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Petroleum products consist mainly of aliphatics, aromatics, asphaltenes and resins. After
oil exploitation, the concentrations of asphaltenes and resins are high in oil reservoirs;
however, they are also the petroleum pollutants most recalcitrant to degradation, leading
to high oil viscosity. A sizable amount of work has been dedicated to understand the
degradation mechanisms of aliphatics and aromatics; however, in comparison, little work
has been carried out on asphaltene and resin degradation. This review discusses our
current knowledge on the understanding of asphaltene and resin degradation. More
specifically, it sheds light on work carried out to date on the degradation of these
pollutants, and highlights the major gaps that limit our understanding of their
degradation pathways. It also presents new potential research areas that can be
explored to fill in these gaps.
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1 INTRODUCTION

Crude oil exploration and exploitation remain core operations in world economic activity, and
around 80 million barrels of oil are produced daily worldwide (Fakhru’l-Razi et al., 2009). As a
result of oil exploration, extraction, transport and storage, contamination of the environment
with petroleum products is common, including accidental oil spills (de la Huz et al.,, 2011;
Othumpangat and Castranova, 2014; Chen et al., 2019). For instance, during extraction, it is
estimated that 3 L of reservoir water (also known as produced water) is generated for every liter
of oil or gas (Fakhrul-Razi et al., 2009). Thus, with an average of 80 million barrels of oil
exploited daily, around a quarter of a billion barrels of produced water is generated (Fakhru’l-
Razi et al., 2009). Most of the produced water is reutilized in the reservoir to extract more oil;
however, 5-10% is released into the environment, an equivalent of 100 million liters daily
(Fakhru’l-Razi et al., 2009). This highlights the role of the oil industry in contamination of the
environment by petroleum products, thus their removal from the environment remains a major
priority.

Crude oil consists mainly of four fractions: saturates or aliphatics, aromatics, resins and
asphaltenes. Their separation is based on exploitation of their differential solubilities in various
solvents, a process known as saturate, aromatic, resin, and asphaltene (SARA) analysis, as shown in
Figure 1A (Akmaz et al., 2011; Fakher et al., 2020). Saturates and aromatics are soluble in propane,
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FIGURE 1 | (A): Strategy for separation of oil components [saturates, aromatics, asphaltenes and resins (SARA)], adapted from Fakher et al., 2020 (B) Commonly
used strategies for the separation of asphaltenes from the rest of the oil components, used in many publications discussed in this review.
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FIGURE 2 | Proposed structures of resins, adapted from (A) Abdel-Raouf (2012); (B) Akmaz et al. (2011).

unlike resins and asphaltenes. Thus, liquid propane can be used to
separate saturates/aromatics from asphaltenes/resins.

Saturates (or alkanes) are aliphatic compounds that are
generally in gas or liquid forms. Aromatics, on the one hand,
consist of mono-aromatic hydrocarbons (MAHs), such as phenol
and its derivatives, and on the other hand, they comprise
polycyclic aromatic hydrocarbons (PAHs) with two or more
rings, such as naphthalene [2 rings], phenanthrene [3 rings],
pyrene [4 rings], and benzo [a]pyrene [5 rings].

Resins are complex compounds that have higher molecular
masses than those of saturates and aromatics. They consist of
aromatic and non-aromatic rings, small side chains of
hydrocarbons, and sometimes one or more heteroatom(s)
(Figure 2). The presence of heteroatoms favors their
dissolution in polar solvents (e.g, methanol and
dichloromethane). Resins play a significant role in stabilization
of asphaltenes in crude oil (Leon et al.,, 2000). Asphaltenes are
solid components of crude oil that have higher molecular weights
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FIGURE 3 | Proposed structures of asphaltenes, adapted from (A) Groenzin and Mullins (2000); (B) Kuznicki et al. (2008).

than those of resins, with more aromatic and non-aromatic rings,
associated with alkyl side chains of heteroatoms (Figure 3).
Asphaltenes and resins, which exhibit complex chemical
compositions, have many proposed structures, and there is no
report of a single purified asphaltene or resin compound that has
been isolated or synthesized. So far, their chemical structures are
only “proposed structures”, and there are as many “proposed
structures” as the number of authors who have proposed them.
Thus, they cannot be defined by specific chemical structures
(Groenzin and Mullins, 2000; Kuznicki et al., 2008; Redelius,
2009; Akmaz et al., 2011; Abdel-Raouf, 2012; Fakher et al., 2020).
The existence of pi-stacking, which results from the non-covalent
interactions of phenyl rings, leading aggregate formation, is one
of the main reasons for the difficulties in purifying various
components of resins and asphaltenes. In addition, this
tendency for aggregations varies from one solvent to the other,
which complicates measurement of their molecular weights.
Nevertheless, data indicate that the molecular weights of
asphaltenes varies from 500 to >2000 g/ mol, and that of resins
is 1,200-1700 g/ mol (Groenzin and Mullins, 2000; Speight, 2004)
These compounds are rather classified in terms of “solubility
class”: asphaltenes are insoluble in n-alkanes but soluble in mono-
aromatic solvents such as toluene and xylene; resins are insoluble
in propane but soluble in n-hexane. Overall, asphaltenes are solid
polar compounds and are the most complex oil components
(Groenzin and Mullins, 2000; Kuznicki et al., 2008; Redelius,
2009; Akmaz et al., 2011; Abdel-Raouf, 2012; Fakher et al., 2020).
As shown in Figure 1A, the extraction of crude oil with
propane leads to the separation of saturates/aromatics as the
soluble fraction, and resins and asphaltenes as the insoluble
fraction (SARA analysis). However, when crude oil is directly
extracted with n-hexane, asphaltenes (insoluble fraction) are
separated from the rest of the crude oil components (soluble

fraction). This soluble fraction is known as maltene, and consists
of saturates, aromatics and resins (Redelius, 2009), Figure 1B.

