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ABSTRACT 

Over the past decade, as a consequence of economic and population growth, the demand for petroleum-

derived products has increased significantly. Crude oil increasing prices and the awareness of the 

shortage of its supply and of the environmental consequences of petroleum hydrocarbons pollution have 

triggered the search for new oil sources. An attractive alternative are oleaginous microorganisms as 

feedstock for biofuels and other oleochemicals production. Besides the role on petroleum hydrocarbons 

bioremediation, some hydrocarbonoclastic bacteria are able to accumulate neutral lipids such as 

triacylglycerols (TAGs) and wax esters (WEs). The main objective of this thesis is to explore a new 

approach for the management of petroleum-based wastewaters, by directing the conversion of waste 

hydrocarbons toward the production of valuable storage lipids.  

In the first experiment, Rhodococcus opacus B4 ability to accumulate TAGs from hexadecane under 2 

atm pressure in a batch mode was proven by thin-layer chromatography (TLC) analysis. TAGs biosynthesis 

started in exponential growth phase and increased when a high carbon to nitrogen (C/N) ratio of 300 

was imposed. The application of oxygen concentrations below the usual present in the air (10.50 and 

5.21 %) was not a successful strategy to improve neutral lipids accumulation. 

In the second experiment, neutral lipids accumulation was optimized in an airlift reactor operated during 

ten cycles as in a sequential batch mode. A real lubricant-based wastewater (LW) was used as sole carbon 

source under an intermittent feeding. The operation under a dissolved oxygen (DO) supply at 3.0-4.0  

mg L-1, provide suitable conditions for TAGs production. However, the culture biomass presented poor 

TAGs content. The application of this DO concentration only during the feast phase did not promote 

neutral lipids accumulation. After the biological treatment was achieved a chemical oxygen demand (COD) 

and total petroleum hydrocarbons (TPHs) removal efficiency of 80.8-98.6 % and 27.0-62.2 %, 

respectively. The culture was enriched in hydrocarbonoclastic species able to degrade a complex 

hydrocarbons mixture from LW using them as feedstock for TAGs production and biomass growth.  

The strategy used in this study shows the potential of a process combining neutral lipids production and 

oily wastewater treatment. 
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RESUMO 

Na última década, em consequência do crescimento da população mundial e do desenvolvimento 

económico, a procura por produtos derivados do petróleo aumentou significativamente. O preço elevado 

dos combustíveis fósseis e a consciencialização da escassez das reservas de petróleo e das 

consequências ambientais da poluição por hidrocarbonetos desencadeou a procura de fontes 

alternativas. Uma possibilidade promissora é a produção de biocombustíveis e oleoquimicos a partir de 

microrganismos oleaginosos. Além do seu papel na biorremediação dos hidrocarbonetos, algumas 

bactérias hidrocarbonoclásticas são capazes de acumular lípidos neutros, tais como triacilgliceróis (TAGs) 

e ésteres de cera (WEs). O principal objetivo desta tese é explorar uma abordagem inovadora para o 

tratamento de águas residuais contaminadas com hidrocarbonetos, direcionamento a conversão de 

hidrocarbonetos para a produção de lípidos de reserva de valor acrescentado.  

Na primeira experiência, a capacidade de Rhodococcus opacus B4 em acumular TAGs a partir de 

hexadecano a uma pressão de 2 atm em modo batch foi comprovada por cromatografia em camada 

fina. A biossíntese de TAGs iniciou-se na fase exponencial e aumentou quando foi aplicada uma razão 

carbono azoto de 300. No entanto, a presença de concentrações de oxigénio (10,5 e 5,21 %) inferiores 

à normalmente presente na atmosfera não foi uma estratégia bem-sucedida no aumento da acumulação 

de lípidos neutros. 

Na segunda experiência, a acumulação de lípidos neutros foi otimizada num reator airlift operado durante 

dez ciclos como um reator sequencial fechado. Neste estudo, uma água residual real contendo 

lubrificantes e óleo de motor (LW) foi adicionada, de forma intermitente, como fonte de carbono. A 

operação a uma concentração de oxigénio de 3,0-4,0 mg L.-1 forneceu condições adequadas para a 

produção de TAGs, tendo, no entanto, sido acumulados em baixa quantidade. A imposição desta 

concentração de oxigénio apenas durante a fase feast não promoveu a acumulação de lípidos neutros.  

A qualidade do efluente após o tratamento biológico foi avaliada, tendo sido alcançada uma eficiência de 

remoção de hidrocarbonetos totais entre 80.8-98.6 %, e de carência química de oxigénio entre 27,0—

62,2 %, respetivamente. Deste modo, foi possível concluir que a cultura microbiana era composta por 

espécies hidrocarbonoclásticas capazes de degradar os hidrocarbonetos presentes na LW, direcionando-

os para a produção de TAGs e crescimento em biomassa. 

A abordagem implementada neste estudo demonstra o potencial de um projeto que combina a produção 

de lípidos neutros e o tratamento de uma água residual contaminada com hidrocarbonetos.  



viii 

 

 
 

 



ix 

TABLE OF CONTENTS 

Agradecimentos .................................................................................................................................. iii 

Abstract............................................................................................................................................... v 

Resumo............................................................................................................................................. vii 

List of Figures ................................................................................................................................... xiii 

List of tables  ..................................................................................................................................... xv 

List of Symbols and abbreviations ..................................................................................................... xvii 

1. Introduction ................................................................................................................................ 1 

1.1 The worldwide petroleum crisis: imminent depletion and environmental awareness .............. 2 

1.2 Hydrocarbon contaminated wastewaters .............................................................................. 3 

1.2.1 Physico-chemical and mechanical methods of hydrocarbon contaminated wastewater 

treatment …………………………………………………………………………………………………………………..4 

1.2.2 Biological treatment of hydrocarbon contaminated wastewaters: an eco-friendly 

alternative………………………………………………………………………………………………………………….4 

1.3 Hydrocarbon-degrading bacteria .......................................................................................... 5 

1.4 Hydrocarbons biodegradation by aerobic bacteria ................................................................ 6 

1.4.1 Hydrocarbons uptake from aqueous phase .................................................................. 7 

1.4.2 Metabolic pathways of aerobic hydrocarbons degradation ............................................. 7 

1.5 Neutral lipids storage by hydrocarbonoclastic bacteria.......................................................... 8 

1.5.1 Triacylglycerols ............................................................................................................ 9 

1.5.2 Wax esters ................................................................................................................. 10 

1.5.3 The genus Rhodococcus ............................................................................................ 11 

1.6 Metabolic pathways of TAG and WE biosynthesis ............................................................... 12 

1.7 Regulation of neutral lipids biosynthesis and accumulation ................................................. 16 

1.7.1 Aerobic dynamic feeding ............................................................................................ 17 

1.7.2 Reduction in aeration to improve storage lipids accumulation ..................................... 18 

1.8 Biotechnological and commercial applications of bacterial neutral lipids ............................. 19 

1.9 Objectives and motivation .................................................................................................. 20 

2. Materials and methods .............................................................................................................. 22 



x 

2.1 Influence of oxygen concentration on neutral lipids accumulation by Rhodococcus opacus B4 

from hexadecane .......................................................................................................................... 22 

2.1.1 Bacterial strain and maintenance conditions .............................................................. 22 

2.1.2 Seed culture .............................................................................................................. 22 

2.1.3 Inoculum ................................................................................................................... 22 

2.1.4 Experimental design .................................................................................................. 23 

2.1.5 Neutral lipids extraction and analysis by thin layer chromatography ............................ 24 

2.2 Biosynthesis and accumulation of neutral lipids from lubricant-based wastewater in an airlift 

reactor. ........................................................................................................................................ 24 

2.2.1 Bacterial strain and maintenance conditions .............................................................. 24 

2.2.2 R. opacus B4 growth for airlift reactor inoculation ....................................................... 25 

2.2.3 Carbon and nitrogen source ....................................................................................... 25 

2.2.4 Operation of the airlift reactor .................................................................................... 25 

2.2.5 Analytical procedures ................................................................................................. 29 

2.2.6 Total petroleum hydrocarbons quantification .............................................................. 29 

2.2.7 Lubricant wastewater characterization ........................................................................ 30 

2.2.8 Lipids extraction and analysis by thin layer chromatography ....................................... 30 

2.2.9 Extracellular lipids extraction and analysis by thin layer chromatography ..................... 30 

3. Results and discussion .............................................................................................................. 32 

3.1 Rhodococcus opacus B4 growth on hexadecane ................................................................ 32 

3.2 Influence of different oxygen concentrations on neutral lipids accumulation from hexadecane 

by Rhodococcus opacus B4 .......................................................................................................... 34 

3.3 Biosynthesis and accumulation of neutral lipids from lubricant-based wastewater in an airlift 

reactor…… ................................................................................................................................... 37 

3.3.1 Culture growth monitoring .......................................................................................... 37 

3.3.2 Neutral lipids accumulation without oxygen limitation ................................................. 42 

3.3.3 Neutral lipids accumulation under alternated cycles of normal and reduced aeration .. 42 

3.3.4 Neutral lipids accumulation under oxygen limitation in the feast phase ....................... 46 

3.3.5 Evaluation of extracellular lipids biosynthesis .............................................................. 49 

3.3.6 Macroscopic alteration in biomass morphology: cells aggregation and colour changes 49 



xi 

3.3.7 Evaluation of treatment efficient by total petroleum hydrocarbons and COD 

quantification……………………………………………………………………………………………………………..51 

4. Conclusions and perspectives for future work ............................................................................ 58 

5. Bibliography .............................................................................................................................. 59 

6. Appendix .................................................................................................................................. 75 

Appendix I Growth media composition and preparation ..................................................................... 76 

Appendix II Lipids accumulation monitoring by weigh in lipids ............................................................ 76 

Appendix III Calibration curve for TPHs quantification ........................................................................ 77 

 

 

 





xiii 

LIST OF FIGURES 

Figure 1.1 - Chemical structure of a triacylglycerol molecule………………………………………………………..9 

Figure 1.2 - Chemical structure of a wax ester molecule.....................................................................10 

Figure 1.3 - Metabolic pathway of WEs and TAGs biosynthesis in bacteria …………………………….……..15 

Figure 2.1 - Airlift reactor used in these study (A) and its schematic representation (B).……………..……26 

Figure 2.2 - Experimental design of airlift reactor operation ………………………………………………….……28 

Figure 3.1 - Growth of R. opacus B4 in 802 medium.……………………………………………………………….32 

Figure 3.2 - Growth of R. opacus B4 in MS medium supplemented with hexadecane (1g L-1) …………..33 

Figure 3.3 - R. opacus B4 cells aggregates when cultivated in MS medium supplemented with 1.0 g L -1 

hexadecane…………………………………………………………………………………………………………………..….33 

Figure 3.4 - TLC analysis of the neutral lipids stored by R. opacus B4………………………………………....34 

Figure 3.5 - Soluble nitrogen concentration during the 10 cycles of the reactor operation ……………….38 

Figure 3.6 - TLC analysis of the lipids stored in the cycles #4 (1), #5 (2), #6 (3), #7 (4) and # 8 (5)….43 

Figure 3.7 -Neutral lipids profile from cycle#9 (1) and cycle#10. ………………………………………………..47 

Figure 3.8 - Neutral lipids profile from cycle#9 (1) and cycle#10 (3)…………………………………………….49 

Figure 3.9 - Biomass morphology during the airlift reactor operation……….……………………………………50 

Figure 3.10 - GC–FID chromatogram of the hydrocarbon fraction of LW ……………………………………....52 

Figure 3.11- GC–FID chromatograms at the end of a cycle with normal aeration (blue line), a cycle with 

reduced aeration (red line) a cycle with reduced aeration in feast phase (green line) of the hydrocarbon 

fraction of LW…………………………………………………………………………………………………………………...52 

Figure A1 - Calibration curve for TPHs quantification…………………………………………………………………78 

 

 

file:///C:/Users/anama/Desktop/TESE/Margarida_Dissertacao_MES.docx%23_Toc526613944
file:///C:/Users/anama/Desktop/TESE/Margarida_Dissertacao_MES.docx%23_Toc526613945
file:///C:/Users/anama/Desktop/TESE/Margarida_Dissertacao_MES.docx%23_Toc526613946




xv 

LIST OF TABLES  

Table 3.1 - Lipids weight obtained in the same conditions presented in Figure 3.4……………………..35 

Table 3.2 - Operational parameters during reactor operation.…………………………………………………40 

Table 3.3 - TPHs and COD monitoring by removal efficiency assessment and soluble and total COD 

quantification after the setting phase and in the resulting clarified effluent in each cycle………………..53  

Table A1 - Composition of 802 and MS media ……………………………………………………………………76 

Table A2 - Lipids weigh at the end of each cycle of reactor operation.…………………………………………77 

 





xvii 

LIST OF SYMBOLS AND ABBREVIATIONS 

ADF Aerobic dynamic feeding  

ATP Adenosine triphosphate 

b/d Barrels per day 

CDW Cellular dry weight  

C/N Carbon/Nitrogen 

CoA  Coenzyme A 

COD Chemical oxygen demand 

C11 Undecane 

C17 Heptadecane 

DAGs  Diacylglycerols 

DO Dissolved Oxygen 

DNA Deoxyribonucleic acid 

EPA Environmental Protection Agency 

FAs  Fatty acids 

F/F Feast and Famine phases length ratio 

FID  Flame ionization detector 

GC Gas chromatography 

GC-MS  Gas chromatography-mass spectrometry 

G3P  Glycerol-3-phosphate 

HCB Hydrocarbonoclastic bacteria 

HCl Chloride acid 

LW Lubricant-based wastewater 

MAGs  Monoacylglycerols 

mcl-PHA medium chain length polyhydroxyalkanoates 

min minutes 

MMCs Mixed Microbial Cultures 

MS Mineral Salts  

mV Milivolts 

NADH  Nicotinamide adenine dinucleotid 



xviii 

NADPH Nicotinamide adenine dinucleotide phosphate 

NH4
+  Ammonium 

NH4Cl Ammonium Chloride 

OD Optical Density 

PAH Polycyclic aromatic hydrocarbon 

PHA Polyhydroxyalkanoates 

PHB  Polyhydroxybutyrate 

RNA Ribonucleic acid 

rpm Rotations per minute 

SBR Sequencing Batch Reactor 

TAGs Triacylglycerols 

TCA  Tricarboxylic acid 

TLC  Thin layer chromatography 

TPH Total petroleum hydrocarbons 

UCM Unresolved Complex Mixture 

U. S. United States 

v/v  Volume/Volume 

w/v Weight/Volume 

WEs Wax esters 

WS/DGA Wax ester synthase/diacylglycerol acyltransferase  

WWTP Wastewater treatment plant  

 

 



 

 

 

 





 

 

  

 

CHAPTER I 

INTRODUCTION 



2 

1. INTRODUCTION 

1.1 The worldwide petroleum crisis: imminent depletion and environmental awareness 

 Energy is the bloodstream of life on Earth. In the pre-industrial societies, the heat and light from 

wood combustion were the primary source of energy. However, the energy available from this source is 

limited and with the Industrial Revolution, the demand for energy massively raised, having been mainly 

supplied by coal exploitation (Wrigley, 2013; Narbel et al., 2014; Bithas & Kalimeris, 2016). 

 Now, in the 21st century, the world faces an widespread use and dependence on fossil fuels, 

being petroleum (or crude oil), coal and natural gas the major energy sources, according to several 

agencies like Eurostat (2015) and Doggett and Rascoe from Reuters (Doggett & Rascoe, 2009). In 

particular, petroleum-based products are indispensable in many industrial sectors and in daily life, being 

the feedstock of a wide variety of consumer goods such as fuels for transport sector, lubricants, 

pharmaceuticals, medical supplies, cosmetics and plastics (Hess et al., 2011; Demain & Báez-Vásquez, 

2013; Jafarinejad, 2016). However, population growth, urban expansion, industrial and technological 

progress are being responsible for the rapid decline of petroleum reserves and volatile oil prices (Demain 

& Báez-Vásquez, 2013; Difiglio, 2014; Wolińska et al., 2016). Furthermore, it is expected that in the next 

decades this tendency will be even more intensified: the worldwide consumption of petroleum and other 

liquid fuels is predicted to increase from 90 million barrels per day (b/d) in 2012 to 100 million b/d in 

2020 and 121 million b/d in 2040, according to U.S. Energy Information Administration (2016). 

Moreover, it is projected that the petroleum resources, which are non-renewable, will be exhausted in the 

near future. As a result, the world faces a global energy and petroleum crisis (Sawangkeaw & 

Ngamprasertsith, 2013; Muniraj et al, 2015). 

