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Abstract

Microorganisms from marine environments are gaining attention for their idiosyncratic ability to survive in these extreme 
conditions and been evaluated for their application in bioprospecting. From isolation of enzymes and bioactive compounds 
possessing peculiar abilities, identification of unique metabolic pathways, to application in health care and bioremediation, 
extensive study on these organisms is been done with tremendous success. Technological advancement in modern science 
with regards to Omics technologies integrated with genetic engineering technologies are paving way for isolation of novel 
organisms and their macromolecules. These bioengineered organisms and enzymes have found their application in industries 
with high commercial value.
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DSBs: Double-strand Breaks; sgRNA: Short Guide RNA

Introduction

The oceans, seas, estuaries, and other aquatic systems 
with high concentrations of dissolved salts collectively 
comprise the marine environment, which covers ~70% 

of the Earth’s total surface area and hold more than 97% 
of the total water on Earth [1]. These environments are 
characterised by a large gradient that is evident in various 
environmental factors such as light, pressure, temperature, 
light intensity, etc [2]. The marine environment, with its 
habitat complexity and consequent increase in niches, forms 
numerous ecosystems rich in the diversity of life forms 
found, with microorganisms accounting for most of this 
diversity [3]. An important element that distinguishes the 
diversity and microbial composition of these habitats from 
terrestrial habitat is salinity. Compared to soil in terrestrial 
environments, sediments in marine environments have 
greater phylogenetic diversity [1]. Marine bacteria have 
acquired various physiological and metabolic modifications 
with their evolutionary mechanism to adapt to the extremes 
of pH, temperature, limited substrate concentration and 
distribution, and high pressure and salt concentration of the 
marine environment [4]. These organisms play a key role 
in the flux of organic matter and nutrients, and contribute 
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to the degradation of many organic materials that help 
to sustain the marine environment [5]. Considering the 
extremophilic nature of these bacteria, interest in the study 
of marine bacteria has increased over the years to explore the 
potentials of these marine organisms for various ecological 
and commercial purposes.

The marine bacteria produce various complex 
metabolites to survive in the extreme conditions of the sea 
such as extremozymes, biopolymers, secondary metabolites 
and bioactive compounds like flavonoids, antioxidants, 
antibiotics, etc. These biomolecules with unique structural 
and functional capabilities hold potentials for novel 
application and in industries. Further identification of 
unique biochemical pathways from these may have 
potentials in the degradation of various organic and chemical 
compounds [2,6]. Efforts to bio prospect these marine 
bacteria for their potentials in the production of various 
biomolecules have been carried out [7]. Therefore, these 
bacteria are now acknowledged as valuable resources for the 
production of various novel biomolecules, with numerous 
discoveries made in recent years [8]. However, due to the 
slow pace of technological progress, a large part of the 
marine ecosystem remains unexplored. The review paper 
examines the bacterial diversity of marine environment and 
its role in biotransformation processes that can be exploited 
for commercial applications such as pharmaceuticals, 
bioremediation, food supplements, enzyme production etc. 
The biotechnological advances and challenges in the study of 
these marine environments will also be discussed to promote 
a more comprehensive exploration of these environments 
along with their role in global climate change.

Marine Environment and Bacterial Diversity

The marine environment that stores a large volume of 
water at depths greater than 11,000 metres is referred to as 
a “high-pressure refrigerator” because the pressure of deep 
water increases at a rate of 1 atm/10 metres, with a maximum 
of 1000 atm in the deepest regions of these water bodies and 
a temperature below 3°C in regions 100 metres and deeper 
[9]. In addition to the extreme temperature and pressure 
conditions, a decreasing intensity of sunlight and a limitation 
of food supply, a limited supply or absence of oxygen are 
observed in the deeper seafloor environment [10]. Thus, 
until the end of the 19th century, it was believed that no life 
existed in these deep waters and was supported by Forbes’ 
azoic hypothesis based on his observation where he saw a 
decrease in the number of species with increasing water 
depth [11]. However, the discovery of living crinoids (sea 
lilies) from the depths of Norwegian fjords (∼3000 metres) 
by biologist Michael and Georg Ossian Sars, followed by 
research expeditions such as the HMS Challenger expedition, 
shed light on the diverse life forms in the ocean depths [12].

With the marine environment covering nearly 70% 
of the Earth’s surface, much of the Earth’s habitat is found 
in these aquatic systems (approximately 99%), with all of 
the major phyla of the animal kingdom that evolved from 
this habitat. Furthermore, much of this marine habitat 
remains inaccessible to humans. Therefore, the interest 
in exploring these deep-water systems to identify new 
organisms has become a fascination, with the discovery of 
new species regularly reported Kaiser MJ, et al. [13]. Because 
environmental parameters are constantly changing at 
different levels of the marine system, a wide variety of habitats 
can be found in the wilds of the oceans and seas. Based 
on the availability of sunlight, the ocean zones are divided 
into photic, mesopelagic, bathypelagic, abyssopelagic, and 
hadopelagic zones [14]. Other distinct environments in the 
ocean depths include the abyssal plain, hyperthermal vents, 
seamounts, mid-ocean ridges, continental margins, oceanic 
trenches, etc., with deposits of biogenic particles that may 
originate from various sources such as volcanic, terrigenous, 
and authigenic on the seafloor [10]. However, all the various 
habitat cannot be covered in this review so some of the major 
marine environments have been discussed below.

Environmental extremes and low nutrient availability 
limit biological productivity, thus large macro-organisms are 
generally not found in these deep-sea environments, with 
communities of low biomass species being the predominant 
life form here [10]. Microorganisms are the main components 
of the marine habitat with a predicted value of 3.6 ×1029 
microbial cells present in the ocean system, of which >105 
are present per ml of surface seawater. From bacteria and 
archaea to other microscopic organisms such as protists 
and fungi, the microbial diversity of the marine environment 
includes those that play a critical role in nutrient cycling 
and maintaining the stability of this ecosystem, contributing 
98% of primary production [9]. Considering the ubiquitous 
nature of microorganisms and their importance in the 
marine ecosystem, it is expected that evolutionary variation 
and diversity can be observed in the extremes of the deep-
sea habitat.

Abyssal Plain

These are submarine plains that form on the seafloor and 
account for more than 50% of the Earth’s surface [15]. They 
are the predominant habitat of the deep-water system and 
have high diversity with low overall biomass [16]. General 
environmental conditions of the abyssal plain include 
temperatures between -0.5 and 3°C, high dissolved oxygen 
levels, and slow or stagnant water flow. Seafloor sediment 
deposits consist of sands, clays, and biogenic compounds 
with a lack of primary production, limiting food availability. 
The main source of food and energy in these regions is the 
deposition of detritus, rich in organic matter, formed in the 
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euphotic zones. Manganese nodules associated with hard 
substrate are also present and support the development 
of fauna different from that found in sediments [15]. The 
abyssal plains provide the ecosystem with important services 
such as biogeochemical cycling and the trapping of a large 
concentration of CO2 in the form of fossil fuels. Considering 
their large extent and inaccessibility, knowledge of the 
abyssal habitat and ecosystem has been limited. However, 
extensive studies have been conducted in recent decades 
showing the diversity of life forms in the abyssal plains. For 
example, nearly 2000 bacterial species have been discovered 
at a single study site alone, along with 500 invertebrates and 
250 protozoan species [17]. 

