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ABSTRACT 

Full Name : Thasneema Rafic 

Thesis Title : Whole Genome sequencing, Characterization and Analysis of coronene 

degrading bacterial strain, Halomonas caseinilytica: A Bioinformatics 

Approach 

Major Field : Life Science 

Date of Degree : December 2024 

   

Polycyclic aromatic hydrocarbons (PAHs) are persistent organic pollutants with significant 

environmental and health risks. Among them, high molecular weight PAHs such as coronene 

present a unique challenge due to their stability and resistance to degradation. Bioremediation 

using microbial strains offers a sustainable and cost-effective approach to PAH remediation, yet 

only a few bacterial species have been identified with the capability to degrade coronene. This 

study employs whole genome sequencing (WGS) and bioinformatics analysis to characterize a 

coronene-degrading bacterial strain, initially identified as Halomonas caseinilytica through 16S 

rRNA sequencing. Using Oxford Nanopore sequencing technology, the complete genome was 

assembled and analysed, with phylogenetic classification suggesting a reclassification of the 

strain as Halomonas elongata. Gene prediction and annotation identified 4,308 genes, including 

those associated with hydrocarbon degradation, stress adaptation, and metabolic versatility. 

Functional and pathway analysis using KEGG and RAST revealed multiple genes involved in 

xenobiotic metabolism and aromatic compound degradation, while secondary metabolite 

biosynthetic clusters, operons, and mobile genetic elements were also detected.  

The findings of this study adds to the expanding body of knowledge on halophilic bacteria with 

bioremediation potential, particularly in saline environments affected by oil pollution. These 

insights pave way for further experimental validation and potential biotechnological applications 

in environmental cleanup strategies. 
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 ملخص الرسالة 

 

 

 تسنيمة رفيق  :الاسم الكامل
 

: نهج Halomonas caseinilytica تسلسل الجينوم الكامل، توصيف وتحليل سلالة بكتيرية محللة للكورونين،    :عنوان الرسالة

 المعلوماتية الحيوية 

 

 علوم الحياة  التخصص:
 

  2024ديسمبر:تاريخ الدرجة العلمية

 

( هي ملوثات عضوية دائمة تشكل مخاطر بيئية وصحية كبيرة. ومن بينها،  PAHsالهيدروكربونات العطرية متعددة الحلقات )

لاستقرارها  نظرًا  فريداً  تحديًا  الكورونين  مثل  العالي  الجزيئي  الوزن  ذات  الحلقات  متعددة  العطرية  الهيدروكربونات  تعُدّ 

، PAHsتدامًا وفعّالًا من حيث التكلفة لإزالة  ومقاومتها للتحلل. تعُدّ المعالجة البيولوجية باستخدام سلالات ميكروبية نهجًا مس

 ومع ذلك فقد تم تحديد عدد قليل فقط من أنواع البكتيريا التي تمتلك القدرة على تحلل الكورونين.

( والتحليل المعلوماتي الحيوي لتوصيف سلالة بكتيرية قادرة على تحلل  WGSتعتمد هذه الدراسة على تسلسل الجينوم الكامل )

أنها   على  البداية  في  تحديدها  تم  والتي  جين    Halomonas caseinilyticaالكورونين،  تسلسل  . 16S rRNAمن خلال 

، تم تجميع الجينوم الكامل وتحليله، حيث أشار التصنيف الوراثي إلى ضرورة  Oxford Nanoporeباستخدام تقنية تسلسل  

جينًا، بما    4,308. أدت تنبؤات الجينات والتعليقات التوضيحية إلى تحديد  Halomonas elongataإعادة تصنيف السلالة إلى  

 في ذلك تلك المرتبطة بتحلل الهيدروكربونات، والتكيف مع الإجهاد، والتنوع الأيضي. 

عن عدة جينات متورطة في أيض    RASTو  KEGGكشفت التحليلات الوظيفية ومسارات الأيض باستخدام قواعد بيانات  

والأوبيرونات،   الثانوية،  المستقلبات  تصنيع  تجمعات  عن  أيضًا  الكشف  تم  بينما  العطرية،  المركبات  وتحلل  الغريبة  المواد 

 والعناصر الجينية المتنقلة.

تساهم نتائج هذه الدراسة في إثراء المعرفة المتزايدة حول البكتيريا المحبة للملوحة ذات الإمكانات في المعالجة البيولوجية، لا  

سيما في البيئات المالحة المتأثرة بتلوث النفط. كما تمهد هذه النتائج الطريق لمزيد من التحقق التجريبي والتطبيقات المحتملة 

 لحيوية لاستراتيجيات تنظيف البيئة.في التكنولوجيا ا

. 
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1 CHAPTER 1: 

INTRODUCTION 

1.1. Background 

Polycyclic aromatic hydrocarbons (PAHs) are a prominent assemblage of organic chemicals 

comprising 2 or more aromatic rings that are fused together in different orientations, namely, 

clustered, angular or linear (Kadri et al., 2017). These compounds are broadly categorised based 

on the amount of constituent aromatic rings. Those that comprise less than 4 aromatic benzene 

rings are called LMW-PAHs (low molecular weight PAHs) while those with more than 4 rings 

are called HMW-PAHs (high molecular weight PAHs) (Lawal, 2017). They tend to have high 

boiling and melting temperatures in contrast to their solubility and vapour pressure, which remain 

low. An increase in molecular weight correlates with higher melting and boiling points, while 

simultaneously reducing vapor pressure and solubility. Although PAHs originate from both 

natural and anthropogenic sources, their formation is predominantly attributed to incomplete 

decomposition of organic compounds such as petroleum gas, oil, wood and coal hence 

accounting for their widespread occurrence (Haritash & Kaushik, 2009; Kadri et al., 2017). PAHs 

demonstrate greater structural diversity than any other category of non-halogenated molecules 

in the environment and the biological systems. Under natural conditions, they are challenging to 

degrade and tend to persevere. The retention of these compounds increases with increasing 

molecular weight, thereby posing a threat due to their omnipresent nature, persistence, resistance 

to natural degradation, tendency to bioaccumulate and carcinogenic and/or mutagenic effects 

(Kadri et al., 2017). In the recent years, increased anthropogenic activities has resulted in the 

accumulation of PAHs in the ecosystem (Ghosal et al., 2016) 



2 
 

The Arabian Gulf region is a leading producer of oil and gas, holding approximately 65% of the 

world's crude oil reservoirs (Modarress et al., 2016). This leads to a greater sector of associated 

activities such as transportation, refining or even extraction that are instrumental in the scenarios 

of accidental spillage from tankers, ships or even pipelines that discharge the PAHs into the soil 

or coastal environment of the region (Hosseini et al., 2021). Furthermore, with perpetual 

production and transportation of petroleum and related oil commodities, the concentration of 

PAHs is only expected to increase in the future  (Haritash & Kaushik, 2009).  

In the past few decades, strategies of different nature have been propositioned to alleviate the 

detrimental effects of PAHs. However, biological strategies have an upper hand over physical 

and chemical approaches by providing lucrative and long term solution (Okeyode et al., 2023). 

Different scientific investigations have explored the potential of different microorganisms’ 

ability to digest PAHs. Organisms such as algae, fungi as well as bacteria have been studied and 

assessed for their propensity to metabolise PAHs as a source of energy (Kadri et al., 2017). These 

investigations predominantly show the competence of microbial species to remediate LMW-

PAHs. In case of HMW-PAHs, pyrene and benzopyrene have been thoroughly studied and 

reported. On the contrary, data is limited on the bioremediation of coronene. This can be 

accredited to the complexity of the seven ringed compound which makes it difficult to metabolise 

it (Ghosal et al., 2016; Juhasz et al., 2000).  

As contamination due to oil spillage has caused a large quantity of undesirable hydrocarbons, 

including PAHs, to accrue in the ecosystem, bioremediation has been a consistent topic of 

research. A major challenge in bioremediation is to understand the physiology, biochemical 

pathways, metabolism, proteins and genetics that are fundamental to a bacterium’s ability to 

bioremediate. Although most mechanisms are yet to be elucidated, the need to develop successful 

strategies to eliminate PAHs from the ecological community is imperative, especially when the 

extend of global oil usage is considered (Hidalgo et al., 2020). Identification and classification 
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of novel remediating species is pivotal to further engineer industrial applications of biodegrading 

bacteria. Detailed understanding of the whole bioremediation process will improve our expertise 

in monitoring and handling cases of accidental oil spills. It can also be used to eliminate the 

chances of oil degradation in reservoirs that could reduce the desirable property of the crude oil 

(Hidalgo et al., 2020).  Recent developments in biotechnology have enabled precise taxonomical 

identification of organisms and hence, commendably reducing errors. For instance, whole 

genome sequencing technologies accurately analyses the whole genome of a cell. This form of 

sequencing technique overcomes the shortcoming of the 16S RNA sequencing that is 

conventionally used to identify bacterial strains but has a resolution limited to genus level (Raina 

et al., 2019). 16S amplicon sequencing method also sequences a specialized yet restricted region 

of the genome whereas Whole Genome Sequencing covers the whole genome, hence increasing 

the accuracy. In addition to enhanced detection of species diversity, longer read length improves 

the accuracy of species identification (Ranjan et al., 2015). 