 Another important concern is the negative environmental impact of petroleum exploration (Akpor 

et al., 2014; Jafarinejad, 2016; Patowary et al., 2017). Crude oil is a complex mixture of more than 

20000 different, organic and inorganic, elements (Rojo, 2009; Marshall & Rodgers, 2004). Aliphatic and 

aromatic hydrocarbons constitute crude oil major fraction, representing around 75 % of its content, as 

well as resins and asphalthenes. Moreover, also prevail, although in minor amounts, nitrogen and oxygen 

compounds, sulphur and heavy metals (Wolicka & Borkowski, 2012; Chandra et al., 2013). Those 

compounds are considered organic pollutants due to its toxicity, carcinogenic and neurotoxic nature, 

being responsible for a significant contribution for biodiversity loss, destruction of unique ecosystems, 
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treats for human and animal health, intensification of the greenhouse effect, acid rain, groundwater 

contamination, among others (Chandra et al., 2013; Akpor et al., 2014; Jafarinejad, 2016). 

 In this context, the search for renewable, more secure and sustainable alternatives to petroleum-

derived feedstocks has attracted a wide attention (Meng et al., 2009; Ajala et al., 2015; Martínez et al., 

2015).  

1.2 Hydrocarbon contaminated wastewaters 

 Despite the efforts that have been made to substitute fossil fuels, crude oil remains an important 

raw material. Aditionally, the demand for petroleum and petroleum products are still increasing (Chandra 

et al., 2013; Demain & Báez-Vásquez, 2013; Narbel et al., 2014). As a consequence, the generation of 

hydrocarbon-based wastes derived from activities related to petroleum industry is a problem with 

incresing magnitude. Nowadays, the widespread release of petroleum hydrocarbons is already the main 

responsible for groundwater, marine ecosystems and soil pollution (Canul-Chan et al., 2017; Kadri et al., 

2018; Logeshwaran et al., 2018). The release of hydrocarbons from petrochemical activities occur 

whether accidentally, like leaks and spills during exploration, refining, transport, and storage of petroleum 

and its derivates, or by intentional releases (Brooijmans et al., 2009; Manilla-Pérez et al., 2010a; 

Hassanshahian et al., 2014). Together with oily sludge, petroleum industry produces oily wastewater in 

large amounts (Hu et al., 2013; Hui et al., 2014; Kwon & Lee, 2015).   

 Oilfield wastewater, also called produced water, is the largest waste stream resulting from oil and 

gas industries and represents approximately 70% of the total wastewater produced during oil extraction 

(Fakhru’l-Razi et al., 2009; Fathepure, 2014; Habibi & Babaei, 2017). Oilfield wastewater is formed in oil 

and gas reservoirs due to the presence of a natural water layer (formation water) that, being denser, lies 

under the hydrocarbons. Furthermore, to achieve a maximum oil recovery, it is often injected additional 

water into the petroleum reservoirs to sustain the pressure and help force the oil to the surface. 

Consequently, a large volume of wastewater along with the hydrocarbons mixture is produced (Ekins et 

al., 2007; Fakhru’l-Razi et al., 2009).  

 Petroleum refineries produce significant quantities of oily wastewaters, around 0.4-0.6 times the 

volume of crude oil processed (Coelho et al., 2006; Diya’Uddeen et al., 2011). These industries use a 

large amounts of water (and energy) in desalting, distillation, cooling systems, catalytic and treatment 

processes to transform crude oil into their final products (Al Zarooni & Elshorbagy, 2006; Yavuz et al., 

2010; Wolicka & Borkowski, 2012).  
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 Waste lubricating oil, also called spent engine oil, is another hydrocarbon-based wastewater, 

produced in significant amounts worldwide, approximately 24 million tons each year (Bandyopadhyay et 

al., 2014). Although a minor fraction of spent engine oil is re-refined into base lube, a large fraction enters 

into the environment during manufacturing, replacement of motor oil from automobiles, generators and 

industrial equipment, and accidental leaks from the exalted system during the engine functioning 

(Bhattacharya et al., 2015; Speight, 2015; Salam, 2016). Waste lubricant engine oil consists in a complex 

mixture of hydrocarbons, including Environmental Protection Agency (EPA) priority pollutants such as 

heavy metals, polyaromatic hydrocarbons, chlorinated hydrocarbons and other contaminants. 

Considering its composition their continuous indiscriminate disposal is becoming a serious environmental 

concern (Bhattacharya et al., 2015; Salam, 2016; Ramadass et al., 2018). 

1.2.1 Physico-chemical and mechanical methods of hydrocarbon contaminated wastewater treatment 

 Petroleum wastewater treatment comprises at least two stages: a series of pre-treatment steps 

where the suspended matter, oil and grease are reduced, and an advanced stage to decrease wastewater 

contaminants levels into discharge limits required (Diya’uddeen et al., 2011; Aljuboury et al., 2017). 

Currently, the main conventional approaches include mechanical and physicochemical treatments, 

namely flotation, coagulation, adsorption, and membrane separation technology. Moreover, the use of 

advanced oxidation processes, namely electrochemical catalysis and supercritical water oxidation is also 

described (Diya’Uddeen et al., 2011; Hui et al., 2014; Jamaly et al., 2015).  

 However, due to the complex and recalcitrant nature of oily constituents, a single method is not 

enough to achieve the disposal legislation requirements. Therefore, it is usually necessary a multi-stage 

treatment process that combines and integrates different technologies (Hui et al., 2014; Jamaly et al., 

2015).  

1.2.2 Biological treatment of hydrocarbon contaminated wastewaters: an eco-friendly alternative 

 Despite being currently applied in petroleum wastewater remediation, physical and chemical 

methods mentioned above are expensive and present limited effectiveness, resulting in partial removal 

of the pollutants. Moreover, these techniques are aggressive and toxic to the biota as well as responsible 

for a massive air pollution (Chandra et al., 2013; Hassanshahian et al., 2014; Gkorezis et al., 2016). The 

most promising alternative and viable option is bioremediation (Ji et al., 2013; Azubuike et al., 2016). 

Bioremediation is recognized as an eco-friendly and relative cost-effective technology with a wide public 
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acceptance (Elekwachi, 2014; Khanafer et al., 2017). It is based in microorganisms metabolic ability to 

convert organic contaminants into carbon dioxide, water, biomass and into less toxic and less inert 

substances, easier to be uptaked by other (micro)organisms and/or further integrated into natural 

biogeochemical cycles (Kuyukina & Ivshina, 2010; Das & Chandran, 2011; Ji et al., 2013).   

 Bioremediation is a suitable option for hydrocarbons-contaminated wastes treatment since 

petroleum compounds include alkanes, branched and unbranched chain aliphatic and aromatic 

compounds that are amenable to biodegradation (Ramadass et al., 2018). Due to their different chemical 

structure, petroleum hydrocarbons have different susceptibilities to microbial degradation. They present 

the following order of increasing resistance: linear alkanes, branched alkanes, small aromatics, cyclic 

alkanes and high molecular weight polycyclic aromatic hydrocarbons (PAHs) (Leahy & Colwell, 1990; Das 

& Chandran, 2011). The resistance to degradation increases with the increase in branching degree, 

number of rings and molecular weight (Tokiwa et al., 2009).   

1.3 Hydrocarbon-degrading bacteria  

 Hydrocarbons are ubiquitous compounds in nature, being derived from both natural (biosynthesis 

by plants, green algae and microorganisms) and anthropogenic origins. As a result, a wide diversity of 

microorganisms evolved to use hydrocarbons as carbon and energy sources (Austin & Callaghan, 2013; 

Ji et al., 2013). Alkanes are highly reduced molecules being good growth subtracts and a carbon source 

rich in energy (Rojo, 2010; Widdel & Musat, 2010). The group of hydrocarbon-degraders is composed by 

bacteria, fungi, algae and archaea (Prince et al., 2010; Olajire & Essien, 2014; Siles & Margesin, 2018). 

Among these, bacteria are the most active and predominant agents in petroleum hydrocarbons 

degradation (Dasgupta et al., 2013; Varjani & Upasani, 2013; Olajire & Essien, 2014). Bacterial species 

have specialized enzymatic systems and metabolic pathways to degrade hydrocarbons, which allows their 

use as carbon and energy sources. Moreover, their rapid genetic evolution enhanced the acquirement of 

a novel metabolic potential to degrade recently introduced xenobiotic chemicals (Janssen et al., 2005; 

Phale et al., 2007; Russell et al., 2011).  

 Bacteria able to degrade hydrocarbons were firstly isolated almost a century ago (Söhngen & 

Benzin, 1913). Nowadays, 80 bacterial species with hydrocarbon-oxidizing activity have been identified, 

being the most representative genera Alcanivorax, Arthrobacter, Marinobacter, Pseudomonas, 

Acinetobacter, Corynebacterium, Microccocus, Nocardia, and Rhodococcus (Head et al., 2006; Chikere 

et al., 2011; Teramoto et al., 2013). Within this group, some oil-degrading marine bacteria from the 
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genera Oleispira, Oleiphilus, Thalassolituus, Alcanivorax and Cycloclasticus also stands out (Brooijmans 

et al., 2009; Naether et al., 2013). 

 These bacterial species highly specialized in degrading petroleum hydrocarbons are called 

hydrocarbonoclastic bacteria (HCB) (McKew et al., 2007a; dos Santos et al., 2008; Teramoto et al., 

2013).The remediation potential of HCB is already being implemented owing to their ubiquity in soil and 

marine sites (Manilla-Pérez et al., 2010a; Chikere et al., 2011). In marine environments, the key 

microorganisms are Alcanivorax borkumensis SK2, capable of degrading mixtures of n-alkanes derived 

from crude oil in polluted seawater, Cycloclasticus spp. and Pseudomonas sp, which can degrade PAHs 

(Harayama et al., 2004; McKew et al., 2007b; Chronopoulou et al., 2015). In hydrocarbon contaminated 

soils, the genera Rhodococcus, Acinetobacter, Pseudomonas, Arthrobacter and Micrococcus have an 

important role in petroleum compounds bioremediation (Chikere et al., 2011; Hamamura et al, 2013; 

Wolińska et al., 2016). Since a single specie only metabolize a limited range of hydrocarbon substrates, 

a consortium of different bacterial species, with broad enzymatic capacities, is usually required for 

biodegradation of petroleum hydrocarbons (Das & Chandran, 2011).  

1.4 Hydrocarbons biodegradation by aerobic bacteria 

 The biological degradation of hydrocarbons can occur either anaerobically or aerobically. In 

anaerobic degradation, bacteria use nitrate, iron and sulphate as terminal electron acceptors (Wentzel et 

al., 2007). Under aerobic conditions, oxygen acts as reactant and terminal electron acceptor, being 

incorporated into hydrocarbons (Rojo, 2010; Peixoto et al., 2011). 

 In the context of wastewater treatment, both aerobic and anaerobic processes are applied (Cao 

et al., 2009; Chan et al., 2009). Highly polluted industrial wastewaters are preferably treated in anaerobic 

reactors (Chan et al., 2009). An advantage of the anaerobic treatment is the generation of less sludge 

compared to aerobic systems due to microorganisms slow growth. However, it is characterized by a low 

settling rate and a less stable process (Chan et al., 2009). On the other hand, hydrocarbons degradation 

under aerobic conditions is faster and more complete than the anaerobic route (Das & Chandran, 2011; 

Peixoto et al., 2011; Varjani, 2016). Aerobic systems achieve a higher removal of the soluble 

biodegradable organic matter and the biomass produced is generally well flocculated, resulting in a lower 

suspended solids concentration in the effluent. Therefore, the effluent quality from an aerobic system is 

generally higher than from an anaerobic system (Chan et al., 2009).  
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1.4.1 Hydrocarbons uptake from aqueous phase  

 Hydrocarbons metabolism is complex and faces some constraints. The low bioavailability, related 

to low solubility in the water phase, and the inherent recalcitrant nature of hydrocarbons represent 

important factors that limits the degradation by bacteria (Rojo, 2010; Patowary et al., 2017). The alkanes 

with low molecular weight may be directly uptake from the aqueous phase since they are soluble enough 

to ensure an effective mass transference to the cells (Rojo, 2010). However, for alkanes with lower water 

solubility, the HCB develop some strategies for their effective uptake. One of these mechanisms is the 

direct adhesion to the hydrocarbon droplets thanks to cell surface hydrophobicity (Kim et al., 2002; Rojo, 

2010). A more hydrophobic cell surface facilitates the direct adhesion of cells to hydrocarbon droplets 

and even their movement from water into the organic phase of the droplets (Rojo, 2010; Abbasian & 

Lockington, 2015). A second mechanism is the production of biosurfactants (Kim et al., 2002; Rojo, 

2010). Biosurfactants are surface active agents that can accumulate at the interface between the 

hydrophobic and aqueous phases, reducing the surface tension and increasing the surface area of the 

water-oil interface. They increase the bioavailability of hydrophobic oil components, facilitating the cells 

access to the oil phase and increasing the biodegradation rate (Silva et al., 2014; Santos et al., 2016). 

To speed up the bioremediation of hydrocarbons contaminated sites, the application of microorganisms 

able to degrade hydrocarbons and produce biosurfactants is common (Patowary et al., 2017; Lee et al., 

2018). These microorganisms include several bacterial genera as Pseudomonas, Bacillus, Acinetobacter, 

Alcaligenes, Rhodococcus, Corynebacterium, among others (Cameotra & Makkar, 2010; Abbasian et al., 

2016). Another strategy is biofilm formation at the interface water-hydrocarbon and at the surface of the 

hydrophobic substrate. Biofilm formation helps to overcome the low accessibility of water-insoluble 

substrates (Klein et al., 2008; Grimaud, 2010).  

1.4.2 Metabolic pathways of aerobic hydrocarbons degradation  

 In aerobic conditions, hydrocarbons degradation is initiated by the activation of the carbon- 

hydrogen bond by cell-surface-associated oxygenases, also called hydroxylases (Boll & Heider, 2010; 

Khanafer et al., 2017). Oxygen acts as a reactant and is incorporated into the hydrocarbon, overcoming 

the low chemical reactivity of this substrate (Rojo, 2009). There are two main types of oxygenases: 

monooxygenases, that incorporate a single atom of oxygen, and dioxygenases, that incorporate both 

atoms of the oxygen molecule (Rojo, 2010; Peixoto et al., 2011). 

 N-alkanes are the major constituent of crude oil (Ji et al., 2013; Wang & Shao, 2013). N-alkanes 

are activated by terminal substrate-specific monooxygenases (Wentzel et al., 2007; Rojo, 2010) that 
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catalyses the oxidation of the terminal methyl group to the corresponding n-alkanol. The n-alkanol is 

further oxidised to an alkanol by an alcohol dehydrogenase and finally converted into a fatty acid by 

aldehyde dehydrogenase. This pathway is designated by (mono) terminal oxidation. Subsequently, the 

fatty acids (FAs) are conjugated to coenzyme A (CoA) and then processed by β-oxidation via acyl–CoA 

synthetase generating acetyl-CoA (Rojo, 2009; Ji et al., 2013; Varjani, 2016). Besides terminal oxidation, 

alkanes can also be oxidised by two others metabolic pathways: sub-terminal oxidation or ω-oxidation (Ji 

et al., 2013; Abbasian et al., 2015). From both pathways results an FA that can be processed by β-

oxidation (Rojo, 2010). Both terminal and sub-terminal oxidation pathways can co-exist in some 

microorganisms (Singh et al., 2012). Some alkane-degrading bacteria, can also contain multiple alkane 

hydroxylases allowing then to use a wide range of alkanes (Rojo, 2010; Peixoto et al ., 2011). 

 Cycloalkanes are even more resistance to microbial attack due to their cyclic structure 

(Brooijmans et al., 2009; Das & Chandran, 2011). Following sub-terminal oxidation, the cyclic alkanes 

are oxidized to cyclic alcohols, which are further dehydrogenated to a ketone by an oxidase system. The 

ketone is subjected to ring fission by a Baeyer-Villiger oxygenase. The resulting lactone is susceptible to 

β-oxidation (Schumacher & Fakoussa, 1999; Abbasian et al., 2015). The degradation of aromatic 

hydrocarbons is usually initiated with the aromatic ring activation by mono--or dioxygenases (Cao et al., 

2009; Sierra-Garcia & Oliveira, 2013). From their oxygenation results dihydroxy aromatic intermediates. 

The aromatic ring is cleaved and the resulting compounds are further metabolized by central pathways 

resulting in intermediates of Tricarboxylic acid (TCA) cycle (Cao et al., 2009; Pérez-Pantoja et al., 2010).  

 Besides the enzymes systems envolved on the different hydrocarbon class catabolism differ, the 

final resulting product is generally similar (Abbasian et al., 2015; Varjani, 2016). 

