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Degradation from hydrocarbons to synthetic e
plastics: the roles and biotechnological
potential of the versatile Alcanivorax

in the marine blue circular economy

Chunming Dong' ®, Zhaoshou Wang** and Zongze Shao'”

Abstract

Alcanivorax bacteria are among the most important hydrocarbon degraders in the ocean. Previous studies have
focused mainly on the degradation processes of hydrocarbons and assessments of their roles and contributions

to marine hydrocarbon and carbon cycles. Recently, studies on their involvement in the degradation of synthetic
plastics are constantly emerging. Therefore, on the basis of a brief review of the research progress on the phylog-
eny, classification, ecology and hydrocarbon degradation of Alcanivorax, this review focuses on their participation
in the degradation of synthetic plastics in marine environments, including their occurrence among plastispheres
and the degradation characteristics of various plastics caused by themselves and their enzymes. In addition,

the application potential of esterases derived from Alcanivorax for recycling bio-based polyester plastic waste,
such as PLA and PHB, is also discussed. Given the currently known excellent hydrolysing ability of esterases derived
from Alcanivorax on bio-based polyester plastic, as well as the existence of a wide variety of understudied esterases
in their genomes, it is reasonable to assume that Alcanivorax and its enzymes are expected to play important roles
in the future recycling of bio-based polyester plastic waste. Overall, this review provides a reference for evaluating
the biotechnological potential of Alcanivorax and its enzymes in the marine blue circular economy and their roles

in promoting sustainable management and protection of the marine environment.
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Introduction

Hydrocarbon is a type of high-energy organic matter
widely present in the ocean and is also the raw material
for the synthesis of petroleum-based plastics. Anthro-
pogenic activities, marine biosynthesis and natural seeps
are the main sources [1]. Although it has long been
known that photosynthetic organisms in the upper ocean
are capable of synthesising hydrocarbons [2], the sources
and fates of hydrocarbons in the ocean have long been
focused mainly on petroleum hydrocarbons imported
into the ocean by anthropogenic activities or release
as natural seeps. However, it is estimated that between
0.47 and 8.3 million tons of petroleum hydrocarbons are
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discharged into the ocean every year [3]. More recently,
studies have shown that the amount of annual hydrocar-
bons synthesised only by cyanobacteria [4] in the global
ocean is approximately 100-500 times the total amount
of petroleum hydrocarbons discharged by anthropogenic
activities [5], that is, 308—771 million tons per year [6].
Interestingly, there is no significant hydrocarbon accu-
mulation in the ocean, mainly due to the presence of
many kinds of microorganisms capable of metabolis-
ing hydrocarbons. On this basis, a “cryptic hydrocarbon
cycle" is thought to exist in the upper ocean [3], and the
hydrocarbons at the core of this cycle may sustain the
population of hydrocarbon-metabolising microorgan-
isms [7]. Among them, Alcanivorax is one of the most
widely distributed and abundant groups [8]. Therefore,
they are highly important for both the marine hydrocar-
bon and carbon cycles.

In the past decade, an increasing number of studies
have shown that Alcanivorax bacteria are also involved
in the degradation of emerging marine contaminants,
such as synthetic plastics. After all, many plastics (espe-
cially fossil-based plastics) have a C-C structural skel-
eton similar to that of hydrocarbons, but the former
possess a greater degree of polymerisation. Considering
the wide distribution of these Alcanivorax bacteria in
the ocean, their ability to transform and degrade plastics
will help maintain the healthy operation and sustain-
able management of marine ecosystems. In this review,
recent advances in the phylogeny, taxonomy, ecology
and hydrocarbon degradation of Alcanivorax are briefly
reviewed. Research progress on their participation in the
degradation of synthetic plastics in the ocean, includ-
ing their distribution characteristics in plastispheres and
their degradation properties for various plastics, was
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Fig. 1 Phylogenomic tree of the species within the Alcanivorax group
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subsequently summarised. Moreover, the ability of their
esterases to degrade bio-based polyester plastics was
emphasised. Overall, this review provides a reference for
evaluating the biotechnological potential of Alcanivorax
and its enzymes in the recycling of bio-based polyester
plastic waste and in the marine blue circular economy.

Phylogeny, taxonomy, ecology and hydrocarbon
degradation of Alcanivorax

Considering the importance of hydrocarbons to marine
ecosystems, the study of hydrocarbon metabolism in
Alcanivorax has been one of the hotspots in the field
of marine environmental microorganisms. Recently,
numerous studies on the diversity, taxonomy, evolution,
ecological distribution and hydrocarbon metabolism
mechanism of Alcanivorax have been reported, which
have greatly improved the understanding of its eco-
logical functions and environmental effects in marine
environments.

Phylogeny and taxonomy

Alcanivorax bacteria are highly diverse. They are a
group of marine bacteria belonging to the order Ocean-
ospirillales of Gammaproteobacteria within the phy-
lum Pseudomonadota. In 1998, their first type species,
A. borkumensis SK2T, was isolated and reported [9]. In
2023, on the basis of whole-genome phylogenetic analy-
sis, Rai et al. first retained the genus Alcanivorax and
then transferred the remaining species to two other new
genera, Alloalcanivorax and Isoalcanivorax [10]. To date,
the Alcanivorax group consists of 3 genera and 19 spe-
cies (Fig. 1, https://lpsn.dsmz.de/genus/alcanivorax) [11].
They are mainly isolated from various marine habitats
(Table 1), including coastal seawater [9, 12—14], coastal

Ketobacter alkanivorans GI5™ (CP022684)
Isoalcanivorax indicus SW127™ (QGMP00000000)
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Alcanivorax hongdengensis A-11-3" (AMRJ00000000)
—— Alcanivorax jadensis T9" (ARXU00000000)
L Alcanivorax borkumensis SK2T (AM286690)
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Table 1 Information on published species within the Alcanivorax group
Genus Species” Strain Isolation sources (water depth, m) Source categories References
Alcanivorax A. borkumensis Sk2' tetradecane-enriched consortium from seawater/ coastal seawater/sediment  [9]
sediment of Borkum island in North Sea, (na.)
A. jadensis To' Hexadecane-enriched consortium from intertidal coastal sediment [15]
sediment of the North Sea in German, (0)
A. hongdengensis A-11-37 oil-enriched consortium from the surface seawater ~ coastal seawater [13]
of the Straits of Malacca, (0)
A. nanhaiticus 19-m-6" oil-enriched consortium from deep-sea sediment deep-sea sediment [23]
of the South China Sea, (-2150)
A. profundi MTEO17" deep seawater from the Mariana Trench, (-1000) deep-sea water [20]
A. sediminis PA15-N-34" deep-sea sediment from the eastern Pacific Ocean,  deep-sea sediment [24]
(-5335)
Alloalcanivorax  Alloa. venustensis 15047 offshore Atlantic ocean mesopelagic seawater ocean upper seawater [18]
from the coast of Spain, (-200)
Alloa. dieselolei B-5" oil-enriched consortium from surface water coastal seawater [12]
of the Bohai Sea in China, (0)
Alloa. balearicus MACLO4" surface water of the saline Lake Martel in Spain, (0.1  saline lake water [27]
m)
Alloa. marinus R8-12" oil-enriched consortium from the deep-sea water deep-sea water [21]
of the Indian Ocean, (-668)
Alloa. xenomutans ~ JC109" Sediment sample collected from a shrimp cultiva- aquaculture pond sediment  [17]

tion pond in India, (na.)

