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ABSTRACT

Berge, Gunn, Emilie M. S., University of South Alabama, August 2BENOMIC
ANALYSISAND CHARACTERIZATION OF SURFACE PROPERTIES OF
NAPHTHALENE DEGRADING ACINETOBACTER ISOLATES. Chair of
Committee: Sinéad M. Ni Chadhain, Ph.D.

Polycyclic aromatic hydrocarbons (PAHs) occur naturally in coal and crude oil.
They also are produced from anthropogenic activities such as burning of coal, oil, and
gas. PAHs accumulate in nature and can cause serious health problems. In this study,
naphthalene-degrading bacteria were isolated from a naphthalene enrichment culture
established from urban soil in Mobile, AL. Degraders were identified by their ability to
grow on naphthalene and by the production of indigo from indole, a characteristic of
naphthalene dioxygenase enzymes. Thirty-two isolates were identified by sequencing of
the 16S rRNA gene. Ten isolates matchimgnetobacter seifertii, Acinetobacter pittii,
Acinetobacter baumanni@ndRhodococcus agglutinangere selected for further study.
All ten isolates grew on naphthalene, biphenyl and phenanthrene. Gas chromatography
mass spectrometry was used to quantify and verify the removal of naphthalene.
Emulsificationand BATH assays were conducted to screen for biosurfactant production,
which all ten isolates were found to produce. PAH catabolic genes were identified in the
genomes of nine isolates. However, RT-PCR analysis of PAH-degradation gene

expression was inconclusive. This study expands our knowledge of PAH degradation by

Acinetobactera genus better known as opportunistic human pathogens.
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CHAPTERII

BACKGROUND

1.1 Introduction

Polycyclic aromatic hydrocarbons (PAHSs) are fused benzene rings that are
ubiquitous in the environment. Some are released naturally by for example volcanic
activities, but the majority are released via fossil fuel combustion and other
anthropogenic activities (Abdel-Shafy and Mansour 2016). Hundreds of PAHSs exist, and
many are highly toxic in high concentrations or when part of certain mixtures. Studies
show that PAHs can, among other things, cause birth defects and skin rashes (Rengarajan
et al. 2015). Occupational, epidemiological, and animal studies have found that PAHs are
potent mutagens and/or carcinogens and need to be considered hazardous to humans. The
full effect will depend on factors such as duration and route of exposure, the volume or
concentration of PAHs to which one is exposed, and the relative toxicity (Ml&h

2022). This study focuses on isolating and characterizing bacteria that can degrade PAHSs.

1.2 Structure and Adver se Effects of PAHs

High molecular weight (HMW) PAHs with more than four benzene rings are
especially carcinogenic. PAHs must be metabolically activated to cause carcinogenic

effects and various enzymes can convert PAHs to metabolically active metabolites such



as electrophilic and redox-active metabolites (Jacob 1996). If DNA adducts are not
repaired, they can cause cancer when they bypass error prone transidsidnal

synthesis during cell replication. PAHs, along with PAH derivatives, can also promote
cancer through non-genotoxic mechanisms (Murray and Penning 2018). PAHs are
difficult to break down due to highly stable resonance structures with delocalized
electrons which can lead to accumulation of PAHs in the environment compartments.
High molecular weight PAHs are especially challenging to degrade (RaileP020).
Although hundreds of PAHSs exist, sixteen have been identified as high priority pollutants
by the United States Environmental Protection AgetSEHPA) (Figure 1). These are

all of great concern due to their hydrophobicity, mutagenicity, and toxicity to humans and

nature and are studied more in-depth than other PAHs (Heissbf012).

1.3 Accumulation of PAHs in the Environment

PAHSs are prevalent in marine and costal environments and harm many organisms.
Large amounts of PAHSs are released into the marine environment through anthropogenic
oil spills and underground and above ground storage tank leaks (Abdel-Shafy and
Mansour 2016). Surface soils (origin of bacteria in this study) and sediments
continuously receive PAHs through atmospheric wet or dry deposition. For example,
from local sources like automobile exhaust or distant sources through the air. Other
sources include input from storm and sewer effluents, roadway runoff, and pitential
PAH containing fill materials. Once PAHs are deposited into the ocean and or terrestrial
systems, they can become mobile. On land, PAHs bind to soil particles and their mobility

will highly depend on sorbent particle size, the pore throat size of the soils as well as soil



conductivity. The octanelvater partitioning coefficient of PAHs will also influence the
binding of PAHs to soils (Abdel-Shafy and Mansour 2016).

As a result of the binding affinity to other matter, PAHs can easily be transported
great distances. PAHs are resistant to degradation and do not mix well with water leading
to bioaccumulate of PAHs in marine food webs. This accumulation of PAHs harms both
the biological system itself and humans that consume PAH-contaminated seafoetl (Lee
al. 2018). Bioaccumulation of PAHSs in terrestrial invertebrates is well documented, but
degradation of PAHSs is sufficient to prevent biomagnifications (Abdel-Shafy and
Mansour 2016).

Liu et al (2017) explored the abundance of 16 priority PAHs throughout the Pearl
River Delta in China. They assesidheir response to the seasonal variation of
anthropogenic activities and hydrological cycles. The PAH concentration was higher
during the wet season due to increased riverine discharge and atmospheric deposit. The
suspended sediment concentration (SSC) was also higher during the wet season
contributing to a higher concentration of the PAHSs in suspended particulate matter (SPM)
while higher temperatures and lower salinities contributed to desorption from SPM (Liu
et al.2017). Due to solubility differences, the low molecular weight (LMW) PAHSs are
more readily desorbed from SPM into the water than HMW PAHs (Gitdizadi 2008).

More than 62 PAHs were identified throughout the water column and the mean
concentration of PAHs was higher during ebb tide than flood tide indicating an overall

movement towards the ocean (latial. 2014).



1.4 Remediation Strategies

PAHSs can be removed by several remediation strategies: either by
physical/chemical means, bioremediation, photooxidation, or leaching. All PAHs will
react to these strategies in a different way as they all have a unique structure and a set of
physical, chemical, and biological properties (Abdel-Shafy and Mansour 2016efatel

al. 2020).

1.4.1 Physical/chemical Remediation Strategies

Common physical/chemical remediation strategies include membrane filtration,
coagulation, advanced oxidation process, and adsorption. PAHs are chemically
challenging to degrade as they are thermostable and display a high level of resonance
stability and hydrophobicity (Patet al. 2020). Mojiriet al (2019) found that advanced
oxidation procedures and electrooxidation techniques resulted in a 90.0-95.0% PAH
removal efficiency. Other efficient methods were modified coagulation and membrane
filtration with 90% or greater removal efficiency. Despite being efficient, most
physical/chemical remediation strategies have strict operation conditions, high energy
consumption, and expensive equipment (M@iral. 2019).

1.4.2 Bioremediation

Bioremediation is an environmentally friendly strategy that utilizes various
organisms already present in the environment to remove toxic ¥ditsi(Ma et al.
2021) Ex situbioremediation involves the physical removal of polluted material by
transporting it to another location, often to the area of treatment (Shah 2014). Plants,

fungi, and bacteria have all been employed in the bioremediation of PAH in soil. These



organisms can break down PAHSs and utilize them as a carbon and energy sowete (Ma
al. 2021). Some oxidize PAHs completely to carbon dioxide while others only break
them down partway. Bioremediation is a highly promising strategy as it is inexpensive
ard does not require disruption of the natural and essential environments (&tadsal
2016).

Natural attenuation, bioaugmentation, and biostimulation are the most frequently
employed bioremediation strategies (33%). Natural attenuation involves improving PAH
metabolism by simply optimizing aeration, moisture, and nutrient levels (Clakate
Fubara 2017). Biostimulation focuses on enhancing bacterial growth and ultimately PAH
degradation by adding different combinations of micro and macro nutrients €Pailtel
2020). Finally, bioaugmentation involves adding competent PAH degrading bacterial
strains or consortia of microorganisms. This improves degradation and may even enhance
the catabolic capabilities of indigenous microorganisms. However, this strategy is highly
unpredictable (Kongt al 2018; Pateét al 2020).

Another strategy is the microbial enzyme mediated bioremediation. TdN&ig
efficient and selective strategy as it isolates target enzymes that can catalyze reactions at
a wide range of PH levels and temperatures. Enzymes from fungi are especially efficient
as they are less substrate specific. However, the isolation of selected enzymes is an
expensive process (Kuppusaetyal.2017). In addition to Mycoremediation,
phytoremediatiors also used as a bioremediation strategy to remove PAHS or convert
them to less hazardous compounds (R#tal 2020). PAHs need to be bioavailable in
order to be metabolized. PAHSs that are bound to soil particles cannot easily be accessed

as the compounds are separated from the enzymes needed to break down the benzene



rings (Wanget al. 2009) Cornelisseret al. (1998) found that the possible PAH
degradation could be estimated from the initial rapidly desorbing fraction (Cornadissen
al. 1998). Age of the PAHSs has been found to also affect bioavailability @sRAdHs

take longer to desorb from the soil than more recently added PAHs (Hatzinger and
Alexander 1995). Another important factor is the water solubility. HMW PAHSs are
usually less soluble than LMW PAHs making them less bioavailable (\&tzalg2009).

PAH degradation can become inefficient by competitive inhibition. This happens when
the active sites of catabolic enzymes are non-specific. Then, if compounds that require
less energy to degrade are available, the enzyme will favor them over PAHs (Abdel-
Shafy and Mansour 2016).

1.4.2.1 Mycoremediation.

Mycoremediation, which is bioremediation by fungi, is efficient at removing
PAHSs. Fungi can degrade a wide variety of PAHs. They produce extracellular enzymes
such as lignin-degrading enzymes which break down and mineralize even high molecular
weight PAHs. The most challenging and energy-demanding step in degrading PAHSs is
the initial step. Once the stable resonance structure is disrupted the PAHs loses its
aromatic character and becomes easier to further break down (Shankhwar and Paliwal
2021). Fungi are more likely than bacteria to make the initial attach on PAHs as they
possess extracellular enzymes, such as manganese peroxidase (MnP) and lignin
peroxidase (LiP), that can diffuse to immobile PAHs. Thus, fungi can partially degrade
PAHSs to less hazardous intermediates such as oxo-ferryl and quinines which can be

utilized by other microorganisms such as bacteria (RBeag2008).



Earlier studies repagtithat both ligninolytic and non-ligninolytic fungi can
degrade PAHs with oxidation being the first step. Ligninolytic fungi use enzymes such as
manganese peroxidase (MnP), lignin peroxidase (LiP), and laccase to convert PAHs to
guinone intermediates. Non-ligninolytic fungi, on the other hand, can utilize intracellular
cytochrome P450 monooxygenases which are known for their ability to catalyze the
insertion of oxygen into various compounds. Non-ligninolytic fungi and some
ligninolytic fungi have been described to possess cytochrome P450 monooxygenases
/epoxide hydrolase which catalyze the reaction that forms trans-dihydrodiols (Maeller
al. 1995). Cytochrome P450 can also oxidize PAHs to phenols which go on to be
conjugated with sulfate, glucoronic acid, or glucose (Cerngglal 1982; Casillagt al
1996; Pothuluret al. 1996).

