
 

 

AN ABSTRACT OF THE THESIS OF 

 
Jill E. Schrlau for the degree of Master of Science in Environmental Engineering 

presented on September 20, 2016. 

 

Title:  Transformation of Phenanthrene by Mycobacterium sp. ELW1 and the 

Formation of Toxic Metabolites. 

 

 

 

Abstract approved: 

_____________________________________________________________________ 

Lewis Semprini      Staci Simonich 

 

 

 

The ability of Mycobacterium sp. ELW1, a novel microbe capable of alkene 

oxidation, to co-metabolize phenanthrene (PHE) was studied. ELW1 was able to 

completely co-metabolize PHE, at different concentrations below its water solubility 

limit, in an aqueous environment. The alkene monooxygenases in ELW1, used to 

initiate oxidation of PHE, were effectively inhibited by 1-octyne despite some PHE 

transformation observed. PHE metabolites consisted of only hydroxyphenanthrenes 

(OHPHEs) with trans-9,10-dihydroxy-9,10-dihydrophenanthrene (trans-9,10-PHE), 

the primary product, comprising more than 90% of the total metabolites formed in 

both PHE-exposed cells and 1-octyne controls. Mass balance was estimated by 

summing the zero-order formation rates of OHPHE metabolites and comparing these 

to the zero-order transformation rates PHE in PHE-exposed cells. The transformation 

rates of PHE and were in good agreement with the formation rates of the metabolites. 

PHE transformation followed first-order rates that, when normalized by biomass, 

were in the range of those estimated by the ratio of the Michaelis-Menten kinetic 



 

 

variables of maximum transformation rate (kmax) to the half-saturation constant (KS). 

Estimated values for kmax to KS obtained through both non-linear and linearization 

methods resulted in kmax/KS estimates that were a factor of ~3 lower compared to 

experimental values. Both experimental and estimated values of kmax, KS, and kmax/KS 

were 2-3 magnitudes lower than literature values determined for microbes other than 

Mycobacterium sp. using different models that incorporated additional parameters. 

OHPHE standards, including 1-hydroxyphenanthrene (1-PHE), 3-

hydroxyphenanthrene (3-PHE), 4-hydroxyphenanthrene (4-OHE), 9-

hydroxyphenanthrene (9-PHE), and 1,9-dihydroxyphenanthrene (1,9-PHE), were 

developmentally toxic to embryonic zebrafish. However, PHE and trans-9,10- PHE.  

were not toxic. OHPHE metabolite mixtures formed by ELW1 were also tested for 

toxicity using embryonic zebrafish. The embryonic zebrafish were exposed to 

OHPHE metabolite mixtures that were at least 1.5 times less than the concentration 

need to elicit a toxic response. However, toxicity was observed in the two latest time 

points, 76 and 122 hr, in PHE-exposed cells. The toxicity may have been caused by 

an unidentified toxic metabolite. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Polycyclic Aromatic Hydrocarbons (PAHs) 

Polycyclic aromatic hydrocarbons (PAHs) are compounds comprised of two 

or more fused benzene rings that form during the incomplete combustion of organic 

substances from both natural and anthropogenic sources.
1
 PAHs are found in asphalt,

2
 

crude oil,
3
 coal tar,

4-6
 and creosote.

7,8
 Unsubstituted PAHs, commonly referred to as 

parent PAHs, vary in levels of toxicity, genotoxicity, mutagenicity and/or 

carcinogenic properties.
9
 Low molecular weight (LMW) PAHs are those comprised 

of 2-3 rings and tend to be acutely toxic.
10

 While high molecular weight (HMW) 

PAHs, structure with 4 or more rings, are both carcinogenic and genotoxic.
10,11

 Many 

PAHs are considered to be probable or possible human and animal carcinogens by the 

International Agency for Research on Cancer (IARC) and also probable human 

carcinogens by the U.S. EPA Integrated Risk Information System.
9,12

 Due to their 

ubiquity and known toxicity, The U.S. Environmental Protection Agency (EPA) 

includes 16 PAHs on their Priority Pollutant List.
13

  

Once released into the environment, PAHs partition to different environmental 

compartments based on the compounds’ physical chemical properties, including 

vapor pressure, water solubility, and the preferential accumulation between any two 

environmental compartments described by partition coefficients. The octanol-air 

partition coefficient, KOA, describes the accumulation potential of PAHs to terrestrial 

surfaces, such as soil or vegetation, compared to the atmosphere.  The octanol-water 

partition coefficient, KOW, describes the affinity of PAHs to sediment or aquatic life 
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compared to water. Finally, the partitioning of PAHs between the aqueous phase and 

the atmosphere is described by Henry’s Law Constant. As the number of rings for 

unsubstituted PAHs increase, vapor pressure and water solubility of PAHs decrease 

and their affinity to organic and lipophilic surfaces increase (Appendix A.1). Based 

on discharge data and physical chemical properties, PAH accumulation preferentially 

occurs in soil compared to other environmental compartments,  including the 

atmosphere, inland water, sediments (fresh water only), vegetation, waste residue, 

and land biota.
14

 

1.2 Remediation Technologies for PAHs 

Many remediation technologies focus on removal of PAHs in soil due to their 

elevated accumulation in this compartment.
14

 A thorough review of PAH remediation 

technologies has been published by Gan et al. (2009).
15

 Briefly, these technologies 

include solvent extraction, thermal technologies, chemical oxidation, and 

bioremediation. Solvent extraction uses a fluid, such as solvents, mixture of solvents, 

surfactants, biodegradable agents, supercritical fluid, and subcritical fluid, to desorb 

PAHs from soil particles into the extraction fluid which is then separated from the 

soil. In thermal treatment, heat (870 to 1200
o
C) is used to destroy or volatilize PAHs 

in soil. This technique often requires additional pollution control devices to control 

greenhouse gases produced during the process.
15

 Chemical oxidation uses oxidation 

reactions to degrade PAHs. Common chemical oxidants used include Fenton’s 

reagent, ozone, peroxy-acid, potassium permanganate, hydrogen peroxide, and 

activated sodium persulphate.
15

 Bioremediation is the natural degradation of 

contaminants using organisms either in the presence of oxygen (aerobic) or without 
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oxygen (anaerobic). This thesis focuses on the use of aerobic microbial 

bioremediation of a single PAH, phenanthrene. 

1.3 Aerobic Microbial Bioremediation  

Several bioremediation strategies use aerobic microbes in either pure or mixed 

populations. These strategies include utilizing naturally-occurring microbial 

populations, biostimulation, and bioaugmentation in situ and/or ex situ. 

Biostimulation is the stimulation of naturally-occurring microbial communities 

through the modification of the environment by the addition of limiting agents like 

nutrients (N, P, C, and O) and pH using fertilizers, various types of composts, and 

tilling.
15-21

 When endogenous bacteria are unable to degrade PAHs, the contaminated 

soil may undergo bioaugmentation through the addition of specific exogenous 

bacteria in situ and/or ex situ.
22,23

 Once a contaminated site, or bioreactor, has been 

bioaugmented, biostimulation strategies may also be employed.  

Several studies, utilizing these aerobic bioremediation strategies, have been 

conducted on the bioremediation of parent PAHs. Plant-based compost and slow 

release fertilizers were used as a biostimulant in PAH contaminated soil which 

resulted in increased removal rates of PAHs and improved meiofauna diversity.
16-18,21

 

Biostimulated soil from an oil well contaminated with total petroleum hydrocarbons 

(TPHs) showed a 60% removal after 10 weeks.
24

  Bioaugmentation was performed in 

a comparative study by Festa et al. where soil was spiked with phenanthrene, a 3-

ringed parent PAH, and  was bioaugmented with a bacterial consortium, as well as 

with an isolated Sphingobuim sp. strain.
23

 Although both bioaugmented scenarios 

resulted in complete removal of phenanthrene after 63 days, Sphingobuim sp. was 
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able to degrade 75% of phenanthrene in 7 days compared to the consortium which 

removed 58% 
22

. The combination of both biostimulation and bioaugmentation on 

PAH removal has also been studied.
17

 Mesocosm studies of bioaugmented and 

biostimulated sediments showed possible competition between endogenous and 

exogenous microbial populations, however this did not result in a difference in the 

removal rate of phenanthrene compared to biostimulated only sediments.
17

 

Singularly, or in combination, biostimulation and bioaugmention are promising 

bioremediation techniques for PAHs. 

1.4 Transformation, Biodegradation, and Co-metabolism 

Terms for different biodegradation processes are often used interchangeably 

in scientific literature. For the purpose of this thesis, transformation will refer to the 

general degradation of contaminants by microbial populations. Biodegradation will 

refer to the ability of a microbial population to utilize a contaminant as an energy 

source through the incorporation of carbons to form new biomass, and ultimately 

mineralize a contaminant to water and oxygen.  

There are many different processes that occur during the transformation of a 

contaminant by a microbial population. In aerobic biodegradation, oxygen is used as 

an electron acceptor, while in anaerobic biodegradation, nitrate, sulfate, iron, 

manganese, carbon dioxide, and even the contaminant itself (during fermentation) are 

used as electron acceptors.
15

 Some microbes are only able to utilize a contaminant as 

a growth substrate until a certain metabolite is formed and then, due to a lack of 

necessary enzymes, it is no longer able to transform it further.
25

 Co-metabolism is 

another possible process and occurs when a contaminant is transformed in the 
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presence of a growth-substrate through enzymes that are stimulated within the cell or 

released by cells during energy consumption.
26

 These processes, either independently 

or combined, determine the ability of a microbe or microbial population to 

biodegrade a contaminant. 

1.4.1 Transformation Limitations for PAHs 

There are several limiting factors affecting the ability of PAHs to undergo 

transformation or biodegradation. First, the PAH must be able to interact with 

enzymes within the microbial cell, or those that are bound to the surface of the cell, 

that are responsible for degradation or co-metabolism.
27

 This requires the PAH to be 

solubilized in the region near the cell. PAHs have a low solubility in water, with 

ranges from 0.00019 to 30 g m
-3

 at 25
o
C (Appendix A.1), and a strong affinity to 

organic matter.
28

 Because of these physical chemical properties, PAHs have limited 

bioavailability and are less likely to have access to a cell than other more polar and 

water-soluble contaminants.
27

 Second, to enter the cell, a PAH has to undergo passive 

transport from the water surrounding the cell to the cell membrane.
27

 Passive 

transport is driven by the concentration gradient between the outside and inside of the 

cell.
28

 Low bioavailability results in a small concentration gradient and, therefore, the 

driving force behind the transport is small but still occurs.
27

 Third, for the degradation 

of a PAH to be initiated, either through direct metabolism or co-metabolism, the 

necessary enzymes must be present and expressed, and is heavily dependent on the 

genetic composition of the cell.
27

 Finally, after the expression of the necessary 

enzymes, ring-hydroxylating monooxygenases or dioxygenases are required to 

initiate the first oxidation step.
27

 After the first step, continued enzymatic breakdown 
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of a PAH relies on the ability of the cell to form new, structurally-dependent enzymes 

to complete ring-cleavage and additional oxidation steps. 

1.4.2 Enzymatic Processes for the Biodegradation or Co-metabolism of PAHs 

 Bacteria contain highly diverse and selective oxygenases or hydroxylases that 

are utilized during aerobic metabolic processes (biodegradation).
11

 An example of 

these reactions is shown in Figure 1.1. The initial step in the metabolic degradation of 

PAHs requires ring-hydroxylating oxygenases (RHOs), either as monooxygenases 

(RHMs) or dioxygenases (RHDs), during which one or two hydroxyl groups are 

introduced at regiospecific and stereoselective carbon atoms (Figure 1.1).
11

 When a 

dioxygenase is used, either a cis- or trans-dihydrodiol is formed. The selection of the 

activation site is determined by the shape of the enzyme that influences the 

orientation of the PAH and the accessibility to carbons to undergo hydroxylation.
29,30

 

Different dihydrodiols may be formed depending on RHDs available within bacteria 

and these starting products determine the resulting metabolic pathway.
 29,30

 

After the PAH is hydroxylated, another important class of oxygenases, ring 

cleavage dioxygenases (RCD), is required for PAH degradation (Figure 1.1).
11

 

Dihydrodiols (like those discussed above) undergo dehydrogenation to form PAH-

diols using dihydrodiols dehydrogenases (DHDGs).
11

 RCDs, more specifically either 

meta- or ortho-cleavage (RCD1 or RCD 2), interact with PAH-diols and open the ring 

forming ring cleavage products based on the type of dioxygenase and structure of the 

PAH-diol. Further degradation of these products is a result of the presence of 

additional dehydrogenases eventually forming one of two types of ring cleavage 
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intermediates: salicylate-type or phthalate-type. Each of these types has several 

break-down pathways depending on the enzymes available. 

Co-metabolism of PAHs occurs through the broad specificity of RHOs. 

