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ABSTRACT

This literature review examines the ecological trade-off between Alcanivorax borkumensis, a specialist
hydrocarbon-degrading bacterium, and Pseudomonas spp., which exhibit broader metabolic versatility. 4.
borkumensis possesses specialised alkane-degradation pathways that can support rapid hydrocarbon
degradation in oil-contaminated marine environments.

In contrast, Pseudomonas spp. exhibit broader metabolic versatility, with reported degradation of
hydrocarbons, aromatic compounds, and selected synthetic polymers. However, its generalist nature can
reduce degradation efficiency for individual substrates, while the specialist nature of 4. borkumensis
limits adaptability when faced with a variety of plastics and oil waste. Environmental conditions including
pH, temperature, salinity, nutrient availability, and pollutant composition can further influence the
performance of both microorganisms.

This review evaluates whether co-culturing A. borkumensis with the adaptive Pseudomonas spp. could
complement these contrasting characteristics in heterogencous marine pollution. The metabolic
characteristics of A. borkumensis and Pseudomonas species provide a reason for testing this
specialist-generalist consortium, but whether these complementary characteristics provide measurable
cooperation remains to be experimentally validated.

LITERATURE SEARCH/METHODOLOGY

Literature relevant to marine microbial bioremediation was identified through searches of Google Scholar
and PubMed databases using combinations of terms including “Alcanivorax borkumensis,”
marine bioremediation,” ”hydrocarbon degradation,” “plastic degradation,
consortium,” “biosurfactants,” “and “biofilms.” Searches focused primarily on literature published
between 2015 and 2026, although older studies were included when they provided important information
not found within the preferred date range. Only peer-reviewed studies published in English were
considered. Studies were selected if they addressed hydrocarbon or plastic degradation, metabolic
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pathways, environmental adaptability, biosurfactant or biofilm production, or microbial co-culturing
relevant to A. borkumensis or Pseudomonas species. Studies that were not peer reviewed, were not
published in English, or lacked direct relevance to microbial degradation and bioremediation were
excluded. Reference lists of relevant articles were also examined to identify additional studies that met the
inclusion criteria.

INTRODUCTION

Marine ecosystems are increasingly exposed to heterogeneous mixtures of pollutants, including crude oil
and plastics. Approximately 11 million metric tons of plastic and up to 1.3 million metric tons of crude oil
enter marine environments annually (40). Since these pollutants have significant differences in chemical
structure, how long they remain in the environment, and have interactions with each other (41), no single
microorganism is likely to efficiently degrade all components of a mixed pollutant system. This
heterogeneity raises a challenge for microbial bioremediation, which is how a single microorganism can
simultaneously achieve high degradation efficiency while maintaining sufficient metabolic flexibility
across chemically diverse pollutants. Instead of focusing on individual strands, the review asks whether
two microorganisms, such as Alcanivorax borkumensis and Pseudomonas spp., could be combined in a
way that they play to each other’s strengths to degrade plastic and oil found in marine habitats sustainably.

Traditional Remediation Methods

Conventional marine remediation approaches, including mechanical cleanup, chemical dispersants,
recycling, and dredging, can reduce pollution but have important limitations when applied to
heterogeneous marine waste. While these methods can provide positive short-term effects, such as the
physical removal of marine debris from affected areas (42), temporarily removing plastic and other waste
from waters, more will continue to enter the oceans. Chemical dispersants can reduce the surface
accumulation of oil, but their effectiveness and ecological consequences vary depending on
environmental conditions (53). Current recycling methods include reusing and degrading, which turn
certain plastics and their polymers into new products, and chemically dissolving polymers, respectively.
Dredging, which removes unwanted particle matter from the ocean, can damage benthic ecosystems, as
can mechanical cleanup (54). Additionally, recycling most plastic that ends up in the ocean is
unproductive, as the plastics are not sorted because of their varied polymer compositions (55).

Marine Microorganisms as a Promising Sustainable Method

Microbial bioremediation offers an alternative approach because microorganisms can transform or
metabolize certain pollutants rather than physically removing them from the environment. However,
microorganisms differ greatly in substrate specificity, degradation kinetics, and environmental tolerance.
To compare these characteristics, Table 1 categorizes representative microorganisms according to
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ecological strategy, main substrates, classification, environmental adaptability, and their potential for

mixed pollutants.

Table 1. Representative Marine Microorganisms Used in Recent Bioremediation Studies

Bacteria Ecological Main Classification | Environmental | Mixed-poll
strategy Substrates adaptability utant
potential
Alcanivorax Specialist Alkanes High Low Limited
borkumensis (1)
Ideonella Specialist PETase and High High only with | Limited
sakaiensis (36) MHETase to PETase
degrade PET
plastic
Dokdonella Specialist Carbohydrates, | High Low Suitable
kunshanesis (37) nitrogen-contain
ing compounds
Fibrobacter Specialist Cellulose, High Moderate Limited
succinogenes beta-glucans,
(38) cellodextrins
Zoogloea (39) Specialist WSC, organic High Moderate Suitable
acids, sugars,
aromatic
hydrocarbons
Pseudomonas Generalist Hydrocarbons Moderate High Suitable
spp. (16)
Bacillus subtilis | Generalist Keratin, Moderate High Highly
(31) petroleum suitable
hydrocarbons
Acinetobacter Generalist Phenols, Moderate High Highly
(45) aromatics, suitable
nitrogen
compounds,
petroleum,
Oct 2026
Vol 12. No 5.

Oxford Journal of Student Scholarship

www.oxfordjss.org

168




Ecological Trade-Off in Marine Bioremediation: A Comparative Analysis Between Alcanivorax
borkumensis and Pseudomonas spp.

plastics
Phanerochaete Generalist Aromatic Slow High Highly
chrysporium compounds, suitable
(46) pesticides

The classifications of degradation performance (high, moderate, and slow) are qualitative comparisons
based on the relative degradation performance reported in the cited studies. Since the studies examined
different substrates, organisms, experiential conditions,exposure periods, and outcome measures, these
categories should not be interpreted as standardized quantitative thresholds or used for direct cross-study
comparison.

Degradation performance in Table 1 was classified qualitatively based on the relative performance
reported within the cited studies. Direct numerical thresholds were not applied because degradation
measurements varied substantially in substrate type, experimental conditions, duration, and measurement
methodology. For example, the high environmental adaptability determined for Ideonella sakaiensis (36)
was based on the experiment’s use of high-crystallinity PET from commercial soft-drink bottles, also
adjusting the environment (pH, 72 h exposure, 30°C, etc.) is different from the experiment defining
Acinetobacter’s highly suitable mixed-pollutant potential (47), isolating the bacteria with oil sludge that
contains saturated hydrocarbons, PAHs, and even inorganic pollutants like Zinc and Cadmium. Thus, due
to the variety of experiments, these classifications are intended only to provide a broad comparative
overview of the microorganisms discussed in this review.

THE SPECIALIST MICROORGANISM: Alcanivorax borkumensis

Among marine bioremediating bacteria, Alcanivorax borkumensis is a highly specialized
hydrocarbonoclastic organism that can rapidly populate in oil-contaminated environments because of its
specialized alkane-degradation pathways (1, 4). Its specialization allows it to efficiently utilize
hydrocarbons as carbon and energy sources, making it particularly well suited to oil-contaminated marine
environments (2, 3). After an oil spill occurs, the hydrocarbons that it consists of are distributed into the
waters, which can favor 4. borkumensis over microorganisms that are less capable of exploiting these
substrates, allowing it to form population blooms in contaminated areas (5, 8).

The efficiency of A. borkumensis is largely attributed to its specialized alkane-oxidation pathways. 4.
borkumensis uses a stepwise oxidation process and the additional diversity that has been discovered
within the enzymes that the bacteria can use, enforcing its adaptability while remaining specific to certain
needs, such as the use of “alkane monooxygenase” (6) as the first step. In the overall stepwise oxidation
process, alkane monooxygenase (often known as AlkB-type) converts the alkane to an alcohol, going
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through other complicated chemical reactions to reach the end product, Acetyl-CoA. However, a new
finding in this paper by researchers off the North Atlantic coast has discovered that there are alternating
alkane-activating enzymes that A. borkumensis utilizes in its process to remediate oil-concentrated areas
in Earth’s waters (6). This specialization allows 4. borkumensis to efficiently channel hydrocarbons
through defined metabolic pathways. However, the same metabolic specialization that increases efficiency
towards alkanes can constrain the organism's ability to use other chemical pollutants as energy sources.
Thus, specialization represents the main strength but also the principal limiting factor of A. borkumensis
in heterogeneous marine pollution.

