
 

 

 

 

  

 

 

 

 

  

  

 

for microbial conversion to a product lies in the ability of an organism to utilize pentose 

and hexose sugars while surviving in the presence of chemical inhibitors. 

Lignin accounts for 10-25% of lignocellulosic material and the global paper 

industry alone produces almost 50 million tons of lignin per year (Gosselink et al., 2004). 

Only 2% of lignin is used commercially while the remainder is usually burned for energy; 

however, conversion of lignin offers potential for the microbial production of alternative 

fuels or bioproducts (Kosa & Ragauskas, 2012; Zakzeski et al., 2010). Lignocellulosic 

pretreatment while freeing sugars for fermentation, also degrades lignin to lignin 

oligomers and phenolic derivatives, such as vanillic acid, trans-p-coumaric acid and 4-

hyroxybenzoic acid (Palmqvist & Hahn-Hagerdal, 2000; Saadia & Ashfaq, 2010). 

Degraded lignin fractions are often discarded due to lack of use and are ultimately found 

in industrial wastewaters (Saadia & Ashfaq, 2010; Upadhyaya et al., 2013; Wells et al., 

2015). Alternatively, as cellulosic biomass refineries will produce more lignin than can 

be used for power (by burning), researchers are interested in transforming the excess 

lignin to value-added products, such as carbon fiber, plastics, and other chemicals 

currently being made from petroleum (Ragauskas et al., 2014). 

1.3 Biodiesel 

Biodiesel is a diesel fuel alternative made from renewable sources of 

triacylglycerides (TAGs) commonly found in vegetable oils and animal fats (Ma & 

Hanna, 1999; Tao & Aden, 2009). Transesterification is the common method in the US to 

make biodiesel by reacting a fat or oil with an alcohol to form fatty acid methyl or ethyl 

esters (FAMEs/FAEEs) and glycerol (Bart et al., 2010; Ma & Hanna, 1999). Ethanol or 

methanol are the most frequently used alcohols for transesterification due to their low 
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cost and quick reactions and a catalyst can also be used to improve the rate and yield of 

the reaction (Ma & Hanna, 1999). Different feedstock oils can affect the properties of the 

final biodiesel product, such as the cetane number, oxidative stability, and viscosity, 

which can ultimately have positive or negative impacts on biodiesel performance 

(Ciolkosz, 2009).  

Soybean biodiesel, one of the most predominant alternative fuels in the US, 

reduces several air pollutants as well as greenhouse gases by 41% compared to diesel 

(Hill et al., 2006). Biodiesel also produces 93% more usable energy than its required 

input of fossil fuels compared to corn ethanol, which only has a 25% net gain of usable 

energy (Hill et al., 2006). Despite the growing interest in biodiesel, it is not economically 

viable as almost 85% of its cost lies in feedstock costs (Canakci & Sanli, 2008; Pinzi et 

al., 2013). Furthermore, biodiesel from edible oils, such as vegetable oils (soybean, 

sunflower, palm, etc.), is blamed for the increase in food prices and the abundant 

agricultural inputs for crop cultivation (Leiva-Candia et al., 2014). However, other 

researchers argue that soybeans are nitrogen fixers, requiring less agricultural inputs and 

are grown primarily for its protein with oil as a by-product (Granda et al., 2007). Soybean 

biodiesel is a promising fuel alternative, but feedstock costs and availability (Tao & 

Aden, 2009), fertile land requirements, and agricultural input are cost-limiting factors in 

its production (Hill et al., 2006). Therefore, alternative feedstocks and fuel sources must 

be studied. 

Non-edible feedstock alternatives for biodiesel include waste frying oils, animal 

fats, algae oil, and oils from microorganisms. Waste frying oil and animal fats have had 

some success as a feedstock for biodiesel, but the high content of free fatty acids results 
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in biodiesel with high viscosity (Pinzi et al., 2013). Algae, yeasts, and bacteria can 

accumulate oil during optimal cultivation conditions and have several advantages over 

plant oils. These organisms have faster growth rates and are generally not affected by 

seasonal changes (Li et al., 2008). Challenges to microbial oil production remain in 

understanding the fatty acid metabolism (Kosa & Ragauskas, 2011; Lennen & Pfleger, 

2013; Meng et al., 2009), metabolic engineering (Fischer et al., 2008; Lee et al., 2010; 

Shi et al., 2011) recovery of biomass and bioproducts (Grima et al., 2003), and scale-up 

concerns (Brigham et al., 2011; Cuellar et al., 2013). 

1.4 Oleaginous Microbes 

While biodiesel is most commonly extracted from TAGs stored in plants or 

animal fats, prokaryotes can also accumulate storage lipids and some species can 

synthesize TAGs by utilization of organic compounds (Alvarez & Steinbuchel, 2002; 

Holder et al., 2011). Historically, the appeal of microbial oils was due to a need for an 

alternative to plant oils and specific polyunsaturated fatty acids for human consumption 

(Wynn & Ratledge, 2005). The economics of most microbial oil has affected the 

feasibility of industrial production, but with the advancement of fermentation technology, 

microbial oil (primarily from fungi and yeast) can be produced in quantities equivalent to 

acres of agricultural land (Alvarez & Steinbuchel, 2002; Wynn & Ratledge, 2005). 

Microbial oils offer the unique advantage of being cultivated in a controlled environment, 

which results in consistency and reproducibility in biodiesel production (Fortman et al., 

2008). 
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1.4.1 Microbial Lipids 

Oleaginous microbes are those that accumulate more than 20 percent of their 

biomass as lipid (Wynn & Ratledge, 2005). These lipids, which can range from 20% to 

over 70% of the cell’s biomass, are usually TAGs and stored intracellularly as a reserve 

supply of carbon and energy (Alvarez & Steinbuchel, 2002; Wynn & Ratledge, 2005). 

