposable element and mobilize genes. There is
another repeat of 1337 bp that lies in the 60 and 94 kb regions respectively. The region
between these repeats consists of primarily benzoate degradation related genes leading to
the theory that a single sequence containing these genes may have been acquired by the
ICE previously. The numerous repeat regions and mobilizing genes contribute to the
dynamic nature of the ICE in the environment. Interestingly the ICE sequence is a 98%
match for two other sequences in the database, the well characterized KF707ice and an
ICE like sequence in Pseudomonas alcaliphila JAB1. We compared the three sequences
(Figure 10) and found that the major differences with JAB1 lie in the inversion of the
central region flanked by the two catechol pathway repeat regions. The KF707ick has a
mobile element protein after the biphenyl pathway that is absent in the AJR13ick, in
addition it lacks 6 genes possibly involved in transport of aromatics/benzoate but contains
an extra transposase in the same region. The Proteome Comparison tool on PATRIC
(102) was used to compare the KF707ick at the protein level (Figure 12), irrespective of
order we notice divergence in the degradation genes but similarity in the regions
containing mobile element proteins i.e. the backbone. JAB1 is more similar than KF707

however they share similarity for a few genes.
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The AJR13ice was then compared to another well characterized ICE, the
Pseudomonas knackmussii B13 ICE (71) (Figure 13) using blastn and Easyfig. While the
degradative capacity of the two elements is different since the B13ick carries the genes
for chlorocatechol degradation there was still a level of similarity between the backbone
of the ICE i.e. the mobile element genes. The catechol pathway also shared some
similarity with the pathway in AJR13ice. The initial integrase as well as the integrase
regulator is similar as is the second half of the ICE that contains genes for the type IV
secretion system and ICE transfer.

The excision and loss of the ICE due to absence of a selective pressure was
demonstrated. Its transfer was also demonstrated to P. putida KT2440. All the ICE genes
were observed in the recipient strain and insertion was into the tRNAY(CCC) gene, as
expected. The recipient strain acquired the sal+ and dpm+ phenotype however no growth
was initially observed on biphenyl. It was determined that a mutation in the ICE sequence
was necessary in order to be able to degrade biphenyl. This demonstrates that possessing
the genotype may not be enough to confer a selective advantage. Mutations may be
required for a functional gene.

One important difference was observed in the ICE in AJR13 and AJR09. While
the first ~74 Kb are similar the end of the ICE seemed to be missing. On further
inspection we determined that an inversion had occurred in the strain. The inverted region
included a ~51 kb region followed by the ~62 kb right ICE flanking region. The inversion
is flanked by a 127 bp identical 1S4 type palindromic regions on either side of the
inversion. The left flank region of the inverted sequence encodes a transposase InsG that

is involved in the excision and insertion of these type of elements. This type of elements
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is common to mobile DNA elements and is known to form composite transposons (115).
It belongs to a class of DDE transposase that carries out transposition via a direct
transesterification reaction. The class is named based on the amino acids that are
catalytically important: aspartate (D), aspartate (D) and glutamate (E) (115). This IS
seems to be absent in other ICE containing strains like Pseudomonas furukawaii KF707,
Achromobacter sp. BP3 and Acidovorax sp. KKS102. The inverted region contains the
benzoate pathway genes along with a number of mobile element genes and hypothetical
proteins. This inversion could potentially inactivate the ICE. We attempted to transfer the
ICE to the kanamycin resistant recipient with selection on both salicylate and later
biphenyl however no exconjugates were obtained further supporting our hypothesis. This
portrays the dynamic nature of ICEs in the environment. In the absence of the inversion
the ICE in AJRO9 is identical to the ICE in AJR13.

Attempts were made at identifying the mutated gene however all the candidate
genes seemed to be unrelated to the pathway being studied and further analysis is
required to peruse the genome and determine the gene of interest.

Future work should involve identification of the ICE mutation required to gain
biphenyl degradation in KT2440. Since the mutated strain acquired wild type growth on
biphenyl while demonstrating slower growth on diphenylmethane the mutation could
possibly be in the genes responsible for substrate specificity, transport or metabolism of
the downstream products. It will also be interesting to demonstrate the ICEs host range to
other strains outside the Pseudomonas genus. This research demonstrates the horizontal
transfer of the ICE and its ability to self-mobilize and confer a selective advantage in the

toxic environment. It is of importance as it characterizes the movement of genes in the



Passaic River sediment. This could mean more degradation of the contaminants and
faster clean-up of the contaminated sites. It was, however, observed that mutations may
be needed in the ICE sequence before it can functionally express the phenotype. This
work also demonstrates the variety of genes capable of being mobilized. In the future it
would be interesting to see if the genes for degradation of more toxic compounds could
be moved to the ICE to allow them to be more easily spread for clean-up of a

contaminated site.
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Figure 8. Comparison of ICEs.