Since the main food source of these habitats is detritus, 
microorganisms play an important role in the transformation 
of these nutrients and play an important role in the food 
chain and their diversity is directly correlated with the 
rate of flux of organic material from the euphotic zones 
and plays a key role in the various services provided by 
the abyssal plain ecosystem. Widespread marine microbes 
include the bacterial order Woeseiales Hoffmann KC, et al, 
[18] and the archaeal phylum Thaumarchaeota [19], which 
are under active investigation. However, the seamounts and 
hyperthermal vents that traverse these large submarine 
plains are rich in nutrients and form a completely different 
habitat [20].

Hydrothermal Vents 

Hydrothermal vents are a marine ecosystem formed 
where seawater enters the Earth’s crust through fractures 
created by the movement of tectonic plates. The geothermal 
energy of the crust heats this cold water, which then flows 
out and forms a vent. Chemical leaching of rock on the 
seafloor alters the hot water so that it has high sulfur and 
iron content [21]. The mixing of hydrothermal fluids with 
cold seawater creates a thermal gradient that is accompanied 
by the geochemistry of the hydrothermal fluid, which also 
creates a gradient in pH and chemical species like copper, 
zinc, iron etc. that shape the microbial composition and 
further subdivide the hyperthermal vent into different 
habitats, e.g., hydrothermal vent, hydrothermal plumes, 
etc [22]. For life forms to exist in this region, they should 
be able to adapt to the gradient of all chemical, physical 
and biological gradients of this habitat. Microorganisms 
isolated from the hydrothermal vent show the characteristic 
property of stability at high temperatures and commitment 
to anoxic conditions. Chemoautotrophic microorganisms 
that use sulfur from inorganic compounds as an electron 
acceptor dominate this habitat, which also supplies the 
energy needs of other species and thus forms the backbone 
of the food chain [21]. Other chemosynthetic processes that 
serve as energy sources include the oxidation of methane, 

hydrogen, and iron [22]. Microorganisms belonging to 
different groups of Archaea and Bacteria have been isolated 
from hydrothermal vents, which include hyperthermophiles: 
Pyrococcus horikoshii [23], Thermococcus onnurineus [24], 
hyperthermophilic methanogens: Methanopyrus kandleri 
strain 116 [25], thermophiles: Thermosulfurimonas 
marina SU872T [26], Anoxybacillus caldiproteolyticus 
[27], Methanogens: Methanocaldococcus villosus and 
Methanothermococcus okinawensis [28], Thermopycophiles: 
sulfur reducer Marinitoga piezophile strain KA3T [29], 
Chemolithoautotrophs: Thioprofundum lithotrophicum 
strain 106 and Piezobacter thermophilus strain 108 [30], 
Sulfur-oxidizing bacteria: Sulfurimonas sp. NW10 [31], 
Hydrogenovibrio thermophilus strain S5 [32], etc.

Seamounts

Seamounts are underwater mountains formed by 
volcanic activity in the seafloor, similar to volcanic mountains 
but not reaching the sea surface [33]. For a marine system 
deeper than 200 metres, a minimum elevation of 100 metres 
above the ocean floor is the criterion for an elevation to be 
considered a seamount, and includes seamounts associated 
with the mid-ocean ridge, continental slope, or back-arc 
basin, as well as intraplate seamounts. In addition, they 
are subdivided based on elevation into hills and seamounts 
with elevations of 500 and 1000 metres from the seafloor, 
respectively [34]. Some geologic topologies in the range of 
50 to 100 meters may also be considered seamounts [35]. 
Oceanic islands are not counted as seamounts, although they 
are thought to have originated from a seamount because their 
ocean system is completely different from seamounts due to 
runoff from the nearby coast, even though their community 
composition may be the same [34]. Seamounts with 1000 
metres relief cover nearly 16% of the seafloor, while those 
with 1000 metres relief cover l4.7%, and their habitat is 
highly fragmented, making them a hotspot for biodiversity 
[34]. From macroscopic to microscopic and benthic to pelagic, 
various organisms are found in seamounts, which include 
microorganisms, and seamounts are studied to influence 
the diversity and distribution of microbial communities 
[36]. The presence of these topological structures affects 
the hydrography of water bodies, leading to increases in 
current velocity, tidal flow, and the generation of internal 
waves, which increases vertical mixing and the resulting 
output of nutrients from the ocean depths, thus increasing 
primary productivity in and around seamounts. In addition, 
seamounts trap these organic and inorganic materials 
horizontally by promoting a closed circulation pattern of 
water like Taylor caps [37].

Given the nutrient richness and association of 
seamounts with hydrothermal vents, microbial growth and 
activity is thought to occur via biofilm formation. However, 
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limited study has been conducted on the microbial diversity 
of the seamounts showing the presence of microbial mats 
belonging to the bacterial classes Zetaproteobacteria, 
Epsilonproteobacteria, Gammaproteobacteria and 
Deltaproteobacteria, along with archaeal phylums such 
as Crenarchaeota, Euryarchaeota, with the predominant 
microorganisms belonging to iron-, hydrogen- and 
sulfur-oxidizing communities. Some sulfur reducers and 
anaerobic methanogens have also been detected [38]. 
Mariprofundus ferrooxydans is a Gram-negative, neutrophilic, 
chemoautotrophic, and Fe-oxidizing bacterium, a new genus 
and species among the newly discovered Zetaproteobacteria 
class of Proteobacteria isolated from the microbial mat of the 
Loihi seamount [39].

Ice-Covered Marine Environments

The surface of the marine environment is largely 
covered with ice, revealing various microorganisms from 
the marine environment that occur at the interface between 
the ice and the water. Numerous species belonging to the 
genus Psychroflexus, Psychromonas antarcticus, Iceobacter, 
Polaromonas, Polibacter etc. have been unearthed from these 
ice-covered regions [9]. These organisms are termed as 
psychrophilic and have adapted and evolved over the years 
to function in these extreme temperatures, reaching as low 
as -10°C e.g. Psychromonas ingrahamii [40]. Because water 
density is high in these regions, the overall diffusion rate of 
nutrients and energy is low, suggesting that psychrophiles 
are oligotrophic in nature [41]. These organisms have high 
importance for energy-saving industrial applications based 
on low temperatures, as the biomolecules and the organism 
itself are stable in these environments.

Biotechnological and Biotransformation 
Potential of Marine Bacteria

Given the diversity of habitat and bacterial communities 
present, the marine environment has been considered a 
compelling source of biocatalysts and other biomolecules 
with applications in various biotransformation processes 
[2]. Several novel bacteria and numerous molecules, from 
enzymes to metabolites, have been isolated from this 
environment [42]. These bacteria and the compounds find 
their application in industry, healthcare, and bioremediation 
processes [2], making the marine environment a prime 
candidate for bioprospecting.