Cognising the underlying genes, proteins and biochemical pathways is necessary to improve 

bacterial based bioremediation strategies. In addition, the comprehension of distinct metabolic 

pathways facilitates the formulation of strategies by researchers to enhance and streamline these 

processes, thereby ensuring effective removal of PAHs. It also allows to foresee the competence 

of specific bacterial strain to biodegrade various contaminants. For instance, the potential of a 

known LMW-PAHs degraders to degrade HMW-PAHs such as coronene can be detected. This 

prognostic ability is indispensable for the discerning selection of bacteria most apt for focused 

remediation initiatives. In addition, genomic and proteomic knowledge allows researchers to 

genetically engineer microorganisms with enhanced bioremediation capabilities. 

As mentioned earlier, microorganisms degrading HMW-PAHs, especially coronene are rare. 

However, in 2023, a coronene degrading strain was isolated from fuel station soil of KFUPM 

(King Fahd University of Petroleum and minerals), Saudi Arabia. This strain was then identified 
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as Halomonas caseinilytica by 16s rRNA sequencing. In this proposed study, we further expand 

on the isolate by performing whole genome sequencing and bioinformatic analysis to accurately 

identify, compile and report relevant Genomic and proteomic profile.  

 

1.2. Objectives 

1) Whole genome sequencing and assessment of the completeness of the sequence 

2) Taxonomical classification and identification of the strain 

3) Identification of genes and proteins related to bioremediation of PAHs and of other 

importance 
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2 CHAPTER 2: 

LITERATURE REVIEW 

In a 2003 estimate, an annual seepage volume of naturally occurring crude oil was recorded to 

be 600,000 metric tons, with an error gamut of 200,000 metric tons (Fates, 2003). The 

environmental discharge of hydrocarbons stemming either from accidental events or 

anthropogenic activities is a primary contributor to water and soil pollution. In 2023 itself, the 

quantity of oil spill worldwide from oil tankers was recorded to be 2000 metric tons. Soil 

contamination with hydrocarbons poses significant hazard to local ecosystems, as the amassment 

of pollutants in biological tissues can induce mutagenicity or even death (Alvarez & Vogel, 1991; 

Holliger et al., 1997). Commonly employed technologies for soil remediation include 

mechanical method as well as evaporation, dispersion, washing, and burial. However, these 

approaches are not cost effective and may not fully eradicate contaminants, leaving remediation 

incomplete (Das & Chandran, 2011). In a 2002 study by Verrhiest and colleagues, the interaction 

between microbial communities and PAH mixtures was assessed and the study concluded that 

(a) PAHs agitate microbial communities, (b) Toxic assessment can identified using indigenous 

bacteria, and (c) Depending on the physiochemical properties, indigenous bacteria have high 

proclivity to degrade PAHs (Verrhiest et al., 2002). 

Jones et al. reported the biological degradation of alkyl aromatics in marine sediments and 

bacterial species of Sphingomonas, Mycobacterium, Burkholderia, Pseudomonas, Arthrobacter 

and Rhodococcus were related to the alkyl aromatic biodegradation (D. M. Jones et al., 1983). 

Bioremediation of petroleum hydrocarbons was observed in a contaminated humid stream in 

Lagos, Nigeria where a total of nine bacterial strains were isolated of which Micrococcus roseus, 

Pseudomonas fluorescens, Acinetobacter lwoffi, Bacillus subtilis, P. aeruginosa were a few of 
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them (Adebusoye et al., 2007). The efficiency of bioremediation by bacteria is recorded to range 

between 0.13% to 50% for bacteria thriving in soil while marine bacteria have a staggering range 

between 0.003% to 100%.(Hollaway et al., 1980; J. G. Jones et al., 1970; Mulkins Phillips & 

Stewart, 1974; Pinholt et al., 1979). Bacteria, in fact, are observed to be the most active of all the 

biological bioremediating agents, where they play the role of primary degraders in oil spilled 

environment. Daugulis and McCracken observed the biodegradation of PAHs by species of 

Sphingomonas (Brooijmans et al., 2009; Daugulis & McCracken, 2003; Rahman et al., 2003). Most 

bacterial species that have PAH biodegrading abilities have been isolated from contaminated soil 

exposed to petrochemical waste for a very long time. For instance, Pseudomonas aeruginosa 

was sequestered from a stream severely contaminated by a petroleum refinery (Romero et al., 

1998). This strain was growing on high concentration of phenanthrene with a competency to 

completely eradicate phenanthrene in 30 days. In the same year, Mycobacterium species was 

identified in an area near petrogenic chemical source capable of mineralizing pyrene(Heitkamp et 

al., 1988; Heitkamp & Cerniglia, 1989). Rehmann and co-workers isolated and classified strain KR2 

of Mycobacterium that metabolises pyrene as the sole carbon resource. The metabolic products 

detected included 1- hydroxy-2-naphthoic acid, 4-5-phenanthrene dicarboxylic acid, phthalic 

acid and others, all of which were mentioned in the proposed degradation pathway (Rehmann et 

al., 1998). In 2002, Six bacterial gram-negative strains were isolated from the soil of a 

petrochemical litter disposal site (Yuan et al., 2002).  These strains could degrade phenanthrene, 

acenaphthene, fluorene, pyrene and anthracene by 70-100% in a duration of 40 days from the 

time of first exposure. Additionally, bacteria not typically growing in contaminated zones were 

also observed to have the competence to degrade PAHs. For instance, a consortium of 

Rhodococcus sp., Acinetobacter sp., and Pseudomonas sp. enriched from mangrove sediments 

achieved 100% degradation of fluorene and phenanthrene within 4 weeks while pyrene took 

longer to degrade (Yu et al., 2005). 
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In the past decade, studies on PAH degradation in Saudi Arabia have seen a significant rise. As 

one of the leading oil and petroleum-producing countries, it is inevitable for the region to harbour 

naturally occurring bacteria that either possess or acquire the ability to degrade PAHs. Three 

different PAH degraders were identified from crude oil samples in 2012. These three strains, 

namely, Acinetobacter sp., Klebsiella pneumonia and Klebsiella oxytoca were able to utilise 4 

different PAHs (benzene, pyrene, phenanthrene and fluorene) (Eman et al., 2012). In 2016, a 

Methylobacterium radiotolerans isolated from Jubail industrial area was first documented to be 

able to exclusively use naphthalene as carbon resource (Nzila et al., 2016). Pseudomonas 

citronellolis and Ochrobactrum intermedium were identified as effective PAH degraders. 

Ochrobactrum intermedium showed efficient pyrene degradation which was about 62% in 15 

days whereas Pseudomonas citronellolis degraded 94% of phenanthrene within 15 days (Oyehan 

& Al-Thukair, 2017). Co-cultures of Thermomonas and Ralstonia species and that of 

Stenotrophomonas and Pseudomonas species were seen to effectively anthracene and 

phenanthrene (Nzila, Sankara, et al., 2018). Novel strain of Caulobacter and Burkholderia were 

tested for the effect pH and temperature on their ability to degrade pyrene. This study emphasised 

the possibility of HMW-PAH degradation by these strains (Al-Thukair & Malik, 2016). More 

recently, Sphingomonas species under optimal conditions presented a promising approach for the 

efficient degradation of anthracene (Al Farraj et al., 2021). A halophilic consortium was found 

to be able to degrade compounds such as fluorene, pyrene, phenanthrene and hexadecane at 

different degrees based on their concentration (Amran et al., 2022). Stenotrophomonas 

maltophilia strain AJH1 was studied to be capable of degrading both LMW-PAHs as well as 

HMW-PAHs up to 95% and 80%, respectively (Arulazhagan et al., 2017). Rhodococcus 

qinshengi was found to entirely break down naphthalene and over 50% of pyrene (Al-Thukair et 

al., 2020). Species of Proteus and Brevibacillus were identified to be able to degrade pyrene and 

naphthalene (Al-Thukair et al., 2020). Another study observed the degradation potent of both 

LMW-PAHs and HMW-PAHs by a consortium of halothermophilic bacteria in a tank reactor 
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(Pugazhendi et al., 2017). In samples collected from the shoreline of the Arabian Gulf, Jubail, 

Nzila et. al identified an Achromobacter strain with the competence to degrade pyrene (Nzila, 

Ramirez, et al., 2018). In 2021, Staphylococcus haemoliticus strain 10SBZ1 was identified to 

degrade LMW-PAHs efficiently (Nzila et al., 2021). In another study, 70% of pyrene from 

petroleum polluted soil was degraded by Klebsiella oxytoca within 12 days (Alfaify et al., 2022). 