AJR13i1ck (center) is compared to AJR20 1ce (above) and AJR09 ice (below). AJR20ice and AJR131ck are identical
while an inversion is present in AJR091ce. Designations: bph, genes coding for biphenyl degradation; cat, genes coding
for catechol degradation; sal, genes coding for salicylate degradation; ben, genes coding for benzoate degradation. Red

represents a direct match while blue represents an inverted match, the darker color represents a higher percent match.



TTAGTTGAGGGTTCGATTCCCTCTACCCGCTCCACTGCATCATTCTGCGGACTTC
TGGTTGTCATAAGTGATTCCCTTCGCCCGCTCCACTGCATCATTCTGCGGACTTC
GCTAGCGTGGGTTCGATTCCCATCACCCGCTCCACTGCATCATTCTGCGGACTTC
TGGTTGTCATAAGTGATTCCCTTCGCCCGCTCCACTGCATCATTCTGCGGACTTC
TTAGTTGAGGGTTCGATTCCCTCTACCCGCTCCACATCGCAGTCCCGCATGGCGT
TGGTGACCGGGTGCTGTTCCCTTCGCCCGCTCCACATCGCAGTCCCGCATGGCGT
TGGTGACCGGGTGCTGTTCCCTTCGCCCGCTCCACTCTTCAAGGCCCTGCTTACG
TGGTGACCGGGTGCTGTTCCCTTCGCCCGCTCCACTTTCCAACGCTTCCCTCCTC
TGGTGACCGGGTGCTGTTCCCTTCGCCCGCTCCACTCTTCAAGGCCCTGCTTACG
TTCCC----CCCGCTCCAC
AGGGTTCGATTCCCWYYRCCCGCTCCACTGCAT attL
CGGGTGCTGTTCCCTTCGCCCGCTCCAX attR

Figure 9. Comparison on the att ICE insertion sites.
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Green, beginning of the ICE; blue, end of the ICE; red, genome outside the ICE; maroon, consensus insertion point (duplicated

region); purple, CCA end of tRNASY(CCC) (amino acid attachment point)
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Figure 10. Comparison of AJRI3ICE to closely related sequences.

KF707ice while similar contains some deleted and inserted genes not present in AJR13ice and JABI contains
an inversion of the central segment of the possible ICE. Red represents a direct match while blue represents an

inverted match, the darker color represents a higher percent match.
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Figure 13. Comparison of AJR13ICE with the Pseudomonas knackmussii B13ICE.

Designations: bph, genes coding for biphenyl degradation; cat, genes coding for catechol degradation; sal, genes
coding for salicylate degradation; ben, genes coding for benzoate degradation; clc, genes coding for chlorocatechol

degradation.
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Chapter 4: Identification and Characterization of a Novel Angular dioxygenase

from Sphingobium yanoikuyae SS3 Involved in the Degradation of Diphenylether

INTRODUCTION

Oxygen bridged aromatic compounds are very stable in nature. Examples of these
types of compounds are dibenzo-p-dioxins, dibenzofurans, and diphenylether type
compounds. These types of compounds are widely distributed in nature based on the fact
that they are resistant to microbial degradation (116). The diarylether structure is also an
important part of the structure of hard coal (12). Diphenylether derivatives are used as
heat transfer liquids and perfume additives (117). Brominated diphenylethers are
commonly used as flame retardants to reduce the flammability of plastics, textiles,
electronic appliances and polyurethanes, and hence are present all around us. Because of
their low cost and effective functionality, more than 67,400 tons of brominated diphenyl
ethers are produced annually (118) and several thousand tons of diphenylether have been
produced annually since 1930 by industry (119). Diphenylether has been detected in
drinking water and sea water (119). It is metabolized by vertebrates (119) and can lead to
bioaccumulation in mammalian tissue. It is also capable of causing endocrine disruption
(118) and hence its degradation is a major concern for us.