Cross-Feeding in Alcanivorax borkumensis

Cross-feeding refers to the consumption of metabolites released by one microorganism by another
member of a microbial community (7). Although cross-feeding is well established in microbial
communities, direct evidence demonstrating this interaction specifically between A. borkumensis and
Pseudomonas spp. remains limited. Therefore, the potential for metabolite exchange between these
organisms should be a proposed mechanism rather than a concrete and documented interaction.
Biosurfactant production may provide another mechanism through which A. borkumensis modifies
pollutant accessibility. By reducing interfacial tension between membrane phospholipids and increasing
their oil-water interface, biosurfactants can improve access to hydrophobic hydrocarbons for microbial
degradation (8). This production is not unique to A. borkumensis, since Pseudomonas strains such as P.
putida also produce biosurfactants (13). Therefore, one potential advantage of a consortium would not be
from biosurfactant production of one organism alone, but from whether these extracellular products
improve pollutant accessibility for the microbial community as a whole. A. borkumensis forms a
glycine-glucolipid biosurfactant, and blooms are the result of reactions to the sudden increase in
concentration of oil that could enter the waters at any given time. Biosurfactants play an important role in
substrate accessibility by breaking down the oils, which enhances the microbial degradation activity. The
result of biosurfactant production is extremely useful to 4. borkumensis and Pseudomonas spp., as it
reshapes the inaccessible pollutants into biologically available resources for further remediation.

Biofilm and Biosurfactant Cooperation in Alcanivorax borkumensis

In addition to the formation of biosurfactants, a similar phenomenon that occurs is the creation of a
biofilm, which is a layer of bacteria that forms around crude oil droplets or surfaces of plastics that the
microorganisms can detect (9). Biosurfactant production and biofilm formation may act as
complementary systems by improving microbial attachment to the waste surface and expanding pollutant
accessibility. A. borkumensis will secrete biosurfactants to alter the hydrophobicity of its own cell
membranes, but also of the plastic surface, which increases the strength of attraction from the bacteria to
the waste particle (13). Then, these microbes will multiply until they form an expansive structure called
the biofilm, trapping enzymes closer to the waste surface for efficient degradation. The microbes
continuously secrete enzymes to break the polymer chains of the waste element while producing
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biosurfactants to soften the plastic (13), making it easier for the enzymes to break down. There are
different combinations of enzymes integrated into the system of biosurfactants and biofilms, such as the
enzymes of alkane hydroxylases like AlkB1 and AIkB2, in combination with biosurfactants like
glycine-glucolipids to work simultaneously (2). The biosurfactant phenomenon serves as an important
factor for the efficient, specific degradation of 4. borkumensis.

Environmental Limitations of A. borkumensis

While A. borkumensis performs well in localized, high-concentration oil environments, the process is
energetically costly and environmentally dependent, which narrows its scalability (29). This limitation of
draining resources relatively fast is a concern since the oceans’ behaviors are unpredictable. Factors such
as varying temperatures, nutrient distributions, and changing salinity levels can all influence A.
borkumensis degradation efficiency simultaneously.

In particular, however, salinity plays a huge role in regulating this microorganism’s enzyme function. For
instance, take the research findings found by Pereira et al., which demonstrated a decreasing trend in
protein production as the molarity of NaCl increased from 0.3 M to 0.6 M and 1.2 M. The observed
decline in protein production across increasing NaCl concentrations suggests that salinity can constrain
the physiological performance of 4. borkumensis under some experimental conditions (10). Moreover,
enzyme activity in 4. borkumensis is closely related to the function of environmental stability, such as the
AlkB-type enzymes requiring detailed structural conditions to function (11).

Along with changes in salinity, pH fluctuations and changing pollutants will destabilize enzymes in their
normal environment. These salinity changes negatively affect transportation of nutrients and enzymes
across the membrane, protein folding, and substrate availability. As a result, even though A. borkumensis
is well-adapted to its familiar plastic polymers and biofilm production, these findings suggest that the
performance of A. borkumensis may vary substantially across marine environments with different
conditions.

Although A. borkumensis is highly efficient as defined by the various microorganism skills seen in Table
1, its narrow substrate range, limited adaptability, and ecological dependence continue to drive research
away from using single specialist organisms for future bioremediation. This progression can be seen as
scientists consider the complementary metabolic pathways, also taking into consideration the
environmental context, which concludes that more than one microorganism is required to keep the
coexistence system going (43). Thus, while 4. borkumensis demonstrates strong hydrocarbon degradation,
its limitations provide an incentive for investigating whether the versatility of Pseudomonas spp. could
complement its weaknesses in mixed-pollutant marine environments.
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THE GENERALIST MICROORGANISM: Pseudomonas spp.

In contrast to the substrate specialization of Alcanivorax borkumensis, Pseudomonas spp. exhibit broad
metabolic versatility that allows individual strains to utilize chemically diverse substrates. Pseudomonas
spp. are capable of degrading hydrocarbons, aromatic compounds (12, 13, 14), pesticides, and certain
synthetic plastics, which makes them one of the most adaptable organisms currently used in
bioremediation investigations and applications. This class of compounds is often found in the remains of
burned organic materials, which commonly end up near landfill soil as polycyclic aromatic hydrocarbons
(PAHSs) (13). The PAHs can be found in recycled plastics and rubber, both of which are in abundance in
landfills and in water bodies (14).
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Figure 1. Structures of Representative Polycyclic Aromatic Hydrocarbons (PAHs) (35). Pseudomonas
spp. can degrade Naphthalene, Phenanthrene, Anthracene, Pyrene, and Fluorene. This variety of PAHs
demonstrates the generalist’s capability to metabolize a variety of structurally diverse chemicals.

The structural diversity of PAHs illustrates the breadth of substrates that Pseudomonas can encounter and
metabolize. Low-molecular-weight (LMW) PAHs generally contain fewer fused aromatic rings and are
more readily degraded, whereas high-molecular-weight (HMW) PAHs are more chemically stable and
therefore more difficult to break down. With the execution of these microorganisms’ oxygenase-mediated
pathways, however, Pseudomonas can metabolize compounds from both groups and lead the degradation
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products into main carbon metabolism systems (44). Certain P. aeruginosa strains have been shown to
degrade fluorene, phenanthrene, and pyrene with degradation efficiencies up to 98% (44), doing this by
using the beta-ketoadipate pathways introduced in Figure 2 below.

Elements of P aeruginosa, one of Pseudomonas spp.’s strains, can degrade polyethylene (PE),

polyurethane (PU), and polystyrene (PS) polymers, among others (15), while using a variety of energy

sources such as carbohydrates. Unlike highly specialized degraders, Pseudomonas spp. have been
reported to metabolize numerous synthetic polymers that differ substantially in chemical composition,

abundance, and environmental persistence. Table 2 illustrates the chemical and environmental diversity of
plastic substrates reported to be degraded by Pseudomonas spp.

Table 2. Common Plastics Degraded by Pseudomonas spp.