Pseudomonas sp. NCIB 9816 contains a naphthalene dioxygenase that hydroxylates 

50 aromatic compounds except for HMW PAHs.
31

 Pseudomonas aeruginosa strain 

PAO1 encoded with plasmid NAH7 was able to express naphthalene dioxygenase 

genes capable of oxidizing acenaphthene, acenaphthylene, and fluorene.
32

 

Sphingomonas sp. strain LH128, with the dioxygenase complex, phnA1 fA2f, 

metabolizes phenanthrene and also oxidizes LMW PAHs, dibenzo-p-dioxin, and 

select HMW PAHs.
33

 Similarly, Sphingomonas sp. strain CHY-1 utilizes RHD ht-

PhnI to metabolize chrysene and initiates hydroxylation of LMW and HMW PAHs.
34

 

Mycobacterium sp. strain AP1 biomineralizes pyrene, phenanthrene, fluoranthene, 

and hexadecane, while also transforming acenaphthene, fluorene, and naphthalene, 

but not anthracene.
35

  Each microbial species have different co-metabolism 

capabilities based on their RHOs.  
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Figure 1.1. Example of PAH oxidation by aerobic bacteria using phenanthrene from Mallick et al.
11
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Variations of transformation rates during co-metabolism reactions are 

expected due to competitive interactions between the substrate and other PAHs with 

RHOs. For example, Sphingomonas sp. strain PheB4 utilizes phenanthrene as a sole 

carbon and energy source and co-metabolizes pyrene and fluoranthene.
36

 The 

degradation of phenanthrene, and the formation of phenanthrene metabolites, were 

inhibited by the presence of both pyrene and fluoranthene, indicating the occurrence 

of competitive inhibition for substrate utilization. Competition between PAHs in 

mixtures for microbial enzymes is an important effect to consider because of the 

variations in transformation rates. 

Growth substrates often promote the activation of different RHOs in 

microbes, which may not otherwise be present. Mycobacterium sp. strain 6PY1 has 

two RHDs, Pdo1 and Pdo2, responsible for the biomineralization of pyrene and 

phenanthrene.
37

 Pdo1 is activated in cells grown on benzoate, phenanthrene, or 

pyrene, but not on acetate, while Pdo2 is only activated in cells grown on PAHs. The 

extensively researched PAH-biomineralizing Mycobacterium sp. strain PYR-1 has 

two RHO enzymes NidAB and NidA3B3.
38

 Substrate specificity of NidAB did not 

show hydroxy, dihydrodiol, or dihydroxy metabolite formation, when exposed to 

toluene, m-xylene, phthalate, and biphenyl substrates. However, diol and dihydrodiol 

metabolites were formed when NidAB was incubated with dibenzothiophene, 

naphthalene, phenanthrene, and other LMW and HMW PAHs. Results for Nid A3B3 

were similar, however benzyl alcohol was formed from toluene and 3-methylbenzyl 

alcohol was formed from m-xylene, as well as different isomers of PAH metabolites. 

Mycobacterium aromativorans JS19b1 cells grown in the presence of phenanthrene 
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contained phenanthrene degradation enzymes but these enzymes were not present in 

cells grown in nutrient broth and glucose.
39

 Stimulation of certain RHOs may be 

possible in some microbes to increase transformation of specific contaminants. 

Since substrate specificity promotes the activation of RHOs, and the structures 

of metabolites are determined by the RHOs that formed them, substrate specificity 

leads to the selectivity of metabolite formation.
40

 Often, one isomer is produced in a 

higher ratio compared to other isomers. The RHD naphthalene 1,2-dioxygenase from 

Pseudomonas sp. NCIB 9816 formed (3S, 4R)-dihydroxy-3,4-dihydrophenanthrene 

with 90% selectivity from the co-metabolism of phenanthrene.
30

  Mycobacterium sp. 

strain PYR-1, with enzyme NidA3B3, formed 3,4-, 9,10-, and 1,2-cis-dihydrodiol 

phenanthrene in a 2:1:1 ratio from phenanthrene.
41

 RHOs determine the metabolite 

structure of the initial oxidation of the parent PAH. 

In general, RHOs have a broad spectrum of PAH transformation capabilities 

and can be summarized by several properties.
40

 First, one RHO has the ability to 

initiate oxidation on several different PAHs.
30,40

 Second, the activity of RHOs varies 

depending on the PAH.
36,40

 Third, different RHOs have different substrate 

specificities.
38,40

 Classification of RHOs, based on these three properties, will 

enhance understanding behind biodegradation and co-metabolism capabilities. 

1.4.3 Toxicity of PAH Metabolites 

As mentioned previously, the extent to which bacteria are able to transform, 

biodegrade, or co-metabolize PAHs is dependent on the presence of specific enzymes 

present within the cell. Some bacteria are only able to degrade PAHs to a certain 

structure, causing an accumulation of PAH metabolites which may be more toxic than 
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the parent PAHs.
42-46

 The toxicity of PAH metabolites have been evaluated after 

bioremediation of single PAHs.
46-48

 Seedlings of sorghum and alfalfa were negatively 

affected by toxic phenanthrene degradation products formed by a rhizosphere 

microbe culture.
46

  Mutagenicity of phenanthrene and its k-region (Appendix B1) 

derivatives was investigated using Salmonella typhimurium strains TA1535, TA 

1537, TA1538, TA98, and TA100.
47

 Phenanthrene showed no mutagenic potential 

but 9-hydroxyphenanthrene (9-PHE) and 9,10- mutagenic and 9,10-

dihydroxyphenanthrene (9,10-PHE) and 9,10-phenanthrenequinone were both toxic 

and not mutagenic.
47

 Other metabolites, such as cis- and trans-dihydroxy-9,10-

dihydrophenanthrene, showed weak mutagenicity in only one of the Salmonella 

strains.
47

 One study observed that a mixture of unidentified PAH metabolites formed 

during biodegradation of single PAHs, pyrene, fluoranthene, and phenanthrene, by 

Mycobacterium sp. SNP11 was less toxic compared to the parent PAHs.
48

  

The toxicity of metabolites formed from bioremediation of two or more PAHs 

has also been studied.
45,49-51

 For example, in bioremediated coal tar-contaminated soil 

from a manufactured gas plant, unknown PAH metabolites showed statically 

significant increases in developmental toxicity in zebrafish and in genotoxicity using 

the DT40 bioassay.
45

 Toxicity studies involving PAH mixtures, and their metabolite 

mixture, have attempted to describe the toxicological result of a mixture in terms of 

an additive effect, the sum of the toxicity of the individual compounds, or antagonist 

effect (also referred to as sub-additive or subtractive), less than the expected toxicity 

if the effects were additive. Conclusions have been inconsistent and PAH mixtures 

produce both additive
51-54

 and sub-additive
50,55-57

 toxicological responses. 
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1.4.4 Transformation, Biodegradation, or Co-Metabolism of Phenanthrene 

Many laboratory studies have used phenanthrene to study the ability for 

microbes to degrade PAHs. Phenanthrene is commonly described as a prototype 

PAH, due to the replication of its 3-ring structure throughout higher-ringed, more 

carcinogenic, PAHs such as benzo[a]pyrene.
58-60

  Phenanthrene is also used a as a 

model PAH for metabolism studies because its bay-region and K-region (Figure B1) 

lead to the possible formation of more carcinogenic PAHs
47,61

 in addition to modeling 

factors affecting microbial degradation (such as bioavailability and degradation 

potential).
58

 Phenanthrene also has a moderate water solubility of 1.2 mg L
-1

 

compared to larger PAHs with solubilities as low as 0.7 ng L
-1

 (benzo[k]fluoranthene) 

(Appendix A.1). 

There have been many studies on phenanthrene alone, as well as part of PAH 

mixtures, using a wide variety of microbial populations. These studies include the use 

of unknown microbial consortia,
17,18,22,23,45,62-68

 mixtures of several known microbial 

species,
60,63,69-71

 and a single, known microbe species.
22,24,46,59,72-82

.  Some strains 

capable of biomineralizing phenanthranene include Acidovorax, Acinetobacter, 

Arthrobacter, Bacillus, Flavobacterium, Mycobacterium, Neptunomonas, Nocardia, 

Pseudomonas, Rhodococcus, Sphingomonas, Streptomyces, and others.
59,83-85

  Co-

metabolism of phenanthrene has been seen in strains belonging to 

Mycobacterium,
10,35,41,86

 Pseudomonas,
30

 Rhodococcus,
10

 and Sphingomonas.
33,34,36,77

 

1.5 Co-metabolism of Phenanthrene by Mycobacterium sp. strain ELW1 

This thesis is focused on the degradation of phenanthrene by Mycobacterium 

sp. strain ELW1 in aqueous systems. ELW1 was isolated from a stream sediment 
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sample cultured with isobutene (2-methylpropene) as the single source of carbon for 

growth and energy.
87

 Classification of ELW is currently in progress by Michael 

Hyman at North Carolina State University but PCR sequencing of 16S RRNA genes 

from ELW1 showed similarities to Mycobacterium sphagni (GenBank accession 

number AB649002), Mycobacterium strain CP-2 (GenBank accession number 

AM056051), Mycobacterium petroleophilum ATCC 21497 (GenBank accession 

number AF480587), Mycobacterium petroleophilum ATCC 21498 (GenBank 

accession number), and Mycobacterium sp. strain TA27 (GenBank accession number 

AB028482). Mycobacterium petroleiphilum, and strain TA27, have known 

hydrocarbon-oxidizing activities.
88

 While ELW1 successively grew on isobutene, 

studies showed growth on 1,2-epoxy-2-methylpropane and cis- and trans-2,3-

epoxybutane. However, growth was not observed for other epoxides, C2 to C5 

alkenes in straight-chain, branched, or chlorinated forms, or C1 to C6 n-alkanes, and 

others.
87

 ELW1 uses a monooxygenase to initiate oxidation of 2-methylpropene at the 

double bond. The ability for ELW1 to degrade many types of contaminants, including 

PAHs, is currently unknown. The ability of ELW1 to utilize isobutene as a growth 

substrate has potential for the in situ stimulation of endogenous microbial populations 

through isobutene and oxygen addition. This may provide for a novel method to 

promote the initial oxidation of PAHs for subsurface bioremediation, through co-

metabolic transformations.  

1.6 Thesis Objectives 

The potential for a novel microbe, Mycobacterium sp. strain ELW1, to 

transform phenanthrene in aqueous media was investigated. Mycobacterium sp. strain 
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ELW1 has genetic similarities to other Mycobacterium strains known to transform or 

biodegrade parent PAHs including 6PY1,
37

 PYR-1,
38

 SNP11,
48

 TA27,
87,88

 and 

petroleiphilum.
87,88

 Therefore, the capability of ELW1 to transform PAHs was of 

interest. An aqueous system was used to optimize the bioavailability of phenanthrene 

and promote microbial degradation.
27

 

The purpose of this study was to 1) determine the rate of phenanthrene 

transformation by ELW1, 2) identify phenanthrene metabolites and determine rates of 

formation for these metabolites by ELW1, 3) use Michaelis-Menten kinetics to model 

experimental data, and 4) characterize the toxicity of phenanthrene metabolites 

formed by ELW1.  
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2.1 Abstract 

Mycobacterium sp. ELW1 was able to co-metabolize phenanthrene (PHE) 

concentrations within its water solubility limit (~2 µmol) by ~48 hours. 

Hydroxyphenanthrene (OHPHE) metabolites were identified, including 1-

hydroxyphenanthrene (1-PHE), 3-hydroxyphenanthrene (3-PHE), 4-

hydroxyphenanthrene (4-PHE), 9-hydroxyphenanthrene (9-PHE), 9,10-

dihydroxyphenanthrene (1,9-PHE), and trans-9,10-dihydroxy-9,10-

dihydrophenanthrene (trans-9,10-PHE), and quantified over time. PHE 

transformation followed first-order kinetics, as well as Michael-Menten kinetics. 

Experimentally-determined ratio of the maximum rate of substrate utilization (kmax) 

and half-saturation concentration (KS), (kmax/Ks), ranged 0.0019 – 0.0062 and 

estimated kmax/Ks ranged 0.0012-0.0024. Individual OHPHE standards, including 1-

PHE, 3-PHE, 4-PHE, 9-PHE, and 1,9-PHE, were toxic to embryonic zebrafish (Danio 

rerio) with effective concentrations (EC50) ranging 0.5-5.5 µM. PHE and trans-9,10-

PHE were not toxic to embryonic zebrafish. PHE metabolite mixtures formed by 

ELW1 were tested on embryonic zebrafish in a range of concentrations. At the 

highest mixture concentration tested, OHPHE concentrations were at least 1.5 times 

less than the necessary concentration needed to elicit a toxic response based on the 

EC50s from the OHPHE standards. However, a toxic response was observed for PHE-

exposed cells at 76 and 122 hr. The contribution of the toxic metabolites to the 

mixture was similar between collections for both PHE-exposed cells and enzyme-

inhibited cell controls (1-octyne controls). Therefore, the toxic response observed in 

OHPHE mixtures formed at 76 and 122 hr after ELW1 was exposed to PHE may 

have possibly been a caused by an unidentified toxic metabolite. 
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2.2 Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are compounds comprised of two 

or more fused benzene rings that form during the incomplete combustion of organic 

substances from both natural and anthropogenic sources.
1
 PAHs are found in asphalt,

2
 

crude oil,
3
 coal tar,

4-6
 and creosote.

7,8
 Many PAHs are considered to be probable or 

possible human and animal carcinogens by the International Agency for Research on 

Cancer (IARC) and also probable human carcinogens by the U.S. EPA Integrated 

Risk Information System.
9,12

 Due to their ubiquity and known toxicity, remediation of 

PAH-contaminated systems is ongoing. 

Bioremediation is a useful remediation technology because there are many 

strategies, specifically for aerobic systems, including the use of naturally-occurring 

microbial populations, biostimulation, and bioaugmentation in situ and/or ex situ. 