Halomonas shengliensis and Halomonas smyrnensis were observed to be rapidly growing in the 

presence of pyrene at concentrations less than 50ppm (Budiyanto et al., 2018). Studies have also 

suggested the use of PAHs degrading bacteria as an indicator to the presence of crude oil reservoir 

(Ibrahim et al., 2015; Jamal & Pugazhendi, 2018). And example of such studies was done at the King 

Abdulaziz university, Jeddah, where a consortium of halophilic Marinobacter were pronounced 

to be good indicators of crude oil (Jamal, 2022). Most studies in the country have confirmed the 

use of halophilic bacteria in the treatment of saline petroleum wastewater system where these 

bacteria are mainly working on the degradation of PAHs (Amran et al., n.d., 2022; Jamal, 2022; 

Jamal & Pugazhendi, 2018; Pugazhendi et al., 2017). Other studies have also seen that 

thermophilic bacteria have a higher tendency to possess the ability to degrade PAHs (Amran et 

al., 2022; Pugazhendi et al., 2017). 

Benzo(a)pyrene (BaP) is deemed among the lethal and carcinogenic HMW-PAHs. 11 BaP 

degrading strains were isolated by Aitken et al. from sites of refinery, motor oil, oil and wood 

treatment of which at least 3 species of Pseudomonas and other species of Burkholderia, 

Agrobacterium, Sphingomonas and Bacillus were detected (Aitken et al., 2011). In addition, 

Mycobacterium ,Rhodococcus as well as mixed cultures of Flavobacterium and Pseudomonas 

have demonstrated BaP degrading potency (Schneider et al., 1996; Trzesicka-Mlynarz & Ward, 

1995; Walter et al., 1991). Grosser and co-workers, in 1991, observed co-metabolic remediation 

of benzo[a]pyrene by a pyrene degrading bacterial and yeast extract (Grosser et al., 1991). The 

strain was identified to be a Mycobacterium species. This had an advantage over a previous study 
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where the degradative species could not be identified from pure culture (Heitkamp & Cerniglia, 

1989). Recently, Nzila and collegues assessed three novel bacterial strains of Bacillus cereus, 

Micrococcus luteus and Brad rhizobium japonicum for their ability to use BaP as the sole carbon 

source (Nzila et al., 2023). Another study by the same group identified a Staphylococcus strain 

capable of BaP along with LMW-PAHs (Nzila et al., 2021).  Juhasz and co-workers confirmed 

the ability of 3 strains of Burkholderia cepacia to slowly degrade benzo[a]pyrene, 

dibenz[u,h]anthracene and coronene. This was the first study to attain degradation of the seven-

ring compound, coronene. One of these strains was later reclassified based on 16s RNA gene 

sequencing as Stenotrophomonas maltophilia (Juhasz et al., 1996, 2000). Another mix-culture 

study of bacterial species of Klebsiella and Acenitobacter was carried out to decontaminate PAHs 

polluted soil where a substantial degradation of 98% of the overall PAHs was observed in a span 

of six months. The LMW PAHs were reduced to 0.5% of initial concentration while the HMW 

PAHs were reduced to 5% of the initial concentration (Haritash & Kaushik, 2009). In 2023, 

Okeyode et al. reported the capability of a halophilic bacteria Halomonas caseinilytica to utilise 

coronene as the only supply of carbon under highly saline condition (Okeyode et al., 2023). This 

was the second strain reported to be adept in degrading coronene.  

 

2.1. Omics studies 

To accomplish total bioremediation of a contaminated environment, it is necessary to institute 

and sustain favourable conditions to expediate the rate of PAH degradation. A number of 

literatures dating as far back as 1940s have shone light on the different factors that impact 

biodegradation rates (Atlas & Bartha, 1992; FOGHT & WESTLAKE, 1987; Mahmoud & Bagy, 

2019; ZOBELL, 1946). To begin with, the presence of microorganisms with suitable metabolic 

functions is vital provided these organisms are catered with sufficient oxygen, nutrient and 

appropriate pH. It has been understood that biodegradation of Petroleum Hydrocarbons is a 
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multifaceted course of action which relies on various parameters such as its nature and quantity, 

where quantity has a crucial role in limiting the rate of microbial degradation. In addition, 

petroleum hydrocarbons bind to soil and become challenging to degrade (Barathi & Vasudevan, 

2001). This makes microorganism-based biodegradation the ultimate natural means to eliminate 

hydrocarbon waste products from the site of contamination (Amund & Nwokoye, 1993; Lal & 

Khanna, 1996; Wackett, 2012). 

Bacterial species use diverse biochemical pathways such as anoxygenic, phototrophic, aerobic, 

chemotrophic and/ or anaerobic to degrade hydrocarbons (Varjani, 2017).  As mentioned 

earlier, these pathways are curtailed by external factors such as accessibility of oxygen and 

nutrients, degree of temperature, pH, PAHs concentration and their respective chemical and 

physical characteristics as well as microbial richness (Hidalgo et al., 2020). Internally, enzymes, 

genes and genetic regulations play a superior role in enabling a bacterium to degrade PAHs and 

hence this has been a topic of focus of many researchers over the past few years (Ghosal et al., 

2016). State of the art meta-analysis technologies, mainly in the fields of genomics and taxonomy 

can be applied to monitor and dissect the diversity of bacterial genes and proteins (Thomas et 

al., 2012). High throughput sequencing has been successfully used to screen bioremediation in 

environments contaminated with hydrocarbons (Coulon et al., 2012; Dos Santos et al., 2011; 

Simon & Daniel, 2011). Improvement in omics have given better insights into the dynamics of 

diverse microorganisms and their specific functional genes and proteins competent for the 

degradation of hydrocarbons polluted biological networks (Pieper & Reineke, 2000; Ron & 

Rosenberg, 2014). This has commendably increased our knowledge about the bioremediating 

abilities of inhabitant bacteria flourishing in contaminated environments (Urgun-Demirtas et al., 

2006) and made the underlying PAH related metabolic, genetic and enzymatic profiles 

perspicuous. In context of biochemical degradation pathways of PAHs; pyrene, anthracene, 
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phenol, naphthalene, BTEX (monoaromatics) and phenanthrene have been decoded by many 

reviews at the enzyme level (Heider, 2007; Meckenstock et al., 2016; Waigi et al., 2015).   

Usually, aerobic conditions are prerequisite for complete degradation of organic pollutants. 

Enzymatic action of oxygenases and peroxidases catalyse the initial incorporation of oxygen into 

the organic pollutant. Secondary pathways then convert these compounds into intermediates and 

derivative compounds which are eventually infused into cellular biomass. Under aerobic 

conditions, after being catalyzed by an oxygenase or a dioxygenase enzyme, a cis- dihydrodiol 

compound is produced (Cerniglia, 1992; Cerniglia & Sutherland, 2010; Ghosal et al., 2016; 

Juhasz et al., 2000) which submits to  the enzymatic action of cis-dihydriol dehydrogenase 

resulting in the  rearrangement of the aromatic ring (Shahsavari et al., 2019). Following this, the 

position of -OH (hydroxyl group) determines the actions of enzymes intradiol cleaving 

dioxygenase and extradiol cleaving dioxygenase (Cerniglia, 1992; Juhasz et al., 2000). Similar 

process continues into each ring of the PAH until a metabolic intermediate is produced which is 

then utilised by the bacterium. In gram positive bacteria, nid and pdo genes determine the 

dioxygenases related to degradation of HMW-PAH (Ghosal et al., 2016; Gupta et al., 2015). 

Conversely, the discovery and quantification of pyrene degrading bacteria was much more 

efficacious using the gene pah-rdh which are genes for PAH-ring hydroxylating dioxygenase 

than using nidA gene (Bacosa & Inoue, 2015). Dioxygenases enzymes relevant to LMW-PAH 

are reported to be coded by nah (naphthalene dioxygenase) genes which have been extensively 

studied in gram negative species of Pseudomonas (Gupta et al., 2015; Zhou et al., 2012). 