A number of bacteria are able to transform or degrade diphenylether (Figure 14).
Pseudomonas cepacia Et4 (120) and more recently Cupriavidus sp. WS (121) yield
phenol and 2-pyrone-6-carboxylate (12), Sphingomonas sp. PH-07 yields 2-hydroxy

muconic acid and phenol (118), Pseudomonas cruciviae S93B1 yields 2-
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phenoxymuconic acid (122), and Erwinia sp. strain CU3614 that was also found to be
capable of degradation of a number of diphenylether related compounds (123, 124).
Thus, most catabolic pathways studied to date are biphenyl-type pathways acting to
produce phenol and a six carbon fragment. Sphingomonas sp. strain SS3 is an exception.
Work in the early 1990s implicated an angular type of dioxygenase which directly results
in the formation of phenol and catechol from diphenylether by this organism.
Sphingomonas sp. strain SS3 has been shown to degrade diphenylether and its
monohalogenated 4-fluoro, 4-chloro, and to a lower extent 4-bromo derivatives and use
these compounds as the sole source of carbon and energy; phenol and catechol were the
end products of the pathway and were then channeled into intermediary metabolism via
the 3-oxoadipate pathway (119). Recently Sphingobium phenoxybenzoativorans SC 3
was found to utilize diphenylether as the sole source of carbon and energy utilizing a
novel initial angular dioxygenase (125).

While work published in 1992 preliminarily defined the Sphingomonas sp. strain
SS3 catabolic pathway for diphenylether degradation no work has been performed since
to fully characterize the catabolic pathway and to identify the genes involved. This
reaction is of importance as the initial dioxygenase in the degradation of dioxin and other
aromatic compounds is often the rate limiting step (125). We also believe that
elucidation of the angular dioxygenase involved in the degradation will give us more
information about angular dioxygenases that attack and breakdown more toxic

compounds like dioxin and dibenzofuran.
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METHODS

Strain Acquisition and Confirmatory Testing. Sphingomonas sp. strain SS3 was
obtained from the German Culture Collection DSMZ (119). The strain was grown on LB
medium and then tested on Minimal Medium 465 medium
(https://www.dsmz.de/microorganisms/medium/pdf/DSMZ_Medium465.pdf) with
diphenylether as the sole source of carbon added directly to the flask to verify its ability
to grow on diphenylether.
Genome sequencing. Sphingomonas sp. strain SS3was grown to log phase in LB broth
at 30 degrees and DNA was extracted using the Genomic DNA Buffer Set (QIAGEN)
and Genomic-tip 20/G columns (QIAGEN). DNA quality was determined by running a
0.8% agarose gel for 16 hours and it was quantified using a Nanodrop 2000
Spectrophotometer (ThermoFischer Scientific). A sample of concentration 30 ng/pL (100
pL) sent to MicrobesNG (Birmingham, UK) where libraries were prepared and
sequenced by Illumina HiSeq using the 250bp paired-end protocol. These reads were then
adapter trimmed using Trimmomatic 0.30 with a sliding window quality cutoff of Q15
(98). Preliminary de novo assembly was then performed using SPAdes version 3.7 (99),
and contigs were annotated using Prokka 1.11. (100) QUAST version 5.0.2 was used to
assess the quality of the assembly. (126) The assembly consisted of 228 contigs-140
contigs (>1,000bp), with the largest contig 360686 bp, an N50 of 106615 bp and an L50
of 18.

In order to close the genome nanopore sequencing was carried out. DNA was
isolated from cells in the mid-log phase using a modified phenol-chloroform method

(111). DNA purification was carried out using the Agencourt AMPure XP beads
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(Beckman Coulter; Brea, CA, USA) and was later run on an 0.8% agarose gel in TAE
buffer to confirm the quality and quantity. Library preparation was carried out using the
Rapid Sequencing Kit SQK-RADO004 (Oxford Nanopore Technologies, Oxford, UK).
The sample was then loaded on a flowcell and used for MinION sequencing. The raw
data was basecalled using Guppy version 3.2.2.

The fastq reads were assembled using the Unicycler hybrid assembly pipeline
version 0.4.8 (127) run on the Amarel cluster, Office of Advanced Research Computing
(OARC) at Rutgers, The State University of New Jersey.

The raw reads were mapped back to the assembled genome using Minimap2 (128)
for the long reads and using BWA for short reads (129) and manually checked for any
mis-assemblies to assess the quality of the assembly.