Plant-based compost and slow release fertilizers were used as a biostimulant in PAH 

contaminated soil which resulted in increased removal rates of PAHs and improved 

meiofauna diversity.
16-18,21

 Biostimulated soil from an oil well contaminated with 

total petroleum hydrocarbons (TPHs) showed a 60% removal after 10 weeks.
24

  

Bioaugmentation was performed in a comparative study by Festa et al. where soil was 

spiked with phenanthrene (PHE), a 3-ringed parent PAH, and was bioaugmented with 

a bacterial consortium, as well as with an isolated Sphingobuim sp. strain.
23

 Within 7 

days, Sphingobuim sp. was able to degrade 75% of PHE and the bacterial consortium 

only removed 58%.
22

 PHE was completely removed in the soils after 63 days in the 

by both Sphingobuim sp. and the bacterial consortium. 
23

  The combination of both 

biostimulation and bioaugmentation on PAH removal has also been studied.
17
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During bioremediation of PAHs, potentially toxic metabolites many be 

formed. Some bacteria are only able to degrade PAHs to a certain structure, causing 

an accumulation of PAH metabolites which may be more toxic than the parent 

PAHs.
42-45

 Toxicity of PAH metabolites has been evaluated using a variety of 

studies.
45,49,72,89

 Other studies have found that parent PAH compounds undergo 

detoxification through biodegradation as observed with Mycobacterium sp. SNP11 

degradation of pyrene, fluoranthene, phenanthrene, and PAH metabolites.
48

 

PHE has been frequently used to study the ability for microbes to degrade 

PAHs. PHE is commonly described as a prototype PAH, due to the replication of its 

3-ring structure throughout higher-ringed, more carcinogenic, PAHs such as 

benzo[a]pyrene.
58-60

  PHE is also used a as a model PAH for metabolism studies 

because its bay-region and K-region (Figure B1) lead to the possible formation of 

more carcinogenic PAHs,
47,61

 in addition to modeling factors affecting microbial 

degradation (such as bioavailability and degradation potential).
58

 PHE also has a 

moderate water solubility of 1.2 mg L
-1

 compared to larger PAHs with water 

solubilities as low as 0.7 ng L
-1

 (benzo[k]fluoranthene) (Appendix A.1).  

There have been many studies on PHE alone, as well as part of PAH mixtures, 

using a wide variety of microbial populations. These studies include the use of 

unknown microbial consortia,
17,18,22,23,45,62-68

 mixtures of several known microbial 

species,
60,63,69-71

 and a single, known microbe species.
22,24,46,59,72-82

 Examples of 

strains capable of biomineralizing PHE include Mycobacterium, Pseudomonas, 

Rhodococcus, Sphingomonas, and Streptomyces.
59,83-85

  Co-metabolism of PHE has 
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been seen in strains belonging to Mycobacterium,
10,35,41,86

 Pseudomonas,
30

 

Rhodococcus,
10

 and Sphingomonas.
33,34,36,77

 

The microorganism investigated in this study was Mycobacterium sp. strain 

ELW1 which was isolated from a stream sediment sample cultured with isobutene (2-

methylpropene) as the single source of carbon for growth and energy.
87

 Classification 

of ELW1 is currently in progress but PCR sequencing of 16S RRNA genes from 

ELW1 showed similarities to Mycobacterium sphagni, M.strain CP-2, M. 

petroleophilum ATCC 21497, M. petroleophilum ATCC 21498, and M. sp. strain 

TA27. Mycobacterium petroleiphilum, and strain TA27 have known hydrocarbon-

oxidizing activities.
88

 ELW1 is able to utilize isobutene as a carbon and energy 

source, with initial oxidization likely occurring as an epoxide. The ability of ELW1 to 

utilize isobutene as a growth substrate has potential for the in situ stimulation of 

endogenous microbial populations through isobutene and oxygen addition, and may 

lead to a novel method to promote the initial oxidation of PAHs for subsurface 

bioremediation, through co-metabolic transformations. The ability for ELW1 to 

degrade many types of contaminants, including PAHs, is currently unknown. 

The purpose of this study was to determine the rate of PHE degradation by 

ELW1, identify PHE metabolites and determine rates of formation for these 

metabolites by ELW1, model experimental data using Michaelis-Menten kinetics, and 

characterize the toxicity of PHE metabolites formed by ELW1.  
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2.3. Materials and Methods 

2.3.1 Mycobacterium sp. strain ELW1 

2.3.1.1 Maintaining Microbial Culture 

Pure Mycobacterium sp. strain ELW1 was originally isolated by, and acquired 

from, Michael Hyman at North Carolina State University.
87

 The composition of 

mineral salt medium (MSM) has been previously described and is also provided in 

Appendix A.
87

 For all experiments, batch cultures were started from plated cultures 

grown in the presence of isobutene and grown in 500 mL glass media bottles (Kimax 

Media Bottles, Kimble Chase, #61110-500) containing 303 mL MSM (Appendix A). 

Isobutene (~10% headspace (v/v)) was added to the batch culture every three days 

until the cell density was OD600 > 0.7, usually 6-8 days, using UV-VIS 

spectrophotometer analysis (Orion Aquamate 8000, ThermoFisher Scientific). 

Detailed methods regarding maintenance of culture purity is described in Appendix 

A. 

2.3.2 Phenanthrene Transformation and Metabolite Formation Experiments 

Cells grown in batch culture for 6-8 days were harvested, centrifuged, and re-

suspended with fresh MSM. Activity of the concentrated cells was determined by 

measuring the rate of isobutene consumption. The method for activity tests, as well as 

the rates of isobutene consumption, is found in Appendix A and in Appendix A.9 and 

Appendix A.10. PHE standards were prepared in MeOH and spiked in 303 mL MSM 

in 500 mL media bottles at a maximum of 0.0089% MeOH (v/v) in each reactor, 

which did not negatively impact the activity of ELW1 (Appendix A.6). PHE-exposed 

cells were exposed to six different PHE masses, including 0.033, 0.068, 0.42, 0.84, 
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1.2, and 1.8 µmol, until PHE was no longer measured (see Section 2.3.3).  In order to 

inhibit the monooxygenase enzyme involved in isobutene oxidation, gas-phase 1-

octyne was added.
87

 Cells exposed to PHE and 1-octyne aqueous concentrations of 11 

µM 1-octyne (referred to as 1-octyne controls) were prepared by spiking 11 mL of a 1 

mM stock gas-phase 1-octyne into the head space of the reactors containing cells. 

Preparation of the stock gas-phase 1-octyne is described in Appendix A and followed 

a previously published method.
90

  The 1-octyne aqueous concentration of 11 µM was 

selected after measuring isobutene consumption of ELW1 in the presence of different 

1-octyne aqueous concentrations and is described in Appendix A, Appendix A.7 and 

Appendix A.8. 1-Octyne controls were prepared with four different initial PHE 

masses, including 0.033, 0.068, 0.14, and 0.84 µmol. Additional controls included 

PHE-only reactors (MSM and PHE only) and cell-only reactors (MSM and cells 

only).  All reactors were prepared in triplicate and MSM was equilibrated with 

isobutene and 1-ocytne (for 1-octyne controls) for ~1 hr prior to the addition of cells 

and PHE. Reactors were kept in a temperature-controlled (30
o
C) room on a rotary 

shaker table at 200 rpm. Re-suspended cells were added to each reactor and the total 

cell protein (mg protein) per reactor was calculated using the protein assay described 

in Appendix A.  Liquid samples were collected immediately after the addition of 

cells, followed by collections at approximately 1, 3, 5, 10, 22, 48, and 72 h, as 

needed, until the PHE mass in the samples was no longer measured using the method 

described in Section 2.3.3. Time zero represents the time in which the cells were 

lysed from exposure to organic solvents during the SPE extraction method (Section 

2.3.3) and not the time in which an aliquot of the aqueous media was collected from 
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the reactor. The time between collection and cell lysing was ~1 - 1.5 hr, resulting in 

the concentration of PHE measured at time zero to be 74-99% of the PHE 

concentration initially spiked (Figure 2.1).  

2.3.3 Analytical Method for the Measurement of Phenanthrene and OHPAH 

Metabolites 

 

2.3.3.1 Extraction Method 

PHE transformation samples (5 - 15 mL) from each of the 3 replicate batch 

reactors were spiked with labeled surrogates, listed in Appendix A.2, immediately 

after collection to account for analyte loss during sample processing. Toxicology 

samples were not spiked with surrogates since labeled standards will affect the overall 

toxicity.  All samples were extracted using solid phase extraction (SPE) with Bond 

Elut Plexa (30 mg, 3 mL) cartridges (Agilent Technologies, New Castle, DE) 

following a modified version of a previously published method and described in 

detail in Appendix A.
91

 After SPE, PHE transformation sample extracts were solvent 

exchanged to ethyl acetate and spiked with an internal standard for a final volume of 

300 µL. Toxicology extracts were split gravimetrically with 80% of the extract used 

for toxicology testing (toxicology fractions) and the remaining 20% used for chemical 

analysis (chemical fractions). Compounds concentrations measured in the chemical 

fractions were used to estimate the concentrations present in toxicological fractions. 

The toxicology fractions were blown to dryness and reconstituted with 100 µL 

dimethyl sulfoxide (DMSO) (Sigma Aldrich, St. Louis, MO) to a concentration of ~8 

mM PHE-equivalent. The chemical fractions were solvent exchanged to ethyl acetate 

and spiked with labeled surrogates and internal standards (Appendix A.3) for a final 

volume of 300 µL and analyzed for PHE. Extracts were further processed in 
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preparation for OHPHE analysis (described below).  Recovery of PHE across the 

method was 54 ± 2.7% (Appendix A.2).  

In addition to PHE analysis, all extracts were analyzed for OHPAHs. Briefly, 

50 µL of the 300 µL sample extract was transferred into a 300 µL spring insert 

containing 100 µL acetonitrile and 20 µL toluene and concentrated to 20 µL using a 

fine stream of nitrogen.
91,92

 The derivatization reagent, N,O-bis-(trimethylsilyl) 

trifluoroacetamide (BSTFA), was added to the extract (30 µL), the mixture was 

incubated at 70 
o
C for 40 min, and analyzed with the instrumental method described 

in Section 2.3.3.3.
92

 Storage stability of OHPAHs, as well as intra- and inter-day 

variability, has been previously assessed.
91

 The percent change observed in storage 

stability was up to 10% and for intra- and inter-day variability was 2-5%.
91

 OHPHE 

recovery across the method used in this study ranged from 19 ± 1.5 – 92 ± 16% 

(Appendix A.2). 

2.3.3.2 Gas Chromatography Mass Spectrometry (GC/MS) Analysis of 

Phenanthrene  

 

PHE was analyzed on an Agilent 6890 gas chromatograph (GC) coupled to a 

5973N mass spectrometer (MS) with electron impact (EI) ionization in selective ion 

monitoring (SIM) mode. A DB-5MS (Agilent, 30 m × 0.25 mm I.D., 0.25 μm film 

thickness) column was used with a constant flow of helium at 0.9 mL min
-1

. The inlet 

was operated in splitless mode and the inlet and interface temperatures were 

maintained at 300
o
C. The oven temperature program began at 60 

o
C, held 1 min, 

ramped at 7.5 
o
C min

-1
 until 220 

o
C, ramped at 110

 o
C min

-1
 until 320

 o
C, and held for 

5 min for a total run time of 28.24 min. The ion source and quadrupole were set to 

230
 o

C and 150
 o
C, respectively. The estimated detection limits (EDLs) were 
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calculated following EPA Method 8280 and was 0.51 pg µL
-1

 for PHE (Appendix 

A.2).
93

 

2.3.3.3 GC/MS Analysis of OHPAHs 

OHPAHs were analyzed in both SIM and full scan modes using the same 

instrumentation described above. For SIM, commercially available standards were 

used to quantify OHPAHs that were able to be derivatized by BSTFA. SIM method 

parameters for BSTFA-derivatized OHPAHs, including windows, fragmentation ions, 

and retention times, are listed in Appendix A.2. Fragmentation ions were predicted 

according to a previously-described method and described in SI.
92

 A DB-5MS 

column was used constant flow of 1 mL min
-1

 of He and a constant inlet temperature 

of 280 
o
C in splitless mode. The oven temperature program was as follows: 70 

o
C for 

1 min, ramp at 15 
o
C min

-1
 until 200 

o
C, hold for 5 min, ramp at 10 

o
C min

-1
 until 320 

o
C, and hold for 1 min for total run time of 27.67 min. The interface temperature was 

280 
o
C. Using this method, cis-9,10-PHE and trans-9,10-PHE co-eluted. To separate 

these two isomers, the following oven temperature program was used (all other 

method parameters remained the same): 70 
o
C for 1 min, ramp at 2 

o
C min

-1
 until 320 

o
C, and hold for 1 min for a total run time of 127 min. The EDLs for all OHPAHs 

ranged 0.32 – 5.0 pg µL
-1

 (Appendix A.2). 

2.3.4 Co-metabolism Kinetics for Phenanthrene Transformation by ELW1 

2.3.4.1 Zero-order and First-order Rates of Transformation and Rates of 

Formation 

 Zero-order transformation rates of PHE and formation rates of metabolites 

were determined from a three-point linear regression within the first six hours after 

cells were exposed to PHE for each PHE mass tested. The mass balances for PHE-
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exposed cells at 0.068, 1.2, and 1.8 µmol, and for 1-octyne-inhibited controls at 

0.068, 0.14, and 0.84 µmol, were evaluated by summing the zero-order OHPHE 

metabolite formation rates and compared to the zero-order transformation rates of 

PHE. PHE transformation by ELW1 was also described by first-order rates and these 

rate constants were obtained by fitting a linear regression model to natural log-

transformed aqueous concentrations of PHE measured within the first six hours after 

cells were exposed to PHE. First-order rate constants were normalized by biomass (in 

terms of mg protein) to compare non-normalized and normalized rates and also to 

determine the ratio of kmax and KS at each PHE mass tested (see Section 2.3.4.2). 