1.5 Neutral lipids storage by hydrocarbonoclastic bacteria 

 In general, microorganisms synthetize essential lipids to guarantee the stability and functionality 

of membranes (Ratledge, 1997; Alvarez, 2016). However, some microorganisms can also accumulate a 

substantial lipids content, commonly called single cell oils. Microorganisms that produce over 20% of their 

weight in oils are called oleaginous (Ratledge, 1997; Meng et al., 2009; Alvarez, 2010). In bacteria, the 

most predominant lipophilic storage compounds are polyhydroxyalkanoates (PHAs) (Stöveken et al., 

2005; Wältermann & Steinbüchel, 2005; Röttig & Steinbuchel, 2013). However, some bacterial groups 

accumulate lipids as triacylglycerols (TAGs) and wax esters (WEs) (Alvarez & Steinbüchel, 2002; 

Wältermann & Steinbüchel, 2006; Röttig & Steinbüchel, 2013). TAGs and WEs are designated as neutral 
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lipids since don’t present charged groups and are highly hydrophobic. Neutral lipids are water insoluble 

which promots their deposition as intracellular inclusion bodies (Wältermann & Steinbüchel, 2006; 

Manilla-Pérez et al., 2010a). However, some marine HCB as Alcanivorax borkumensis SK2 can also 

produce extracellular neutral lipids (Bredemeier et al., 2003; Manilla-Pérez et al., 2010b, 2011).  

 Neutral lipids accumulation is reported as a mechanism of survival to nutrient starvation, poor 

water disponibility conditions and colonize energy-poor environments (Alvarez et al., 2004; Wältermann 

& Steinbüchel, 2005; Alvarez, 2016). Neutral lipids act as a source of endogenous carbon and energy, 

have a high reductive power and a higher calorific value, when compared to carbohydrates and proteins, 

yielding more energy upon oxidation (Alvarez & Steinbüchel, 2002; Manilla-Pérez et al., 2010a; Alvarez, 

2016). Moreover, neutral lipids regulate membrane lipids FAs composition and act as precursors for 

other essential lipids (Alvarez & Steinbüchel, 2002, 2010; Alvarez et al., 2013).  

 The biosynthesis and accumulation of storage lipids are stimulated in response to stress 

conditions as exposure to damaging physical factors and during unbalanced growth, generally when the 

carbon source is present in excess and an essential nutrient is limited (Wältermann & Steinbüchel, 2005; 

Shi et al., 2017). These specific conditions occur frequently in soil and marine environments, especially 

after contamination with petroleum hydrocarbons. For these reasons, bacteria able to accumulate TAGs 

and WEs have been isolated from diverse petroleum polluted soils and aquatic ecosystems (Manilla-Pérez, 

et al., 2010a; Villalba et al., 2013).  

1.5.1 Triacylglycerols  

 Triacylglycerols (TAGs) are non-polar, water-insoluble fatty acid triesters of glycerol (Alvarez & 

Steinbüchel, 2002; Alvarez, 2010) (Figure 1.1).  

 

 

 

 

 

  

Figure 1.1 - Chemical structure of a triacylglycerol molecule. R2 represents a long chain length acyl residue. 
Adapted from Röttig & Steinbüchel (2013). 



10 

 The occurrence of TAGs as reserve compounds is widespread among eukaryotes and until 

recently was only reported in a few prokaryotic species (Alvarez & Steinbüchel, 2002; Alvarez, 2010). 

One of the most representative group is actinomycetes, which includes the genera Streptomyces, 

Mycobacterium, Rhodococcus, Nocardia, Gordonia, Dietzia (Alvarez & Steinbüchel, 2002; Stöveken et al., 

2005). Although typically present in gram-positive actinomycetes, the accumulation of TAGs is also 

reported in gram-negative genera as Alcanivorax and Acinetobacter (Kalscheuer & Steinbüchel, 2003; 

Wältermann et al., 2005; Kalscheuer et al., 2007). 

1.5.2 Wax esters 

 Wax esters (WEs) are oxoesters of primary long-chain fatty alcohols esterified with long-chain fatty 

acids, as illustrated in Figure 1.2 (Wältermann & Steinbüchel, 2006; Manilla-Pérez et al., 2010c).  

 

 

  

 The most representative genus regarding WEs accumulation is Acinetobacter. Members of 

Acinetobacter genus are able to synthesise and accumulate WEs in considerable amounts from 

hydrocarbons (Ishige et al., 2003; Wältermann & Steinbüchel, 2006). Interestingly, WEs do not occur 

only as an intracellular storage compound. Some species of Alcanivorax and Acinetobacter also synthesise 

WEs as extracellular compounds (Manilla-Pérez et al., 2010b; Trincone, 2013). For example, Alcanivorax 

jadensis T9 accumulate TAGs in minor amounts but considerable amounts of extracellular WEs when 

grown on hexadecane as carbon source (Manilla-Pérez et al., 2010b). Another representative example is 

Alcanivorax borkumensis SK2 which produce both intra and extracellular TAGs and WEs when cultured 

in hexadecane and octadecane (Kalscheuer et al., 2007; Manilla-Pérez et al., 2011). The marine 

bacterium Fundibacterium jadensis also produce extracellular WEs from alkanes (Bredemeier et al., 

2003). WEs storage was also reported, but less frequently, in other marine HCB bacteria genera: 

Marinobacter, Thalassolituus, Corynebacterium, Nocardia, Moraxella, Micrococcus, among others 

(Kalscheuer et al., 2007; Manilla-Pérez et al., 2010b). Similar to PHAs and TAGs, WEs accumulation 

Figure 1.2 - Chemical structure of a wax ester molecule. R2 represents a long chain length acyl residue. Adapted 
from Röttig & Steinbüchel (2013). 

 

Figure 1.3: Chemical structure of a triacylglycerol molecule. R2 represents a long chain length acyl residue. Adapted 
from Röttig & Steinbüchel (2013). 
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occurs under growth limitation during nitrogen limiting conditions and excess of carbon source 

(Wältermann & Steinbüchel, 2005; Wältermann & Steinbüchel, 2006; Manilla-Pérez et al., 2011).  

1.5.3 The genus Rhodococcus  

 Actinomycetes Rhodococcus genus is an aerobic, non-sporulating bacteria widespread 

distributed in natural environments from tropical, artic soils and deserts to marine and deep-sea 

sediments (Bell et al., 1998; Alvarez et al., 2013). Additionally, members of Rhodococcus genus have 

been isolated from different polluted environments (Kuyukina & Ivshina, 2010; Solyanikova & Golovleva, 

2011). Their cosmopolitan nature and adaptability to a wide range of environmental conditions is the 

result of Rhodococcus flexible metabolic repertoire and also resilient cellular physiology (Larkin et al., 

2010; Alvarez et al., 2013). Rhodococcus species are characterized by their robust genomes with 

different sizes that include several catabolic genes to degrade a wide range of environmental pollutants, 

including recalcitrant organic compounds, pesticides, xenobiotics and other pollutants (Alvarez et al., 

2013; Juarez et al., 2017). These include hydrocarbons, such as n-alkanes, aromatic hydrocarbons, 

PAHs and phenyl-alkanes (Martínková et al., 2009; Alvarez et al., 2013). Biosurfactants production and 

a highly hydrophobic cell surface are important features that facilitate rhodococci cells adherence to oil 

droplets (Larkin et al., 2010). For these reasons, members of Rhodococcus genus are described as one 

of the most promising groups of microorganisms in bioremediation of polluted environments, including 

oil spills (Kuyukina & Ivshina, 2010; Likhoshvay et al., 2014). 

 Besides the ability to degrade recalcitrant contaminants, species from Rhodococcus genus, in 

particular, R. opacus have a great interest for biodiesel production due to their oleaginous character 

(Alvarez et al., 2013; Goswami et al., 2017). The metabolic flexibility of rhodococci and the ability to 

conserve metabolic energy during carbon source catabolism allows the accumulation of storage 

compounds in high amounts mainly in the form of TAGs (Alvarez et al., 2013; Alvarez, 2016). Moreover, 

it is reported that oleaginous rhodococcal strains maintain a high carbon flux toward FAs and TAGs 

synthesis after growth arrested (Alvarez, 2016). R. opacus have an excellent ability of TAGs accumulation, 

over 80% of its cellular dry weight (CDW) (Alvarez et al., 1996; Alvarez & Steinbüchel, 2002). In addition 

to TAGs, rhodococcal strains synthetize other storage compounds, such as WEs, PHAs, and glycogen, 

but at lower levels (Alvarez & Steinbüchel, 2010). Rhodococcus opacus PD630, is the most representative 

Rhodococcus strain regarding to TAGs accumulation and is considered a model bacterium for study 

neutral lipid metabolism (Alvarez, 2016; Castro et al., 2016). Rhodococcus opacus PD630 is able to use 

several organic compounds as carbon sources to accumulate lipids (Alvarez et al., 1996). This strain is 
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able to produce WEs in addition to TAGs, during growth on n-alkanes or phenylalkanes as sole carbon 

sources (Alvarez et al., 1996, 2002). R. opacus PD630 is also able to produce TAGs from pentadecane, 

n-hexadecane, heptadecane, octadecane and olive oil in a TAG content of 39 % ,38 %, 28 %, 39 %, and 

87 % CDW, respectively (Alvarez et al., 1996). Another interesting strain is R. opacus B4, isolated from a 

gasoline contaminated soil sample (Na et al., 2005). In addition to being highly tolerant to a variety of 

organic solvents including n-alkanes and monoaromatics (Na et al., 2005), R. opacus B4 is also able to 

produce TAGs from hexadecane and hexadecane impregnated in cork, in a content between 0.66 and 

0.77 g g−1 of CDW (Castro et al., 2017). Rhodococcus species are also specialists on the production and 

accumulation of TAGs from industrial wastes (Alvarez & Steinbüchel 2010; Alvarez et al., 2013). In the 

study of Gouda et al (2008) R. opacus PD630 accomplished a lipid accumulation more than 50 % of 

biomass using agro-industrial wastes (Gouda et al., 2008). Gupta and collaborators (2018) achieved a 

lipid accumulation of 1.1 g L-1 by R. opacus using dairy wastewater (Gupta et al., 2018). Rhodococcus 

opacus DSM 1069 can degrade lignin and accumulate lipids up to 4.08 % (Kosa & Ragauskas, 2013). 

More recently, the ability of R. opacus, R. wratislaviensis and R. jostii to efficiently produce lipids (77–

83% of CDW) from olive mill wastes was reported (Herrero et al., 2018).  

1.6 Metabolic pathways of TAG and WE biosynthesis  

 The formation of WEs and TAGs inclusions from hydrocarbons is a common characteristic among 

HCB under nitrogen limiting conditions (Kalscheuer et al., 2007; Manilla-Pérez et al., 2010a, 2010b). In 

oleaginous microorganisms two mechanisms for lipids synthesis are described: ex novo (from 

hydrophobic substrates) and de novo (from hydrophilic substrates) (Alvarez et al., 2013; Shi et al., 2017). 

In de novo lipids biosynthesis, the subtract is degraded to acetyl-CoA, the precursor for FAs biosynthesis, 

and it is inhibited or occurs at a low rate during growth on alkanes (Alvarez et al., 2013). In contrast, 

during growth on alkanes as hexadecane, following ex novo lipids synthesis, the cells use the performed 

FAs derived from mono-terminal oxidation of alkanes for neutral lipids synthesis (Ishige, 2002; Alvarez et 

al., 2013). Indeed, ex novo lipids synthesis consists on the bio-modification of oily substrates: the alkanes 

are incorporated into lipids inclusions after mono-terminal β-oxidation without being completed degraded 

to the acetate level. FAs lipids composition, including their chain length, is directly related to the carbon 

skeleton of the respective alkane (Alvarez et al., 2013). Ex novo lipid synthesis is a primary anabolic 

process that occur simultaneously with cellular growth (Lopes et al., 2018). The performed FAs and fatty 
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acyl alcohols derived from alkanes oxidation can be used for TAGs and WEs biosynthesis (Alvarez et al., 

2013; Janßen & Steinbüchel, 2014; Alvarez, 2016).  

 TAGs de novo biosynthetic pathway (Figure 1.3) is extensively described in rhodococci species 

and it is proposed that occurs through Kennedy pathway, involvolving sequential acyl-CoA-dependent 

reactions (Alvarez & Steinbüchel, 2010; Alvarez et al., 2013). The first step in TAGs synthesis is the 

formation of acylglycerol-3-phosphate (also called lysophosphatidate) with release of CoA from glycerol-3-

phosphate (G3P) by G3P-acyltransferase. In this reaction, the fatty acids, probably as acyl-residues, are 

sequentially incorporated into glycerol-G3P. Subsequently, acylglycerol-3-phosphate/ phosphatidic acid 

is acylated to diacylglycerol (DAG) by lysophosphatidate acyltransferase (Alvarez & Steinbüchel, 2010; 

Alvarez et al., 2013; Juarez et al., 2017). This stage represents an important metabolic shunt for TAGs 

synthesis, since phosphatidic acid and DAG are also involved in the synthesis of membrane phospholipids 

(Zhang & Rock, 2008; Alvarez & Steinbüchel, 2010; Alvarez et al., 2013). Thus, there are a competition 

for the carbon flow and for the enzymes involved (Röttig & Steinbuchel, 2013). The third and final 

acetylation step in TAGs (and WEs) biosynthesis, is mediated by wax ester synthase/diacylglycerol 

acyltransferase (WS/DGAT). This enzyme catalysis the esterification of DAG leading to the synthesis of 

TAGs (Alvarez et al., 2013; Alvarez & Steinbüchel, 2010; Juarez et al., 2017).  

 The pathway of WEs synthesis from n-alkanes (Figure 1.3) was mainly studid in Acinetobacter 

spp. N-alkane is first attacked by an alkane monooxygenase leading to the formation of n-alkanol, which 

is converted to an alkanal and then to alkanoate by alcohol dehydrogenase and aldehyde dehydrogenase, 

respectively. Then the alkanoate can be converted to acyl-CoA by acyl–CoA synthetase (Ishige et al., 

2000, 2003, 2002). The final step in WEs biosynthesis is mediated by WS/DGAT that condensate acyl-

CoA and n-alkanol, originating the corresponding WE with the release of free Co-A (Kalscheuer & 

Steinbüchel, 2003; Ishige et al., 2002; Barney et al., 2013). Another possible route for n-alkanol supply 

is the conversion of acyl–CoA resulting from β-oxidation to alkanal and next to alkanoate through acyl–

CoA reductase and aldehyde reductase, respectively (Ishige et al, 2002, 2003).  

 WS/DGAT catalyse the last and most critical step in both TAGs and WEs biosynthetic pathway. 

WS/DGAT is a key bifunctional enzyme that exhibit both acyl-CoA: fatty alcohol acyltransferase and DAG 

acyltransferase activities (Wältermann et al., 2005; Wälterman et al., 2007; Röttig & Steinbuchel, 2013). 

This property allow the synthesis of TAGs and/or WEs by Rhdococcus strains depending in each 

intermediates are present (Alvarez et al., 2013; Alvarez, 2016) In general, WS/DGAT is described as a 

promiscuous enzyme that can accept a broad range of acyl-CoA and long chain fatty acids as substrates 

thanks to its low substrate specificity (Stöveken et al., 2005; Wältermann et al., 2007; Stöveken & 
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Steinbüchel, 2008). The acyl composition of the stored lipids generally reflects the composition of the 

acyl-CoA pool existing in the cells, which is on its turn directly dependent on the available carbon source 

(Alvarez et al., 2013; Alvarez, 2016). For neutral lipids synthesis, the bacterial cells need to maintain a 

high intracellular acyl-CoA pool essential for the activity of most of the enzymes involved in neutral lipids 

synthesis (Kalscheuer, 2010). Acyl-CoA can be supplied from hydrocarbons catabolism as an 

intermediate of β-oxidation and from alkanoate by acyl-CoA synthetase (Ishige et al., 2002; & Steinbüchel, 

2012).  
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Figure 1.3 - Metabolic pathway of WEs and TAGs biosynthesis in bacteria. The oxidation of n-alkanes produces the acetyl-coA necessary for the biosynthesis of TAGs and WEs. 
The enzymes involved are: alkane hydroxylase (1), alcohol dehydrogenase (2), aldehyde dehydrogenase (3), acyl-CoA synthetase (4), acyl–CoA reductase (5) aldehyde reductase 
(alcohol dehydrogenase (6), G3P-acyltransferase (7), 1-acylglycerol-3P-acyltransferase (8) and phosphatidade phosphatase (9). WS/DGAT (10) catalyse the final step in both 
TAGs and WEs biosynthesis.  
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1.7 Regulation of neutral lipids biosynthesis and accumulation 

 Besides the presence of a specific genetic and enzymatic repertoire that enables the synthesis 

of TAGs and/or WEs, bacterial cells potential to synthesize and accumulate neutral lipids is also defined 

by cells metabolic and regulation network (Alvarez, 2016). Generally, lipids accumulation is promoted in 

response to stress condictions and during an imbalanced growth state (Alvarez et al., 2000; Wältermann 

& Steinbüchel, 2005). On the other hand, under favourable conditions, oleaginous microorganisms only 

produce small amounts of lipids (Shi et al., 2017).  