Alloa. gelatiniphagus MEBIC 08158  oil-enriched consortium from coastal sediment coastal sediment [16]
from an oil spill site in Korea, (na.)

Alloa. mobilis MT131317 oil-enriched consortium from deep-sea sediment deep-sea sediment [25]
of the Indian Ocean, (-2792)

Alloa. profundimaris ~ ST75FaO-1" mesopelagic seawater of the South China Sea, (-75)  ocean upper seawater 9]

A. xiamenensis 6-D-6" oil-enriched consortium from surface seawater coastal seawater [14
of Xiamen island in China, (0)

Isoalcanivorax  Isoa. pacificus W11-57 pyrene-enriched consortium from deep-sea sedi- deep-sea sediment [26]

ment of western Pacific Ocean, (-2682)

Isoa. indicus Swi127" deep seawater collected from the Indian Ocean, deep-sea water [22]
(-1500)

“A. limicola” JB217 soda alkali-saline soil in the northeast China, (na.) alkali-saline soil 28]

A. quisquiliarum CY-1518" anaerobic fermentation liquid of food waste waste water [29]

in China, (na.)

#: A., Alcanivorax; Iso., Isoalcanivorax; Alloa., Alloalcanivorax; na., data not available

sediment [15, 16], coastal aquaculture farm sediment
[17], ocean upper layer seawater [18, 19], deep-sea sea-
water [20—22] and deep-sea sediment [23—26]. Recently,
they have also been isolated from terrestrial high-salt
habitats, such as salt lake water [27], saline—alkali soil
[28] and urban fermented food wastewater [29]. Nota-
bly, 52.6% (10/19) of these species were isolated from
the hydrocarbon-enriched consortia of a variety of envi-
ronmental samples (Table 1), indicating once again that
Alcanivorax is closely related to hydrocarbon metabo-
lism in the ocean.

In addition, comparative genomic analysis of the Alcan-
ivorax bacteria isolated in our laboratory from various
marine habitats around the world with those of 19 known
species revealed that they belong to at least 38 different

species. This means that there are at least 19 potential
novel species (unpublished data) within the Alcanivorax
group, which further indicates that Alcanivorax species
are quite diverse.

Ecology and biogeography

In natural marine habitats

Alcanivorax is a group of ubiquitous bacteria. Based on
16S rRNA gene survey and strain isolation, they were
successively detected from various marine habitats,
such as crude oil-contaminated seawater, beaches and
sediments. Notably, they have even been detected from
uncontaminated surfaces, mesopelagic and deep seawa-
ter, hydrothermal vents, mud volcanoes, gray whale car-
casses, corals, sponges and dinoflagellates [30]. Recent
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studies have expanded the diversity of their habitats,
including the surface water of the Antarctic [31], the
sediment of the Haima cold seep in the South China Sea
[32], the core microbiome of laboratory-cultured flagel-
lates [33], the coastal saline-alkaline soil [34], the surface
waters of the Yellow and Bohai Seas in China [35], and
the hydrothermal plumes of the South Pacific [36].

In marine plastispheres

Synthetic plastics are currently one of the most vastly
widespread solid wastes in the ocean. In the past two
decades, global plastic production has repeatedly
reached new levels, rapidly increasing from 275 million
tons in 2010 [37] to 400.3 million tons in 2022 [38]. That
is, the total plastic production increased by nearly 71%.
In 2022, the produced plastics were mainly composed of
polypropylene (PP, 18.9%), low- and linear low-density
polyethylene (LD- and LLDPE, 14.1%), polyvinyl chlo-
ride (PVC, 12.7%), high- and medium-density polyethyl-
ene (HD- and MDPE, 12.2%), polyethylene terephthalate
(PET, 6.2%), polyurethane (PU, 5.3%), polystyrene (PS,
5.2%), and others (25.4%) [38]. Unfortunately, owing to
improper use and management, a significant proportion
of these pollutants are discharged into the ocean, esti-
mated at approximately 4.8 to 12.7 million tons in 2010
alone [37]. According to the latest assessment of the
United Nations Environment Programme (UNEP), up to
23 to 37 million tons of plastic waste annually will be dis-
charged into the ocean by 2040 [39].

Plastics and their degradation products, micronano
plastics (MNPs), have invaded almost all types of marine
habitats [40]. They not only are widely distributed in
coastal areas and estuaries [41, 42] but also have been
detected in other particular marine habitats, such as
coral reefs [43], cold seeps [44], ocean gyres [45, 46], deep
seas [47], hadal trenches [48] and polar regions [49-51].
The average abundances of plastics and MNPs in global
ocean water and sediments are estimated to be 0.1-1 and
10°-10* particles/m®, respectively [52]. So many plas-
tics are present in the ocean, providing a new habitat for
marine microorganisms called the plastisphere [53, 54].
An integrated analysis of 16S rRNA high-throughput
sequencing and metadata from 2229 different marine and
terrestrial sampling sites revealed that the abundance of
hydrocarbon-degrading bacteria, including the Alcanivo-
rax found at marine sites, in the microbial communities
of the plastisphere was consistently significantly higher
than that of non-plastic controls [55].

Previous studies have shown that hydrocarbon-degrad-
ing bacteria such as Alcanivorax are the early key colo-
nisers of the plastisphere and play an important role in
community formation of the plastisphere [56—58]. As
shown in Table 2, Alcanivorax usually occurs in two
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different types of plastispheres. The first is the in situ
plastisphere (hereafter called ISP), which naturally forms
on various plastics in an in situ marine environment.
The second one is the ex situ plastisphere (ESP), which
is obtained when environmental samples are enriched
under controlled conditions in the laboratory using vari-
ous kinds of plastics as sole carbon and energy sources.
Notably, the abundance of Alcanivorax was significantly
lower in ISP (p<0.01) than in ESP (Fig. 2 and Table 2),
and this difference was probably caused by the distinct
supply of nutrients such as nitrogen and phosphorus.
Moreover, the abovementioned ISPs and ESPs mainly
originated from coastal areas and laboratories, while
those from the deep sea or open ocean are still scarce.
This may be due to sampling obstacles and high costs
from deep sea or ocean environments.

