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Abstract: Seagrass meadows consist of angiosperms that thrive fully submerged in marine environ-
ments and form distinct ecosystems. They provide essential support for many organisms, acting as
nursery grounds for species of economic importance. Beyond their ecological roles, seagrasses and
their associated microbiomes are rich sources of bioactive compounds with the potential to address
numerous human healthcare challenges. Seagrasses produce bioactive molecules responding to
physical, chemical, and biological environmental changes. These activities can treat microbe-borne
diseases, skin diseases, diabetes, muscle pain, helminthic diseases, and wounds. Seagrasses also
offer potential secondary metabolites that can be used for societal benefits. Despite numerous re-
sults on their presence and bioactive derivatives, only a few studies have explored the functional
and therapeutic properties of secondary metabolites from seagrass. With the increasing spread of
epidemics and pandemics worldwide, the demand for alternative drug sources and drug discovery
has become an indispensable area of research. Seagrasses present a reliable natural source, making
this an opportune moment for further exploration of their pharmacological activities with minimal
side effects. This review provides a comprehensive overview of the biochemical, phytochemical, and
biomedical applications of seagrasses globally over the last two decades, highlighting the prospective
areas of future research for identifying biomedical applications.

Keywords: seagrasses; biochemical composition; phytochemical analysis; antimicrobials; antioxidants;
bioactive compounds

1. Introduction

Marine ecosystems are the largest aquatic ecosystems with a rich biodiversity. It
consists of a wide variety of organisms that exhibit a unique gene pool and genetic charac-
teristics due to the ecosystem’s high physical, chemical, and biological diversity. Marine
organisms take part in various critical processes that directly or indirectly affect the health
of marine ecosystems [1]. A substantial proportion of the human population benefits from
the marine environment for their livelihood and survival. Along with the marine fauna, the
marine plants also provide many services, and marine angiosperm is a prominent group.

Seagrasses are the only blooming plants in the marine realm, adapted to complete their
lifecycle as wholly or partially submerged flora. Coastal ecosystems are often overseen by
coral reefs and mangrove ecosystems. It is believed that seagrasses were once terrestrial
vegetation and later inhabited the shallow waters of the sea [2]. There are only 72 odd
seagrass species, which comprise less than 0.02% of angiosperms. Seagrasses have morpho-
logical, physiological, ecological, and genetic adaptations for submerged growth, such as
the marine dispersal of seeds, the internal movement of gasses, aquatic pollination, and
epidermal chloroplasts. Generally, they inhabit intertidal and mid-tidal shallow zones with
more light exposure. They are monocotyledonous plants that come under four families:
Posidoniaceae, Zosteraceae, Hydrocharitaceae, and Cymodoceaceae [3]. Seagrass beds
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provide valuable services as nourishing and breeding places for various marine lifeforms,
including sea turtles, dugongs, and fishes [4]. They are also considered the “lungs of the
sea” due to their rich oxygen generation through photosynthesis. The released oxygen
purifies the ocean environment and contributes to the dissolved oxygen that other ma-
rine organisms can use. These outstanding floral groups influence their environment’s
prevailing physicochemical and biological conditions [5] and are crucial in combating
climate change [6]. Seagrass beds help stabilize loose sediments and filtrate solid pollutants,
improving water quality [7]. As per the Wealth of India Division (2013) [2], one hectare
of seagrass meadow absorbs nutrients equivalent to treated effluent from 200 people. It
sequesters approximately 33 grams of carbon per square meter per year. This quantity
of carbon corresponds to automobile emissions when traveling 2500 km. One hectare of
seagrass meadow is also responsible for 12% of locked organic carbon, which reduces
greenhouse gasses. Almost every nation with seagrass resources, including India, uses
seagrasses for their nutritional and medicinal properties (Figure 1).
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Figure 1. Societal benefits of seagrasses—ecosystem services, including the bioactive potential of
seagrasses. The figure shows the various ecosystem services rendered by seagrasses, listed as follows:
carbon sequestration, nutrient cycling, the maintenance of water quality, the protection of coasts,
recreational values, the provision of feeding and breeding grounds, fishing, and recreational values.