Enzymes

Enzymes are essential biocatalysts that carry out 
several biochemical processes for the proper functioning 
of a cell, thus sustaining life [43]. Their catalytic efficiency, 
environmental friendliness, and economic advantages have 

made them a suitable alternative to chemical catalysts 
for industrial processes. From food and agriculture to 
textiles, pharmaceuticals, biofuel production as well as for 
bioremediation, all sectors have witnessed an increase in 
the use of these enzymes [44]. Considering the possibilities 
of using low-cost and readily available materials along with 
wastes as substrates for enzymatic biotransformation, their 
use is of high economic and environmental benefit [45]. 
The demand and application of these industrial enzymes 
are progressing steadily and it is estimated that they will 
reach a global market value of $7.0 billion by 2023 [46]. 
As extremely diverse physiological conditions prevail in 
the marine environment, marine bacterial species have 
evolved accordingly through physiochemical and genetic 
manipulations, with one prominent feature being the 
production of highly stable enzyme systems. These enzymes 
have the ability to function under extreme stress conditions 
like high temperature or freezing cold, alkaline or acidic pH, 
and osmotic and hydrostatic pressure. Thus, these extreme 
enzymes have high potential as biocatalysts in various 
industrial processes [47] (Figure 1).

Hydrolase enzymes are the most commonly isolated 
and industrially used class of enzymes derived from marine 
microorganisms. Lipase is among the highly esteemed 
enzymes for various industrial purposes and there are 
numerous reports of marine bacteria producing this enzyme. 
A marine Janibacter sp. strain HTCC2649 produced mono- 
and di-acylglycerol lipase enzyme with an optimum of pH 
7 at 30 °C. However, the enzyme was still able to maintain 
50% of its enzyme activity at a temperature as low as 5 °C 
and was stable to detergents and various metal ions [48]. 
Similarly, Lailaja and Chandrasekaran reported a bacterial 
isolate Bacillus smithii BTMS 11 from marine sediments 
that produced an alkaline and thermostable lipase with 
temperature and pH stability in a wide range of 30-80 °C 
and 7-10, respectively. Moreover, 90% of enzyme activity 
was retained after treatment with different detergents for 
almost 3 h [49]. Marine-based lipase has several advantages 
over traditional mesophilic enzymes, such as its high 
tolerance to alkaline conditions, detergents, and cold-
active/thermostable properties, which make it a preferred 
candidate for formulating detergents for cold or high 
temperature washes. Their stability also finds application in 
pharmaceutical, food, and paper industries [50].

Amylase is another enzyme with a high industrial 
value that can be obtained from almost all sources and 
habitats. However, marine-derived amylases exhibit 
exceptional properties, with marine isolates Nocardiopsis 
sp. 7326 [51], Bacillus sp. dsh19-1 [52], Wangia sp. C52 
[53], Pseudoalteromonas sp. 2-3 [54] exhibiting cold-active 
amylase. Similarly, pH-tolerant [55], thermostable [56], 
and salt-tolerant amylase [57] have been isolated from 
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marine bacteria, most of them showing stability towards 
more than one extreme [58]. Protease is used for cleaning 
purposes in detergent and leather industries, along with 
other applications in food, health, and waste management 
[59]. Several marine bacteria have been used for protease 
isolation such as Pseudoalteromonas sp. 129-1 [60], Bacillus 
flexus APCMST-RS2P [61], Pseudomonas sp 145-2 [62] to 

name a few. Agarase and chitinase enzymes are also isolated 
from marine bacteria as these polysaccharides are abundant 
in the marine environment and microorganisms use them as 
a carbon source [63]. Cellulase, ligninase, esterase, laccase, 
gelatinase, etc. are other enzymes isolated from the marine 
environment [64].

Figure 1: Properties and application of enzymes from marine bacteria.

Bioactive Compounds

Bioactive molecules and compounds are metabolites 
derived from living organisms in all aspects of life that 
have health-promoting properties. Plants have long been 
considered as a major source of the various bioactive 
compounds produced as secondary metabolites [65]. 
Extensive studies have already been carried out on 
terrestrial life forms to discover and identify the properties 

of various metabolites. Therefore, other environments are 
now being explored to find novel bioactive compounds for 
various health-related benefits, with the marine ecosystem 
being a prominent option [66]. In addition to the enzyme, 
marine bacteria produce various bioactive molecules such 
as antioxidants, antimicrobials, antitumor compounds, 
etc. to adapt to and utilize the resources available in these 
environments (Table 1).

Bacteria Source Bioactive compound Application Reference

Streptomyces sp. VITSJK8 Cheyyur beach 
sediment

1, 2- benzene dicarboxylic acid, 
mono 2- ethylhexyl ester

Cytotoxicity against 
human cancer cells [67]

Streptomyces sp. MN41 Caspian Sea 
sediment Pyrrole-derivative

Antimicrobial activity 
against MRSA Antitumor 

activity
[68]

Streptomyces 
griseorubens DSD069

20–30 m deep 
Marine sediments

Bisanhydroaklavinone & 
1-Hydroxybisanhydroaklavinone Antibacterial activity [69]

Nocardiopsis sp. HB-J378 Marine sponge Nocardiopsistins A-C Anti-MRSA activity [70]
Streptomyces 

bingchenggensis ULS14
Lagos Lagoon 

sediments ULDF4 & ULDF5 Antitumor activity [71]

Saccharomonospora sp. 
KCTC-19160 - Saccharochlorines A & B BACE1 inhibitors [72]
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Streptomyces sp. 
OUCMDZ-3434

Marine algae 
Enteromorpha 

prolifera

Wailupemycin J & (R)-
wailupemycin K Antiviral activity [73]

M. thermotolerans SCSIO 
00652

South China Sea 
sediment Marthiapeptide A Antimicrobial & 

anticancer activity [74]

Aequorivita sp. Antarctic water 
sediments Unidentified Antimicrobial & 

anthelmintic activity [75]

Erythrobacter sp.
Marine sponge 

Callyspongia 
aerizusa

Bromophycolide compound
Antimicrobial activity 

against Mycobacterium 
smegmatis

[76]

Aerococcus Uriaeequi Yellow Sea Exopolysaccharide A Antioxidant activity [77]
Janthinobacterium spp. 
strains ZZ145 & ZZ148 Marine soil Janthinopolyenemycins A & B Antifungal activity [78]

Halomonas sp. strain 
GWS-BW-H8hM (DSM 

17996)
Wadden sea water

3-(4′-hydroxyphenyl)-4-
phenylpyrrole-2,5-dicarboxylic 

acid & 3,4-bis(4′-hydroxy- phenyl)
pyrrole-2,5-dicarboxylic acid.

Antitumor activity [79]

Table 1: Marine bacteria & their bioactive metabolites.

Since the discovery of cephalosporin C from marine 
fungi, several other antimicrobial compounds have been 
isolated from bacteria from the marine environments [80]. 
A survey of the antibiotics derived from the marine based 
microorganism showed that 50% of the bacteria isolated 
from this environment had antibiotic activity against 
various microorganisms [81]. In a study, fifteen bacteria 
belonging to the genera Bacillus and Virgibacillus were found 
to possess antimicrobial activity against the pathogenic 
Vibrio parahaemolyticus and Staphylococcus aureus strains 
associated with foodborne illness. The strains were isolated 
from various marine life forms such as algae, oysters, crabs, 
and marine sediments [82]. The bioactive metabolite extract 
prepared from the actinobacteria Streptomyces sp. S2A with 
three major components, viz. Pyrrolo[1-a] pyrazine-1,4-
dione, Hexahydro-3-(2-methylpropyl)- was found to possess 
inhibit the growth of bacterial strains Escherichia coli, 
Staphylococcus aureus, Klebsiella pneumoniae, Staphylococcus 
epidermidis, Bacillus cereus, and Micrococcus luteus, and the 
fungi Bipolaris maydis and Fusarium moniliforme. The extract 
also showed antioxidant and cytotoxic activity with inhibitory 
activity against α-amylase and α-glucosidase enzymes 
as major components [83]. The analogs of proxicin and 
polyketide abyssomicin produced by the marine bacterium 
Verrucosispora sp. MS100137 showed antagonistic activity 
against the influenza a virus [84].