In ISPs, the plastic types of the plastisphere contain-
ing Alcanivorax vary, such as PET, PE, PP, PA, PU and
PS etc.. However, the abundance of Alcanivorax in the
microbial community of these plastispheres is gener-
ally low (approximately 1% or less, Fig. 2 and Table 2).
For example, Oberbeckmann et al. analysed the micro-
bial community succession on the PET plastisphere
obtained from three buoys in the North Sea in differ-
ent seasons. The results showed that Alcanivorax col-
onised the PET plastic surface more specifically than
it colonised the glass surface and in situ seawater, but
its relative abundance in the PET plastisphere was
lower, especially in summer [59]. Similarly, Delacuvel-
lerie et al. analysed the microbial community struc-
ture in plastispheres collected from Calvi Bay in the
Mediterranean Sea and reported that the proportion
of Alcanivorax was less than 0.2% [60]. Subsequently,
Delacuvellerie et al. used metagenomic and macropro-
teomic methods to further analyse the microbial struc-
ture and function of PE and PP plastispheres collected
from Calvi Bay. Although Alcanivorax was detected in
the metagenome, no proteins that might be involved
in plastic degradation were detected in the metapro-
teome, suggesting that Alcanivorax may not partici-
pate in the biodegradation of PE and PP plastics under
the conditions of this study [63]. Another possibility
is that Alcanivorax is indeed involved in the degra-
dation of PE and PP in situ. However, the target pro-
teins involved in degradation are redundant or generic
hydrocarbon degradation-related enzymes, such as
oxygenases and carboxylases. Moreover, the detection
limit of the metaproteome is not as good as that of a
single bacterial proteome. Together, these factors may
result in negative feedback of the metaproteome. In
addition, Hou et al. studied the succession of microbial
communities on PET, PE and PP plastic surfaces in an
offshore aquaculture farm in China and reported that
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Fig. 2 Relative abundance of Alcanivorax spp. in the plastisphere. ISP, in situ plastisphere; ESP, ex situ plastisphere

Alcanivorax preferentially colonised the PE surface and
accounted for more than 1% of the PE plastisphere [62].
Lacerda et al. carried out qualitative and quantitative
analyses of microorganisms in floating plastispheres
collected from 10 stations along the southern coast of
Brazil. Although Alcanivorax was detected, its abun-
dance was very low, which resulted in it not being one
of the top ten dominant groups in these plastispheres
[64]. Cappello et al. conducted 16S rRNA gene clone
library sequencing analysis on the microbial communi-
ties of HDPE plastispheres collected from Antarctica.
The results revealed that the proportion of Alcanivorax
was only approximately 1.24% [61].

Like those of ISPs, in ESPs, the plastic types of plasti-
spheres containing Alcanivorax also vary and are mainly
fossil-based plastics, including PET, PE, PS and PCL.
Moreover, some plastisphere-originated bio-based plas-
tics, such as PHBV and PLA, have also been reported.
For example, three different types of PET plastic-degrad-
ing consortia were obtained after enrichment at 30 °C in
the laboratory using plastic debris collected from Porth-
cawl Beach in the UK as inoculants. The results revealed
that Alcanivorax became the dominant group in the later
stage of the enriched consortium with the amorphous
PET film, with a maximum abundance of 15.06% [66].
Similarly, several other PET-degrading consortia were

obtained from seawater and sediments of the Messina
Channel in Italy. Subsequent analysis revealed that the
abundance of Alcanivorax reached 12.6% [65].

In the PE-enriched consortia, the abundance of Alcan-
ivorax further increased. For example, Delacuvellerie
et al. collected floating plastics and sediments from Calvi
Bay in the Mediterranean Sea and enriched them with
LDPE for 2 months at 30 °C. The proportion of Alcanivo-
rax in the consortia reached 60%, while its abundance in
the original plastisphere was less than 0.2% [60]. Girard
et al. placed HDPE in a laboratory aquarium and cul-
tured it at room temperature for 108 h. After that, they
reported that Alcanivorax-related OTUs were among the
six dominant OTUs in the enriched consortia [57]. Chu
et al. studied the effects of metal ions on microbial com-
munities in coastal seawater plastispheres. The results
revealed that the abundance of Alcanivorax in the PE and
PLA plastispheres reached 55% and 20%, respectively.
Furthermore, the addition of Zn?" significantly promoted
their abundance in the PE plastisphere, but their abun-
dance in the PLA plastisphere was significantly reduced
[69]. To evaluate the degradation of non-biodegradable
and biodegradable plastics in seawater, Ghiglione et al.
immersed different types of plastics in an aquarium
while maintaining seawater exchange with in situ sea-
water pumped from the Mediterranean Sea to maintain
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the temperature at 13.5 °C. In the first short-term 45-day
experiment, Alcanivorax bacteria were the key colo-
nisers (up to 10% in abundance) at the beginning of PE
plastisphere biofilm formation, but strangely, they did
not colonise the PHBV surface [56]. In the subsequent
7-month long-term experiment, regardless of the type of
plastic (such as the non-biodegradable plastics PE and PS
and the biodegradable plastics PLA, PHBV and PCL), in
the early stages of biofilm formation (3-10 days), Alcan-
ivorax bacteria were always the dominant group [68]. In
addition, Liu et al. used EPS plastic debris collected from
mangroves as inoculants and subjected them to 3 rounds
of enrichment at 28 °C with PS as the sole carbon and
energy source. Finally, they reported that Alcanivorax
became the 5th dominant group in the enriched consor-
tium [70].

Notably, Zhao et al. first investigated the diversity of
PET-degrading bacteria in deep-sea sediments. They
collected deep-sea surface sediments from the eastern
Pacific Ocean and enriched them at room temperature
for two years using PET as the sole carbon and energy
source. Subsequently, Alcanivorax was found to be the
most dominant group in the enriched consortia, with a
maximum abundance of 51% [67]. However, there was no
evidence in this study to prove that Alcanivorax degrades
PET. Overall, this study is perhaps the only one to report
the detection of large amounts of Alcanivorax in the plas-
tisphere originating from the deep sea.