Seagrasses have surface microbial communities inhabiting their roots, leaves, rhi-
zomes, and endophytes, and many species act as the source for potential novel bioactive
compounds [8-11] in addition to the bioactive molecules produced by the seagrasses them-
selves. A recent review article [12] highlights the importance of seagrasses by detailing the
pharmacological potential of Thalassia hemprichii and Thalassia testudinum, their fractionation
processes, phytochemical constituents, bioactive potential, pharmacological capabilities,
and their action mechanisms. Marine lifeforms will adapt to immoderate environmental
conditions, including higher pressure and salt concentration, minimal nutrient concentra-
tion, low-level but consistent temperature, limited sunlight, and low oxygen. Thus, marine
organisms require and possess distinct characteristics, distinguishing them from terrestrial
organisms [13].

The emergence of novel diseases, changes in pathogenicity, and antibiotic and drug
resistance necessitate an alternative source or novel bioactive compounds [14]. This sce-
nario leads to the necessity of bioprospecting. Even though numerous investigations have
focused on the bioprospecting of many marine species [15,16], information regarding the
bioactivity of marine angiosperm:s is still scarce. The coastal population uses seagrasses for
healing skin diseases, fever, muscle pains, stomach aches, and wounds, and is also used in
children as tranquilizers for ray stings [17]. In folk medicines, seagrasses are used widely
for various ailments. However, the scientific approach to studying bioactive molecules
from seagrasses is still in its infancy. This review aims to familiarize the biochemical
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composition of seagrasses and the current state of seagrass bioprospecting, and to make
an inventory of bioactive compounds isolated from seagrass in the last two decades. The
analysis of the available literature finds some gaps in the research on seagrasses. While
extensive study exists on the phytochemical and biochemical characteristics of seagrasses,
inquiry on the functional heterogeneity and roles of seagrass-related microbiomes remains
sparse. The interactions between seagrasses and their microbiomes in the biosynthesis
of bioactive compounds require investigation. There is an apparent shortage of research
linking bioactive compounds to their specific ecological functions. Additionally, under-
standing how environmental stressors such as climate change and pollution affect seagrass
bioactivity is important. Moreover, there is a lack of detailed research that combines ge-
netic, metabolomic, and ecological data to emphasize the ecological effects of bioactive
compounds and their biosynthetic pathways.

2. Methodology of Literature Retrieval

A thorough and deliberate evaluation of the literature has been carried out by ex-
ploiting the reputable scientific data repositories “Scopus” (https://www.scopus.com,
accessed on 30 April 2024), “ISI Web of Science” (http:/ /apps.webofknowledge.com, ac-
cessed on 15 August 2024), and Google Scholar (https:/ /scholar.google.com, accessed on
2 August 2024). All significant and important published research on the subject has been
examined and sorted based on demand (Figure 2). Keywords have been applied to the
following Boolean logic: [(Bioactivity*seagrass) * OR seagrass distribution* OR nutritional
analysis of seagrass* phytochemical analysis of seagrass* OR antimicrobial activity * OR
anticancerous activity * OR antidiabetic activity * OR anti-inflammatory activity * OR sea-
grass ecosystems*] AND [(Potential activity* seagrass microbiome) OR larvicidal activity*
OR antibacterial* OR antiviral* OR antifungal* OR seagrass ecosystem*, OR seagrass endo-
phytes*, OR bioprospecting®]. From the data repositories referenced, a total of 5063 records
were obtained. Using the Zotero reference manager, 397 duplicate records were identified
and removed. Additionally, fifteen records were manually excluded due to lack of clarity.
Of the remaining 4651 records, 4468 were removed for various reasons, 2357 were unrelated
works (though the search using the keywords showed the manuscripts, they were not
in the bioprospecting genre), 678 had irrelevant titles (the titles could not be related to
the manuscripts under consideration), 1115 had irrelevant abstracts (the abstracts were
not of the study area under consideration), and 318 had either no full text available or
were in other languages. The excluded 318 articles also reported human trials, old reports,
redundant works, and low-quality sources. A total of 183 whole-text publications were
reviewed; these serve as the investigation’s output (Figure 3). This manuscript complies
with the PRISMA guidelines [18]. After each study was evaluated, a final screening was
conducted to ensure that all articles considered directly influenced seagrass bioprospecting.
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Figure 2. Bibliographic search pathway. The figure shows the details of the databases used for the
literature study using the set of keywords from 2000 to 2024. After applying filters, 183 full-text
manuscripts were used to write this manuscript.
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Figure 3. PRISMA flow diagram (Haddaway et al. [18]). The figure shows the methodology adopted
for selecting manuscripts to prepare this review through identification, screening and inclusion.
* Scopus, ISI Web of Science, and Google Scholar. ** 4468 records were excluded due to various
reasons unrelated work, irrelevant titles, irrelevant abstract, unavailability of full texts, reports in
other languages, human trials, old reports, redundant work and low-quality sources.