 Typically, under batch cultivation, lipids accumulation by heterotrophic oleaginous 

microorganism could be defined as a two phases process. Initially, cells are in a balance growth since all 

the nutrients are available. This phase is characterized by an intense cellular growth and carbon and 

nitrogen sources consumption. The carbon source is then converted into cellular biomass and the main 

lipids produced are membrane phospholipids required for cells replication (Alvarez & Steinbüchel, 2002). 

In fact, neutral lipids biosynthesis competes with cellular growth since FAs are necessary for both neutral 

lipids and membrane phospholipids biosynthesis (Alvarez & Steinbüchel, 2010). When the stationary 

phase (unbalanced growth) is reached, usually by nitrogen limitation, cells division is reduced and the 

available excess of carbon substrate continues to be assimilated and converted into storage lipids (Alvarez 

& Steinbüchel, 2002; Muniraj et al., 2015; Ochsenreither et al., 2016). The transition between growth to 

a lipid accumulating stage involves a cellular metabolic adjustment. Under nutrient starvation, DNA 

duplication machinery and several biosynthetic pathways of nitrogen-containing compounds such as 

proteins and nucleotides, RNA and some enzymes required for growth are repressed (Juarez et al., 2017). 

Thus, cells regulate the carbon flux towards the production of compounds that do not contain nitrogen, 

such as lipids or carbohydrates (Alvarez, 2006). The limitation of other compounds, besides nitrogen, as 

phosphorous, magnesium or elector acceptor (oxygen) also stimulate neutral lipids biosynthesis (Manilla-

Pérez et al., 2010b). 

  Bacterial cells must possess an efficient mechanism able to produce a high pool of acetyl-CoA 

and maintain the balance of precursors, reducing power and energy for supporting WE and/or TAG 

accumulation (Alvarez et al., 2013; Costa et al., 2015; Alvarez, 2016).To achieve an efficient lipid 

accumulation, a high carbon/nitrogen (C/N) ratio imposed by nitrogen limitation and excess of carbon 

source is crutial (Ratledge, 2004; Cortes & de Carvalho, 2015; Ochsenreither et al., 2016). Rhodococcus 

opacus cells only accumulate TAGs in few amounts when cultivated in complex media with a high content 
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of carbon and nitrogen. However, the lipid content increase significantly when the cells were cultivated in 

mineral salts (MS) medium with a high C/N ratio, reached its maximum in the late stationary growth 

phase (Wältermann et al., 2005; Cortes & de Carvalho, 2015). The optimal C/N ratio should be optimized 

acording to each microorganism and substrates (Alvarez & Steinbüchel, 2010).  

1.7.1 Aerobic dynamic feeding  

 Biopolymers industrial production is generally conducted by pure cultures using pure substrates 

under axenic reactors. However, this approach implies high production costs (Reis et al., 2003; Serafim 

et al., 2008). An alternative technology for a more economic bacterial lipids production is the operation 

in open, non-sterilized, reactor systems applying mixed microbial cultures (MMCs) (Serafim et al., 2004; 

Albuquerque et al., 2010; Chen et al., 2014). MMCs biotechnology is an attractive approach since alow 

the use of waste streams, including wastewaters, as substrate. Moreover, the bacterial population can 

more easly adapt to complex substrates and variations in waste/wastewater composition (Tamis et al., 

2015; Ben et al., 2016; Kourmentza et al., 2017). Since the operation occurs under non-sterile 

conditions, the energy and equipment costs are lower (Reis et al., 2003; Albuquerque et al., 2010).  

 Aerobic dynamic feeding (ADF) is the most accepted and commonly applied strategy for the 

enrichment of a MMC in PHAs accumulators (Dias et al., 2006; Kourmentza et al., 2017). ADF is based 

on the implementation of a “feast and famine” regime under fully aerobic conditions generally in a 

sequencing batch reactor (SBR) (Serafim et al., 2004; Singh et al., 2014; Tamis et al., 2015). In practice, 

ADF consists in submit MMCs to dynamic conditions of external substrate, generally the carbon source, 

excess (feast) and limitation (famine) (Serafim et al., 2004; Dias et al., 2006). In general, oleaginous 

microorganisms responds to these unbalanced growth conditions by accumulating storage lipids (Reis et 

al., 2003; Serafim et al., 2004). Typically, PHA production by MMCs involves two steps. In the first step, 

the microbial population is enriched in PHA producers by applying transient conditions in an SBR. In the 

second step PHA accumulation by the culture selected in the first step is maximized (Serafim et al., 2008; 

Johnson et al., 2009).  

 Under a ADF regime storage compounds accumulation can be described as a two phases 

process. During the famine phase, cells reduce their metabolic activity by decreasing the rate of 

intracellular components synthesis, like enzymes, and RNA transcription, needed for growth and 

maintenance. As a consequence, in the following feast phase, the cells are in a growth limiting status 

since the intracellular components required for growth are now unavailable (Dias et al., 2006; 

Albuquerque et al., 2010; Saharan et al., 2014). Then the cells go through a physiological adaption period 
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to grow. Since the growth rate does not increase at a rate that corresponds to the substrate uptake rate, 

the subtract is mainly directed toward polymer storage (Albuquerque et al., 2010; Saharan et al., 2014) 

The intracellular lipids stored will be subsequently used as carbon and energy sources during the following 

famine phase (Saharan et al., 2014; Reis et al., 2011; Kourmentza et al., 2017). In the enrichment of a 

MMC under ADF, a selective pressure provide an intrinsic competitive advantage to the lipid-accumulating 

species (Chen et al., 2015; Oliveira et al., 2017). In an ecological perspective, bacteria that were capable 

of storing carbon source as lipophilic storage compounds during feast phase have a competitive 

advantage since can grow during the absence of external carbon source, whereas non-accumulating 

bacteria diminish (Reis et al., 2003; Tamis et al., 2015). Thus, only accumulator bacteria have the ability 

to balance their growth in these transient conditions of carbon availability (Reis et al., 2003; Tamis et al., 

2015). Moreover, bacteria that stored lipids have a higher substrate uptake rate and consume the stored 

substrate in a more balanced way, becoming dominant over the reactor operation time (Oliveira et al., 

2017).  

 Recently, a variation of the ADF strategy was proposed to restrict the non-PHA accumulating 

bacteria growth by imposing nitrogen limitation during the feast phase and supplementing nitrogen in the 

famine phase (Johnson et al., 2010; Marang et al., 2014; Oliveira et al., 2017). 

1.7.2 Reduction in aeration to improve storage lipids accumulation  

 In aerobic wastewater biological treatment, aeration accounts for up to 50 % of the global 

operational costs (Holenda et al., 2007). Moreover, the aerobic process of lipids production requires a 

large amount of energy to maintain a suitable oxygen input (Wang et al., 2017). The impact of operating 

at a low dissolved oxygen (DO) concentration on lipophilic storage compounds biosynthesis it’s still barely 

studied despite of its importance on biological processes scale-up and in reducing energy costs (Pratt et 

al., 2012; Moralejo-Gárate et al., 2013).  

 Since simultaneous essential nutrient limitation (and excess carbon source) enhance storage 

lipids accumulation, it is suggested that limiting an electron acceptor such as oxygen, would lead to a 

similar effect (Manilla-Pérez et al., 2010a; Blunt et al., 2018). Several studies have demonstrated that 

oxygen limitation could also constitute a stress condition able to trigger lipophilic inclusions synthesis. 

These studies focus on PHA production, the main storage lipophilic compound in prokaryotes (Blunt et 

al., 2018). Daniel et al. (2004) stated that in Mycobacterium tuberculosis several genes involved in TAGs 

biosynthesis are induced under oxygen-limiting conditions (Daniel et al., 2004).  
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 Regarding to MMCs, different enrichments strategies, mainly for PHAs production, has been 

studied by manipulating the oxygen supply. These include anaerobic/aerobic (Albuquerque et al., 2007) 

anoxic/aerobic (Anterrieu et al., 2014) and aerobic/anoxic (Basset et al., 2016) enrichments, 

microaerophilic conditions (Pratt et al., 2012) and decrease on oxygen supply only in the famine-period 

(Vjayan & Vadivelu, 2017). Moreover, the effect of dual nitrogen and DO limitation, in the feast phase, 

has been also tested (Kourmentza et al., 2009; 2015).  

1.8 Biotechnological and commercial applications of bacterial neutral lipids  

 In the last years, the biotechnological value of microbial oils has been the focus of an increasing 

research due to the potential in biofuels industry as feedstock to replace petroleum-based fuels and first 

generation lipid-based feedstocks, produced from edible sources (Azócar et al., 2010; Liang & Jiang, 

2013; Muniraj et al., 2015). The advantages of microbial oils compared to edible oils sources include the 

pressure release on farmland and food chains, short life cycle, season and climate independence and 

being easier to scale up (Ratledge, 2004; Li et al., 2008; Sricoth et al., 2016). Microbial oils can be 

produced from a wide variety of carbons sources including cheap raw materials and waste streams 

(Muniraj et al., 2015; Ochsenreither et al., 2016). Among oleaginous microorganisms, bacteria synthetize 

several FAs compared to multicellular eukaryotes and generally the FAs composition of TAGs is similar to 

plant oils usually used in biodiesel production (Wältermann & Steinbüchel, 2005; Kosa & Ragauskas, 

2011; Cortes et al., 2015).  

 Bacterial neutral lipids can be used as feedstock for high value goods like lubricant oils and other 

oleochemicals, feed additives, pharmaceutical products and cosmetics (Alvarez, 2010; Manilla-Pérez et 

al., 2011; Alvarez et al., 2013). However, despite of the versatile biotechnological and industrial 

applications of bacterial lipids-based products, the process costs to commercialize them remain 

considerably high (Schörken & Kempers, 2009). A more economical alternative is the use of residues 

and wastes as substrates (Muniraj et al., 2015). Recently, hydrocarbon-based wastewaters have been 

explored for microbial lipids production based on the occurrence of TAGs and WEs lipophilic inclusions 

in HCB (Manilla-Pérez et al., 2010a, 2011; da Silva et al., 2016).The use of wastewaters, in particular 

derived from petroleum industry, for bacterial neutral lipids production allows a more sustainable 

management since combines a bioremediation strategy to remove environmental contaminants with the 

production of high-value end products from a low-cost substrate (Muniraj et al., 2015; da Silva et al., 

2016; Sudmalis et al, 2018).  
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1.9 Objectives and motivation 

 During the last decade, the awareness on petroleum resources scarcity and the environmental 

problems related to petroleum industry triggered the research for new feedstocks for petroleum-based 

products. One of the most promising alternatives are bacterial oils. However, the high operational costs 

of bacterial oils industrial production had limited its commercialization to high value-added applications. 

Those are mainly associated to the use of pure cultures, expensive substrates and the process high 

energy demand. One the other hand, the operation under non-sterile conditions and under a lower 

aeration supply reduces considerably the power requirements and offers the possibility of employ low 

grade substrates. Due to their composition and to be produced in large amounts, hydrocarbon-based 

wastewater seems to be a suitable low-cost carbon source for the production of high-value bacterial lipids. 

 The aim of this thesis is to develop an innovative, more economic and environmentally 

sustainable, approach for the management of petroleum-based wastewater, by directing the conversion 

of hydrocarbons from lubricant-based wastewater (LW) toward valuable lipids storage. The specific 

objectives of this thesis are: 

• evaluate the process conditions that best suit the production of bacterial lipids from 

hydrocarbon-contaminated wastewater; 

• access the efficiency of LW treatment, in terms of chemical oxygen demand (COD) and 

total petroleum hydrocarbons (TPHs) removal and project further treatment process; 

 To achive these objectives the present work was organized into two main experiments. In the first 

experiment, a batch assay, R. opacus B4 was grown on hexadecane and the effect of different oxygen 

concentrations on R. opacus B4 neutral lipids accumulation capacity was tested. In the second 

experiment a airlift reactor was operated as an SBR under an intermittent feeding of LW, as sole carbon 

source, to select a culture with high neutral lipids storage capacity. In this experiment, diferent operational 

conditions: nitrogen source and DO concentrations, the C/N ratio, the lenght of the growth (famine) and 

accumulation (feast) phases were tested. Different regimes of normal low and aeration supply were also 

explored. 
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2. MATERIALS AND METHODS 

2.1 Influence of oxygen concentration on neutral lipids accumulation by Rhodococcus 

opacus B4 from hexadecane 

2.1.1 Bacterial strain and maintenance conditions  

 The strain used in this study, R. opacus B4 (NBRC 108011), was purchased from National 

Institute of Technology and Evaluation, Biological Resource Center, Japan.  

 R. opacus B4 cells preserved at -80 ºC were grown on 802 medium agar plates at 30ºC to obtain 

isolated colonies. After 5 days, the plates were kepted at 4 ºC to mantain the cellular material until further 

use. 

2.1.2 Seed culture  

 As seed culture, a single colony of R. opacus B4 cells was inoculated in 250 mL Erlenmeyer 

flasks (in triplicate) containing 50 mL of 802 medium. The seed culture was incubated on a rotary shaker 

with 150 rpm agitation at 30 ºC. 802 medium composition is described in Table A1.  

 The cellular growth was monitored by measuring optical density (OD) at 600 nm wavelength 

using a spectrophotometer (Hach Lange GmbH: Dr 2800, 15 V, 2.0 A). The culture medium turbidity 

correspond to the cells growth. The growth curve was followed to determine the middle of the exponential 

growth phase.  

2.1.3 Inoculum  

 For inoculum preparation, 6 mL of seed culture, at the middle of exponential growth phase (OD600nm 

of 0.8), were centrifuged at 10000 rpm for 10 min. The supernatant was discarded, and the pellet was 

resuspended in 1 mL of NaCl solution 0.9 % w/v, centrifuged again on the same conditions mentioned 

and resuspended in 1 mL of MS medium. This step was performed to minimize the transference of 

nutrients from the 802 (rich) medium to the inoculum MS medium. The cellular suspension was 

inoculated (OD 600 nm of 0.1) in 250 mL Erlenmeyer flasks containing 50 mL of MS fresh medium, 

supplemented with 1.0 g L-1 of hexadecane as carbon source. The assay was performed in duplicate. The 
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cultures were incubated at 30 ºC and 150 rpm. The growth curve was monotonized by the same method 

described in section 2.12. MS medium composition is described in Table A1. 

2.1.4 Experimental design  

 The influence of different oxygen concentrations on neutral lipids accumulation by R. opacus B4 

was performed in two cultivation phases: growth and accumulation phases. In the growth stage, bacterial 

cells were grown without nitrogen limitation, until the middle of exponential growth phase. This previous 

growth phase was performed to promote high cell densities. In the accumulation stage, the biomass from 

growth phase was transferred to nitrogen limiting conditions to stimulate neutral lipid accumulation.  

 In the growth stage, the seed culture and the inoculum were prepared and grown as described 

in the section 2.1.2 and 2.1.3. At the middle of the exponential growth phase, the cells were collected by 

centrifugation (Beckman Allegra 64R) at 10000 rpm for 10 min. The supernatant was discarded, and the 

remaining pellet was resuspended in 5 mL of NaCl solution 0.9 % w/v This step was performed to remove 

the remaining nitrogen and carbon source from the growth stage. The remaining pellet was resuspended 

in 5 mL of MS fresh medium, prepared without adding NH4Cl, the nitrogen source. Two Erlenmeyer flasks 

were not transferred to the accumulation stage to evaluate if lipids accumulation associated to growth 

occurred. 

 The accumulation stage was performed in 120 mL serum bottles. Firstly, 20 mL of MS medium 

prepared without NH4Cl, were added to each bottle. The nitrogen source was added separately from a 

NH4Cl stock solution (6.5 g L-1) and hexadecane (carbon source) was added at 1.0 g L-1 to obtain a molar 

C/N ratio of 300 to a final volume of 25 mL MS medium. Different oxygen concentrations were tested: 

21.0 % (the oxygen percentage in air), 10.5 % and 5.25 % of oxygen (corresponding to a reduction of 50 

and 75 %), at a final pressure of 2 atm. For each oxygen concentration tested, the serum bottles were 

prepared in duplicate. As a control to check the effect of increasing atmospheric pressure on neutral 

lipids accumulation, two serum bottles were prepared without imposed oxygen limiting conditions, at 1 

atm. For 10.5 and 5.25 % of oxygen, the serum bottles were previously encapsulated to ensure the 

absence of gas exchange with the atmosphere. A nitrogen flow was added to remove the oxygen from the 

serum bottles headspace. This procedure was carrying out using a Manifold system. The air from the 

Manifold system was filtrated using a sterile filter (0.22 µm) to guarantee steril conditions. 95 mL and 47 

mL of air were added to the bottles corresponding to 10.5 and 5.25 % of oxygen respectively, with a 10 

mL gas tight syringe (SGE, Analytical Science). For 21.0 % of oxygen, the serum bottles previuos 

encapsulated were not pressurized and 95 mL of air were injected. The serum bottles at 1 atm were 
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closed with a gauze and cotton stopper to guarantee sterile conditions. The cultures were incubated for 

24 hours on a rotary shaker with 150 rpm agitation at 30 ºC. At the end of the accumulation stage the 

cells were harvest (10000 rpm, 20 min) in a centrifuge Beckman Allegra 64R. The supernatant was 

discarded, and the biomass stored at -20 ºC until lyophilization.  