Parket al (2019) described the genomic and transcriptomic analysis of PAH
degradation by the white-rot fungDentipellissp. This fungus displayed the classical
wood decay mode and could efficiently degrade and remove (>90% of 100 ppm PAH)
phenanthrene, anthracene, fluoranthene, and pyrene. Transcriptomic analysis revealed
1922 genes upregulated in the presence of at least one of these PAHSs. It also revealed 11
genes encoding ligninolytic enzymes, which are thought to be the key in PAH removal,
along with some non-ligninolytic enzymes. Interesting@lgntipellissp. efficiently
removedPAHswithout upregulating any significant ligninolytic genes. They believe that
P450s mediate the first oxidation step of aromatic rings as they were highly upregulated
(Parket al.2019).

Phanerochaete chrysosporidmve been found toxidize pyrene, anthracene,

fluorene, and benzo[a]pyrene using the enzymes lignin peroxidase and manganese



peroxidase (Pengt al. 2008). Maet al. (2021) usedrucibulum laevewhich is a

common bird’s nest fungi, to assess its ability to degrade PAHs. Over 60 days

Crucibulum laevssignificantly reduced the concentration of pyrene, phenanthrene, and
benzo(a)pyrene in soil. Pyrene was reduced from 2600 pg kg™ to 1500 pg kg,

phenanthrene from 2200 pg kg to 750 pg kg * and benzo(a)pyrene from 1400 pg kg

to 800 pg kg .

1.4.2.2 Bioremediation by Bacteria.

Bacteria degrade PAHSs faster than fungi and are important players in removing
hydrocarbons after oil spills (Lext al.2018). A variety of bacteria have been
documented to metabolize and degrade LMW and HMW PAHSs in nature. The best or
most complete PAH degradation is usually achieved by a mixture of different bacteria as
a result of collaborative catabolic activities. Bacteria possess different catabolic enzymes
and will likely utilize a variety of PAH degradation pathways and form intermediates that
can be further metabolized or mineralized by other strains (Vaidga2018; Haleyuet
al. 2019).

One major obstacle of bioaugmentation in soil/sediments is a dispersion of
inoculum. It is particularly difficulin subsurface soil due to little microbial transpast
cells easily adhere to soil organic matter. ImmobiliPedudomonas taiwanen$ty¥ R1
andAcinetobacter baumanniNP1 on cinder beads have been reported to increase
pyrene and indeno[1,2,3-cd]pyrene degradation (71 and 81%). Immobilization offers
biological stability, less competition with surrounding bacteria, and protection from harsh

environmental conditions (Mrozik and Piotrowska-Seget 2010; Heba2016).



Extremophiles such as halophilic, acidophilic, and thermophilic bacteria have also
been reported to remove PAHSs. Bacteria with tolerance for high temperatures have an
advantage as elevated temperatures enhance the bioavailability of PAHs by lowering
their viscosity (Mehetret al 2019). A biostimulation experiment was conducted on
PAH contaminated soil and the greatest bioactivity resulted from adding low levels of
macronutrients and high levels of micronutrients. The nutrient solution (MS6) consisted
of 75% sulfur, 3% nitrogen, and 11% phosphorus dry weight. Known PAH degraders
were used, and the average total oxygen consumption after 72 hours was used to
determine the effect of the biostimulation experiment. About 160 cumulative
oxygen consumption was removed without the addition of nutrients (control) while over
3500ul of oxygen was used in treatments with added nutrients suggesting increased
bioactivity with added nutrients (Liebeg and Cutright 1999).

Another study assessed PAH degradation potential by collecting surface sediment
samples from seven contaminated mangrove swamgong Kong SAR. Samples were
collected in triplicates from seven locations, namely Kei Ling Ha Lo Wai (KLH), Sai
Keng (SK), Ho Chung (HC), Ma Wan (MW), Yi O (YO), Sheung Pak Nai (SPN) and
Mai Po (MP). The samples were collected from the middle of the swamps during low
tide. Bacteria were isolated by using PAH supplemented enrichment cultures. The
samples enriched from Sai Keng and Ho Chung sediments performed the best, removing
90% of the phenanthrene and fluoranthene in seven days. According to 16S rDNA gene
sequences, the identities of the isolates WtredococcugHCCS),Sphingomonas
(MWFG) andParacoccugSPNT). Note that both gram-positive and gram-negative PAH

degrading bacteria were isolated (Gai@l. 2005)



Many bioremediation projects that focus on the removal of HMW PAHSs find that
they are more challenging to remove than LMW PAHs which has led to an increased
focus on investigating a wide phylogenetic spectrum of organisms with the ability to
degrade HMW PAHSs (Wilson and Jones 1993). The highest-molecular weight PAHs that
can be fully degraded and utilized as sole carbon and energy source are four ring PAHSs,
like pyrene and chrysene. The genera associated with this degradatiRhatecoccus
sp. (Walteret al. 1991),Burkholderia cepaci¢Juhaszt al. 1996, 1997),

Stenotrophomonas maltophil{ooncharet al. 1998),Mycobacteriunsp. (Heitkampet

al. 1988; Kastneet al 1994; Boucheet al 1995),Alcaligenes denitrificans

(Weissenfelset al 1990), andSphingomonas paucimobili¥e et al. 1996). Some of

these isolates can also degrade five membered rings partway. Again, both gram-positive
and gram-negative bacteria have been documented to mineralize HMW PAHSs.

The ideal PAH degrader to employ in a bioremediation project should have the
ability to survive on PAHs as the sole carbon source. This is very important to avoid the
production of more water-soluble and toxic by-products and intermediates and so that the
bacterium will survive in harsh environments with few growth substrates present
(Booncharet al 2000). As mentioned above, high molecular weight PAHs are especially
difficult to degrade which is likely due to their high hydrophobicity and complex
structure including numerous fused benzene rikggute 1). High molecular weight
PAHs cannot get through the bacterial cell wall. Boondhaal. (2000) found that the
bacteriumS. maltophiliaVUN and the fungu®. janthinellumVvUO are only able to
survive with benzo[a]pyrene as the sole carbon and energy source when they are

combined in fungal-bacterial cocultures. This indicates that complete mineralization of

10



benzo[a]pyrene requires metabolic activity and cooperation from both organisms
(Booncharet al 2000).

Not all bacteria possess PAH degrading functional genes and most bacteria are
unable to metabolize them. A comprehensive phylogenetic study investigated PAH
degrading bacteria from various locations. This study found that PAH degradation is
associate with specific genera regardless of their geographic location (Maeller
1997). A similar phylogenetic study identified a shift in community structure towards
gammaproteobacterial, from alpha- and betaproteobacteria, following expose to PAHs
(Stoffelset al. 1998). Some of the best characterized PAH degrading bacteria include
Pseudomonas, Sphingomonas, Brevibacterium, Arthrobacter, Nocardiantes,
Mycobacterium(Lu et al. 2019).

1.4.2.3 Combined Bioremediation.

Soil consists of a diverse and complex ecosystem of various organismal
interactions. Microbial communities are diverse and interactions among communities and
between the various microorganisms can alter the function of the communigg.dila
(2021) conducted a 60-day greenhouse pot experiment to explore and compare the PAH
degradation abilities of mycoremediation (MR), phytoremediation (PR), natural
attenuation (NA) and plant-microbial remediation (PM&lix viminalis(PR)and
Crucibulum laevéMR) are known PAH degraders and were selected for the experiment.
Quantitative PCR of fungal rRNA internal transcribed spacer region (ITS) was uses to
assess fungal biomass.

The hypervariable V3-V4 region of the bacteriall16S rRNA gene and the fungal

rRNA internal transcribed spacer (ITS) region was sent out for lllumina NovaSeq
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sequencing. Quantitative PCR was conducted on thel6S rDNA, ITS, and thRHPBdd-

GP gene. PICRUSt software predicted sixteen genes to be associated with PAH
degradation byC. laeve The most common and relevant genes associated with
mycoremediation wersalicylate hydroxylase (K00480) and 1,3,7-trimethyluric acid 5-
monooxygenase (K00492) (M al. 2021). In this study, PAH degradation by bacteria

was the most efficient PAH removal process. However, plant stimulation negatively
affected the microbial degradation of PAHs due to competition for nutrients. This was
further supported by a declining 16S rRNA gene copy number under phytoremediation
treatment. Of the four bioremediation treatments, plant-microbial remediation (PMR)
achieved the highest removal of pyrene, phenanthrene and benzo(a)pyrene. Both MR and
PR also reduced PAH levels. However, by comparing MR with PR it was determined that
they complemented each other and performed better when combined as MR added
nutrients while PR consumed them. Thus, combining mycoremediation with
phytoremediation synergistically supports the growth of diverse PAH degrading bacteria

and improves the removal of soil PAHs (Mliaal. 2021).

1.5 Common Bacterial PAH Degradation Pathways

Bacteria use a variety of strategies to break down structurally different PAHs. The
most common pathways to overcome the intrinsic chemical stability of PAHs are the
aerobic peripheral pathways. The first step in these pathways involves an attack by a ring
hydroxylating dioxygenase (RHD) which hydroxylates the benzene ring with help of
activated molecular oxygen. The reaction leads to (di)-hydroxylated intermediates which

are further degraded to central intermediates such as such catechol, protocatechuate,

12



gentisate (2,5-dihydroxybenzoate), and homogentisate (2,5-dihydroxyphenylacetate).

Although many different pathways and genes have been described, the PAH degradation
pathways converge on the same central intermediates. The central intermediates are
‘activated’ for oxidative ring cleavage, due to their electron-rich substituents in the ortho

or para positionKigure 2). The structures can be cleaved by intradiol or extradiol ring-
cleaving dioxygenases through either an ortho-cleavage pathway (between the two
hydroxyl groups) or a meta-cleavage pathway (adjacent to the hydroxyl groups).

If cleaved by intradiol ring-cleaving dioxygenases, catechol and protocatechuate
are converted to B-ketoadipate through the B -ketoadipate pathway. p-ketoadipate can
further be converted to tricarboxylic acid cycle intermediates. If cleaved by extradiol
ring-cleaving dioxygenases through meta-cleavage pathway, then catechol and
protocatechuate are converted to acetaldehyde and pyruvate, respe€tyelg 8).

PAH-ring hydroxylating dioxygenase (RHD) genes are functional genes that code for
enzymes that initiate PAH degradation. Bacteria might possess different RHD genes and
will degrade some PAHs more efficiently than others (Cerniglia 1992; Eaton and
Chapman 1992; Gibson and Parales 2000; Feths2011).

Another common strategy to cleave aromatic rings is the epoxidation of CoA
thioesters. This also requires oxygen to form the highly reactive epoxide which is easily
rearranged to form other compounds. Microorganisms that live under anoxic conditions
utilize the anaerobic peripheral pathway. This process is demanding and requires a
reducing agent with redox potential. Electron-withdrawing intermediates such as

benzoyl-CoA are used by ring-reducing enzymes in the central pathway to help transfer
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electrons to the ring (Fucles al 2011). Anaerobic degradation is less described as it is

not the focus of this study.

1.6 Genomic studies of PAH Degrading Bacteria

Dioxygenases that are known for creatoigdihydrodiols are frequently
discovered in bacteria. Because of their frequency in bacteria and similarities, studies
have shown that dioxygenases can be utilized as biomarkers to assess PAH degradation
potential in environmental samples (Resrgtlal. 1995; Chikere and Fenibo 2018).
However, PCR primers designed to target dioxygenases will not detect all PAH degraders
in an environmental sample. One solution is to design primers that target certain subsets
of PAH dioxygenase genes (Meyadral. 1999; Widadaet al. 2002).

