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Abstract

Bacteria degrading large portion of saturated hydrocarbons are important for crude oil

bioremediation. This study investigates Novosphingobium sp. S1, Gordonia amicalis S2 and

Gordonia terrae S5 capability of degrading wide range of saturated hydrocarbons from Congo

Bilondo crude oil and discusses the degradation pathway. A parallel analytical approach

combining GC-MS and LC-HRMS enabled characterization of saturated hydrocarbons and
comprehensive determination of carboxylic acid metabolites produced during biodegradation,
respectively. Results showed that the three strains could efficiently degrade the n-alkanes (Cjo-
Cas) as well as methyl-substituted alkanes (Ci1-Czs). The series of mono-, hydroxy- and
dicarboxylic acids identified in this study confirmed the active biodegradation of the saturate
fraction and suggest their degradation was via the bi-terminal oxidation pathway. This is the first
study linking these bacterial species to bi-terminal oxidation of the saturated hydrocarbons. The
study highlights the potential application of the bacterial strains in the bioremediation of crude oil
contaminated sites. Additionally, while carboxylic acids is indicated as a suitable and valuable
metabolic biomarker, its application is considered feasible and cost effective for rapid monitoring

and evaluation of hydrocarbon biodegradation.

Keywords: crude oil, hydrocarbon, carboxylic acid, SARA, saturate fraction, Gordonia,

Novosphingobium
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1. Introduction

Crude oil is projected to remain a global source of revenue, energy and feedstock for industries
(Speight, 2017). However, crude oil is also considered a major source of hydrocarbon pollution
(Coronel Vargas et al., 2020; Khan et al., 2018). Saturated hydrocarbons represent the highest
portion of most crude oil types with an estimated abundance of 20-50% (Cappelletti et al., 2019;
Varjani, 2017). Saturated hydrocarbons carbon chains can be aliphatic (n-alkanes), branched (iso-
alkanes and acyclic isoprenoids) or cyclic (cyclo-alkanes and cyclic isoprenoids) containing one or

more saturated rings.

Microbial degradation is an effective strategy used in bioremediation of crude oil pollution
because  microorganisms, such as bacteria, can degrade hydrocarbons to carbon dioxide and
water (Das, 2014). Saturated hydrocarbons are characterized by low chemical reactivity and poor
water solubility, which effectively limit availability and accessibility to the degrading
microorganisms (Singh et al., 2012). Although low molecular weight saturated hydrocarbons are
sparingly available to the degrading microbe, they are very toxic. The high molecular weight
saturates are insoluble in aqueous medium. Nonetheless, they are degraded by a (bio)surfactant- or
biofilm-mediated process that facilitates pseudo-solubilisation and assimilation of hydrocarbons
(Dasgupta et al., 2013; Ehiosun et al., 2022a; Karlapudi et al., 2018; Sivadon et al., 2019). Few
bacteria are known to degrade a wide spectrum of saturated hydrocarbons (Chen et al., 2017; Liu
et al., 2020; Tanzadeh et al., 2020). This makes characterization of bacteria able to degrade large

fraction of saturated hydrocarbons essential for bioremediation.

Aerobic biodegradation of saturated hydrocarbons involves terminal and/or sub-terminal oxidation
that produces alcohols, which are converted into carboxylic acids (Singh et al., 2012).
Occasionally, the produced monocarboxylic acids can further be oxidized through -

hydroxylation before conversion into dicarboxylic acids (Ji et al., 2013). The production of
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carboxylic acids during hydrocarbon biodegradation was reported as a viable indicator for
biodegradation (Ehiosun et al., 2022b; Gruner et al., 2017; Watson et al., 2002). Carboxylic acids
are also indicative of the mechanisms or metabolic pathways adopted by the degrading bacteria.
However, elucidation of metabolic pathways by studying the metabolites produced requires the

development of dedicated analytical protocols.