2.3.4.2 Modeling Enzyme Kinetics 

 The enzyme kinetics for the co-metabolism of PHE was modeled using 

experimentally-determined PHE transformation rates and the modified Michaelis-

Menten equation:
94

 

𝑑𝐶𝑎𝑞,𝑃𝐻𝐸

𝑑𝑡
=

𝑘𝑚𝑎𝑥𝐶𝑎𝑞,𝑃𝐻𝐸

𝐾𝑠+𝐶𝑎𝑞,𝑃𝐻𝐸
                                         (2.1) 

where Caq,PHE is the aqueous concentration of PHE (µM), t is time (hr), kmax is the 

maximum rate of PHE transformation normalized to biomass (µmol mg
-1

 protein
-1

 hr
-

1
), and KS is the concentration of PHE transformed at half of the maximum rate of 

transformation (µM). Due to the water solubility limit of PHE, kmax and KS could not 

be determined experimentally. Therefore, kmax and KS were estimated using a non-

linear method (generated two different sets of kmax and KS) and a linearization method 

(generated one set of kmax and KS) to obtain three sets of kmax and KS estimates. The 

three sets of kmax and KS were as follows: 1) a non-linear method involving least-

squared residual analysis between the zero-order PHE transformation rate at each 
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PHE concentration obtained experimentally and the Michaelis-Menten model 

(equation 2.1) predicted rate using Excel’s Solver utility (2016) to solve for both 

variables simultaneously (Model 1); 2) same as the previous method but kmax was set 

to the solubility limit of PHE (6.7 µM) and Solver was used to estimate KS (Model 2); 

and 3) linearization of experimental data using the Lineweaver-Burk plot (Model 3). 

Experimental values of kmax/KS are equivalent to biomass-normalized first-order PHE 

transformation rates.  

2.3.5 Toxicity of OHPHE metabolites 

 2.3.5.1 Embryonic Zebrafish Bioassay 

Embryonic zebrafish were exposed to individual OHPAH standards and to 

OHPAH metabolite mixtures formed by ELW1 (toxicology fractions described in 

Section 2.3.3.1) following the method described in Truong et al.
95

 In brief, at 6 hours 

post-fertilization (hpf), dechorinated zebrafish (n = 32) embryos were exposed to 

different concentrations of either OHPAH standards or mixtures of metabolites 

produced by ELW1 (toxicology fractions). Embryonic zebrafish were evaluated for 

mortality and developmental effects at 24 hpf and larval morphology and behavioral 

endpoints at 120 hpf. Significant differences in responses for control and exposed 

embryonic zebrafish were evaluated using Fisher’s Exact test.
96

 

  2.3.5.2 Cell Viability During PHE Exposure 

Cell viability tests were performed on PHE-exposed cells (0.42, 0.84, and 1.8 

µmol), 1-octyne controls (0.84 µmol), and cells-only controls using Live/Dead cell 

staining and flow cytometry as described in Appendix A. Aliquots of 50, 100, or 250 

µL were removed from the batch reactors over time and diluted to 0.5 mL with ultra-
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pure deionized water, followed by the addition of 0.5 µL of fluorescent dye to 

achieve ~10,000 events µL
-1

. The cells were incubated in the presence of the dye for 

20 mins and analyzed on the flow cytometer (Appendix A).  

2.3.6 Statistical Analyses 

 Statistical analyses were performed using JMP 12 software (by SAS). 

Differences between triplicate means for both zero-order and first-order rate constants 

were evaluated using Student t-tests with statistical significance resulting in a p-value 

≤ 0.05. 

2.4. Results and Discussion 

2.4.1 Phenanthrene Transformation and Metabolite Formation by ELW1 

PHE was completely co-metabolically transformed by PHE-exposed cells 

within 29 hr at initial PHE masses of 0.033, 0.068, 0.42, 0.84, and 1.8 µmol and 

within 47 hrs for 1.2 µmol (Figure 2.1A). The activity of the pre-exposed cells, 

determined by the rate of isobutene consumption, used in all PHE transformation 

experiments were statistically similar (Appendix A.9 and Appendix A.10). Therefore, 

the longer time required for PHE transformation in the cells exposed to 1.2 µmol PHE 

was not due to decreased activity of the cells. In the 1-octyne controls, 26-49% of 

PHE was transformed at the final time point (Figure 2.1B). In the PHE-only controls, 

6-31% of PHE was lost throughout the experimental period, suggesting that 

adsorption to the reactor walls had occurred (Figure 2.1C). Taking into account the 

loss of PHE to adsorption, 1-octyne effectively, but not completely, inhibited alkene 

monooxygenases used to initiate oxidation of aromatic rings (Figure 2.1B).
87
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Figure 2.1. Transformation of six PHE masses (with standard error bars, n = 3 except 

for 1-octyne control exposed to 0.84 µmol PHE, n = 2) by ELW1 for 

PHE-exposed cells (solid lines) (A), 1-octyne controls (dashed lines) (B), 

and PHE-only control (dotted lines) (C).  

 

  Samples collected from PHE-exposed cells, 1-octyne controls, PHE-only 

controls, and cells-only controls batch reactors were analyzed for 16 commercially-

available OHPAH metabolites (Appendix A.4) at three different initial PHE masses 

(Figure 2.2 and Figure 2.3). While OHPHE metabolites were measured in both the 
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PHE-exposed cells (Figure 2.2) and 1-octyne controls (Figure 2.3), including 1-PHE, 

3-PHE, 4-PHE, 9-PHE, 1,9-PHE, and trans-9,10-PHE, the concentrations in the PHE-

exposed cells were significantly higher than the 1-octyne control for 0.068 µmol, 

which was the only PHE mass tested in both reactors. The remaining OHPHE 

metabolites, 2-PHE, cis-9,10-PHE, and other OHPAHs on our analyte list (Appendix 

A.4) were not detected. The primary OHPHE metabolite formed by both PHE-

exposed cells and 1-octyne controls at all PHE masses was trans-9,10-PHE, with 

percent contributions to the total mass of OHPHE metabolite ranging 92-99% and 72-

100%, respectively. In both cases, the trans-9,10-PHE was formed as PHE was 

transformed and remained constant at a concentration maximum for the duration of 

each experiment (Figure 2.2 and Figure 2.3, respectively). OHPAH metabolites were 

not detected in the PHE-only or cells-only controls.  

 Several studies have identified PHE metabolites during degradation and 

cometabolism by other microorganisms. According to the summary of PHE 

degradation pathways presented in Mallick et al, both trans-9,10-PHE and cis-9,10-

PHE are possible products resulting from the initial oxidation of the 9 and 10 

positions during PHE metabolism 
11

. The trans-9,10-PHE isomer, formed from an 

epoxide at the 9,10 position (9,10-epoxy-9,10-dihydroxyphenanthrene), is a dead-end 

product but cis-9,10-PHE may be further oxidized to form 9,10-PHE.
11

 Trans-9,10-

PHE was the sole metabolite formed during cometabolism of PHE by Mycobacterium  
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Figure 2.2. Transformation of PHE and formation of OHPHE metabolites (with standard error bars, n = 3) by PHE-exposed cells 

for initial PHE masses of 0.068 µmol (A and B), 1.2 µmol (C and D), and 1.8 µmol (E and F). Note that the y-axes 

scales are different in each plot.  
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Figure 2.3. Transformation of PHE and formation of OHPHE metabolites (with standard error bars, n = 3 except for 0.84 µmol 

PHE, n = 2) by 1-octyne controls for initial PHE concentrations of 0.068 µmol (A and B), 0.14 µmol (C and D), and 

0.84 µmol (E and F). Note that the y-axes scales are different ineach plot.  
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strain S1 grown in the presence of anthracene.
74

 The absence of cis-9,10-PHE in the 

current study was confirmed with authentic standards. However, the formation of cis-

dihydrodiols, including cis-3,4-PHE (Mycobacterium sp. strain 6PY1, M. vanbaalenii 

strain PYR-1, and Sphingomonas sp. strain A4),
37,38,41,97

 cis-9,10-PHE (M. 

aromativorans JS19b1),
38,41,82,98

 and cis-1,2-PHE (M. aromativorans JS19b1),
41,82

 

have been previously measured. Kim et al also measured additional OHPHE 

metabolites including 2- and 3-PHE, 9,10-PHE, and one additional 

phenanthrenediol.
41

 Identification of other PHE metabolites structures further in PHE 

degradation pathways presented in Mallick et al,
11

 including coumarins, 

benzocourmarins, and 1-OH-2-naphthoic acid, have also been made.
69,75,79,98

 In this 

study, 1-OH-2-naphthoic acid was not detected, suggesting PHE cometabolism by 

ELW1 did not form cis-1,2-PHE or cis-3,4-PHE, or that ELW1 was not able to 

transform these products to 1-OH-2-naphthoic acid.
11

 Based on the consistency of 

trans-9,10-PHE concentrations over time and its high contribution to the total mass of 

the OHPHE metabolites formed, trans-9,10-PHE did not appear to undergo further 

transformation in by ELW1. 

 The formation of 1-PHE, 9-PHE, and 1,9-PHE by ELW1 may occur through 

following several different pathways shown in Figure 2.4. Each oxidation step 

requires different enzymes, include ring hydroxylating monooxygenase (RHM), ring 

hydroxylating dioxygenases (RHD), dihydrodiol dehydrolase (DHDL), and enzymes 

capable of hydrolyzing one and two epoxides generally named epoxide 

monohydrolase (EML) and epoxide dihydrolase (EDL). Formation and accumulation 

of epoxides, specifically epoxyethane during the consumption of ethene, by ELW1 
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has been previously shown.
87

 In addition, the presence of a gene responsible for 

encoding an epoxide hydrolase is located near to the genes that form the 

monoxygenase that oxidizes isobutene.
99

 Both the epoxide hydrolase and isobutene-

oxidizing monooxygenases are expressed at high levels in ELW1 grown on 

isobutene.
99

  These epoxide-forming monooxygenases that initiated oxidation of 

alkenes were inhibited by 1-octyne.
87

 Therefore, the formation of all the metabolites, 

particularly 1-PHE, 9-PHE, 1,9-PHE, and trans-9,10-PHE likely occur through 

epoxides. Additional experiments are needed to elucidate these pathways. 
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Figure 2.4. Possible formation pathways of 1-PHE, 9-PHE, and 1,9-PHE by ELW. 

Enzymes required to form oxidized structures are listed near the reaction 

arrow and include ring hydroxylating monooxygenase (RHM), ring 

hydroxylating dioxygenases (RHD), dihydrodiol dehydrolase (DHDL), 

epoxide monohydrolase (EML) and epoxide dihydrolase (EDL). 

Compounds in blue, and names bolded with an asterisk (*), represent 

those that were commercially-available and measured in this study. 
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2.4.2 Co-Metabolism Kinetics for Phenanthrene Transformation by ELW1 

2.4.2.1 Zero-order and First-order Rates of Transformation and Rates of 

Formation  

 

Average biomass-normalized zero-order PHE transformation rates increased 

with increasing initial mass of PHE for PHE-exposed cells (Table 2.1). The 

transformation rates for PHE-exposed cells were significantly different (p-value < 

0.01) for all PHE masses except for the rates at 0.033 and 0.068 µmol and at 0.42 and 

0.84 µmol. In contrast, for 1-octyne controls, the zero-order PHE transformation rates 

were not statistically different for any of the PHE masses tested in the 1-octyne 

controls (p-value > 0.05). The significantly slower rates of PHE transformation by 1-

octyne controls, compared to the PHE-exposed cells, further supports findings that 

the alkene monooxygenases capable of oxidizing PHE were successfully inhibited by 

1-octyne.  

Table 2.1 Average zero-order PHE transformation rates (with standard errors, n = 3 

except for 1-octyne control exposed to 0.84 µmol PHE, n = 2) for all 

initial PHE masses. Rates were calculated from changes in PHE 

concentration in the six hours following ELW1 exposure to PHE. 

Transformation rates that were not statistically different (p-value > 0.05) 

are designated by the same superscript letter. NA: Not applicable - cells 

were not exposed to that PHE mass. 

  PHE-Exposed Cells 
1-Octyne-Inhibited 

Cells 

PHE Mass 

(µmol) 

ELW 1 Mass  

(mg protein) 

k ± SE  

(fmol mg
-1

  

protein
-1

 hr
-1

) 

k ± SE  

(fmol mg
-1

  

protein
-1

 hr
-1

) 

0.033 25.6 1.3 ± 0.014 
A 

0.50 ± 0.028 
A 

0.068 26.2 2.4 ± 0.54 
A 

0.99 ± 0.10
 A

 

0.14 25.4 NA 1.5 ± 0.51
 A

 

0.42 40.4 7.8 ± 0.15 
B 

NA 

0.84 40.4 11 ± 3.7 
B 

1.3 ± 0.12
 A

 

1.2 25.4 20 ± 1.1 
C 

NA 

1.8 40.4 35 ± 11 
D 

NA 
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In prior literature, zero-order PHE transformation rates were typically reported 

not normalized by biomass. The non-normalized PHE transformation rates for this 

study, 0.0060 – 0.25 µmol hr
-1

, were in good agreement with other reported PHE 

rates by several Mycobacterium sp. strains, including A1-PYR (0.019 µmol hr
-1

)
69

 

and PYR-GCK, JS19b1, czh-3, and czh-117 (0.0020 – 0.019 µmol hr
-1

).
98

 

Average biomass-normalized zero-order rates of formation for OHPHE 

metabolites increased with increasing PHE mass for both PHE-exposed cells and 1-

octyne controls (Table 2.2). Rates of formation for each OHPHE, in both PHE-

exposed cells and 1-octyne controls, significantly increased (p-value < 0.04) as the 

initial PHE mass increased. Insignificant increases in zero-order formation rates 

between PHE masses for other OHPHE metabolites in PHE-exposed cells were likely 

due to the high variability in measured concentrations of derivatized OHPHE 

metabolites (Figure 2.2 and Table 2.2). Derivatization increases chromatographic 

noise due to the excess derivatizing agent present in the sample.
91

 For several of the 

OHPHEs measured in the 1-octyne controls, zero-order rates could not be determined 

because of limitations due to instrumental detection limits and/or poor 

chromatography (Table 2.2).  
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Table 2.2 Average biomass-normalized zero-order OHPHE metabolite formation 

rates (with standard errors, n = 3 except for 1-octyne control exposed to 0.84 µmol 

PHE, n = 2) for PHE-exposed cells and 1-octyne controls at different PHE masses. 