Aromatic degrading enzymes are often classified based on the growth substrate.
For example, toluene JO), naphthalene (NDO), and biphenBRDO). The TDO
system works best fais-hydroxylation of substituted benzene rings. Larger and bulky
compounds do not fit well with the active site of the enzyme. NP and BP catalyze
dihydroxylation of larger PAHs (Boyd and Sheldrake 1998). The NP dioxygenase system
is often used to oxidize bi- and tri- cyclic PAH substrates, such as naphthalene,
phenanthrene and anthracene. The NP system is a multicomponent enzyme that usually
involves a NADH oxidoreductase, a ferredoxin and an oxygenase component. NDO is
composed of a large (alpha) and small (beta) subunit which contain a RieskeJPFe
center and mononuclear nonheme iron. ndlkAaAbgenes encode the ferredoxin and

reductase components and are important for the transport of electrons and allow for
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activation of molecular oxygen (Butler and Mason 1997; Paedlak 1998; Laurie and
Lloyd-Jones 1999).

The NP catabolic genesdh) of NAH7 are arranged in two operons. Tied
operon encodes the proteins in the upper pathway which converts NP to salicylate. The
sal operon encodes the proteins in the lower pathway which converts salicylate to
pyruvate and acetyl coenzyme A. The pathways are genetically linked and regulated by
the genenpahR (Yen and Gunsalus 1982; Grund and Gunsalus 1983). The proteins in the
upper pathway that are responsible for converting naphthalene to salicylate have also
been found to convert phenanthrene to naphthalene-1,2-diol (Laurie and Lloyd-Jones
1999).

Genes encoding the upper pathway proteins have been documented for many
bacterial strainsadogenes were reported froRseudomonas putiddCIB 9816 (Yang
et al 1994),nahgenes fronP. putidaG7 (Mennet al 1993),doxgenes from
Pseudomonasp.C18 (Denomet al. 1993),pah genes fronP. putidaOUS82 (Kiyohara
et al. 1994) and®seudomonas aeruginofakl (Takizawat al. 1999), anchahgenes
from Pseudomonas stutzekN10 (Boschet al 1999).

The proteins in the upper pathways are very similar (>90 % amino acid identity)
and are arranged similarly. Enzymes identifie@§g@udomonastrains arenahAa
(ferredoxin reductasenahAb(NDO ferredoxin) nahAc(thea -subunit of NDO)nahAd
(thep -subunit of NDO), naphthalerss-dihydrodiol dehydrogenase (nahB),
salicylaldehyde dehydrogenasekF), 1,2-dihydroxynaphthalene dioxygenasal{QO,
trans-o-hydroxybenzylidenepyruvate hydratase-aldolzedet], and 2-

hydroxychromene-2-carboxylateisomerasahD). This study also identifieddo genes
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from P. putidastrain NCIB9816 (M23914)oxgenes fromPseudomonasp. strain C18
(M60405),pahgenes fronP. aeruginosatrain PaK1 (D84146), amqghh genes fronP.
putidastrain OUS8247 (AB004059) (Habe and Omori 2003).

Genome analysis cannot always explain observed PAH-degradation phenotypes
indicating that novel PAH degradation genes and pathways may exist.dtlal/d1999)
found that 45 % (20/44) of bacteria with a NP-degrading phenotype can be monitored by
anahAc probe (fromPseudomonas putida7). Analogues of the bacterial glutathione S-
transferase (GST) encoding gene (fr8phingomonas paucimobillE?A505) have been
linked to phenanthrene-degradation and hybridized to 29 % (10/35) of the isolated
phenanthrene-degrading bacteria. Lastly pimgAc gene was not detected in any of the
cultured isolates, except for tBairkholderiahost strain (Lloyd-Jonest al. 1999).

Cycloclasticussp. strain A5 is an obligate marine bacterium and was found to
break down naphthalene, dibenzothiophenes, phenanthrenes, and fluorenes. Genomic
analysis revealed 10 open reading frames, seven of which displayed homology to other
characterized genes involved in PAH degradation. These functional genes arploalled
genes and are commonly foundBarkholderiaisolates. The first fouphnAl, phnA2,
phnA2, and phnAlyere identified as PAH dioxygenase genes (Laurie and Lloyd-Jones
1999; Kasaet al. 2003).

Naphthalene dioxygenase activity in multiflseudomonasolates that could
completely degrade naphthalene was assessed by monitoring the NP degrading gene
(nahAc).Interestingly, when grown on naphthalene, elevated levelalohctranscripts

were recorded foPseudomonas monteilfi26 andPseudomonas stutzeMi3 and not for
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Pseudomonas xanthomarihd 2 suggesting that other novel genes are present or that the
genes are always transcribed (Isagal. 2015).

A similar study investigated the frequency of the naphthalene dioxygenase gene
(nahAg in bacteria isolated from two illegally used modular refining sites in Nigeria.
Using PCR, th@ahAcgene was also detected in the genefandérobacter,

Pseudomonas, Burkholderia, Bacillus, Acinetobacter, Exiguobactenan

Stenotrophomong€hikere and Fenibo 2018)

1.7 PAH Degradation by Acinetobacter

Acinetobacteisolates are Gram-negative, non-motile, aerobic bacteria known for
their ability to survive in challenging environments such as hospiteisetobacter
isolates are resistant to most antimicrobial agents and can cause several infections, such
as hospital acquired pneumoniainetobacter baumannis frequently responsible for
nosocomial infections. Production of biofilm contributes to their colonization at hospitals
and enhances their pathogenicity (Etal 2018).

Previous research has described PAH degradatidwimgtobactestrains, but
the phenomenon is not as well described as in other Gram-negative genera. Little genetic
information is available on PAH degradation genes fAmimetobacteispecies.
Acinetobactr sp. WSD, isolated from a coal-mining area, could use fluorene,
phenanthrene and pyrene as the sole energy source. Approximately 90% of fluorene and
phenanthrene were removed and 50% of pyrene was removed after six days of incubation

(Shaocet al. 2015).
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Czarnyet al. (2020) tested the theory that a microbial community isolated from a
PAH and heavy metal contaminated location should exhibit a high bioactivity and
biodegradation efficiency, despite decreased biodiversity resulting from harsh
environmentAcinetobacter, Pseudomonas, Stenotrophomand#chromobactewere
the dominant bacteria genera identified in this stéaynetobactewas found to increase
in abundance in environments with PAHs and heavy metals and outcompeted the other
genera. This implies that tiAeinetobactegenus is resilient to such contaminants and
may be a dominant genus in soil populations exposed to mixed contminants (€zarny
al. 2020).

Bacteria normally carry a negative charge on the cell surface and to modify their
cell surface properties or produce surfactants in order to take up hydrophobic compounds
such as medium- and long-chain-length n-alkanes, and PAHs (Rojo 2a0Wtobacter
baumanniiBJ, isolated from petroleum oil contaminated soil, was found to metabolize a
maximum of 336 ppm of pyrene in 14 days.& = 600 ppm). Part of this enhanced
pyrene removal was creditedAo baumanniBJ’s ability to produce glycolipid
biosurfactants. The cationic biosurfactants helps to provide surface and availability to the
bacteria (Guptat al. 2020). OtheAcinetobacteiisolates have been documented to
produce biosurfactants. For example, Zlebal. (2020) identifiedAcinetobactestrain
Y2 which was found to produce biosurfactants, could reduce surface tension, and
significantly enhanced PAH removal (Zheual.2020).

Acinetobacters not one of the most common PAH degradation genera, but
Acinetobactersolates have been found to efficiently degrade petroleum crude oil (PCO)

(1.0 % v/v). C8 alkane hydrocarbons were degraded upon the addition of glucose (69.69
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%) and the bacterium could degrade up to C14 alkane hydrocarbons when yeast extract
was added. Thugcinetobactercan assist in the degradation of PCO following an oil
spill especially with the addition of glucose and yeast (Goveas and Sajankila 2020).

Simarroet al (2012) assessed PAH degradation abilities by conducting growth
assays on two environmental samples. One was collected from heavily petroleum
polluted soil (C2PL05) and the other was collected from decomposing wood in an
unpolluted forest (BOS08). The effect of temperature, 8€l&ersus 15-25C, on
degradation rate was also investigated. For C2PL05, the temperature caused a significant
difference in PAH removal, with higher values at increased temperatures. Temperature
did not appear to cause a difference in PAH removal by the BOS08 consortium. The total
PAH removal (pyrene, anthracene, perylene, and phenanthrene) was 98.9 % (SD £ 0.4)
and 86.6 % (SD £ 6.0) for C2PL05 and BOSO08, respectively at high temperatures. The
total PAH removal was 54.3 % (SD + 10.9) and 67.7 % (SD % 7.7) for C2PL05 and
BOSO08, respectively at low temperatur&sinetobactespp. were identified in both
samples (Simarret al 2012).

Ghosalet al (2013) documented thAtinetobactesp. strain AGAT-W, isolated
from contaminated soil, could metabolize acenaphthene and acenaphthylene. The strain
could survive using acenaphthene or acenaphthylene as the sole source of carbon. This
was the first time these HMW PAHSs had been reported to be mineralized by a strain
belonging to the genukcinetobacte(Ghosalet al. 2013)

Following genome analysis, #&tinetobacter calcoaceticisrain was found to
encode a multicomponent oxygenase systeanABQJ that catalyzed the conversion of

benzoate to a nonaromatis-diol. Amino acid sequences of BenABC were compared to
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the multicomponent system of toluate, toluene, benzene, and naphthalene 1,2-
dioxygenases. The results indicated that the similarly sized subunits of the hydroxylate
components may be derived from a common ancestor (Nstidle1991).

Genome sequencing was also performedanetobacter venetianigE-C3
which is a described PAH degradeéhylogenetic analysis revealed that it is likely
distantly related to othekcinetobacteisolates. Genome analysis identified genes likely
involved in the degradation of long chain n-alkanes and in the resistance to toxic metals,
such as arsenic and cadmium. The genome contained multiple DNA mobilization-related
genes suggesting the influence of horizontal gene transfer (HGT) in shaping the genome
(Fondiet al.2013).

Degradation experiments on various pollutants are conducted to assess
degradation ability and efficiency. A bacterium capable of degrading diesel-oil and n-
hexadecane was isolated from Deok-So, South Korea. DNA-DNA hybridization data
indicated the discovery of a novel species and was nawiadtobacter
oleivoransDR1". Strain DRI was an aerobic coccobacillus and grew best at 30°C with a
pH of 6-8 (Kanget al.2011). Kotokyet al. (2017) isolated\cinetobacteisp. PDB4 from
petroleum contaminated soil and studied its ability to degrade benzo(a)pyrene (BaP),
produce biofilm, and promote plant growth. The isolate had already shown ability to
degrade LMW PAHs and HPLC a@&C-MS analysis found that PDB4 removed 80.34%
of BaP in 21 days of incubation. Strain PDB4 produced biofilm as a stress response upon
addition of PAHs and increased PAH concentration lead to a greater release of

glutathione-S-transferase. Finally, the strain displayed promising plant growth
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characteristics such as the solubilization of phosphatiro, suggesting that it could be

utilized in rhizoremediation projects (Kotoky al. 2017).