Enzymes encoded by nahAaAbAcAdBCDEF genes and nahGTHINLOMKJ genes are responsible 

for the degradation of LMW-PAHs. Additionally, pah and phn genes have also been reported in 

Comamonas testosterone that degrades phenanthrene and naphthalene as well as in Burkholderia 

sp., that seemingly degrades phenanthrene, anthracene and naphthalene (Gupta et al., 2015). On 

the other hand, degradation of PAHs under anaerobic conditions is relatively complex and has 
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been chiefly studied on diaromatic structures such as naphthalene, validated by the knowledge 

that naphthalene usually is an intermediate form in the degradative pathways of PAHs that have 

over two aromatic rings (Von Netzer et al., 2016). Enzymes such as naphthylmethyl succinate 

synthase and aryl-CoA reductase play a fundamental role in anaerobic degradation (Eberlein et 

al., 2013; Meckenstock et al., 2016; Musat et al., 2009). Some studies have suggested the 

possibility of hydroxylation; however, this has not been proven in anaerobic pathways 

(Bedessem et al., 1997). Dearomatization of the rings are carried out by 2-naphthoyl-CoA (Von 

Netzer et al., 2016). Phenanthrene has degradative enzymes akin to naphthalene where some 

scientific investigations have shown parallel degradation of both PAHs (Coates et al., 1997; 

Rockne & Strand, 2001). 

 Genomic analysis in the marine environment has remarkably contributed to the understanding 

of PAH biodegradation where studies have found growth of PAH degrading bacteria at the site 

of oil spills, natural sediment or oil reservoirs. For instance, Deepwater Horizon well explosion 

in 2010 spread as far as 1100 km of the coast. In the same year, Hazen and colleagues surveyed 

the oil trail samples from the surroundings of the spill site and observed Oceanospirillales 

predominantly populating the area, which generally consists of species such as Thalassolituus 

oleivorans, Oleiphilus messinensi and Oleispira antarctica that are well-known psychrophilic 

degraders of hydrocarbons. Additionally, genes such as phdCI gene translating carboxylate 

isomerase that facilitate hydrocarbon degradation were at high incidence in these samples (Atlas 

& Hazen, 2011; Hazen et al., 2010). Other genomics-based investigations at the same site also 

observed higher incidence of hydrocarbon remediators such as Pseudomonadaceae and genes 

associated with toluene, n-alkane, and PAH degradation in the sediments closer to the spill 

(Lamendella et al., 2014). In deeper sediments, functional gene assays identified the genes assA 

and bssA connected to hydrocarbon degradation (Kimes et al., 2014). 16s RNA sequencing of 
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the microbial communities in groundwater tainted with diesel testified the presence of anaerobic 

degraders Desulfitobacterium and Geobacter species (Ramos et al., 2014).  

Overall, genomic analysis has shown genera such as Acinetobacter and Pseudomonas to be the 

most prevalent in multiple environments. Oil reservoirs and seawater samples are mainly 

populated by Marinobacter, Dietzia and Bacillus sp. Whereas Genus Syntrophus was identified 

in both grounwater and oil reservoirs. Exclusively, genera such as Halomonas, Cycloclasticus 

and Colwellia were found in seawater (Hidalgo et al., 2020). As scarce as it is, most genomic 

research on PAHs have successfully developed data on organisms and genes associated with 

degradation of LMW-PAHs. One such example is the whole genomic sequencing of Idiomarina 

piscisalsis strain that is capable of degrading pyrene (Nzila, Kwon Jung, et al., 2018). Although 

knowledge on naphthalene degradative pathways can be used to understand HMW-PAHs 

remediation as it forms and intermediate compound, a complete apprehension is yet to be 

investigated. In case of coronene, only Burkholderia cepacian and as of recent, Halomonas 

caseinilytica has shown to degrade coronene. By combining modern molecular science 

technologies such as metabolomics, transcriptomics and genomics and further applying 

bioinformatic tools, novel strains and biodegradative pathways can be identified which in turn 

will contribute to improve bioremediation strategies by either improving strains or by artificially 

developing enzymes that can annihilate the PAHs completely from the polluted environment.  

 

2.2. Research related to the bacterial strain used in the proposed study 
 

In the 1996 study of Juhansz and co-workers, the first strain to degrade coronene was identified. 

However, this degradation occurred only under high bacterial density or by co-metabolism 

(Juhasz et al., 1996, 1997). In 2023, Okeyode et al. investigated the soil samples from a fuel 

station of KFUPM (King Fahd University of Petroleum and Minerals), Saudi Arabia. They were 
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able to isolate and identify a coronene degrading species, Halomonas caseinilytica 10SCRN4D 

(Okeyode et al., 2023). 16s rRNA gene sequencing was employed to recognize the strain. This 

strain demonstrated competence to use coronene as the lone carbon source under an environment 

with high salinity of 10% NaCl, w/v. This was the first report of a Halomonas strain degrading 

coronene, specifically under halophilic condition.  
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3 CHAPTER 3: 

MATERIALS AND METHODS 

 

Figure 1: Graphical representation of the general protocol used in this research 

 

 

3.1. Whole genome sequencing and Quality assessment 

Third generation Oxford Nanopore Sequencing (ONS) was used to sequence the whole genome 

of the bacteria at King Abdullah University of Science and Technology (KAUST). Post 

sequencing, the quality of the generated reads was assessed using NanoPlot, a tool that provides 

comprehensive quality statistics and graphical reports. This step ensured that only high-quality 

reads were used for subsequent analyses, optimizing the reliability of the assembly and 

annotations (De Coster & Rademakers, 2023). The completeness of the assembled genome was 

evaluated using Benchmarking Universal Single-Copy Orthologs (BUSCO) v 5.4.6, with an E-
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value cutoff of 0.001 for BLAST searches (Simão et al., 2015).  This step verified the assembly's 

completeness and the presence of conserved orthologous genes.   

 

3.2. Taxonomical classification and Strain Identification 

Taxonomic classification was performed using Kraken2 (Lu et al., 2022), which assigns 

taxonomic labels to short DNA sequences with high accuracy. This step facilitated the 

identification of the microbial strain and its phylogenetic placement based on obtained genomic 

sequences. A confidence score of 0.5 and minimum hit group of 2 was applied. 

 

3.3. Gene Prediction and Functional Annotation 

To maximize the accuracy and comprehensiveness of gene annotation, three distinct gene 

prediction tools were employed, each coupled with a specific annotation tool tailored to its 

output. First, gene prediction was performed using PROKKA (Seemann, 2014) with a e-value 

cut off of 1e-06 followed by immediate annotation using its own integrated annotation system. 

Conserved Domain Database (CDD) (Marchler-Bauer et al., 2011; Wang et al., 2022) searches 

were performed for hypothetical proteins predicted by PROKKA to identify potential functions 

based on conserved protein domains. An e-value threshold of 0.001 and maximum number of 

hits of 500 was applied to increase the accuracy of the results. The hypothetical genes identified 

through CDD were then combined with the annotations from PROKKA. In addition, 

PRODIGAL (Hyatt et al., 2010) and GeneMarkS2 (Lomsadze et al., 2018) were used to predict 

the genes which were then annotated using EggNOG-mapper v2(Cantalapiedra et al., 2021).  

MAFFT, a multiple sequence alignment program, was utilized through its command-line 

interface to align the gene sequences predicted by the aforementioned tools to ensure precise 

annotation (Katoh et al., 2019). To achieve this, the three annotations were first combined and 
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then MAFFT algorithm was used to align the predictions of each tool with one another. These 

preliminary alignments were then visualized using MEGA, which provided an intuitive graphical 

interface to inspect and manually refine alignments (Tamura et al., 2021). Finally, Gene ontology 

(GO) based functional annotation was performed using InterProScan and Blast2GO (Paysan-

Lafosse et al., 2023). Table 1 compares the different tools used for gene prediction and 

annotation.  

 

Table 1: tools used for gene prediction and annotation 

Tools or 

algorithm used 

Purpose Benefit Reference 

PROKKA Gene 

prediction and 

annotation 

Fast and capable of producing 

detailed annotations including 

coding sequences, rRNA, 

tRNA, and non-coding RNA 

(Seemann, 2014) 

PRODIGAL Gene 

prediction 

Highly accurate at predicting 

protein-coding genes in 

bacterial and archaeal genomes 

(Hyatt et al., 2010) 

GeneMarkS2 Gene 

prediction 

Uses both intrinsic (sequence-

based) and extrinsic 

(homology-based) methods to 

predict genes 

(Lomsadze et al., 

2018) 

EggNOG-mapper Annotation Maps sequences to orthologous 

groups and functional 

annotations directly from the 

eggNOG database. 