Collectively, bacteria of Alcanivorax are widely distrib-
uted in marine plastispheres around the world (Fig. 3),
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and they are more likely to occur in the plastispheres of
fossil-based plastics (Table 2). This could be explained
by the following reasons. First, fossil-based plastics con-
tinue to release additives. Second, they also dissociate
low-molecular-weight (LMW) aliphatic polymers due to
physical, chemical or biological factors. Coincidentally,
these two substances are analogues of the primary hydro-
carbon substrates of Alcanivorax.

Degradation of hydrocarbons
As a typical representative of aliphatic hydrocarbons,
alkanes have always been a common substrate for the
study of hydrocarbon metabolism in Alcanivorax. Cur-
rently, the alkane metabolism mechanism of Alcanivorax
is relatively clear. Specifically, terminal or subterminal
oxidation is the key initiating step for Alcanivorax to
degrade alkanes of different chain lengths. This key step
converts alkanes to primary or secondary alcohols and
significantly improves the bioavailability of hydrophobic
hydrocarbons. These resulting alcohols are further oxi-
dised to the corresponding aldehyde or ketone and finally
converted into fatty acids. Finally, fatty acids are oxidised
to CO, via beta-oxidation [71, 72]. According to the type
of protein family, alkane hydroxylases can be divided into
several different types, such as AlkB, AlmA, LadA and
cytochrome P450 oxidase. Notably, Alcanivorax often
employs several different types of alkane hydroxylase to
metabolise alkanes.

Recently, studies on the alkane metabolic mechanisms
of Alcanivorax other than the initial hydroxylation of

‘Ocean Data View

Fig. 3 Known sites for Alcanivorax occurring in a plastisphere or being reported to degrade plastics
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alkanes have emerged. (i) Small RNA (sRNA) regulation
during hydrocarbon metabolism. Wei et al. identified
549 candidate sRNAs from the transcriptome of strain
A. dieselolei B-5 after alkane induction and nonalkane
induction. These sRNAs came from almost any position
in the genome of strain B-5 and were also widely pre-
sent in other Alcanivorax bacteria. In addition, several
core sRNAs, including 6S RNA, M1 RNA and tmRNA,
were found to be involved in metabolic regulation during
alkane degradation [73]. (ii) Hydrocarbon metabolism
mechanism based on AIkB protein structure analysis. In
2023, two research groups successively decoded the 3D
structures of the AlkB protein based on cryo-electron
microscopy analysis and reported that the catalytic active
center of AlkB has an unexpected diiron center configu-
ration. Finally, they deduced that one of the iron atoms,
after interacting with O,, produced a highly oxidising
Fe(V) oxo complex, which completed the initial oxida-
tion of the hydrocarbon terminal. Moreover, molecular
determinants for the substrate selectivity of AlkB have
also been identified in detail [74, 75]. These results are
consistent with previous studies on key amino acid resi-
due base mutations in AIkB substrate channels in other
hydrocarbon-degrading bacteria [76]. These studies fur-
ther enhance the understanding of the mechanism of
initial hydroxylation and substrate selection of AlkB. (iii)
In addition, a breakthrough has been made in the analy-
sis of the role and mechanism of biofilms in hydrocar-
bon degradation using biophysical methods. During the
consumption of hydrocarbons, Alcanivorax often forms
biofilms on the surface of hydrophobic hydrocarbon
droplets. However, the role of biofilms during degra-
dation is unclear. Prasad et al. revealed the relationship
between biofilms formed by A. borkumensis SK2 and
hydrocarbon degradation using a microfluidic observa-
tion system combined with high-resolution confocal
microscopy. Specifically, SK2 reshapes oil droplets by
forming a dendritic biofilm, which speeds up the con-
sumption rate of hydrocarbon droplets [77-79]. This
study deepens the understanding of the hydrocarbon
metabolism mechanism and provides implications for
how to use marine bacterial communities to enhance the
remediation of environments polluted with oil.

In summary, the abovementioned studies on the hydro-
carbon-degrading mechanism of Alcanivorax provide
useful information for the analysis and understanding of
the degradation process of synthetic plastics, especially
fossil-based aliphatic plastics.

Degradation of synthetic plastics

Considering that plastic and MNPs pollution has become
a public concern of global marine pollution, the UN
has called for effective solutions to be found as soon as
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possible [80]. According to the abovementioned UNEP
technical report, plastic waste is currently the most
abundant, harmful and persistent component of marine
litter, accounting for at least 85% of all marine litter [39].
Although the total amount of plastic currently entering
the ocean is increasing, plastic recycling, as one of the
means of controlling plastic pollution, still needs to be
strengthened. Plastics Europe estimated that only 9.5% of
total plastic production was recycled in 2022 [38]. That
is, most plastic ends up in landfills, and 32% of it enters
the ocean [60].

Compared with large pieces of recyclable plastic, less
evident MNPs pose a more serious threat to marine eco-
logical environments and human health, and the need
for their treatment is more urgent. When large pieces of
plastics are discharged into the ocean, they are further
decomposed into smaller microplastics (<5 mm) and
nanoplastics (<1 um) under physical and chemical condi-
tions (such as UV, mechanical force and high hydrostatic
pressure) [53] and biological action [81, 82]. Previous
studies have shown that only approximately 1% of plas-
tic floats on the ocean surface, with the remaining 99%
entering the water column or seafloor sediments [83,
84]. After being ingested and accumulated by marine
organisms, plastics pass through the food chain, endan-
gering the entire marine ecosystem and human health.
With increasing global MNPs pollution, almost all types
of MNPs particles have been detected in human organs,
increasing the potential risk of people suffering from
non-communicable diseases [85]. The most recent exam-
ple is that PE and PVC MPNs were detected in carotid
plaque specimens from 59.5% of patients who partici-
pated in the study. The presence of these MPNs was dem-
onstrated to increase the risk of cardiovascular disease
(86, 87].

Recently, physicochemical methods have been devel-
oped to address MNPs pollution in the environment.
Although these methods are very efficient, secondary
pollutants, such as chemical reagents [88] and safety-
unknown nanomaterials [89], are inevitably introduced.
In contrast, the biodegradation of MNPs, although slow,
may be the main or even the only way to remove MNPs
in many particular marine environments. For example,
plastics floating in ocean garbage patches [90] appear to
be recoverable by direct fishing. However, the high cost
of recycling may be prohibitive because these ocean
garbage patches are thus far from land. Therefore, these
floating plastics and their disintegrating MNPs will even-
tually sink into the ocean [91]. Their ultimate fate is likely
to be degraded by various microorganisms. Although this
biodegradation process is very slow, it is ongoing. On the
other hand, the presence of these MNPs is also a continu-
ous evolutionary driver for marine microbes.
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Currently, many marine microorganisms partici-
pate in the biodegradation of plastics in many different
ways under aerobic or anaerobic conditions [92, 93].
It is foreseeable that the in-depth study of highly active
plastic-degrading microorganisms and their enzymes
will promote their application in plastic recycling and
contribute to the development of a marine blue biologi-
cal circular economy and sustainable management of the
marine ecological environment.