1.8 This Study

In this study, | worked with the Fall 2020 BLY 314 class to isolate and
characterie a collection of naphthalene degrading bact@&tgphthalene is the simplest
polycyclic aromatic hydrocarbon consisting of two fused benzene rings and is often used
as a model compound for PAH degradatibig(re 1). My thesis research focuses on
characterization of a subset of ten of these isolates. Growth by the selected isolates was
guantified on naphthalene (NP), phenanthrene (PH), and biphenyl (BP). BATH assay and
PAH-induced emulsification activity were quantified to investigate surface properties and
production of biosurfactants by the isolates. Genome sequence information is provided
for nine PAH degrading bacteria isolated during this study. The removal of naphthalene
was quantified using a GC-MS and the function of a predicted PAH degradation gene

was investigated using RT-PCR.
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Naphthalene Phenanthrene Pyrene Acenaphthylene Biphenyl

0
00 U 0 GO

Anthracene Benzo[a]anthraceri®enzo[k]fluoranthene  Fluorene

Chrysene Benzo[b]fluoranthene Benzo[a]pyrene Dibenzo[a,h]anthracene

Benzo[g,h,i]perylene Indeno[1,2,3,cd]pyrene Acenaphthene Fluoranthene
Figure 1. Chemical structure of 16 U.S. EPA priority pollutant PAH compounds (Rogers

2002) and biphenyl. Biphenyl is not a PAH but is often metabolized using the same
biochemical pathway (Cheet al. 2021).
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Figure 2. Aerobic (a) and anaerobic (b) aromatic hydrocarbon biodegradation pathways.
Common central intermediates in the classicalidependent aerobic pathway are

catechol and protocatechuate. These become substrates for ring-cleaving dioxygenases.
The most common central intermediate for the anaerobic pathways is benzoyl-CoA
which also becomes a substrate for ring-reducing enzymes (Euah2011).
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Figure 3. The classical @dependent degradation pathway of benzoate in bacteria and
fungi. Fungi convert benzoate to protocatechuate while most bacteria convert it to
catechol. In the central pathway, ring-cleaving dioxygenases cleave the ring in the ortho-
position @-ketoadipate pathway) or the meta-position (Fuethed. 2011).
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CHAPTERII

RESEARCH OBJECTIVES

The objectives of this study are:

Isolate and identify naphthalene degrading bacteria from an urban soil sample.
Characterize the PAH degradation range of the naphthalene degrading isolates.
Quantify PAH degradation by the naphthalene degrading isolates.

Characterize the surface characteristics and biosurfactant production of the
naphthalene degrading isolates.

Sequence and analyze the genomes of naphthalene degrading isolates.

Identify and experimentally confirm the function of PAH degradation genes.
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CHAPTER 111

MATERIALSAND METHODS

3.1 Isolation and Purification of Naphthalene Degrading Bacteria

All culturing was performed using minimal salt medium (MSM) supplemented
with naphthalene and indole. Per liter, media comprised of: 40 mLbfiN& +
KH2POy buffer (M; pH 6.8); 20 mL of Hutner's vitamin-free mineral base and 1.0 g of
(NH4)2SOy (Stanieret al 1966). Soil samples were collected near a creosote-soaked
wood telephone pole from midtown Mobile, AL. Enrichment cultures were prepared by
inoculating 10 g of soil into 90 mL of mineral salt medium{jLl6ontaining 1mM
naphthalene and 75 pg mL* cycloheximide.

The enrichments were incubated for one week at room temperature and 200 rpm.
The enrichments contained 10 mL MSB, 1 g soil and was stored in 100 mL capped serum
bottles. Enrichments were further serial diluted t§ 4Ad spread plated onto MSNP-
Indole agars. Plates were incubated at room temperature for 24-48 hours befere singl
colonies were transferred to fresh minimal salt medium containing 0.1% yeast extract, 0.5
mM naphthalene, 2 mM indole, and 75 pg mL* cycloheximide (MSMY-NIC). Some of
the colonies were able to oxidize indole to indigo forming blue colonies. Convefsion o
indole to indigo is indicative of naphthalene dioxygenase activity, the first step in

degrading many PAHs. This property has been found to be strongly induced by
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naphthalene (Mercadat al. 2010). Individual naphthalene degrading isolates were
isolated by re-streaking single blue colonies onto minimal salt agar until the cultures
appeared pure (MSAHP-1). Single naphthalene degrading bacteria were transferred to
test tubes containing tryptic soy broth (TSB) and incubated overnight at 200 rpm and 29

°C. Freezing media (50% glycerol) in 1:1 ratio was added before storage at -80 °C.

3.2 Microscopy and M orphological Tests

Negative, simple, and gram staining was performed to determine morphology and
the phenotypic characterization of the isolates. A series of biochemical tests were

performed to further characterize the isolates (Widiegl. 2008)

3.3 Identification of Naphthalene Degrading Bacteria

The 16S rRNA (primer set 27F and 1492R) patiEgenes (Hong Sunhee 2016;
Lianget al.2019) were amplified by polymerase chain reaction (PCR) using the colony
touch method and GoTag master mix according to manufacturer's guidelines (Promega,
Madison, WI). The PCR program was set for 35 cycles with denaturatidr®?@tf@r 30
seconds, annealed at 85for 30 seconds, and extension afZ2Zor 90 seconds,
followed by 7 min at 72C, held at 12C. (Ausubelet al 2002).

Gel electrophoresis was performed by preparing a 1% TAE agarose gel (Bio-Rad,
Hercules, CA) (1h @ 100V) with SYBR Safe DNA gel stain (Invitrogen, Carlsbajl, CA
Gel images were captured using a Bio-Rad Gel'DEZ imager image analysis system

with Image lat™ (V3.0) software (Bio-Rad, Hercules, CA). The GeneRuler 100bp Plus
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DNA ladder (Thermo Scientific) was used to calculate the size of our PCR products and
the expected size wasl500 bp for 16S rRNA and370 bp forpahE(Table 1).
ThepahEamplicons were not sent out for sequencing. The 16S rRNA gene was
successfully amplified in all bacteria and sent out for sequencing to identify the isolates.
BLASTN (Altschulet al. 1990) was used to identify the top BLAST matches from the

GenBank datade and determine homology.

3.4 Growth Assays

Single colonies of each isolate were aseptically inoculated into 5 mL MSB
containing 100 ppm naphthalene (25mghih 95% ethanol) and 10 pl tryptic soy broth
(MSBT-N, Difco). Isolates were incubated overnight at room temperature and 200 rpm.
The next day 100 ul was transferred to fresh media and grown for 24 hours at room
temperature and 200 rpm. On the third day 0.5 mL of the overnight culture was
inoculated into 25 mL of MSBN. Assays were carried out in triplicates. Microbial
growth was determined using a Vernier spectrophotometer and Vernier Spectral Analysis
software (Vernier) to measu@D at 600 nm (Olyo). The equipment was blanked with
MSB solution containing naphthalene and TSB. Flasks were incubated at room
temperature and 200 rpi@D was measured by pipetting 1 mL of solution from each
flask into a cuvette to read absorbance at 600 nm. Initial absorbance was recorded
followed by reading every two hours for 14 hours with a final reading after 24 hours
(Figure4). The same procedure was used to measure bacterial growth on biphenyl and

phenanthrene (Charan 201F)dure5 & 6). Biphenyl, while not a PAH, was included
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because it is frequently included in LMW PAH studies and has a well described
degradation pathway (Roy 2013).

Control assays were performed to assess the role of TSB and ethanol in
supporting isolate growth. The first control growth assay was done at 10RRpm
Previous growth assays contained supplemented TSB and so the first control growth
assay was done to assess the influence of F&irle 7). The second control growth
assay contained 50 pl TSB andsget up to determine if the isolates were growing on
TSB rather than on the tested PAH. Finally, the third control growth assgyerformed
with the 100 ul 95% ethanol (solvent) to verify that the isolates are growing on the PAHs

and not the solvenT@ble 3 & 4).

3.5 PAH Degradation Assays

Five hundred pl of overnight cultures, prepared in identical manner as growth assays,
were aseptically transferred to 100 mL serum bottles containing 10 mL of MSB (Stanier,
et al 1966) and spiked with 100 ppm of NP. The PAH degradation assays were
conducted in triplicates. Bottles were sealed using rubber stoppers and aluminum crimp
seals and shaken at 200 rpm for 24 h at 30 °C. The bacteria were centrifuged to pellet
cells (5min, 5k in Sorvall, SL-50T rotor, Sorvall Super T21) and the supernatant was
transferred to serum bottles. Three extractions of 0.5 volumes of ethyl acetate (Kodak,
Rochester, NY) were performed to extract NP from the aqueous phase. Following
extraction, the organic layers were combined and dried with approximately 4 g of
anhydrous sodium sulfate (SIGMA, St. Louis, M®Ohe “dry” liquids were filtered using

a 50 mL Erlenmeyer filter flask and a Hirsch funnel before transferred to all@gumd
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bottom flask (RBF) and rotary evaporated (Heidpligh~1mL volume. Acetone: hexane
(1:1) solvent was added to a final volume of 4 mL. The internal standard, butylbenzene
(ALDRICH), was added (10 ppnbefore 1 ul of the solution was injected into GCMS-
QP5000 (Shimadzu) using an RTX-5 column. The GCMS program consisted of 2 min at
40.0 °C followed by a 15°C mihincrease to 190 °C and held for 4 min (injection temp
250 °C, interface temp 280 °C, and column flow 1.1 mL/min). Hydrogen was used as the
carrier gas, “split” control mode was used, and the selective ion monitoring (SIM) mode

was utilized to detect low concentrations of naphthalene (Chl-m/z = 128.2 and Ch2-m/z
=134.2). The concentration of NP was calculated by comparison against NP standard
calibration curveFRigure 8). Isolate (s) within each group that ranked the highest on the
growth, 24,and BATH assays were selectdalle 8). Endpoint analyse@neasured %

NP degradation after 24 hours of incubation) was conducted on isolates NP 504, NP 505,

NP 514,NP 520,NP 516,NP 527, andNP 530 Figure9).

3.6 Bacterial Adhesion to Hydrocarbons (BATH)

Single colonies were aseptically transferred from MSA-N-I into 5 mL MSB
containing 50 pl TSB and incubated for 24 hours at RT and 200 rpm. The next day 100
ul was transferred to fresh media and grown for 24 holR3 and 200 rpm. On the third
day bacteria were spun down (5 min at 5800 rpm, SA-600 rotor) washed twice and
resuspended in 1.2 mL PUM buffer (2.22 gHRO, 7.26 g KP4, 1.8 g urea, 0.2 g
MgSQs: 7H0 dissolved in 1000 mL DI water, pH 7.1). The solution was transferred to
10 mm diameter test tubes. The test tubes were diluted asdiBeddding PUB buffer

until all test tubes had an OD of approximately 0.600. The equipment was blanked with
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the PUM buffer. Th@®D was measured and recorded by pipetting 1 mL of solution from
each flask into a cuvette. The cuvettes were placed in a Vernier spectrophotometer and
analyzed by a Vernier Spectral Analysis software (Vernier). Absorbances were recorded
at 400 nm. Next, 0.2 mL of hexadecane was added to each test tube. After preincubation
(25°C for 10 min), the mixtures were agitated for 2 min. Following agitation, the

solutions were left at room temperature for 15 min to allow separation of agueous and
organic layer. The OD of the aqueous phase was again measured and recorded. Assays
were carried out in triplicates. Adhesion to hydrocarbons was calculated as follows:
H=[1-A/Aq] *100. Ao is the absorbance of the bacterial suspension without the

hydrophobic phase. A is the absorbance after mixing with hexadecane (Charan 2017).