TAGs are water-insoluble triesters of glycerol with fatty acids that have a higher caloric 

value than carbohydrates and proteins, thus providing an efficient energy reserve, as 

TAGs yield much more energy when oxidized (Alvarez & Steinbuchel, 2002). In general, 

TAG accumulation occurs after synthesis of phospholipids during the exponential growth 

phase and when cellular growth is impaired during the stationary phase under excess 

carbon and limited nitrogen conditions (Ratledge & Wynn, 2002a). Several studies have 

shown that lipid accumulation in oleaginous microbes occurs after nitrogen exhaustion in 

the medium (Alvarez et al., 1996; Alvarez & Steinbuchel, 2002; Gouda et al., 2008; 

Kurosawa et al., 2010; Packter & Olukoshi, 1995; Silva et al., 2010). Phosphorus 

limitation has also been shown to influence lipid accumulation in oleaginous yeasts 

grown in high C:P ratios (Gill et al., 1977) and in high C:P ratios on nitrogen-rich 

substrate (Wu et al., 2010). 

The carbon source for cell growth and TAG accumulation can vary, which results 

in variability of the fatty acid composition (Alvarez & Steinbuchel, 2002). This suggests 

potential advantageous opportunities for microbial oil production in the biofuel industry. 

1.4.2 Lipid Synthesis in Oleaginous Yeasts and Bacteria 

The fundamental requirement for lipid accumulation is a slow growth rate of the 

cells that will allow excess carbon to be assimilated faster than it can be converted for 
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growth. The slow growth rate implies nutrient limitation and therefore stationary phase 

has been reached. During stationary phase, cells are still metabolically active and can 

produce secondary metabolites (those not required for growth). 

Mechanisms of lipid accumulation have been well studied in yeasts. The first 

identifiable metabolic event following nitrogen limitation was observed in yeast in the 

late 1970s and has been extensively reviewed (Ratledge & Wynn, 2002b). As nitrogen is 

depleted, intracellular adenosine monophosphate (AMP) concentration decreases 

immediately before lipid accumulation begins. As nitrogen is depleted, AMP deaminase 

(a nitrogen scavenging enzyme) activity increases, causing a decrease in AMP (Figure 

1.3, triangle 1). AMP is essential for isocitrate dehydrogenase (ICDH) to catalyze the 

reaction of isocitrate to 2-oxoglutarate. As AMP concentration decreases, ICDH activity 

also decreases (Figure 1.3, triangle 2). Isocitrate equilibrates with citrate by the enzyme 

aconitase (Figure 1.3, triangle 3). The citrate is transported out of the mitochondria into 

the cell where it is cleaved by ATP:citrate lyase (ACL) to oxaloacetate and acetyl-CoA 

(Figure 1.3, triangle 4). ACL was the first identified enzyme that influences the different 

metabolic activity exhibited between oleaginous yeast and nonoleaginous yeast. Acetyl-

CoA can then be used for fatty acid synthesis and TAG accumulation, assuming the 

proper enzymes are available. Wynn and Ratledge have also shown malic enzyme (ME), 

which converts malate to pyruvate and NADPH, to be of importance in achieving high 

concentrations of NADPH for fatty acid synthesis and lipid accumulation (Ratledge, 

2002; Wynn & Ratledge, 2005). 
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Figure 1.3 Schematic of lipid accumulation in oleaginous microbes. 

Adapted from Ratledge and Wynn 2002. 

While nitrogen limitation initiates a metabolic shift to favor TAG accumulation in 

oleaginous microbes, excess glucose (in a high C:N ratio) must still be assimilated 

(Figure 1.4). A key enzyme in glycolysis is phosphofructokinase (PFK), which can be 

inhibited by high concentrations of citrate. As previously described, nitrogen depletion 

ultimately results in an increase of citrate. However, phosphofructokinase can form a 

stable complex with NH4 and remain active so that carbon can still be assimilated (Wynn 

et al., 2001). Furthermore, pyruvate kinase is regulated by citrate to ensure a continuous 

flow of carbon to pyruvate (Evans & Ratledge, 1984). 
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Figure 1.4 Schematic of glycolysis in response to a high C:N ratio. 

Similarly, when nutrient limitation occurs in some bacteria, cell growth is halted 

and lipid accumulation can occur (Alvarez & Steinbuchel, 2002). TAG accumulation 

occurs predominantly in stationary phase (Alvarez et al., 2000) as fatty acid biosynthesis 

shifts from phospholipids for cell proliferation to TAG storage (Alvarez & Steinbuchel, 

2002). Diacylglycerol acyltransferase (DGAT) has been shown to be a key enzyme in 

TAG biosynthesis (Alvarez et al., 2000; Davila Costa et al., 2015). Research to identify 

other key enzymes involved in bacterial lipid biosynthesis is still ongoing (Davila Costa 

et al., 2015). 
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1.4.3 Rhodococcus opacus as a Model Oleaginous Bacterium 

Bacteria belonging to the gram-positive Actinobacteria phylum, such as 

Streptomyces, Nocardia, Rhodococcus, Mycobacterium, Dietzia, or Gordonia, can 

synthesize and accumulate TAGs (Alvarez & Steinbuchel, 2002). Of these bacteria, some 

Rhodococcus species have been characterized for TAG accumulation (Alvarez et al., 

2008; Alvarez & Steinbuchel, 2002; Hernandez et al., 2013; Silva et al., 2010) and have 

been shown to accumulate up to 80% of cellular biomass as lipids (Alvarez et al., 1996). 

Rhodococcus opacus PD630, the first Rhodococcus species to be labeled 

oleaginous, can accumulate variable amounts of TAGs in relation to dry cell weight when 

grown on different substrates: 76% with gluconate; 38% with hexadecane; and 87% with 

olive oil (Alvarez et al., 1996). Lipids are stored within inclusion bodies that form 

intracellularly in R. opacus PD630. These inclusions are characterized as having a 

definite shape, suggesting the presence of a surface membrane as well as the associated 

proteins involved in inclusion formation (Alvarez et al., 1996). TAGs accumulate 

intracellularly during periods of starvation, ensuring survival in rapidly changing, harsh 

environments (Alvarez & Steinbuchel, 2002). Furthermore, inexpensive feedstocks like 

organic wastes or agro-industrial waste from carob, orange, and sugarcane molasses can 

be used for TAG accumulation in R. opacus PD630 (Gouda et al., 2008). High density 

cell cultivation of R. opacus PD630 obtained high TAG concentrations in bioreactors 

when sugar beet molasses and sucrose were used as substrates (Voss & Steinbuchel, 

2001). TAG accumulation from growth on a variety of carbon sources (Alvarez & 

Steinbuchel, 2002; Holder et al., 2011) make R. opacus a potential candidate for 

biotechnological application (Gouda et al., 2008; Voss & Steinbuchel, 2001), while its 
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catabolic versatility has made Rhodococcus species popular in bioremediation (Larkin et 

al., 2005; Martinkova et al., 2009).  The potential to couple the utilization of diverse 

substrates with TAG accumulation in R. opacus offers a promising approach to 

alternative fuels.   