Crude oil also produces an important contaminant known as
asphalt, which is derived from the non-destructive distillation of
crude oil during petroleum refining. The oxidized form of this
asphalt, which is obtained by blowing air through asphalt at
elevated temperatures, produces asphalt that has interesting
industrial applications, for instance in road paving and
roofing. Outside the United States , asphalt is also referred to
as bitumen, and a mixture of bitumen with mineral matter is
referred to as asphalt (World Health Organization, 2004). Both
asphalt and bitumen residues consist of the four components
described above: saturates, aromatics, resins and asphaltenes
(World Health Organization, 2004).

Several strategies have been developed to remove oil
contaminants and these include chemical, physical and
biological methods. The chemical and physical methods are
expensive and generally produce secondary by-products as
pollutants. Biological methods are the most attractive and are
based on biodegradation, since they are more environmentally
benign, and less costly. Biodegradation depends on exploitation
of the ability of microorganisms to utilize pollutants as substrates
for their growth, leading ultimately to their conversion to CO..
This concept has been explored and exploited in the removal of
oil contaminants including aliphatics, MAHs and PAHs. Indeed,
bioremediation or real life removal of oil pollutants by
biodegradation has been carried out in various contaminated
environments, including seawater, soil, groundwater (Farhadian
et al., 2008; Scoma et al., 2016; Koshlaf and Ball, 2017; Davoodi
et al,, 2020; Mafiana et al., 2021; Sayed et al.,, 2021; Yap et al,
2021). In addition the mechanisms of degradation of aliphatics,
MAHs and PAHs have been extensively studies and readers are
referred to the following reviews on this topic (Haritash and
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Kaushik, 2009; Rojo, 2009; Seo et al., 2009; Meckenstock and
Mouttaki, 2011; Nzila, 2018a, 2018b; Dhar et al., 2020; Nzila and
Musa, 2020). Overall, aliphatics are easier to biodegrade, followed
by MAHs, then PAHs, and within PAHs, microbial degradation
performance decreases as the number of rings increase (Seo et al.,
2009; Haritash and Kaushik, 2016).

The higher complexity of asphaltenes, and to a lesser extent
resins, specifically make them the oil constituents most
recalcitrant to biodegradation. So far, limited work has been
dedicated to the understanding of the mechanisms of
degradation of these recalcitrant components, when compared
with those of saturates and aromatics. To fill this gap, work
carried out to date on the biodegradation of asphaltenes and
resins is presented in this review; challenges and gaps in our
understanding of this degradation are summarized, and
moreover, strategies these challenges are
highlighted. New potential research avenues are also presented,
for instance, in the Microbial Enhanced Oil Recovery (MEOR),
an oil recovery approach that uses microorganisms to mobilize
residual oil. Overall, this review provides new strategies that can
be used to isolate microbes that can efficiently degrade these
pollutants, and also improve our understanding of these
microbes’ mechanisms of action.

to overcome

2 SUMMARY OF DEGRADATION STUDIES

2.1 Degradation Under Aerobic and

Mesophilic Conditions

2.1.1 Asphaltene or Resin Degradation in the Context
of Crude Oil as a Carbon Source

In this review, further reference details are listed in
Supplementary Table S1 (ST1 to ST24) and Supplementary
Table S2 (eST1-eST4). They will be referred to in the text by table
entries (ST or eST).

In 1983, Bertrand et al. provided one of the first
comprehensive reports on the bacterial degradation of
asphaltenes from crude oil. In that work, the authors used a
pre-isolated consortium of eight bacteria (E-8), and cultured
them in a continuous bioreactor. Following filtration and
weighing of the hexane-insoluble fraction of crude oil,
which mainly corresponds to asphaltenes, the authors
demonstrated that asphaltene content had been reduced by
74% (Bertrand et al., 1983; Supplementary Table S1, ST1). In
another study using soil samples cultured in the presence of
heavy oil, Minai-Tehrani et al. reported the degradation of
asphaltenes and resins within a 12-month period (ST2);
however, the degradation rate was relatively limited, less
than 6%, especially in comparison with more than 42% for
saturates and aromatics (Minai-Tehrani et al., 2015). The
bacterial strain Pseudomonas aeruginosa was reported to
degrade asphaltenes and resins in the presence of crude oil;
however, only a 0.4% reduction in asphaltene was observed,
while there was a ¢.10% reduction in aromatics (ST3).
Interestingly, the reduction of asphaltene and aromatics was
accompanied by an increase in saturates of around 10%
(Etoumi et al, 2008), which could be explained by the
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degradation of aromatics and more complex compounds
such as asphaltenes and resins to smaller moieties that
exhibit characteristics similar to saturates.

2.1.2 Bitumen and Asphaltene Degradation in the
Context of Using Bitumen as a Carbon Source

For many decades, there has been an interest in understanding
the degradation of bitumen, partly because of its importance in
the disposal of radioactive wastes. Since the 1950s, evidence for
microbial degradation of this petroleum product has been
generated; however, in these early studies, degradation was
primarily monitored by the assessment of bacterial growth
using bitumen as substrate (Drent, 1972). In addition to
monitoring bacterial growth, and as proof of bacterial
respiration, further studies have also monitored the generation
of CO, and biomethane under aerobic and anaerobic conditions,
respectively (Brunner et al., 1987; Wolf and Bachofen, 1991b,
1991a; ST4-6).