3.7 Emulsification Activity Assay [E2stest]

All ten cultures were inoculated in 5 mL MSB containing 100 ppm naphthalene
(25mg mLtin 95% ethanol) and 10 pl Tryptic Soy Broth (TSB). Cultures were grown
for 24 hours at room temperature and 200 rpm. The next day 100 pl was transferred to
fresh MSB and grown for 24 hours at room temperature and 20@Eguherichia coli
and 30 pl Tweef20were used as negative and positive contrelspectivelyCultures
were centrifugeqSorval® RC 28S)with an SA-600 rotor at 580@m for 5 minutes. The
supernatant (4 mL) was pipetted into 20 mL test tubes containing 6 mL hexadecane. The
mixtures were homogenized by vortexing at high speed for 2 minutes. After 24 hours, the
height of the stable emulsion layer was measufegli(e 10). Exsindex was calculated
by divide the height of the emulsification layer by the total height, multiplied by 100

(Cooper and Goldenberg 1987).
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3.8 Genome Sequencing and Analysis

Isolates NP504, NP505, NP509, NP514, NP516, NP520, NP523, NP527, and
NP530 were sent out for genome sequencing. Genomic DNA was extracted using
MasterPure DNA Purification kit protocol from Lucigen (Biosearch Technologies,
Hoddesdon, UK Libraries were prepared for whole genome sequencing (WGS) using
the (dilute) Nextera DNA Library preparation kit (lllumina), with 500 - 600 bp insert
sizes, 250 bp paired-end reads and were generated on an Illlumina HiSeq 1000 instrument
(Hubbard Genome Center, University of New Hampshire).

The genomes were annotated in PATRIC (PMID: 31667520) using the
Comprehensive Genome Analysis service. They were assembled using Unicycler
(Unicycler v0.4.8) (Wicket al. 2017) and annotated using RASTtk (PMID: 25666585)
(Brettinet al. 2015).The “similar genome finder” service was used to identify the closest
relatives (Ondowet al. 2016). A phylogenetic tree was designed containing 54 reference
and representativ&cinetobactegenomes using Markov Cluster algorithm (MCL) in
PATRIC 3.6.12. The tree was constructed with 100 genes with five allowed deletions and
duplications (Davi®t al.2016) Fig. 11). The nwk tree file was edited using Geneious
prime 2022.1.1 (https://www.geneious.com).

Biphenyl catabolic genes were identified by investigating proteins annotated to be
involved in the biphenyl degradation pathway. PAH catabolic genes were identified using
the “protein family sorter” tool in PATRIC 3.6.12. Rtatmap function within the “protein

family sorter” tool was utilized to identify the number of identical and total proteins in
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each isolate (Lindemarat al 2016). Genome browser in PATRIC was utilized to search
for potential catabolic operons surrounding the genes of interest (Batedtir2015)

BLASTXx searches and GC content analysis on target genes and neighboring genes
were done to assess homology and potential HGT (Altsthall 1990) ("Calculator for
Genetic Nitrogenous BasesSimilarity between the aromatic RHDsubunit identified
in our isolates and naphthalene dioxygenase iron sulfur prot¢) from
Pseudomonas putiddA2NH (Accession: AF306436.1) was assessed by Global Align
(Altschul et al 1990). Average nucleotide identity (ANI) analysis was performed with
the ANI calculator (http://enve-omics.ce.gatech.edu/ani/) to assess DNA sequence
identity between the groups. Finally, the pathogenicity towards human hosts was

predicted by Pathogen Finder 1.1 (Cosendéhal.2013).

3.9 Reverse Transcription PCR

Nucleotide sequences of target genes were transferred from PATRIC 3.6.12
(Wattamet al. 2014) to Geneious prime 2022.1.1 (https://www.geneious.com) where
primer sequences were manually selected. Sequences, about 300 nucleotides apart, of ~18
nucleotides were selected from the center of the gene. The melting points were ~ 53 °C.
The primer combinations ihable 1 were used to amplify the aromatic ring
hydroxylating dioxygenase alpha subunit (~290 bp). The 16S rRNA gene-specific
primers 515F and 926R were used as positive control. Primers were ordered from
Eurofins Genomics (Louisville, KY) and suspended in DNA rehydration solution
(Promega) to make00 uM master stocks. Working stock) uM) were made by

diluting the master stocks with nuclease-free water (Promega). Colony touch PCR was
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performed to test the primers. PCR on extracted gDNA (Monarch Genomic DNA
Purification Kit, Rowley, MA) was performed on isolates 504, 520, and 523. Gel
electrophoresis, as described earlier, was used to view the results.
Experimental treatments were grown on 5 mL MSM supplemented with 100 ppm
NP and control treatments grew on 5 MISM supplemented with 500 pl of both TSB
(Becton Dickinson, USA) and dextrose (J. T. Baker, Phillipsburg, N.J). Test tubes were
incubated at ~ 30 °C and 200 rpm. Tubes weiteansferred twice by transferrin@0 ul
of growth to fresh median the day of RNA extraction, the tubes were transferred again
and grown for 7 hours to have fresh actively growing c@3was recorded as
described earlier to assess growth. Three mL and five mL were used to extract RNA from
experimental and control treatments, respectively. Total RNA extractions were performed
using the SV Total RNA Isolation kit according to the recommendations of the
manufacturer (Promega, Madison, WI), and the extracts were further purified by DNase |
treatment according to the instructions of the kit manufacturer (Promega, Madison, WI).
The reverse transcriptase PCRs (RORs) were performed in 13 pl with ~1 ng
ul't of total RNA with the OneStep RT-PCR kit (Promega, Madisor), WHe
thermocycler program used for the RT-PCRs was as follows: 50°C for 20 min, 95°C for 2
min, 45 cycles (95°C for 20 s, 55°C for 30 s, and 72°C for 1 min), and 72°C for 5 min.

The results were analyzed on a 2% agarose gel as described previously.
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Table 1. Primer sets used during polymerase chain reaction (PCR) and reverse
transcription PCR (RT-PCR) for PAH catabolic genes and 16S rRNA. PCR was
conducted opahEand 16S rRNA for all isolates bacteria using genddNA template
(Hong Sunhee 2016; Liang, Huang and Wang 2019). Reverse transcription PCR (RT-
PCR)was conducted on aromatic RHD a subunit (Groups A, B, and C) for sequenced
isolates using extracted RNA. The last two rows display the primer sets used to amplify
biphenyl-2,3-diol 1,2-dioxygenase Il (BphC) for sequenced isolates.

Primer Name Forward and Reverse Primer Expect_ed
Band Size
16S rRNA 27F: AGAGTTTGATCCTGGCTCAG 1500
1492R: TACCTTGTTACGACTT
pahE 1F: TGCGGCGGGTGTNAAYGGNAT 370
1R: CCTGAGGAATCTCGGACATYTSTGCCCARAA
RHD (Group A) F: CCAGGTAACTGGAAAATCC 280
R: CTAATTCTTCATGACCTTCG
RHD (Group B) F: GGGAACTGGAAAATCCAG 280
R: CTTCTAATTCTTCATGGCC
RHD (Group C) F: CGGGTAACTGGAAAATCC 300
R: CGACTGCACGAACAATAC
BphC Group A . 1\ cCTGTCATTTCTATCAAAC 200
and Group B
R: CTTCTGAAATGGGAGTGTC
BphC516 F: CTATCAAACCGTATTAGGG 200
R: CCACTTCTGAAATAGGAG
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CHAPTER IV

RESULTS

4.1 | solation and | dentification of NP Degrading Bacteria

Thirty-two bacteria were isolated from urban soil. They were selected based on
their ability to convert indole to indigo, a phenotypical trait of naphthalene dioxygenase
activity (Mercadakt al. 2010). BLAST analysis revealed that the top blast matches to the
16S rRNA were the same for many of the isolates Blast analysis revealed five groups, the
biggest being 2Bcinetobacter seifertstrain LUH 1472. Four isolates matched
Acinetobacter pittiDSM 21653 strain ATCC 19004, one isolate matcheihetobacter
baumanniistrain DSM 30007, one matchBthodococcus agglutinarssrain CFH S0262
and one matche8almonella enterica subsp. entergtaain LT2 [ able 2).

The main two group®\. seifertiiandA. pittii, are both emerging pathogens
resistant to many antibioti¢ki et al. 2017; Furlaret al. 2019).A. baumanniis a well-
knownopportunistic hospital acquired pathogen (Fudaal. 2019).R. agglutinanss a
Gram-positive, aerobic, non-motile and non-spore forming bacteriadGala2015).

Finally, S. entericds a facultative anaerobic Gram-negative bacterium that are known
animal and human pathogens (Andino and Hanning 2015)
PCR analysis revealed that tReagglutinanssolate and eighA. seifertiiisolates

contained the PAH hydratase-aldolasah(E)gene. This is a catabolic gene that
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catalyzes the fifth step in PAH degradation pathway by converting trans-o-
hydroxybenzylidenepyruvate (tHBPA) to aldehydes and pyruvic acid (Liang, Huang and
Wang 2019) Table 2). Ten isolates were chosen for further study based on top BLAST

matches and the presence of pabEgene.

4.2 Growth Assays

Growth of the isolates was assessed on NP, BP, and PH with isolates revealing
different growth preferences. NP505 grew best on PH reaching an OD of 0.944group
(Figure5). NP504 reached the highest OD (0.71) on BP and NP514 grew best on PH
reaching an OD of 0.77 (group B). NP509, NP515, NP520, and NP523 grew best on BP
reaching an OD of 0.66, 0.63, 0.65, and 0.70, respectively. Interestingly, growth on BP
had a longer lag phasgi@ure 6). Finally, NP516, NP527, and NP530 grew best on NP
reaching an OD of 0.77, 0.70, and 0.78, respectively (groupi@)re 4). The majority
(5/10) of the isolates reached the highest OD with BP as the growth substrate. Isolates in
group A and B appear to grow better on the PH while isolates in group C appear to grow
better on NP and BP.

Control growth assays were performed to confirm that the isolates were utilizing
the PAHSs as the main carbon and energy source. The first control growth assay was done
with naphthalene dissolved in ethanol and no additional F&gi(e 7). The optical
densities after 24 hours were compared using a pawethiled t-test and revealed that
the growth was significantly different éble 4). Cultures grown without TSB reached a
higherOD in 8/10 isolates. Small differences such as the temperature in the laboratory

may have affected the growth.
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A second control growth assay was done with TSB as the only available carbon
source. The bacteria grew poorly indicating that the addition of TSB to the growth assays
did not support the growth observed in PAH growth assays. Adding the results from the
second control growth assay to the growth assays on NP, PH, BH, containing TSB, did
not significantly change the resuli®aple 4). The third and final growth assay was done
with the solvent, ethanahsthe sole carbon and energy source. The growth assay
revealed that the bacteria were able to survive and grow with ethanol being the only
available carbon source. Statistical analysis revealed that the results from growth assays
containing NP dissolved in ethanol (without TSB) were significantly different from the
growth assays containing only ethanol. All isolates except NP520 grew better on NP +
ethanol than on ethanol alone. Therefore, the results indicate that the lzzeteria

metabolize naphthalene as they reach a higizewhenNP is present in the media.

4.3 PAH Quantification

Naphthalene degraders degraded 83.2- 92.9 % of NP in 24 hours. Control flasks
lost 22.46 % of NP after incubation and extractions and so the results are corrected for
this abiotic loss. Group A degraded 92.1 %, group B degraded an average of 83.6 %, and

group C degraded an average of 89.0 % of Nable 5) (Figure9).