An analytical study of both the residual hydrocarbons and the produced carboxylic acids during
biodegradation are useful for understanding and evaluating the degradation process. Gas
chromatography (GC) and liquid chromatography (LC) coupled to high-resolution accurate-mass
(HRAM) mass spectrometry (MS) remain the principal tools to characterize hydrocarbon
biodegradation (Imam et al., 2019). Although GC-MS is a more common technique for analysing
hydrocarbon biodegradation (Prince and Walters, 2022), it is not amenable to the analysis of the
produced carboxylic acids, which are polar or non-volatile, without a cumbersome derivatization
step. LC-MS provides an easy, direct, rapid, robust, and quantitative method of detection of the
produced carboxylic acids without prior derivatization (Godin et al., 2020). Nevertheless, residual
hydrocarbon analysis is generally preferred through GC because of the non-polar and thermally

stable properties of hydrocarbons.

Thus, the objectives of this study were 1) to investigate the capability of alkane-degrading
bacterial strains to degrade the saturate fraction of Congo Bilondo crude oil, 2) to develop and
apply a parallel analytical methodology that combines the efficiency of GC-MS with LC-HRMS
for saturated hydrocarbons and produced carboxylic acids characterization during biodegradation
and 3) to evaluate the suitability of carboxylic acids as valuable metabolic biomarker for

monitoring hydrocarbon biodegradation.
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2. Materials and methods

2.1 Alkane-degrading bacteria
Novosphingobium sp. S1, Gordonia amicalis S2 and Gordonia terrae S5, used within this study

were described elsewhere (Ehiosun et al., 2022a).

2.2 Biodegradation of the saturate fraction of Congo Bilondo crude oil

2.2.1 Fractionation of Congo Bilondo crude oil

n-Heptane was use to fractionate Congo Bilondo crude oil into maltene and asphaltene based on
the American Society for Testing and Materials (ASTM) D4124-09 standard procedure (ASTM,
2018). Briefly, the crude oil (85.2 g) was dissolved in n-heptane (1:40, w/v) to induce
precipitation of asphaltene for 72 h. Afterwards, this mixture was filtered using Whatman® filter
paper, Grade 1 placed in a Biichner funnel. Asphaltene was retained on the filter paper and was
recovered after air-drying the filter paper at room temperature. The filtrate was recovered as

maltene and was concentrated by rotary evaporation at 70 °C and 90 rpm.

Thereafter, 10 g of the maltene was fractionated using column chromatography. For this, a glass
column (32.5 cm length and 3.5 cm internal diameter) was used. The stationary phase was a bed of
silica gel with a pore volume of 0.75 cm® g!'. The saturate, aromatic and resin fractions were
obtained by eluting the column with n-hexane, toluene, and chloroform/methanol (9:1, v/v),

respectively.

2.2.2 Characterization of saturate fraction of Congo Bilondo crude oil by GC-MS

One microlitre of the saturate fraction was injected, in splitless mode, into the GC-MS instrument
(Thermo Scientific™ TRACE™ 1300 Series— ISQ QD300 GCMS System, ThermoFisher
Scientific, Illkirch-Graffenstaden, France). The GC-MS instrument was fitted with a

Phenomenex® Zebron™ ZB-624pys™ column with dimension 30 m x 0.25 mm x 1.40 um.
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Using helium gas at a flow rate of 1.5 mL min™!, oven temperature was initially kept at 50 °C for a
minute. After, it was raised to 150 °C at 20 °C min’! and afterward to 250 °C at 10 °C min’.
Finally, the temperature was ramped up by 15 °C min! to 300 °C and kept for 5.6 min.
Automation and data processing were done on Thermo Scientific™ Chromeleon™ 6.8
Chromatography Data System (CDS) with an embedded National Institute of Standards and
Technology (NIST) 2017 database.