(Cantalapiedra et 

al., 2021) 



18 
 

RASTk Functional 

Annotation 

Provides annotations within the 

context of subsystems, 

allowing for a layered 

understanding of biological 

functions. 

(Aziz et al., 2008) 

 

3.4.   Identification of Genomic features 

To investigate gene organization and regulation, Operon Mapper was used to predict operons, 

offering insights into gene clustering and transcriptional control (Taboada et al., 2018). Detection 

of CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) arrays was performed 

using CRISPRCasFinder with the following parameters: flanking region size of 100, repeat 

lengths ranging from 23 to 55, and spacer sizes between 0.6 and 2.5 (Couvin et al., 2018). The 

Resistance Gene Identifier in CARD database facilitated the identification of genes conferring 

antibiotic resistance (Alcock et al., 2023).  

For a deeper understanding of genome structure and evolution, RepeatMasker v4.1.5 was used 

to detect repeat elements (Tempel, 2012), and RepeatModeler v2.0.5 facilitated de nova 

annotation (Flynn et al., 2020). Palindrome v5.0.0.1 was applied to detect inverted repeats, with 

set parameters: repeat lengths of 10–100 bp, a maximum gap of 100 bp, and no mismatches 

allowed (Rice et al., 2000). Recognizing the importance of mobile genetic elements in bacterial 

evolution, MobileOG-DB was used (e-value: 1.0e-05, k-value: 1) to pinpoint these elements 

(Brown et al., 2022).  
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Additionally, Alien Hunter identified potential horizontal gene transfer (HGT) events, critical for 

the acquisition of novel traits (Vernikos & Parkhill, 2006). antiSMASH web-based tool assessed 

the genome for secondary metabolite biosynthesis gene clusters (Blin et al., 2023). 

3.5. Pathway analysis 

For pathway analysis, two complementary approaches were employed: the RAST (Rapid 

Annotations using Subsystems Technology) server and KEGG KAAS (KEGG Automatic 

Annotation Server). The RAST server was used to annotate genes based on curated subsystems 

and protein families, providing a comprehensive metabolic reconstruction(Aziz et al., 2008; 

Overbeek et al., 2014). KEGG KAAS was utilized to perform functional annotation of genes by 

comparing amino acid sequences against the manually curated KEGG GENES database (Moriya 

et al., 2007). KAAS assigned KEGG Orthology (KO) identifiers using the bi-directional best hit 

(BBH) method. The resulting KO assignments were then used to automatically generate KEGG 

pathways and functional classifications.  
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4 CHAPTER 4: 

RESULTS 

4.1.   Whole genome sequencing and Quality Assessment 

ONS facilitated real-time genome sequencing and yielded long-read assemblies, resulting in a 

total of six contigs with a combined length of 3,966,854 nucleotides. Among these, the largest 

contig encompassed 1,702,422 bases, contributing significantly to the total assembly length. A 

key quality metric, the count of ambiguous ‘N’ bases per 100 kilobase pairs (kbp), was zero, 

indicating that the assembly contained no unresolved nucleotide positions over this length scale. 

The absence of ambiguous bases suggests a high-continuity assembly with minimal sequencing 

errors and no apparent gaps, reinforcing the overall high quality and completeness of the genome 

(figure 2). 

The GC content of the assembled genome was determined to be 63.04%, which, although within 

the general acceptable range of 40%–80%, is notably elevated. A high GC composition is often 

correlated with greater genomic stability due to the increased number of hydrogen bonds in 

guanine-cytosine base pairs, which enhance DNA duplex stability. This property is frequently 

observed in thermophilic organisms, suggesting that the studied species may be adapted to high-

temperature environments where increased thermal stability is advantageous. 

To further evaluate the completeness and accuracy of the genome assembly, BUSCO analysis 

was conducted, which assesses genome quality by detecting the presence of highly conserved 

orthologous genes across evolutionary lineages. Out of the 619 BUSCO groups searched, 506 

genes were identified as complete, of which 505 were present as single-copy genes, while one 

gene was detected as duplicated. Additionally, 72 BUSCO genes were classified as fragmented, 

indicating partial assembly, while 41 genes were entirely absent, suggesting potential gaps or 
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lineage-specific gene loss (Figure 3). These results collectively indicate that the genome 

assembly exhibits high completeness, with a strong representation of core genes, minimal 

fragmentation, and a reliable structural organization. 

 

Figure 2: Evaluation of Quality of the genome assembly 

a) An Nx plot illustrating assembly continuity, demonstrating that the genome assembly is of high quality, with substantial 

coverage contributed by large contigs. The high Nx values suggest a well-assembled genome with minimal fragmentation.. b) A 

cumulative contig length plot, representing the total length of assembled contigs as a function of the contig index. The presence 

of a steep initial slope, which subsequently plateaus, indicates that a small number of long contigs account for the majority of 

the genome, a characteristic of a well-assembled, contiguous genome with minimal fragmentation. C) A GC content distribution 

plot, depicting the variation in GC content across different genomic windows. The data reveal a predominant and consistent GC 

content around 60%, suggesting a relatively uniform nucleotide composition across the genome with no major deviations.d) A 

GC content frequency distribution plot, showing the peak GC content across different contigs within the assembled genome. The 

observed peak, centered slightly above 60%, suggests a uniform and stable GC composition across the genome, reinforcing the 

structural integrity of the assembly. 
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Figure 3: BUSCO assessment results 

 

 

4.2.  Taxonomical classification  

The taxonomic classification of the assembled genome was performed reclassified the bacterium 

as Halomonas elongata. This result contradicted the previous taxonomic identification based on 

16S rRNA sequencing, which had originally assigned the strain as H. caseinilytica 10SCRN4D 

Figure 4 provides the detailed output of the taxonomic assignment, where Halomonas elongata 

received the highest confidence score, indicating the strongest association based on sequence 

similarity and classification parameters. 
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Figure 4: kraken2 taxonomical classification 

Here the first column is the percentage of the fragments that are rooted to the taxon, the second column is the number of fragments 

covered, the third column indicates the number of fragments that re directly assigned to the said taxon, the fourth column contains 

rank codes where S-species, G-Genus, F-Family, O-Order, C-Class, P-Phylum, D-Domain, R-Root, U-Unclassified, the fourth 

column consists NCBI taxonomic IDs and the last column has the Scientific Names 

 

4.3. Gene Prediction and Functional Annotation 

Genome annotation using PROKKA identified a total of 4,308 genes, which were classified into 

distinct functional categories. Among these, 4,227 genes were annotated as coding sequences 

(CDS), while 12 genes were associated with ribosomal RNA (rRNA), 68 genes with transfer 

RNA (tRNA), and one gene with transfer-messenger RNA (tmRNA). Additionally, a substantial 

proportion of the CDS (1,659 genes) were designated as hypothetical proteins, indicating 

sequences with unknown or uncharacterized functions. 
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To gain further insights into these hypothetical proteins, functional domain analysis was 

performed using CDD. This analysis revealed that 737 hypothetical proteins could be classified 

as specific proteins with defined functions, while 396 hypothetical proteins were linked to 

superfamilies, providing broader functional context. However, 526 hypothetical proteins 

remained uncharacterized, as they exhibited no detectable homology to known protein families 

or superfamilies (Figures 5-8).  
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Figure 5: Proteins associated to Superfamilies 
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Figure 6: Proteins associated with superfamilies 
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Figure 7: Proteins associated with superfamilies 
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FecB superfamily
OM_channels superfamily

PRK14050 superfamily
MopB_CT superfamily
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Figure 8: Proteins associated with superfamilies 

 

 To cross-validate the gene predictions, PRODIGAL and GeneMarkS2 were also employed. 

PRODIGAL predicted 4,234 genes, of which 3,785 were successfully annotated using EggNOG-

mapper. Similarly, GeneMarkS2 identified 4,280 genes, with 3,861 of them annotated through 

EggNOG-mapper. Figure 9 shows the alignment result of the three prediction tools for the gene 

Glutaredoxin 1. 
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Table 2: Comparison of the Gene prediction and annotation results 

Gene 

Prediction 

and 

Annotation 

Tool 

Total 

length 

No. of 

genes 

predicted 

No. of 

genes 

annotated 

No. 

of 

CDS 

No. of 

rRNAs 

No. of 

tRNAs 

No. of 

Hypothetical 

Proteins 

No. of 

predicted 

genes not 

annotated 

PROKKA 1152142 4308 4308 4227 12 68 1659 - 

PRODIGAL+ 

EggNOG-

mapper 

 

1157291 

4234 3785 3657 - - 128 449 

GenemarkS2+ 

EggNOG-

mapper 

 

1161458 

4280 3861 3732 - - 129 419 

 

 

Figure 9: An example of the alignment of the gene prediction using three different prediction tools. Here, the gene 

prediction for Glutaredoxin 1 is shown  

 

GO analysis was conducted using InterProScan and Blast2GO, classifying genes based on their 

Biological, Cellular, and Molecular functions (Figure 10). A total of 100 proteins were assigned 

to GO:0006805, which corresponds to xenobiotic degradation, suggesting a potential role in 

detoxification processes. Notably, no proteins were mapped to GO:0019439, which is associated 

with aromatic compound catabolism, indicating an absence of direct functional annotations 

related to this metabolic pathway. 