The bioactive metabolites from marine bacteria may 
also be considered as chemotherapeutic agents for the 
treatment of tumors and cancer and numerous antitumor 
compounds have also been isolated from the marine 
microorganisms [85]. The depsipeptide thiocoraline derived 

from the marine Micromonospora sp. has high potential as an 
anticancer treatment because it inhibits DNA polymerase-α 
activity [86]. A new metabolite dentigerumycin E was 
discovered from marine Streptomyces sp. when the strain 
was co-cultured with Bacillus sp. The metabolite exhibited 
antimetastatic activity and antiproliferative activity against 
human carcinoma cells [87]. Other bioactive compounds 
reported from marine bacteria include antioxidants [77], 
anti-inflammatory compounds [88], antidiabetic compounds 
[89], etc.

Bioremediation

Marine bacteria, in addition to producing biocatalysts 
and bioactive compounds, play an essential part in the 
bioremediation of this water system. Urbanization and 
increasing human anthropogenic activities have led to the 
enrichment of the marine environment with pollutants in 
the form of plastics, microplastics, heavy metals, chemicals, 
sewage, oil, and petroleum [90]. Common approaches 
to bioremediation by marine bacterial and associated 
species include biofilm production, production of enzymes, 
biosurfactants, and oxidation of heavy metal ions [4]. Table 
2 lists the marine bacteria involved in bioremediation 
processes.

Plastics are one of the major contaminants in the 
environment and their recalcitrant nature makes their 
biodegradation an extremely slow process. The marine 
bacteria produce PHB depolymerase, lipase, peroxidase, 
PEG dehydrogenase, polyurethanases, monooxygenase 
MHETase, PETase, and various other enzymes that attack 
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and degrade plastics [103]. The actinomycete Streptomyces 
sp. SM14 associated with the marine sponge was isolated 
and a PETase-like enzyme SM14est was identified that was 
capable of degrading polycaprolactone [104]. Delacuvellerie 
et al. through their research analysis concluded that marine 
microbial biofilms with bacterial component caused the 
degradation of plastic polymers, indicated by a percentage 

decrease in molecular weight, through colonization and 
biofilm formation followed by secretion of various enzymes 
[105]. Another microbial consortium of Vibrio alginolyticus 
and Vibrio parahaemolyticus isolated from marine sediments 
was very effective in degrading PVA-LLDPE [106].

Microorganism Source Bioremediation Reference

Lactobacillus plantarum MF042018 Alexandrian Mediterranean 
Seacoast Biosorption of nickel & chromium [91]

Vibrio T-1.3, Altermonas BP-4.3 & Cobetia 
S-237

Dichlorination of Polyvinyl 
chloride [92]

L. boronitolerans MH2 Johor Strait seawater Trichloroacetic acid (TCA) 
degradation [93]

Alteromonas macleodii, Pseudovibrio 
denitrificans, Pseudovibrio ascidisceicola,

Red Sea sponge Theonella 
swinhoei Arsenic reduction [94]

Pseudomonas chengduensis PPSS-4 marine sediment of Paradip 
Port, Odisha

Sequestration of Pb(II), Cr(VI), & 
Cd(II) [95]

Alcaligenes faecalis LNDR-1 Sea water bank Polyethylene degradation [96]
Bacillus algicola (003-Phe1), Rhodococcus 

soli (102-Na5), Isoptericola chiayiensis 
(103-Na4), & Pseudoalteromonas 

agarivorans (SDRB-Py1)

Taean beach sediments
Biosurfactants production to 

desorbed crude oil from marine 
water & use it as carbon source

[97]

Nocardioides OK12 Beach plastisphere Biofilm based degradation of 
poly(3-hydroxybutyrate) [98]

Bacillus sp. JY14 Marine soil Degradation of 
polyhydroxyalkanoates [99]

Nocardiopsis sp. GRG 3 (KT235642) Marine brown algae Bioflocculant production & 
sorption of Cd, Cr, Pb, & Hg [100]

Streptomyces sp. CuOff24 Coastal sediments Biosorption of radionuclide of Sr2+ [101]

Nocardiopsis sp. 13H Coast sediment around 
nuclear power plant site

extracellular polymeric substance 
associated adsorption of cesium [102]

Table 2: Marine bacteria in bioremediation.

The polyaromatic hydrocarbons (PAH) in the 
marine environments are highly insoluble and marine 
microorganisms cause their degradation via aerobic or 
anaerobic processes with reduction of oxygen, nitrate, or 
sulfates acting as electron acceptors. In rare cases, Fe (II) 
or Mn (III) may also act as a terminal electron acceptor. The 
production of biosurfactants by marine bacteria also helps 
in the degradation of insoluble materials by increasing the 
accessibility of microorganisms [90,107]. Petroleum refining 
and transportation are the common reason for the pollution 
of marine environment by oil spills. Marine microorganisms 
interact and cause its degradation by producing lipase 
enzymes and use it as a carbon source. Three marine 
thermophilic bacterial species Geobacillus sp. D7, 
Anoxybacillus geothermalis D9 and Geobacillus sp. D4, were 
found to produce lipase enzyme which had an oil degradation 
efficiency of 17.3%, 13.1%, and 12.1% respectively [108]. 

Alcanivorax borkumensis produces a lipase enzyme which 
along with other hydrocarbon degrading enzymes in a crude 
preparation showed efficient degradation of petroleum 
contaminants (6000 ppm) at 88.52%, thus showing potential 
for bioremediation of hydrocarbon contamination [109]. 
These organisms also produce biosurfactants that help in the 
emulsification of oil and have been directly linked to crude oil 
degradation [107]. Further Bacillus cereus UCP 1615 isolated 
from petroleum contaminated marine sample was found to 
produce anionic biosurfactant which showed to effectively 
remove the toxicity caused by the oil spills with a survival 
rate of 90% for Poecilia vivipara [110].

Heavy metals such as cobalt, cadmium, lead, etc. are 
highly toxic and their accumulation and entry into the food 
chain can have serious effects [111]. Since all sewage is 
dumped into the marine environment, they have high levels 
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of these heavy metals and act as their reservoir. The bacterial 
species in these environments have adapted and cause the 
removal of these heavy metals through biomineralization, 
biotransformation, biosorption, bioaccumulation, etc [90]. 
It has been reported that bacterial species of Enterobacter, 
Flavobacterium, Bacillus, Pseudomonas, and Micrococcus 
sp. can absorb these heavy metals as they have a high 
surface to volume ratio and teichoic acid is present as a 
cellular component that attracts the positively charged 
heavy metals [112]. Biofilms can also remove heavy metals, 
either by sorption or by releasing exopolymers that act as 
biosurfactants [113]. A comparative study by Priyadarshanee 
and Das using Pseudomonas chengduensis showed that a 
biofilm was more efficient in metal removal compared to 
planktonic cells [95]. Studies on biosurfactants have shown 
high efficiency in removing heavy metals [114] and finally, 
biotransformation is used to reduce toxicity by oxidation 
of these heavy metals as an approach of bioremediation by 
marine bacteria [115].