3. Trends in Seagrass Research

The literature was examined methodologically by compiling the available literature on
seagrasses, bioprospecting, and bioactivity studies, as explained in the previous section [18].
The distribution of publications through the years 2000 to 2024 is shown in the line chart
(Figure 4). The vertical axis displays the total number of publications, and the horizontal
axis represents the years. The line graph shows an upward trend between 2000 and 2012.
With a few notable exceptions, the number of publications steadily increased from 9 in 2000
to a maximum of 2020 in 2020, with 444 publications in that year. This upward trajectory
denotes a significant period of increased research output. After 2020, though, the trend
drastically changed, with an abrupt decline to 265 publications in 2021. After this decline,
there is a modest comeback in 2022 and 2023, with 333 publications on average. Based on
the data, there are significant dynamics in seagrass research, and after 2020, there seems to
be a shift in the priority areas of research.
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Figure 4. Line graph showing the number of publications through the years 2000-2024. The figure
shows a surge in publications related to seagrasses during the years 2012 and 2020.

In the current scenario of emerging pandemics, the relevance of bioprospecting natu-
ral resources has become increasingly evident. The study on the area again found a hike,
with 333 articles published during 2023 and 198 articles published in 2024 within eight
months. As novel pathogens and resistant strains challenge existing medical treatments,
there is a demand to explore and tap the therapeutic potential of natural compounds [14].
Bioprospecting, particularly in underutilized resources like seagrasses, offers a promis-
ing avenue for discovering new bioactive substances with antimicrobial, antiviral, and
anti-inflammatory properties. By looking into the rich chemical diversity of natural ma-
rine resources, researchers can identify novel agents that could create effective aid and
preventive measures against emerging infectious diseases.

The distribution of publications on seagrass bioprospecting from various subject
domains [15,16] during the years 2000-2024 is shown in Figure 5. The vertical axis indicates
the number of publications. In contrast, the horizontal axis represents studies from different
subject domains, such as environmental sciences, microbiology, biomedical and clinical
sciences, chemical sciences, plant biology, industrial and environmental biotechnology,
pharmacology, marine biology and oceanography, and environmental legal studies. The
maximum number of publications came from the domain of environmental Sciences, with
a total of 424 articles, making it the most researched area. Subsequently, the ‘microbiology’
domain shows a noteworthy number of publications of 373. The other fields with the
highest representation were biomedical and clinical sciences, chemical sciences, plant
biology, industrial and environmental biotechnology, and pharmacology, with 362, 298, 256,
121, and 114 publications, respectively. The fields with the lowest number of publications
were “marine biology and oceanography” and “environmental legal studies,” with 45 and
20 publications, respectively.
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Figure 5. Bar graph showing seagrass bioprospecting publications in different subject domains. The
bar graph shows that the publication on seagrasses is highest in the environmental sciences field and
minimum in environmental legal studies.

3.1. Seagrasses: The Marine Angiosperms

As the only submersed marine angiosperms with a buried root, the rhizome system of
seagrasses is specifically adapted to thrive in marine habitats. Even though they emerged
early in the angiosperm evolutionary timeline, Burt (2001) [19] observes that their evolution-
ary path differs from their terrestrial counterparts, showing a relative stasis. Seagrass beds
are vital to maritime countries worldwide because of their products and services [20-22].
This comprises significant contributions like the filtration and cycling of nutrients [23], the
retention of sedimentary carbon [24], and the significant support for worldwide fishing
industries [25,26]. Even though seagrasses only constitute a small part of the marine realm,
they render a wide array of ecosystem services. Seagrass serves as a protective home for
a diverse number of marine lifeforms, a food source and habitat for several fish species,
including Egretta garzetta, a seasonal migratory bird, as well as for threatened species like
endangered green turtles (Chelonia mydas), seahorses, and dugongs (Dugong dugon) [27].