Units for rates are fmol mg
-1

 protein
-1

 hr
-1

. ND: Not detected. NA: 3-point 

regression line was not available.  

 

 PHE-Exposed Cells 1-octyne controls 

OHPHE 

Metabolite 

0.068 

µmol 
1.2 µmol 

1.8 

µmol 

0.068 

µmol 
0.14 µmol 0.84 µmol 

1-PHE 
0.0022 ± 

0.0032 

0.032 ± 

0.00058 

0.064 ± 

0.015 
NA 

0.0047 ± 

0.00030 
NA 

2-PHE ND ND ND ND 

0.000023 

± 

0.0000013 

0.0039 ± 

0.0000601 

3-PHE 

0.00072 

± 

0.000034 

0.0045 ± 

0.00014 
NA NA 

0.00057 ± 

0.000030 
NA 

4-PHE ND 
0.0026 ± 

0.000066 

0.0043 

± 

0.00054 

ND 
0.00037 ± 

0.000011 
NA 

9-PHE 

0.00060 

± 

0.00020 

0.031 ± 

0.0055 

0.073 ± 

0.037 
NA 

0.0056 ± 

0.00047 
NA 

1,9-PHE NA 
0.0036 ± 

0.00089 

0.058 ± 

0.019 
ND 

0.00048 ± 

0.00015 

0.14 ± 

0.018 

trans-9,10-PHE 
0.22 ±  

0.024 

1.3 ± 

0.045 

2.7 ±  

0.99 

0.024 

± 

0.0018 

0.17 ± 

0.044 

0.33 ± 

0.043 

       

Average Sum of 

Zero-order 

OHPHE 

Formation 

0.22 ±  

0.024 

1.3 ± 

0.047 

2.9 ±  

1.0 

0.016 

± 

0.0067 

0.18 ± 

0.0049 

0.47 ± 

0.050 

Zero-order PHE 

Transformation 

0.24 ±  

0.054 

2.0 ±  

0.11 

3.5 ± 

 0.11 

0.099 

± 

0.010 

0.15 ± 

0.051 

0.13 ± 

0.012 

% Difference 7 32 17 83 -20 -254 

 

Mass balances between PHE transformation and OHPHE formation were 

assessed for PHE-exposed cells and 1-octyne controls by taking the sum of OHPHE 

zero-order formation rates (Table 2.2) and comparing them to the zero-order rate of 

PHE transformation (Table 2.1). For PHE-exposed cells, the difference ranged from 7 
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- 32%, whereas for the 1-octyne-inhibted controls, differences ranged from 20-(-

254)%. In biological systems, large variability is often observed.
100

 Assuming up to 

15% of variability can be attributed to OHPAH stability in storage,
91

  in addition to 

15% variability in biological systems,
100

 it was assumed that mass balance was 

achieved when the differences between PHE transformation and OHPHE formation 

rates was ~ 30%. Thus, in the PHE-exposed cells, the transformation of PHE was 

essentially completely accounted for by the formation of OHPHE metabolites. In the 

1-octyne controls, mass balance was achieved for 0.14 µmol, but not for the other 

experiments. These findings could be explained by either the metabolites formed at 

concentrations below the instrumental detection limits (0.068 µmol) or metabolite 

concentrations were over-estimated during the analysis of the derivatized samples 

(0.84 µmol). Abiotic losses, and their rates, were not accounted for in this 

comparison.  

PHE transformation by ELW followed first-order kinetics (Appendix A.11). 

First-order rates, kPHE, and half-lives, t1/2, for PHE-exposed cells ranged 0.16 – 0.51 

hr
-1

 and 1.4 - 4.3 hr, respectively, and the 1-octyne controls ranged 0.015 – 0.10 hr
-1

 

and 7.0 - 47 hr, respectively (Table 2.2). Similar to zero-order rates, kPHE for the 1-

octyne controls were significantly slower compared to PHE-exposed cells. The kPHE 

and t1/2 for PHE-exposed cells were statistically similar, except for 1.2 µmol, which 

had a kPHE significantly lower and a t1/2  significantly higher than those at other PHE 

masses (p-value <0.0001). For 1-octyne controls, kPHE and t1/2 for 0.14 and 0.84 µmol 

were statistically different than the lower PHE masses (p-value <0.003). Normalizing 
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the first-order rates of PHE transformation by biomass, kbio,PHE, did not account for 

these differences (Table 2.3).  

The first-order rates of PHE transformation in this study were much faster 

than those previously reported for other microorganisms.
101

 First-order rates for PHE 

transformation, as part of a mixture of fluoranthene and pyrene, by Mycobacterium 

sp. PYR-1 were 0.0015 hr
-1

, and by Pasteurella spp. were 0.0005 hr
-1

.
101

 However, 

competitive inhibition between the PAHs and microbial enzymes may have 

contributed to the rate since the fluoranthene degradation declined in the presence of 

other PAHs compared to single PAH studies.
101

 Biomass-normalized first-order 

transformation rates are discussed further in Section 2.4.2.2.
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Table 2.3. Average first-order PHE transformation rates, kPHE (hr
-1

) with PHE half-lives, t1/2 (hr) and biomass-normalized first-

order PHE transformation rates, kbio,PHE (L mg
-1

 protein
-1

 hr
-1

) with tbio,1/2 (hr) (with standard error, SE, n = 3 except for 

1-octyne-inhibted controls at 0.84 µmol where n = 2) for each PHE mass in the first six hours following ELW1 exposure 

to PHE. NA: Not applicable - cells were not exposed to that PHE mass. Values that were not statistically different are 

indicated by the same superscript letter.  

  Non-Normalized by Biomass Normalized by Biomass 

  PHE-Exposed Cells 1-Octyne Controls PHE-Exposed Cells 1-Octyne Controls 

PHE Mass 

(µmol) 

ELW1 

Mass (mg) 

kPHE ± SE  

(hr
-1

) 

t1/2 ± SE  

(hr) 

kPHE ± SE  

(hr
-1

) 

t1/2 ± SE  

(hr) 

kbio,PHE ± 

SE  

(L hr
-1

 mg
-

1
 protein

-1
) 

t bio,1/2 ± 

SE*  

(hr) 

kbio,PHE ± 

SE  

(L hr
-1

 mg
-

1
 protein

-1
) 

tbio,1/2 ± 

SE*  

(hr) 

0.033 25.6 
0.50 ±  

0.01 
A
 

1.4 ±  

0.02 
C
 

0.092 ± 

0.035 
E
 

7.5 ±  

0.27 
G
 

0.0063 ± 

0.00009 
J
 

115 ±  

1.8
 M

 

0.0011 ± 

0.00004
 P

 

629 ±  

23
 R

 

0.068 26.2 
0.50 ± 

 0.01
 A

 

1.4 ±  

0.04 
C
 

0.10 ±  

0.010 
E
 

7.0 ±  

0.72 
G
 

0.0059 ± 

0.0002
 J
 

118 ±  

3.184
 M

 

0.0012 ± 

0.00012
 P 

 

600 ±  

61
 R

 

0.14 25.4 NA NA 
0.035 ± 

0.0021 
F
 

20 ±  

1.3 
H
 

NA NA 
0.00042 ± 

0.00003
 Q

 

1675 ±  

110
 R

 

0.42 40.4 
0.46 ±  

0.03
 A

 

1.5 ±  

0.11 
C
 

NA NA 
0.0035 ± 

0.0002
 K

 

203 ±  

15
 N

 
NA NA 

0.84 40.4 
0.51 ±  

0.20
 A

 

1.4 ±  

0.05 
C
 

0.015 ± 

0.002 
F
 

47 ±  

6.2 
I
 

0.0039 ± 

0.0002
 K

 

180 ±  

6.7
 N

 

0.00012± 

0.000015
 Q

 

6208 ±  

809 
S
 

1.2 25.4 
0.16 ±  

0.01
 B

 

4.3 ±  

0.31 
D
 

NA NA 
0.0019 ± 

0.0001
 L

 

360 ±  

26
 O

 
NA NA 

1.8 40.4 
0.47 ±  

0.02
 A

 

1.5 ±  

0.05 
C
 

NA NA 
0.0036 ± 

0.0001
 K

 

193 ±  

6.8
 N

 
NA NA 

* Half-life per biomass concentration in mg protein L
-1

.
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  2.4.2.2 Modeling Enzyme Kinetics 

The enzyme kinetics of the co-metabolism of PHE was modeled using 

experimentally determined PHE transformation rates and values of kmax and KS estimated 

using non-linear (Model 1 and 2) and linearization (Model 3) methods (described in 

Methods, Section 2.3.4.2). Models 1 and Model 2 showed a good fit to the experimental 

data for all points and Model 3 showed a good fit at lower PHE concentrations (µM), but 

deviated substantially from experimental data at higher PHE concentrations (Figure 2.5). 

The better fit of Model 1 and Model 2 indicated that kmax and KS (Table 2.4) were more 

accurately estimated with non-linear methods. The poor fit for Model 3 resulted from the 

use of the Lineweaver-Burk plot to determine kmax and KS (Appendix A.12 and Table 

3.6), which can lead to estimate errors because the linear regression of the inverse values 

were strongly influenced by the lower zero-order rates.
102,103

 Therefore, errors that result 

from the linearization can result in large differences in kmax and KS estimates.  

Michaelis-Menten kinetics, in general, describes the formation of a product by the 

activity of enzymes. Assuming PHE transformation by ELW1 can be described by 

Michaelis-Menten kinetics, and not additional processes were occurring, kmax/KS should 

be constant and can be used to further evaluate the models. Normalizing the experimental 

first-order rate, kPHE, by the biomass to obtain kbio,PHE, is equivalent to kmax/KS for each 

PHE mass tested (Table 2.3). The values for kbio,PHE ranged 0.0019-0.0059 L hr
-1

 mg
-1

 

protein
-1

 for PHE-exposed cells and 0.00012-0.0042 L hr
-1

 mg
-1

 protein
-1

 for 1-octyne 

controls (Table 2.3). These values were generally not significantly similar for either type 

of reactor and suggested that cellular kinetics were different at different PHE masses for 

both PHE-exposed cells and 1-octyne controls.  
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Figure 2.5. Comparison of enzyme kinetic models, Model 1, Model 2, and Model 3 

calculated from the Michaelis-Menten equation (eq. 2.1), to experimental 

results (n = 3). For Model 1, kmax and KS were calculated by simultaneously 

solving both constants in the Michaelis-Menten equation based on a non-

linear least squares method. For Model 2, KS was the water solubility of PHE 

(6.7 µM) and kmax was calculated using the non-linear method. For Model 3, 

kmax and KS were derived from a Lineweaver-Burk plot (Appendix A.12). 

 

 

 

 

 

Table 2.4 Estimates for kmax and KS used in three Michaelis-Menten models (eq 2.1). 

Model 1: non-linear method that simultaneously solved for kmax and KS. 

Model 2: non-linear method with kmax equal to the water solubility of PHE 

(6.7 µM) and solving for KS. Model 3: linearization method using 

Lineweaver-Burk plot (Appendix A.12). 

 

Model Number 

kmax  

(µmol mg
-1

 protein
-1

 

hr
-1

) 

KS  

(µM) 

kmax/KS 

(L mg
-1

 protein
-1

 

hr
-1

) 

Model 1 0.0115 9.30 1.24 x10
-3

 

Model 2 0.00999 6.73 1.48 x10
-3

 

Model 3 0.00488 2.00 2.44 x10
-3
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Literature values of kmax, KS, and kmax/KS for several different microbes capable 

of degradation or cometabolism of single PAHs in aqueous systems are listed in Table 

3.7. Literature values for kmax, KS, and kmax/KS were higher for PAHs that were degraded 

compared to those being co-metabolized. Experimental kmax/KS, and modeled kmax, for 

this study were 2 - 3 magnitudes lower than values from other studies, and modeled KS 

was generally 10 times higher than other studies. The deviation from reported kinetics 

indicates ELW1 does not have similar enzyme compared to Sphingomonas or 

Novosphingobuim. In addition, different models were used to estimate kmax and KS in 

other studies, including Monod,
104

 fourth order Rung-Kutta fitting method for Monod,
105

 

biomass partitioning and abiotic losses in Monod,
106

 and dissolution of crystalized PAHs 

in Monod.
107

 As far as the authors are aware, this is the first report of first-order 

cometabolism rates for PHE by a Mycobacterium sp. 
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Table 2.5. Literature values for kmax and KS for several PAHs undergoing either 

degradation or cometabolism (comet) by different microbes. The ratio of 

kmax to KS were either determined experimentally using biomass-

normalized first-order transformation rates (Exp) or estimated by fitting a 

model to experimental data (Estimated). NAP: Napthalene, FLU: 

Fluorene, PHE: Phenanthrene, ANT: Anthracene. 