Biotechnological Advances in Marine 
Bioprospecting

Marine bioprospecting has been a research focus for 
many years, investigating the potential of marine-derived 
substances for commercial use in a variety of areas, 
including food and pharmaceuticals. Various culture-
independent methods, omics technologies and genetic 
engineering approaches forms the backbone of such studies, 
and recent improvements in these methods have created 
better opportunities to cement marine biotechnology in an 
industrial setting.

Culture-Independent Gene-Targeted Methods of 
Marine Microbial Bioprospecting

The higher ground of revolutions and innovations in 
marine microbial bioprospection has been provided with 
culture independent methods. Conventional methods of 
bioprospection provide set of limitations for unculturable 
marine microbial communities [116]. Only 30 bacterial 
divisions out of more than 100 proposed bacterial divisions 
include the cultivable representatives [117]. Marine 
microbial community stands at the top for unculturable 
microbes applying conventional methods [118]. Hence 
strategies to gain in depth knowledge of unculturable 
microbial communities are essential in the discovery of 
novel function and bioprospecting [119]. Among various 
culture independent methods, molecular phylogeny of 16S 
rRNA continues to be the most widely applied in studies. 
This phylogenetic approach is often considered important in 
research framework because of two critical properties of 16S 
rRNA gene. The two critical properties includes: (i) presence 
in all life forms, and (ii) presence of domain structure with 

variable rates of evolution, thus allowing phylogenetic 
reconstruction at different levels [120]. A better efficiency 
to classical phylogenetic methods was brought by 16S rRNA 
gene hypervariable region large-scale sequencing [121]. 16S 
rRNA gene sequencing can be utilized in phylogenetically 
driven marine bio-discoveries [122]. Species chemical 
diversity and taxonomic diversity are coupled due to 
importance of secondary metabolism in specialization hence 
community analysis by 16S rRNA sequencing can be applied 
for the selection of most diverse sampling site improving 
recovery of novel taxa in a specific culture [123].

A complementary view on phylogenetic driven marine 
bio-discoveries can be achieved through functional gene-
based approaches. Such approaches focus centrally on 
the microbial communities holding potential to carry out 
desired function. The marine environment has been studied 
extensively to demonstrate number of microbial genes 
encoding enzymes central in environmental processes. 
Functional gene-based approaches has been an integral part 
of such marine research framework and has contributed 
towards demonstration of several marine microbial 
enzymes participating in nitrogen fixation [124], sulphate 
reduction [125], hydrocarbon biodegradation [126], 
denitrification [127], ammonia oxidation [128] etc.This 
approach is highly focused nature and applies primers with 
variable specificities thus making this approach powerful. 
Functional gene-based biological tools were applied in a 
study to demonstrate bacterial hydrocarbon degradation in 
marine environment. Diversity of alkane degrading bacterial 
population in sediments of chronically polluted subantarctic 
region was studied using alkane monooxygenase (alkB) 
gene library analysis. Genes described in Actinobateria and 
Proteobacteria were affiliated to sequences obtained from 
sediment clone libraries with amino acid identity of 67% 
to sample sequences. The alkB gene sequence distribution 
among samples from different sites helped in identification 
of ecologically significant alkB genes in Subantarctic region 
and their further application as biomarkers in alkane 
degradation studies. 16S rRNA amplicon pyrosequencing 
helped in indicating several microbial genera in which 
alkB was previously not described such as Thalassospira, 
Oleisspira etc. This study demonstrated abundance of genera 
associated with oil biodegradation that was not previously 
studies such as Maribius, Gillisia, Bizionia, Robiginitomaculum 
and Spongiibacter [126]. However functional gene-based 
approaches bear certain limitations such as insufficient 
database sequence information for different functional genes 
with respect to 16S rRNA genes, inaccuracy in taxonomic 
assignment due to lateral gene transfer etc [129].

The goal of linking unculturable microbe phylogenetic 
identity to its function can be possibly fuelled further by 
another culture independent gene-targeted method called 
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labelled isotopic-based methods. Results from such studies 
can provide unprecedented opportunities to develop 
insights into ecosystems and microbial communities 
and help in identification of biotechnologically relevant 
microorganisms [130]. The method involves radioactive 
labelling of substrates which allows easy identification 
of microbial communities that incorporate the labelled 
substrates. Labelled isotopic-based methods when 
combined with identification tools, they can be applied 
for discovery of unknown microbes in both functional 
and phylogenetic regards [131]. Stable isotope probing 
(SIP) is one of the most widely applied approaches, in 
which substrates labelled with stable isotope are utilized 
and assimilated by microbial populations and heavier 
components are integrated into cell components. The 
lighter and heavier components are physically separated 
and then analyzed [132]. DNA-SIP approach proceeds by 
DNA separation in caesium chloride and then separation 
and analysis by sequencing and cloning [133]. The RNA-SIP 
focuses on RNA molecule itself maintaining sequence-based 
DNA-SIP phylogenetic resolution. RNA-SIP provides with 
high turnover number independent of cell replication and 
high copy number [134]. Webster, et al. [135] conducted 
a SIP comparison DNA (16S rRNA and dsrA genes) and 
phospholipid fatty acids (PLFA) for studying functional 
diversity of prokaryotes in sulphate reducing marine 
sediment enrichment slurries. Different substrates such as 
acetate, glucose and pyruvate were labelled with 13C at low 
concentration of 100μM. Over the incubation period of 7 
days, DGGE profiles of PFLA and 16S rRNA showed limited 
changes indicating presence of stable bacterial community. 
PFLA were rapidly labelled in 13C labelled glucose slurry 
indicating presence of active glucose-utilizing population 
in the sample. The study further concluded the presence 
of Desulfosarcina and Desulfococcus sulphate-reducing 
bacteria (SRB) and SRB related sequences in 13C-acetate-
DNA dsrA gene library. 

Hence study demonstrated application of DNA and 
PFLA-SIP to develop in-depth knowledge on carbon 
flow as well as active microbial population in marine 
environments. SIP provides certain limitations such as lack 
of radiolabeled substrate availability and associated health 
concerns. Besides SIP, fluorescence in-situ hybridization 
also allows for identification and detection of microbial 
cells using rRNA gene probes [136]. When combined 
with microautoradiography (MAR), FISH (FISH-MAR) 
provides the possibility of direct observation of labelled 
substrate incorporation into microbial cells [137]. Hence 
culture-independent gene-targeted methods can provide 
larger opportunities for marine microbial bioprospecting 
especially for previously unknown and possibly novel 
representatives.

Omics Approaches in Marine Bioprospecting

Advent of “omics” technology has revolutionized 
biotechnological fields and contributed to numerous 
innovations towards a sustainable scientific foundation. The 
application of omics approaches in marine biotechnology has 
produced a wealth of insights into the genetic and cellular 
processes in marine organisms. Such approaches represent 
a breakthrough in the study of marine diversity and its 
potential for bioprospecting [138]. The introduction of multi-
omics techniques such as metagenomics, metaproteomics, 
metatranscriptomics and metabolomics strengthens marine 
biotechnology-based research, expanding its scope for 
efficient marine applications [139] (Table 3). 