1.4.4 Rhodococcus rhodochrous: Potential as Oleaginous Bacterium 

Rhodococcus rhodochrous was first described in 1891 (Overbeck, 1891; Zopf, 

1891) as a generic term for a group of similar strains that were ultimately reclassified as 

Mycobacterium rhodochrous (Gordon, 1966) and then Rhodococcus rhodochrous 

(Goodfellow & Alderson, 1977).  Rhodococcus rhodochrous is a red pigment-forming 

Rhodococcus species most notably used for the industrial production of acrylamide from 

acrylonitrile (Kobayashi & Shimizu, 1998; Yamada & Kobayashi, 1996). Because of a 

diverse metabolism, the degradative capability of R. rhodochrous that can utilize 

polychlorinated biphenyls, hydrocarbons, and other aromatic compounds as a sole carbon 

source has been extensively reviewed (Martinkova et al., 2009).  

R. rhodochrous contains mycolic acids, which has enabled this bacterium to be 

utilized as a model for studying toxic glycolipids produced by other Mycobacterium, 

Nocardia, and Rhodococcus species (de Almeida & Ioneda, 1989; Ioneda & de Almeida, 

1991). Neutral plus fatty acids, total glycolipids, and high polar lipids isolated from R. 

rhodochrous after growth on glucose, galactose, or mannose and were shown to be 

differentially toxic in the mouse model (de Almeida & Ioneda, 1989). R. rhodochrous 

showed significant growth in glucose (with nitrogen) after 120 hours and produced 6% 

diethyl ether-soluble lipids (de Almeida & Ioneda, 1989). Sorkhoh et al. characterized 

lipids of R. rhodochrous after growth on dodecane and glucose (Sorkhoh et al., 1990). As 
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R. rhodochrous is a hydrocarbon degrader, more total lipids were observed from growth 

on dodecane than glucose and included the lipid classes of sterols and 

diacylglycerophosphocholines (Sorkhoh et al., 1990). R. rhodochrous has also been 

shown to produce fatty acids during total mineralization of hexadecane and octadecane 

(Rodgers et al., 2000). These studies have shown that diversity in hydrocarbons used as 

carbon sources impact the production and accumulation of lipids in R. rhodochrous. 

Rhodococcus rhodochrous ATCC 21198, originally named Nocardia paraffinica, 

is patented for its utilization of gaseous hydrocarbons, including propane, ethane, and 

butane (Tanaka et al., 1973). Previous research has shown that Rhodococcus species 

grown on propane are induced for co-metabolic degradation of vinyl chloride. Babu and 

Brown (1984) identified a new propane oxygenase involved in propane metabolism by R. 

rhodochrous ATCC 21198 and more recently, vinyl chloride degradation by a R. 

rhodochrous propane oxygenase was also shown (French, 2000). Despite the widespread 

use of R. rhodochrous in degradation research, the understanding of its ability for lipid 

accumulation is limited. 

1.5 Research Significance and Purpose 

R. rhodochrous lipid accumulation for the purpose of FAMEs and biodiesel 

production is not well characterized. R. rhodochrous has been shown to produce lipids 

when grown on glucose and dodecane substrates (Sorkhoh et al., 1990). The ability for R. 

rhodochrous, a well-known hydrocarbon degrader, to use glucose as a substrate for lipid 

accumulation will provide insight into the potential capabilities of R. rhodochrous as an 

oleaginous microbe. The first aim of this dissertation was to test the hypothesis that R. 

rhodochrous accumulates lipids, such as triglycerides, intracellulary when grown in 
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glucose-supplemented media. The objectives were (1) to visually determine whether R. 

rhodochrous can accumulate intracellular lipids using transmission electron microscopy 

and (2) to quantitatively characterize lipid accumulation by R. rhodochrous using a Bligh 

and Dyer lipid extraction method (Bligh & Dyer, 1959) coupled with thin-layer 

chromatography. We also obtained the genomic sequence of R. rhodochrous ATCC 

21198, which provided insight towards its lipid accumulation capabilities. 

The versatile metabolism of R. rhodochrous allows for degradation of several 

environmental contaminants, persistent compounds, and potentially lignin-derived 

chemicals. R. rhodochrous has been successfully applied to bioremediation efforts, but to 

our knowledge lipid accumulation for biofuel production has not been characterized. The 

aim of this research was to combine these applications, while producing a usable product, 

with the specific intention of displacing the current costly feedstocks for biodiesel 

production. The second aim of this dissertation was to test the hypothesis that R. 

rhodochrous tolerates model lignocellulosic hydrolysate inhibitors and utilizes phenolic 

substrates, including model lignin compounds for lipid accumulation. The objectives 

were to investigate the growth and lipid accumulation by R. rhodochrous grown in (1) 

acetic acid and furfural, (2) phenol, and the (3) model aromatic lignin compounds, 

vanillic acid and 4-hydroxybenzoic acid. We also performed a proteomic analysis on R. 

rhodochrous grown in phenol to gain further insight towards the enzymatic activity in 

aromatic substrate degradation and lipid accumulation. 

As natural gas is concurrent with petroleum, oil companies will burn off the 

natural gas in the process of oil production. Not only does the flaring of natural gas add to 

the already critically high number of atmospheric greenhouse gases, but flaring also 
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wastes a potentially valuable substrate. The ability of R. rhodochrous to use gaseous 

hydrocarbons would allow for an alternative to gas flaring. Furthermore, if utilization of 

gases can be coupled with growth and lipid accumulation by R. rhodochrous, these lipids 

can be used for dietary supplements or alternative fuel production. Therefore, the third 

aim of this dissertation was to test the hypothesis that R. rhodochrous utilizes gaseous 

hydrocarbons for lipid accumulation. This study was a preliminary, proof-of-concept 

study to determine if lipid accumulation occurs when R. rhodochrous is grown on 

propane. 