2.2.3 Biodegradation of saturate fraction

Incomplete Mineral Medium was used for biodegradation study (Ehiosun et al., 2022a). The
saturate fraction (0.1%, v/v) was added to 5 mL of the medium without bacteria (abiotic control)
and with bacteria in triplicate. The cultures were incubated at 30 °C and 50 rpm in an orbital
shaker incubator. The experiments were stopped on day 0, 3, and 5 for assessment of residual

hydrocarbons and extracellular metabolites.

2.2.4 Extraction of extracellular metabolites in culture

Supernatants devoid of bacterial cells were obtained from each culture (abiotic and biotic) through
centrifugation and filtration for extracellular metabolite screening as described earlier (Ehiosun et

al., 2022a). Pending LC-MS analysis, the recovered supernatants were preserved at -20 °C.

2.3 Analysis for residual hydrocarbons and identification of extracellular metabolites

2.3.1 Residual saturated hydrocarbons analysis by GC-MS

Hydrocarbons remaining in culture were extracted using 5 mL n-hexane spiked with 0.1%
deuterated dodecane. This mixture was vigorously shaken for 20 min at 400 oscillation min™' for
optimum extraction of the residual hydrocarbons. Thereafter, samples were kept at -20 °C for 3 h
to recover only the organic phase. GC-MS conditions and data analysis discussed in Section 2.2.2

were used to analyse the residual hydrocarbons.
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2.3.2 Evaluating biodegradation efficiency

n-Alkanes (C1o-Ca4) present in the saturate fraction were determined using a calibration curve of
standard n-alkanes mix (Cjo-Ca4). The measured concentration was used to calculate the

biodegradation efficiency against those of abiotic controls using the equation below.

CA-CB
CA

Biodegradation efficiency (%) = X 100 (D

Where CA and CB are the concentration of the n-alkanes (C19-Cz24) in abiotic control and bacteria

treated samples, respectively.

Biodegradation efficiency of the other hydrocarbons without standards was estimated using their

response ratio (R), defined by equation 2:

Response ratio (R) = ; (2)

PS is the peak area of each compound in the saturate fraction; and PI represents peak area of 0.1%

deuterated dodecane (internal standard).

Subsequently, the estimated R was used to calculate the biodegradation efficiency using the

equation below:

RA-RE
RA

Biodegradation efficiency (%) = »x 100 3)

RA and RB are the response ratio (R) in an abiotic control and bacteria treated samples,

respectively.

2.3.3 Profiling carboxylic acid metabolites by LC-MS/MS
LC-HRMS instrumentation and methodology previously described by Ehiosun et al (Ehiosun et
al., 2022a) were used to screen for extracellular metabolites in aliquots of the recovered

supernatants during biodegradation of the saturate fraction. Similarly, acquired LC-HRMS data
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was processed with the ThermoFisher Scientific™ Compound Discoverer 2.1™ application

associated with Chemspider and mzCloud databases.

2.3.4 Structural elucidation of carboxylic acid metabolites by LC-MS?

The same chromatographic system and conditions in section 2.3.3 were applied to targeted
analysis using the ThermoFisher Scientific™ Orbitrap Fusion™ Lumos™ Tribrid™ mass
spectrometer. Collision-induced dissociation (CID) was employed for fragmentation at collision

energies ramping from CID15 to CID45 in full MS scan modes.

3. Results and discussion

3.1 fractional composition of Congo Bilondo crude oil

Fractionation of Congo Bilondo crude oil into saturate, aromatic, resin and asphaltene (SARA)
fractions was done before biodegradation study. This permitted the study of the saturate fraction
without interference of the other fractions. SARA fractionation produces saturate and aromatic
hydrocarbons, resins, and asphaltenes subject to their solubility, polarity and adsorption
(Shishkova et al., 2022). The result from the SARA fractionation is presented in Table 1. Firstly,
asphaltene was precipitated using n-heptane because of its insolubility in low molecular weight
alkanes (Branthaver and Huang, 2015). After this process, 0.3% of asphaltene and 99.6% of
maltene by weight were recovered. The low amount of asphaltene indicates that the crude oil is a
paraffinic crude oil. Subsequent fractionation of the maltene (10 g) produced saturates (50.4 +
1.7%), aromatics (32.8 £ 1.3%) and resins (14.4 + 0.8%) by weight with 97.6 + 1.4% recovery of

the total mass initially added.