Evaluation of biotechnological potential of marine 
microorganisms can be successfully carried out using 
genetic sequencing and annotation [153]. Genome-guided 
marine bioprospecting methods have shown promising 
results in developing insights in biosynthesis of metabolite 
from marine microbe, thus discovery of bioactive substances 
[154]. Development of advanced software such as Antibiotic 
& Secondary Metabolite Analysis Shell (antiSMASH) has 
allowed efficient genome guided detection of antibiotics and 
other metabolites produced from different microbes [155]. 
This software has been applied in discovery of marine derived 
phosphoglycolipids, type I, II and III polyketides (PKs), 
bacteriocins, aminoglycosides, lantibiotics, aminocumarins, 
oligosaccharide antibiotics, ectoines, homoserine lactones 
etc. [156]. Genome-guided methods were applied in 
identification of a secondary metabolite produced by 
marine actinomycete, Salinispora tropica. Production of 
large number of natural PKs were discovered, particularly 
PK-Non-ribosomal peptide (NRP) hybrid (salinosporamide 
A), an anticancer drug [157]. Genome sequencing has been 
applied in characterization of marine Streptomyces cryptic 
genes, which has allowed identification of several important 
bioactive compounds [158]. For instance, enediyne antibiotic 
identification from marine S. coelicolor and S. avermitilis 
[158], biosynthesis of 4-Z-annimycin, polyenoic acid and 
4-E-annimycin from S. calvus [159]. DNA sequencing of 
marine microorganisms provides new information about 
marine species and ecological niche [160]. 

Genome sequencing of three different strains of the 
marine cyanobacteria Prochlorococcus (SS120, MED4, 
and MIT9313) was performed by Rocap, et al. The study 
concluded that the strains belonged to same species, with 
a slight difference in genome size: MIT9313 had a genome 
size of 2.4 Mb, while SS120 and MED4 had a genome size 
of 1.7 Mb. Such a genomic study provided sufficient insight 
into the stability and environmental adaptation of marine 
microbial strains [161]. Such studies establish a better 
understanding of marine microbial growth and adaptation 
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which are necessary for their commercial application in 
biotechnological functions. Sequence-based screening 
analysis requires specially designed primers for polymerase 
chain reaction (PCR) that bind to conserved sequences on 
DNA. The method also involves cloning the metagenomic 
library into a DNA vector and transforming it into a 
production cell. The resulting clones can then be screened 
for the desired sequences [162]. Metagenomic and single-
cell approaches were used to discover Entotheonella, a 
fellow inhabitant of the marine sponge Theonella swinhoei. 
PCR primers specifically designed to bind genes expressing 
the desired cellular signaling pathways were used to 
detect Entotheonella DNA. This study revealed that the 
Entotheonella microbiome contributes very significantly to 

the production of peptides and polyketides in the chemically 
and microbially rich T. swinhoei sponge [163]. Metagenomic 
studies have been successfully used in novel gene discovery 
[164]. In such studies, the environmental DNA sample is 
fragmented and then cloned into conventional vectors. The 
DNA fragments can be sequenced, and over thousands of 
genes can be analyzed without screening. Such analysis 
may reveal several new genes with unknown and potential 
functions [165]. Two strategies are used in such research 
studies: Binning and Assembly. Binning compares reference 
data to assign metagenomic sequence to a taxonomic 
group, whereas assembly generates longer sequences for 
assembling sequence reads.

Omics 
technology

Marine organisms 
studied Techniques employed Results concluded

Applications 
for human 
benefit

Reference

Meta-genomics

Candidatus 
Endobugula sertula

End sequencing and 
sequencing by primer 

walking

Identification of putative gene 
bryostatin polyketide synthase 

(PKS) gene cluster encoding 
active bryostatin.

Anti-cancer 
activity [140]

Thermoproteaceae 
and Acidilobaceae

Function based and 
sequence-based 

techniques

Identification of heat-active 
β-glucosidase (Bgl 1) of archaeal 

origin with higher activity 
towards cellobiose, lactose and 

cellotriose,

Applicable in 
harsh industrial 

processes.
[141]

Halobacillus salinus 16S rRNA gene 
sequencing

Identification of secondary 
metabolites such as 

phenethylamide inhibiting 
quorum-sensing mediated 
functions in gram-negative 

bacteria

Antimicrobial 
potential [142]

Actinobacteria

Terminal-restriction 
fragment length 
polymorphism 

(T-RFLP), Denaturing 
gradient gel 

electrophoresis 
(DGGE), Thermal-GGE 

(TGGE)

Discovery and Identification of 
marine actinomycetes derived 

antileishmanial drugs

Prevention of 
leishmania [143]

Meta-
transcriptomics

Mucor racemosus 
CBMAI 847, 

Marasmiellus sp. 
CBMAI 1062, Bacillus 
subtilis CBMAI 707, 
and Dietzia maris 

CBMAI 705

Illumina HiSeq 2500

Analysis of marine microbial 
consortium for Remozol Brilliant 
Blue R (RBBR) detoxification and 

decolourization

potential for 
bioremediation 

processes of 
textile effluents.

[144]

Thermotoga sp. 454 GS-FLX sequencing

Bioprospecting of thermostable 
glycoside hydrolase (GH) 

having higher lignocelluloses 
degradation efficiency.

Lignocellulosic 
biomass 

degradation
[145]
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Meta-proteomics

Nematostella 
vectensis

Classical 
Chromatography

Identification of marine 
invertebrate equivalent of 

Fibroblast growth factor (FGF) in 
humans

Medical 
treatment [146]

Haliotis laevigata
Gas chromatography 
(GC) coupled to Mass 

spectrometry (MS)

Analysis of marine invertebrate 
equivalent of Insulin like growth 
factor (IGF) 1 and 2 in humans.

Medical 
treatment [147]

Amphimedon 
queenslandica

Chromatography 
techniques

Marine invertebrate equivalent 
of Transforming growth factor β 

(TGF-β)

Medical 
treatment [148]

Gracilaria gracilis

Gas chromatography 
(GC) coupled with 
Mass spectrometry 

(MS)

Identification and extraction of 
R-phycoerythrin together with 

other valuable products such as 
arachidonic acid (omega-PUFA).

Relevant in 
nutraceticals, 

pharmaceuticals 
and 

biotechnological 
applications.

[149]

Metabolomics Aspergillus terreus

Multivariate 
analysis of Liquid 

chromatography/Mass 
spectrometry (MS) 

data

Isolation and identification of 
7-desmethylcitreoviridin

Antifungal 
potential [150]

Integrated omics approaches

Metagenomics, 
Metaproteomics, 

Metabolomics

Candidatus 
Endoecteinascidia 

frumentensis

Shotgun sequencing, 
BLASTX and TBLASTN 
approaches, LC-FTIR-

MS, LC-MS/MS

Identification and 
characterization of ET-743 or 

trabectedin biosynthetic pathway 
having tetrahydroisoquinoline 

functions.

Strong 
anticancer 
activities

[151]

Metagenomics, 
Metaproteomics, 

Metabolomics

Haliclona simulans 
(Bacillus subtilis 

MMA7)

PCR, Reverse 
Phase High 

Performance Liquid 
Chromatography 

(RP-HPLC), MALDI-
TOF MS, BLASTP and 

BLASTN, Tandem mass 
spectrometry analysis 

(MS2).

Discovery of subtilomycin, a 
novel lantibiotic

Antimicrobial 
and medical 

treatment 
potential

[152]

Table 3: Application of omics technology for marine bioprospecting.