This work was performed with funding under the directives of the Environmental 

Protection Agency (EPA) Science To Achieve Results Fellowship. Characterization of 

lipid accumulation by Rhodococcus rhodochrous addresses the EPA mission of 

promoting sustainable and livable communities by: (1) helping to fulfill society’s energy 

demand by using oleaginous microbes as an alternative biodiesel feedstock; (2) using 

waste as a substrate for microbial lipid accumulation repurposes potential environmental 

contaminants into energy resources; and thereby (3) cleaning-up a community while 

establishing a sustainable fuel alternative. 
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CHAPTER II 

DRAFT GENOME SEQUENCE OF RHODOCOCCUS RHODOCHROUS STRAIN 

ATCC 21198 

Shields-Menard, SA., SD Brown, DM Klingeman, K Indest, D Hancock, JJ Wewalwela, 

WT French, and JR Donaldson. 2014. Draft Genome Sequence of Rhodococcus 

rhodochrous strain ATCC 21198. Genome Announcements. 13;2(1). 

2.1 Abstract 

Rhodococcus rhodochrous is a Gram-positive red-pigmented bacterium 

commonly found in the soil. The draft genome sequence for R. rhodochrous strain ATCC 

21198 is presented here to provide genetic data for a better understanding of its lipid 

accumulation capabilities. 

2.2 Draft Genome Sequence of Rhodococcus rhocochrous Strain ATCC 21198 

Rhodococcus rhodochrous is a red pigment-forming Gram-positive bacterium 

belonging to the Actinobacteria phyla and the Nocaridaceae family. This metabolically 

diverse bacterium has been most notably used for the industrial production of acrylamide 

from acrylonitrile and in the bioremediation of hydrocarbons, polychlorinated bisphenyls, 

and other aromatic compounds (Yamada and Kobayashi 1996, Kobayashi and Shimizu 

1998, Larkin, Kulakov et al. 2005, Martinkova, Uhnakova et al. 2009). Other members of 

the Actinobacteria, such as Streptomyces, Nocardia, Rhodococcus, and Gordonia have 
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been shown to synthesize and accumulate triacylglycerols (TAGs;(Alvarez and 

Steinbuchel 2002)). The potential for R. rhodochrous to utilize a variety of carbon 

sources for accumulation of TAGs is of interest due to the increasing global need for 

alternative biofuels. Despite the widespread use of R. rhodochrous in degradation 

research, the understanding of its ability for lipid accumulation is limited. 

A draft genome sequence was generated for strain ATCC 21198 to develop a 

better understanding of the lipid accumulation capabilities of R. rhodochrous. The isolate 

of R. rhodochrous ATCC 21198 was purchased from American Type Culture Collection 

(ATCC). Genomic DNA was isolated from frozen cell pellets using the MoBio 

PowerSoil DNA isolation kit (MoBio Laboratories Inc., Carlsbad, CA, USA) modified 

with the addition of lysozyme. 

Sequence data was generated using an Illumina MiSeq instrument (Quail, Smith 

et al. 2012) according to the manufacturer’s instructions, using a paired-end approach 

with an approximate insert library size of 400 bp and read lengths of 250 bp, The CLC 

Genomics Workbench (version 6.5) was used to trim and filter reads for quality sequence 

data and subsequent assembly. The draft genome sequence for R. rhodochrous ATCC 

21198 strain is represented by 161 DNA contigs with an estimated genome size of 

~6.4Mb and G+C DNA content of 70.2%. The average sequence depth coverage across 

the genome was ~214 times the genome size, which was annotated as described 

previously (Brown, Klingeman et al. 2012) for  6,039 predicted protein-encoding gene 

models. 
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In response to an environment with little nitrogen and excess carbon, oleaginous 

microbes will store carbon as lipid (Alvarez and Steinbuchel 2002, Ratledge 2002). 

Rhodococcus species have been shown to produce large amounts of lipid in the form of 

TAGs due to high activity of the enzyme, acyl-CoA:Diacylglycerol acyltransferase 

(DGAT; (Alvarez, Alvarez et al. 2008). In this draft sequence of R. rhodochrous, there 

are several predicted wax ester synthase/diacylglycerol acyltransferase genes showing 

sequence identity to other Rhodococcus species. Other putative fatty acid and TAG 

synthesis genes were also discovered in the R. rhodochrous genome such as acetyl-CoA 

carboxylase, acyl carrier proteins, 1-Acyl-G3P acyltransferase, glycerol kinase, and 

glycerol-3-phosphate dehydrogenase (Kosa and Ragauskas 2011).  Several cytochrome 

P450-like enzymes were predicted in the genome of R. rhodochrous as well as the 

associated genes, flavodoxin and feredoxin. Other predicted genes related to degradation 

mechanisms include oxygenases, dioxygenases, and a putative aromatic degradation 

protein. The R. rhodochrous draft genome offers insight into the potential metabolic 

capabilities of this organism and will help to facilitate further studies. 

This draft genome sequence has been deposited in GenBank under accession 

number AZHI00000000. The version described in this paper is version AZHI01000000. 

For strain and DNA requests contact T. F. 
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Proteins involved in central metabolism and fatty acid synthesis, such as 6-

phosphogluconate dehydratase, an amino acid transport system, propionyl-CoA 

carboxylase and acyltransferase, were less abundant at 24 hours than 0 hour, which 

corresponds to the decrease of lipid accumulation at 24 hours. TadA (2,3-

bisphosphoglycerate-dependent phosphoglycerate mutase) is involved in the structural 

formation of lipid bodies (Ding et al., 2012; MacEachran et al., 2010) and was found to 

be increased by 11-fold at 24 hours. Biotin carboxylase and malic enzyme were also over 

2-fold higher at 24 hours than 0 hour. The presence of proteins involved in fatty acid 

synthesis may indicate that greater lipid accumulation is possible using phenol as a 

substrate if phenol can be used in larger concentrations. 