2.1.5 Neutral lipids extraction and analysis by thin layer chromatography  

 For intracellular lipids extraction, 5—15 mg of lyophilized cell material was incubated with a 

volume of chloroform/methanol 2:1 (v/v) added in the proportion of 1 mL of solvent to 5 mg of lyophilized 

biomass, at room temperature for 2 hours with 150 rpm agitation. Afterwards the mixture was filtrated 

through glass wool to remove the cellular residues and collected in a glass tube. The solvents were 

evaporated until dryness with a nitrogen gas flow in an automated evaporation system (Turbovap®, 

Biotage) at 52 ºC for 15 min. The lipids were resuspended in 0.5 mL of chloroform into a gas 

chromatography (GC) vial and preserved at -20ºC until further analysis. 

 The intracellular lipids profile was analysed by thin layer chromatography (TLC) on a 10 x 10 cm 

aluminium sheet (TLC silica gel 60 F254, Merck, Darmstadt, Germany). 25—50 µL of each sample and 

5.0 µL of olive oil, oleic acid, and oleyl oleate were applied on the TLC silica plate as standards for TAGs, 

FAs and WEs, respectively. 5.0 mL of a mixture of n-hexane/diethyl-ether/acetic acid 80:20:1 (v/v) was 

used as mobile phase. The lipids fractions were revelled after exposure to iodine for 1.5 hours. All the 

procedure was carried out at room temperature in the fume hood. 

2.2 Biosynthesis and accumulation of neutral lipids from lubricant-based wastewater in 

an airlift reactor  

2.2.1 Bacterial strain and maintenance conditions  

 In this study, the bacterial strain and respective maintenance conditions were the same as 

described in section 2.1.1.  
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2.2.2 R. opacus B4 growth for airlift reactor inoculation  

 To obtain enough biomass to inoculate the reactor and adapt the microbial culture to increasing 

medium volume conditions, sequential batch cultivations were performed in sterile conditions. The seed 

culture and the first inoculum were prepared as described in 2.1.2 and 2.1.3. The following R. opacus 

B4 inoculums were performed in a 1.0 L Erlenmeyer flask containing 0.5 L of MS medium, followed by 

a growth in a 2.0 L Erlenmeyer flask with 1.0 L of MS medium, both supplemented with 1.0 g L-1 of 

hexadecane and with an initial OD600nm of 0.1. The procedure of transition between cultures was performed 

as described in section 2.1.3. The last culture was initiated at an initial OD600nm of 0.5 in a 2.0 L Erlenmeyer 

flak with 1.0 L of MS medium and hexadecane 1.0 g L-1. The whole culture volume was centrifuged 

(CL31R Multispeed Thermo Scientific), 10000 rpm for 10 min and resuspended in 2.0 L of MS medium. 

These constitute the inoculum for the experiment performed in the airlift reactor.  

2.2.3 Carbon and nitrogen source  

 The liquid fraction of a LW containing spent lubricants and engine oils collected from a wastewater 

treatment unit located at ALSTOM Portugal, S.A., Maia, Portugal was the carbon source used in the 

reactor experiment. During the experiment the LW was stored at 4ºC.  

 The nitrogen source was supplied from a stock solution of NH4Cl (40 g L-1).  

2.2.4 Operation of the airlift reactor 

 The experiment was conducted in an internal-loop (draft tube) airlift reactor with a total volume 

of 2.59 L. The airlift reactor consisted in a cylindrical vessel (7.5 m diameter and 60 cm length) made of 

acrylic material, equipped with a draft tube also in acrylic (3 cm diameter and 39 cm lenght), placed 7.5 

cm above the bottom (Figure 2.1 (A)). The mixture and recycling of the reactor medium were guaranteed 

by the air flow introduced into the draft tube through an air diffuser located at the bottom of the reactor 

(Figure 2.1 (B)). 
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 The airlift reactor was operated as a sequential batch mode at a working volume of 2.0 L and for 

10 consecutive cycles. Each cycle consisted in four distinct phases: filling, reaction (growth and 

accumulation stages), settling and withdrawal. The time length of feast (period of exogenous carbon 

availability and nitrogen limitation) and famine (nitrogen availability and carbon unavailability) phases was 

variable due to the nitrogen consumption rate in each cycle. The reactor was operated under no-sterile 

conditions at room temperature (between 25 and 30 ºC). 

 The airlift reactor was inoculated with the whole volume of R. opacus B4 culture grown as 

described in section 2.2.2. At the beginning of the first cycle (cycle#1), the carbon and nitrogen sources 

were added simultaneously at a final concentration of 1.0 g L-1  of COD and 30.0 mg L-1, respectively. The 

DO concentration was kept between 6.0-5.0 mg L-1. The growth phase was initiated at the beginning of 

the cycle and ended when the nitrogen concentration decreases to 10.0 mg L-1. At this time point the 

carbon source was supplied and the accumulation phase initiated. After three days, the cycle was ended, 

followed by the withdrawal phase, where 0.5 L of the reactor medium was collected for further analysis. 

Thereafter, the biomass was allowed to settle by turning of the air supply for two hours (settling phase). 

1.0 L of reactor medium, corresponding to the treated (clarified) effluent was withdrawn. The next cycle 

was initiated with the settled biomass from the previous cycle. All the next cycles started by adding 1.5 L 

A B 

Figure 2.1 -   Airlift reactor used in these study (A) and its schematic representation (B). 
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of freshly prepared MS medium and nitrogen source (filling phase) corresponding to the beginning of 

famine phase. The second and third cycles (cycle#2 and #3) were carried out in the same DO, carbon 

and nitrogen sources concentrations as cycle#1. In these two cycles the carbon source was supplied 

when the soluble nitrogen concentration inside the reactor was around 21.0 and 26.0 mg L-1, respectively. 

This alteration was performed since the nitrogen concentration remained constant for two days. In the 

following cycles (cycles#4 to cycle#10), the nitrogen source was added at 15.0 mg L-1.  

 To evaluate the effect of oxygen limitation on neutral lipids accumulation two distinct strategies 

were tested: five alternated cycles of normal (cycles#4, #6 and #8) and reduced (cycles #5 and #7) 

aeration and the application of reduced aeration only in the feast phase (cycles#9 and #10). Reduced 

aeration conditions were imposed by regulating the air flow introduced into the reactor until a DO 

concentration between 3.0 -4.0 mg L-1 was reached. The normal aeration was restarted by regulating the 

air flow to a DO concentration of 5.0-6.0 mg/L.   

 Figure 2.2 represent an overview of the experimental design performed during the reactor 

operation.  
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Figure 2.2 - Experimental design of airlift reactor operation. (A) Cycles operated under normal aeration and 
supplemented with 30.0 mg L-1 of nitrogen. (B) Alternated cycles of normal and reduced aeration. (C) Cycles with 
reduced aeration during the accumulation stage. In (B) and (C) 15.0 mg L-1 of nitrogen were added at the beginning of 
the cycle. [Nitrogen] represent the soluble nitrogen concentration present in the medium, expressed in mg L-1, when 
the carbon source was added.  
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2.2.5 Analytical procedures 

 The airlift reactor was daily monitored by measuring soluble nitrogen and DO concentrations, OD 

and pH. The total nitrogen was quantified at the end of each cycle. The total and soluble COD 

concentrations were measured at the end of each cycle and in the clarified effluent. COD and nitrogen 

concentrations were determined using the commercial kits LCK 314, LCK 514, LCK 338, LCK 138, LCK 

238, (Hach-Lange®, Germany), folowing the recommended procedures by the kit fabricants. For soluble 

nitrogen and soluble COD quantification, the samples were previously centrifuged at 15000 rpm, 10 min 

and 20 ºC, (5424R, eppendorf ®, centrifuge). The DO concentration was measured using a probe (Oxi 

330 i/SET WTW, Germany). Samples pH was measured using a pH meter (inoLab®, WTW, Germany). 

The OD was measured at 600 nm wavelength in a spectrophotometer (Hach Lange GmbH: Dr 2800, 15 

V, 2.0 A). 

2.2.6 Total petroleum hydrocarbons quantification  

 TPHs concentration at the end of each cycle and in the clarified effluent was quantified. When 

collected, the samples were acidified at pH 2 with HCl (10 M) and reserved at 4ºC until further analysis.  

 Since LW is a complex mixture, before the extraction procedure begins, 15.0 g L-1 of NaCl was 

added to 50.0 mL of sample to prevent the formation of cells -- oil emulsions. The mixture was shaken in 

a stirring plate for 15 min and transferred to a funnel. Additionally, heptadecane (C17) from a stock 

solution at 10.0 g L-1 was added at a final concentration of 0.13 g L-1 as surrogate to evaluate the efficiency 

of the extraction process. 25.0 mL of n-hexane were added to the decantation funnel followed by vigorous 

shaking for 2 min. The mixture was let rested until the separation of the aqueous and organic phases 

and the organic fraction at the top of the suspension was collected. This step was repeated for 2 times. 

Sodium thiosulphate was added to remove vestigial water residues present in the organic fraction. The 

organic fraction was filtered through a Florisil 6cc column (Waters ®, USA), previous activated with n-

hexane, using a vacuum system (Waters ®, USA). Additional 6 mL of n-hexane were added to guarantee 

total hydrocarbons removal. The hydrocarbons were transferred to glass tubes and evaporated with a 

nitrogen gas flow at 52 ºC for 15 min in an automated evaporation system (Turbovap®, Biotage). 

Hydrocarbon content was resuspended in 1 mL of n-hexane and kept in a GC vial at -20 ºC until analysis.  

 TPHs concentration was determined by GC with a flame ionization detector (FID) (GC Varian® 

star 4000CX). Helium was the carrier gas at a flow rate of 1 ml min-1. The GC-FID operation occurred 

under the following conditions: injector temperature of 285 ºC, the column temperature held a 60 ºC for 

1 min and then was programmed up to 290 ºC at 8 ºC min-1, detector temperature was 300 ºC. Undecane 
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(C11) was added as internal pattern at a final concentration of 0.019 g L-1 from a stock solution (0.38  

g L-1). The chromatograms were analysed in the program Varian Workstation Toolbar version 6.30. TPHs 

concentration was calculated by determining the total area of the resolved peaks and of the unresolved 

complex mixture (UCM), and comparing to a calibration curve of mineral oil (Figure A1). The calibration 

curve for TPHs quantification was performed by serial dilutions of a mineral oil stock solution at 8 g L -1 

(Sigma Aldrich), in triplicated, in a concentration range between 1.5--0.2 g L-1. for 25 mL of final volume.  

2.2.7 Lubricant wastewater characterization 

  LW was characterized is terms of COD and TPHs content. For TPHs concentration determination, 

0.50 mL of LW were added to a funnel containing 50 mL of water. The following procedure were 

performed as described in section 2.2.6. The determination of TPHs concentration was performed by 

successive dilutions from the LW extracted sample and compared to the mineral oil calibration curve 

(Figure A1). N-hexane was used as solvent and C11 as internal pattern. The determination of COD in LW 

was performed according to Standard Methods (APHA, 1989). The COD and TPHs concentration of LW 

was consideraded the average of the different dilutions prepared.  

2.2.8 Lipids extraction and analysis by thin layer chromatography  

 Lipids extraction and analysis were performed as described in section 2.1.7 with some 

modifications. Lipids were extracted from 20.0 mg of lyophilized cell material. After solvents evaporation, 

the remaining lipidic extracts were resuspended in 0.25 mL of chloroform. The volume of each sample 

applied in the TLC plate was 0.05 mL  

2.2.9 Extracellular lipids extraction and analysis by thin layer chromatography  

 Extracellular lipids were directly extracted from the culture medium after sample centrifugation 

for intracellular lipids analysis. Firstly, the supernatant (25.0 mL) was filtrated through glass wool to 

remove the remaining cellular material and transferred to a funnel with vigorous shaking using an equal 

volume of chloroform-methanol 2:1 (v/v). After phases separation, the organic phase was collected and 

evaporated until dryness under a nitrogen flow at 52 ºC for 15 min in an automated evaporation system 

(Turbovap®, Biotage). The lipid content was resuspended in 0.50 mL of chloroform and kepted in a GC 

vial at -20ºC until further analysis. Extracellular lipids profile was determined by TLC analysis as described 

in section 2.1.7. The volume of each sample applied in the TLC plate was 0.05 mL. 
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3. RESULTS AND DISCUSSION 

3.1 Rhodococcus opacus B4 growth on hexadecane 

 In this study hexadecane, a linear alkane, was the carbon source selected since it is a model 

alkane that represents crude oil aliphatic fraction (Chenier et al., 2006; Singh et al., 2012; Castro et al., 

2016). Due to its low volatility, hexadecane has been widely used in studies concerning petroleum 

hydrocarbons-degrading microorganisms.  

 The growth curve of R.opacus B4 in 802 (rich) medium was performed to define the culture 

volume and the lenght of seed culture growth. The growth curve is described in Figure 3.1.  

  

 

 

 

 

 

 

 

 

 

 

 

 No lag phase was observed during R. opacus B4 growth on 802 medium. After 30 hours of 

incubation, the middle of exponential growth phase was reached (OD600nm of 2.00) as the cells were in a 

rapidly growing and dividing state. R. opacus B4 entered in stationary growth phase at 50 hours of 

incubation with an OD600nm of 2.6.  

 R. opacus B4 was afterwards cultivated in MS medium supplemented with 1.0 g L-1 of 

hexadecane. The growth curve is presented in Figure 3.2.  

 

 

Figure 3.1 - Growth of R. opacus B4 in 802 medium. The results are the average of three replicates. 
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 When grown on hexadecane, R. opacus B4 presented a long lag phase of 200 hours (Figure 3.2). 

This is a common characteristic when microbial cells grow on hydrophobic substrates due to alkanes 

relative inertness and hydrophobicity. Therefore, the cells need to overcome hexadecane low 

bioavailability to use it as growth substrate (Wentzel et al., 2007). The middle of the exponential growth 

phase was reached after 500 hours of incubation, at an OD600nm of 1.0. Between 550 and 600 hours of 

incubation cells growth slowed down, but the cells continued in a growth state.  

 At the beginning of the exponential growth phase the formation of small flocs/ aggregates was 

visible (Figure 3.3). 

 

 

 

 

 

 

 

 Cells self-assembly is a common mechanism in Rhodococcus strains to overcome hydrocarbons 

hydrophobic nature (Alvarez et al., 1996; Bouchez-Naïtali et al., 2001; Chang et al., 2009). The formation 

of cellular aggregates is related to cells high hydrophobicity (Bouchez-Naïtali et al., 2001; de Carvalho & 

Figure 3.2 - Growth of R. opacus B4 in MS medium supplemented with hexadecane (1.0 g L-1). The results are 
the average of the two replicates. 

 

Figure 3.3 - R. opacus B4 cells aggregates when cultivated in MS medium supplemented with 1.0 g L-1 hexadecane. 
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da Fonseca, 2005). R. opacus B4 high hydrophobic cell-surface and high affinity for hydrocarbons, may 

have favoured the interaction between the cells and hexadecane, a hydrophobic substrate, its uptake and 

subsequent transport into the cells. Due to these characteristics, R. opacus B4 is able to enter into the 

oil phase when grown in alkanes, being dispersed in the oil phase in which form small cell aggregates 

(Yamashita et al., 2007; Honda et al., 2008). This feature may also explain cells flocculation. The 

tendency of the cells to agglomerate in flocs increases with biomass increase (Bouchez-Naïtali et al., 

2001), which coincides with the exponential growth, when this phenomenon was observed (Figure 3.3).  

3.2 Influence of different oxygen concentrations on neutral lipids accumulation from 

hexadecane by Rhodococcus opacus B4  

 Neutral lipids profile from lyophilized biomass of the assays performed with different oxygen 

concentrations is represented in Figure 3.4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 Additionally, lipids weight in all the conditions was also assessed (Table 3.1). 