Several studies show the critical ecological roles of seagrasses in coastal ecosystems,
including providing habitat for marine life, stabilizing sediments, and mitigating coastal
erosion. However, only a few studies are reported detailing the bioactive potential of
seagrasses [28,29]. Seagrasses are abundant reserves of bioactive products with potent
pharmaceutical and nutraceutical applications. Bioprospecting involves systematically
screening seagrass extracts to identify bioactive compounds with biomedical potential.
Such compounds may possess anti-inflammatory, antimicrobial, anticancerous, or antioxi-
dant activities, offering potential benefits for human health [30-34]. A nutritional analysis
is essential for identifying and quantifying these bioactive compounds. The bioprospecting
of seagrasses can promote their conservation and sustainable use by demonstrating their
economic value beyond ecological values and traditional uses. Identifying novel applica-
tions for seagrasses can incentivize their protection and restoration, enhancing the overall
wellness and durability of coastal ecosystems.

3.2. Nutritional Analysis of Seagrass

Seagrasses have been traditionally consumed by coastal communities in various parts
of the world. Understanding their nutritional composition through analysis is crucial for
assessing their potential as a food source and determining their contribution to human
nutrition and health. Nutritional analysis can identify essential nutrients, such as proteins,
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lipids, vitamins, and minerals in plants, essential for overall well-being [35]. Compared
to other marine organisms like seaweeds and seagrasses, vascular plants usually contain
higher concentrations of complex carbohydrates, proteins, and lipids [36]. They also include
vitamins, zinc, and iron, among other vital micronutrients. Many compounds found in
seagrass have beneficial nutritional and calorific value. Even though they are high in
nutrients, limiting factors like tannin and phenol preclude them from being used in human
diets. In the recent two decades, there has been a surge in research into their biochemical
composition and potential for use as a food source [37,38]. Several macrophyte species like
Halymenia dilatata, H. maculata, Halophila ovalis, and Enhalus acoroides were loaded with at
least one mineral (e.g., P, Si, Zn, K, S, or V). Compared to some common edible seaweeds
and terrestrial plant sources, the mineral concentrations were significantly greater in many
tested species [39].

The pigment, biochemical composition, and secondary metabolites of eight species
(Enhalus acoroides, Halophila ovalis, H. beccarii, Cymodocea rotundata, C. serrulata, Halodule
pinifolia, H. uninervis, and Syringodium isoetifolium) of seagrasses were studied by the author.
The results show a distinct seasonal fluctuation in chlorophyll concentration, with the
lowest measure in the monsoon season and high carbohydrate and protein content in the
summer [40]. Because seagrass has a large amount of carbs, using a carbohydrate-rich plant
source to compensate for the protein-sparing effect in the diet could be a viable option.
Micronutrients (Zn, Fe, Ni, Cd, Cu, and Cr) and macronutrients (P, K, Ca, Mg, and Na) are
found in leaves of seagrass like H. unineruvis, C. serrulata and S. isoetifolium. Carbohydrate,
protein, and lipid composition were high in Cymodocea serrulata and H. uninervis but low in
S. isoetifolium [41]. Figures 6-8 show the results of another investigation that determined
the biochemical composition (carbohydrate, protein, ash, phenol, flavonoids, tannin, and
lipids) of six distinct seagrasses, Thalassia hemprichii, Enhalus acoroides, Halodule pinifolia,
Cymodocea serrulata, Syringodium isoetifoilum, and Cymodocea rotundata [42]. In another study
on the biochemical composition of seagrass S. isoetifolium, the carbohydrate (37.77 £ 0.27%)
and ash (29.005 £ 0.455%) were found to be more significant when compared to the protein
(15.92 + 0.81%), lipid (5.1 £ 0.6%) and moisture (1.75 + 0.15%). Thus, it indicates that
S. isoetifolium is a good source of carbohydrate and protein [43].