The primary metabolic activities of R. rhodochrous grown in glucose or in phenol 

are evident when the abundance of proteins in each are compared at 24 hours. Catechol 

2,3-dioxygenase, catechol 1, 2-dioxygenase, and multiple putative HpaB/PvcC/4-BUDH 

are significantly less abundant, which shows the difference in activity of phenol 

degradation. In comparison, propionyl-CoA carboxylase and acyltransferase were 78-

and 44-fold higher in R. rhodochrous grown in glucose at 24 hours than in phenol at 24 

hours, further supporting the increased lipid accumulation observed in glucose grown 

cells at 24 hours. 

When R. rhodochrous was grown in a combination of glucose and phenol, there 

was a slower increase in lipid accumulation. The proteomic analysis of R. rhodochrous 

grown in glucose and phenol indicated an increase at 24 hours in proteins associated with 

phenol degradation, such as catechol 1, 2-dioxygenase and a putative HpaB/PvcC/4-

BUDH enzyme, as well as those proteins associated with lipid synthesis, 3-
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Figure 5.5 R. rhodochrous cell dry weight, percent lipid accumulation and pH of 3L 
fermentations supplemented with glucose and VA, HBA, or VA and HBA.  

R. rhodochrous cell dry weight (A; g/L), percent lipid accumulation (B) and pH (C) of 3L fermentations supplemented 
with 20g/L glucose () and 1.25g/L VA(), 1.25g/L HBA(), or 1/25g/L VA + 1.25g/L HBA (-). Vanillic acid and 4-
hydroxybenzoic acid concentrations (D; g/L) were analyzed using HPLC-ELSD. Fermentation samples of VA (), 
HBA () and VA + HBA (gray; , ) were taken every 2 hours and filtered before analysis. 
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Since HBA and VA were undetected by 20 hours of cultivation, it was expected 

that lipid accumulation and cell growth would be comparable between treatments, 

assuming inhibitory effects were not present from 0-20 hours. The FAME analysis 

showed slight differences between the glucose control and the model lignin compound 

treatments in erucic acid at time 0 and an increase of unknowns, likely odd chain carbon 

fatty acids, at 24 hours (Figure 5.5). The slight differences in FAMEs may indicate a fatty 

acid response to aromatic compounds as observed when R. rhodochrous was cultivated in 

phenol. Furthermore, increasing pH (Figure 5.4C) could positively impact membrane 

transport, influencing the cell growth and lipid accumulation as proposed in previous 

work using the model oleaginous bacterium, R. opacus PD630 (Kosa & Ragauskas, 

2012).  

5.5 Conclusions 

The purpose for using phenolic compounds in this study is twofold: phenol and its 

derivatives can be serious health hazards if released into the environment (Buchholz & 

Pawliszyn, 1993; Michalowicz & Duda, 2007) and phenol also serves as a basic model 

lignin compound as lignin is a polyaromatic structure. R. rhodochrous was recently 

characterized as oleaginous (Shields-Menard et al., 2015) and, this work is the first 

glimpse into the proteins associated with R. rhodochrous lipid accumulation. 

Furthermore, proteomic analysis provides insight into the concurrent aromatic substrate 

degradation and lipid accumulation by R. rhodochrous. When cultivated in model 

aromatic lignin compounds (phenol, HBA, VA) and supplemented with glucose, R. 

rhodochrous growth and lipid accumulation increased. Furthermore, phenol, HBA, and 

VA did not have any considerable negative effects on R. rhodochrous and were 
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undetected by 24 hours. Further work is necessary to fully elucidate the impact of lignin 

compounds on R. rhodochrous, so that growth and lipid yields can be improved without 

the use of glucose as a substrate.  
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CHAPTER VI 

EVALUATION OF PROPANE AS A CARBON SOURCE FOR GROWTH AND 

LIPID ACCUMULATION BY RHODOCOCCUS RHODOCHROUS 

6.1 Abstract 

Hydrocarbon gasses are an inexpensive and abundant substrate for 

microorganisms. In this study, the capability of the oleaginous bacterium Rhodococcus 

rhodochrous to utilize propane as a carbon course for growth and lipid accumulation was 

analyzed. Growth was observed when propane was used a sole carbon source, but was 

sufficiently less than growth observed in the presence of glucose. Reduced lipid 

accumulation occurred when R. rhodochrous was grown on propane as the sole carbon 

source (6% cell dry weight) in comparison to glucose controls (60% cell dry weight). 

Analysis of the fatty acid methyl esters profiles indicated a prevalence of palmitic, 

stearic, oleic and unknown methyl esters in both propane and glucose treatments. This 

work gives us a better insight towards understanding the limited potential of propane as a 

sole carbon source for growth and lipid accumulation by R. rhodochrous. 

6.2 Introduction 

Hydrocarbon gasses are abundant, readily available, and offer potential as an 

affordable, alternative carbon source for microorganisms. Natural seeps of hydrocarbon 

gasses are found in oil or natural gas deposits (Reed and Kaplan 1977) and consist 

primarily of methane (70-99%), with smaller amounts of ethane (1-10%) and propane (1-
119 



 

 

 

 

  

  

 

 

  

 

 

 

 

 

  

2%; Hunt 1996). Organisms that can grow on short-chain gaseous hydrocarbons as a 

carbon source have been used previously for petroleum exploration and single cell 

protein (Perry 1980, Shennan 2006). The advantages of using propane as a potential 

source of single cell protein or other high value metabolic intermediates are the cost, 

availability, and prevalence of microbes able to use propane (Perry 1980). Propane has 

low solubility (although more than other gaseous alkanes) in water, which would allow 

unused substrate to be easily recycled back into the fermentation system; however, as 

oxygen is required for microbial growth, the combination of propane and oxygen poses a 

safety challenge (Perry 1980).  

Several microorganisms belonging to the actinomycete group, such as 

Corynebacterium, Mycobacterium, Nocardia, and Rhodococcus, have been shown to 

utilize n-alkanes (Shennan 2006). Tanaka et al. (1973) showed the utilization of ethane, 

n-butane, and propane as sole carbon sources for the growth of Nocardia paraffinica 

(ATCC 21198, now Rhodococcus rhodochrous). Recently, R. rhodochrous was found to 

be oleaginous, being able to accumulate over 50% of cell dry weight as lipids when 

grown on glucose as a sole carbon source (Shields-Menard, Amirsadeghi et al. 2015). 