28 
 

 

Figure 10: Gene ontology distribution in the genome 

 

4.4. Identification of Genomic features 

Operon Mapper identified a total of 2,013 operons within the genome. Among these, at least nine 

operons were specifically associated with aromatic compound degradation, suggesting potential 

metabolic pathways involved in biodegradation or detoxification of aromatic compounds.  

In addition to operon identification, CRISPR array analysis detected two CRISPR loci, located 

within the utg000001l and utg000005l contigs (Table 3). However, no cas genes were identified, 

indicating that while CRISPR elements are present, the genome lacks the necessary Cas proteins 

required for an active CRISPR-mediated adaptive immune system. 
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Table 3: CRISPR sites 

Locus Start End Lengt

h 

orientati

on 

Consensus Repeat sequence 

utg000001

l_1  

8202

00 

8202

88 

88 Forward TGATTACAAGTCAGCTGCTCTACCA 

utg000005

l_1 

2684

55 

2685

74 

119 Unknow

n 

AGGACCAGTGCCCGGGTACCCCGG

CCGGTG 
 

A total of 436 repeat regions were identified within the genome, predominantly consisting of 

simple sequence repeats (SSRs). Additionally, other repeat elements, including Long 

Interspersed Nuclear Elements (LINEs), Short Interspersed Nuclear Elements (SINEs), rRNA 

repeats and tRNA repeats, were also detected. 

Further structural analysis revealed the presence of 1,288 palindromic sequences, 121 mobile 

genetic elements, and 47 genes associated HGT, indicating potential mechanisms for genomic 

plasticity and adaptation. antiSMASH analysis identified three secondary metabolite 

biosynthetic gene clusters: 

1. Ectoine biosynthetic gene cluster – associated with osmoprotection and stress adaptation 

2. Non-Ribosomal Peptide Synthetase (NRPS) / NRPS-metallophore cluster – potentially 

involved in metal chelation and microbial interactions 

3. Ribosomally synthesized and post-translationally modified peptides (RiPP-like protein 

cluster) – suggesting bioactive compound synthesis 

Additionally, the ectoine hydroxylase enzyme, responsible for the conversion of ectoine to 5-

hydroxyectoine, was detected. This enzyme is particularly noteworthy, as it is not universally 

present in ectoine-producing bacteria (Karna Radjasa et al.,2023).  Figure 11 provides a graphical 

representation of the genome annotation, illustrating the identified features, including repeat 

elements, mobile genetic elements, and secondary metabolite clusters. 
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Figure 11: Whole genome Annotation of Halomonas elongata 
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4.5.  Functional and Pathway analysis 

Annotation using RAST platform revealed that only 32% of the genome could be assigned to 

known subsystem categories, indicating that a significant portion of the genetic content remains 

functionally unclassified. The RASTk pipeline identified a total of 4,393 CDS, of which 1,398 

genes were mapped to one or more subsystems within the database. 

To evaluate the biodegradative potential of the organism, genes involved in aromatic compound 

metabolism were specifically examined. A total of 30 genes were identified under this category, 

suggesting a potential role in the degradation of aromatic compounds. Additionally, within the 

miscellaneous subsystems, two genes were classified under aromatic dioxygenase metabolism, 

which is critical for the oxidative cleavage of aromatic rings (Table 4). 

Other notable subsystems identified include resistance to antibiotics and toxic compounds, which 

suggests the presence of mechanisms involved in antimicrobial resistance and detoxification. 

Additionally, genes associated with invasion and intracellular resistance were detected, 

indicating potential strategies for virulence or host adaptation. The genome also harbors genes 

related to prophage and phage packaging machinery, suggesting the presence of prophage 

elements that may contribute to genetic variability and horizontal gene transfer, further 

enhancing the organism's adaptability. 
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Table 4: RAST Annotation corresponding to aromatic compound metabolism 

Category Subcategory Subsystem Role 

Metabolism 

of Aromatic 

Compounds 

 

Peripheral 

pathways for 

catabolism of 

aromatic 

compounds 

 

Biphenyl Degradation biphenyl-2,3-diol 1,2-

dioxygenase III-related protein 

Benzoate degradation Benzoate transport protein 

Quinate degradation 3-dehydroquinate dehydratase 

II (EC 4.2.1.10) 

Metabolism of 

central aromatic 

intermediates 

 

Catechol branch of 

beta-ketoadipate 

pathway 

 

Muconate cycloisomerase (EC 

5.5.1.1) 

Succinyl-CoA:3-ketoacid-

coenzyme A transferase subunit 

A (EC 2.8.3.5) 

Succinyl-CoA:3-ketoacid-

coenzyme A transferase subunit 

B (EC 2.8.3.5) 

Salicylate and 

gentisate catabolism 

 

Fumarylacetoacetase (EC 

3.7.1.2) 

Fumarylacetoacetate hydrolase 

family protein 

Maleylacetoacetate isomerase 

(EC 5.2.1.2) 

4-

Hydroxyphenylacetic 

3,4-dihydroxyphenylacetate 

2,3-dioxygenase (EC 

1.13.11.15) 
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acid catabolic 

pathway 

 

Homoprotocatechuate 

degradative operon repressor 

2-hydroxyhepta-2,4-diene-1,7-

dioate isomerase (EC 5.3.3.-) 

5-carboxymethyl-2-

hydroxymuconate 

semialdehyde dehydrogenase 

(EC 1.2.1.60) 

Transcriptional activator of 4-

hydroxyphenylacetate 3-

monooxygenase operon, 

XylS/AraC family 

5-carboxymethyl-2-oxo-hex-3- 

ene-1,7-dioate decarboxylase 

(EC 4.1.1.68) 

2-oxo-hepta-3-ene-1,7-dioic 

acid hydratase (EC 4.2.-.-) 

5-carboxymethyl-2-

hydroxymuconate delta-

isomerase (EC 5.3.3.10) 

Homogentisate 

pathway of aromatic 

compound 

degradation 

 

Maleylacetoacetate isomerase 

(EC 5.2.1.2) 

Homogentisate 1,2-

dioxygenase (EC 1.13.11.5) 
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Fumarylacetoacetase (EC 

3.7.1.2) 

4-hydroxyphenylpyruvate 

dioxygenase (EC 1.13.11.27) 

Transcriptional regulator, IclR 

family 

Central meta-

cleavage pathway of 

aromatic compound 

degradation 

 

5-carboxymethyl-2-

hydroxymuconate 

semialdehyde dehydrogenase 

(EC 1.2.1.60) 

3,4-dihydroxyphenylacetate 

2,3-dioxygenase (EC 

1.13.11.15) 

2-oxo-hepta-3-ene-1,7-dioic 

acid hydratase (EC 4.2.-.-) 

5-carboxymethyl-2-

hydroxymuconate delta-

isomerase (EC 5.3.3.10) 

Metabolism of 

Aromatic 

Compounds - no 

subcategory 

 

Aromatic Amin 

Catabolism 

Phenylacetaldehyde 

dehydrogenase (EC 1.2.1.39) 

3,4-dihydroxyphenylacetate 

2,3-dioxygenase (EC 

1.13.11.15) 

Gentisate degradation 

 

Fumarylacetoacetate hydrolase 

family protein 
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Maleylacetoacetate isomerase 

(EC 5.2.1.2) 

 

Pathway analysis using InterProScan identified a total of 266 KEGG pathways, with 1,866 

sequences associated with one or more metabolic or functional pathways. Additionally, KASS-

KEGG was used to generate a KO list, facilitating pathway mapping. In total, 2,101 genes were 

successfully annotated with KO numbers, providing insight into the diverse biochemical and 

metabolic pathways present in the bacterial genome. 