Nutritional composition of Nutritional composition of
Enhalus acoroides Thalassia hemprichii

59, 3% 14 %

21% 18%
30%
28%
m Carbohydrate (%) ® Protein (%) ® Carbohydrate (%) ™ Protein (%)
Lipid (%) mFibre (%) Lipid (%) ® Fibre (%)
® Ash (%) m Carbon (%) ®Ash (%) ® Carbon (%)
m Hydrogen (%) m Hydrogen (%)

Figure 6. Nutritional composition of Enhalus acoroides and Thalassia hemprichii [35,36,40,42]. The most
significant component of E. acoroides and T. hemprichii is ash and the least is lipid.
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Nutritional composition of
Halodule pinifolia

Nutritional composition of
Cymodocea serrulata

5% 6%

33% 7% 6% 7%

16 % 25%

24% i

® Carbohydrate (%) ® Protein (%) m Carbohydrate (%) ® Protein (%)
Lipid (%) u Fibre (%) Lipid (%) m Fibre (%)

H Ash (%) m Carbon (%) mAsh (%) m Carbon (%)

m Hydrogen (%) m Hydrogen (%)

Figure 7. Nutritional composition of Halodule pinifolia and Cymodocea serrulata [35,36,40,42]. The most
significant component of H. pinifolia and C. serrulata is ash and the least is carbohydrate in H. pinifolia
and lipid in C. serrulata.

Nutritional composition of
Syringodium isoetifolium

4%

Nutritional composition of
Cymodocea rotundata

4% 7%

2% 11%

26%

25%

26%

26 %

u Carbohydrate (%) m Protein (%)

m Carbohydrate (%) H Protein (%)

Lipid (%) m Fibre (%) Lipid (%) mFibre (%)
H Ash (%) ® Carbon (%) mAsh (%) m Carbon (%)
= Hydrogen (%) m Hydrogen (%)

Figure 8. Nutritional composition of Syringodium isoetifolium and Cymodocea rotundata [35,36,40,42].
The most significant component of S. isoetifolium is carbon. In C. rotundata, carbon, and fiber constitute
the major bulk of the plant, and the most negligible content in S. isoetifolium is protein, and in
C. rotundata is lipid.

3.3. Phytochemical Analysis

Phytochemical screening not only assist in identifying the more dominant components
of plant extracts, but it also helps search for bioactive compounds that can be utilized to
produce valuable drugs. Numerous studies illustrate the phytochemical components found
in various marine life forms, but there is very little data on similar aspects connected to
seagrasses, mainly from India [44]. These phytochemical compounds can be extracted
with various solvents such as ethanol, acetone, hexane, and methanol. Phytochemicals like
terpenoids, alkaloids, phenols, quinone, steroids, flavonoids, and glycosides were found in
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Cymodocea serrulata extracts, according to preliminary phytochemical analysis. The viability
and existence of C. serrulata in marine waters could be due to these phytocompounds,
which are an essential part of the defense system [45]. A phytochemical characterization of
the methanolic fraction of Enhalus acaroides through liquid chromatography—mass spectrom-
etry (LC-MS) identified the three kaempferol derivatives, like flavones, apigenin, luteolin,
and azelaic acid [46]. According to another study, seagrass leaves have a higher pheno-
lic content than roots and rhizomes, and there were differences in tannin concentrations
among different species [47]. A pair of interesting prenylated flavon-di-O-glycosides from
C. nodosa, labeled as cymodioside A and B, were discovered by phytochemical screen-
ing [48]. Coumarins, phenols, flavonoids, quinones, saponins, proteins, sterols, sugars,
free amino acids, and terpenoids were discovered in aqueous methanolic extracts of six
seagrasses (Halodule pinifolia, Enhalus acoroides, Syringodium isoetifolium, Cymodocea serrulata,
C. rotundata, and Thalassia hemprichii). All six seagrasses lacked alkaloids and glycosides,
while E. acoroides and S. isoetifolium lacked quinone [49]. According to Setyoningrum
et al. [50], the phytochemical analysis revealed that E. acoroides extract included various
bioactive components, including flavonoids, alkaloids, tannins, saponins, and steroids, and
have some biological activity. When considering other fractions, the methanol fraction of
S. isoetifolium displayed the most phytochemical components. Flavonoids, steroids, pro-
teins, glycosides, alkaloids, and phenolic substances were found in methanol and acetone
extracts of S. isoetifolium. Tannin and terpenoids were not present [43]. Phenols, tannins,
and flavonoids were some of the phytocompounds in the chloroform~-ethanolic (9:1) leaf
fraction of E. acoroides. The most common functional groups discovered were phenols,
benzenoid compounds, secondary amines, fatty acids, alkanes, and lipids [51]. Flavonoid,
triterpenoid, terpenoid, steroid, tannin, and saponin were revealed to be active compounds
in a recent study, with results varying from 3.21 to 8.63% for ethanol extracts and 0.21-0.76%
for n-hexane extracts of E. acoroides [52]. In a recent study using Diaion® HP-20 column
chromatography, medium-pressure liquid chromatography (MPLC), and ODS column
chromatography, a polyphenol substance MP-1 was refined from a 70 percent aqueous
methanol fraction of Phyllospadix japonica and determined as rosmarinic acid (molecular
weight-360 and molecular formula-C1gH;40g) using electrospray ionization (ESI)-mass and
nuclear magnetic resonance spectroscopic analysis [53]. In a recent study, the phytochemical
components of C. serrulata were assessed. The existence of glycosides, flavonoids, steroids,
phenolic compounds, tannins, carbohydrates, and ashes was identified. Using GC-MS
analysis, metabolic profiling was carried out, and it uncovered the existence of 104 bioactive
compounds in C. serrulata, including phytol, butanoic acid, heptadecane, diphenylamine,
benzophenone, 2-hydroxyl-ethyl ether, benzene, octadecanoic acid, dotriaconate, vanillin
and decane, all of which had significant roles in bioactive potential [54].