Despite the well-documented ability of R. rhodochrous to grow on gaseous 

hydrocarbons, the ability for R. rhodochrous to accumulate lipids on alternative and 

waste carbon sources, such as gaseous hydrocarbons, is not well understood. 

Natural gas is often a waste byproduct of oil refining and has potential as a low-

cost, plentiful substrate for microbial conversion to food or commercially relevant 

chemicals. This study aimed to gain insight in the lipid accumulation capabilities of R. 

rhodochrous when grown on propane as a sole carbon source. R. rhodochrous was grown 
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on agar and broth in prescription bottles flushed with a gas mixture of propane, oxygen 

and carbon dioxide. Growth was observed in both broth and agar cultures of R. 

rhodochrous grown solely on propane; however, lipid accumulation was minimal. In this 

report, we show detailed methodology intended to gain a preliminary understanding of 

the utilization of propane to yield valued products by an oleaginous bacterium. 

6.3 Methods 

6.3.1 Culture Conditions 

Rhodococcus rhodochrous (American Type Culture Collection #21198) glycerol 

stocks, stored at -80C were used to inoculate a starter culture. Experiments were 

conducted first, to observe the growth of R. rhodochrous on propane and to identify 

potential conditions for lipid accumulation and second, to determine propane utilization 

and analyze the associated lipids accumulated in the presence of propane. 

6.3.2 Experimental Set-up 

To determine if R. rhodochrous could use propane as the sole carbon source, three 

prescription bottles (10.16 cm x 6.35 cm) containing 30mL of minimal salts medium 

(Sorkhoh, Ghannoum et al. 1990) were inoculated with 1mL of R. rhodochrous stock 

culture. The prescription bottles were sealed with rubber stoppers and flushed for 

approximately 1 minute with a gas mixture of 65% propane, 30% oxygen, and 5% carbon 

dioxide (Figures 6.1, 6.2; French 2000). The gas mixtures were sterilized using a sterile 

glass syringe packed with glass wool. The starter cultures were incubated at 30C in a 

shaking incubator at 125 rpm (New Brunswick Scientific Model I26, Edison, New 

Jersey) and observed daily for increased turbidity. After four days the bottles were 
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flushed again for one minute with the gas mixture to ensure a source of carbon and 

oxygen. Seven days after the initial inoculation, cells were collected in a tube, centrifuged 

for 15 minutes at 2825 x g, resuspended in fresh media, and flushed again with the gas 

mixture. Starter cultures were flushed with the gas mixture and resuspended in fresh 

media once more before the start of the experiment. 

Figure 6.1 R. rhodochrous starter cultures were grown in Sorkhoh media with propane 
as the sole carbon source. 

Prescription bottles were incubated at 30C with 125rpm agitation. Photo shows cultures 
immediately after inoculation with freezer stocks. 
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Figure 6.2 R. rhodochrous cultures were flushed with a gas mixture of approximately 
65% propane, 30% oxygen, and 5% carbon dioxide for 1 minute. 

A sterile needle was used to vent the headspace as the gas mixture flowed through a glass 
wool stuffed glass syringe. 

Minimal salts agar, made by adding 10g/L agar to minimal salts media (Sorkhoh, 

Ghannoum et al. 1990), was autoclaved and 30mL of liquid agar was transferred to sterile 

prescription bottles and placed flat side down to cool (Figure 6.3). To promote lipid 

accumulation, 11 bottles had agar containing limited nitrogen (0.45g/L NaNO3) and 

another 11 bottles had agar containing normal nitrogen (0.9g/L NaNO3) concentrations. 

Each bottle was inoculated with 2 mL of starter culture to coat the surface of the agar and 

flushed for 1 minute with the gas mixture. The bottles were flushed again after 4 days of 

growth. Seven days post initial inoculation, the cells were harvested by washing the agar 

surfaces with phosphate buffer solution (PBS). The washings from all 11 prescription 

bottles of either limited nitrogen or normal nitrogen concentrations were combined so 

that enough dry cell mass was available for lipid extractions as previously described 

123 



 

 

 

 

  

 

  

 

 

 

 

   

  

 

   

(Shields-Menard et al. 2015). Headspace samples were not measured during this 

experiment. 

6.3.3 Experimental Set-up for Lipid analysis 

The second study aimed to determine utilization of propane and to analyze the 

associated lipid accumulation. To ensure a starter culture with a high cell density, we 

transferred a frozen stock to glucose-supplemented medium and incubated at 30C for 72 

hours in a shaking incubator at 125 rpm (New Brunswick Scientific Model I26, Edison, 

New Jersey). The starter culture was resuspended in fresh media and distributed evenly 

(30mL per bottle) into prescription bottles, which were then sealed with rubber stoppers 

and flushed for 1 minute with the gas mixture as previously described. The cells were 

resuspended with fresh media 4 days later and flushed again with the gas mixture. Seven 

days post initial inoculation, the starter culture was used to inoculate a series of 

prescription bottles: 20% (v/v) inoculum in Sorkhoh broth and 2 mL to coat the surface 

of Sorkhoh agar. We used 3 prescription bottles for each control and 4 for the 

experimental treatment containing Sorkhoh broth media: glucose supplemented (20g/L), 

no propane, with R. rhodochrous (Biotic control); propane without R. rhodochrous 

(Abiotic control); and Propane with R. rhodochrous. We used 3 prescription bottles for 

each control and 4 for each experimental treatment containing Sorkhoh agar media: 

glucose-supplemented, no propane, with R. rhodochrous (biotic control); propane without 

R. rhodochrous (abiotic control); R. rhodochrous with no propane; and propane with R. 

rhodochrous. All cultures were incubated for 72 hours at 30C in a benchtop incubator 

(bottles with agar; Fisher Scientific Isotemp Incubator Model 637D, Pittsburgh, PA) or a 
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shaking incubator at 125rpm (bottles with broth; New Brunswick Scientific Model I26, 

Edison, New Jersey). Cells from each treatment were combined into one sample and 

freeze dried for lipid analysis. 