Assembly allows reads to be easily subjected to 
bioinformatics analysis [166]. Genomic sequence markers 
such as k-mer can be used to identify species or strains 
[167]. The sequences are then subjected to clustering 
and bioinformatics approaches for gene prediction and 
functional annotation [168]. The complexity of metagenomic 
approaches can be reduced by metatranscriptomics, which 
focuses only on metabolically active genes and functions 
[169]. Metatranscriptomics involves sequencing the entire 
transcriptome and analyzing it using bioinformatics tools. 
It provides an excellent alternative to building a marine 
reference database that goes beyond genetic modeling [170]. 
Marine Microbial Eukaryotic Transcriptome Sequencing 
Project (MMETSP) is dedicated towards creation of over 

650 functionally annotated, assembled as well as easily 
accessible transcriptomes, providing an important database 
for the integration of eukaryotic microbes into marine 
ecology [171]. The complexity in culturing marine lineages 
and poorly characterized molecular data make it difficult 
for MMETSP to cover all eukaryotic groups [172]. Several 
research-based studies have been conducted to analyse 
metatranscriptome in marine prokaryotic groups thus 
providing further opportunities of marine bioprospecting 
at broader range [173]. Metatranscriptomics has been very 
successful in studies analyzing marine microbial symbiosis 
and the utilization of certain complex compounds such as 
methyl phosphonate (mPn) by marine microorganisms [174]. 
16S rRNA amplicon sequencing and metatranscriptomics 
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have been used to analyze mutualism among seagrasses: 
Zostera marina, Z. japonica, and associated microbiomes. 
Metatranscriptome sequencing helped in identifying 
microbial genes involved in denitrification, indole-3-
acetate synthesis, sulfur oxidation, agarase production, 
methanol consumption, etc. The study thus provided the 
first metatranscriptome-based evidence that the seagrass 
microbiome mediates multiple functions for the benefit of its 
host [175]. 

However, greater insight into the biological processes 
of the marine microbiome can be gained when the results of 
metagenomics and metatranscriptomics are complemented 
with data from metaproteomics analysis [176]. Marine 
metaproteomics provides a better understanding of how 
marine microbes play significant role in biogeochemical 
cycles [177]. Metaproteomics strategies include: sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) combined with MALDI-TOF mass spectrometry 
(MS) or SDS -PAGE combined with electrospray ionization 
source tandem MS (ESI-MS/ MS), another approach is liquid 
chromatography (LC) combined with electrospray ionization 
source tandem MS (LC -ESI- MS /MS) [178]. Metaproteomics 
has been successfully used in studies analyzing marine 
organic matter (OM) and microbial communities from 
specific marine habitats. One study examined the response 
of bacterioplankton to diatom blooms in North Sea. 
Taxonomically differentiated expression of carbohydrate-
active enzymes and mechanisms of phosphorus acquisition 
were observed, indicating dynamic population succession at 
the genus level among Gammaproteobacteria, Bacteroidetes, 
and Alphaproteobacteria. These microbial groups were 
found to be highly specialized in successive degradation 
of algae OM [179]. Similarly, a metaproteomic study of 
Olavius algarvensis (marine gutless worm) and associated 
symbiotic microbial community was conducted by Kleiner, et 
al. which revealed several unusual pathways of energy and 
carbon utilization: (a) microbial assimilation of host waste 
products such as malate, acetate, succinate and propionate, 
(b) utilization of carbon monoxide and hydrogen as energy 
sources, (c) expression of high-affinity transporters, (d) 
energy-efficient pathways of sulfate reduction and carbon 
dioxide fixation [180].

To characterize metabolites and metabolic responses of 
marine microbes, another “omics” approach is being pursued, 
metabolomics. This unique approach can be successfully 
used to measure metabolites and identify biological markers 
[181]. Nuclear magnetic resonance (NMR) and mass 
spectroscopy (MS) are widely used methods to perform 
metabolomics studies. A metabolomics study was conducted 
to explore the chemical space of marine natural products. An 
untargeted LC-MS/ MS based metabolomic approach coupled 

with molecular networks was used to analyze the chemicals 
associated with 1000 marine microbes. In the study, 76 
families of molecules were annotated including valinomycin, 
desferrioxamine E, actinomycin D etc. which are clinically 
very significant. In addition, a structural inventory of two 
new molecules, maridric acids A and B, has been performed 
[182].

Integrated omics approach is another widely 
used approach to establish solid grounds for marine 
bioprospecting at biotechnological levels [183]. Such 
approaches may combine different omic technologies 
together for better analysis and identification of marine 
organisms. Integrated omics approach was utilized by 
Kersten, et al. for investigation and characterization of 
glycosylated bioactive compounds from marine Streptomyces 
sp. SPB74 and S. arenicol CNB-527. Liquid chromatography 
(LC)-Mass spectrometry (MS); metaproteomics was applied 
for glycosylated natural product analysis. The researchers 
analysed N- and O-glycosyl groups in sugrar moieties by 
MSn analysis. Genome sequence identification ws conducted 
by antiSMASH software; metagenomics. BLAST was used 
for determining function of glycosylation genes. Such 
techniques helped to conclude characterization of cinerubin 
B (anticancer agent) gene cluster from Streptomyces sp. 
SBP74 and arenimycin B (antibiotic) gene cluster from S. 
arenicola CNB-527 [184]. Therefore, the omics approach 
is a very relevant field of technology that ensures a better 
future for marine biotechnology through new innovations 
and explorations in the still largely undiscovered world of 
the oceans

Genetic Engineering of Marine Microorganisms

Genetic manipulation is a powerful and extremely 
important technology in studies to evaluate the 
biotechnological potential of microorganisms. Genetic 
engineering (GE) offers a breakthrough in the development of 
microbial strains with improved industrial functions. Various 
studies have been carried out showing higher relevance of 
genetic engineering techniques in marine biotechnology 
fields. Major applications of genetic engineering in marine 
biotechnology include exploration of undiscovered sources of 
genetic information involved with the environmental sample 
after screening metagenomic libraries expressed in culture 
dependent marine hosts [185], furthermore, investigation of 
desired gene expression and function in culturable marine 
hosts and evaluation of their biotechnological potential 
[186]. Various methods have been used in studies, such 
as heterologous expression of the marine metagenome 
and recent CRISPR/Cas9-mediated genome manipulation 
(Figure 2).
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Figure 2: Genetic engineering approaches: (a) heterologous gene expression i.e., the expression of the desired gene into a 
non-native host using recombinant DNA technology. (b) CRISP/Cas9 mediated gene modification which employs the use of 
Cas9 nuclease enzyme complexed with gRNA to mediate double stranded DNA breaks at the desired site of genome allowing 
existing genes to be removed or new genes to be added.