QUAST version 5.0.2 (126) was used to evaluate the genome assembly. We
obtained five contigs: the chromosome of size 5,056,138 bp, and four plamids/mobile
genetic elements of sizes 524,654 bp, 224,120 bp, 127,790 bp and 37,643 bp as opposed
to the number of plasmids previously predicted. (130) The average sequencing coverage
depth was 321 and 98.6% of the reads were mapped to the assembly. The GC% was
63.87 with an N50 of 5056138 and an L50 of 1.

The genome was next annotated using Prokka version 1.14.0. (100) The genome
was found to contain a number of dioxygenase genes that could possibly be involved in
the environmental degradation of bicyclic compounds. Following annotation the SS3
genome was scanned with the standalone Blast+ tblastn program using a series of
manually curated seed amino acids sequences of various known dioxygenase genes. The

protein hits acquired were then extracted, placed in a single fasta file, and were used
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again to scan the genome in order to ensure that we obtained all the possible candidate
genes.

RT-PCR. Primers were designed to amplify the candidate dioxygenase genes. The strain
was streaked on LB plates overnight and later transferred to LB broth. Log phase culture
was then transferred to Minimal Medium 465 supplemented with succinate, log phase
culture from this flask was then transferred to Minimal Medium 465 supplemented with
either 10 mM succinate, 10 mM benzoate, or 10 mM diphenyl ether, as described
previously. The cells were harvested during the log phase of growth and RNA extraction
was carried out using the Monarch® Total RNA Miniprep Kit (New England Biolabs
Inc.), this was followed by DNase treatment to prevent DNA contamination using the
TURBO DNA-free™ Kit (Invitrogen). The resulting mRNA was used to set up the RT-
PCR reactions with the OneTaq® One-Step RT-PCR Kit (New England Biolabs Inc.).
This was then run on a 1% agarose gel for 1 hour at 90V. We also included a PCR
negative control using the Taq 2X Master Mix (New England Biolabs Inc.) to confirm the
absence of DNA contamination.

Construction of expression vectors. DNA was isolated from cells grown overnight on
LB plates using the DNeasy UltraClean Microbial Kit (QIAGEN). Primers were designed
to amplify the alpha and beta subunits of the candidate dioxygenases using the Phusion®
High-Fidelity DNA Polymerase (New England Biolabs Inc.), followed by DNA
purification using the MP Biomedicals™ GeneClean Kit (Fischer Scientific). These were
then introduced into the expression vector pET-30a after digestion with restriction
enzymes by New England Biolabs Inc. T4 DNA Ligase and the corresponding buffer

(New England Biolabs) were used to ligate the insert to the vector and incubated for 2
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hours at 16 degrees C. This was followed by transformation into competent E. coli BL21
cells by keeping the cells on ice followed by addition of the ligation mixture and a heat
shock at 42 degrees C for 45 seconds. After recovery on ice, the cells were plated on LB
medium substituted with kanamycin and incubated at 37 degrees C overnight to select for
cells transformed with the construct. These strains were then stored at -70 degrees C. The
plasmid was then re-isolated from the cells and run on a 0.8% agarose gel to confirm
presence of the correct construct.

Degradation of Diphenylether by E. coli clones. The plasmid containing expression
strains and a negative control (empty pET30a vector with no genes) were plated on LB
substituted with kanamycin overnight and then used to inoculate LB broth with
kanamycin (50 ml) overnight at 37 degrees C. The next day 100 ml LB broth with
kanamycin was inoculated to make a 2% culture. This was incubated at 37 degrees C till
an O.D. of 0.6 was reached at 600 nm. Isopropyl-B-d-thiogalactopyranoside (IPTG) was
then added to the flasks to induce production of the proteins. After 2 hours the cells were
washed twice with 50 mM sodium/potassium phosphate buffer (pH 6.8) and concentrated
3x in the same buffer and incubated for 24 hours with the addition of 20 mM glucose and
3 mM diphenylether. The cells were then harvested by centrifugation at 4 degrees C at
5000 rpm for 12 minutes. The supernatant was then collected and filtered using a 0.45-
um-pore-size filter before being run through a Cis column of the HPLC in the reverse
phase with a 0 to 100% methanol gradient in water under 0.1% acetic acid conditions.
The retention time of the different peaks were compared with those produced by the

standards and the negative control.