6.3.3.1 Growth analysis 

A random bottle of each treatment of broth containing bottles was analyzed using 

1.5 mL of broth taken using a sterile 22-gauge needle and syringe. Optical density was 

measured daily using a GENSYS 20 spectrophotometer at 595nm (Thermo Scientific, 

model 4001/4). 

6.3.3.2 Lipid analysis 

Lipids were extracted from a freeze-dried pellet using modified Bligh and Dyer 

(Bligh and Dyer 1959) method as previously described (Revellame, Hernandez et al. 

2012). The extracted lipids were then transesterified and fatty acid methyl esters 

(FAMEs) were analyzed using an Agilent 6890N gas chromatograph with a flame-

ionization detector (GC-FID; Agilent Technologies Inc., Wilmington, Delaware) with a 

Zebron ZB-FFAP column (30 m x 0.25mm, film thickness 0.25 um). The method used an 

oven temperature of 50-250C with a rate of 10C per minute. The carrier gas, helium, 

had a flow rate of 1.5 mL per minute and the detector temperature was 260C. A standard 

solution of known concentrations of C9-C24 FAMEs (Sigma) and an internal standard 

was used to calibrate the instrument. Mean and standard deviations of triplicate injections 

of each are reported. 
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6.4 Results and Discussion 

Prescription bottles with agar surfaces were used to evaluate the growth of R. 

rhodochrous when a gas mixture of propane was used as the sole carbon source. After 4 

days growth of R. rhodochrous was observed on the agar surfaces (Figure 6.3). The 

bottles were then flushed with more gas to promote lipid accumulation and then cells 

were harvested on day 7 (Figure 6.3). Lipid accumulation by oleaginous microbes occurs 

in culture conditions of excess carbon and limited nitrogen (Wynn and Ratledge 2005). 

We used the normal concentration of nitrogen, which has previously shown over 50% 

lipid accumulation (Shields-Menard, Amirsadeghi et al. 2015), as a control and used a 

limited concentration of nitrogen to determine if lipid accumulation might be stimulated 

faster. Nitrogen depletion has been previously shown to occur after 24 hours of 

cultivation, followed by lipid accumulation using the excess glucose in the medium 

(Shields-Menard, Amirsadeghi et al. 2015). To ensure propane utilization for lipid 

accumulation and to ensure an excess of propane was still available, we limited the 

nitrogen for some prescription bottles so that lipid accumulation would ideally occur 

without a lag time. While growth was observed visually (Figure 6.3), the data are 

inconclusive if there was an actual difference in cell dry weight or lipid yield in regard to 

nitrogen concentration (Figure 6.4). Furthermore, nitrogen concentration was not 

determined in this study and bioavailability of nitrogen could be a limitation when R. 

rhodochrous is grown on agar surfaces. Nevertheless, a total of 145 mg of cell dry weight 

was achieved when R. rhodochrous was grown on propane as the sole carbon source 

(Figure 6.4). 
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Figure 6.3 R. rhodochrous was grown on agar surfaces in prescription bottles flushed 
with a propane gas mixture as the sole carbon source. 

Growth is observed by day 4 and bottles were again flushed with the gas mixture. More 
growth was observed at day 7 and cells were harvested for analysis. 

Tanaka et al. (1973) cultured a closely related Nocardia strain on propane as a 

sole carbon source and yielded 10mg/mL, which would be considerably higher than what 
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we have previously determined when R. rhodochrous was grown in glucose-

supplemented media (5-7g/L) suggesting that propane can be used as a sole carbon 

source for growth and might have potential to yield a larger biomass than other 

substrates.  

Figure 6.4 R. rhodochrous total cell dry weight (g; CDW) and percent (g/g) lipid of 
CDW of prescription bottle cultures grown on propane as a sole carbon 
source. 

Cells from each treatment were pooled together for one analysis of CDW and lipid 
extraction. Agar was made using Sorkhoh media with normal nitrogen concentrations 
(0.9g/L) or limited nitrogen conditions (0.45g/L). 

This study also aimed to investigate any associated lipid accumulation when R. 

rhodochrous was grown on propane as a sole carbon source. R. rhodochrous was again 

grown in prescription bottles with no carbon source (agar alone) or with glucose or 

propane as the sole carbon source. Broth cultures of similar conditions were also 

conducted to analyze any changes in absorbance. R. rhodochrous grown in glucose 

showed a similar increase in absorbance to previous experiments and when grown in 

propane, R. rhodochrous showed a trend of increasing absorbance (Figure 6.5), 

suggesting growth could occur when propane was used a sole carbon source, though 
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considerably less than when grown on glucose. When grown on propane and in broth, R. 

rhodochrous achieved less than 1g/L of CDW, considerably lower than results reported 

by Tanaka (Tanaka, Kimura et al. 1973), compared to over 6g/L when grown on glucose 

(Table 6.1). Figure 6.6 shows the observable differences in cell mass when grown on 

glucose-supplemented agar versus propane. After three days of cultivation, cells were 

harvested for analyses (Figure 6.6). Interestingly, aside from the glucose controls, lipid 

yield was 16% w/w when R. rhodochrous was grown on just agar without any 

supplementary carbon source (Table 6.1). Less than 7% of lipid to cell dry weight was 

achieved when R. rhodochrous was grown on propane as a sole carbon source (Table 

6.1). 

Figure 6.5 Absorbance (595nm) of R. rhodochrous prescription bottle broth cultures 
grown on propane or 20g/L glucose as a sole carbon source. 

One sample was measured daily from random prescription bottles of each treatment. 
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Figure 6.6 R. rhodochrous was grown on agar surfaces in prescription bottles 
supplemented with glucose or flushed with a propane gas mixture as the 
sole carbon source. 

Growth was observed by 72 hours post-inoculation and cells were harvested for analysis. 

Table 6.1 R. rhodochrous cell dry weight (g/L; CDW) and percent (g/g) lipid of 
CDW of prescription bottle agar and broth cultures grown on glucose or 
propane as a sole carbon source.  

Cells from each treatment were pooled together for one analysis of CDW and lipid 
extraction. 

Propane utilization by microbes requires a monooxygenase to incorporate one 

atom of oxygen into the hydrocarbon (Shennan 2006). R. rhodochrous has been shown to 

possess several monooxygenases capable of assimilating propane and other alkanes 
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(Babu and Brown 1984, MacMichael and Brown 1987, French 2000). However in this 

study, there is no conclusive reduction in propane amounts in culture bottles. 