4.4BATH Test

The BATH test measures the degree of adherence of bacterial cells to liquid
hydrocarbons. Adherence to hexadecane was determined by assessing the decrease in OD

of the aqueous phase after mixiggcherichia colis known to not adhere to liquid
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hydrocarbons and was used as the negative control. The solutions were visibly more
transparent after mixing with hexadecane. The number of bacteria cells in the aqueous
phase decreased in all assessed with isbIBE9 decreasing the most with a mean of

96.7 = 2.1 %NP516 decreased the least with an adhesion of 85.2 + 2.9 %. The negative
control decreased by 2.6 +1.7 % after mixing. The values are the average of three
replicates for each isolat€he results indicate that the bacteria can adhere to liquid

hexadecane and likely other hydrophobic compounds such as PAHs (Table 7).

4.5 Emulsification Activity (E24)

The emulsification activity assay screens for biosurfactant producing bacteria.
The emulsification activity assay revealed that isd805 was the best emulsifier with
a mean of 55 %. The result indicates that NP505 produce a lot of biosurfactants as it
could emulsify high into the hydrophobic layer. TRé&nhd ¥ best emulsifiers were
isolatesNP530 (16 %) andNP516 (12 %), respectively={gure 10). Escherichia colwas
the negative control bacterium and Tween 20 (positive control) is a detergent that will

emulsify the hexadecane. All the isolates performed better than the negative control.

4.6 Genome Analysis

Assembly and annotation key results can be fourichisie 9. The isolates have a
G+C content of 38.28-38.72. The number of protein coding genes (with functional
assignment) ranges from 2488-2560. The number of protein coding genes (without
functional assignment) range from 1102-1207. The number of coding sequences (CDS)

range from 3662-3712. Similar genome finder tool (all public genomes) in PATRIC
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(PMID: 31667520) revealed that all the isolates belong to the geannstobacteand

that they can be arranged into three groups (A, B, C) (Oetdalk2016). The top match

for isolate 505 wa#. pittii strain Aci00905 (group Alk-mer count 496/1000) (GenBank
accession CAJHHNOOOOOO000®). pittii strain Aci00905 was isolated from a human host
in Germany, 2018. This study focused on human pathogens and strategies to reduce the
risk of epidemics (Ondoegt al. 2016). The top match for isolates 504 and 514 Avas

pittii strain KCJK1729 (group Bk-mer count average 391.5/10qGenBank accession
LYQNOOO0O00000.1)A. pittii strain KCJK1729 was isolated from the feces of beef cattle
(Bos taurus) in the USA, 2015. This study found naturally occurring cefotaxime
resistance microbes in beef cattle (Ondbwal. 2016). Finally, the top match for isolates
509, 516, 520, 523, 527, and 530 waseifertiistrain SAb133 (group Gk-mer count
434/1000) (GenBank accession SNSA000000@03eifertiistrain SAb133 was isolated
from soil samples in Brazil, 2015. This study found that the strain carried heavy metal
resistant genes (Ondet al. 2016). None of the top genome matches were reported to
degrade PAHSs.

Average nucleotide identity (one-way ANI2) analysis was performed on one
isolate from each group to assess similarity among the groups. Isolate 504 was selected to
represent group B and isolate 509 was selected to represent group C. The DNA sequence
identity between group A and group B is 96.09% (SD: 3.09%), the identity between
group A and C is 87.24% (SD: 5.12%), and the identity between group B and group C is
87.30% (SD: 5.15%).

Phylogenetic analysis of the isolate genomes and a collection of reference

Acinetobactegenomes revealed that all three groups are located in the same cluster
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indicating that the groups are closely related, as previously indicated by ANI analysis
(Figure 11).

Potential PAH catabolic genes were identified by investigating proteins assigned
to benzoate, biphenyl, and naphthalene pathways in PATRIC 3.6.12 and by searching for
common PAHcatabolic genes using the “protein family sorter” tool (Lindemannet al
2016). Despite being successfully amplified in six of the sequehtiedtobacter
isolates, thgpahEgene was not identified during genome analysis. Sequencing of these
amplicons should be done to identify PCR prodiist “protein family sorter” tool
revealed homologs to benzoate 1,2-dioxygenasgbunit (EC 1.14.12.10) in all isolates.
Biphenyl-2,3-diol 1,2-dioxygenase Il (EC 1.13.11.39) was identified in isolates NP504,
NP505, NP514, and NP516. Benzoate 1,2-dioxygemas®unit and biphenyl-2,3-diol
1,2-dioxygenasél were annotated to be involved in the benzoate degradation pathways
via hydroxylation and biphenyl degradation, respectively. According to the Kyoto
Encyclopedia of Genes and Genomes (KEGG) benzoate 1,2-dioxygesatsenit (EC
1.14.12.10) is an oxidoreductase that acts on paired donors with incorporation or
reduction of molecular oxygen. Biphenyl-2,3-diol 1,2-dioxygenase llI, often called
BphC, is involved in the degradation of biphenyl and catalyzes the meta-cleavage
reaction by incorporating two oxygen atoms (Kanehbtsa. 2016).

Benzoate 1,2-dioxygenasesubunit was selected as our target gene as BLASTx
analysis revealed that the nucleotide sequences from the majority of the isolates closely
matched the aromatic RH®Dsubunit from Acinetobacteisolates in the GenBank
databaseT(able 11). The benzoate 1,2-dioxygenassubunit gene from groups A, B,

and C, excluding NP514 and NP530, matched the aromaticdddbunit genes with
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99.1-100 % identity (Altschudt al. 1990; Brettinet al. 2015).The aromatic RHD a

subunit from NP505 (group A) is 40 % identical to naphthalene dioxygenase iron sulfur
protein fiahAqg from Pseudomonas putid2lA2NH (Accession: AF306436.1). The
aromatic RHD o subunit from NP504 (group B) and NP 509 (group C) areé¥d4Rlentical

to naphthalene dioxygenase iron sulfur protash@q from P. putida3IA2NH

(Accession: AF306436.1) (Altschat al 1990). The biphenyl-2,3-diol 1,2-dioxygenase

[l gene from NP504, NP505, NP514, and NP516 matched VOC family protein with
97.7-100 % identity (Let al. 2009) Table 11).

The PATRIC Heatmap tool revealed that all isolates contained one copy of the
aromatic RHDu subunit gene and that groups A and B plus isolate NP516 contained the
biphenyl-2,3-diol 1,2-dioxygenase lll gene. In addition, all isolates contained the
aromatic RHD B subunit. The GC content of the biphenyl-2,3-diol 1,2-dioxygenase llI
gene ranged from 36.7-37Awhile the GC content of the aromatic RHD a subunit gene
ranged from 42.8-43.6 %. Finally, BLASTx analysis of genes surrounding the target
genes suggested that no HGT had taken place as top blast matches were all to

Acinetobactegenes.

4.7 Reverse Transcription PCR

The aromatic RHD subunit gene was successfully amplified in all isolates
confirming its presence in the genomes and that the primers were correctly designed
(Figure 12). The biphenyl-2,3-diol 1,2-dioxygenase lll gene was successfully amplified
in NP505 and NP516. The results from isolate NP504 and NP514 are ambiguous and

should be repeateérigure 12). Aromatic RHDa subunit was expressed by isolates
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NP509,NP520, andNP530 during growth on both experimental (PAH) and control (TSB
and dextrose) treatments which suggests it is constitutively expressed in those isolates. In
contrast, the aromatic RH®subunit was only expressed in isolates NP504,NP514,
NP516,NP523, and\P527 when grown in the control treatments. However, the results

are inconclusive as our positive control 16S rRNA was only amplified in the control
treatments of isolatd$P504,NP505,NP514,NP527, andNP530 (Figure 13). The 16S

rRNA gene is a housekeeping gene and should be constitutively expressed during growth

in both treatments (Volokhaet al. 2007).
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Table2. Top 16S rRNA BLAST matches from the GenBank database and the presence

of pahEgene.
Isolate Top Blastn match: Qﬁﬁszlron gg,ﬁﬁ;t ?:%]FE
501 svanlUniaz | NRI36B4L 0088 -
S02  swanlbriie | NR136841 0887 -
Ny Acnetobacterseifertl - Nr_134684.1 99.88 -
506 svanlUniaz | NR136B41 0088 -
507 awmmLUN iz NR1346841 9921 -
15\|(§>8 gigﬁtﬁa?_lctﬂ;;'fe”" NR_134684.1 99.29 -
Np hoetopacter sefertl  NR_1346841 99.21 -
e gig;ﬁtﬁgil“ﬂ?sze'fe”" NR_134684.1 99.18 -
513 svanlUniary | NRI36B4L 9918 -
'5\|1P5 gﬁgﬁtﬁazdﬂ?s;'fe”" NR_134684.1 99.57  +
15\|1F’6 gﬁﬁtfgilﬂﬂ;;'fe”" NR_134684.1 99.65  +
319 SvanlUniars | NR136B4L 0088 -
'5\|2F’0 gfg;ﬁtﬁa?_ftﬂ?s;'fe“" NR_134684.1 99.88  +
NP gfg;ﬁtﬁazcﬁ?s;'fe“" NR_134684.1 99.17 -
N, Acnewbacterseifertl NR_134684.1 99.88  +
r5\|2P4 'sAtf’;;’i]re]tEBilCtleifzelfert" NR_134684.1 99.21  +
'5\|2F’5 Q?Qﬁ‘fﬁi.“ﬂff'fe”" NR_134684.1 99.53 ND
r5\|2F>6 SAtc;g;ﬁtEBilctle;;;'fe”" NR_134684.1 99.88 ND
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Table 2, Cont.

Isolate Top Blastn match: Qfﬁ?ﬁ:lron |Zg:1(t:ﬁ;t %agg
EZPY ?tcr:;r;ﬁtfg?_lctﬂ;z@fe“" NR 134684.1 99.3  +
22P8 gig;ﬁtﬁailctﬂ?s;'fe”" NR_134684.1 98.65 +
glng Q?Qﬁtﬁﬂiafifffe”" NR_134684.1 93.83 -
E:?o ?tcr:g;ﬁtfailctﬂ?szeﬁe“" NR _134684.1 99.88  +
15\|§1 gigﬁtﬁa?_lctﬂ;;'fe”" NR_134684.1 99.41 -
NP Acinetobacter seifertii

532  strain LUH 1472 NR_134684.1 99.21 -

NP Acinetobacter pittiDSM
504 21653 strain ATCC 19004
NP Acinetobacter pittiDSM
505 21653 strain ATCC 19004
NP Acinetobacter pittiDSM
514 21653 strain ATCC 19004

NP Acinetobacter pittiDSM
518 21653 strain ATCC 19004

NR_117621.1 99.65 -
NR_117621.1 99.77 -
NR_117621.1 99.79 -

NR_117621.1 98.82 -

NP Acinetobacter baumannii

509 strain DSM 30007 NR_117677.1 9744 )
NP Salmonella entericaubsp.

510 enterica strain LT2 NR_104709.1  99.53 )
NP Rhodococcus agglutinans

523  strain CFH S0262 NR_136860.1 100 +
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Table 3. Growth assay comparisons based on different growth media. All numbers
represent the OD 600 after 24 hours.

PH + BP + NP + NP (In 95%

TSB TSB TSB  Ethanol) EtOH

A 505 0.94 0.63 0.62 1.02 0.81 0.008
504 0.54 0.71 0.62 0.70 0.58 0
514 0.77 0.74 0.77 0.58 0.57 0.005
509 0.64 0.66 0.52 0.80 0.63 0
515 0.54 0.63 0.61 0.69 0.41 0
516 0.41 0.47 0.77 0.70 0.43 0

C 520 0.35 0.65 0.54 0.95 1.06 0
523 0.47 0.70 0.56 0.91 0.53 0
527 0.30 0.62 0.70 0.92 0.64 0.002
530 0.50 0.25 0.78 1.03 0.95 0.006

Groups Isolate

B
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Table 4. Statistical comparisons (pairesid-tailed t-test) of the OD after 24 hours
between different growth assays.