As discussed earlier, bitumen consists of saturates, aromatics,
resins and asphaltenes. Since saturates are the most amenable to
biodegradation (this will be discussed in detail in Section 3),
evidence of bacterial growth in the presence of bitumen does not
necessarily imply that the recalcitrant asphaltenes and resins are
also degraded. Thus, degradation of bitumen should be analyzed
in the context of the degradation of each of its components,
mainly the recalcitrant asphaltenes and resins. Such a study was
reported by Ait-Langomazino et al., in which microbes consisting
of the bacteria Pseudomonas aeruginosa, Pseudomonas putida,
Arthrobacter sp., and Torulopsis holmii, as well as the yeast
Saccharomycopsis lipolytica were shown to degrade bitumen.
Overall, a 7-10% bitumen degradation was observed; detailed
analysis indicated a degradation of saturates but not that of
asphaltenes and resins, an indication of preferential
degradation of saturates by these microbes (Ait-Langomazino
et al, 1991; ST7). Morover, IR was used to confirm the
appearance of bands that clearly indicate the presence of
hydroxyl and carbonyl moities in the 3,640-3,100 cm™' and
1720-1,690 cm™' regions, respectively, upon degradation of
bitumen using S. lipolytica. The degradation of bitumen has
also been reported using a sediment slurryand monitored by
CO, production (respiration) and stable carbon isotopes.
Evidence of bitumen degradation was reported, and this
degradation was improved in the presence of an emulsifiying
surfactant. However, no investigation was on the degradation of
asphaltenes and resins (Lapham et al.,, 1999; ST8). In 2001, a
report showed a degradation rate of up to 60% of bitumen within
120 days using sediment as inoculum. Fractionation experiments
showed that most of the components from degradation of
bitumen were saturates and aromatics; however, asphalatens
and resins were not analyzed. Surprisingly, using molasses as
part of the cometabolism to increase biodegradation yielded no
benefit (Potter and Duval, 2001; ST9). This concept of
metabolism will be discussed in Section 3.

In 2011, Olemebami et al. used an enrichment process and
isolated five bacterial strains (Pseudomonas putrefaciens,
Pseudomonas nigrificans, Bacillus licheniformis, Pseudomonas
fragi, and Achromobacter aerogenes) that could grow in the
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presence of bitumen; their growth was associated with a decrease
in the weight of bitumen, as measured by gravimetric analysis
(Olabemiwo et al., 2011; ST10). Several years later, the same
bacterial strains were shown to degrade the fraction of bitumen
containing saturates and aromatics (Olabemiwo et al., 2014;
ST11); however, in that study, the degradation of asphaltenes
or resins was not reported, yet the authors concluded that these
bacteria could be used to degrade bitumen. Bitumen degradation
was also investigated in soil samples spiked with bitumen, using a
preselected, but unidentified, bacterial consortium enriched in
the presence of bitumen. In that study, degradation was
ascertained by an increase in bacterial growth and the
assessment of total carbon content. However, degradation of
the recalcitrant asphaltenes or resins was not investigated in
that study (Agarry and Oghenejoboh, 2014; ST12).

2.1.3 Asphaltene or Resin Degradation Using Asphalt
as a Carbon Source

Two degradation studies have been carried out in the context of
using asphalt as the carbon source. As stated earlier, the term
asphalt is generally used interchangeably with bitumen, and
consists of saturates, aromatics, resins and asphaltenes.

In 1998, Pendrys selected seven bacterial strains (belonging to
the genera Pseudomonas, Acinetobacter, Alcaligenes, Flavimonas,
and Flavobacterium) by an enrichment culture in the presence of
asphalt (collected on the edge of an asphalt road). The authors
demonstrated that each of these strains could grow in the
presence of asphalt or its constituents of saturate, aromatic
and asphaltene and resin fractions, as measured by bacterial
counts (Pendrys, 1989; ST13). However, growth was more
pronounced when using saturates and aromatics compared
with asphaltenes and resins. These bacteria also produced
biosurfactants, compounds that decrease the viscosity of
recalcitrant  pollutants, therefore ~ promoting  their
biodegradation, as will be discussed in Section 3. Interestingly,
that study indicated that active bacteria can be isolated from the
asphalt of roads.

Two bacterial strains, Pseudomonas aeruginosa (Gx and Fx),
have recently been proven to degrade “pure asphalt” (purchased
from a commercial company) and an asphaltene fraction from
heavy oil (Gao et al., 2017; ST14). In the same study, heavy crude
oil was also used as a substrate. Around 10% of “pure asphalt” and
59-72% of crude oil asphaltene from heavy crude oil were
degraded within 35 and 5 days, respectively (Gao et al,, 2017).
The use of these two substrates, “pure asphalt” and heavy crude
oil, was associated with an increase in saturates and aromatics, as
opposed to a decrease in asphaltenes, an indication that
degradation of asphaltenes leads to aromatics or saturates. In
addition, these two strains were shown to produce biosurfactants
(Gao et al,, 2017; ST14).

2.1.4 Asphaltene or Resin Degradation Using
Asphaltenes as the Carbon Source

In the study ST1 (discussed in Section 2.1.1), a bacterial
consortium EM-4 was used to investigate the degradation of
asphaltenes using crude oil as a source of carbon, and,
subsequently, Rontani et al. repeated the same experiment

Biodegradation of Asphaltenes and Resins

(with the same bacteria), but with asphaltenes as substrate and
n-paraffins [(saturated hydrocarbons (C12-C18)] as co-substrate.
The ability of this consortium to degrade the asphaltenic fraction
was confirmed using mass spectrometry and nuclear magnetic
resonance (NMR, both 'H and '*C), which showed a clear
decrease in both aromaticity and length of side chains
(Rontani et al, 1985; ST15). In another study, a strain of
Pseudomonas sp. was shown to degrade up to 35% of
5,000 ppm resins within 15 days when cultured in a mineral
medium using resins as the sole source of carbon (Venkateswaran
et al.,, 1995; ST16).