Essential metabolites like carbohydrates and proteins were discovered during the
phytochemical analysis of Enhalus acoroides, as well as secondary metabolites like alka-
loids, saponins, phenolics, monoterpenes, tannins, flavonoids, and sesquiterpenes [55].
Flavones from Thallasia hemprichii were found to be methoxy flavones or sulfated flavone
glycosides [56]. Seven flavone glucosides were identified by Bitam et al. [57], as well as
two malonylated flavone glucosides. Phenols and saponins were detected in significant
concentrations in the phytochemical investigation of Halodule ovalis [58]. Phytochemical
and proximate examinations were conducted on the seagrass H. pinifolia, and the outcome
showed that the methanolic fraction of the seagrass H. pinifolia contained a variety of active
secondary metabolites with remarkable bioactive potential [59].

3.4. Bioactivity of Seagrasses

Studying the marine environment to discover various complex and novel chemical
entities is a new trend in drug development from natural sources. It provides new lead
compounds for treating several diseases, including diabetes, Acquired Immuno Deficiency
Syndrome (AIDS), inflammatory conditions, cancer, arthritis, malaria, and a wide range of
microbial infections [60]. In indigenous medicines, seagrasses have been used for many
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therapeutic purposes, including managing fevers, muscle aches, wounds, stomach issues,
and skin conditions. They are also utilized as tranquilizers for infants and as a cure for
various types of ray stings [61]. According to the existing literature and folk medicinal
knowledge, seagrass possesses potent bioactivities (Figure 9).

ANTI
INFLAMMATORY

PHARMACEUTICS

Figure 9. The bioactive potential of seagrasses. The figure shows the various bioactive potentials of
seagrasses, which can be applied in various fields.

For the past fifty years, natural products from marine ecosystems have caught the
interest of scientists worldwide. Compared to terrestrial products, marine lifeforms are
a remarkable source of new bioactive compounds with a broader scope of structural and
chemical characteristics [62]. Therefore, they are an excellent resource for determining
and synthesizing bioactive compounds in marine organisms, and seagrass is an excep-
tional candidate. It is well known that seagrasses generate an ample range of metabolites,
which serve as shields when they are under stress. Several varieties of seagrass provide
biologically active metabolites, which include polyphenols, terpenoids, and halogenated
compounds. These molecules have been shown to exhibit anticancer, antimicrobial, anti-
inflammation, antidiabetic, antioxidant, cytotoxic, and anti-aging abilities. Numerous
secondary metabolites produced by seagrasses improve the pool of novel and efficient
medications for treating various illnesses. The bioactive characteristics of seagrasses, such
as their anti-tumor, antimicrobial, and antioxidant properties, are primarily present due to
these secondary metabolites [63]. Table 1 summarizes the bioactive compounds separated
from various seagrasses, and Figure 10 depicts their structures.