Type of Common | What it’s found in: | Estimated Reported Hydrocarbon Aromatics

Plastics Able to share of marine composition: composition:

Be Degraded by global plastic | occurrence

Pseudomonas production (%)

spp-: (%)

Polyethylene (15) [ Rigid containers, 26 - 30% 40-80% Pure Hydrocarbon | None
packaging,
household and
consumer goods,
plumbing pipes

PET (15) Beverage and 8% 10-20% No hydrocarbon; Yes,
condiment bottles, contains oxygen semi-aromatic
textiles and fabrics,
film materials

PUR (41) Flexible foams, 7% 5-10% No hydrocarbon, Yes
liquid coatings, classified as a
synthetic fibers (eg. polymer with
spandex) urethane linkages

PS (47) Grocery item 5% 2-5% Pure Hydrocarbon | Yes
containers,
insulation, toys and
novelties
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PCL (48) Biomedical Less than 1% | Negligible No Hydrocarbons | None

implants,
biodegradable
packaging, 3D
printing filaments

The range of polymers shown in Table 2 demonstrates the broader substrate depth of Pseudomonas spp.
compared with the alkane specialization of Alcanivorax borkumensis. However, the presence of a reported
degradation pathway does not necessarily indicate rapid or complete degradation under marine conditions.
In contrast to their generalist functions, there are different pathways that Pseudomonas spp. will exhibit
for different plastic polymers, such as the one demonstrated with Polyethylene terephthalate (PET).

Pseudomonas spp. performs well in its degradation of plastic particles, but plastics are evolutionarily
difficult to remove. Plastics are synthetic, and microbe strains such as P. aeruginosa did not evolve to
specifically access the internal polymers to degrade. The versatility of catabolic pathways in this microbe
is often incomplete or inefficient (17, 18). The degradation process consists of three main steps: biofilm
formation, enzyme hydrolysis, and the synthesis of monomers. Pseudomonas spp. take over hydrophobic
(water-hating) plastic surfaces by forming biofilms, which then break down enzymes and cellular
structures that make up PET. Since the biofilm tends to spread over the entire surface (17), it maximizes
the localized concentration and increases rates of degradation (19).

There are similar steps that Pseudomonas spp. takes to ensure efficient degradation of other plastic
polymers, like styrene (PS), polyurethane (PUR), or polycaprolactone (PCL). The multiple aromatic
catabolic pathways of the generalist bacteria’s popular strains, P. aeruginosa can be explored in fourteen
different ways (20), occurring through several interconnected biochemical routes. Another example that is
greatly abundant is PE. For the degradation mechanism of this plastic polymer, P. aeruginosa relies on
enzymatic oxidation to introduce hydroxyl groups into long chains of polyethylene and paraffin polymers
to shorten them (20). After the PE chains are shortened, the resulting alkanes are metabolised through the
beta-oxidation pathway and become simple organic materials that can be re-absorbed into the earth. While
these pathways are diverse and are essential for adaptive flexibility, generalists such as Pseudomonas
sacrifice the chemical optimization of specific substrates like 4. borkumensis, making for an important
trade-off.

The interconnection of these routes in their diverse enzymatic systems have their unique factor with
specific substrates for initial depolymerization, but the resulting metabolic elements often converge on
some common central pathways. The beta-ketoadipate pathway is adopted in Pseudomonas immediately
after the depolymerization of PET into its basic aromatic monomers, which can be seen in benzoate,
further being broken down into Acetyl-CoA and other harmless byproducts. As shown in Figure 2,
Acetyl-CoA is produced. Rather than relying on a narrow range of substrates, these bacteria possess
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detailed catabolic pathways that allow responses to multiple pollutant types simultaneously (16). These
pathways vary according to polymer or hydrocarbon substrate, but many ultimately converge on central
metabolic intermediates like Acetyl-CoA, suggesting possible complementary uptake of the intermediate
between both bacteria (37). However, shared use of a metabolite does not by itself demonstrate
cross-feeding between the organisms. This common use of end products in metabolic pathways as a result
of combining a specialist and generalist bacterium shows the potential in co-culturing to degrade mixed
marine pollution more efficiently.
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Figure 2. Beta-Ketoadipate Pathway Used By Pseudomonas spp. Adapted from Ref. (37)

Additional metabolic routes, including the homogeneous state pathway shown in Figure 3, demonstrate
how specific substrates can enter broader central metabolic networks in Pseudomonas spp. and their
specific strains, like P aeruginosa. This strain is commonly studied for upcycling plastic (15), as they
secrete extracellular enzymes (esterases, lipases, etc.) that can depolymerize plastics such as PCL, as
shown in the diagram.
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Figure 3. Homogentisate Pathway Used By Pseudomonas spp. Adapted from Ref. (17)

By implementing the combination of specific substrates in the first few stages of the pathway with central
pathways near the ending stages, it provides Pseudomonas with greater environmental responsiveness,
ultimately being useful in a wider sort of heterogeneous solution with different quantities of crude oil,
plastic materials, and other waste that can be bioremediated.

In the real world, scientists are working with Pseudomonas isolates such as P. aeruginosa, P. putida, and
P. mendocina, which generally perform better than isolates of other marine microorganisms, such as
Bacillus and Actinomycetes (12). The different strains of Pseudomonas spp., specifically P. aeruginosa,
have the function of producing biosurfactants that emulsify plastics and form biofilms that concentrate
enzymes on the surface to enhance degradation (15). Additionally, P. aeruginosa exhibits strong
biofilm-forming capabilities that improve environmental resilience by excreting exopolysaccharides
(EPS), enhancing its bacterial invasion capabilities (21). These biofilms allow bacterial communities to
attach to oil droplets and plastic surfaces while increasing resistance to environmental stressors such as
extreme pH, salinity fluctuations, temperature drops, nutrient limitation, and changes in the quantity of
oxygen.

To resist extreme pH and crude oil, marine Pseudomonas strains such as P. aeruginosa will secrete dense
EPS structures to shield the bacterial community (21). Recalling the mention of PAHs and Pseudomonas's
generalist aspect in utilizing a variety of degradation pathways, the combinations allow them to use toxic
PAHs and even certain plastics as carbon sources, which is another stress resistance mechanism (21).
Apart from the stress of extreme pH levels, this microorganism demonstrates high adaptability to changes
in salinity fluctuation (22), as the cells accumulate compatible solutes to balance external and internal
solute concentrations to prevent water loss from osmosis. Under decreasing temperatures, P. aeruginosa
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and P. putida can alter membrane lipid composition to maintain membrane fluidity (23). Under nutrient
limitation, in some scenarios, such as when the carbohydrates and sugars that the two strains need for
energy become scarce (24). The cells will shrink in size, ultimately reducing their surface area, decreasing
the rate at which they need to process and remediate plastics. The variety in responses measured in
Pseudomonas spp. demonstrate its versatility, but the weaknesses it demonstrates through the scarcity of
nutrients show that Alcanivorax borkumensis can be combined through the co-culturing mechanism to
target more specific enzymes and resources that Pseudomonas cannot use. These characteristics provide a
rationale for testing whether Pseudomonas could complement the environmental limitations of A.
borkumensis in co-culture.

Pseudomonas Limitations

However, metabolic versatility doesn’t function consistently well. For example, P. aeruginosa. invests
cellular energy across multiple degradation pathways, meaning that its efficiency toward individual
substrates is often lower than that of highly specialized organisms such as Alcanivorax borkumensis (25).
One limitation is the automatic repression of catabolites (26), which strictly regulates its carbon intake.
This phenomenon is called Carbon Catabolite Repression (CCR). Even though easily digestible sugars
(which are the preferred carbon sources of Pseudomonas) may be present, the operon that usually
expresses the gene to degrade complex pollutants is repressed. Toxic PAHs and their use for metabolic
defense to form biofilms have proven to be useful as well, but the intermediates that they generate are
highly toxic as well (27). Often, secondary pathways used to remediate toxic intermediates are inhibited,
and when this occurs, these intermediates can poison the cell. This dilemma shows that, for Pseudomonas
and its role in degrading plastic by forming biofilms, if the secondary pathways are inhibited, they can
more efficiently break down the polymers but are at risk of system failure due to poisoning. Another
unique limitation of P. aeruginosa and its degradation process is that many pathways are plasmid-encoded
(17). Some catabolic traits are plasmid-encoded, which may introduce additional concerns regarding
genetic stability under changing environmental conditions. These limitations demonstrate that the
generalist aspect of Pseudomonas spp. does not eliminate metabolic constraints, but shifts the trade-off
from substrate specialization toward a wider range of adaptability.