Growth Media Comparison p-value

NP 95% EtOH 0.0055

NP NP + TSB 0.0193
PAH + TSB Addition of Only TSB 0.0589
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Table5. Percent degradation of NP after 24 hours of incubation. NP was quantified using
GC-MS and data in this figure are corrected for abiotic NP loss. Values are presented as
the average of three independent measurements with respective standard error.

Groups Isolate % NP Degradation Standard Error (SE)

A 505 92.1 15
5 504 83.2 3.4
514 83.9 1.8
516 88.5 1.8
520 90.7 1.2
¢ 527 84.0 2.0
530 92.9 1.6
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Table 6. Comparison between growth on NP versus degradation ¢¥d)PThe results

are presented in chronological order with isolates reaching the highest BB first

control growth assay and the isolates degrading the most NP at the top of the columns.
Exception: NP516 removed more NP than NP527 (*).

Growth on NP vs. Degradation of NP

I solate ODs0o % Degradation
530 1.03 92.93
505 1.02 92.07
520 0.95 90.65
527* 0.92 84.03
516* 0.70 88.48
504 0.70 83.94
514 0.58 83.20
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Table 7. Results of BATH Test. Adherence capacity of cells to hexadecane in percentage
with Escherichia colias the negative control. Values are presented as the average of three
independent measurements with respective standard error.

| solate No. Hexadecane Adherence

504 86.9 £2.491%
505 92.1 +1.245%
509 96.7 +2.135%
514 89.3 £6.527%
515 96 £2.182%
516 85.2 +2.902%
520 96.3 +1.905%
523 90.5 +2.281%
527 91.6 +4.283%
530 89.8 £3.348%

Escherichia coli 2.6 £1.72%
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Table 8. Growth, k24 and BATH assays ranking of selected isolates.

Growth Growth Growth

| solate Genu_s& rank rank rank Ez‘L BAATH pir/]E
species NP PH BP ran ssay -
505 A. pittii 6 1 7 1 4 -
530 A. seifertii 1 6 10 2 7 +
514 A. pittii 3 2 1 9 8 -
527 A. seifertii 4 10 8 3 5 +
516 A. seifertii 2 8 9 4 10 1
523 R.agglutinans 8 7 3 6 6 +
520 A. seifertii 9 9 5 8 2 0
515 A. seifertii 7 4 6 7 3 +
509 A. baumannii 10 3 4 10 1 -
504 A. pittii 5 5 2 5 9 -
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Table 9. Key assembly and annotation results of the sequektedtobacteisolates.

Average Genome Protein  Protein encodin
Short Total GC encoding gene genes without

Isolate Read ContigsConten Lengt ith functional  functional  CD> RNA

Coverage (bp) Assignment  Assignment
504 601.379 34 38.71 3885964 2555 1107 3,66z 3
505 757.994 34  38.72 3886546 2534 1136 3,67C 3
509 425.624 13  38.28 3908436 2489 1200 3,68¢ 4
514 404.126 32  38.71 3885895 2560 1102 3,66z 3
516 369.649 13  38.33 3943488 2505 1207 3,71z 3
520 454.409 14  38.28 3908852 2490 1202 3,69z 3
523 597.4 13  38.28 3908186 2489 1199 3,68t 3
527 621.748 13  38.28 3908449 2489 1203 3,69z 3
530 749.789 12  38.28 3908178 2488 1203 3,691 3
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Table 10. Closest relatives afequenced isolates according to “similar genome finder”
tool on PATRIC 3.6.12. (All public genomes) (Wattatral 2014; Ondoet al. 2016).

Groups I solate Closest Relative K-mer Count
A 505 Acinetobacter pittistrain Aci00905 496/1000
504 Acinetobacter pittistrain KCJK1729 392/1000
° 514 Acinetobacter pittistrain KCJK1729 391/1000
509 Acinetobacter seifertstrain SAb133 434/1000
516 Acinetobacter seifertstrain SAb133 434/1000
520 Acinetobacter seifertstrain SAb133 434/1000
c 523 Acinetobacter seifertstrain SAb133 434/1000
527 Acinetobacter seifertstrain SAb133 434/1000
530 Acinetobacter seifertstrain SAb133 434/1000

53



12°]

Table 11. Blast analysis and GC content of putative PAH degradation genes identified.

Gene Top Protein 15 Match Organism  Accession Number % GC

Match I dentity Content

Biphenyl-2,3-diol 1,2-dioxygenase |I\O/8tii‘;am”y Acinetobacter pitti ~ WP_206216930.1 98.4 37
VOC family Acinetobacter

Biphenyl-2,3-diol 1,2-dioxygenase | . calcoaceticus/baumanWP_014208236.1 100 37.7
protein

complex

Biphenyl-2,3-diol 1,2-dioxygenase 1VOC family Acinetobacter WP_014208236.1 100 37.7
protein calcoaceticus/baumant

Biphenyl-2,3-diol 1,2-dioxygenase ITPA: VOC Acinetobacter HCA5284025.1 97.7 36.7

familv

nosocomialis
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Figure 4. Isolates grown on NP. OD at 600 nm was measured every second hour for 14
hours and again after 24 hours.
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Figure5. Isolates grown on PH. OB 600 nm was measured every second hour for 14
hours and again after 24 hours.
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Figure 6. Isolates grown on BP. OD at 600 nm was measured every second hour for 14
hours and again after 24 hours.
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Figure 7. Results from the first control growth experiment. Isolates were grown on 95 %
ethanol and the OD was recorded at 600 nm after 6, 10, 14, and 24 hours.
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Figure 8. Calibration curve oNP dissolved in acetone:hexane (1:1). A two-fold serial
dilution, starting at 150 ppm, was performed. Each datapoint represents the average of
three independent replicates with respective standard error bars.
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Figure 9. NP degradation bcinetobacteisolates. The isolates were grown with 100

ppm NP. PAH concentration was quantified using GC-MS. The data in this figure are
corrected for abiotic NP loss. Values are presented as the average of three independent
measurements with respective standard error bars.
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Figure 10. Emulsification activity assay ¢k) of selected isolates. Positive control
(rightmost column) is Twee2D and negative control (leftmost columnskEscherichia
coli. Values are presented as the average of three independent measurements with
respective standard error bars.
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Figure 11. Phylogenetic tree was created, containing 54 reference and representative
Acinetobactegenomes in PATRIC 3.6.12 (Wattaghal.2014). The parameters were set
to 100 genes and five maximum allowed deletions and duplications. The nwk tree file
was uploaded to Geneious prime 2022.1.1 (https://www.geneious.com) for editing.
Bolded text: isolates from this studygble 10) (Ondovet al.2016).
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Figure 12. Primer testing of target genes on DNA from sequenced isofatasomatic
RHD a subunit PCR result®&: biphenyl-2,3-diol 1,2-dioxygenase Il PCR resuls.
aromatic RHDu subunit PCR repeat with gDNA of isolates NP504, NP520, and NP523.
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Figure 13. RT-PCR analysis of RHD expression on glucose andANRT-PCR for
aromatic RHDu subunit gene (isolates 505, 504, and 5B4RT-PCR results for
aromatic RHDu subunit gene (isolates 505, 514, and 530).
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CHAPTERYV

DISCUSSION

Polycyclic aromatic hydrocarbons are ubiquitous in nature as a result of both
natural production and release from anthropogenic activities ¢Galo2011). PAHs are
considered a health hazard due to their well-documented acute toxicity and genotoxicity
effects (Takeshita and Kanaly 2019). The negative impacts of PAHs have motivated
extensive research to better understand their sources, distribution, toxicity, and
environmental fate (Kanaly and Harayama 2010). Various methods have been found to
remove PAHSs, but bioremediation by bacteria is one of the most prevalent remediation
strategies. It is an inexpensive strategy that utilizes microorganisms already present in
nature to metabolize and remove PAHIsitu(Mohanet al. 2006). The most common
PAH degrading genera aRseudomonas, Sphingomonas, Brevibacterium, Arthrobacter,
NocardioidesandMycobacteriun{Lu et al. 2019).Acinetobacteis not as well-known
as a PAH degrader (Ghosslal. 2013; Shaet al. 2015; Jianget al 2018; Guptaet al.

2020).

The goal of this study was to isolate and characterize bacteritoabétabolize
PAHs and identify PAH catabolic genes using NP as a model compound. Thirty-two
isolates displaying naphthalene dioxygenase activity via conversion of indole to indigo

were isolated. Sequencing of the 16S rRNA gene revealed that the majority of the isolates
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were members of the genéisinetobactefTable 2). This was surprising as
Acinetobactebacteria are better known as opportunistic human pathogens and relatively
few studies have documented PAH bioremediation potential by this genuse{Bian

2021). PCR detected tipahEgene in nine out of the 32 isolates further supporting the
ability of the isolates to degrade PAHSs (Liagtcal 2019). Based on their identity and
presence of the naphthalene catabolic gtk ten isolates were selected for further
study.

Ten isolates were sent out for genome sequencing to analyze their genomes with
isolate NP515 omitted due to failure to grow after shipping. All sequenced isolates are
members of thécinetobactegenus. Initial 16S rRNA sequencing suggested that NP523
belonged to th&®hodococcugenus. However, genome sequencing revealed that it was
anAcinetobacteiisolate. This discrepancy was likely due to mislabeling18S rRNA
sequencing sample. Comparison to all public genomes in PATRIC along with
phylogenetic analysis revealed that the isolates fell into three groups matching different
strains ofAcinetobacte(Table 10).

The genome metrics in our isolates match the expected values found in other
Acinetobacteisolates Table 9). Chukamneret al. (2022) isolated 22A. baumannii
strains from Clinical Microbiology Laboratories (CMLS) in lower Southern Thailand.
Genome analysis afe novoassemblies revealed that the isolates had G+C-contents that
varied from 38.68% to 39.10%, which is within the same range as my isolates. The
genome length of th&. baumanniisolates varied from 3,777,937 bp to 4,319,283 bp,
with an average of 3,930,367 bp. Again, the genome lengths of my isolates fall within

this range. The number of contigs ranged from 26 to 193, with an average of 68. The
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number of contigs in our isolates ranged from 12-34, suggesting better coverage of our
isolates (Chukamneret al. 2022). Zharet al. (2012) also identified similar genome
metrics inAcinetobacter calcoaceticlBHEA-2 as in our isolates (Zhanal 2012).

According to Pathogen Finder 1.1, three isolate groups were predicted to be
human pathogens. Group A matched 36 pathogenic families and was given a 0.842
probability of being a human pathogen. Groups B (isolates 504 and 514) matched 23
pathogenic families and were given a 0.845 probability of being human pathogens.
Finally, all isolates in group C (Isolates 509, 516, 520, 523, 527, 530) matched 18
pathogenic families and were given a 0.863 probability of being a human pathogen
(isolate 516 was given a probability of 0.865).

ANI analysis, pathogenicity analysis, and assembly/annotation data suggests that
all the isolates contain a similar genome content. However, three distinct groups can be
identified. For example, when designing primers for the aromatic RHD o subunit gene,
three unique primer sets, one for each group, had to be designed. The pathogenicity
analysis also displayed data that could easily be organized in the same three groups as the
isolates in each group have the same probability of being a human pathogen.