PAH Mechanism 

kmax 

(µmol 

mg
-1

 

protein
-1

 

hr
-1

) 

KS 

(µmol 

L
-1

) 

kmax/KS 

(L mg
-1

 

protein
-1

 

hr
-1

) 

Type of 

Data 
Microbe Ref 

NAP degradation 0.780 0.624 1.33 Estimated  

Sphingomonas 

paucimobilis 

strain EPA509 

105
 

NAP degradation 4.962 4.463 1.11 Estimated Mixed 
104

 

FLU comet NA NA 0.026 Exp Mixed 
104

 

FLU degradation 0.241 0.120 2.6 Estimated 

Sphingomonas 

paucimobilis 

strain EPA507 

105
 

PHE comet NA NA 0.27 Exp Mixed 
104

 

PHE degradation 2.805 0.561 5 Estimated  

Novosphingobui

m 

pentaromativora

ns US6-1 

107
 

PHE degradation 2.805 0.561 5 Estimated 
Sphingomonas 

sp EPA505 
107

 

PHE degradation 4.208 0.561 7.5 Estimated  
Sphingobuim 

yanoikuyae B1 
107

 

PHE degradation 0.18 0.09 2.09 Estimated 

Sphingomonas 

paucimobilis 

strain EPA505 

106
 

PHE comet NA NA 0.32 Exp Mixed 
104

 

PHE comet 
0.0048-

0.012 

2.0-

9.30 

0.0012-

0.0024 
Estimated 

Mycobacterium 

sp. strain ELW1 

This 

Study 

 

2.4.3 Toxicity of PHE and OHPHE Metabolites 

2.4.3.1. Embryonic Zebrafish Model 

The developmental toxicity of PHE and OHPHE metabolite standards, were 

tested using the embryonic zebrafish model at concentrations ranging 0.1 – 50 µM. 

PHE and trans-9,10-PHE were not toxic to zebrafish. The other OHPHE metabolites 

were toxic with mean effective concentrations (EC50) at 120 hours post fertilization 
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(hpf) decreasing (were more developmentally toxic) in the following order: 1-PHE 

>4-PHE > 3-PHE > 9-PHE > 1,9-PHE (Figure 2.6). Although EC50s were determined 

at 120 hpf, the primary endpoint was mortality at 24 hpf.  

Figure 2.6. Mean effective concentration (EC50) at 120 hpf (with standard error bars, 

n = 32) of OHPHE standards in embryonic zebrafish. PHE and trans-

9,10-PHE standards were not toxic to embryonic zebrafish. 

 

 

Metabolite mixtures formed by ELW1 in PHE-exposed cells, 1-octyne 

controls, and cell-only controls were also tested for developmental toxicity at 

concentrations ranging from 0.05 – 0.8 µM. Samples from each of the three 

aforementioned reactors were collected over five days (5, 28, 52, 76, and 122 hr) and 

each collection was tested using the embryonic zebrafish model. Toxicity was not 

observed for mixtures formed by ELW1 in 1-octyne controls and cells-only controls 

at any time. However, toxicity was observed for mixtures in PHE-exposed cells at 76 
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and 122 hrs, with EC50s of 7.09 ± 1.12 (SE) and 9.60 ± 0.96 (SE) µM, respectively.  

The EC50s for the mixture represents the total concentration of the all the toxic 

OHPHE metabolites, not individual OHPHEs, needed to elicit a toxic response. 

As mentioned previously, embryonic zebrafish were exposed to five dilutions 

of metabolite mixtures. The concentrations of PHE and OHPHE metabolites in the 

mixtures at the lowest dilution (highest concentration) are shown in Figure 2.7. The 

yellow highlighted bars indicate the collection times that generated a toxic response. 

At the lowest dilution, the concentrations of the toxic metabolites tested on zebrafish 

were at least 1.5 times lower (Figure 2.7) than the concentrations needed to generate a 

toxic response based on the EC50s for the standards (Figure 2.6). 

  To evaluate the contribution of the toxic mono-OHPHE metabolites (1-, 3-, 4-, 

and 9-PHE) and toxic di-OHPHE (1,9-PHE) compared to the non-toxic PHE and non-

toxic trans-9,10-PHE over time, the ratio of both the sum of mono-OHPHE (Σ mono-

OHPHE) (µM) and 1,9-PHE (µM) to the sum of non-toxic compounds (PHE and 

trans-9,10-PHE) was calculated over the time coarse of the experiment (Figure 2.8). 

There was not an obvious change in contribution of toxic OHPHE metabolites in 

PHE-exposed cells at 76 and 122 hr compared to the other time points or to 1-octyne 

controls (Figure 2.8). In additional, all QA/QC for the embryonic zebrafish testing 

were met.
95

  Therefore, the toxicological response observed for PHE-exposed cells at 

76 and 122 hr may have been a result of exposure to an unidentified PHE metabolite 

formed by ELW1. 
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Figure 2.7 Concentrations (n = 1) of PHE and OHPHE metabolites over time (hr) in 

the lowest dilution of the mixtures resulting from experiments with PHE-

exposed cells (A) and 1-octyne-inhibited controls (B) tested on zebrafish. 

Note that the EC50 values for developmental toxicity (based on the 

embryonic zebrafish assays with the same mixtures) at 76 and 122 hr 

(highlighted in yellow) were 7.09 ± 1.12 (SE) and 9.60 ± 0.96 (SE) for 

the PHE-exposed cells. Significant differences are indicated by an 

asterisk (*).  
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Figure 2.8. Ratios of the sum of toxic mono-OHPHEs (Σ Mono-OHPHE) and toxic 

1,9-PHE, to the sum of non-toxic compounds (PHE and trans-9,10-PHE) 

over time in the PHE-exposed cells (A) and 1-octyne-inhibited controls 

(B) used in developmental toxicity testing with embryonic zebrafish. ND: 

Not detected. 

 

 

3.4.3.2. Cell Viability During PHE Exposure 

 The toxicity of OHPHE metabolites to ELW1 was evaluated by assessing cell 

viability of PHE-exposed cells, 1-octyne controls, and cell-only controls using 

live/dead cell staining and flow cytometry. The percent live cells (Appendix B.6) and 

the total number of cells (live + dead cells) (Figure 2.9) were measured over time. 

The percent live cells were consistently ~80% for all reactors over the course of the 

experiment (Appendix B.6). However, lower dilutions of cells were needed towards 

to the end of the experiment and this was not accounted for in the percent live cells 

results. Therefore, total number of cells (live + dead cells) was used. The total 

number of cells decreased for PHE-exposed cells, 1-octyne controls, and cells-only 

controls across the experimental period likely from cellular clumping of dead or 

compromised cells (Figure 2.9). However, the total number of cells exposed to 1.8 

µmol PHE were statistically lower (p-value < 0.03) than the number of cells exposed 
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to 0.42 and 0.84 µmol at both 46 and 97 hr, 1-octyne controls, and cells-only controls 

(Figure 2.9). This indicates that cells exposed to 1.8 µmol PHE underwent more cell 

death, or were more severely compromised, than cells exposed to lower masses of 

PHE or the controls. The loss of cell viability over time may be a factor of PHE 

concentration, accumulation of OHPHE metabolites, and/or decreased activity from 

co-metabolism of resting cells.  

Figure 2.9. Total number of cells (x1000) (with standard error bars, n = 3 except for 

0.84 µmol PHE, n = 2) from live/dead cell staining for 1-octyne controls, 

cell-only controls, and PHE-exposed cells at 0.42, 0.84, and 1.8 µmol 

PHE. Significant differences are indicated by an asterisk (*). 

 

 

2.5 Conclusions 

 Mycobacterium sp. ELW1 was able to completely co-metabolize PHE within 

48 hrs. Several OHPHE metabolites were formed, including a primary metabolite, 

trans-9,10-PHE, and minor products 1-PHE, 3-PHE, 4-PHE, 9-PHE, and 1-9-PHE. 

The primary metabolite made up 90% of the total metabolites formed. Zero-order 

rates for PHE transformation and metabolite formation were compared and showed 

good agreement. PHE transformation tended to follow first-order rates. Experimental 
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results were modeled using Michaelis-Menten kinetics after estimating kmax and KS 

with non-linear and linearization methods. Non-linear estimates of kmax and KS fit 

experimental results better. First order rates determined experimentally were 

normalized by biomass and represented the ratio of kmax to KS and were 2-3 orders of 

magnitude lower than literature values determined for microbes other than 

Mycobacterium sp. using different models that incorporated additional parameters. 

OHPHE standards, including 1-PHE, 3-PHE, 4-PHE, 9-PHE, and 1,9-PHE,  were 

developmentally toxic to zebrafish. However, PHE and trans-9,10-PHE were not. 

Mixtures of metabolites formed by ELW1 were not toxic but mixtures formed at 76 

hr and 122 hr by PHE-exposed cells were toxic, possibly due to the formation of an 

unidentified toxic metabolite. In general, ELW1 formed toxic metabolites after 

exposure to PHE, but the concentrations were too low to elicit a toxic response in 

zebrafish. 
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CHAPTER 3 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

 

Mycobacterium sp. ELW1 was able to completely co-metabolize PHE, at 

different concentrations below its water solubility limit, in an aqueous system. The 

alkene monooxygenases in ELW1, used to initiate oxidation of PHE, were effectively 

inhibited by 1-octyne, however some PHE transformation was still observed possibly 

by enzymes not inhibited by 1-octyne. PHE metabolites measured consisted of only 

OHPHEs, with the primary product, trans-9,10-PHE, comprising more than 90% of 

the total metabolites formed in both PHE-exposed cells and 1-octyne controls. Other 

OHPHE that were measured were 1-PHE, 3-PHE, 4-PHE, 9-PHE, and 1-9-PHE.  

Mass balances were estimated by summing the zero-order formation rates of 

OHPHE metabolites and comparing these to the zero-order transformation rates of 

PHE. The formation rates of OHPHE in PHE-exposed cells were in good agreement 

with the transformation rate of PHE. However, this method was not as useful for 1-

octyne controls, since the sum of the OHPHE formation rates were either too high or 

too low compared to the transformation rate of PHE. The rate of abiotic losses, PHE 

adsorption to the glass reactor bottles, was not accounted in this estimate. 

Michaelis-Menten kinetics was modeled using the zero-order rate of PHE 

transformation. Since PHE transformation experiments were limited by the water 

solubility of PHE, Michaelis-Menten variables, including the maximum rate, kmax, 

and the half-saturation constant, KS, were not able to be determined experimentally. 
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These parameters were estimated using non-linear and linearization methods to 

generate three sets of kmax and KS values. All three sets of kmax to KS were then used 

to predict aqueous PHE concentrations with time. Estimates of kmax to KS determined 

through non-linear methods more accurately fit experimental results than the values 

estimated using the linearization method.  

Experimentally determined first-order PHE transformation rates that, when 

normalized by biomass, were equivalent to the ratio of the Michaelis-Menten kinetic 

variables kmax to KS. Assuming the transformation of PHE by ELW1 followed 

Michaelis-Menten first-order kinetics, and also assuming no other processes were 

occurring, the ratio of kmax to KS should be similar for all PHE concentrations. The 

ratio was not statistically similar for all PHE concentrations in both PHE-expose cells 

and 1-octyne control reactors. This suggests that there was a change in the cellular 

kinetics, including the cellular energy diminishing over time or the cells experienced 

a toxic effect by PHE and/or the metabolites, between the different experiments.  

The zebrafish model was used to determine the developmental toxicity, if any, 

of OHPHE individual standards and the metabolite mixtures formed by ELW1 over 

time. OHPHE standards, including 1-PHE, 3-PHE, 4-PHE, 9-PHE, and 1,9-PHE,  

were developmentally toxic to zebrafish but not PHE or trans-9,10-PHE. Mixtures of 

metabolites, which sometimes also included PHE, formed by PHE-exposed cells, 1-

octyne-controls, and cells-only controls over the course of 5 days, were not toxic to 

zebrafish, except for the mixture formed at 76 hr and 122 hr by PHE-exposed cells. 

The concentration of toxic metabolites tested on zebrafish was below the EC50s 

determined from the OHPHE standards. Therefore, the concentrations were not high 
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enough to elicit a toxic response at all time point, including 76 hr and 122 hr. The 

ratio of the sum of toxic metabolites to the sum of non-toxic compounds (PHE and 

trans-9,10-PHE) at these later time points did not vary from the other time points in 

either PHE-exposed cells or 1-octyne controls. The toxic response at these times was 

possibly caused by the formation of an unidentified toxic metabolite.   

The potential for ELW1 to be used for bioremediation still needs further 

investigation. Thus far, ELW1 has only been evaluated for the co-metabolism of PHE 

and there are many other microorganisms capable of degrading PHE and larger-

ringed PAHs. ELW1 also transforms PHE at slower first-order rate than other 

microorganisms. However, the potential for ELW1 to co-metabolism larger-ringed 

PAHs is possible and efforts to investigate this capability should be made. OHPAH 

metabolites are more polar, and therefore more bioavailable, than the unsubstituted 

parent PAHs. Formation of polar metabolites through co-metabolism may be an 

important step in further transformation or degradation of larger-ringed PAHs. 