Two bacterial strains, Bacillus sp. and Serratia liquesfaciens,
isolated from oil contaminated soil, have also been reported to
degrade asphaltenes, as measured by gravimetric methods (Rojas-
Avelizapa et al., 2002; ST17).Similar results were reported using
five bacterial strains, Pseudomonas spp. TMU2-5, Bacillus
licheniformis TMU1-1, Bacillus lentus TMU5-2, Bacillus cereus
TMU8-2, and Bacillus firmus TMU6-2 (Tavassoli et al., 2012;
ST18). That study further showed a reduction in the proportion
of elemental carbon, nitrogen and hydrogen after biodegradation.
Another consortium of bacteria, consisting of Corynebacterium
sp., Bacillus sp., Brevibacillus sp. and Staphylococcus sp. was
shown to degrade asphaltenes when used as the sole source of
carbon, as monitored by CO, production (Pineda-Flores et al.,
2004; ST19).

In another study, various bacterial consortia (Pseudomonas
aeruginosa  and  Pseudomonas  fluorescens;  Citrobacter
amalonaticus and Enterobactercloacae; Bacillus cereus and
Lysinibacillus ~ fusiformis), or the single bacterial strain
Staphylococcus hominis, were proven to degrade asphaltenes,
as measured by optical density, and changes in functional
groups were observed using Fourier Transform Infrared (FT-
IR) spectroscopy (Jahromi et al., 2014; ST20). The degradation of
asphaltene has also been reported using Bacillus sp., Lysinibacillus
fusiformes, Acinetobacter sp., and Mycobacterium sp. in the
presence of asphaltenes and yeast extract (Aditiawati and
Kamarisima, 2015; ST21).

Another study investigated the contribution of biosurfactant
in biodegradation. Indeed, after enrichment of contaminated soil
in the presence of asphaltenes, a strain of Bacillus cereus that
produced biosurfactants and grew in the presence of asphaltenes
as sole source of carbon was isolated. Further investigation
showed that this strain could degrade up to 40% of 5.0 g.L™"
asphaltenes in 60 days (Asadollahi et al., 2016; ST22).

Likewise, the use of surfactant, sodium dodecyl benzene
sulfonate, was associated with an increase in asphaltene
degradation. Individual bacterial strains Enterobacter cloacae,
Enterobacter cloacae, and Pseudomonas aeruginosacould
degrade asphaltenes in mineral medium supplemented with
yeast extract, and this degradation was augmented when the
surfactant sodium dodecyl benzene sulfonate was added to the
culture, a further illustration of the role of surfactants in the
degradation of recalcitrant pollutants (Iraji and Ayatollahi, 2019;
ST23).

Recently, the ability of various bacterial consortia to degrade
asphaltenes was evaluated. Evidence of asphaltene degradation
was provided using weight measurement, the assessment of
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elemental carbon, nitrogen, and hydrogen, and FT-IR

spectrometry (Shahebrahimi et al., 2020; ST24).

2.2 Asphaltene or Resin Degradation Under

Extremophilic Conditions
All studies reported above have been carried out under
aerobic and mesophilic conditions. However, the ability of
microorganisms to degrade oil products, including complex
PAHs, has been documented in extreme conditions, which
are conditions pertaining to the absence of oxygen
(anaerobic), high temperature (thermophilic) and high
salinity (halophilic) (Martins and Peixoto, 2012; Nzila,
2018b, 2018a). For instance, as discussed earlier, produced
water, which results from oil exploitation is characterized by
high salinity; likewise, high temperature, high salinity and
also low or absence oxygen prevail in oil reservoirs. Thus, the
application of biodegradation concept will require the use of
extremophilic bacteria in these environments. A limited
number of studies on the degradation of bitumen,
asphaltenes, or resins have been performed under these
conditions, and the results are summarized below and in
Supplementary Table S2.

In 2009, a halophilic bacterial strain, TM-1, was isolated from
a reservoir in an oil field, and was shown to degrade crude oil not
only at high salinity (18% NaCl), but also at temperatures as high
as 58°C. Specifically, when grown in the presence of heavy oil, this
bacterium led to a reduction in the amount of resins and
asphaltenes. However, in that study, the exact method of
measurement of amounts of resins and asphaltenes was not
provided (Hao and Lu, 2009; eST1).

The degradation of an oil asphaltenic fraction was also
reported in three halotolerant bacteria, Bacillus sp. Asphl,
Pseudomonas aeruginosa Asph2, and Micrococcus sp. that were
isolated following enrichment experiments in the presence of the
asphaltenic fraction. Using gas permeation chromatography,
83-96% of 2,500 mg L ™" asphaltene fraction was proven to be
degraded within 21 days in the presence of 4.2% NaCl (g/v), and
FT-IR analysis indicated an increase in hydroxyl, sulfoxide and
sulfone functional groups (Ali et al., 2012; eST2).

The degradation of asphaltene and resin has also been tested
under conditions of high temperature using a thermophilic
bacterial strain TH-2, at 70°C; however, using crude oil as a
source of carbon, the strain could only degrade 1-3% of
asphaltenes and resins (Hao et al., 2004), eST3.