KEGG pathway mapping enabled the identification of various pathways aligning with the KEGG 

database, offering a comprehensive overview of the organism’s metabolic capabilities. Notably, 

within the xenobiotic degradation category, 13 partial KEGG pathways were detected. The 

presence of incomplete pathways suggests the possibility of alternative or non-canonical 

degradation routes, which may not be fully represented within the standard KEGG modules. This 

observation highlights the potential for novel or species-specific metabolic adaptations in 

xenobiotic processing. 
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Figure 12: Naphthalene degradation pathway as predicted on KEGG database. 

The green boxes indicate the genes that were present in our gene list while the blue boxes indicate those that were absent but 

should have been present. Here the enzyme with E.C. no 1.1.1.1 found in our genome is Alcohol dehydrogenase 
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Figure 13: Pathway mapping of metabolism of xenobiotics by cytochrome P450. 

The green boxes indicate the genes that were present in our gene list while the blue boxes indicate those that were absent but 

should have been present. glutathione S-transferase is the gene marked in green with an E.C. no. of 2.5.1.18 
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5 CHAPTER 5: 

DISCUSSION 

 

The reclassification of our strain from Halomonas caseinilytica to Halomonas elongata as we 

transitioned from 16S rRNA sequencing to WGS illustrates the dynamic nature of bacterial 

taxonomy and the limitations of 16S rRNA based identification methods (Hobmeier, Cantone, et 

al., 2022a). While 16S rRNA sequencing has long been a staple for bacterial identification, its 

resolution is often insufficient for distinguishing closely related species, especially within 

genetically complex genera like Halomonas (Jeong et al., 2021; Lafi et al., 2016). This genus 

exhibits significant genetic similarity among its species, complicating accurate classification 

when relying solely on the 16S rRNA gene (Hobmeier, Cantone, et al., 2022a).  In literature, 

there have been many instances of reclassification of bacteria, for example, Elizabethkingia 

miricola strain was reclassified as E. bruuniana based on WGS results (Liang et al., 2019). The 

reclassification of our strain from Halomonas caseinilytica to Halomonas elongata as we 

transitioned from 16S rRNA sequencing to WGS illustrates the dynamic nature of bacterial 

taxonomy and the limitations of 16S rRNA based identification methods (Hobmeier, Cantone, et 

al., 2022a). While 16S rRNA sequencing has long been a staple for bacterial identification, its 

resolution is often insufficient for distinguishing closely related species, especially within 

genetically complex genera like Halomonas (Jeong et al., 2021; Lafi et al., 2016). This genus 

exhibits significant genetic similarity among its species, complicating accurate classification 

when relying solely on the 16S rRNA gene (Hobmeier, Cantone, et al., 2022a).  In literature, 

there have been many instances of reclassification of bacteria, for example, Elizabethkingia 

miricola strain was reclassified as E. bruuniana based on WGS results (Liang et al., 2019).  

Unlike 16S rRNA sequencing, WGS offers a more comprehensive genetic landscape, facilitating 



39 
 

precise species identification through comparative genomic analysis (Li et al., 2020). The 

discrepancy observed in this study reinforces the advantages of WGS in identifying subtle 

genomic differences that are essential for accurate taxonomic classification, further 

demonstrating its superiority over traditional 16S rRNA-based methods. 

The integration of multiple gene prediction and annotation tools provided a detailed and 

comprehensive genomic profile of the Halomonas elongata strain. PROKKA, PRODIGAL, and 

GeneMarkS2 predicted a similar number of genes (4,308, 4,234, and 4,280, respectively), 

suggesting a consistent gene density across different prediction algorithms. This consistency 

reinforces the credibility of the gene count and supports the robustness of the genome 

assembly.PROKKA’s annotation revealed a genome structure characterized by a high proportion 

of protein-coding sequences (4,227 CDS) alongside essential RNA genes, including 12 rRNA, 

68 tRNA, and 1 tmRNA. The presence of these RNA elements indicates a fully functional 

translational machinery, essential for cellular function and protein synthesis  (Lafi et al., 2016). 

However, a notable limitation in the initial annotation was the high number of hypothetical 

proteins, with 1,659 out of 4,227 CDS lacking functional characterization. This reflects the 

current gaps in bacterial gene function knowledge, particularly in less-characterized genera like 

Halomonas. 

To refine functional predictions, these hypothetical proteins were further analyzed using CDD, 

reducing the number of truly uncharacterized proteins from 1,659 to 526. This substantial 

reduction underscores the importance of leveraging multiple annotation tools and databases to 

improve functional assignments. The remaining 526 hypothetical proteins, which lack 

identifiable domains or superfamily associations, represent potential candidates for future 

experimental characterization. These genes may be unique to Halomonas or even strain-specific 

adaptations, possibly linked to the bacterium’s ecological niche. In our study, their presence 
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suggests a potential role in the biodegradation of coronene, an aspect that warrants further 

investigation (Gasperotti et al., 2018; Jeong et al., 2021). 

GO analysis using InterProScan and Blast2GO provided a broad functional overview of the 

genome, offering insights into its metabolic capabilities. A particularly noteworthy finding was 

the identification of 100 proteins assigned to GO:0006805, which corresponds to xenobiotic 

metabolic processes. This suggests a potential role for the strain in polycyclic aromatic 

hydrocarbon (PAH) degradation, aligning with its hypothesized bioremediation capabilities. 

However, an unexpected contradiction arose from the absence of proteins categorized under 

GO:0019439 (aromatic compound catabolism), which is directly associated with aromatic 

hydrocarbon degradation. This discrepancy can be interpreted in several ways. One possibility 

is that the strain lacks the specific pathways required for aromatic compound breakdown, 

indicating a metabolic specialization in alternative xenobiotic degradation processes (Hobmeier, 

Cantone, et al., 2022a). Another explanation could be limitations in current GO annotations, 

where essential genes for aromatic compound degradation may not yet be well-represented in 

existing functional databases. Lastly, the strain may employ alternative or novel pathways for 

degrading aromatic compounds, which are not yet captured by current GO terms. This 

underscores the need for further experimental validation and pathway characterization to 

elucidate the precise mechanisms employed by Halomonas elongata in xenobiotic degradation. 

Combining the results from Operon Mapper, CRISPR analysis, repeat region identification, and 

antiSMASH provides a comprehensive perspective on the genomic structure and functional 

capabilities of the Halomonas elongata strain. Notably, the identification of nine operons 

associated with aromatic compound degradation aligns with the GO findings, which indicated 

potential xenobiotic degradation activity. This suggests that the strain may harbor specialized 

metabolic pathways for the breakdown of aromatic compounds, reinforcing its potential role in 

bioremediation. An intriguing observation was the detection of CRISPR sites in the genome 
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without associated cas genes. This raises two possibilities: (1) the identified CRISPR arrays may 

be non-functional, lacking the necessary Cas proteins for adaptive immunity, or (2) cas genes 

may be present but were not detected due to annotation limitations in the current dataset. Despite 

this uncertainty, the presence of CRISPR loci is still noteworthy, as it provides opportunities for 

genome editing and functional studies in future research (Takeuchi et al., 2012). 

The identification of secondary metabolite biosynthetic gene clusters provides key insights into 

the ecological adaptability and biotechnological potential of the strain. Notably, the presence of 

an ectoine biosynthesis cluster aligns with the halophilic nature of the strain, as ectoine serves as 

an osmoprotectant, enabling bacterial survival in high-salinity environments (Hobmeier, 

Oppermann, et al., 2022; Schwibbert et al., 2010). Additionally, the detection of Non-Ribosomal 

Peptide Synthetase (NRPS) clusters, including one encoding a metallophore, suggests the strain’s 

ability to produce complex secondary metabolites involved in metal acquisition or ecological 

interactions. Such mechanisms play a crucial role in bioremediation, particularly in the 

sequestration and detoxification of heavy metals from contaminated environments. The presence 

of a Ribosomally Synthesized and Post-Translationally Modified Peptide (RiPP-like) cluster 

draws attention to the strain’s potential for bioactive peptide production, which could be explored 

for antimicrobial applications (Zytnick et al., 2024). Most notably, the identification of four 

genes involved in ectoine biosynthesis positions this strain as an important candidate for 

biotechnological research, particularly in the development of cosmetics and pharmaceuticals, 

where ectoine is valued for its protective and stabilizing properties in skincare and medical 

formulations (Hobmeier, Cantone, et al., 2022b; Hobmeier, Oppermann, et al., 2022). 