The saturate fraction was a less viscous yellow-green liquid as shown in Figure S1

(supplementary material). The aromatic fraction was brownish and more viscous
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while resin was the most viscous with a dark brown colour. The asphaltene fraction

was a black dry flake. Similar physical characteristics were reported elsewhere (Gaspar et al.,
2012).

4.3.2 Characterization of the saturate fraction by GC-MS

Figure S2 shows the GC-MS chromatogram of the saturate fraction. Hydrocarbons detected in the
saturate fraction included n-alkanes (Ci0-C2g) and various monomethyl-, dimethyl, trimethyl-, and
tetramethyl-substituted alkanes (isoprenoids). These hydrocarbons were annotated based on their
characteristic fragments at m/z 43, 57, 71 and 85 (Figure S3) and matched with standards and the
NIST 2017 database. The short chain alkanes (< Co) were not detected in the fraction probably due
to losses during SARA fractionation. The risk of losing the more volatile hydrocarbons is one
limitation of SARA fractionation (Kharrat et al., 2007; Rezaee et al., 2020). n-Hexadecane was
observed as the most abundant among the detected hydrocarbons with a concentration of 337 + 68
ug L' (Table 2). n-Hexadecane is an abundant alkane found in crude oil (Domdi et al., 2021;
Meng et al., 2017) and it is a common model hydrocarbon for biodegradation studies of long-
chain alkanes. Pristane and phytane were observed as the dominant isoprenoids (Jovancicevi¢ et
al., 2008). Some hydrocarbons were not resolved and identified probably due to problem of

instrumental sensitivity, ionization, or database match (Farmani and Schrader, 2019).

3.3 Biodegradation of the saturate fraction

Figure 1 shows the GC-MS chromatograms obtained on day 3 and 5 of the biodegradation study.
They indicate that the profile of the saturate fraction changed significantly in comparison with the
abiotic control, at different extent as a function of the bacteria strain. An important observation is
that the three bacterial strains can efficiently use the n-alkanes (Cio-Cag) as well as the methyl-
substituted alkanes (C11-Cas) for growth and energy. Remarkably, this illustrate that these strains

can effectively metabolize a broad spectrum of the saturated hydrocarbons and highlights their
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bioremediation potential. Additionally, these strains grew at the oil-water interface by forming
biofilms. Biofilm formation was reported to effectively reduce the distance for the mass transfer
and assimilation of hydrocarbons (Abbasnezhad et al., 2011). Moreover, cells and secreted
degradation factors were reported to be localized within the biofilm matrix for effective

degradation (Ennouri et al., 2017; Sivadon et al., 2019).

The biodegradation efficiency of each saturated hydrocarbon for the bacterial strains is shown in
Table 3. The medium-chain n-alkanes (Ci0-Ci9) were efficiently degraded by the strains, with
degradation rates above 70% on day 5. Most odd-number carbon n-alkanes (Cis5-Ci9) were
completely degraded. This could be attributed to the loose configuration of odd-number carbon
atoms compared to even-carbon-number n-alkanes that are more symmetrical (Liu et al., 2020).
However, degradation rates of long-chain alkanes (C20-Cazg) were relatively lower with G. terrae

S5 than with the other two strains. Gordonia strains are known to degrade Cs-Csg alkanes (Kim et

al., 2019; Mikolasch et al., 2015). Interestingly, Novosphingobium sp. S1 showed a high

capability degrading the saturated hydrocarbons even though this genus is known to degrading

aromatic hydrocarbons (Kertesz and Kawasaki, 2010).