For the first time, Lavania et al. (Lavania et al., 2011) reported
the degradation of the asphaltenic fraction of crude oil by a strain
of Garciaella petrolearia (TERIG02) under anaerobic conditions
that favored methanogenesis (CO, as the main electron acceptor).
Evidence of asphaltene degradation was provided, based on
reduced viscosity and a change in functional groups
(confirmed by FT-IR). Interestingly, H, was produced, while
biomethane was not (Lavania et al., 2011; eST4). The absence
of biomethane was probably associated with the lack of
methanogenic microorganisms in the culture medium.

Biodegradation of Asphaltenes and Resins

3 GENERAL FINDINGS AND FURTHER
PERSPECTIVES

3.1 Mechanisms of Degradation of
Asphaltenes and Resins

The general mechanisms of degradation of various saturates and
aromatics have been proposed, and the literature is replete with
reports on biochemical pathways for the degradation of various
saturates and aromatics Haritash and Kaushik, 2009, 2016; Rojo,
2009; Seo et al., 2009; Nzila, 2018b; Nzila and Musa, 2020);
however, virtually no information is available on the mechanisms
of degradation of asphaltenes and resins.

Before discussing a possible mechanism of degradation of
asphaltenes/resins, one needs to highlight the limitations that
prevent the unraveling of these mechanisms. As discussed
inSection 1, the structures of asphaltenes and resins are not
well-defined. Rather, they occur as a mixture of various
compounds that are characterized by high complexity, the
presence of heteroatoms, and specific solubility patterns in
n-alkanes and aromatic solvents; they also form
nanoaggregates and aggregated clusters (Fakher et al., 2020).
Generally, to decipher the mechanisms of biodegradation of a
compound, one needs to subject a purified form of that
compound to bacterial degradation, and identify its
metabolites and enzymes that are involved in the degradation
process; however, to date, there is no single study that has
involved the use of a purified asphaltene or resin. Rather, all
studies have used normal asphaltenes or resins, which are
mixtures of many different compounds. Thus, under such
circumstances, their mechanisms of degradation cannot be
proposed.

However, based on the information that asphaltenes and
resins consist of aliphatic moieties linked to aromatic and
non-aromatic cyclic rings, sometimes with one or more
heteroatoms, and our knowledge on the degradation pathways
of saturates and aromatics, it is possible to propose a pathway for
degradation of asphaltenes and resins, a concept that was initially
proffered elsewhere (Pineda-Flores and Mesta-Howard, 2001).

First, in the order of biodegradation, alkanes (saturates) are
easier to degrade than aromatics; these aromatics become more
recalcitrant to degradation as the number of rings increase. Thus,
it is conceivable that aliphatic moieties of asphaltenes and resins
would be more amenable to degradation than aromatic or non-
aromatic rings.

The degradation of saturates has been extensively studied
under aerobic conditions. Saturates are not reactive
compounds, and their degradation is initiated by the action of
mono- or dioxygenases, enzymes that incorporate one or two
oxygen atoms into the n-alkane chain, leading to the production
of an alcohol through terminal or sub-terminal oxidation (Rojo,
2009). Further oxidation will generate intermediates of the Krebs
cycle, such as ATP and CO2, for the production of energy
through the central metabolism (Rojo, 2009).

The degradation of aromatic or non-aromatic rings is also
initiated by their hydroxylation by mono- or di-oxygenases.
Thereafter, a ring cleavage will take place to generate an
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aliphatic moiety, which generally has a terminal carboxylic group.
For MAHs, the generated aliphatics join the Krebs cycle after
further oxidation. In the case of PAHs, the ring opening process
will continue in a stepwise fashion, until the last ring is opened,
generating aliphatic intermediates that will eventually be
transformed in the Krebs cycle, as in the case of MAHs.
Intermediates from saturates or aromatics can present various
functional groups, including carboxylic acid, aldehyde, ketone, or
ether (Haritash and Kaushik, 2009, 2016; Rojo, 2009; Seo et al.,
2009; Nzila, 2018b; Nzila and Musa, 2020).

The initial hydroxylation of aromatics and saturates is
common in the biodegradation of these compounds under
aerobic conditions. As proposed by Pineda-Flores and Mesta-
Howard (Pineda-Flores and Mesta-Howard, 2001), it is
conceivable that the aliphatic and aromatic moieties of
asphaltenes and resins will be subjected to the same process of
hydroxylation as the first step in the degradation pathway. Thus,
mono- or dioxygenases should be key enzymes in the bacterial
degradation of asphaltenes and resins. In support of this
possibility, many studies on asphaltene degradation have
involved the use of FT-IR spectrometry to monitor the
functional groups of metabolites that result from degradation
of asphaltenes. The results have shown that the degradation of
asphaltenes is generally associated with the appearance of
hydroxyl and carbonyl functional groups (ST10,18, eST2,4).
Likewise, the oxidation of asphaltenes can also take place on
the heteroatom, leading to a degradation process similar to that of
the aromatic heterocyclic compounds (Pineda-Flores and Mesta-
Howard, 2001).

In summary, the absence of a purified asphaltene or resin is a
major limitation in studying the biodegradation pathways of
these compounds; however, it is likely that mono- or di-
oxygenases play an important role in the oxidation of these
compounds before their degradation into small molecules.
Discovering more strains that are able to efficiently degrade
asphaltenes and resins is definitely important. However, efforts
should be directed towards obtaining purified compounds of
asphaltenes or resins with defined structures (either by extraction
or synthesis), and then subject them to biodegradation. This will
not only contribute to our understanding of the biodegradation
mechanisms for these complex compounds, but also help in
discovering new enzymes with unique functions.