 

 

 

 

 

P              1          2         3          4           5          P 
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Figure 3.4 - TLC analysis of the neutral lipids stored by R. opacus B4. Cells were grown in MS medium under no 
limiting conditions at the middle of the exponential phase (1) and were transferred to fresh medium with a C/N 
ratio of 300 and different oxygen concentrations: 21.00 % (3) 10.50 % (4) and 5.21 % (5). As control, one assay 
was conducted at 1 atm (2). P represents the standards for FAs, TAGs and WEs.  

 



 

35 

Table 3.1- Lipids weight obtained in the same conditions presented in Figure 3.4. 

 

 

 

 

 

 

 

 As revealed by TLC analysis (Figure 3.4), TAGs were the main neutral lipid accumulated by R. 

opacus B4 in all conditions, including in exponential growth phase (1). Despite being generally associated 

to the stationary growth phase, lipids accumulation during the growth phase was described in 

Rhodococcus rhodochrous (Shields-Menard et al., 2015). As expected, when a high C/N ratio was 

imposed, an increase in TAGs accumulation was detected, as revealed by the more intense TAGs bands 

in the assays under 1 atm (2), 21.0 % (3) and 10.5 % (4) of oxygen when compared to the growth phase 

(1). These results were also proven by the higher lipids weigh (Table 3.1). In these assays, nitrogen 

limitation may have induced a growth restriction and it is described that many bacteria block β-oxidation 

pathway, through the limitation of essential nutrients, in this case nitrogen. The importance of cells growth 

restriction to promote lipids accumulation is related to the competition for acetyl-CoA and FAs between 

both processes. Therefore, under an unbalanced growth, imposed by the high C/N ratio, cells directed 

the carbon source surplus toward the biosynthesis of storage compounds as TAGs (Alvarez et al., 2002).  

 Nutritional imbalance, generally imposed by nitrogen limitation, is known to promote neutral 

lipids accumulation. In the same way, it was expected that limiting oxygen, also a key substrate for aerobic 

bacteria, as R. opacus B4, growth could trigger neutral lipids accumulation. The synergistic effect between 

oxygen and nitrogen limitation in induce lipid accumulation is reported in oleaginous yeast species (Calvey 

et al.,2016). Moreover, an increase on PHAs accumulation, the most common lipid stored by bacteria, 

under low DO concentrations was described (Blunt et al., 2018). At low DO concentrations it is reported 

that the limited availability of ATP lowers the growth rate, since it is a high energy demanding process. 

On the other hand, compared to the ATP requirements of DNA replication and protein synthesis during 

cell growth, lipid accumulation have a lower ATP demand. Thus, at low DO concentrations, the available 

ATP could instead be used for substrate uptake and to the lower energy demanding process of lipids 

synthesis (Calvey et al., 2016; Wang et al., 2017). However, in the present study, no increase on neutral 

lipids accumulation at lower DO concentrations were detected since a similar lipid profile was observed 

Conditions Weigh in lipids (g g-1 CDW) 

Growth phase  0.0010 

1 atm  0.0015 

21.0 % oxygen  0.0016 

10.5 % of oxygen  0.0016 

5.21 % of oxygen  0.0010 
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when cells were cultivated under 21.0 % and 10.5 % of oxygen. In the assay conducted at 5.21 % of 

oxygen, the lowest oxygen concentration, a decrease in neutral lipids accumulation was observed.  

  In all the conditions, DAGs accumulation was detected (above FA standard) being more evident 

in the conditions (2), (3) and (4). Alvarez et al (1996, 2013) as in this study reported that TAGs and a 

minor amount of DAGs were the main lipids present in the inclusions isolated from R. opacus PD630 

grown on hexadecane (Alvarez et al., 1996, 2013). DAG is an essential precursor in the pathway of TAGs 

synthesis: the enzyme WS/DGAT catalyse the last acylation step for the conversion of DAG to TAG (Alvarez 

et al., 2013). Once DAGs were present at nitrogen limiting conditions it was expected that TAGs synthesis 

occurred. In fact, DAGs most intense bands corresponds to the conditions where TAGs accumulation was 

higher.  

  In the conditions of 21.0 % and 10.5 % of oxygen a faint band between TAGs and WEs standards 

was observed. The occurrence of a similar band was also described by Castro et al (2017) when R. 

opacus B4 cells were grown in MS medium supplemented with hexadecane (1.0 g L-1) at a C/N ratio of 

300 and it was assumed to be a diester-like compound (Castro et al., 2017). Moreover, Kalscheuer et al 

(2003) reported the accumulation of a mixture of wax diesters by Acinetobacter calcoaceticus ADP1 

cultured in MS medium under nitrogen limitation (Kalscheuer et al., 2003).   

 In the present experiment, R. opacus B4 ability to produce TAGs under a pressure of 2 atm 

(Figure 3.4 (lane 3, 4 and 5) was verified. Indeed, a higher lipid weight was detected in the assay under 

2 atm and 21.0 % of oxygen (0.0016 g g-1 CDW).  

 From these results R. opacus B4 can be a potential platform to produce TAGs from hydrocarbon 

substrates. The condition that best suits TAGs accumulation in terms of oxygen concentration was the 

one at 21.00 %. For this reasons, R. opacus B4 was the strain chosen to be the reactor inoculum in the 

second experience. Despite, the decrease on oxygen concentration wasn’t a successful strategy to 

improve neutral lipids accumulation, R. opacus B4, was able to use hexadecane for TAGs production in 

growth restriction conditions as low DO concentrations and nitrogen limitation. A similar situation is often 

found in natural environments after an oil spill in soil. In fact, one constraint in oil spills bioremediation 

in both soil and water environments are the low oxygen and nitrogen concentrations present. In this study, 

R. opacus B4 ability to produce TAGs under a pressure of 2 atm was also verified. This feature could be 

useful for the treatment of hydrocarbon contaminated wastes in a reactor operated at a higher pressure 

combined with the production of valued-added lipids as TAGs. 
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3.3 Biosynthesis and accumulation of neutral lipids from lubricant-based wastewater in 

an airlift reactor  

 In the first experiment (section 3.2) it was only possible to test the effect of a low DO on neutral 

lipids accumulation, applying the same DO concentration during all the accumulation assay. In the second 

experiment, neutral lipids accumulation was optimized in an airlift reactor operated in sequential batch 

mode. This strategy allowed to overcome the sealed bottles assay limitations and imposing transient 

conditions of a lower DO concentration than the usual present in an aerobic biological process. 

Additionally, the operation in at a higher scale and the use of a complex and real oily wastewater, LW, 

composed by several classes of petroleum hydrocarbons instead of a simple carbon source, allowed to 

mimic the real conditions existing in an oily wastewater treatment plant (WWTP).  

 The strategy applied in the present work was based on the carbon source intermittent supply 

under aerobic conditions as in the ADF regime. In the conventional ADF, both nitrogen and carbon sources 

are supplemented at the beginning of the feast phase (Johnson et al., 2010; Marang et al., 2014; Oliveira 

et al., 2017). However, in this experiment an additional selective pressure was imposed by uncoupling 

the addition of nitrogen and carbon: the nitrogen source was added at the beginning of the famine phase 

(corresponding to the beginning of the cycle) and the carbon source was added at the beginning of the 

feast phase (accumulation stage). Using this approach, the overall costs of nutrient supplementation will 

be reduced since lipids production stage will be conducted without the need of nitrogen feeding.   

  During the airlift reactor operation, different selective pressures were applied to promote lipids 

accumulation: 

1. Nitrogen limiting conditions during feast phase (all cycles); 

2. Intermitent carbon source supply, that together with condition 1 imposed a high C/N ratio 

(all cycles) in the accumulation stage; 

3. Alternated cycles of normal and reduced aeration (cycles#4 to cycle#8); 

4. Reduced aeration during the accumulation stage (cycle #9 and cycle #10).  

3.3.1 Culture growth monitoring   

 Cellular growth monitoring by OD measurement was not suitable due to interference of the 

hydrocarbons present in the reactor media. On the other hand, nitrogen consumption, the limiting 

nutrient, was a more accurate parameter to estimate culture growth: the decrease on soluble nitrogen 

concentration corresponded to its consumption by the cells, which means the culture was growing. To 
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impose the desirable C/N ratio the carbon source was added considering the soluble nitrogen 

concentration in the reactor medium. For that purpose, the soluble nitrogen concentration was daily 

monitored. Figure 3.5 shows the variation in soluble nitrogen concentration during the teen cycles of 

reactor operation. At the beginning of the first 3 cycles, the nitrogen source was supplemented at 30.0 

mg L-1 and when decreasing to 10.0 mg L-1 the carbon source was added. However, in cycle#2 and cycle#3 

the soluble nitrogen concentration remained constant for two and three days at 21.0 and 26.0 mg L -1, 

respectively. Then it was assumed that the cells entered in stationary growth phase and the carbon source 

was supplied. Since, in cycles# 2 and cycle#3 only around 10.0 and 4.0 mg L-1 of nitrogen were consumed 

during the famine phase, respectively, in the following cycles the concentration of nitrogen source 

supplied was decreased to 15.0 mg L-1 to increase the C/N ratio at the feast phase. In cycle#4, the 

soluble nitrogen concentration varied only from 14.2 to 12.9 mg L-1 in two days, determining the end of 

famine phase/beginning of feast phase. In the following cycles the soluble nitrogen concentration 

decreased to around 5.0 mg L-1 as pretended to begin the feast phase.  

 In the feast phase, a period where the cellular growth should be restricted the nitrogen source 

continued to be consumed (except in cycle#10). At the end of cycles #5 to cycle #8 feast phase, the 

soluble nitrogen concentration decreased to very low levels (above 2.0 mg L-1). To not compromise cells 

viability by sever nitrogen depletion, in those cyces the feast phase was shortened (1 day) due to the 

necessity to initiate the famine phase of the next cycle by adding nitrogen. During the last two days of 

cycle#10 feast phase, the soluble nitrogen concentration remaining practically constant. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.5 - Soluble nitrogen concentration during the 10 cycles of the reactor operation. The dashed line 
represents the addiction of the carbon source (1.0 g L-1of COD). 
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 During the reactor operation, the culture was submitted to different operational conditions, ruled 

by nitrogen source consumption rate and transient conditions of low DO concentrations. Consequently, 

each cycle was characterized by differences on biomass growth, nitrogen consumption rate, C/N ratio 

and the ratio between the feast and famine phases length (F/F). In Table 3.2 are described the different 

operational parameters during reactor operation.  

  The biomass concentration at the end of each cycle was variable, being inferior to 0.22 g L-1 and 

higher in the last two cycles.   

  The nitrogen consumption rate was used as a reference of culture metabolic activity and as an 

indirect parameter of culture growth rate in the famine and feast phases of each cycle. During feast 

phase, it was intended that culture growth was restricted to trigger neutral lipids accumulation. However, 

in cycle#2, #3, #5 and #6 the nitrogen source was consumed at a higher rate than in the famine phase. 

The low nitrogen consumption rate in the feast phase of cycle#7and #9 (0.87 and 0.34 mg L -1 day-1, 

respectively) stands out and could mean an unbalance growth state as pretended.   

 Besides being an indirect method to microbial growth monitoring, since the carbon source was 

added at 1.0 g L-1 COD in all the cycles, the soluble nitrogen concentration also determined the C/N 

imposed during the feast phase, a crucial parameter for neutral lipids accumulation. In the first four 

cycles, the C/N ratio was considerably lower than in the following ones. This difference was related to 

the soluble nitrogen being present at a higher concentration at the beginning of the feast phase. The 

nitrogen consumption rate also determined the F/F ratio of each cycle.  
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Table 3.2 - Operational parameters during reactor operation. The biomass concentration at the end of each cycle 

was calculated from the total and soluble nitrogen concentrations, assuming the generic formula C5H7NO2 as the 

typical cell composition. The nitrogen consumption rate was calculated during the famine (first value) and feast 

phase (second value). The C/N ratio was determined upon the carbon source supply and considering that in 

lubricant wastewater prevail a ratio COD = TOC × 4. The feast to famine (F/F) ratio was determined by the ratio 

between the length of the feast and the famine phase. 

 Biomass (g L-1)  Nitrogen consumption 

rate 

(mg L-1 day-1) 

C/N ratio 

(feast phase) 

F/F ratio 

Cycle#1  6.82   

0.05 1.66 49.00 0.60 

Cycle#2  3.50   

0.15 5.19 46.00 0.60 

Cycle#3  1.20   

0.07 5.59 27.00 0.50 

Cycle#4  4.68   

0.08 2.51 46.30 1.00 

Cycle#5  2.38   

0.06 5.03 162.00 0.33 

Cycle#6  1.51   

0.09 3.88 160.00 0.25 

Cycle#7  5.89   

0.06 0.87 185.00 0.50 

Cycle#8  7.12   

0.05 3.45 170.00 1.00 

Cycle#9  5.99   

0.22 0.34 132.00 1.50 

Cycle#10  8.52   

0.16 1.10 110.00 3.00 

 

 Cycle #1 was an initiation cycle for inoculum growth and adaptation to the reactor conditions. As 

expected, the reduction on aeration in cycle #5 and cycle #7, leaded to a slightly lower biomass formation 

than in the cycles conducted under normal aeration (except for cycle#8). Under more aerated conditions, 

the energy obtention by the cells is more-efficient (de Almeida et al., 2010), an then the energy available 
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for cells growth was higher. The short famine phase/growth stage of cycle#8 (1 day) explain the low 

values of biomass obtained. Since in cycles#9 and #10 the famine phase occurred under normal aeration 

cells growth wasn’t influenced by the reduction on aeration. Indeed, the biomass formed in these two last 

cycles was higher. The overall low biomass formed in the end of each cycle could be due to cells 

aggregation. This is a typical feature in aerobic systems, in which the biomass is generally well flocculated, 

resulting in a lower suspended solids concentration in the effluent (Chan et al., 2009). A limited biomass 

growth is desirable in a perspective of WWTP due to the expensive costs associated to sludge treatment 

(Third et al., 2003). Moreover, in a commercial lipids production is more interesting maximize the carbon 

substrate toward polymer synthesis and restrict the biomass growth.  

  An important evidence that could had compromise neutral lipids accumulation was nitrogen 

source consumption during the feast phase at a higher rate than in famine phase in cycles#2, #3, #5 

and #6. This was an indication that during feast phase a considerable carbon source fraction and essential 

precursors for neutral lipids biosynthesis were instead driven to cellular growth. In cycle #10, oxygen and 

nitrogen limitation during the feast phase possibly re-forced each other on impairing the culture growth 

and then a constant soluble nitrogen concentration in the feast phase was obtained.  

 An important aspect was the adaptability of R. opacus B4, previously grown on hexadecane, a 

pure substrate, to a more complex carbon source, LW. This feature was supported by the decrease in 

nitrogen soluble concentration from 30.0 mg L-1 to 22.6 mg L-1 in two days. R. opacus B4 was isolated 

from a soil sample contaminated with gasoline (Na et al., 2005) and is described as being highly tolerant 

to a variety of organic solvents including n-alkanes and monoaromatics hydrocarbons (Na et al., 2005). 

R. opacus B4 ability to use aromatic and aliphatic hydrocarbons as sole sources of carbon and energy 

(Na et al., 2005) including n-alkanes was already described (Sameshima, 2008; Castro, 2016). Moreover, 

R. opacus B4 is able to stabilize water/oil emulsions when grown in an aqueous/organic biphasic system 

(Yamashita et al., 2007; Honda et al., 2008). These properties explain R. opacus B4 excellent adaptability 

to use the complex mixture of hydrocarbons from LW as carbon source.   

 pH is known to influence lipids accumulation. A low pH is described to have a negative impact 

on FAs production (Janßen et al., 2013; da Silva et al., 2016). FAs are produced during alkanes 

degradation and applied on neutral lipids ex novo biosynthesis. Thus, during the reactor operation, the 

pH was daily monitored and had a variation between 7.20 and 7.50.  
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3.3.2 Neutral lipids accumulation without oxygen limitation   

 In the first three cycles, neutral lipids accumulation didn’t occur, as revealed by the absence of 

any bands on TLC analysis (data not shown).  

 As above referred, the first cycle was an initiation cycle for inoculum adaptation. In the next two 

cycles the explanation for the absence of lipids accumulation may be related to the cells being in a growth 

stage during the whole cycle. The nitrogen consumption rate was higher after carbon source supply, an 

indication that the cellular metabolism was more active in the feast phase and that the culture was 

growing. Moreover, in a regime of intermittent carbon supply, the amount of lipids accumulated, have a 

strong dependence of cells history. In systems with a short sludge age the growth process becomes 

dominant, leading to a lower lipid content (Reis et al., 2003). Thus, the first three cycles may be not 

constituting enough time to enrich the culture in lipid-storage microorganisms. Another important aspect 

regarding to neutral lipids accumulation is the C/N ratio. In these cycles, the nitrogen source may have 

been present in a non-limiting concentration. Then, the C/N ratio of 46 and 27 wasn’t high enough to 

stimulate neutral lipids accumulation.  