The methyl-substituted alkanes were efficiently degraded by the three strains. For instance, 2,3,7
trimethyloctane, 2,6,10-trimethyltridecane and 2,6,10-trimethylpentadecane were completely
degraded on day 5. Although pristane and phytane are considered relatively resistant to
biodegradation due to being highly branched, they were degraded with degradation efficiency
reaching 87 = 7 and 100%, respectively, on day 5 for Novosphingobium sp. S1. Equally,
biodegradation efficiencies of pristane and phytane were 91 + 4 and 98 + 2%, respectively, within
5 d for G. amicalis S2 but were 77 = 5 and 62 +* 7% for G. terrae S5. Evidently, the
biodegradation of n-alkanes and isoprenoids occur at approximately the same rate. Similarly, a

near complete degradation of phytane and pristane after 20 d was reported using a bacterial

10
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consortium (Bidja Abena et al., 2020). In contrast, pristane and phytane remained detected within
90 d of biodegradation in another study (Liu et al., 2020). Pristane and phytane are degraded
mainly via mono-, di-terminal and sub-terminal oxidation with an initial activation by

hydroxylation (Abbasian et al., 2015).

3.4 Identification of carboxylic acids metabolites and elucidation of degradation pathway

The separation efficiency of carboxylic acids in the culture medium and their ionization conditions
were optimized before LC-HRMS analysis. The LC-HRMS methodology was validated by
analysing these three carboxylic acid standards; hexadecanoic acid, 16-hydroxyhexadecanoic acid
and benzoic acid (Figure S4). A good separation efficiency and sensitivity was observed with the
standards. However, hexadecanoic acid was identified as a carry-over contaminant. Therefore,
hexadecanoic acid was excluded during screening and selection of metabolites. Furthermore, the
acquired data sets (m/z, retention times, intensities etc.) were large and complex. Overcoming this
challenge during data processing necessitated developing targeted workflows. Consequently, to
focus on compounds of interest that are specific to the biodegradation process, the area ratio of
compounds over time, that indicates when they appear and disappeared, was used. In addition,
compounds in blanks, abiotic control, and at the start of experiment (day 0) were disregarded.
Likewise, compounds that were not found in replicates were omitted. Finally, molecular formulas
were determined based on the ratio of carbon to hydrogen atoms, fragmentation pattern and

database match (Chemspider and mzCloud).

Fourteen carboxylic acids identified as extracellular metabolites during degradation of the saturate
fraction by the three bacterial strains are presented in Table 4. The carboxylic acids ranged from
C10-C20 and comprised of monocarboxylic acids, hydroxylated carboxylic acids, and dicarboxylic
acids. While most of the carboxylic acids were identified by database search, a fragmentation

pattern characteristic of dehydration, decarboxylation and dealkylation was observed for all the

11
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The appearance of Ci0-Coo straight chain carboxylic acids implies degradation of specific Cio-Cao
alkanes as illustrated in Table 4. For instance, undecanoic acid is produced from undecane while
tetradecanoic, 14-tetradecanoic and tetradecanedioic acid are degradation products of tetradecane.
Bacteria are known to degrade alkanes through mono-terminal, bi-terminal or sub-terminal
pathways, with the first found to be ubiquitous (Varjani, 2017). These pathways are catalyzed by
oxygenases like cytochrome CYP153A enzymes and alkane hydroxylases (Ji et al., 2013).
However, the series of mono-, hydroxy- and dicarboxylic acids found in this study suggested that
their production was via the bi-terminal oxidation or dicarboxylic acid pathway. Alkane-activating
monooxygenases produce oxygen radicals to circumvent alkanes’ poor reactivity (Singh et al.,
2012). After the formation of the initial terminal oxidation products (primary alcohol and
aldehyde), without breaking of the carbon chain, the degradative pathway branches into bi-
terminal oxidation (Figure 2). The w-hydroxylation of monocarboxylic acids produces -
hydroxycarboxylic acids that are transformed into dicarboxylic acids, and later channelled into the
B-oxidation pathway (Ji et al., 2013). Most likely, this is a first report linking these bacterial
species to a bi-terminal oxidation of alkanes. Hydroxylated fatty acids production was reported for
bacterial strains degrading n-hexadecane (Rodrigues et al., 2020) and many dicarboxylic acids
were observed during degradation of n-octacosane (Oberding and Gieg, 2018). The results
supports carboxylic acids as useful indicators for tracing microbial activities during hydrocarbon
biodegradation. Characterization of metabolic biomarkers, such as carboxylics, are useful in the