Degradation of fossil-based plastics
It is believed that the fossil-based aliphatic plastics rep-
resented by PE and PP are non-biodegradable, but recent
studies have shown that there are microorganisms that
can transform or degrade these plastics on land or in
marine environments. Alcanivorax is one such member.
The degradation of fossil-based plastics by Alcanivorax
is one of the current research hotspots of marine micro-
organisms. This is mainly because the world’s largest pro-
duction of several common plastics, such as PP, PE, PVC,
PET, PUR, and PS, are fossil-based [38]. Generally, most
of the reported plastic-degrading Alcanivorax originated
from coastal environments, and few studies have been
conducted in the deep sea (Table 3). Moreover, current
studies have focused mainly on the degradation charac-
teristics of Alcanivorax against different types of plas-
tics, and research on the degradation mechanism is still
limited.

In coastal areas
Alcanivorax bacteria isolated from coastal areas are
thought to degrade fossil-based plastics, although
whether they can degrade PE or PP is still controversial.
At present, many studies have reported the degrada-
tion of PE plastics by Alcanivorax (Table 3). For example,
an A. borkumensis strain isolated from a plastic-enriched
consortium was able to form biofilms on the surfaces of
LDPE, PET, and PS in artificial seawater media contain-
ing small amounts of hexadecane. The biomass of the
LDPE biofilm was much higher than that of the PET and
PS biofilms. Furthermore, when the strain was cultured
with LDPE film at 30 °C for 80 days, the weight loss ratio
of the LDPE film reached 3.5+0.34%. In addition, ATR-
FTIR spectra also confirmed that obvious oxidation
peaks were observed on the surface of the LDPE films
[60]. Zadjelovic et al. collected plastic debris from coastal
beaches in Chile and enriched plastic-degrading bacte-
ria with PHB as the sole carbon and energy source. The
strain Alcanivorax sp. 24 was subsequently isolated. This
strain could cause the weight loss of LDPE films to reach
0.9% in 34 days at 30 °C and reduce the molecular weight
of LDPE films. Further proteomic analysis revealed that
many metabolic pathways related to aliphatic compound
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degradation were upregulated in strain 24. Therefore,
combined with the oxidation phenomenon on the sur-
face of the LDPE film and the increased concentration of
superoxide in the culture system, these authors suggested
that the initial degradation of the LDPE membrane by
strain 24 was achieved through the production of extra-
cellular reactive oxygen species [96]. To the best of our
knowledge, this study is the first to report the PE deg-
radation mechanism of Alcanivorax. In addition, Zhang
et al. identified a cold-tolerant strain, Alcanivorax sp.
N3-2A, which was isolated from petroleum hydrocar-
bon-polluted coastal seawater in southeastern Canada
and could degrade LDPE at 4, 15 and 22 °C by quantifying
the total bacterial protein in the culture using LDPE film
as the sole carbon source [81]. Khandare et al. screened
4 strains with good degradation ability for LDPE mem-
branes from 216 marine bacterial strains and reported
that the strain Alcanivorax sp. H-265 could reduce the
weight of LDPE membranes by 0.46% and 0.97% in 30
and 90 days, respectively [95].

Although the abovementioned studies have all claimed
that Alcanivorax can degrade LDPE to some extent, stud-
ies using more precise detection methods have indicated
that Alcanivorax may not be able to degrade LDPE on its
own in the absence of other simple carbon sources. For
example, Rose et al. established a method using gas chro-
matography to determine CO, release and then quantita-
tively analysed the ability of microorganisms to degrade
plastics. They measured the amount of CO, released in
culture systems with or without LDPE as the sole carbon
and energy source and demonstrated that A. borkumensis
SK2 does not degrade LDPE [94]. Coincidentally, there
have been calls for more robust and accurate methods,
such as isotopic labelling, to assess the ability of microbes
to degrade plastics [105].

PP is the most produced plastic in 2022, accounting
for 18.9% of the total plastics. Although it is a highly
polymerised plastic and has strong resistance to bio-
degradation, a recent study by Koike et al. revealed that
Alcanivorax can degrade liquid PP (PP oligomers) [97].
Specifically, mesopelagic seawater (at a water depth
of -374 m) collected from the coastal sea of Japan was
enriched with liquid PP at 10 °C, after which the sw2
strain was isolated from the enriched consortium with
100% sequence identity with the strain A. borkumensis
SK2. Strain sw2 could not grow with liquid PP as the
sole carbon and energy source. However, liquid PP can
be degraded by this strain in the presence of other sim-
ple carbon sources, such as hexadecane and sodium
pyruvate. Furthermore, degradation intermediates such
as pentamers and hexadecamers were detected by GC-
MS, indicating that the degradation of PP did occur.
Finally, they deduced that the degradation mechanism
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of liquid PP by strain sw2 is similar to that of branched
alkanes and that Alcanivorax is an important PP
degrader in mesopelagic environments [97].

Recently, Alcanivorax has also been reported to be
involved in the biodegradation of PS. Liu et al. sam-
pled EPS plastic debris from mangroves and enriched
them with PS as the sole carbon and energy source at
28 °C for 3 cycles. After enrichment, bacteria of the
genus Alloalcanivorax were the most dominant group
among the enriched consortia and the representative
strain Alloa. xenomutans ZN12A4 was isolated. Finally,
the degradation characteristics of this strain against PS
were identified using several analysis methods, such as
SEM, ATR-FTIR and weight loss [70].