TRADE-OFF BETWEEN SPECIALISTS AND GENERALISTS

The contrasting characteristics of A. borkumensis and Pseudomonas spp. illustrate a specialist-generalist
trade-off between degradation efficiency and ecological flexibility. This review analyzes and compares
the specialist Alcanivorax borkumensis as a specialist hydrocarbon degrader and Pseudomonas spp. as
generalists. Comparing their respective strengths and limitations provides a structure to evaluate whether
their characteristics could complement and support a defined co-culture for mixed plastic and oil
pollution. Specialist organisms perform a few functions with extremely high quality, as their metabolic
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burden is lower, also in marine habitats providing abiotic gradients where there are many niches that can
be exploited (45).

A. borkumensis is a specialist organism that utilizes specific alkane degradation pathways as its main
energy source for bioremediation of crude oil, having detailed catabolic pathways but not having a wide
range of adaptability to changing situations in bodies of water. Conversely, generalists perform many
functions at a low-quality rate, indicating their versatility. Pseudomonas spp. are generalist organisms
with a variety of productive and isolated strains, as documented by scientists and their existing research
(46).

The Pseudomonas tab is more involved in the degradation of plastic, which is an aspect of remediation
that 4. borkumensis does not focus on as extensively. Comparing both organisms shows that in bodies of
water with heterogeneous mixtures of plastics, crude oils, and other waste, more than one bacterium may
contribute to improved ecosystems in oceans and seas. Evolutionary optimization creates biological
constraints such as trade-offs, which mean that specialists gain efficiency through narrow adaptation but
lose resilience. In contrast, generalists gain resilience but sacrifice the productivity of metabolic
pathways. Thus, integrated microbial systems may outperform isolated strains.

Specialist Advantages Under Favorable Conditions

A. borkumensis serves as an example of a specialist hydrocarbon-degrading organism since it achieves
fast and targeted degradation through highly specialized metabolic pathways (such as the beta-oxidation
pathway discussed and its enhanced rates when biofilm is produced as well (9, 37)). Their narrow
substrate specificity allows for efficient hydrocarbon metabolism, especially in the moments right after oil
spills that are relatively smaller in volume in comparison to the response of the generalist organism,
Pseudomonas spp. In addition to their specialized hydrocarbon metabolism, their capability to form
biofilms in conjunction with biosurfactants, as well as nutrient scavenging abilities, gives 4. borkumensis
a competitive advantage in stable conditions where temperatures are relatively unchanging, pH is not
extreme, and other conditions do not require the microorganism to adapt constantly. Environmental
stability may facilitate sustained biofilm formation and nutrient acquisition, whereas strong currents or
changing chemical conditions could disrupt these processes. High waves and currents can physically strip
the biofilm structure away from the oil droplet, making it less accessible. When crude oil batches
(containing carbon) are introduced into the ocean from runoff, the natural ratio of carbon to nitrogen is
skewed, which limits bacterial growth (28). However, A. borkumensis has efficient gene systems that can
locate dissolved nitrogen and phosphorus, along with simple sugars from the surrounding seawater (28).
Stable conditions matter for nutrient scavenging, as it allows the bacteria to continuously hunt for
dissolved elements without harsh currents and other conditions that can whisk the nutrients away. It can
also help them to bloom and outcompete indigenous marine microbes that are more likely to have evolved
to a specific environment that dissolves a common oil compound present.
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Why Generalists Outperform in Variable Conditions

Generalist organisms such as Pseudomonas spp., in contrast to specialist organisms, possess broader
metabolic activity and adaptability to constantly changing conditions in marine habitats, which allows a
greater percentage of survival in chemically diverse waters. The strains P. aeruginosa and P. putida
demonstrate versatility and secrete EPS (20), acting as a physical barrier against sudden changes in
oceans such as salinity or osmotic pressure. This resilience broadens the range of degradable pollutants,
even though it degrades the effectiveness of individual substrates.

Ultimately, the strains of Pseudomonas can handle toxic element stress, which matters because in variable
conditions (usually the case in waterways, on marine coastlines, rivers, and near wastewater treatment
plants), there are mixed-waste streams, and their tolerance protects the plastic-degrading process from
chemical toxicity. Additionally, the realistic nature of generalists outperforming in variable conditions is
suitable in comparison to stable conditions, which are becoming more distant in the world due to the
intensifying impact of climate change on waters and their behaviors. P. aeruginosa can also enter
dormancy in nutrient-poor waters, and they can live off minimal energy (30) where other bacterial species
could die off. This is another reason why the generalists can outperform, because when the other weaker
species die off, the competition to search for resources can be diminished.

CO-CULTURING AS A POTENTIAL STRATEGY TO ADDRESS THE
SPECIALIST-GENERALIST TRADE-OFF

The limitations of individual specialist and generalist organisms provide a rationale for investigating
microbial consortia. Rather than requiring one organism to perform every stage of pollutant degradation, a
consortium could distribute complementary metabolic functions across multiple species. Three potential
mechanisms are particularly relevant: metabolic labor, metabolite exchange, and environmental
modification through biofilms/biosurfactants. However, these mechanisms should be differentiated
between those experimentally demonstrated in specific consortia and those reported based on the known
information of the organisms. Unlike monocultures that rely on the complete metabolic capacity of a
single organism, co-culturing allows microorganisms to divide their biological responsibilities while
collectively degrading heterogeneous mixtures of crude oil and plastic pollutants. In the division of
metabolic labor, one study found that 4. borkumensis could degrade liquid polypropylene (PP) but could
not use PP as its sole carbon and energy source. Degradation only occurred when an additional carbon
source, like pyruvate, was supplied (49). This dependence illustrates how a consortium could potentially
distribute complementary metabolic functions across organisms rather than requiring one species to
independently sustain all processes (50).

Building off of metabolic labor, the exchange between these intermediates can be seen through metabolic
pathways making downstream products like extracellular PHA (51). This illustrates how metabolites
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generated by one organism can become resources within a microbial community, suggesting potential
cross-feeding behavior.

Environmental modification may provide another mechanism through which microbial consortia can
overcome the constraints of individual specialists, which is the effectiveness of bacteria dependent on
environmental conditions. In one study, indigenous isolates from Omani polluted sediments near a body
of water tolerated salinities of 2-7% (52), while the effectiveness of an introduced bacterial consortium
varied between sediments. These findings demonstrate that microbial degradation cannot be considered
independently of the surrounding environment. Within a consortium, therefore, microorganisms that alter
their local environment through biosurfactant production could potentially improve pollutant accessibility
to create more favorable conditions. However, evidence that metabolically complementary consortia can
improve hydrocarbon degradation does not establish that the same effect would occur specifically in an 4.
borkumensis-Pseudomonas consortium.

A fundamental advantage of microbial consortia is the division of metabolic labor, in which different
bacterial species specialize in distinct stages of pollutant degradation instead of repeating the same
biochemical reactions. Within these systems, A. borkumensis could serve as the primary hydrocarbon
initiator by rapidly colonizing oil droplets and performing the initial oxidation of long-chain alkanes
immediately following contamination of waste (3). Rather than investing all of its metabolic resources
into degrading a broad spectrum of pollutants, A. borkumensis concentrates on the efficient activation of
petroleum hydrocarbons while producing biofilms and biosurfactants that facilitate oil colonization.
Conversely, Pseudomonas spp. could occupy a complementary role by utilizing a wider diversity of
carbon sources, including PAHs, plastic-derived monomers, and metabolic intermediates that remain
inaccessible to the specialist bacterium alone. Consequently, the two organisms could occupy
complementary ecological niches instead of directly competing for identical substrates, reducing
metabolic redundancy while expanding the consortium’s overall degradation capacity. A study of
microbial consortia between Bacillus subtilis and Pseudomonas aeruginosa provides evidence that
combining metabolically complementary microorganisms can improve oil degradation compared with
monocultures (31). When 2 mL of Bacillus subtilis and P. aeruginosa were mixed on the same spread
plate, the presence of oil dramatically increased B. subtilis cell density while P. aeruginosa density
remained similar. Biosurfactant production also increased within the co-culture compared to individual
strands. A. borkumensis has also proven to be adaptable, as seen in its adaptation to toxic organic
compounds and uncommon alkanes experimented by J Naether et al. (32). It demonstrates bacteria growth
with alkanes ranging from C10 to C20, indicating versatility. This finding further indicates that if a
co-culture between one Pseudomonas spp. strain and B. subtilis shows improved signs of oil degradation,
it is likely to have the same results as with A. borkumensis. However, whether these findings extend
specifically to an A. borkumensis and Pseudomonas consortium remains uncertain.