Genome analysis did not identify the expected naphthalene degradingrgggmes (
phn, dox, and ndtike genes) (Yen and Gunsalus 1982; Grund and Gunsalus 1983).
Although the gene annotated by PATRIC as benzoate 1,2-dioxygesabenit gene
blasted asnaromatic RHDu subunit, it did not specify naphthalene RidBubunit.
Sequence identity tB. putidaNahAc was 40-43 % for NP504, NP505, NP509,
suggesting the gene may encode a naphthalene dioxygenase. Genes of interest may have

been lost during the sequencing process. Sequencing instrument gives short DNA reads
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and sometimes draft genome sequences end up with gaps as evidenced by the presence of
multiple contigs rather than one single circular chromosome. Thus, PAH catabolic genes

in our Acinetobacterisolates may have been located in such gaps or in regions with low
sequencing depth. Although it is unlikely that this would occur for all nine isolates
sequenced. Alternately, nicinetobactespecies may use a previously uncharacterized
pathway to initiate PAH degradation. Transcriptomic analysis, which can identify all

genes upregulated during PAH degradation, regardless of whether they have previously
been described, is one future strategy to identify the PAH degradation genes in my

isolates.

The lack of identifiable PAH catabolic genes was surprising as all the isolates
could convert indole to indigo which implied naphthalene dioxygenase activity in our
isolates (Mercadadt al. 2010). It is possible that our isolates contain enzymes capable of
catalyzing this reaction but that are not involved in PAH degradation. However, this does
not explain the degradation of NP observed in our isolates. It is also possible that genes
may have been misannotated in PATRIC. The aromatic RIDbunit was located
shortly upstream from the@omatic RHD B subunit in all isolates. The aromatic RHD
subunit is expected to be involved in NP degradation. However, the RT-PCR results were
inconclusive and so we cannot say for sure whether the aromatic RHD a subunit gene we
identified is indeed involved in naphthalene degradation.

Despite the failure to definitively identify PAH degradation genes, we observed
strong growth on NP, BP, and PH. Large growth differences were observed when grown
on different PAHs. For example, NP530 (from group C) reached an OD of 0.78 when

grown on NP while a maximum OD of 0.25 was recorded when grown om &fPe(8).
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As described previously, groups A and B appear to favor growth on PH while group C
performs better on NP and BP. PH contains three fused benzene rings which are thought
to be more challenging to degrade thighter and smaller structures such as NP and BP.
GC-MS was used to quantify the removal of NP and revealed that the isolates that
reached the highest OD on NP also removed the most NP, confirming that NP is a valid
growth substrate for th&cinetobacteisolates in this studyT@ble 6). We can only say
with certainty that our bacteria can remove NP as we did not quantify PBRand
degradation. Although we did not confirm the removal, we can assume that BP and PH
were degraded as the isolates reached similar ODs as when grown on NP and because the
different isolates grew distinctively different on the three PAHs.diex. (2018) also
conducted PAH degradation experiments using a GC-MS and found that PH was utilized
as sole carbon source and that the isolates degraded more than 80 % of added PH
(Planococcus halocryophilus, Vibrio alginolyticus, Bacillus algicola, Planomicrobium
alkanoclastiucm, and Isoptericola chiayiensByrene, which is a heavier PAH than
phenanthrene, was found to be more challenging to ded@tabletia marina,
Planococcus halocryophilus, Rhodococcus soli, and Pseudoalteromonas agarivorans
strains were found to degrade 90-99 % of added pyrene. However, the degradation
efficiency by the remaining 15 isolates varied from 20-60 %, with the majority removing
approximately 40 % of added pyrene (lszel 2018).

My results indicate a preference of growth substrate and potentially the presence
of different PAH catabolic genes in groups A, B and C (Retray 2008).Acinetobacter
isolatesdisplay great genetic and physiological diversity and degradation efficiencies

vary depending on genetic makeup and available growth substrate. Thatgdhraj
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(2008) identified eleven strains that displayed the ability to degrade various aromatic
compounds. Following ten days of incubationfarnetobactersolate degraded more
than 70% of added dibenzofuran, fluorene, and sodium benzoate, with the aromatic
growth substrates being the only available energy source. A sAcoretobacteisolate
removed more than 70% of added biphenyl, dibenzofuran, dibenzothiophene, fluorene,
sodium benzoate and salicylic acid (Thangatal 2008). Thereforeicinetobacter
isolates can degrade various aromatic compounds, including PAHs, and will likely assist
in the removal of harmful pollutants in the environment. Moving forward, genome
analysis and identification of PAH catabolic genes should be emphasized as PAH
degradation byAcinetobactersolates have been described but little is known about the
enzymes catalyzing the degradation.

All nine Acinetobactersolates displayed the ability to grow on more than one
PAH, which is an important trait for bacteria used in bioremediation projectst hiu
(2021) identifiedPseudomonas brassicacearstnain MPDS which was found to
efficiently remove various PAHs and heterocyclic derivatives. MPDS could completely
remove 1000 ppmMiIP in 84 hours. MPDS could also remove 65.7 % of 100 ppm
dibenzofuran and 32.1 % of 100 ppm dibenzothiophene in 96 hours. Finally, 40.3 % of
100 ppm fluorene was metabolized in 72 hours. Of the aromatic compounds used in this
study, NP is clearly the preferred growth substrate €Lial. 2021). The efficient NP
degradation by mycinetobactersolates suggesthat similar NP catabolic gene clusters
may exist between the two species.

The last growth confirmation experiment revealed that all the selected istdates

survive and grow with 95 % ethanol as the sole carbon and energy source making it
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challenging to assess the metabolism of the PAHs. Ethanol was used as the solvent to
dissolve naphthalene and make the naphthalene mother stock. Ethanol is less harmful to
the environment and humans than gasoline. Therefore, to meet new environmental
regulations ethanol is continuously taking up a larger portion of gasoline. For example, in
Brazil, ethanol content varies between 18 %- 27.5 % (Kirstine and Galbally 2012; de
Bruyn et al. 2020). The increased use of ethanol is expected to have an impact on ethanol
concentrations in the atmosphere. Cities that use ethanol additives have higher ethanol
levels in the atmosphere compared to cities that do not. Increased ethanol levels can
potentially affect the oxidizing power of the troposphere. Recent studies have also
documented that ethanol inhibits the natural anaerobic biodegradation of BTEX
compounds (Lovanbkt al 2002). Few papers describe ethanol biodegradation, but de
Bruyn et al. (2020) described that the maximum ethanol degradation rate concurred with
the maximum bacterial counts.

Although the ability to metabolize ethanol can be a beneficial trait, it made it
challenging to assess the PAH degradation abilities of our isolates. Since the amount of
ethanol is the same in every flask the difference in OD between the isolates and the
growth assays should relate to the influence of the different PAHs. This thought process
was used to compare the growth performance by each isolate and between the different
growth assays. Since the isolates can metabolize ethanol, we cannot say whether or not
the isolates can survive on NP as a sole carbon and energy source. Growth on PAHs as
the sole carbon and energy source should be further researched by utilizing a solvent that

my bacteria cannot metabolize such as methanol.
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Characterization of surface properties of the isolates helped us understand their
ability to degrade hydrophobic PAHs which are challenging to degrade in nature. The
BATH test measured the degree of adherence of bacterial cells to liquid hydrocarbons.
Bacteria with adhesion abilities are better equipped to degrade PAHSs as they adhere to
and can access PAHSs. Isolates 509 and 520 possess the most hydrophobic bacterial cell
surfaces and achieved the highest degree of adherence to liquid hexadecane. However, all
isolates performed well, including NP 505, suggesting that alteretobacteisolates
are capable of adhering to hydrocarbons. Zita and Hermansson (2006) conducted the
BATH test on six different bacterial isolatéginetobacter calcoaceticyserformed the
best leaving only 0.3 = 0.3 % cells in the aqueous phase after partitioning. The results for
Escherichia colK51, Serratia marcescens, Flavobacterium bresedPseudomonas
putidawere 33 +012,1+0,4 £ 1, and 27 % 10, respectively (Zita and Hermansson
2006). Cheret al. (2013) found that addition of Tween 20 increased bioavailability of
pyrene (Chert al. 2013). Abbasnezhaat al (2008) found that the OD of the aqueous
phase P. fluorescensP6a) decreased by 40.5 + 7.95 after mixing with n-hexadecane
when 10 mM buffer amended with Mg@®@as used to wash and resuspend cells. The
OD of the aqueous phaseAfvenetianuRAGL after mixing with n-hexadecane
decreased by 98.98 + 1.44 when 250 mM potassium phosphate buffer (pH 7) was
utilized, similar to results obtained in our study (Abbasneztad 2008) [able 7).

Bacteria with high emulsification activity reduce the interfacial tension between
hydrophobic molecules and water. As described earlier this is thought to increase the
bioavailability of PAHs and ultimately enhances PAH degradation. Arebdli (2019

conducted & assays oBacillus licheniformisSTK 01 (BL),Bacillus subtilisSTK 02
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(BS), andPseudomonas aeruginoSaK 03 (PA).BL had an emulsification index of 50
and 70 % on phenanthrene and anthracene, respectively. BS had an emulsification index
of 5 and 10 % on phenanthrene and anthracene, respectively. Finally, PA had an
emulsification index of 70 and 50 % on phenanthrene and anthracene, respectively
(Amoduet al 2014). Ohadet al.(2017) collected soil samples from oil exploration areas
and identifiedAcinetobacter juniB6 as the most promising Iranian light crude oil

(ILCO) degraderA. junii displayed 51% emulsification of ILCO which is similar to
results obtained from NP505 on hexadecane (Cétaali 2017). Isolate NP 505 (groups

A) performed 38.8 % better than the second-best emulsifier (NP $30i(e 10).

Notably, isolate NP505 is the only isolate in group A and has a more mucoid colony
appearance when grown on MSA-N-I than the other isolates.

This study provides evidence that #&cinetobactefsolates can grow on NP, BP,
and PH. All research objectives were achieved except experimentally confirming the
function of PAH degradation genes due to inconclusive results. The greatest benefit of
my study was the NP quantification. The isolates removed close to 100 ppm of NP in
only 24 hours. Despite being predicted to be a human pathogen, genome analysis
revealed some PAH catabolic genes. My study also provides evidence for production of

biosurfactants byAcinetobacteisolates.
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CHAPTER VII

FUTURE DIRECTIONS

This study has provided valuable information regarding the bioremediation
potential of temAcinetobacteiisolates. However, future research is needed to improve
and verify some of the results. The draft genomes should be completed by pairing our
short read dataset with longer reads, such as PacBio, to close the genomes. This may
reveal the presence of PAH catabolic genes ilAouretobacteisolates. The lack of
annotated NP catabolic genes indicates a need for transcriptomics studies in order to
identify anynahtlike or other PAH catabolic genes transcribed by my bacteria in the
presence of NP. Identification of genes used in degrading NP may produce an
opportunity to identify a novel or different pathway used by my bacteria to degrade NP.
The role of the aromatic RHDsubunit,benzoate 1,2-dioxygenasesubunitor other
target genes in PAH degradation may be confirmed by knockout mutagenesis. Another
potential approach to verify gene function is to clone any potential PAH degradation
genes into an expression vector and measure activity. Moving forward, degradation of
phenanthrene and biphenyl should be quantified and compared with the results from NP.
Finally, further research should be done to identify an appropriate solvent not
metabolized byAcinetobacteand assess NP degradation with NP as the only carbon and

energy source.
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