In the deep-sea

Compared with coastal areas, there are still fewer
studies on plastic degradation by deep-sea originat-
ing Alcanivorax (Table 3, Fig. 3). In 2011, Sekiguchi
et al. analysed the degradation of so-called degrada-
ble fossil-based aliphatic polyester plastics (PCL, PBS,
etc.) in deep-sea water. Subsequently, the strain Alloa.
venustensis KCLO1 was isolated from the tested deep-
sea water. Compared with that of the control, the break-
ing strength of the PCL fibres after treatment with this
strain was reduced by 19%. Moreover, the surface of
the PCL fibres was rough due to the obvious changes
observed by SEM. Therefore, the ability of this strain
to degrade PCL was preliminarily demonstrated [98].
In 2024, Liu et al. studied the diversity of PET-degrad-
ing bacteria in deep-sea surface sediments collected
from the eastern Pacific Ocean. They reported that the
abundance of Alcanivoracaceae-related OTUs in the
enriched consortia reached 65.8%. The representative
Alcanivorax strain A02-7 was subsequently obtained
and could grow with PET as the sole carbon and energy
source. Moreover, the degradation intermediate (mono-
(2-hydroxyethyl) terephthalate, MHET) of PET was
also detected using UPLC-MS, confirming the ability
of the strain to degrade PET [99]. In addition, Lv et al.
studied the PS degradation characteristics of the strain
Alloa. venustensis MCCC 1A17309, which was also iso-
lated from the deep-sea sediment of the eastern Pacific
Ocean. The ability of this strain to degrade PS was
determined by various methods. Moreover, this report
also revealed that 1.3% of the initial PS membrane was
released into the culture as MNPs, whereas only 4.5%
of the PS membrane was mineralised by this strain [82].
This highlights the negative impact of plastic biodegra-
dation caused by bacteria, which can lead to the con-
tinued release of large quantities of MNPs, resulting in
significant secondary pollution in marine ecosystems.

Page 12 of 21

Degradation of bio-based plastics

Since fossil-based plastics are traditionally considered
non-biodegradable, a large number of so-called biode-
gradable bioplastics (BBPs) and biodegradable fossil-
based plastics (BFPs) are emerging. However, in 2019,
Napper et al. warned that BBPs are also recalcitrant
in the marine environment and likewise represent an
emerging contaminant [106]. The aforementioned UNEP
technical report also warned against the use of single-use
plastic products or other damaging plastic alternatives,
such as BBPs. The main reason for this warning is that
these degradable plastics pose similar chemical threats
to the environment as conventional fossil-based plastics
do [39]. Therefore, the degradation of bio-based plas-
tics in the environment is receiving increasing attention.
For example, the Natural Environment Research Coun-
cil (NERC) of the UK is providing funding of 2.6 million
pounds [107] to support the BIO-PLASTIC-RISK (2020—
2024) project, whose main research objectives are to
determine the fate of BBPs in the environment and their
impact on biological and ecosystem functions [108].

Although Alcanivorax tends to occur in fossil-based
plastispheres (Table 2 and Fig. 2) and the current studies
on their characteristics and mechanisms of plastic degra-
dation are focused mostly on fossil-based plastics, there
are still many reports on their ability to degrade BBPs.
The enzymes found in BBPs degradation studies have
been shown to play important roles in plastic recycling.

Polylactic acid (PLA) is a type of BBPs that is widely
used at present, and it is also one of the main materials
used to replace disposable fossil-based plastic straw in
restaurants. Owing to the rapid growth of global PLA
production, there is an urgent need to develop efficient
recycling technology to realise the recycling of PLA
waste plastics. To this end, as early as 2016, Hajighasemi
et al. obtained the carboxylesterase ABO_2449 from 90
microorganisms by screening the a/p-hydrolase activi-
ties. This carboxylesterase originated from strain A. bor-
kumensis SK2 and could hydrolyse 40% of solid PLA10
(average molecular weight M, 1.0-1.8x10% plastic
into lactic acid monomers, dimers and larger oligomers
within 1 h, suggesting that strain SK2 and its carboxy-
lesterase ABO_2449 have good application potential in
PLA plastic recycling [100].

Polyhydroxybutyrate (PHB) is another emerging
BBP that may occupy the future plastic market. There-
fore, PHB plastic waste enzymolysis is also an impor-
tant way to realise the recycling economy of plastics.
In 2017, the strain Alcanivorax sp. NBRC 102022 was
isolated from coastal seawater in Japan. After 1 week
of cultivation at 30 °C on a PHB medium plate, a clear
hydrolysis cycle occurred (@ >5 mm), indicating that
this strain is a potential PHB degrader [101]. Another
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strain, Alcanivorax sp.24, which was isolated from
plastic debris collected from a beach in Chile, was
found to possess large amounts of esterases, peroxi-
dases, and predicted laccases in its genome, suggesting
that this strain may play a role in the biodegradation
of BBPs [103]. Through heterogeneous expression,
Zadjelovic et al. subsequently confirmed the high
hydrolysis activities of strain 24 toward the bio-based
polyester plastics PHB and PHBV, as well as toward
the fossil-based polyester plastics PBS, PES (polyether-
sulfone) and PCL. Finally, they also demonstrated that
esterase ALC24_4107 was responsible for the above-
mentioned hydrolysis ability. These results suggest
that strain 24 and its esterase ALC24_ 4107 have high
biotechnological potential in the recycling of polyes-
ter plastics [109]. In addition, Cao et al. confirmed the
PHB degradation ability of the strain Alcanivorax sp.
N3-2A, which was isolated from oil-polluted coastal
seawater from southeastern Canada, through culture
experiments using PHB plastic as the sole carbon and
energy source and the determination of extracellular
enzyme activity induced by PHB [104].

Biotechnological potential of Alcanivorax-derived
enzymes in plastic recycling

The continuous growth of global plastic production
has led to increasingly critical marine plastic pollution
and subsequent negative environmental effects. The
enzymatic depolymerisation of synthetic plastics is an
effective and sustainable way to recycle plastic waste.
Currently, studies on the degradation of bio-based pol-
yester plastics by esterases derived from Alcanivorax
are relatively in depth. These enzymes mainly include
alpha/beta hydrolase fold esterase (a/pHFE) and PHB-
depolymerase family esterase (PHBdfe). They have
shown very promising application potential in the
recycling of PLA and PHB/PHBYV plastics. In contrast,
studies on the Alcanivorax-derived enzymes involved
in the degradation of fossil-based plastics are still lim-
ited. A few studies have shown that Alcanivorax also
uses esterases to depolymerise PET plastic. However,
for fossil-based aliphatic plastics such as PE and PP,
the current main deduction is that Alcanivorax first
produces extracellular reactive oxygen species to par-
tially degrade fossil-based plastics, then transports low
molecular weight intermediates (LMW!Is) into the cell,
and finally activates hydrocarbon degradation enzymes
to achieve complete degradation of LMW1Is.