68

Strain SS3 Gene Knockouts. To create knockouts of the gene of interest primers were
designed for the regions flanking the alpha subunit of the dioxygenase. The sequence was
amplified using PCR and inserted, as mentioned previously, into the broad host-range
pRK415 plasmid vector (107). A Km" cassette from p34S-Km3 (108) was then inserted
into the previously assembled construct to form the vector used to create the knockout
vector. The final construct was transformed into E. coli DH5a and was selected for based
on its ability to grow on LB with kanamycin and tetracycline. This construct was then
confirmed using PCR amplification of the insert and frozen at -70 degrees C.

This construct was then used to carry out triparental mating (109) with the donor
strains constructed, the recipient strain Sphingobium yanoikuyae SS3, and E. coli HB101
carrying the helper plasmid pRK2013. The three strains were grown overnight and then
mixed together on an LB plate and incubated overnight at 30 degree C. The mixed culture
was then collected and resuspended in 50 mM sodium/potassium phosphate buffer (pH
7.25) before being plated on Mineral salts basal medium (92) supplemented with 10 mM
phenylalanine and tetracycline to select for the recipient. After 4-5 days the
transconjugant colonies were streaked for single colonies thrice to ensure it was a pure
culture before being frozen at -70 degrees C. The transconjugants were transferred
repeatedly in LB broth while simultaneously checking for the loss of the pRK415
plasmid by plating on LB containing tetracycline while containing the kanamycin
resistance gene caused by a double crossover event and knockout. This strain was then
purified and stored for further analysis.

Complementation of the loss of growth on diphenylether. In order to complement the

knockout mutant the original alpha and beta dioxygenase genes were cloned into the
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pRK415 plasmid as mentioned above. This was then transferred into the knockout mutant
using triparental mating as mentioned above and selected for based on its ability to grow
on tetracycline. This complemented strain was then purified and frozen at -70 degree C

for further analysis.

RESULTS

SS3 Genome Sequence. Sphingomonas sp. strain SS3 was obtained directly from the
DSMZ culture collection and confirmed to grow on diphenylether as the sole source of
carbon and energy. Using a combination of Illumina short read and Oxford Nanopore
long read technologies an almost complete genome was assembled. The strain contains a
5,056,138 bp (uncircularized) chromosome and four circular plasmids: 524,654 bp,
224,120 bp, 127,790 bp, and 37,643 bp. Comparison of the SS3 16s rRNA gene to
sphingomonad type strains identified SS3 as Sphingobium (formerly Sphingomonas)

yanoikuyae (Figure 15)

Rieske Dioxygenase Identification. Rieske type dioxygenases were identified in the
SS3 genome sequence using the stand alone blastP and TblastN programs and a seed file
of known aromatic dioxygenase enzyme amino acid sequences. Genes/enzymes were
initially labelled as to the Illumina assembly contig (and position) where they were
located. Thirteen Rieske alpha subunit encoding genes were identified in the genome
(Figure 16). However, only four of these had beta subunit encoding genes nearby. While

Rieske dioxygenases attacking aromatic compounds can be both alpha subunit only and
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alpha/beta subunit types, most polycyclic aromatic hydrocarbon oxidizing Rieske
oxygenases are of the alpha/beta type. Further analysis by comparison to selected known
dioxygenases (especially angular dioxygenases attacking ether linked polycyclic
compounds) led us to hypothesize that the dioxygenase encoded by Contig010 attacks
benzoate and that the dioxygenase encoded by Contig095 attacks diphenylether (Figure
16). An alternative hypothesis is that the nearly identical dioxygenase encoded by
Contigs 042 and 087 attacks diphenylether due to its low similarity to a
carboxydiphenylether dioxygenase. Bolstering our hypothesis that the dioxygenase gene
on Contig010 encodes a benzoate dioxygenase is the fact that the gene(s) are in an operon

with the catechol pathway genes (see below).

RNA Analysis. RNA from strain SS3 was analyzed by RT-PCR under various growth
conditions (Figure 17). PCR primers amplifying about 500 bp were designed for the
Contig010, Contig095, Contig042, and Contig087 dioxygenase genes. Controls with no
reverse transcriptase reaction did not show any amplification (data not shown). Primers
for the dioxygenase gene on Contig042 showed no amplification with RNA from cells
grown under any condition (data not shown) and the nearly identical gene on Contig087
showed no amplification from RNA from succinate or benzoate grown cells and showed
a faint band (~800 bp) from RNA from diphenylether grown cells. However, using
primers for Contig010 and Contig095 amplification was seen from RNA extracted from
all three growth conditions with faint bands from succinate and benzoate RNA and a very
heavy band from diphenylether RNA. The gene encoding the Contig010 dioxygenase is