Future directions for ELW1 and its capability to transform PAHs, and the 

potential toxicity of the metabolites, involve several additional experiments. First, the 

pathway for 1,9-PHE formation needs to be investigated. To do this, ELW1 will be 

exposed to 1-PHE and 9-PHE individually at concentrations close to the water 

solubility limit of PHE. The concentration of both 1-PHE and 9-PHE, as well as 1,9-

PHE and additional metabolites, will be monitored over time using the method 

described in Chapter 2. Second, the possibility of trans-9,10-PHE transformation by 

ELW1 is of interest. This will be studied by exposing ELW1 to trans-9,10-PHE and 

monitoring concentration changes and product formation over time. Third, OHPHE 
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standard mixtures prepared in similar ratios to the mixtures produced by ELW1 will 

be further studied using the zebrafish model. Testing toxicity of standard mixtures 

will help clarify the cause behind toxic responses observed in mixtures produced by 

ELW1.  The results from these experiments will be added to Chapter 2 prior to 

publication. Long-term future directions are to continue to study the capability of 

ELW1 to transform other PAHs, including four-ringed PAHs fluoranthene and 

pyrene, and known-carcinogen five-ringed PAH, benzo[a]pyrene. The toxicity of 

metabolites formed from these larger PAHs should to be tested.   
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Appendix A.1 Physical chemical properties for the US EPA 16 priority PAHs 
1
. 

PAH CAS Rings Formula MW 

Density 

(g/cm
3
 at 

20
o
C) 

Vapor 

Pressure (Pa 

at 25
o
C) 

Water 

Solubility 

(g/m
3
 at 25

o
C) 

Henry's Law 

Constant (Pa 

m
3
/mol)

a
 

Log 

Kow 

log 

Koc 

Log 

Koa
b
 

Naphthalene 91-20-3 2 C10H8 128.18 1.0 1.1E+01 3.0E+01 4.5E+01 3.4 3.0 5.1 

Anthracene 120-12-7 3 C14H10 178.24 1.3 1.4E-03 7.5E-02 5.0E+00 4.5 4.4 7.1 

Phenanthrene 85-01-8 3 C14H10 178.24 1.2 1.6E-02 1.2E+00 4.4E+00 4.5 4.3 7.2 

Fluorene 86-73-7 3 C13H10 166.23 1.2 8.0E-02 1.9E+00 9.1E+00 4.2 4.2 6.6 

Acenaphthene 83-32-9 3 C12H10 154.2 1.0 2.9E-01 4.0E+00 1.4E+01 3.7 3.6 6.0 

Acenaphthylene 208-96-8 3 C12H8 152.2 0.90 8.9E-01 3.9E+00 1.2E+01 3.9 3.6 6.3 

Chrysene 218-01-9 4 C18H12 228.3 1.3 4.0E-06 2.0E-03 4.4E-01 5.6 3.7 9.5 

Benzo[a]-anthracene 56-55-3 4 C18H12 228.3 1.3 3.4E-05 1.0E-02 7.1E-01 5.9 5.3 9.1 

Pyrene 129-00-0 4 C16H10 202.26 1.3 6.0E-04 1.3E-01 1.3E+00 5.0 4.8 8.2 

Fluoranthene 206-44-0 4 C16H10 202.26 1.3 1.2E-03 2.4E-01 1.5E+00 5.2 4.6 8.6 

Dibenz[a,h]-anthracene 53-70-3 5 C22H14 278.36 not listed 1.3E-08 5.0E-04 5.6E-03 6.4 6.5 11.8 

Benzo[a]pyrene 50-32-8 5 C20H12 252.32 not listed 7.0E-07 3.0E-03 5.0E-02 6.0 6.7 10.9 

Benzo[k]fluoranthene 207-08-9 5 C20H12 252.32 not listed 7.5E-07 7.0E-04 5.9E-02 6.4 5.7 10.7 

Benzo[b]fluoranthene 205-99-22 5 C20H12 252.32 not listed 6.7E-05 1.4E-02 6.6E-02 6.5 5.7 10.4 

Benzo[ghi]perylene 191-24-2 6 C22H12 276.34 not listed 1.4E-08 2.9E-04 3.3E-02 7.1 6.3 11.5 

Indeno[1,2,3-cd]pyrene 193-39-5 6 C22H12 276.33 not listed 1.3E-07 1.9E-04 3.4E-02 7.7 8.0 11.6 
a
Ref 

2
, 

b
EPI Suite 4.1 
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Appendix A.2 % Recovery of PHE and OHPHE over the analytical method (with 

standard error, n = 3) 

Compound Average % Recovery SE 

Phenanthrene 54.0 2.74 

1-Hydroxynaphthalene 51.43 4.73 

2-Hydroxynaphthalene 83.28 8.66 

1,5-Dihydroxynaphthalene 23.56 15.00 

1,6-Dihydroxynaphthalene 40.29 12.23 

2,3-Dihydroxynaphthalene 24.44 15.90 

2,6-Dihydroxynaphthalene 58.94 5.86 

2,7-Dihydroxynaphthalene 92.41 7.40 

1-OH-2-Naphthoic Acid 43.30 1.89 

1-Hydroxyphenanthrene 70.94 1.47 

2-Hydroxyphenanthrene 82.60 3.76 

3-Hydroxyphenanthrene 81.77 3.96 

4-Hydroxyphenanthrene 69.04 1.85 

9-Hydroxyphenanthrene 44.68 8.83 

1,9-Dihydroxyphenanthrene 18.76 6.12 

cis-9,10-dihydroxy-9,10-

dihydrophenanthrene 
61.53 3.57 

trans-9,10-dihydroxy-9,10-

dihydrophenanthrene 
51.43 4.73 
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Appendix A.3 Estimated Detection Limits (EDLs) for PHE and OHPHEs. PHE was 

quantified from phenanthrene-d10 and OHPAHs were quantified from the internal 

standard. 

 

Analyte Abbreviation Surrogate 
Internal 

Standard 

EDL 

(pg 

µL
-1

) 

Phenanthrene PHE Phenanthrene-d10 
d10-

Acenaphthene 
0.51 

1-Hydroxynaphthalene 1-NAP d8-1-Hydroxynaphthalene 
d10-

Acenaphthene 
1.29 

2-Hydroxynaphthalene 2- NAP 
d8-1-Hydroxynaphthalene d10-

Acenaphthene 
0.32 

1,5-

Dihydroxynaphthalene 
1,5- NAP 

d8-1-Hydroxynaphthalene d10-

Acenaphthene 
0.41 

1,6-

Dihydroxynaphthalene 
1,6- NAP 

d8-1-Hydroxynaphthalene d10-

Acenaphthene 
3.28 

2,3-

Dihydroxynaphthalene 
2,3- NAP 

d8-1-Hydroxynaphthalene d10-

Acenaphthene 
0.74 

2,6-

Dihydroxynaphthalene 
2,6- NAP 

d8-1-Hydroxynaphthalene d10-

Acenaphthene 
0.40 

2,7-

Dihydroxynaphthalene 
2,7- NAP 

d8-1-Hydroxynaphthalene d10-

Acenaphthene 
0.73 

1-Hydroxy-2-naphthoic 

acid 
1-OH-2-NAP 

d8-1-Hydroxynaphthalene d10-

Acenaphthene 
0.43 

1-Hydroxyphenanthrene 1-PHE 
4-

Hydroxy[
13

C6]phenanthrene 

d10-

Acenaphthene 
4.89 

2-Hydroxyphenanthrene 2-PHE 
4-

Hydroxy[
13

C6]phenanthrene 

d10-

Acenaphthene 
3.15 

3-Hydroxyphenanthrene 3-PHE 
4-

Hydroxy[
13

C6]phenanthrene 

d10-

Acenaphthene 
2.96 

4-Hydroxyphenanthrene 4-PHE 
4-

Hydroxy[
13

C6]phenanthrene 

d10-

Acenaphthene 
0.86 

9-Hydroxyphenanthrene 9-PHE 
4-

Hydroxy[
13

C6]phenanthrene 

d10-

Acenaphthene 
1.66 

1,9-

Dihydroxyphenanthrene 
1,9-PHE 

4-

Hydroxy[
13

C6]phenanthrene 

d10-

Acenaphthene 
0.94 

trans-9,10-dihydroxy-

9,10-

dihydrophenanthrene 

trans-9,10-

PHE 

4-

Hydroxy[
13

C6]phenanthrene 

d10-

Acenaphthene 
4.39 

cis-9,10-dihydroxy-

9,10-

dihydrophenanthrene 

cis-9,10-PHE 
4-

Hydroxy[
13

C6]phenanthrene 

d10-

Acenaphthene 
5.01 
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Appendix A.4 GC/MS EI SIM method parameters for the analysis of OHPAHs 

derivatized with BSTFA. MW-BSTFA is the MW of OHPAHs before derivatization 

and MW+BSTFA is the MW of OHPAHs after derivatization (MW-BSTFA + m/z 

72). Ion fragments (m/z) refer to those formed from the MW+BSTFA OHPAHs 

where m/z 1: MW+BSTFA – 15 g mol
-1

; m/z 2: MW+BSTFA – 89 g mol
-1

; and m/z: 

MW+BSTFA – 31 g mol
-1

. Acenaphthalene-d10 did not undergo derivatization. 

Therefore, fragments are those formed from MW-BSTFA. The quantification ion was 

m/z 1 and the qualification ions were m/z 2 and m/z 3. 

Window Analyte 

MW-

BSTFA 

(g/mol) 

MW+ BSTFA 

(g/mol) 

m/z 

1 

m/z 

2 

m/z 

3 

Retention 

Time(min) 

1 d10-Acenaphthalene 164 NA 162 164 
 

8.903 

 
d8-1-Hydroxynaphthalene 151 223 208 134 192 9.303 

 
1-Hydroxynaphthalene 144 216 201 127 185 9.328 

 
2-Hydroxynaphthalene 144 216 201 127 185 9.527 

2 9-Hydroxyfluorene 182 254 239 165 223 11.875 

 
1,5-Dihydroxynaphthalene 160 304 289 215 273 12.59 

 
1,6-Dihydroxynaphthalene 160 304 289 215 273 12.932 

 
2,7-Dihydroxynaphthalene 160 304 289 215 273 13.306 

 
2,6-Dihydroxynaphthalene 160 304 289 215 273 13.464 

 
2,3-Dihydroxynaphthalene 160 304 289 215 273 13.659 

3 3-Hydroxy[13C6]fluorene- 188 260 245 171 229 14.238 

 
3-Hydroxyfluorene 182 254 239 165 223 14.239 

 
2-Hydroxyfluorene 182 254 239 165 223 14.655 

 
1-OH-2-Naphthoic acid 

 
332 317 243 301 14.838 

4 
trans-9,10-Dihydroxy-9,10 

dihydrophenanthrene 
212 356 341 267 325 15.695 

 
1-Hydroxy-9-fluorenone 196 268 253 179 237 15.97 

 
4-Hydroxy[13C4] phenanthrene 198 270 255 181 239 16.286 

 
4-Hydroxyphenanthrene 194 266 251 177 235 16.286 

5 9-Hydroxyphenanthrene 194 266 251 177 235 16.944 

 
2-Hydroxy-9-fluorenone 196 268 253 179 237 17.16 

 
3-Hydroxyphenanthrene 194 266 251 177 235 17.401 

 
1-Hydroxyphenanthrene 194 266 251 177 235 17.476 

 
2-Hydroxyphenanthrene 194 266 251 177 235 17.943 

 
1,9-Dihydroxyphenanthrene 210 354 339 265 323 20.548 
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Appendix A.5 Structures of commercially-available OHPAHs 
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Appendix A.6. Biomass-normalized isobutene consumption by ELW1 without 

MeOH (Neg Control) and with 0.0089% MeOH (v/v) (with standard 

error bars, n = 3). Isobutene consumption was normalized by biomass 

(mg protein). Zero-order isobutene consumption rates, determined during 

the first hour (listed on the plot), were not statistically different (p > 0.2) 

indicating that 0.0089% MeOH (v/v) did not negatively affect the activity 

of ELW1. 
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Appendix A.7. Biomass-normalized isobutene consumption by ELW1 in the 

presence of different aqueous concentrations of 1-octyne (with standard 

error bars, n = 3). Negative control,         ; 2.0 µmol L
-1

,        ;  

5.3 µmol L
-1

,       ; 7.6 µmol L
-1

,         ; 10 µmol L
-1

,        ;  

11 µmol L
-1

,         .   

 

 

 

 

Appendix A.8. Biomass-normalized isobutene consumption rates (with standard 

error, n = 3) in the presence of different concentrations of gas-phase 1-

octyne, determined during the first hour, from Appendix A.7. 

Consumption rates that were not statistically difference are designated by 

the same superscript letter.  

 

1-Octyne Caq  

(µM) 

Rate ± SE  

(µmol isobutene mg
-1

 protein
-1

 d
-1

) 

Negative Control 21.6 ± 0.156 
A
 

2.0 3.97 ± 0.041 
B
 

5.3 1.32 ± 0.121 
C
 

7.6 2.05 ± 0.062 
C
 

10 1.06 ± 0.013 
C
 

11 0.485 ± 0.060 
D
 

 

 

 

 

 

Inhibition of Isobutene Consumption by ELW 1 using 1-Octyne -Total Mass of Isobutene 

Time (hr)

0.0 0.5 1.0 1.5 2.0

T
o

ta
l M

a
s
s
 o

f 
Is

o
b

u
te

n
e

 (
m

o
l m

g
-1

p
ro

te
in

-1
) 
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5.3 mol L
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Appendix A.9. Biomass-normalized isobutene consumption by ELW1 in the absence 

of PHE (with standard error bars, n = 3). The lines represent the different 

batches of cells used in the different PHE exposure experiments indicated 

in the legend.  

 

 

 

Appendix A.10. Biomass-normalized isobutene consumption rates (with standard 

errors, n = 3), determined during the first hour, from Appendix A.9. 

Consumption rates that were not statistically difference are designated by 

the same superscript letter.  