o/BHFE
a/BHFEs are potential candidate enzymes for the enzy-
matic hydrolysis recycling of PLA plastic waste. For
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example, to discover new polyester hydrolases from low-
temperature marine habitats, five highly active polyester
hydrolases were screened from three marine metagen-
omic libraries. The amino acid sequences of two enzymes
(ABO_1197 and ABO_1251) were identical to those of
putative carboxyl esterases of the strain A. borkumen-
sis SK2. Subsequent tests revealed that these enzymes
exhibited high activity not only toward model esterase
substrates but also toward PLA2 (M,, 0.2x10% at room
temperature or low temperature (5 °C). In particular,
ABO_1197 can also hydrolyse several other types of poly-
ester plastics, such as PCL10 (M,, 1.0x 10%), PCL45 (M,,
4.5%10%, PCL70 (M,, 7.0-9.0x 10%), PBSA (polybutylene
succinate adipate) 3001 (M,, undefinable) and PBSA3020
(M,, undefinable) [110]. Similarly, Hajighasemi et al.
screened the enzyme activity of o/ HFE from 90 marine
microorganisms. Two unknown proteins, ABO_2449 and
RPA1511, with high hydrolytic activity toward PLA were
obtained from the strains A. borkumensis SK2 and Rho-
dopseudomonas palustris CGA009, respectively. They can
catalyse the complete or extensive hydrolysis of solid PLA
and produce lactic monomers, dimers and larger oligom-
ers. In particular, ABO_2449 showed 30%, 36%, 75%, and
90% degradation rates for solid PLA10 within 1, 3, 18, and
36 h, respectively [100]. Hajighasemi et al. subsequently
cloned, expressed and screened 213 hydrolases from
environmental metagenomes and strain genomes. Ten
of these hydrolases showed high hydrolytic activity for
the synthesis of polyesters. Among them, the metagen-
omic-derived o/ HFE GENO0105 had 45.7% amino acid
sequence identity with an a/pHFE (WP_055099617) of
Alloa. xenomutans KS-293. Phylogenetic analysis con-
firmed that these genes belong to the same esterase fam-
ily. Further tests revealed that GEN0105 could hydrolyse
PLA, PCL and bis(benzoyloxyethyl) terephthalate (3PET,
a model substrate of PET). In particular, the ability of
GENO105 to hydrolyse PLA is particularly outstanding. It
can hydrolyse 70% of solid PLA within 18 h. Hydrolysate
is a mixture of lactate monomers, dimers and oligomers,
and lactate monomers account for approximately 50% of
the total hydrolysate [111].

The high hydrolytic activity of the abovementioned
a/BHFEs toward PLA is a common feature, indicating
their great potential as attractive biocatalase prepara-
tions for the depolymerisation and recycling of poly-
ester plastics. Notably, when the amino acid sequence
of the abovementioned ABO_2449 gene was used as a
query for BLASTP analysis, the first 82 hit a/pHFEs
(identity 55.7-99.7%) were all from different genera
within the Alcanivorax group. Further phylogenetic
analysis revealed that these a/pHFEs were evolution-
arily specific, i.e., the o/BHFEs derived from different
genera tended to cluster in separate branches (Fig. 4).
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Considering the wide distribution of these o/pHFEs
in Alcanivorax and their excellent hydrolytic activity
toward PLA, it is highly desirable to continue mining
more highly active a/BHFEs from Alcanivorax bacteria
and apply them to the recycling of PLA waste.

PHBdfe

PHB is another important class of bio-based polyester
plastics. Recent studies have shown that Alcanivorax,
especially those within the genus Alloalcanivorax, has
remarkable hydrolysing activity toward PHB plastics.

As mentioned above, Zadjelovic et al. confirmed that
the strain Alcanivorax sp. 24 exhibited distinguished
hydrolytic activities against PHB and PHBYV, as did fos-
sil-based polyester plastics such as PBS, PES and PCL
[109]. The PHBdfe ALC24_4107 (WP_133493510) of
strain 24 was subsequently confirmed to be respon-
sible for its hydrolysis ability. These results indicate
that ALC24_4107, similar to a/BHFEs, may have good
biotechnological potential for the recycling of poly-
ester plastic waste. Notably, in strain 24, the esterase
most closely related to the a/fHFE ABO_2449 of strain
SK2 was not ALC24_ 4107 but ALC24 _2069. How-
ever, transcriptomic and proteomic data have shown
that ALC24_2069 does not respond to the induc-
tion of many types of polyesters, such as PHB, PHBYV,
and PES [109]. These results suggest that Alcanivo-
rax possesses a variety of substrate-specific polyester
plastic hydrolytic esterases, which extends the appli-
cation of Alcanivorax in plastic recycling to a certain
extent. Interestingly, when the amino acid sequence of
ALC24_4107 was used as a query for BLASTP analysis,
35 hit PHBdfes (identity 70.0-99.7%) among the first
38 hits were all retrieved from the genus Alloalcanivo-
rax but were scattered among different species (Fig. 5).
Compared with the abovementioned PLA-degrading o/
BHEFEs (Fig. 4), these PHBdfes are more species- and
genus specific.

In addition, phylogenetic analyses (Fig. 5) based on
amino acid sequences revealed that the esterase PhaZ
(WP_089031498) of Alcanivorax sp. N3-2A, another
strain with strong hydrolytic activity toward PHB [104],
was most similar (99.5%) to the esterase WP_101674902
of the type strain Alloa. mobilis MT13131". Coinci-
dentally, the BLASTP results for PhaZ were similar to
those for the abovementioned ALC24_4107. Among
the first 68 PHBdfes (61.0-99.5% identity) with the
highest homology, 38 of them (68.4-99.5%) were also
all originated from the genus Alloalcanivorax (Fig. 5).
Furthermore, the closest related esterase of PhaZ in
the abovementioned strain 24 was WP_205655668 but
not WP_133493510 (ALC24_4107). These results sug-
gest that many different PHBdfes co-occur in different
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species of the genus Alloalcanivorax and further high-
light the potential application of Alloalcanivorax in the
recycling of PHB plastic waste.

PETase

In 2016, when the PET degradation mechanism [113] of a
new PET-degrading bacterium, Ideonella sakaiensis 201-
F6' [114], and the molecular mechanism of PET degra-
dation catalysed by IsPETase [115, 116] were reported,
research on PET waste enzymatic hydrolysis recovery set
off a new climax. Notably, amino acid sequence and crys-
tal structure analysis indicated that the IsPETase found
in strain 201-F67 also belongs to the a/BHFE family. It is
homologous to known cutinases found in many bacteria
but exhibits a more open active-site cleft than homolo-
gous cutinases do [116].