 The selective pressure applied during cycle #1, #2 and #3 were not successful on promoting 

neutral lipids storage response and consequently to obtain a lipid rich-biomass. Therefore, in the next 

cycles, the nitrogen source was supplied at 15.0 mg L-1 to impose a higher C/N in the feast phase by 

decreasing the soluble nitrogen concentration in the medium.  

3.3.3 Neutral lipids accumulation under alternated cycles of normal and reduced aeration 

 The second strategy applied to enhance neutral lipids accumulation consisted in alternated cycles 

of normal and reduced aeration. This approach had the objective to impose an environmental stress of 

alternating conditions of a lower DO concentration than the usually present in an aerobic biological 

system.  

 The neutral lipids profile of the cycles under normal (cycles #4, #6 and #8) and lower (cycles #5 

and #7) aeration is represented in Figure 3.6. The reason for not imposing reduced aeration conditions 

in cycle#4 was because a different concentration of nitrogen (15.0 mg L-1) was tested. The main neutral 

lipids accumulated were TAGs and FAs. 
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 As revealed by TLC analysis, in cycle#4 to cycle#7 an improvement on neutral lipids 

accumulation over the first three cycles was observed. This improvement could be due to the decrease 

on soluble nitrogen concentration at the beginning of feast phase and therefore to a higher C/N ratio. As 

widely described in literature nitrogen scarcity and an excess of carbon source had a determinant role on 

TAGs accumulation (Wältermann et al., 2005; Cortes & de Carvalho, 2015). 

 The role of oxygen on lipids biosynthesis and accumulation is not consensual. Lipids 

accumulation by oleaginous microorganisms as a survival strategy against environmental stress such as 

nutrient limitation and adverse physical environments is reported to favour lipids production (Wältermann 

& Steinbüchel, 2005; Shi et al., 2017). In particular, oxygen limitation was described as a suitable stress 

for the production of considerable amounts of lipids (Blunt et al., 2018). De Almeida et al (2010) studied 

the effect of aeration on poly(3-hydroxybutyrate) (PHB) synthesis in recombinant E. coli. When grown on 

glycerol and under low aeration, PHB accumulation was superior than under high aeration. On the other 

hand, when grown on glucose and under low aeration the PHB accumulation decreased (de Almeida et 

al.. 2010). Moreover, activated sludge submitted to transient conditions of discontinuous feeding and 

variations on electron acceptor presence accumulated large amounts of PHA (Reis et al., 2003). Recently, 

Blunt et al (2018) demonstrate that medium chain length PHA (mcl-PHA) biosynthesis from FAs, an 

oxidative process, was promoted under low DO concentration environments (Blunt et al., 2018). However, 

mcl-PHA synthesis from β-oxidation intermediates wasn’t possible in the complete absence of oxygen 

WEs 

TAGs 

FAs 

     P            1             2           3              4         5         P                

Figure 3.6 - TLC analysis of the lipids stored in the cycles #4 (1), #5 (2), #6 (3), #7 (4) and # 8 (5). P represents 
the standards for FAs, TAGs and WEs.  
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(Blunt et al., 2018). From the results reported in literature, it seems that the effect of oxygen on lipids 

accumulation depends on each strain, operational strategies applied, and the type of carbon source used, 

either simple or complex feedstocks. Lopes et al (2018) refer that a suitable balance between oxygen 

demand for growth and lipids accumulation is essential (Lopes et al., 2018). From a theoretical viewpoint, 

the role of oxygen on lipids accumulation isn’t completely elucidated. Low DO concentrations have been 

reported to suppress the synthesis of essential proteins for microbial growth (Kourmentza et al., 2015). 

Blunt et al (2017) suggested that mcl-PHA synthesis from fatty acids might be a mechanism for storing 

highly-reduced carbon when the supply of oxidized electron carriers is limited (Blunt et al., 2017). In the 

present study, alternating conditions of lower DO concentration than the usually present in an aerobic 

biological system were applied to create an environmental stress on the culture and channel the carbon 

flux preferentially towards lipid production. 

 In cycle#5 (lane 2, Figure 3.6), conducted under a reduced aeration supply, it was achieved an 

improvement on TAGs accumulation comparing to cycle#4 (lane 1), as seen by the appearance of a more 

intense band corresponding to TAGs. The short feast phase length (1 day) and the higher nitrogen 

consumption rate in the feast phase, reinforces the positive effect of reduced aeration on TAGs 

accumulation. Once verified the occurrence of TAGs accumulation in cycle #5, the biomass present in 

the reactor become heterogenous: cells that were able to store TAGs and cells that couldn’t accumulate 

TAGs. Intracellular storage compounds (such as lipids) increases the cell density. Then, bacteria rich in 

intracellular lipids was assumed to be heavier and having a higher tendency to settle after the feast phase. 

Therefore, cycle#5 settling phase was controlled by the biomass weight, which acted as a physical 

selective pressure that favour the persistence of the lipid storing cells in the following cycle (Korkakaki et 

al., 2016). The removal of a significant liquid fraction (2/3 of the total work volume) immediately after 

the feast phase, besides representing the treated effluent in the context of a WWTP, was also implemented 

to reduce the culture non-lipid accumulating fraction and favour the neutral lipids-storing community. The 

slow degraded hydrocarbons that could be used by the non-accumulators for growth were ideally removed 

during the withdrawal phase. Korkakaki et al (2016) applied this approach and achieved an increase of 

PHA-producers during culture enrichment (Korkakaki et al., 2016).  

 In the famine phase of cycle #6, operated at a normal aeration, the culture growth was sustained 

by the external nitrogen and the TAGs accumulated in the feast phase of cycle#5. The microorganisms 

that were able to store TAGs survived since the TAGs were used as endogenous source of carbon and 

energy in this period of absence of extracellular carbon to sustain cells growth and maintenance. Since 

this selective pressure favours the persistence of the cells with higher storage capacity, in cycle#6 (lane 
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3) a band corresponding to TAGs was also observed. The higher TAGs accumulation in cycles #5 and #6 

may also be related to the F/F ratio. In the classic ADF regime it was recognised that an F/F ratio lower 

than 0.3–0.4 is required to enrich an MMC in microorganisms with a high storage capacity (Dionisi et 

al., 2005; Reis et al., 2011). Also, in this study, performed under an alternative ADF regime, the cycles 

with a higher TAGs accumulation, cycle #5 and cycle#6, were the only ones performed under a F/F ratio 

within the range pointed in literature: 0.25 and 0.20, respectively (Table 3.2). The high C/N ratio in the 

feast phase, around 160, (Table 3.2) could, besides the lower DO concentration, contributed to the culture 

metabolism shift toward TAGs accumulation.  

 In cycle#7 (lane 4), when the aeration was reduced for the second time, the intensity of the TAGs 

band decreased. This may represent an indication that the selective pressure that favoured lipids 

accumulation and the internal growth limitation lost progressively its efficiency with the re-establish of the 

normal aeration in cycle #6. 

 In cycle#8 (lane 5), besides the high C/N present (180), the short famine phase may have 

compromised the culture ability to accumulate neutral lipids. Long starvation periods, the main selective 

pressure to enrich a culture in lipids accumulating organisms, generally induce both internal growth 

limitation and lipids accumulation. In the case of a short famine phase, the internal growth factors 

limitation is low, and the microorganisms are able to grow upon carbon source supplementation, thus 

storing less neutral lipids (Oliveira et al., 2017; Reis et al., 2011). Cycle#8 famine phase may not be long 

enough (one day) to ensure the decrease of growth essential metabolites concentration (internal growth 

limitation). Moreover, the cells that didn’t store neutral lipids may have been able to survive to a short 

famine phase. The short famine phase of the cycle#8 was a consequence of the low soluble nitrogen 

concentration at the end of the previous cycle. When the nitrogen source was supplied it was readily 

uptake, at 7.12 mg L-1 day -1 by the nitrogen starved cells. Moreover, the short feast phase of eight cycle 

(one day) could have also contributed to the low levels of neutral lipids. The use of complex substrates 

implies a lower carbon uptake rate and LW have hydrocarbons with a distinct consumption rate due to 

their different recalcitrant nature. The presence of inhibitory chemical species can also lead to a lower 

substrates uptake rate. Since LW is a complex mixture containing a wide range of n-alkanes (da Silva et 

al., 2016), the operation under a short feast phase was not a suitable approach, because probably limited 

the time needed for the carbon source uptake and consequently lipids accumulation. To increase the 

selective pressure applied on the culture, it is suggested that both famine and feast phases length should 

be increased. 
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 On TLC analysis a band corresponding to FAs was visible in cycles#4 (lane 1), #5 (lane 2) and 

#6 (lane 3). The conversion of n-alkanes into TAGs involves the production of FAs. Indeed, the FAs bands 

appearance corresponds to the cycles with a higher TAGs accumulation. In cycle#5 it was also observed 

an unknown band between the FAs and TAGs pattern. This compound was not possible to identify since 

didn’t correspond to any of the standards used and there is no similar report in literature. In all the cycles 

it was also visible the presence of a band probably corresponding to DAGs also a precursor of TAGs 

biosynthesis. Besides being intracellularly present, due to short duration of cycle#7 and #8, the DAGs 

may not have been channelled toward TAGs synthesis.  

 The success of culture enrichment under a feast/famine regime has a strong dependency on the 

substrate used. As LW is mainly composed by hydrocarbons, a class of highly reduced compounds, and 

therefore with a low oxidation state, it was expected to be a suitable carbon source for neutral lipids 

production since its catabolism yield high amounts of reducing equivalents. This fact has an important 

effect on increase the intracellular NADH/NAD+ ratio that direct the carbon source uptake toward the 

synthesis of more reduced compounds (de Almeida et al., 2010) as neutral lipids. Bacterial lipids 

production by Alcanivorax borkumensis SK2 and Rhodococcus opacus PD630 LW was recently described 

(da Silva et al., 2016). In the present experiment, the feasibility of LW as subtract for TAGs accumulation 

was further assessed in a different reactor configuration an operation mode. 

 The obtained results suggest that the reduction in aeration and therefore a low DO concentration 

had a positive effect on neutral lipids accumulation. However, when the normal aeration was restarted, 

the TAGs accumulating wasn’t favoured. Thus, it is suggested that performing consecutive cycles under 

low aeration instead of returning to a normal aeration in the following cycle may be a better strategy. 

However, due to the short famine phase of some cycles it was not possible to state a clear conclusion 

about the effect of this strategy on enrich a culture in neutral lipids-rich biomass. Therefore, to better 

understand this effect, a higher nitrogen source concentration could be supplemented to re-establish a 

nitrogen consumption rate that allowed a longer famine phase.  

3.3.4 Neutral lipids accumulation under oxygen limitation in the feast phase  

 The third strategy tested was the reduction of aeration only during feast phase (cycle#9 and #10). 

The neutral lipids profile is represented in Figure 3.7. In cycles#9 (lane 1, Figure 3.7) and #10 (lane 2) 

neutral lipids accumulation didn’t occurred and the only band present, above the pattern of FAs, 

corresponds to DAGs.  
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 Literature reports support the hypothesis that dual nitrogen and oxygen limitation lead to a higher 

lipid accumulation. Kim et al (1997) reported an enhanced yield in PHAs by Pseudomonas putida under 

both nitrogen and oxygen limitation (Kim et al., 1997). Kourmentza et al (2009) also subjected a P. putida 

culture to the same limiting conditions achieving a high PHAs accumulation (Kourmentza et al., 2009). 

Moreover, Din et al (2012) demonstrate that oxygen limitation would be more advantageous on PHA 

accumulation stage but only at early stages of oxygen limitation (Din et al., 2012). On the other hand, 

Pratt et al (2012) suggested that a lower DO concentration don’t affect cells PHAs accumulation capacity, 

when applied microaerophilic conditions on PHAs accumulation stage on a culture already enriched in 

PHAs accumulators (Pratt et al., 2012).  

 In both cycles, the short famine phase, as explained in section 3.3.3, could be the reason for the 

unsuccess on neutral lipids accumulation. Since in cycle#9 neutral lipids accumulation was not occurring, 

the culture that transited for cycle #10 didn’t included cells with stored neutral lipids, required to survive 

through the famine phase. During the feast phase of cycle#10, the culture growth was impaired (Figure 

3.5), an imbalanced growth status, known to trigger neutral lipids accumulation. However, growth 

limitation wasn’t enough to direct the carbon source drive toward neutral lipids storage. Since it was only 

performed two cycles under reduced aeration in the feast phase, the microbial culture may not have had 

enough time to adapted to these conditions. Another possible explanation for the absence of neutral lipids 

accumulation is that submitting an aerobic culture to a limitation of two essential nutrients may have 

induced a negative stress and the carbon source could have been driven toward cell maintenance instead 

neutral lipids biosynthesis (Koller & Braunegg, 2015). The performance of more consecutive cycles under 

WEs 

TAGs 

FAs 

P                        1                      2                    P  

Figure 3.7 - Neutral lipids profile from cycle#9 (1) and cycle#10 (2). P represents the patterns for FAs, TAGs and 
WEs. 
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this condition are needed to understand of the effect of a low DO concentration during feast phase on the 

culture enrichment in neutral lipids-accumulators. 

 Besides the qualitative analysis of the neutral lipids accumulated by TLC, the lipids weigh at the 

end of each cycle was also analysed (Table A2). However, lipids weigh wasn’t concordant with the lipids 

profile obtained by TLC analysis since a higher/lower lipids accumulation verified on TLC analysis didn’t 

correspond to a higher/low weigh in lipids. For example, the weigh in lipids of cycle #5, where TAGs 

accumulation occurred (Figure 3.6), had a lipid weigh similar to cycles #9 and # 10, where neutral lipids 

accumulation didn’t occur. A possible explanation for these results could be related to the culture 

enrichment in bacteria that storage other lipidic polymers.  

 Indigenous bacteria from LW or bacteria that have grown during the reactor operation, under 

non-sterile conditions, may have been part of the reactor microbial community. Recently it was reported 

the ability of Pseudomonas, Rhodococcus and Acinetobacter genera (Castro et al., 2018) and the strain 

Alcanivorax borkumensis SK2 (da Silva et al., 2016) to grown on LW. These HCB accumulate different 

classes of lipids in different stages of growth. Members of Rhodococcus genus are known for its ability to 

accumulate mainly TAGs, the only neutral lipid that was accumulated in the present study (Figure 3.6). 

The occurrence of TAGs accumulation at cycles#5, #6 and #7 indicate that Rhodococcus genus was 

possibly still being part of the reactor culture. On the other hand, WEs are the main storage compound 

in Acinectobacter and Alcanivorax genus. However, no bands corresponding to WEs were observed on 

TLC analysis (Figure 3.6 and 3.7). In addition to neutral lipids, PHAs inclusions have been reported when 

bacterial cells grown on hydrocarbons (Alvarez et al., 1996). Members of Pseudomonas genera 

accumulate mainly PHAs. In this study, the culture could be enriched in species from Pseudomonas 

genus and possibly occurred the accumulation of PHAs instead TAGs and WEs. During the extraction 

procedure for intracellular lipids, PHAs could be transferred to chloroform. This could explain the 

discrepancy between the of lipids weight and TLC analysis. Since the metabolic pathways of neutral lipids 

and PHAs share common precursors as acyl-CoA the predominance of PHAs accumulators on culture 

community could also explain the absence and the low amount of TAGs accumulated.  
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3.3.5 Evaluation of extracellular lipids biosynthesis 

 Extracellular lipids production was evaluated since it is reported to occur in some 

hydrocarbonoclastic bacteria when grown on hydrocarbons (Kalscheuer et al., 2007; Manilla-Pérez et al., 

2011). The extracellular lipids profile in the first three cycles is represent in Figure 3.8. FAs were the 

main lipidic band present plus minor amounts of DAGs and monoacylglycerols (MAGs). 

 

 

 

 

 

 

 

 

 

 

 

 

 Rhodococcus opacus ability to produce extracellular lipids is not reported in literature. 

Hydrocarbons degradation by Rhodococcus was described to be coupled with biosurfactant production 

(Chang et al., 2009; Kuyukina & Ivshina, 2010). Most of the biosurfactants produced by Rhodococcus 

contained lipids or fatty acids (Philp et al., 2002; Chang et al., 2009; Santos et al., 2016). In a similar 

way, R. opacus B4 could have produced biosurfactants containing FAs to facilitate the access to the oil 

droplets of LW and use the hydrocarbons as carbon source. Moreover, FAs are intermediary compounds 

from alkanes aerobic degradation (Rojo, 2009; Ji et al., 2013; Varjani, 2016). The presence of FAs in the 

reactor medium is advantageous since they are more easily degraded than hydrocarbons and can be 

directly used for TAGs and WEs synthesis.  