 

Pre-Exposed Cells were 

Later used for PHE Mass 

(µmol) 

Mass of ELW 1  

(mg protein) 

Isobutene Consumption  

Rate ± SE  

(µmol mg
-1

 protein
-1

 hr
-1

) 

0.033 3.84 1.26 ± 0.031 
A
 

0.068 3.93 1.26 ± 0.017
 A

 

1.2 3.81 1.21 ± 0.087
 A

 

0.42, 0.84, and 1.8 5.05 0.899 ± 0.037
 B
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Appendix A.11. Natural log (ln) PHE transformation of six PHE masses (with 

standard error bars, n = 3 except for 1-octyne control exposed to 0.84 

µmol PHE, n = 2) by ELW1 for PHE-exposed cells (solid lines) (A), 1-

octyne controls (dashed lines) (B), and PHE-only control (dotted lines) 

(C).  
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Appendix A.12. Lineweaver-Burk plot of biomass-normalized zero-order PHE 

transformation rate at different initial PHE concentrations (Caq,PHE). The 

slope of the regression line represents KS/kmax and the y-intercept is 

1/kmax. The values for kmax and KS are shown on the plot. 
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Methods 

Maintaining Mycobacterium sp. strain ELW 1 Culture 

Culture purity was ensured by plating liquid cultures on mineral salt medium (MSM) 

agar plates and storing the plates in an air-tight Oxoid
TM

 Anaerobic 3.5 L Jar 

(ThermoFisher Scientific, #OXHP0011A) with ~1.5% isobutene (v/v), replenished 

weekly. MSM was prepared by combining 30 mL of Solution 1 (1 L ultra-high purity 

DIW with 20 g NH4Cl, 0.7 g MgCl2·6H2O, 1.0 g (NH4)2SO4, and 2 mL of trace 

element solution (50 g Na EDTA, 22 g ZnSO4·7H2O, 5.54 g CaCl2, 5.06 g 

MnCl2·4H2O, 4.99 g FeSO4, 1.1 g (NH4)6Mo7O24·4H2O, 1.57 g CuSO4·5H2O, and 

1.61 g CoCl2·6H2O in 1 L ultra-high purity DIW stored in refrigerator) autoclaved for 

40 min) with 10 mL of Solution 2 (1 L ultra-high purity DIW with 155 g K2HPO4 and 

85 g NaH2PO4 autoclaved for 40 min) into 270 mL autoclaved ultra-high purity DIW 

3
.  

Protein Assay 

ELW1 biomass was estimated by measuring the amount of cellular protein via a 

protein assay that has been previously published 
4
. In brief, 15 mL of batch culture 

grown to >0.7 (OD600) was centrifuged (15 mins at 9,000 rpm), reconstituted to 100 

µL with deionized water, and transferred to 2 mL centrifuge tubes containing 100 µL 

of 3N NaOH. The cells were heated for 1hr at 75
o
C then centrifuged (5 mins at 9,000 

rpm). Plastic cuvettes were prepared with 100µL of sample supernatant, 100 µL 3N 

NaOH, 300 µL deionized water, and 500 µL MicroBiuret Reagent. The solution was 

allowed to react for 20 mins before measuring the absorbance at 540 nm. The amount 

of cellular protein in the batch culture was determined using a calibration curve and 

accounting for dilution during sample preparation. 
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Activity Tests 

The activity of Mycobacterium sp. strain ELW1 was assessed by measuring the 

consumption of isobutene with time in batch reactors with liquid and gas components. 

The isobutene and oxygen must transfer from the gas phase to the liquid phase to be 

consumed by ELW1. To optimize its transfer between phases, 4.5 mL of MSM was 

used in 27 mL serum vials 
5
 and sealed with 20 mm Wheaton and 20 mm aluminum 

crimp caps. Calibration vials were prepared by spiking 150 µL, 200 µL, and 250 µL 

isobutene into the headspace of three separate vials. The batch reactor vials were 

spiked with 200 µL of isobutene into the headspace. Both the calibration and sample 

vials were allowed to equilibrate on a rotary shaker table at ~200 rpm at 30
o
C. After 

equilibration, an aliquot of ~0.5 mL, or less, of cells re-suspended in MSM was added 

to the sample serum vials for a total cell mass of ~4 mg 
6
. Immediate analysis of the 

isobutene concentration in the headspace was performed on a Hewlett Packard 6892 

GC coupled to a FID with a GS-Q 30 m x 0.53 mm column (Agilent, Santa Clara, 

CA). The isothermal temperature program was held at 150
o
C, with the inlet 

temperature set at 250
o
C. Helium was used as the carrier gas with flow rate of 15 

mL/min. The reactors were continuously shaken at 200 rpm to ensure mass transfer 

between the gas/liquid components. The total mass of isobutene consumed was 

determined by applying the Henry’s Law. Isobutene has a dimensionless Henry’s 

Law Constant of 10.06 at 30
o
C. 
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Sensitivity of 1-Octyne Inactivation to Isobutene Oxidation 

Terminal alkynes, particularly 1-octyne, has been shown to inactivate 

monooxygenase enzymes used in the oxidation of isobutene by ELW1 
3
. The 

sensitivity of various aqueous concentrations (Caq) of 1-octyne, 2, 5, 10, and 11 µM, 

to ELW 1 was investigated. A bottle of gas-phase 1-octyne was prepared following 
7
. 

Briefly, 40 µL of liquid 1-octyne (Sigma Aldrich, St. Louis, MO) was added to a 125 

mL glass media bottle containing several glass beads and capped quickly with a black 

phenolic cap fitted with a new gray butyl septum. An additional 100 mL of ambient 

air was injected into the bottle to make a final stock concentration of 1 mM gas-phase 

1-octyne. Necessary volumes of gas-phase 1-octyne stock were added to 27 mL 

serum vials containing 4.5 mL of MSM, 200 µL isobutene, and sealed with 

chlorobutyl septa and aluminum crimp caps. Vials were equilibrated on a rotary 

shaker table at ~200 rpm before adding ~0.5 mL (or less) of cells to the vials for a 

total cell mass of ~4 mg 
6
 and immediate analysis of isobutene concentration via 

GC/FID using the same system described in Activity Tests. 

 

Analytical Method for the Measurement of Phenanthrene and Phenanthrene 

Metabolites 

A. Extraction Method 

All PHE transformation samples (5 - 15 mL) and toxicology samples (50 mL) from 

each of the 3 replicate bioreactors were extracted using solid phase extraction (SPE) 

with a modified version of a previously published method 
8
. Bond Elut Plexa (30 mg, 

3 mL) cartridges (Agilent Technologies, New Castle, DE) were preconditioned with 5 
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mL methanol, followed by 5 mL deionized water.  The PHE transformation samples 

were spiked with phenanthrene-D10 and then added to cartridges and the eluent 

discarded. Metabolites retained on the cartridges were eluted with 5 mL acetone and 

16 mL dichloromethane (DCM), dried with sodium sulfate, and concentrated using a 

TurboVap® evaporator (nitrogen gas, 30 °C water bath). The extracts from the PHE 

transformation samples were solvent exchanged to ethyl acetate and spiked with an 

internal standard to obtain a final volume of 300 µL. The toxicology samples were 

not spike with phenanthrene-D10 prior to SPE extraction following the same method 

described for the PHE transformation samples. Toxicology extracts were split 

gravimetrically 8:2 with 80% used for toxicology testing (referred to as toxicology 

fractions) and the remaining 20% used for chemical analysis (referred to as chemical 

fractions). Toxicology fractions were not blown to dryness and reconstituted with 100 

µL dimethyl sulfoxide (DMSO) (Sigma Aldrich, St. Louis, MO) to a concentration of 

~8 mmol PHE-equivalent L
-1

 DMSO. The chemical fractions were solvent exchanged 

to ethyl acetate and spiked with labeled surrogates and internal standards to obtain a 

final volume of 300 µL and analyzed for PHE and OHPAHs. The concentrations of 

PHE and OHPAHs measured in the chemical fractions were used to estimate 

concentrations in the toxicology fractions that were tested on zebrafish. 

Estimated Detection Limits 

Estimated Detection Limits (EDLs) for PHE and OHPHEs were calculated 

following EPA Method 8280 using equations (1) and (2):
9
 

𝐸𝐷𝐿𝑠 =
(2.5)(𝐶𝐼𝑆,𝑆)(𝐻𝑛,𝑆)

(𝐻𝐼𝑆,𝑆)(𝑅𝐹)
          (1)  

𝑅𝐹 =
(𝐻𝑥,𝑠𝑡𝑑)(𝐶𝐼𝑆,𝑠𝑡𝑑)

(𝐶𝑥,𝑠𝑡𝑑)(𝐻𝐼𝑆,𝑠𝑡𝑑)
        (2) 
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Where CIS,S is the concentration of the internal standard in the sample, Hn,S is the 

height of the noise in the sample, HIS,S is the peak height of the internal standard in 

the sample, RF is the response factor for the lowest calibration concentration for a 

particular analyte, Hx,std is the peak height of the analyte in the lowest calibration 

standard, CIS,std is the concentration of the internal standard in the lowest calibration 

standard, Cx,std is the concentration of the analyte in the lowest calibration standard, 

and HIS,std is the peak height of the internal standard in the lowest calibration standard. 

Predication of Derivatized OHPAH Fragmentation Ions for GC/MS (EI)  

Fragmentation ions were predicted according to a previously-described method 
10

 and 

listed in Appendix A.4. Briefly, the trimethylsilyl (TMS) group of BSTFA replaces 

the hydrogen in the hydroxyl group resulting in the addition of m/z 73 to the OHPAH, 

forming the molecular ion [M]
+
 (Appendix A.6). Ionization by EI results in several 

cleavages including a methyl group [M-15]
+
 and the TMS ether group (OSi(CH3)3) 

[M-89]
+
. Additionally, cyclization of the TMS group with a carbon in the alpha 

position relative, to the silyl group, results in the loss of two methyl groups and one 

hydrogen [M-31]
+ 

(Appendix A.7). In a previous study, cyclization during 

derivatization was observed for 1-NAP, 1-PHE, 4-PHE, and 9-PHE 
10

 .   

Toxicity of OHPHE metabolites 

  A. Cell Viability During PHE Exposure 

Cell viability tests were performed on unexposed cells and PHE-exposed cells 

(including those exposed to 1-octyne) using Live/Dead cell staining and flow 

cytometry. Calibration standards (0.5 mL) with 0, 25, 50, 75, and 100% live cells 

were prepared by mixing different volume ratios of live and dead cells. Cells were 

grown in liquid media (described above) for 8 days (OD600 >0.7). Live cells (5 mL) 
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were mixed with an equal volume of 50 mM phosphate buffer. Dead cells were 

prepared by vortexing 5 mL of cells grown for 8 days with an equal volume of 90% 

ethanol. Fluorescent dye (SYTOX® Green Dead Cell Stain, # S34860, ThermoFisher 

Scientific, Waltham, MA) (0.5 µL) was added to each standard and allowed to 

incubate in the dark for 20 min during which only the dead cells, with compromised 

cell walls, are stained. Standards were analyzed with a BD Accuri™ C6 flow 

cytometer (BD Biosciences, San Jose, CA) using an analysis volume of 25 µL at a 

medium flow rate.  

The distribution of live and dead cells was identified by differences in their 

fluorescence intensity; unstained live cells had low fluorescence intensity while the 

green-stained dead cells had high fluorescence intensity (Appendix B.4). The cut-off 

point between the live and dead cells fluorescence intensity was established by 

manually fitting a gating to the calibration standard on the cytometer software and 

applied to samples (Appendix B.4). A calibration curve was established from the ratio 

of live:dead cells and was used to determine the concentrations of live cells in 

experimental samples (Appendix B.5). Experimental samples were prepared and 

analyzed similarly to the standards except for the dilution step. Aliquots of 50, 100, or 

250 µL were removed from the batch reactors and diluted to 0.5 mL with ultra-pure 

deionized water followed by the addition of 0.5 µL of fluorescent dye to achieve 

~10,000 events µL
-1

. 
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Appendix B.1. Structure of phenanthrene depicting bay and K regions. 

 

Appendix B.2. Example of derivatization reaction of BSTFA with 1-PHE. 

 

 

 

 

Appendix B.3. Example of cyclization of 1-PHE after derivatization with BSTFA. 
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Appendix B.4. Distribution of live and dead ELW1 cells in calibration standards used 

to establish the gating for future samples. The plots on the right show the 

fluorescence intensity of the live cells (not stained) at ~630 nm (FL3-H) 

and of the dead cells stained green at ~510 nm (FL1-H). The plots on the 

right show the number of cells (Counts) versus the fluorescence intensity 

at ~510 nm with the unstained live cells showing a lower intensity of 

fluorescence compared to the green-strained dead cells. A: 100% live 

cells, 0% dead cells; B: 75% live cells, 25% dead cells; C: 50% live cells, 

50% dead cells; D: 25% live cells, 75% dead cells; and E: 0% live cells, 

100% dead cells. 
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Appendix B.5. Calibration curve of Ratio of Live:Dead Cells versus % Live Cells.  

 

 

Appendix B.6 % Live cells (with standard error bars, n = 3 except for 0.84 µmol 

PHE, n = 2) from live/dead cell staining for 1-octyne controls, cell-only 

controls, and PHE-exposed cells at 0.42, 0.84, and 1.8 µmol PHE. 

Although there was some variability in % live cells in all the reactors, 

values were not statistically different over time or between the negative 

control, 1-octyne-inhibited positive control, or PHE- exposed cells. 

 

y = 0.0076x + 0.2086 

R
2
 = 0.9959 