The results from RAST and KEGG pathway analysis provide valuable insights into the 

functional capabilities and metabolic potential of the strain. he relatively low percentage (32%) 

of genes assigned to RAST subsystems suggests that a substantial portion of the genome consists 

of unique or poorly characterized genes, a common occurrence in less-studied bacterial species 
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(Aziz et al., 2008). This backs the idea to further explore novel genes in the organism. On the 

other hand, the identification of 13 partial KEGG pathways related to xenobiotic degradation is 

of interest. The absence of complete pathways could be due to the use of unique pathways or 

modified pathways by the species which are not defined in KEGG modules or as seen, only 2101 

genes were annotated with KO numbers, indicating that there could be relevant genes in the non-

annotated genes but due to slight variations they are not categorized under the KEGG modules  

(Vera et al., 2022). The existence of discrete pathways has been experimentally proven for 

naphthalene degrading bacteria via a liquid chromatography mass spectrometry study by Muccee 

et al. in 2021 (Muccee et al., 2021). This highlights the need for experimental validation of 

computational predictions of the pathways identified in our study. Future investigations should 

focus on biochemical and transcriptomic analyses to confirm the functionality of the predicted 

xenobiotic degradation mechanisms in Halomonas elongata. 
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6 CHAPTER 6: 

CONCLUSION 

 

This study provides a comprehensive genomic characterization of Halomonas elongata (previously 

misidentified as H. caseinilytica), elucidating its capacity to degrade coronene, HMW-PAHs, under saline 

conditions. The application of WGS and advanced bioinformatics analyses facilitated the identification 

of specific genes and metabolic pathways involved in PAH degradation, accentuating the strain’s potential 

for bioremediation in marine and hypersaline environments. Key findings from this study include the 

identification of xenobiotic degradation-associated genes, which support the metabolic potential of 

Halomonas elongata for PAH breakdown. Additionally, the presence of secondary metabolite 

biosynthetic clusters suggests the strain's capability for bioactive compound production, which may play 

a role in ecological interactions and stress adaptation. Furthermore, genomic features associated with 

environmental adaptability were identified, including CRISPR elements and HGT mechanisms, both of 

which contribute to genome plasticity and resilience in extreme habitats, reinforcing the organism’s 

potential for survival and functionality in saline and contaminated environments. 

While the genomic insights presented here provide strong evidence for the metabolic potential 

of H. elongata, further experimental validation is required to confirm the functionality of the 

predicted pathways, particularly those involved in coronene degradation. Future research 

integrating transcriptomics, proteomics, and metabolomics will be essential to characterize gene 

expression dynamics, enzyme activity, and metabolic fluxes under relevant environmental 

conditions. The findings of this study establish a scientific framework for the development of 

sustainable biotechnological strategies aimed at mitigating PAH contamination in saline and 

extreme environments. 
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7 CHAPTER 7: 

FUTURE PROSPECT 

8 The findings of this study provide a strong foundation for future research aimed at further 

elucidating the genetic, biochemical, and physiological mechanisms underlying the coronene 

degradation potential of Halomonas elongata. While whole-genome sequencing and 

bioinformatics analyses have identified key genes and pathways involved in xenobiotic 

metabolism, secondary metabolite biosynthesis, and environmental adaptation, additional 

experimental validation is required to confirm their functional roles. 

9 Future research should focus on multi-omics approaches, including transcriptomics, 

proteomics, and metabolomics to gain deeper insights into gene expression dynamics, 

enzyme functionality, and metabolic fluxes under environmentally relevant conditions. The 

application of gene knockout and overexpression studies could help validate the involvement 

of specific genes in coronene degradation and stress adaptation mechanisms. 

10 Moreover, the biotechnological potential of H. elongata in bioremediation applications 

should be explored through bioreactor studies, optimizing conditions for PAH degradation 

in saline and contaminated environments. The presence of CRISPR elements in the genome, 

despite the absence of Cas proteins, also opens avenues for genome engineering, allowing 

researchers to enhance the strain’s metabolic capabilities for targeted bioremediation efforts. 

11 Additionally, the ectoine biosynthesis cluster identified in this study suggests a potential 

application of H. elongata in industrial biotechnology, particularly in the production of 

osmoprotectants for use in cosmetics, pharmaceuticals, and agriculture. Further studies are 

needed to optimize ectoine production and assess its commercial viability. 
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12 Finally, comparative genomic and evolutionary studies across Halomonas species could 

provide insights into strain-specific adaptations, facilitating the identification of novel genes 

and pathways that contribute to hydrocarbon degradation and environmental resilience. The 

integration of synthetic biology and metabolic engineering approaches could further enhance 

the strain’s utility in bioremediation and bio-based product development. 
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14 Appendices 

Combining the three annotations 

!pip install biopython 

from Bio import SeqIO 

import os 

# For manually uploaded files 

prokka_file = r'C:\Users\thasn\OneDrive\Desktop\prokka.fasta' 

prodigal_file = r'C:\Users\thasn\OneDrive\Desktop\prodigal.prot' 

genemark_file = r'C:\Users\thasn\OneDrive\Desktop\GeneMark.faa' 

from Bio import SeqIO 

# Define the filenames of your uploaded files directly 

prokka_file = 'prokka.fasta'      # Use the exact name after uploading 

prodigal_file = 'prodigal.prot'    # Use the exact name after uploading 

genemark_file = 'GeneMark.faa'     # Use the exact name after uploading 

# Output file for the combined sequences 

combined_file = 'combined_predictions.fasta' 

# Lists to hold sequences from each tool 

prokka_sequences = [] 

prodigal_sequences = [] 

genemark_sequences = [] 

# Function to read sequences from a file and store them in a list 

def read_sequences(file_path): 

    sequences = [] 

    with open(file_path, 'r') as handle: 

        for record in SeqIO.parse(handle, 'fasta'): 

            sequences.append(record) 

    return sequences 

# Read sequences from each tool 

prokka_sequences = read_sequences(prokka_file) 

prodigal_sequences = read_sequences(prodigal_file) 

genemark_sequences = read_sequences(genemark_file) 

# Output list to hold the interleaved sequences 

interleaved_sequences = [] 
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# Determine the maximum number of sequences to interleave 

max_length = max(len(prokka_sequences), len(prodigal_sequences), len(genemark_sequences)) 

# Interleave sequences 

for i in range(max_length): 

    if i < len(prokka_sequences): 

        prokka_sequences[i].id = f"{prokka_sequences[i].id}_Prokka"  # Modify ID for Prokka 

        prokka_sequences[i].description = "" 

        interleaved_sequences.append(prokka_sequences[i]) 

    if i < len(prodigal_sequences): 

        prodigal_sequences[i].id = f"{prodigal_sequences[i].id}_Prodigal"  # Modify ID for Prodigal 

        prodigal_sequences[i].description = "" 

        interleaved_sequences.append(prodigal_sequences[i]) 

    if i < len(genemark_sequences): 

        genemark_sequences[i].id = f"{genemark_sequences[i].id}_GeneMark"  # Modify ID for GeneMark 

        genemark_sequences[i].description = "" 

        interleaved_sequences.append(genemark_sequences[i]) 

# Write the interleaved sequences to the combined FASTA file 

with open(combined_file, 'w') as output_handle: 

    SeqIO.write(interleaved_sequences, output_handle, 'fasta') 

print(f"Combined file created as '{combined_file}' with interleaved sequences.") 

 

Aligning using MAFFT 

# Install required packages 

!apt-get install mafft 

!pip install biopython 

# Import necessary modules 

import subprocess 

import io  # This import was missing 

from Bio import SeqIO 

# Define a function to perform alignments using MAFFT and handle input/output sequences 

def align_sequences(sequences): 

    # Write sequences to a temporary input file 

    temp_input = '/content/temp_input.fasta' 

    SeqIO.write(sequences, temp_input, 'fasta') 

    # Build the command for MAFFT 

    command = ['mafft', '--auto', temp_input] 
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    # Execute the command and capture the output 

    result = subprocess.run(command, capture_output=True, text=True) 

    # Parse aligned sequences from the output using io.StringIO 

    aligned_sequences = SeqIO.parse(io.StringIO(result.stdout), 'fasta') 

    return list(aligned_sequences) 

# Load all sequences from the input FASTA file 

input_fasta = '/content/aligned.fasta' 

sequences = list(SeqIO.parse(input_fasta, 'fasta')) 

# List to store all aligned sequences 

all_aligned_sequences = [] 

# Align each group of three sequences and store results 

for i in range(0, len(sequences), 3): 

    group = sequences[i:i+3]  # Get a group of three sequences 

    if len(group) == 3:  # Ensure there are exactly three sequences in the group 

        aligned_group = align_sequences(group) 

        all_aligned_sequences.extend(aligned_group) 

# Save all aligned sequences to a single file 

output_path = '/content/combined_aligned_sequences.fasta' 

SeqIO.write(all_aligned_sequences, output_path, 'fasta') 

# Output success message 

print(f"Aligned sequences saved to {output_path}") 
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