design and evaluation of bioremediation strategies (Oka et al., 2011).

Although the presence of the carboxylic acids indicates active degradation of hydrocarbons, why
they are present in the extracellular medium remains unclear. Nonetheless, the extracellular
oxidation of n-hexadecane was reported before (Meng et al., 2017). Furthermore, the strains used
in this study form biofilm in the presence of hydrocarbons (Ehiosun et al., 2022a). Thus, we can
speculate that hydroxylation and the subsequent oxidations of alkanes occurs within the

13
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extracellular matrix of the biofilm. Notably, the extracellular matrix of biofilm was described as
an external digestive system favouring hydrocarbon solubilisation, digestion and assimilation
(Sivadon et al., 2019). These metabolites could also originate from leakage of cells by active or
passive excretion and/or through cell lysis and death (Heyen et al., 2021). Figure 3 shows the
production of carboxylic acids for each studied bacterial strain. In one case, 14-
hydroxytetradecanoic acid was detected only on day 3 for G. amicalis S2 and Novosphingobium
sp. S1 but was relatively at the same level for G. terrae S5 at day 3 and 5. In addition,

tetradecanoic acid and 10-propoxydecanoic acid were not detected for Novosphingobium sp. S1.

4. Conclusion

This study demonstrated the high capability that Novosphingobium sp. S1, Gordonia amicalis S2
and Gordonia terrae S5 have with degrading the saturate fraction of Congo Bilondo crude oil. The
analytical data obtained from parallel GC-MS and LC-HRMS analyses enabled an in-depth
assessment of the biodegradation. While medium-chain and long-chain n-alkanes were efficiently
degraded by the bacterial strains, most odd-number carbon n-alkanes and some methyl-substituted
alkanes were completely degraded. The obtained results highlight the potential application of the
strains in bioremediation of crude oil polluted sites. Furthermore, the comprehensive
determination of the produced carboxylic acids by LC-HRMS was valuable in tracing the
biodegradation of specific alkanes. This approach allowed the identification of the bi-terminal
oxidation pathway as the most likely metabolic pathway used by the investigated bacterial strains
during degradation of the saturate fraction. This underscores carboxylic acids as a suitable and
valuable metabolic biomarker for rapid monitoring and evaluation of bioremediation strategies.

No doubt, the progressive availability of advanced chromatographic systems coupled to high-
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resolution mass spectrometry will significantly expand our understanding of the occurring

biochemical processes during biodegradation, which is vital for enhanced bioremediation.
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Captions

Figure 1: Chromatogram showing the relative changes in the profile of saturate fraction of Congo
Bilondo crude oils on (a) day 3 and (b) day 5 of biodegradation study. The degradation rates of
long-chain alkanes were relatively higher between Novosphingobium sp. S1 and Gordonia amicalis
S2 than with Gordonia terrae SS.

Figure 2: The proposed alkane degradation pathway for the three bacteria strains. The produced
monocarboxylic acid either can pass on to the B-oxidation pathway or be channelled into the bi-
terminal pathway to form dicarboxylic acid.