There are several mechanisms to introduce external 
genetic material into a suitable host, such as conjugation, 
electroporation [187], chemical transformation [188], etc. 
Conjugation-mediated genetic manipulation was performed 
on a nonpathogenic marine bacterium Vibrio natriegens 
(previously classified as Pseudomonas natriegens and 
Beneckea natriegens) which was isolated from salt marsh 
mud. V. natriegens was conjugated to Escherichia coli S17-
1 λpir. Allelic exchange in V. natriegens was mediated by 
establishing pDM4, a sacB-based suicide vector system. 
This method was used to perform chromosomal deletion 
of several genes: dldh for D-lactate dehydrogenase, lldh for 
L-lactate dehydrogenase, pflfor pyruvate formate lyase, 
&mdh for malate dehydrogenase. The engineered strains 
showed higher anaerobic biosynthesis of alanine with a 
total volume productivity of 0.56+/-0.10 g alanine l-1 min-1. 
This study made V. natriegens a marine bacterium with high 
biotechnological potential [189]. A similar overproduction 
of the antimicrobial nucleoside antibiotic A201A from the 
marine actinomycete Marinaactinospora thermotolerance 

SCSIO 00652 was performed by Zhu, et al. using E. coli 
ET12567/pUZ8002 for intergeneric conjugation. Whole-
genome sequencing and annotation methods were used to 
locate the gene sequences encoding A201A and the gene 
that inhibits its synthesis, i.e. mtdF. The inhibitory gene was 
inhibited using the λ-red-mediated PCR targeting method. 
The resulting mutant strains showed 25-fold higher A201A 
synthesis compared with wild-type strains [190].

Heterologous gene expression has always been an 
integral part of microbial genetic engineering-based 
approaches. The GE approach provides an excellent 
way to mediate expression of desired gene in a suitable 
and efficient host cell that does not naturally possess 
that gene. In this method, the desired gene fragment is 
inserted into a vector using recombinant DNA technology 
(RDT), which is then transformed into a suitable host cell 
[191]. This method has been used in studies with marine 
microorganisms and their bioprospecting. Heterologous 
expression of cryptomaldamide-synthesizing biosynthetic 
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gene cluster (BGC) from the marine cyanobacterium 
Moorena producensstrain JHB in Synechococcus elongatus 
PCC7942 and Anabaena (Nostoc) PCC7120 was performed. 
Large BGCs are involved in the synthesis of enzymes such as 
non-ribosomal peptide synthetases, polyketide synthetases 
and other hybrid pathways which helps in the production of 
various bioactive compounds including cryptomaldamide 
with pharmaceutical potential. An Ananbaena strain 
containing homologous sequences to S. elongatus for 
chromosomal recombination at neutral site was developed. 
After CRISPR-based manipulation, segregated recombinant 
Anabaena double clones were obtained. Using genetic 
engineering, 28.7 kb of BGC from the marine cyanobateria 
Moorena (Moorea) producens JHB was expressed into host 
cells. High titers of cryptomaldamide were obtained from 
the engineered Anabaena strains compared with S. elongatus 
[192].

One of the recent breakthroughs in the field of genetic 
engineering is genetic manipulation mediated by Clustered 
Regularly Interspaced Short Palindromic Repeats (CRISPR)/
CRISPR-associated protein (Cas9). Originally derived from 
endogenous adaptive immunity in bacteria and archaea, 
CRISPR/Cas9 is a highly orthogonal and very versatile 
technology that promotes efficient research studies in the 
fields of systems biology, synthetic biology, and metabolic 
engineering. The CRISPR system contains a CRISPR 
precursor RNA (pre-crRNA) that is in complex with a 
transactivating CRISPR RNA (tracrRNA). The RNA hybrid 
is recognized by the enzyme RNase III, which generates 
the mature crRNA-tracrRNA hybrid. The mature crRNA 
combines with Cas9 and the dual RNA: Cas9 complex is 
directed to the DNA site. Cas9 mediates RNA-directed DNA 
double-strand endonuclease cleavage to generate DNA 
double-strand breaks (DSBs) [193]. In genetic manipulation 
studies, crRNA is replaced by a specially designed short 
guide RNA (sgRNA) that mediates site-specific DSB 
formation. DSBs are repaired by homologous DNA repair or 
non-homologous end-joining repair pathways that mediate 
gene knock-in or gene knock-out (indels) [194]. CRISPR/
Cas9 technology is a new and unique genetic engineering 
approach in marine biotechnology. Several studies have 
shown the great potential of this technology in the emerging 
fields of marine biotechnology and bioprospecting. In a 
study investigating genes involved in fatty acid biosynthesis, 
Xia et al. successfully used the CRISPR/Cas9 approach in 
conjunction with the lamda red recombinase system to copy 
genes involved in fatty acid metabolism from the marine 
bacterium Shewanella frigidimarina into E. coli [195]. Thus, 
various studies demonstrate that genetic engineering 
provides a solid foundation for better and more efficient 
marine biotechnological fields.

Climate Change and Impacts on Marine 
Biodiversity

The marine environment and its associated bacterial 
and other microbial species are not only a source of potential 
bioactive compounds and bioremediation, but also play an 
important role in global climate change. Climate change is 
having a huge impact on marine life forms, causing a shift and 
loss of biodiversity which has an impact also on the bacterial 
communities of this environment. Numerous studies already 
show the impact of climate change on marine biodiversity in 
terms of larger life forms such as fish, corals, mammals and 
plankton. However, studies to understand the impact and 
use of marine microorganisms to mitigate climate change 
are now gaining attention [196]. Global warming has led to 
melting of ice, which affects salinity. Increased ocean water 
temperature affects the water and thus indirectly affects the 
survival of marine life forms, favoring only those that can 
adapt to these changes [197]. In addition, high temperature 
also favors algal and cyanobacterial blooms, directly affecting 
nutrient distribution. Increased CO2 in the atmosphere is 
absorbed by the ocean, which turns into acid, decreasing 
the pH of seawater. All this affects mineral and nutrient 
distribution and increases the reproductive rate of microbes, 
leading to nutrient scarcity and consequent extinction of 
microbial communities, which in turn affects the marine food 
web and marine biodiversity [198].

Conversely, the marine microbes including bacteria can 
help mitigate the problem of global warming and climate 
change. The marine microbes, which account for nearly 98% 
of the biomass of the ocean, are the main source of oxygen 
and at the same time can trap the greenhouse gasses from 
the atmosphere to be used in their metabolic processes. 
Therefore, marine microbes have the potential to mitigate 
the negative effects of global warming and climate change. 
The ocean ecosystem contains nearly 93% of the world’s 
CO2 cycled by marine bacteria and archaea, i.e., about 90 
billion tons of CO2 per year, of which 60 billion tons are 
released by anthropogenic activities. The large population 
of photosynthetic microorganisms, especially in the Polar 
Regions, plays a key role in maintaining the fraction of 
anthropogenic CO2 in the atmosphere [199]. In addition, 
the metabolic activity of marine bacteria such as respiration 
of organic matter contributes to the CO2 released in the 
atmosphere. The methane gas released from the seabed 
and the marine methanogenic microbes have the potential 
to increase the concentration of greenhouse gasses in the 
environment. However, the methanotrophic bacteria and 
archaea found in these deep-sea systems scavenge and 
use them to neutralize their effect [199]. Thus, the marine 
environment has an impact on the geochemical cycle of 
greenhouse gasses and thus on global climate change.

https://medwinpublishers.com/OAJMB
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Conclusion and Future Perspective

The marine environment covers a vast area with diverse 
habitats, which makes it a diversity hotspot for isolating novel 
organisms, both eukaryotic and prokaryotic. Therefore, the 
marine environment has a high bio-perspective for obtaining 
novel enzymes and other biomolecules especially from the 
bacterial species considering their dynamic ability to adapt 
to various extremities. As much of the marine environment 
remains unexplored due to various technological challenges, 
the advancement in science and technology can help to reach 
these areas of the environment while the accessible marine 
habitats are being studied using the classical and modern 
omic technologies for the development and improvement of 
marine-derived bacteria and derived metabolites for various 
and commercial, environmental and health support.
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