in an operon also containing all of the genes needed for catechol degradation (Figure 18).
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Therefore, it is not surprising that the Contigl0 benzoate dioxygenase is upregulated
during SS3 growth on diphenylether since in this strain diphenylether is metabolized
through catechol. Upregulation of the catechol pathway would also result in the
upregulation of the co-operonic Contig010 benzoate oxygenase genes. Based on all the
data (similarity to known dioxygenases, identity of adjacent operonic genes, and the RT-
PCR results) the Contig010 dioxygenase is definitively proven to be a benzoate

dioxygenase.

Heterologous Expression. The three dioxygenases (from Contig010, Contig087, and
Contig095) were heterologously expressed in E. coli using the T7 based vector pET30.
Incubation of induced cells with diphenylether followed by HPLC analysis of the
supernatant showed that the heterologously expressed Contig095 dioxygenase produced
catechol and phenol from diphenylether (Figure 19). Thus, the Contig095 dioxygenase

has the expected enzymatic activity of a diphenylether dioxygenase.

Gene Knockout. Since the Contig095 dioxygenase has the expected activity the gene
encoding this enzyme was knocked out from the SS3 genome. Strain SS3AN9S5 does not
grow on diphenyl ether (Figure 20). Growth is restored when pRK415 containing the
Contig095 dioxygenase genes is added to complement the chromosomal knockout
however there is a lag in growth compared to the wildtype attributed to the tetracycline
added to the medium in order to present the loss of the plasmid. This was confirmed by
observing the growth pattern of the wildtype SS3 containing the empty pRK415 plasmid

(Figure 20). Thus, based on (low) similarity to known angular dioxygenases, gene
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induction during SS3 growth on diphenylether, heterologous expression in E. coli, and
gene knockout, the Contig095 dioxygenase has been proven to be a diphenylether

dioxygenase.

DISCUSSION

Sphingomonads are well known for their ability to degrade a wide range of
unusual aromatic compounds. While several organisms are known to degrade
diphenylether Sphingobium yanoikuyae SS3 is the best studied degrader from a
biochemical and physiological standpoint (13, 119). However, despite a flurry of
published studies in the 1990's not much in depth research on diphenylether degradation
has been performed in the last 20 years. Our work thus provides the genetic basis for an
historical strain's ability to degrade diphenylether. Comparison of the SS3 diphenylether
dioxygenase alpha subunit to amino acid sequences in the GenBank database yields few
matches showing that this enzyme is somewhat unique. There is a 100% match to a
dioxygenase of unknown function encoded by the chloroacetanilide herbicide degrading
Sphingobium sp. strain MEA3-1 (131, 132). Besides this blast match all other matches
are below 55% identity. Recently one other diphenylether dioxygenase has been
identified in Sphingobium phenoxybenzoativorans SC 3 (125) and this enzyme shows
only 35% identity (49% similarity) to the diphenylether dioxygenase discovered in our
work. For comparison, our diphenylether angular dioxygenase shows 42% identity to the
well-characterized Sphingomonas wittichii RW1 dioxin dioxygenase (133).

Comparison of the SS3 region encoding the diphenylether angular dioxygenase

and the similar region from MEA3-01 is shown in Figure 21. This is an active region for
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insertions, deletions, and rearrangements. Three identical IS6 family insertion sequences
are present in this SS3 diphenylether genome region with the genome region between two
of them flipped relative to the MEA3-01 genome and a large deletion between the other
two (present in MEAO03-01 but not SS3). In addition, the MEA03-01 genome has an
insertion sequence inserted directly upstream of the diphenylether genes that is not in the
SS3 genome.

Interestingly, the SS3 diphenylether dioxygenase alpha and beta subunits ("oxygenase
component") expressed in E. coli showed efficient transformation of diphenylether to
phenol and catechol. Detection of the products was by HPLC directly from culture
supernatants without extraction and/or concentration of the metabolites. This was even
though no native ferredoxin or ferredoxin reductase was present. Indeed, inspection of
the SS3 genome sequence shows that no genes encoding dioxygenase electron transport
components were near the genes for the diphenylether dioxygenase oxygenase
component alpha and beta subunits. It is well known that dioxygenases in
sphingomonads typically share electron transport components and that these components

are often scattered in the genome (133-135).
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