3.2 Further Studies on Bitumen and Asphalt

Biodegradation

As discussed earlier, generally both bitumen and asphalt are
considered to be part of the complex petroleum products that
are not amenable to degradation. Several studies have been
reported on bacterial degradation of bitumen by monitoring
bacterial growth, measuring the production of CO,, or
monitoring the total carbon content or the change in bitumen/
asphalt weight (ST4-12). The use of the term “bitumen
biodegradation” is misleading in this context, since, in reality,
bitumen is a mixture of saturates, aromatics, resins and
asphaltenes. Thus, when exposed to bitumen, bacteria would
degrade compounds that are more amenable to degradation,
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which are the saturates, followed by small aromatics.
Therefore, evidence that a bacterium can grow in the presence
of bitumen is not necessarily proof of the ability of this bacterium
to degrade the most complex petroleum products (asphaltenes/
resins). In support of this argument, studies on bitumen
degradation, in which each bitumen component is assessed,
clearly indicate that saturates and, to a lesser extent, aromatics
are predominantly degraded compared to asphaltenes or resins
(ST7,9).

The same observations have also been noted in the context of
degradation of asphalt and crude oil. For instance, studies ST1,
ST2, and ST13 showed that the degradation rate of saturates was
higher in bioremediation of crude oil or asphalt. However, it is
worth noting that, in two other studies, saturate levels were found
to increase when crude oil was used as substrate (ST14, eST1).
This could be due to an increase in the degradation of aromatics
(mainly MAHs), which leads to ring opening and thus generation
of saturates. Nevertheless, since saturates are more amenable to
degradation, it is imperative to monitor the degradation of
asphaltenes or resins, which are the components most
recalcitrant to degradation, in biodegradation of crude oil,
bitumen or asphalt.

3.3 Assessment of the Remaining Quantities
of Asphaltenes/Resins Using Flash
Chromatography Following Biodegradation

As discussed earlier, asphaltenes are separated from saturates,
aromatics and resins by their insolubility in n-hexane. Resins and
asphaltenes have heteroatoms, thus are more amenable to
separation by flash chromatography, using polar solvents (such
as methylene chloride or methanol) compared to the non- or less-
polar saturates and aromatics. Thus, polar solvents have been
employed in several studies to separate the polar (asphaltenes/
resins)  versus  non-polar compounds, using flash
chromatography (ST7, 9,11; ST16, eST4); however, this
approach has limitations, especially when used to assess the
remaining asphaltenes/resins in biodegradation. As discussed
in Section 3.1, under aerobic conditions, the degradation of
saturates and aromatics (also that of asphaltenes and resins) is
initiated by the action of mono- or di-oxygenases, leading to
mono- or di-hydroxyl metabolites, and these metabolites are
converted further to carboxylic acid, aldehyde or ketone
metabolites, which are also polar. Thus, when using polar
solvents (in the context of flash chromatography) to assess the
residual  asphaltenes/resins  after ~biodegradation, these
metabolites will elute along with asphaltenes and resins, thus
falsely increasing the amount of the remaining asphaltenes and
resins. This shortfall makes the results emanating from this
approach not to be accurate.

3.4 Cometabolism

The degradation of recalcitrant pollutants can be accelerated
through a process known as cometabolism, which consists of
using two substrates, the non-growth or recalcitrant substrate,
and a growth substrate. This growth substrate is more amenable
to degradation, thus is easily utilized to support bacterial growth
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and provide a source of energy. Thus, the presence of a growth
substrate will spur the degradation of the non-growth substrate,
and this concept of cometabolism has been evaluated in the
degradation of various recalcitrant pollutants (Nzila, 2013).

When pollutants that consist of mixtures of various
compounds are used for biodegradation, for instance, crude
oil, bitumen and asphalt; this type of degradation can be
referred to as cometabolism. Thus, as shown in
Supplementary Table S1, in studies in which crude oil,
bitumen and asphalt were used, it is possible to argue that the
observed degradation of asphaltenes or resins is likely to have
been contributed by saturates (present in these products) as
growth substrates.

Likewise, cometabolism was also evaluated using asphaltenes
(non-growth substrate) in the presence of the growth substrates
paraffin (ST15), beef or yeast extract (ST17, 21, 23), or molasses
(eST4). It is noteworthy that studies (ST14, ST9) that used asphalt
and bitumen, which are mixtures of various compounds, also
employed the growth substrates beef extract, peptone broth, or
molasses.

Opverall, it is important to note that, out of 28 studies reported
in this review on the degradation of asphaltenes (and to a lesser
extent resins), these compounds were used as the sole source of
carbon in only six studies (ST16,18-20,22,24, eST2); this is
probably due to the difficulties and challenges in the selection
and isolation of bacteria that could degrade asphaltenes or resins
when used as the sole source of carbon.

However, cometabolism can also be associated with
drawbacks. For instance, the use of a growth substrate can
inhibit the expression of enzymes involved in the degradation
of the non-growth substrate, a phenomenon known as metabolite
inhibition (Nzila, 2013). For instance, in the study in which
molasses was used as a growth substrate, no increase in
biodegradation of bitumen was observed (eST4). In all the
other studies discussed in this review, no comparison was
made on the rate of degradation in the presence versus
absence of growth substrates, thus one cannot estimate the
extent to which cometabolism increased the degradation rate
of these petroleum pollutants. However, based on the benefit of
this approach in previous work, one would expect that this
approach would add value to the biodegradation process.
Nevertheless, it is recommended that the effect of the addition
of growth substrates be estimated before wide-scale use of this
approach can be considered (Nzila, 2013).