Table 1. Bioactive compounds in seagrasses (Astrix denotes the stereochemical configuration of
the compound).

Compound Name

Seagrass Bioactivity References

Caffeic acid

Posidonia oceanica,

Zostera marina, .. ..

Thalasia testudinum, Ant10x1dant,. Antiviral [64,65]
. gy and Cytotoxic

Thalasia hemprichii,

Thalassodendron ciliatum

Daucosterol

Stigmast-22-en-3-one

Stigmasta-4,22-dien-6b-ol-3-one
p-hydroxy-benzaldehyde

Enhalus acoroides Antifeedant [66]
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Table 1. Cont.
Compound Name Seagrass Bioactivity References
. Stigmasta-4,22-dien-3,6-dione ' Antibacterial and
° Hexacosyl alcohol Enhalus acoroides antilarval activities [66]
e  Stigmasta-5,22-dien-3-O-b-dglucopyranoside
e  Deoxycymodienol
e Isocymodiene
* NOdOSO.l Antibacterial activity
*  Cymodienol Cymodocea nodosa against methicillin- [67]
o (15*2S*3S*7R* 85* 9R* 11R*,125*,14R*)—7- Y : egsistant (MRSA) strains
bromo-tetradecahydro-12-hydroxy-1-
isopropyl-8,12-dimethyl-4-methylene
phenanthren-9,14-yl diacetate
Posidonia oceanica,
Zostera marina,
Coumaric acid Thalassia testudinum, Antioxidant activity [68]
Halodule pinifolia,
Thalassia hemprichii
Thalassiolins A (luteolin Thalassia hemprichii Anti-HIV activity and [56,69]
7-O-B-D-glucopyranosyl-2’-sulfate) Thalasia testudinum Antifouling activity !
. Thallasia testudinum, AI}tl_HIV act1v‘1ty, .
Thalassiolins B . o skin-regenerating activities [56,69]
Thallasia hemprichii s
and antioxidant
Thalassiolins C Thallasia testudinum Anti-HIV activity [69]
° Rutin
° Asebotin Antioxidant, Antiviral and
e  3-hydroxyasebotin Thalassodendron ciliatum Cytotoxicity against cancer ~ [70]
e  Quercetin-3-O-8-d-xylopyranoside cell lines
e  Catechin
e  TCC-1 (10), 7B-hydroxy cholesterol
e  7B-hydroxysitosterol " Cytotoxic activity against
e  stigmasterol glucoside Thalassodendron ciliatum HepG2 and MCF7 cells 711
e  [-sitosterol glucoside
Luteolin Halophila stipulacea Anticancerous activity [72]
. Zostera marina L., .. ..
Quercetin Zostera noltii Antioxidant activity [73]
. Thallasia testudinum . .
Benzoic acid Syringodium fliforme Antioxidant activity [74]
Gallic acid Posidonia oceanica Radical scavenging activity ~ [75]
Chicoric acid Posidonia oceanica Antioxidant activity [76]
S Syringodium filiforme o .
Azelaic acid Thalassia testudinum Antioxidant activity [77]
Palmitoleic acid Syringodium filiforme Anti-inflammatory activity — [78]
Tricosane Syringodium filiforme Antibacterial [79]
Oleic acid
Linolenic acid Halophila ovalis Antibacterial [80]

Myristic acid
Palmitic acid
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Table 1. Cont.

Compound Name

Seagrass Bioactivity References

Thalassia hemprichii
Enhalus acoroides

Phytol Cymodocea serrulata Antibacterial [81]
Cymodocea rotundata

Lyngbyabellin A Halophila stipulacea Anticancerous [72]

Heptacosane Enhalus acoroides Antioxidant [82]

Lauric acid Sy rznquzumﬁ lzforme Antibacterial [83]
Thalassia testudinum

Octanoic acid Syringodium filiforme Antibacterial [84]

Thalassia testudinum

0 "
N W H \[(\/\/\/\/\/\/ O o N
Phytol o % y e o
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© palmitic acid
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Figure 10. Structures of bioactive compounds isolated from seagrasses. This figure shows the
chemical structure of bioactive compounds isolated from seagrasses by various researchers.