3.3.6 Macroscopic alteration in biomass morphology: cells aggregation and colour changes 

 During the airlift reactor operation, the formation of macroscopic biomass aggregates with a non-

defined shape were observed, achieving the maximum size during the feast phase, after LW supply. The 

more representative variations on biomass morphology are shown in Figure 3.9.  

 

     P             1                  2                   3              P                

WE 
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Figure 3.8 - TLC analysis of extracellular lipids in cycle#1 (1), cycle#2 (2) and cycle#3 (3). 
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 After 3 days after the reactor inoculation the formation of cellular aggregates with a yellow-beige 

colour in suspension on the reactor media were detected (Figure 3.9 (A)), remaining similar during the 

first four cycles. Three days after the reduction on aeration the cellular aggregates became grey (Figure 

4 (B) and (C)) which was kept until the end of cycle#8 (Figure 3.9 (D) and (E)). However, in cycles #9 

and cycle#10, under normal aeration in the famine phase, the aggregates size decreased, and cells 

started to disaggregate from the aggregates, observed by the increase on media turbidity (Figure 3.9 (F)).  

 The biomass morphology and neutral lipids accumulation were possibly related. The formation 

of aggregates with a gray colour occurs when a higher TAGs accumulation was detected (Cycles #5, #6 

and #7). Since the hydrocarbons tends to attach to the hydrophobic cells wall (Hua & Wang, 2014), the 

cells in the aggregates were probably exposed to a higher carbon source concentration. Simultaneously, 

the cells within the aggregates were submitted to nitrogen limitation due to the slower nitrogen diffusion 

toward the aggregate matrix. In their study, Klein et al (2008) reported a WE accumulation five times 

higher by Marinobacter hydrocarbonoclasticus SP17 biofilm than in the detached cells (Klein et al., 2008). 

Figure 3.9 - Biomass morphology during the airlift reactor operation. (A) is the beginning of cycle#2 famine phase. 
(B) corresponds to the end of cycle #5, which is the first cycle operated at low aeration. (C) represents an image 
of biomass aggregation. (D) and (E) is the end of cycle#6 famine phase (normal aeration) and cycle#7 (reduced 
aeration), respectively. (F) is the end of cycle#10. 
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In cycles#9 and #10, where the disintegration of aggregates occurred, neutral lipids accumulation wasn’t 

detected. From a wastewater treatment point of view, cellular aggregation represents an advantage since 

promotes the contact between the hydrocarbons and the cells, facilitating hydrocarbon degradation. 

Moreover, at the end of each cycle a more clarified effluent was obtained since aggregated cells can easily 

settled and be further removed. In this way, applying a physical method, the removal of the excess of 

biomass and the hydrocarbons entrapped for a further treatment will be easier than if the cells were in 

suspension in the medium. 

 Another feature that stands out was the biomass deposition at the upper layer of the reactor 

medium. Since LW was supplied from the top of the reactor this upper layer of biomass had a more direct 

contact with the carbon source, being probably submitted to a higher C/N ratio comparing to the cells in 

other regions of the reactor. Therefore, was supposed that this upper layer biomass could been more 

enriched in intracellular lipids. To confirm that a TLC analysis was performed. However, the lipids profile 

obtained was identical to the reported in Figure 3.5 and 3.6 (data not show).  

 The operation using a suitable reactor is a key step to a successful cultivation of oleaginous 

microorganisms (Wang et al., 2017). In this study, the airlift reactor was a good option due to cells 

aggregation and less shear forces when compared to a mechanical agitated reactor as stirred tank reactor 

(STR). The operation under a STR, may cause cells aggregates disintegration, which in this work had a 

negative impact on neutral lipids accumulation. Additionally, the design of the airlift reactor allowed 

biomass deposition in less than two hours when the aeration supply was turned off. This constitute a 

suitable approach to reduce the costs of lipid recovery downstream steps since the biomass rich in lipids 

could be easily collected from the bottom of the reactor. 

3.3.7 Evaluation of treatment efficient by total petroleum hydrocarbons and COD quantification  

 The quality of LW treatment was analysed in terms of TPHs and COD removal at the end of each 

cycle. The TPHs profile of LW supplied to the reactor medium as carbon source is represented in Figure 

3.10. The GC-FID analysis of LW hydrocarbon fraction evidenced the presence of individual peaks until 

retention time of 10 min and an unresolved complex mixture (UCM) in the retention time between 10—

30 min.  
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 The presence of an UCM (with a large number of co-eluting compounds) is characteristic of 

certain refined oil fractions as lubricating oils (Gough & Rowland, 1990). 

 The chromatograms of the cycles were the most representative operational parameters were 

tested are represented in Figure 3.11. 
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Figure 3.10 - GC–FID chromatogram of the hydrocarbon fraction of LW. C11 and C17 are the peaks corresponding 
to undecane and heptadecane.  
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Figure 3.11- GC–FID chromatograms at the end of a cycle with normal aeration and 30.0 (yellow line) and 15.0 g 
L-1 (blue line) of nitrogen source, a cycle with reduced aeration (red line) a cycle with reduced aeration in feast 
phase (green line) of the hydrocarbon fraction of LW. C11 and C17 are the peaks corresponding to undecane and 
heptadecane.  
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 After biological treatment, the complete removal of the individual peaks until retention time of 10 

min and a considerable reduction of the UCM was accomplished. The difference on the biodegradation 

of the resolved and unresolved components in LW is explained by the hydrocarbon fractions different 

susceptibility to microbial attack. Microorganisms selectively degraded the shorter chain hydrocarbons 

(probably corresponding to the individual peaks), easier to degrade and more amenable to complete 

degradation or disintegration, than the longer chain hydrocarbons in the UCM.  

 

Table 3.3 - TPHs and COD monitoring at the end of each cycle COD values are expressed in mg L -1. *In the first 

cycle the carbon source was added upon the inoculation and at the beginning of the feast phase/accumulation  

stage. 

 

 Besides the enrichment on neutral lipids, the culture developed was also characterized by its 

ability to degrade the hydrocarbon fraction of LW. Waste lubricating oils have highly variable compositions 

according to the extent of combustion process during its functioning (Bhattacharya et al., 2015). For this 

reason, the hydrocarbons biodegradation extension was assessed by the content in TPHs, including the 

individual peaks and the UCM, before the settling phase and in the resulting clarified effluent (Table 3.3). 

The LW, contaminated with lubricants and motor oils, was characterized by a high TPHs concentration of 

177.45 ± 17.28 g L-1.  

 Before stelling phase Clarrifed effluent  Removal efficiency (%) 

 COD in 

 

Total COD Total COD COD out 

(Soluble COD) 

COD  TPHs  

Inoculation* 2000.0 1570.0     

cycle#1 1252.5 4722.0 310.0 286.0 98.6 62.2 

cycle#2 1178.8 6975.0 232.0 206.5 83.5 27.7 

cycle#3 1069.5 2205.0 196.8 96.5 91.8 37.4 

cycle#4 1128.8 4540.0 124.4 116.5 89.1 35.9 

cycle#5 1159.0 6170.0 114.4 86.8 92.3 33.2 

cycle#6 1163.8 7430.0 532.0 222.8 80.8 40.9 

cycle#7 1551.3 5210.0 176.8 136.0 88.3 35.3 

cycle#8 1016.3 564.0 508.0 61.4 96.0 44.8 

cycle#9 1263.0 6400.0 896.0 135.0 86.7 42.1 

cycle#10 1407.0 8875.0 604.0 238.0 81.2 47.2 
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 The culture developed degraded the TPHs of LW in a range between 27.0--62.2 %. Hydrocarbons 

biodegradation was possibly difficulted by the presence of recalcitrant hydrocarbon fractions, which hinder 

hydrocarbons uptake into the cell. Moroever, the hydrocarbons with a longer chain may not be susceptible 

to the enzymes of hydrocarbons-oxidation pathway. Another constraint to TPHs biodegradation was 

probably the presence of toxic metals and PAHs usually detected in used motor oil and known to inhibit 

microbial degradation of hydrocarbons (Abioye et al., 2012; Raju et al., 2017). In all the cycles the 

efficiency of TPHs removal was similar (except for the first cycle) indicating that the maximum TPHs 

degradation occurred. Since the initial step of hydrocarbons microbial catabolism is catalysed by 

oxygenases, in the cycles under normal aeration an enhancement on hydrocarbons bioremediation was 

expected. However, in the present study the decrease on DO concentration didn’t compromise TPHs 

biodegradation. Since even under a reduced aeration the oxygen continued to be supplied, the TPHs 

removal efficiency was similar in both conditions. Thus, a DO concentration of 3.0-4.0 mg L-1 seems to 

have been enough to oxidase the organic fraction aimed to be degraded by the microbial cells. The 

capacity of rhodococcal cells for the uptake and assimilation of the available carbon source was reported 

to be relevant for TAGs accumulation (Alvarez et al., 2013). Moroever, in ex novo lipids synthesis, FAs 

biosynthesis is regulated by the specific incorporation rate of substrate aliphatic chains (Lopes et al., 

2018). Therefore, TPHs quantification was supposed to be relevant in the viewpoint of culture lipids 

storage capacity. The cycles where TAGs accumulation occurred had a similar TPHs removal. The lower 

amount of TAGs stored may be the reason for the similar values. Since hydrocarbons biodegradation is 

usually a slow process due to the hydrophobic nature of the hydrocarbons and bioavailability limitations, 

in the cycles with a longer feast phase was expected a higher TPHs removal. However a similar TPHs 

biodegradation was verified. This fact could mean that the maximum TPHs degradation was achived or 

that was needed more time for the remaining more recalcitrant hydrocarbons being uptake.  

 Typically, COD, a reference of the organic pollutants content, is a key parameter employed for 

monitoring the efficiency of wastewater treatment in WWTP (Banerjee & Ghoshal, 2017). The LW used 

was characterized by a COD of 365.84±16.07 g L-1. 

 The data presented in Table 3.5 demonstrate a considerable difference on the total COD values 

before and after the settling phase. Total COD was mainly attributed to the hydrocarbons supplemented 

in LW and biomass growth. The decrease on total COD in the clarified effluent was due to biomass 

sedimentation during the settling phase. Due to the hydrophobic nature and therefore the low water 

solubility, the hydrocarbons from LW doesn’t contribute to the soluble COD values. Thus, others (more 

soluble) organic compounds, like some organic metabolites excreted by the cells as biosurfactants and 
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water-soluble additives commonly present in lubricants (Speight, 2015) may contribute to the soluble 

COD values. The remaining total COD in the end of the cycles is due to non-biodegraded and more 

recalcitrant hydrocarbons possibly belonging to long-chain n-alkanes and to the cells in suspension. It is 

important to refer that the COD quantification method applied have some limitations that may have 

interfered in the obtained values: certain aromatic hydrocarbons, present in spent engine oils 

(Bandyopadhyay et al., 2014; Salam, 2016), may not be quantified.  

 In this study, the COD removal efficiency could have been influenced by the feast phase length, 

lipids storage and DO concentration in the reactor medium. COD removal didn’t seem depended on feast 

phase length since when it only last one day (cycle#5, #6, #7, #8), the COD removal was in some cases 

higher than the cycles with a longer feast phase. The high COD removal (above 80.00%) in a short period 

of time represents an important advantage. In a SBR, the incoming COD from LW can be preserved by 

bacteria as a source of carbon and reducing power, as lipids (Third et al., 2003). However, since in this 

study, TAGs were accumulated only in minor amounts, the COD removal in the storage cycles (cycles #5, 

#6 and #7) wasn’t higher than the cycles where TAGs accumulation didn’t occur. In the studies of 

Primasari et al (2011) an higher aeration rate resulted in a higher COD removal from an oily wastewater 

(Primasari et al., 2011). However, in the present study the decrease on DO concentration didn’t 

compromise the COD removal efficiency, since as above referred even under a reduced aeration (DO 

concentration of 3.0--4.0 mg L-1) the oxygen was still being supplied into the reactor medium, explaining 

the inexistence of considerable differences on COD removal between these two conditions. The 

bioremediation of petroleum-contaminated environments at a low DO concentration offer a possibility of 

bioremediation after the discharge of untreated oily wastewater into a water body, a situation known to 

decrease the DO levels. Moreover, the presented results demonstrate a suitable approach to reduce the 

aeration supply in an oily WWTP without compromise the COD and TPHs removal efficiency. This 

constitute an advantage since leads to a lower energy consumption and therefore a decrease on the 

operational costs. 

 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER IV 

Conclusions and perspectives for future work 
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4. CONCLUSIONS AND PERSPECTIVES FOR FUTURE WORK 

 In the present thesis, the biosynthesis of neutral lipids from a simple substrate, hexadecane and 

from LW, consisting in a complex mixture of hydrocarbons, was explored in a batch assay and in an airlift 

reactor, respectively.  

 In the first experiment, R. opacus B4 ability to produce TAGs from hexadecane at 2 atm pressure 

was demonstrated. The oxygen concentration that best suited TAGs accumulation was 21.00 % of oxygen. 

The imposition of oxygen concentrations below the usual present in the air was not a successful strategy 

on improving neutral lipids accumulation.  

 In the second experiment, LW potential as substrate for neutral lipids biosynthesis was explored. 

The operation under a reduced aeration during a whole cycle allowed a suitable environment for TAGs 

production. However, the culture biomass presented a poor TAGs content. COD and TPH removal 

efficiencies suggest that the culture was enriched in HCB able to degrade a considerable fraction of the 

hydrocarbons present in LW using them as feedstock for TAGs production. The airlift reactor was a 

suitable option to conduct this study, allowing cells aggregation, which simplifies lipids rich--biomass 

recovery during downstream process. Moreover, a cleaner effluent was generated thanks to cells 

aggregates presented a more tendency to sedimentation.  

 The approach applied in this study can be considered a potential strategy to a more cost-effective  

and sustainable neutral lipids production. However, additional research is still required aiming the 

optimization of the operational parameters to obtain a microbial culture with a higher and stable neutral 

lipids storage capacity. The proposed bioprocess could be implemented in the facilities already present 

in hydrocarbon-based wastewater treatment plants to enrich the biomass/sludge usually produced in 

bacteria with both hydrocarbons degradation and lipid accumulation capacity. The transient conditions 

and the dynamic substrate supply found in WWTP create an ideal environment to promote polymers 

storage. Moreover, in WWTP the microbial communities are already adapted to high levels of 

contaminants and low levels of nutrients. In this way, the treatment costs of the biomass produced during 

oily wastewater can be overcome in part by neutral lipids rich biomass valorisation.  

 As a future work suggestion, the culture ability to synthesize other storage compounds with high 

value-added applications as polyP and PHAs, besides neutral lipids should be evaluated. Moreover, the 

potential of the lipids-rich biomass for methane production is also interesting to explore.  
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APPENDIX I GROWTH MEDIA COMPOSITION AND PREPARATION 

 The culture media used in this study were described in Table A1. For MS medium preparation. 

according to Schlegel et al (1961), the three discriminated solutions were autoclaved separately and only 

joined after cooling at room temperature. For 802 solid medium preparation 1.5 % of agar was added.  

Table A1- Composition of 802 and MS media for 1L.* Stored at 10ºC 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

APPENDIX II LIPIDS ACCUMULATION MONITORING BY WEIGH IN LIPIDS 

 Component 
 

 

           802 media 

 Polypeptone 10.0 g 

 Yeast extract 2.0 g 

 MgSO4·7H2O 1.0 g 

            MS medium 

 Stock A solution * 9.0 mL 

 KH2PO4 1.5 g 

Solution I MgS047H2O 0.2 g 

 NH4Cl 1.0 g 

 Hoagland Solution* 2.0 mL 

Solution II NaHCO3 2.0 g 

Solution III Na2HPO4 14.4 g 

           Stock A solution 

 Fe-NH4-citrate 0.48 g 

 CaCl2.2H2O 10.6 g 
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 In the experience conducted in the airlift reactor, besides TLCs analysis, lipids accumulation was 

also accessed by the weigh in lipids (Table A2). 

Table A2- Lipids weigh at the end of each cycle of reactor operation 

 Lipids weigh (g)  

Cycle#1 0.025 
 

Cycle #2 0.018 
 

Cycle #3 0.017 

Cycle #4 0.020 

Cycle #5 0.01 

Cycle #6 0.023 

Cycle #7 0.012 

Cycle #8 0.004 

Cycle #9 0.014 

Cycle #10 0.011 

 

 
 
 
 

 

 

APPENDIX III CALIBRATION CURVE FOR TPH QUANTIFICATION 

 Figure A1 represents the the calibration curve for TPHs quantification.  
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Figure A1-  Calibration curve for TPHs quantification. 
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