3.5 Biomineralization of Asphaltenes

Under aerobic conditions, the complete microbial degradation of
a pollutant would generate CO, as the end product of the Krebs
cycle, and this process is known as biomineralization, the ultimate
objective of pollutant degradation. However, the generation of
CO, during biodegradation does not necessarily imply
biomineralization. A bacterial strain can use part of the
pollutant, and convert it to intermediate(s) in the Krebs cycle,
which will generate CO,, while intermediates can remain and
even accumulate to constitute secondary pollutants (Kiel and
Engesser, 2015). In relation to asphaltene degradation (when used
as the sole source of carbon), studies ST16,19 provide evidence of
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CO, generation, and the authors claimed the occurrence of
asphaltene biomineralization (ST19). This is arguable, since
there is no evidence of conversion of all asphaltenes to CO,.
Generally, mineralization is proven using radiolabeled carbon in
a specific position in the pollutant (mainly carbon atoms at
positions that are less amenable to biodegradation), and the
detection of radiolabeled CO, confirms the conversion of these
carbons to CO,. For instance, biomineralization of the
recalcitrant benzo [a]pyrene has been proven using this
approach (Nzila and Musa, 2020). However, such evidence has
not yet been provided with asphaltenes or resins, which is due to
the complexity of their structures and the fact that most of the
reported studies dealt with impure samples. As discussed earlier,
it is possible that bacteria degrade the aliphatic parts of these
compounds, leaving the most complex parts as intermediates.
Thus, biomineralization of asphaltenes or resins still remains
unresolved.

3.6 Degradation Using a Single Bacterial

Strain or Bacterial Consortium
Pollutants in general, and recalcitrant pollutants in particular, are
efficiently degraded by bacterial consortia rather than a single
bacterial strain. A given bacterial strain needs to express a set of
enzymes that are required for the biodegradation or
biomineralization to take place. However, all these enzymes
may not be present in a single bacterial strain, and in this
context, the use of bacterial consortia will permit all these
enzymes to be expressed in the presence of the pollutant. In
addition, there is evidence that a product of biodegradation using
one bacterial strain can be toxic to the same bacterial strain that
led to its generation, but it can be a substrate for another bacterial
strain, making bacterial consortia a better choice for
biodegradation or biomineralization (Kim et al, 2009;
Janbandhu and Fulekar, 2011; Kiel and Engesser, 2015).

As shown in Supplementary Tables S1, S2, only seven out of
26 studies on degradation of asphaltenes employed single
bacterial stains (ST3,14,16,22; eST1,3-4). Because of the
different experimental set-ups, it is not possible to compare
degradation efficiency in the context of the use of consortia
versus single strains; however, the large number of studies
using consortia (75%) is a clear indication that biodegradation
of such pollutants occurs more effectively in the context of
consortia, as one would have expected. Thus, future studies
should focus more on the use of bacterial consortia for
degradation of recalcitrant complex compounds such as
asphaltenes and resins.

3.7 Biodegradation Under Extreme

Conditions

As discussed, the biodegradation of asphaltenes has primarily
been investigated under aerobic conditions of normal
temperatures and salinity. However, the contamination of
asphaltenes and resins also occurs under extreme conditions
characterized by high temperature (thermophilic conditions),
high salinity (hypersaline conditions) and the absence of O,
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(anaerobic conditions). For instance, produced water, generated
from oil exploitation and which is contaminated with petroleum
products, is characterized by high salinity. The oil reservoir
environment in which the remnant of crude oil, which is
characterized by heavy oil and a high content of asphaltenes
(and resins), is associated with high temperatures and high
salinity, and also low—or absence of-O,. Thus, the degradation
of pollutants under these conditions requires the use of bacteria
that can efficiently grow in extreme environments. For instance,
the biodegradation of saturates and aromatics (MAHs and PAHs)
has been studied in these extreme environments (Meckenstock
et al., 2004; Meckenstock and Mouttaki, 2011; Martins and
Peixoto, 2012; Fathepure, 2014; Nzila, 2018b, 2018a). So far,
this topic has received little attention in relation to the
biodegradation of asphaltenes or resins. For instance, the
degradation of asphaltenes under halophilic conditions has
been reported in only two studies, in which a single bacterial
strain and a consortium were used (eST1,2). Likewise,
biodegradation of asphaltenes under thermophilic conditions
was reported in a single study, in which a thermophilic strain
TH-2 was used at 70°C (eST3). These studies showed that, despite
the recalcitrance of asphaltenes to degradation, bacteria that
degrade these pollutants do exist in extreme environments.
However, as is the case with the degradation of these
pollutants under normal conditions, more studies with pure
samples are needed to characterize the mechanisms of
biodegradation under these extreme conditions.

Finally, investigations have also been carried out under
anaerobic conditions that favor methanogenesis (production of
methane as a final product of metabolism). In studies ST5 and
ST6, bitumen biodegradation was also investigated under
anaerobic conditions (in comparison with that under
anaerobic conditions), while in eST4, anaerobic biodegradation
of asphaltenes was investigated in the presence of molasses.
However, evidence for methane production was provided in
only one study (ST5). Methanogenesis is a complex process
that requires the use of microbial consortia that exhibit
individual substrate specificities. Indeed, a microbe is used to
degrade a pollutant to a product, which is a substrate of another
group of microbes, and this process continues until methane is
produced by methanogens, which are archaeans (Merlin Christy
et al., 2014; Nzila, 2017). Only one and two bacterial strains were
used in ST6 and eST4, respectively, thus it is not surprising that
methane was not detected in these studies. The lack of an
appropriate consortium accounts for this failure. A consortium
of microbes was used in ST5, and although the details of this
consortium was not provided, one could conclude the existence of
appropriate microbial groups for methanogenesis. Thus, studies
on methanogenesis in the context of asphaltene and resin
biodegradation await appropriate investigations.