In contrast, to the best of our knowledge, PET has not
been reported to be hydrolysed by enzymes derived from
Alcanivorax. However, Hajighasemi et al. screened more
than 200 macrogenomic and strain genome-derived
hydrolases and reported that four esterases of the strain
A. borkumensis SK2 exhibited high hydrolytic activity
toward 3PET (a model substrate of PET plastic) [111].
The four esterases were ABO_1197 (carboxylic ester
hydrolase), ABO_1251 (carboxylesterase)) ABO_1895
(phospholipase/carboxylesterase) and ABO_2449 (a/
BHFE). In addition to the four esterases, another ester-
ase, GEN0105 (AKJ87216), which is closely related to the
o/BHFEs (WP_055099617) of strain Alloa. xenomutans
KS-293, was also detected. The esterase GEN0105 also
has high hydrolytic activity against 3PET [111].

In short, considering that o/pHFE family esterases
are widely present in Alcanivorax (Fig. 4), there should
be enzymes that can directly hydrolyse PET, but more
research is needed to clarify these enzymes in the future.

Candidate enzymes for depolymerisation of other
fossil-based plastics

Bacteria of Alcanivorax occur frequently in various types
of fossil-based plastispheres from many different marine
habitats (Table 2, [56, 57, 60—64, 68—70]), and there are
numerous reports of these bacteria degrading different
fossil-based plastics (Table 3, [60, 70, 82, 94—98]). How-
ever, to the best of our knowledge, the enzymes of Alcan-
ivorax that can directly depolymerise PE, PP, PS and
other fossil-based plastics have not been reported.

In fact, in the 1970s, Albertsson et al. co-cultured
1C-labelled PE and soil microorganisms and demon-
strated that microorganisms can degrade<1000 Da
LMW components in PE plastics. Therefore, they
speculated that this degradation process was similar to
that of alkane degradation [117, 118]. Coincidentally,
through numerical simulation, Kawai et al. speculated
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that the molecular weight limit of PE plastics that can be
degraded by microorganisms is approximately 2000 Da
[119, 120]. Recently, Koike et al. reported that the strain
A. borkumensis sw2 isolated from mesopelagic seawater
was able to degrade liquid LMW PP at 10 °C in the pres-
ence of other simple carbon sources. Considering that
the molecular structure of liquid LMW PP is similar to
that of branched alkanes, they suggested that strain sw2
should achieve initial degradation of liquid LMW PP
through monooxygenases such as AlkB and P450 [97]. As
early as 2012, AlkBs from soil-originating Pseudomonas

were shown to degrade LMW PEs [121-123]. Further-
more, a recent quantum mechanism study also suggested
that monooxygenases such as P450 could catalyse the
cleavage of C-C bonds in polyolefin plastics (such as PE
and PS) [124].

The above studies suggested that LMW intermediates,
originating from PE, PP and other fossil-based plastics
after degradation by photo-, chemical- and thermal-
oxidation in marine environments, can be mineralised
by Alcanivorax. Finally, the abiotic and biological joint
degradation of fossil-based plastics can be achieved in
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marine environments. Considering that large amounts of
monooxygenases exist in Alcanivorax [125], we believe
that they are involved in the degradation of fossil-based
plastics such as PE and PP in the ocean to a certain
extent. However, the biochemical functions of these
monooxygenases need to be further characterised to
help reveal the plastic-degrading pathway of Alcanivorax
accurately and evaluate their potential for use in the recy-
cling of fossil-based plastics.

Conclusions and prospective
As one of the predominant hydrocarbon-degrading bac-
teria in the ocean, Alcanivorax plays important roles not
only in the marine hydrocarbon and carbon cycles but
also in the biodegradation and transformation of syn-
thetic plastic waste (Fig. 6). However, the latter role has
been substantively underestimated due to a lack of exten-
sive studies.

Although Alcanivorax occur widely in marine plasti-
spheres, especially fossil-based plastispheres, they are

likely attracted by LMW hydrocarbon analogues released
from fossil-based plastics. In a certain sense, Alcanivorax
may not be able to directly or independently trigger the ini-
tial or complete degradation of fossil-based plastics, which
should greatly limit its application in the recycling of these
plastics. In contrast, although there are few reports about
Alcanivorax in bio-based plastispheres, studies on its deg-
radation characteristics and mechanisms against bio-based
plastics are far more in-depth and extensive than those of
fossil-based plastics. Moreover, their ability to degrade bio-
based plastics is far better than that of fossil-based plastics.
Therefore, Alcanivorax and its enzymes have shown great
application potential in the recycling of bio-based polyes-
ter plastics, thereby contributing to the development of the
marine blue circular economy.

Conceivably, significant work remains before Alcan-
ivorax and its enzymes can be used on a large scale for
commercial recycling of polyester plastics (such as PLA
and PHB/V). This includes, but is not limited to, the
following:
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(1)

In-depth mining of various esterases from Alcan-
ivorax and construction of an esterase database.
With the rapid development and application of
artificial intelligence (Al), the use of Al to quickly
and efficiently screen and discover novel esterases
with high activity on polyester plastics will be an
important research direction in the future.
In-depth decoding of esterase degradation charac-
teristics and mechanisms against polyester plastics.
In-depth studies of the catalytic mechanisms of
plastic-degrading enzymes and the constraints that
affect their activities are essential for their appli-
cation in the biodegradation and recycling of bio-
based plastic waste.

Directed modification or evolution of active ester-
ases. Compared with fossil-based plastics, many
types of polyester plastics have lower glass transi-
tion temperatures (GTTs). For example, the GTTs
of PLA and PET are only 60 °C and 70 °C, respec-
tively. Since plastics under glass transition condi-
tions are more susceptible to enzymolysis, improv-
ing the optimal temperature and thermal stability
of esterases is highly desirable. In addition, further
improving the hydrolytic activity of esterases on
polyester plastics is another important research
direction.

(4)

Construction of heat-resistant engineered strains
for polyester plastic enzymolysis. With the help of
synthetic biology, highly active polyester hydro-
lases from Alcanivorax can be "transformed" into
other marine thermophiles to complete engi-
neered bacterial construction. Then, the modi-
fied engineered bacteria and polyester plastic
waste could be co-cultured at high temperatures
to achieve more convenient and efficient depoly-
merisation of polyester plastics and recycling of
high-value intermediates.

Establishing more robust and precise methods
to assess the ability of microorganisms and their
enzymes to degrade plastics accurately. Under-
standably, more robust and precise methods will
help to identify Alcanivorax strains and their
enzymes with the best plastic degradation activity,
laying the foundation for large-scale commercial
recycling of plastics.

In summary, there is still a long way to go before
enzymes can be used to recycle plastic waste at scale.
Therefore, the most important goal at present is to con-
trol the total production of plastics to improve the health
of marine ecosystems and achieve sustainable manage-
ment and protection of marine environments.
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