The efficiency of this co-culturing partnership between the two microorganisms is further strengthened
through cross-feeding, a process in which metabolites generated by one microorganism become substrates
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for another member of the consortium. During alkane degradation, A. borkumensis uses specialized
hydroxylases such as AlkB1 and AlkB2 to initiate hydrocarbon oxidation (33). The resulting
intermediates, such as pyruvate and short-chain fatty acids (34), from the oxidation process could
potentially serve as substrates for other organisms like the metabolically versatile Pseudomonas spp.
However, whether these specific metabolites are transferred from A. borkumensis to Pseudomonas spp.
under co-culture conditions has not been established. So, cross-feeding represents a plausible mechanism
for consortium-level cooperation rather than concrete evidence of interaction demonstrated between these
two organisms. In this potential system, Pseudomonas spp. have common networks capable of processing
aromatic hydrocarbons and plastic-derived compounds. This improves carbon recovery (12) while
minimizing the accumulation of partially degraded products that may inhibit microbial activity or damage
the environment further.

This metabolic cooperation creates a smoothly operating degradation network in which the specialist
bacterium performs rapid hydrocarbon activation while the generalist bacterium extends degradation into
additional substrate classes, allowing pollutant removal to proceed more efficiently than either organism
could accomplish independently.

Microbial synergy extends beyond metabolic exchange through biosurfactant cooperation, in which one
organism modifies the surrounding environment to improve degradation efficiency for the entire
consortium. Biosurfactants, secreted by A. borkumensis, emulsify hydrophobic oil droplets by reducing
interfacial and surface tension, which increases the oil-water surface for enzymatic reactions.

Biosurfactant production by 4. borkumensis may provide an additional mechanism in which the specialist
could modify pollutant accessibility for neighboring microorganisms. However, biosurfactant production
is not unique to 4. borkumensis since several Pseudomonas strains, as seen in Table 3, have been shown
to produce biosurfactants. Enhanced pollutant solubilization allows the generalist bacterium to access
substrates that would otherwise remain physically inaccessible because of the low water solubility of
petroleum hydrocarbons. In addition, biofilm formation stabilizes bacterial attachment to contaminated
surfaces, which allows them to maintain proximity between species and facilitate efficient metabolite
exchange during cross-feeding. Studies investigating other defined microbial consortia have reported
enhanced degradation when Pseudomonas spp. is co-cultured with other microorganisms. For example,
Kang et al. (31) investigated a co-culture of P. aeruginosa and Bacillus subtilis and reported improved
oil-related performance compared with the individual organisms. However, this evidence does not
demonstrate that similar enhancement would occur in an A. borkumensis - Pseudomonas consortium.
Separately, the documented adaptability of A. borkumensis to different alkanes and toxic organic
compounds (32) provides a rationale for experimentally testing such a consortium. These findings and
inferences suggest that biosurfactants function as individual physiological adaptations, but more
extensively as shared ecological resources that enhance the collective performance of the microbial
community.
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Limitations of A. borkumensis and Pseudomonas Co-Culture

Current constraints of the co-culture solution between A. borkumensis and Pseudomonas spp. include
competition for resources, metabolic interference, environmental compatibility, and the scale at which this
co-culture can be executed. Both Alcanivorax borkumensis and Pseudomonas are aerobic
microorganisms, which means they require O2 to perform metabolic functions. In co-cultures, nitrogen is
an essential element for both bacteria (1), as high C/N ratios in fermentation can reduce biomass but
increase biosurfactant yield in A. borkumensis, suggesting that N limitation can shift metabolic priorities
away from its maximum efficiency to degrade hydrocarbons (56). Pseudomonas strains such as P. putida
may preferentially consume readily available carbon sources such as acetate or pyruvate, potentially
altering resource availability within the consortium (56). Resource competition can potentially inhibit the
activity of another. A. borkumensis growth triggers the local depletion of alkanes, but it doesn’t
significantly inhibit aromatic degradation in P. putida (57).

Environmental capacity limitations arise when alkane-rich areas saturate with biomass of 4. borkumensis
(28), while Pseudomonas thrives in aromatic-rich environments and is less affected by hydrophobic
constraints. When forming biofilms around oil droplets, it can enhance metabolite exchange (58) but
potentially limits diffusion of oxygen and other nutrients as well. The possibility of co-culture between A.
borkumensis and Pseudomonas is promising, as seen in indirect lab evidence; however, it would be
difficult to execute this system at a larger scale, such as in oceans or seas.

CONCLUSION

Overall, the comparison reveals a specialist-generalist trade-off in which 4. borkumensis provides
efficient hydrocarbon degradation while Pseudomonas spp. contribute broader metabolic versatility. Their
complementary capabilities provide a theoretical system of co-culturing, through potential division of
metabolic labor, metabolite exchange, and environmental modification. However, direct evidence of these
interactions within an A. borkumensis - Pseudomonas consortium remains limited, and resource
competition, population instability, environmental compatibility, and scalability may constrain its
effectiveness. Therefore, co-culturing represents a promising but unvalidated strategy for addressing
mixed marine pollution, given that experimental studies determine whether these proposed interactions
produce measurable improvements in pollutant degradation under realistic marine conditions.
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ABBREVIATIONS

PETase - Polyethylene terephthalate hydrolase (enzyme)

MHETase - Mono(2-hydroxyethyl) terephthalate hydrolase (enzyme)
WSC - water-soluble carbon

PET - Polyethylene terephthalate

AlkB1/2 - Two variants of Alkane Hydroxylase

Acetyl CoA - Acetyl Coenzyme A

PAH - Polycyclic Aromatic Hydrocarbons

LMW PAHs - Low Molecular Weight Polycyclic Aromatic Hydrocarbons
HMW PAHs - High Molecular Weight Polycyclic Aromatic Hydrocarbons
PCL - Polycaprolactone

PE - Polyethylene

PU, PUR - Polyurethane

PS - Polystyrene

CCR - Carbon Catabolite Repression

PHA - Polyhydroxyalkanoate

REFERENCES

1) Sharma, Swati, et al. “Bioremediation of Oil Contaminants from the Marine Ecosystem by
Alcanivorax Borkumensis: An Overview.” Archives of Microbiology, U.S. National Library of
Medicine, 27 Jan. 2026, pubmed.ncbi.nlm.nih.gov/41591524/.

2) Deng, Shuyuan, et al. “Degradation and Enhanced Oil Recovery Potential of Alcanivorax
Borkumensis through Production of Bio-Enzyme and Bio-Surfactant.” National Center for
Biotechnology Information, U.S. National Library of Medicine, May 2024,
pubmed.ncbi.nlm.nih.gov/38614150/.

3) Naether, Daniela J, et al. “Adaptation of the Hydrocarbonoclastic Bacterium Alcanivorax
Borkumensis SK2 to Alkanes and Toxic Organic Compounds: A Physiological and

Oct 2026
Vol 12. No 5.
Oxford Journal of Student Scholarship
www.oxfordjss.org

183


http://pubmed.ncbi.nlm.nih.gov/41591524/
http://pubmed.ncbi.nlm.nih.gov/38614150/

Ecological Trade-Off in Marine Bioremediation: A Comparative Analysis Between Alcanivorax
borkumensis and Pseudomonas spp.

Transcriptomic Approach.” Applied and Environmental Microbiology, U.S. National Library of
Medicine, July 2013, pmc.ncbi.nlm.nih.gov/articles/PMC3697512/.

4) B;, Libisch. “N-Alkane Assimilation by Pseudomonas Aeruginosa and Its Interactions with
Virulence and Antibiotic Resistance.” Antibiotics (Basel, Switzerland), U.S. National Library of
Medicine, 31 Oct. 2024, pubmed.ncbi.nlm.nih.gov/39596723/.