3.8 Microbial Enhanced Oil Recovery and
Asphaltene/Resin Biodegradation

As discussed earlier, our understanding of the biodegradation of
asphaltenes/resins is still scanty, many gaps exist, and much work
is needed to advance our knowledge of the degradation of these
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compounds. However, current knowledge of asphaltenes and
resins can contribute to Microbial Enhanced Oil Recovery
(MEOR), which is an oil recovery approach that uses
microorganisms and their metabolites to mobilize residual oil
(Niu et al., 2020).

With current technologies, it is estimated that less than 45% of
oil is recovered during conventional extraction, and as a result, up
to 55% of this original oil remains in oil reservoirs (Safdel et al.,
2017; Nikolova and Gutierrez, 2020; Niu et al., 2020). This
remaining oil is characterized by high viscosity. Strategies are
employed to increase this oil recovery, and these involve thermal,
chemical, and microbial approaches (i.e., MEOR). However,
MEOR remains the most attractive approach since it is cost
effective and the most environmentally benign among the
different approaches (Nikolova and Gutierrez, 2020; Zhang
et al., 2020). MEOR rests on allowing the growth of microbes
after their injection into the oil reservoirs, along with nutrients.
These microbes, upon growth, generate various metabolites,
including biosurfactants, which increase oil emulsification, and
decrease interfacial tension and viscosity, thus improving oil
solubility and making it more amenable to extraction. Such
active microbes are also expected to break down highly
complex compounds (such as asphaltenes/resins), thus making
oil more extractable.

Bacteria that degrade asphaltenes/resins could also have
interesting properties for use in the context of MEOR. As
shown in Supplementary Tables S1, S2 (ST13,14,22; eST1,4),
studies in which the production of biosurfactants or a change in
oil viscosity were investigated, the results have clearly indicated
that biodegradation is associated with a reduction in oil viscosity,
a central feature in MEOR. Thus, bacteria that degrade bitumen,
asphalt or asphaltenes/resins can also be considered as candidate
bacteria to be used in the context of MEOR.

3.9 Potential of “Omics” Approaches

An understanding of the mechanisms of degradation could open
up the possibility of using novel “Omics” strategies to identify
more efficient bacteria that can degrade asphaltenes and resins. In
one such strategy, specific genes that encode key enzymes in the
degradation of a pollutant can be used as probes to screen and
isolate bacteria that carry these genes, and this concept has been
used in the identification of bacteria that degrade various
pollutants including naphthalene, phenanthrene and benzo [a]
pyrene, among other PAHs (Debruyn et al., 2007; DeBruyn et al.,
2012; Porter and Young, 2013, 2014; Chen et al., 2016; Ruan et al.,
2016; Szewczyk and Kowalski, 2016).

An approach based on transcriptomics, or protein profiling,
has also been explored to decipher the mechanisms of pollutant
degradation. This technique allows the identification of enzymes
that are expressed when bacteria are exposed to pollutants, and it
has been used to study the degradation of the various PAHs
(Mukherjee et al., 2017; Nzila et al., 2018; Zhu et al., 2019).

The aforementioned approaches necessitate the use of bacteria
that can grow efficiently in vitro; However, the limitation imposed
by in vitro culture can be overcome using functional genomic
techniques, which are based on the cloning of large DNA
fragments from uncultured microbes (that grow naturally in a
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contaminated environment) into specific vectors, and the
resulting clones (also known as metagenomic clones) can be
transformed into cells, such as Escherichia coli cells. Thereafter,
these cells can be screened for their ability to degrade pollutants
(Rozalska and Iwanicka-Nowicka, 2016; Szewczyk and Kowalski,
2016). This approach has been used to study the degradation of
petroleum alkanes and PAHs (Vasconcellos et al., 2010, 2017;
Dellagnezze et al., 2014; Ngara and Zhang, 2018). Although the
application of these new “omics” techniques can contribute
immensely to our understanding of asphaltene and resin
degradation, the use of purified samples of asphaltenes will be
needed to take full advantage of these approaches.

4 CONCLUDING REMARKS

This literature review has clearly shown that bacteria can degrade
asphaltenes and resins, which are among the most recalcitrant oil
pollutants. However, there are many gaps in our understanding of
this process. For instance, evidence for this biodegradation is
based on weight assessment and change in functional groups of
asphaltenes and/or resins, but not on monitoring the degradation
of a pure compound that can be detected by HPLC, as is carried
out with other pollutants. There is no evidence for the complete
degradation of asphaltenes and resins or for biomineralization to
CO,. Biodegradation does occur, but it is likely to affect
predominantly those parts of the asphaltene and resin
molecules that contain aliphatic moieties, leaving complex and
aromatic moieties, since aliphatic moieties are more amenable to
biodegradation. More studies are needed to clarify these gaps.
One of the major limitations in our understanding of the
mechanisms of biodegradation of asphaltenes and resins is that
most bioremediation experiments for asphaltenes/resins were
carried out in mixtures of different compounds. Therefore, it
is almost impossible to decipher the pathway(s) of degradation
when mixtures of compounds are simultaneously used as
substrates. Our experience on the biodegradation of PAHs,
and evidence based on the use of IR (presented in this
review), point to the possibility of the action of mono- and di-
oxygenases as the main initial enzymes in the degradation
pathway. However, the detailed pathways of degradation can
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