Figure 3: Levels of carboxylic acids produced from biodegradation of saturate fraction of Congo
Bilondo crude oil for (a) Novosphingobium sp. S1 (b) Gordonia amicalis S2 and (c) Gordonia
terrae SS.



Tables

Table 1: Percentage weight of fractions of Congo Bilondo crude oil

Composition of fraction (%/weight) Recovery (%)
Asphaltene Maltene
0.3 99.6 99.9
Saturates Aromatics Resins

504 1.7 328+1.3 14.4+£0.8 97.6+1.4




Table 2: Hydrocarbons detected by GC-MS in the saturate fractions of Congo Bilondo crude oil. — signifies “not determined”.

Retention epe .
Hydrocarbon time Molecular Molecular structure Amm{{lt Qu.antlflcatlon
. formula (ngL™) ion (m/z)
(min)
n-Decane 7.14 CioHa HyC NSO 131 57
n-Undecane 8.24 CiiHa HyC N "N"N"CH, 3248 57
n-Dodecane 9.41 Ci2Has HyC NSNS CHs 262 + 46 57
CHs
2,3,7 Trimethyloctane 10.29 C11Has H30WCH3 - -
CHj CHj
n-Tridecane 10.62 Ci3Has HyC N "¢, 105+9 57
. CH3 CH3
4,6-Dimethyldodecane 11.58 C1sHzo HaC /\)\/'\/\/\/CHs — _
3
n-Tetradecane 11.84 CisHso H 3C/\/\/\/\/\/\/CH3 202+£18 57
. . CH; CHs  CHs
2,6,10-Trimethyltridecane 12.61 Ci6Hza H C/\)W'\/\/'\CH - -
3 3
n-Pentadecane 13.07 CisHs: HiC N NSNS, 48 +2 57
n-Hexadecane 14.26 CieHss TR e Ve Ve Ve 338 + 68 57
2,6,10-Trimethylpentad 14.82 CigH ISP G
,6,10-Trimet entadecane . A~~~ AN - -
P 1 HsC CH,
n-Heptadecane 15.41 Ci7Has HyC N N NN, 42+3 57
o 1548 o CHs CHs CH, CHs
ristane . Ao~ A~ AN - -
19H40 HaC CH,
6-Cyclohexyldodecane 15.89 CisHss - -

HsC



n-Octadecane

Phytane

2-Methyloctadecane

n-Nonadecane
n-Eicosane
n-Heneicosane
n-Docosane
n-Tricosane
n-Tetracosane
11-methylpentacosane
n-Pentacosane
n-Hexacosane
n-Heptacosane

n-Octacosane

16.51

16.62

17.42

17.50
18.38
19.20
19.96
20.26
21.77
22.14
22.86
23.54
24.21
24.75

CigHssg

CooHas

CioHao

CioHao
CooHaz
CaiHaa
CaaHae
CasHas
CasHso
CaeHsa
CasHs2
CaeHsa
Ca7Hs6
CasHss

158 +41
14+£35
97 £20
152 £29
68 +3
4+1

57

57
57
57
57
57
43




Table 3: Relative biodegradation efficiency of saturated hydrocarbons on day 3 and 5 of biodegradation study.

Biodegradation efficiency (%)