5) Bookstaver, Michelle, et al. “An Insight into the Growth of Alcanivorax Borkumensis under
Different Inoculation Conditions.” Journal of Petroleum Science and Engineering, vol. 129, May
2015, pp. 153-58, https://doi.org/10.1016/j.petrol.201

6) Vazquez Rosas Landa, Mirna, et al. “Exploring Novel Alkane-Degradation Pathways in
Uncultured Bacteria from the North Atlantic Ocean.” mSystems, U.S. National Library of
Medicine, 26 Oct. 2023, pmc.ncbi.nlm.nih.gov/articles/PMC10654063/.

7) McGenity, Terry J, et al. “Marine Crude-Oil Biodegradation: A Central Role for Interspecies
Interactions.” Aquatic Biosystems, U.S. National Library of Medicine, 16 May 2012,
pmc.ncbi.nlm.nih.gov/articles/PMC3465203/.

8) Kadri, Tayssir, et al. “Production and Characterization of Novel Hydrocarbon Degrading
Enzymes from Alcanivorax Borkumensis.” National Center for Biotechnology Information, U.S.
National Library of Medicine, June 2018, pubmed.ncbi.nlm.nih.gov/29386098/.

9) Prasad, M., et al. Alcanivorax Borkumensis Biofilms Enhance Oil Degradation by Interfacial
Tubulation | Biorxiv, BioRXIV, 18 Oct. 2022,
www.biorxiv.org/content/10.1101/2022.08.06.503017v2.

10) Pereira, Jean Viccari, et al. Salinity Effect on Enzymatic Activities and Diesel Fuel Degradation
by Alcanivorax Borkumensis Sk2, Papers SSRN, 18 Nov. 2024,
papers.ssrn.com/sol3/papers.cfm?abstract id=5024728.

11) Guo, Xue, et al. “Structure and Mechanism of the Alkane-Oxidizing Enzyme Alkb.” Nature
News, Nature Publishing Group, 17 Apr. 2023, www.nature.com/articles/s41467-023-37869-z.

12) Wilkes, R. A., and L. Aristilde. Degradation and Metabolism of Synthetic Plastics and Associated
Products by Pseudomonas Sp.: Capabilities and Challenges, Journal of Applied Microbiology, 17

Apr. 2017, enviromicro-journals.onlinelibrary.wiley.com/doi/am-pdf/10.1111/jam.13472.
13) Qin, Ruolin, et al. “Engineering Pseudomonas Putida to Produce Rhamnolipid Biosurfactants for

Promoting Phenanthrene Biodegradation by a Two-Species Microbial Consortium.” Microbiology
Spectrum, U.S. National Library of Medicine, 31 Aug. 2022,
pmc.ncbi.nlm.nih.gov/articles/PMC9431653/.

14) Fisner, Mara, et al. “Polycyclic Aromatic Hydrocarbons (PAHs) in Plastic Pellets: Variability in

the Concentration and Composition at Different Sediment Depths in a Sandy Beach.” Marine
Pollution Bulletin, ScienceDirect, 15 May 2013,
www.sciencedirect.com/science/article/abs/pii/S0025326X13001483.

15) Aleksic, Ivana, and Dusan Milivojevic. “The Plastic-Degrading Capabilities of Pseudomonas
Aeruginosa - Biotechnology for the Environment.” SpringerLink, BioMed Central, 12 Dec. 2025,
link.springer.com/article/10.11 44314-025-

Oct 2026
Vol 12. No 5.
Oxford Journal of Student Scholarship
www.oxfordjss.org

184


http://pmc.ncbi.nlm.nih.gov/articles/PMC3697512/
http://pubmed.ncbi.nlm.nih.gov/39596723/
https://doi.org/10.1016/j.petrol.2015.02.038
http://pmc.ncbi.nlm.nih.gov/articles/PMC10654063/
http://pmc.ncbi.nlm.nih.gov/articles/PMC3465203/
http://pubmed.ncbi.nlm.nih.gov/29386098/
http://www.biorxiv.org/content/10.1101/2022.08.06.503017v2
http://papers.ssrn.com/sol3/papers.cfm?abstract_id=5024728
http://www.nature.com/articles/s41467-023-37869-z
http://enviromicro-journals.onlinelibrary.wiley.com/doi/am-pdf/10.1111/jam.13472
http://pmc.ncbi.nlm.nih.gov/articles/PMC9431653/
http://www.sciencedirect.com/science/article/abs/pii/S0025326X13001483
http://link.springer.com/article/10.1186/s44314-025-00033-6

Ecological Trade-Off in Marine Bioremediation: A Comparative Analysis Between Alcanivorax
borkumensis and Pseudomonas spp.

16) Wang, Haixia, et al. “Biodegradation of Combined Pollutants of Polyethylene Terephthalate and
Phthalate Esters by Esterase-Integrated Pseudomonas SP.. Jy-Q with Surface-Co-Displayed
Petase and MHETase.” Synthetic and Systems Biotechnology, U.S. National Library of Medicine,
3 Aug. 2024, pmc.ncbi.nlm.nih.gov/articles/PMC11350496/.

17) Howard, Sophie A., et al. Pseudomonas Aeruginosa Clinical Isolates Can Encode
Plastic-Degrading Enzymes That Allow Survival on Plastic and Augment Biofilm Formation: Cell
Reports, Cell Reports, 27 May 2025, www.cell.com/cell-reports/fulltext/S2211-1247(25)00421-8.

18) Bao, Teng, et al. “Engineering Microbial Division of Labor for Plastic Upcycling.” Nature News,
Nature Publishing Group, 26 Sept. 2023, www.nature.com/articles/s41467-023-40777-x.

19) Guo, Wenbin, et al. “Biodegradation of PET by Deep-Sea Pseudomonas Chengduensis BC1815
through Utilization of Ethylene Glycol Monomer for Growth.” National Center for Biotechnology
Information, U.S. National Library of Medicine, 29 Apr. 2025,
pubmed.ncbi.nlm.nih.gov/40252025/.

20) Medic, Ana, et al. “A Study of the Flexibility of the Carbon Catabolic Pathways of Extremophilic
P. Aeruginosa San Ai Exposed to Benzoate versus Glucose as Sole Carbon Sources by
Multi-Omics Analytical Platform.” Microbiological Research, ScienceDirect, June 2022,

w.sciencedirect.com/science/article/pii/S0944501322000386.

21) Liu, Qianhui, et al. “New Insights into the Mediation of Biofilm Formation by Three Core
Extracellular Polysaccharide Biosynthesis Pathways in Pseudomonas Aeruginosa.” International
Journal of Molecular Sciences, U.S. National Library of Medicine, 17 Apr. 2025,
pmec.ncbi.nlm.nih.gov/articles/PMC12027665/

22) Fan, Min, et al. “Improvement in Salt Tolerance Ability of Pseudomonas Putida KT2440.”
Biology, U.S. National Library of Medicine, 1 June 2024,

pmec.ncbi.nlm.nih.gov/articles/PMC11200750/.
23) Robinson, Rachel E., and Joanna B. Goldberg. “Mechanisms of Thermoregulation in

Pseudomonas Aeruginosa | Journal of Bacteriology.” Microbial Genetics, American Society for
Microbiology, 11 Mar. 2026, journals.asm.org/doi/full/10.1128/jb.00495-25.

24) Cecil, Rhiannon E, et al. “Long-Term Culturing of Pseudomonas Aeruginosa in Static, Minimal
Nutrient Medium Results in Increased Pyocyanin Production, Reduced Biofilm Production, and

Loss of Motility.” Applied and Environmental Microbiology, U.S. National Library of Medicine,
19 Nov. 2025, pmc.ncbi.nlm.nih.gov/articles/PMC12628827/.

25) La Rosa, Ruggero, et al. “Convergent Metabolic Specialization through Distinct Evolutionary
Paths in Pseudomonas Aeruginosa.” mBio, U.S. National Library of Medicine, 10 Apr. 2018,
pmc.ncbi.nlm.nih.gov/articles/PMCS5893872/.