Furthermore, lipid yield was low when R. rhodochrous was grown on propane as a sole 

carbon source (Table 6.1). While rubber stoppers were used to ensure propane remained 

in the bottles, treatments without propane as a sole carbon source, such as the agar 

control, did not have stoppers, which may have influenced oxygen concentrations. If 

oxygen was limited in the presence of propane, then propane utilization by R. 

rhodochrous would have also been limited. Further work is necessary to determine best 

practices for ensuring gas mixing and availability. 

FAME analysis revealed the prevalence of stearic acid methyl ester in cultures 

with propane as the sole carbon source and a large amount of unknowns when R. 

rhodochrous was grown on agar with propane (Figure 6.7). The slight increase in lipid 

yield of R. rhodochrous grown on agar versus broth with propane as the sole carbon 

source might be indicative of R. rhodochrous utilizing propane for lipid accumulation, 

which has been shown in other organisms to promote the accumulation of odd-chain fatty 

acids (Perry 1980), which are identified as “unknowns” by our procedures. When R. 

rhodochrous was grown on agar with no carbon source, we observed only palmitic and 

erucic acid methyl esters. This may be a result of losing a small amount of lipid 

extractables during processing or it might indicate that neutral lipids were not prevalent 

and the lipid extraction primarily pulled some of the membrane lipids, which show a 

prevalence of saturated fatty acids. Further work is necessary to achieve higher lipid 

yields that would provide sufficient samples for profiling the lipid classes present during 

growth on hydrocarbon gasses. 
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Figure 6.7 FAME profile of R. rhodochrous grown on propane as a sole carbon 
source. 

FAME profile of R. rhodochrous starter culture (time 0 inoculation) and at 72 hours after 
growth in prescription bottles with glucose or propane as a sole carbon source. R. 
rhodochrous was also grown on agar (Agar) in a prescription bottle without any 
supplementation of carbon sources. 
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CHAPTER VII 

CONCLUSIONS 

The increasing global demand for liquid energy requires investigation and 

development of alternative fuels while also mitigating rising environmental concerns. 

The volatile oil market, energy security, and greenhouse gas emissions have led the 

United States to implement renewable fuel policies with a research focus on novel 

substrates that can be repurposed as fuel. Oleaginous microbes can accumulate lipids 

intracellullarly when grown on various carbon substrates and are relevant towards the 

advancement of biodiesel feedstocks as well as the displacement of other petroleum-

based products. Rhodococcus rhodochrous belongs to a well-described oleaginous group 

and has been studied for its degradation capabilities. This dissertation aimed to 

investigate the ability of R. rhodochrous to accumulate lipids when grown on waste or 

alternative carbon sources. 

Bacteria belonging to the actinomycete group have been shown to accumulate 

lipids when grown in various substrates. The central hypothesis of this dissertation was 

that R. rhodochrous accumulates lipids when grown in glucose-supplemented media. In 

chapter II of this dissertation, we reported the genome sequence of R. rhodochrous 

ATCC 21198, which provided insight into a diverse metabolism with predicted genes 

involved in degradation and lipid accumulation. In chapter III it was reported that R. 

rhodochrous is an oleaginous bacterium, accumulating over 50% of cell mass as lipid 
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when grown using glucose as a carbon source. The lipid profile revealed the presence of 

phospholipids, mono-, di-, and triglycerides, and wax esters and the fatty acid methyl 

ester profile showed a prevalence of palmitic and oleic methyl esters, consistent with the 

characteristics of other oleaginous Rhodococcus species. 

Lignocellulosic biomass, composed of lignin, cellulose, and hemicellulose, is an 

abundant and renewable resource and offers great potential as a substrate for microbes. 

After pretreatment of lignocellulosic biomass, the hydrolysate contains sugars (glucose 

and xylose) and inhibitory compounds such as acetic acid, furfural, and phenolics. In 

chapter IV, R. rhodochrous was studied using xylose as a carbon source and the effects of 

acetic acid and furfural on growth and lipid yield. Acetic acid and furfural were not 

inhibitory, although lipid yields were slightly reduced. R. rhodochrous was unable to 

consume xylose for growth or lipid accumulation. In chapter V, phenol was consumed by 

R. rhodochrous, but lipid accumulation was not observed, suggesting that perhaps more 

carbon was necessary to promote lipid accumulation. When R. rhodochrous was grown in 

phenol supplemented with glucose, there was delayed lipid accumulation compared to the 

glucose control. Proteomic analyses identified an abundance of phenol degradation 

enzymes present in cultures containing phenol and glucose with phenol as well as an 

abundance of enzymes involved in lipid synthesis and the central metabolism of R. 

rhodochrous. Model phenolic lignin compounds, VA and HBA, were consumed after 20 

hours of cultivation and did not inhibit or affect growth or lipid accumulation by R. 

rhodochrous. 

Previous work at Mississippi State University used R. rhodochrous to degrade 

vinyl chloride by first cultivating R. rhodochrous on hydrocarbon gasses, such as 
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propane. The researchers involved in this study observed a waxy sheen of the R. 

rhodochrous colonies when grown on propane. In chapter VI further examine this 

interaction of R. rhodochrous with propane to determine if these conditions favor lipid 

accumulation. This was a preliminary study to determine best practices for future 

experimental design and to observe growth and any associated lipid accumulation by R. 

rhodochrous. While this study did not observe as much growth or lipid accumulation by 

R. rhodochrous grown on propane compared to glucose, this study was able to identify 

and trouble-shoot limitations associated with hydrocarbon gas cultivation. 

Collectively, the data support the ability of R. rhodochrous to tolerate and use 

unconventional carbon sources for growth and lipid accumulation. This study provided 

evidence of the oleaginicity of R. rhodochrous when grown on glucose and model 

lignocellulosic components. We further showed the growth of R. rhodochrous on 

propane, but were unable to achieve lipid accumulation. Future work should aim to 

optimize conditions for maximum lipid yield and investigate other bioproducts, such as 

carotenoids, that may be of commercial value. 
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