Novosphingobium sp. S1 Gordonia amicalis S2 Gordonia terrae S5

Hydrocarbon day 3 day 5 day 3 day 5 day 3 day 5
n-Decane 64 £ 10 729 799 813 61 +8 76 £ 19
n-Undecane 68 £ 1 75+£12 64 +3 81 +15 5917 86 + 13
n-Dodecane 76 £22 87+ 13 70£22 81+ 15 79 £16 8713
2,3,7 Trimethyloctane 94 + 10 100 95+6 100 100 100
n-Tridecane 45+13 76 £22 62 £18 81+6 61 +10 83+16
4,6-Dimethyldodecane 802 84 £ 16 91+1 92 +£8 79 +4 803
n-Tetradecane 67+£5 78 £11 63 £15 83+2 717 80+3
2,6,10-Trimethyltridecane 100 100 96 +4 100 97 +3 100
n-Pentadecane 100 100 88 £ 11 100 79 £ 18 100
n-Hexadecane 50+ 17 75+£10 62 £25 69 £ 10 47 £ 17 59+12
2,6,10-Trimethylpentadecane 100 100 100 100 94 + 11 100
n-Heptadecane 100 100 100 100 100 100
Pristane 77 £ 15 877 83+ 11 91+4 72 £ 16 775
6-Cyclohexyldodecane 30+4 64 +1 52+12 66 +1 82 26+4
n-Octadecane 8117 82+ 16 70 £ 18 85+5 68+9 75+£22
Phytane 73 +£23 100 80+6 98 +2 54+3 62+7

2-Methyloctadecane 86 £ 24 87+11 84 +£9 99 +3 67+7 69 +4



n-Nonadecane
n-Eicosane
n-Heneicosane
n-Docosane
n-Tricosane
n-Tetracosane
n-Pentacosane
n-Hexacosane
n-Heptacosane

n-Octacosane

100
62+12
77+3
58 +£18
56+1
65+ 14
37+4
36+9
41 +8
32+10

100
67 £28
80+2
72 £25
72 +£24
74 £23
60 + 8
68 +28
80+ 17
70 £ 26

100
73+£2
65+3
76 £13
71+6
72+£17
62+2
65 +38
71 £25
56 +£13

100
805
73+£7
8117
79 £20
78 £20
79+4
87+6
73 +£29
72 £25

100
611
586

58 +25
586

56+ 14
336
28+4
316
44 £5

100
66 +5
60 + 8
59+6
62+6
56 £ 10
34+1
42 +38
46 £4
55+19




Table 4: Carboxylic acids produced from biodegradation of saturate fraction of Congo Bilondo crude oil. ND denotes “Not Detected” and — signifies “Unknown”.

Day detected in culture Probable
Compound 1}/{)(:};5:“1:2‘1' Molecular mass RT Novo. sp. S1 G. amicalis S2  G. terrae S5 precursor
10-Hydroxydecanoic acid C,,H,,0;, 188.14 6.45 3and 5 3and5 3and5 n-Decane
Undecanoic acid C,H,0, 186.16 12.44 3and 5 3and5 3and 5 n-Undecane
Dodecanedioic acid C,H,,0, 230.15 6.37 3and 5 3and 5 3and 5 n-Dodecane
Tridecanoic acid C,,;H,O, 214.19 13.83 3and5 3and5 3and5 n-Tridecane
10-Propoxydecanoic acid C;H, 0, 230.18 10.62 ND 3 3and5 -
Tetradecanoic acid C,H,O0, 228.20 15.01 3 3and5 3 n-Tetradecane
14-Hydroxytetradecanoic acid C, H,O0, 244.20 11.63 3 3 3and 5 n-Tetradecane
Tetradecanedioic acid C, H,.O, 258.18 9.40 3and5 3and5 3 n-Tetradecane
15-Hydroxypentadecanoic acid C,H,,0, 258.21 12.36 3and5 3and5 3and5 n-Pentadecane
Hexadecandioic acid C,H,,0, 286.21 11.37 3and 5 5 3and 5 n-Hexadecane
8-Hydroxyhexadecanedioic acid C,(H,,0; 302.20 7.50 3and 5 3and 5 3and 5 n-Hexadecane
Heptadecanedioic acid C,H,,0, 300.23 11.99 3and5 3and5 3and5 n-Heptadecane
(152)-9,12,13—trihydr9xy-l5-octadecenoic CHO 33024 952 ND 3 and 5 3 and 5 B
acid

18773475



Icosanedioic acid C,,H;0, 342.27 13.76 3and 5 3and5 3and5 n-Icosane
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