26) Yin, Liwen, et al. “The Catabolite Repression Control Protein CRC Regulates the Type 111
Secretion System through the Adenylate Cyclase CyaB in Pseudomonas Aeruginosa.”
Microorganisms, U.S. National Library of Medicine, 13 Nov. 2025,

pme.ncbi.nlm.nih.gov/articles/PMC12654477/.

Oct 2026
Vol 12. No 5.

Oxford Journal of Student Scholarship
www.oxfordjss.org

185


http://pmc.ncbi.nlm.nih.gov/articles/PMC11350496/
http://www.cell.com/cell-reports/fulltext/S2211-1247(25)00421-8
http://www.nature.com/articles/s41467-023-40777-x
http://pubmed.ncbi.nlm.nih.gov/40252025/
http://www.sciencedirect.com/science/article/pii/S0944501322000386
http://pmc.ncbi.nlm.nih.gov/articles/PMC12027665/
http://pmc.ncbi.nlm.nih.gov/articles/PMC11200750/
http://journals.asm.org/doi/full/10.1128/jb.00495-25
http://pmc.ncbi.nlm.nih.gov/articles/PMC12628827/
http://pmc.ncbi.nlm.nih.gov/articles/PMC5893872/
http://pmc.ncbi.nlm.nih.gov/articles/PMC12654477/

Ecological Trade-Off in Marine Bioremediation: A Comparative Analysis Between Alcanivorax
borkumensis and Pseudomonas spp.

27) Gao, Huan, et al. “Cell Toxic Damages during Polycyclic Aromatic Hydrocarbons
Biodegradation by Pseudomonas Aeruginosa G24.” Journal of Water Process Engineering,
ScienceDirect, Aug. 2023, www.sciencedirect.com/science/article/abs/pii/S2214714423005111.

28) Bookstaver, Michelle, Arijit Bose, et al. “Interaction of Alcanivorax Borkumensis with a

Surfactant Decorated Oil-Water Interface | Langmuir.” Langmuir, ACS Publications, 12 May
2015, I 1/10.1021 langmuir, .

29) Lee, Jagjin, et al. “Degradation of Crude Oil in a Contaminated Tidal Flat Area and the Resilience
of Bacterial Community.” Marine Pollution Bulletin, ScienceDirect, 15 Jan. 2017,
www.sciencedirect.com/science/article/abs/pii/S0025326X163078227casa_token=00QcLigPWPg8

AAAAA:S5C82fQLo _xwya3xBwA20QrMtuMvxUHkzIPXnd78Z0tjx2igB6NGgc6ly3s 1 UR3Fp2tF

NbYROy.
30) Wang, Xu, et al. “Mechanisms of Survival Mediated by the Stringent Response in Pseudomonas

Aeruginosa under Environmental Stress in Drinking Water Systems: Nitrogen Deficiency and
Bacterial Competition.” Journal of Hazardous Materials, ScienceDirect, 15 Apr. 2023,
www.sciencedirect.com/science/article/abs/pii/S0304389423002236.

31) Kang, Dingyu, et al. “Enhanced Oil Recovery in a Co-Culture System of Pseudomonas
Aeruginosa and Bacillus Subtilis.” Microorganisms, U.S. National Library of Medicine, 16 Nov.
2024, pmc.ncbi.nlm.nih.gov/articles/PMC11596543/.

32) Naether, Daniela J, et al. “Adaptation of the Hydrocarbonoclastic Bacterium Alcanivorax
Borkumensis SK2 to Alkanes and Toxic Organic Compounds: A Physiological and
Transcriptomic Approach.” Applied and Environmental Microbiology, U.S. National Library of
Medicine, July 2013, pmc.ncbi.nlm.nih.gov/articles/PMC3697512/.

33) Sevilla, Emma, et al. “Differential Expression of the Three Alcanivorax Borkumensis SK2 Genes
Coding for the P450 Cytochromes Involved in the Assimilation of Hydrocarbons.” National
Center for Biotechnology Information, U.S. National Library of Medicine, Dec. 2017,
pubmed.ncbi.nlm.nih.gov/29052944/.

34) Palacios-Ferrer, Rocio, et al. “Redirecting Linear Hydrocarbon Metabolism toward
Polyhydroxyalkanoate Biosynthesis.” Microbial Cell Factories, U.S. National Library of
Medicine, 19 Jan. 2026, pmc.ncbi.nlm.nih.gov/articles/PMC12903215/.

35) Manousi, Natalia, and George A. Zachariadis. “Recent Advances in the Extraction of Polycyclic
Aromatic Hydrocarbons from Environmental Samples.” MDPI, MDPI, 7 May 2020,
www.mdi.com/1420-3049/25/9/2182.

36) Sevilla, Maria Eduarda, et al. “Degradation of PET Bottles by an Engineered Ideonella Sakaiensis
Petase.” Polymers, U.S. National Library of Medicine, 3 Apr. 2023,
pme.ncbi.nlm.nih.gov/articles/PMC10098701/.

37) Medic, Ana, Ksenjia Stojanovic, et al. “A Comprehensive Study of Conditions of the
Biodegradation of a Plastic Additive 2,6-Di- Tert-Butylphenol and Proteomic Changes in the
Degrader Pseudomonas Aeruginosa San Ai.” RSC Advances, U.S. National Library of Medicine,

2019, pubmed.ncbi.nlm.nih.gov/35530597/.

Oct 2026
Vol 12. No 5.

Oxford Journal of Student Scholarship
www.oxfordjss.org

186


http://www.sciencedirect.com/science/article/abs/pii/S2214714423005111
http://pubs.acs.org/doi/10.1021/acs.langmuir.5b00688
http://www.sciencedirect.com/science/article/abs/pii/S0025326X16307822?casa_token=0QcLiqPWPg8AAAAA:5C8gfQLo_xwya3xBwA2QrMtuMvxUHkzlPXnd78ZOtjx2igB6NGgc6ly3s1UR3Fp2tFNbYR6y
http://www.sciencedirect.com/science/article/abs/pii/S0025326X16307822?casa_token=0QcLiqPWPg8AAAAA:5C8gfQLo_xwya3xBwA2QrMtuMvxUHkzlPXnd78ZOtjx2igB6NGgc6ly3s1UR3Fp2tFNbYR6y
http://www.sciencedirect.com/science/article/abs/pii/S0025326X16307822?casa_token=0QcLiqPWPg8AAAAA:5C8gfQLo_xwya3xBwA2QrMtuMvxUHkzlPXnd78ZOtjx2igB6NGgc6ly3s1UR3Fp2tFNbYR6y
http://www.sciencedirect.com/science/article/abs/pii/S0304389423002236
http://pmc.ncbi.nlm.nih.gov/articles/PMC11596543/
http://pmc.ncbi.nlm.nih.gov/articles/PMC3697512/
http://pubmed.ncbi.nlm.nih.gov/29052944/
http://pmc.ncbi.nlm.nih.gov/articles/PMC12903215/
http://www.mdpi.com/1420-3049/25/9/2182
http://pmc.ncbi.nlm.nih.gov/articles/PMC10098701/
http://pubmed.ncbi.nlm.nih.gov/35530597/

Ecological Trade-Off in Marine Bioremediation: A Comparative Analysis Between Alcanivorax
borkumensis and Pseudomonas spp.

38) Weimer, Anna, et al. “Industrial Biotechnology of Pseudomonas Putida: Advances and
Prospects.” Applied Microbiology and Biotechnology, U.S. National Library of Medicine, Sept.
2020, pmc.ncbi.nlm.nih.gov/articles/PMC7447670/.

39) Brandenberg, Oliver F, et al. “Towards Synthetic PETtrophy: Engineering Pseudomonas Putida
for Concurrent Polyethylene Terephthalate (PET) Monomer Metabolism and PET hydrolase
expression.” Microbial Cell Factories, U.S. National Library of Medicine, 18 June 2022,
pme.ncbi.nlm.nih.gov/articles/PMC9206389/.

40) Perez-Garcia, Pablo, et al. “Microbial Plastic Degradation: Enzymes, Pathways, Challenges, and
Perspectives | Microbiology and Molecular Biology Reviews.” Environmental Microbiology,
ASM Journals, 19 Sept. 2025, journals.asm.org/doi/10.1128/mmbr.00087-24.

41) Cassio, Fernanda, et al. “Plastic Interactions with Pollutants and Consequences to Aquatic
Ecosystems: What We Know and What We Do Not Know.” Biomolecules, MDPI, 7 June 2022,
www.mdpi.com/2218-273X/12/6/798.

42) Tremblay, Julien, et al. “Chemical Dispersants Enhance the Activity of Oil- and Gas
Condensate-Degrading Marine Bacteria | The ISME Journal | Oxford Academic.” The ISME
Journal, Volume 11, Issue 12, The IMSE Journal, Dec. 2017,
academi m/ismej/article/11/12/2793/7537846?1ogin=false.

43) Schaerer, Laura, et al. “Coexistence of Specialist and Generalist Species within Mixed Plastic
Derivative-Utilizing Microbial Communities - Microbiome.” SpringerLink, BioMed Central, 14
Oct. 2023, link.springer.com/article/10.1186/s40168-023-01645-4.

44) Wilkes, R. A., and L. Aristilde. “Degradation and Metabolism of Synthetic Plastics and
Associated Products byPseudomonassp.: Capabilities and Challenges.” Journal of Applied
Microbiology, vol. 123, no. 3, May 2017, pp. 582-93, https://doi.org/10.1111/jam.13472.

45) Cai, Yiyun, et al. “Bioremediation of Petroleum Hydrocarbons Using Acinetobacter Sp.. Scyy-5
Isolated from Contaminated Oil Sludge: Strategy and Effectiveness Study.” MDPI, MDPI, 19 Jan.
2021, www.mdpi.com/1660-4601/18/2/819.

46) Behnood, M., et al. “Biodegradation of Crude Oil from Saline Waste Water Using White Rot
Fungus Phanerochaete Chrysosporium - Sciencedirect.” Journal of Industrial and Engineering
Chemistry, ScienceDirect, 25 July 2014,
www.sciencedirect.com/science/article/abs/pii/S1226086X13004255.

47) Ho, Ba Thanh, et al. “An Overview on Biodegradation of Polystyrene and Modified Polystyrene:
The Microbial Approach: Critical Reviews in Biotechnology: Vol 38 , No 2 - Get Access.”
Critical Reviews in Biotechnology, Taylor&Francis, 1 Aug. 2017,
www.tandfonline.com/doi/full/10.1080/07388551.2017.1355293.

48) Pires, Cristina S., et al. “Microplastics Biodegradation by Estuarine and Landfill Microbiomes -
Microbial Ecology.” SpringerLink, Springer US, 28 June 2024,

link.springer.com/article/10.1007/s00248-024-02399-8.
49) Koike, Hiroki, et al. “Alcanivorax Bacteria as Important Polypropylene Degraders in

Mesopelagic Environments.” Applied and Environmental Microbiology, vol. 89, no. 12,
American Society for Microbiology, Nov. 2023, https://doi.org/10.1128/aem.01365-23.

Oct 2026
Vol 12. No 5.

Oxford Journal of Student Scholarship
www.oxfordjss.org

187


http://pmc.ncbi.nlm.nih.gov/articles/PMC7447670/
http://pmc.ncbi.nlm.nih.gov/articles/PMC9206389/
http://journals.asm.org/doi/10.1128/mmbr.00087-24
http://www.mdpi.com/2218-273X/12/6/798
http://academic.oup.com/ismej/article/11/12/2793/7537846?login=false
http://link.springer.com/article/10.1186/s40168-023-01645-4
https://doi.org/10.1111/jam.13472
http://www.mdpi.com/1660-4601/18/2/819
http://www.sciencedirect.com/science/article/abs/pii/S1226086X13004255
http://www.tandfonline.com/doi/full/10.1080/07388551.2017.1355293
http://link.springer.com/article/10.1007/s00248-024-02399-8
https://doi.org/10.1128/aem.01365-23

Ecological Trade-Off in Marine Bioremediation: A Comparative Analysis Between Alcanivorax
borkumensis and Pseudomonas spp.

50) Naether, D. J., et al. “Adaptation of the Hydrocarbonoclastic Bacterium Alcanivorax
Borkumensis SK2 to Alkanes and Toxic Organic Compounds: A Physiological and
Transcriptomic Approach.” Applied and Environmental Microbiology, vol. 79, no. 14, May 2013,
pp. 4282-93, https://doi.org/10.1128/aem.00694-13.

51) Prieto, Maria A. “From Oil to Bioplastics, a Dream Come True?” Journal of Bacteriology, vol.
189, no. 2, American Society for Microbiology, Jan. 2007, pp. 289-90,
https://doi.org/10.1128/jb.01576-06.

52) Hamed, Al-Magrashiyah Fatema Ali. “Characterization of Hydrocarbon-Degrading Bacteria and
Their Use in Bioaugmentation of Oil-Polluted Sediments in the Sultanate of Oman - ProQuest.”
Proquest.Com, 2026,
https://www.proquest.com/openview/e27d54aa6e7930ft1fe6dScc65¢14089/1?pg-origsite=gschola
r&cbl=2026366&diss=y.

53) Techtmann, Stephen M., et al. “Impacts of Dispersants on Microbial Communities and Ecological
Systems.” Applied Microbiology and Biotechnology, Jan. 2023,

https://doi.org/10.1007/s00253-022-12332-7.
54) Helmons, Rudy, et al. “Dispersion of Benthic Plumes in Deep-Sea Mining: What Lessons Can Be

Learned From Dredging?” Frontiers in Earth Science, vol. 10, May 2022,
https://doi.org/10.3389/feart.2022.868701.

55) Letcher, T. M. Plastic Waste and Recycling : Environmental Impact, Societal Issues, Prevention,
and Solutions. Academic Press, 2020,
https://www.elsevier.com/books/plastic-waste-and-recycling/letcher/978-0-12-817880-5.

56) Karmainski, Tobias, et al. “Optimized Feeding Strategies for Biosurfactant Production from
Acetate by Alcanivorax Borkumensis SK2.” Fermentation, vol. 10, no. 5, Multidisciplinary
Digital Publishing Institute, May 2024, pp. 257-57,
https://doi.org/10.3390/fermentation10050257.

57) Moreno, Renata, et al. “Inactivation of Pseudomonas Putida KT2440 Pyruvate Dehydrogenase
Relieves Catabolite Repression and Improves the Usefulness of This Strain for Degrading

Aromatic Compounds.” Microbial Biotechnology, vol. 17, no. 6, Wiley, June 2024,
https://doi.org/10.1111/1751-7915.14514.

58) Delacuvellerie, Alice, et al. “The Plastisphere in Marine Ecosystem Hosts Potential Specific
Microbial Degraders Including Alcanivorax Borkumensis as a Key Player for the Low-Density
Polyethylene Degradation.” Journal of Hazardous Materials, vol. 380, Dec. 2019, p. 120899,

https://doi.org/10.1016/j.jhazmat.2019.120899.

ABOUT THE AUTHOR
Amy Ma is a high school senior at Lexington High School in Lexington, Massachusetts. Apart from
taking interest in biology, she investigates the intersection of this with art and sustainability to create

eco-friendly design of all use on the molecular level. Amy plans to study a STEM-related field in college,
particularly focused in the biomolecular sciences.

Oct 2026
Vol 12. No 5.

Oxford Journal of Student Scholarship
www.oxfordjss.org

188


https://doi.org/10.1128/aem.00694-13
https://doi.org/10.1128/jb.01576-06
https://www.proquest.com/openview/e27d54aa6e7930ff1fe6d5cc65e14089/1?pq-origsite=gscholar&cbl=2026366&diss=y
https://www.proquest.com/openview/e27d54aa6e7930ff1fe6d5cc65e14089/1?pq-origsite=gscholar&cbl=2026366&diss=y
https://doi.org/10.1007/s00253-022-12332-z
https://doi.org/10.3389/feart.2022.868701
https://www.elsevier.com/books/plastic-waste-and-recycling/letcher/978-0-12-817880-5
https://doi.org/10.3390/fermentation10050257
https://doi.org/10.1111/1751-7915.14514
https://doi.org/10.1016/j.jhazmat.2019.120899