Table 2 summarizes the bioactivity of seagrasses. The following section discusses
the antibacterial, anti-inflammatory, anticancer, antiviral, antioxidant, and tranquilizer
properties of seagrass and their potential prospects.

Table 2. Bioactivity of seagrass.

Solvent

Seagrass Species Biological Activity Reference

Chloroform, ethyl acetate,
ethanol and hexane

Halophila ovalis, Cymodocea serrulata,

Halodule pinifolia Antimicrobial [85]

Ethanol, methanol

Halodule pinifolia, Cymodocea serrulata Antimicrobial [86]

Methanol

Halophila ovalis Antimicrobial [58]
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Table 2. Cont.
Solvent Seagrass Species Biological Activity Reference
Aqueous ethanol Syrznquzum zso?.tzfolzum, Cymodocea serrulata, Larvicidal [87]
Halophila beccarii
Pectin Zostera marina, Phyllospadix iwatensis Cerium binding activity [88]
Halodule pinifolia, Halophila ovalis, Syringodium
Methanol isoetifolium, Thallasia hemprichii, Antioxidant [89]
Cymodocea serrulata
Enhalus acoroides, Halophila ovalis, Halophila
Ethanol ovat’u, Hu’loph%lu st’zpu’lacea, Thalassia hemprichii, Antibacterial [49]
Syringodium isoetifolium, Cymodocea serrulata,
Halodule pinifolia
Methanol Syringodium isoetifolium Antioxidant [43]
Sulfated polysaccharide Cymodocea nodosa AnthXI.d ant, antlmlcrobml and [90]
cytotoxic properties
Methanol Thalassia hemprichii Larvicidal [91]
n-hexane Thalassia hemprichii, and Enhalus acoroides Antifouling [92]
Chloroform Posidonia oceanica Antimicrobial [93]
Antibacterial, antifungal,
Hydroalcoholic Syringodium isoetifolium antimicrobial, antifouling [94]
and anticancerous
Ethanol Cymodocea serrulm:‘/z, Syringodium isoetifolium Nutritional supplements [95]
and Enhalus acoroides
70% Acetone Cymodocea rotundata and Cymodocea serrulata Antlmlc.rok?lal, antifouling [96]
and antioxidant
Methanol Enhalus acoroides and Halophila ovalis Antifungal [46]
MeOH/H,0(7:3) Posidonia oceanica Antiviral (against H5N1) [97]
Methanol Thalassia hemprichii Antiviral [98]
Aqueous EtOH Posidonia oceanica Antioxidant and antimicrobial [99]
Ethyl acetate Posidonia oceanica Antimicrobial [100]
Cytotoxic activity,
Hexane and methanol Halophila stipulacea lipid-reducing activity, and [72]
antifouling activity.
85% Ethanol Thalassodendron ciliatum Antioxidant a1.r1d . [101]
hapatoprotective activity
EtOH/H,0 (7:3) Posidonia oceanica Anticancerous [102]
Chloroform Syringodium filiforme Anticancerous [103]
Chloroform Thalassia testudinum Anticancerous [104]
50% Ethanol Syringodium isoetifolium Anti-inflammatory [105]
Ethanol Enhalus acm.’ozdes, Thalassza hemprichii, Antioxidant [106]
and Halophila ovalis.
Acetic acid Posidonia oceanica Antimicrobial [107]
Water Posidonia oceanica Anticancerous [108]
Acetic acid Posidonia oceanica AnF1m1crob1a1 and [109]
anticancerous
96% Ethanol Cymodocea Rotundata Antibacterial [110]
70% Ethanol Syringodium isoetifolium Anticancerous [111]
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Table 2. Cont.
Solvent Seagrass Species Biological Activity Reference
Ethyl acetate Cymodocea serrulata Larvicidal [112]
Water Posidonia oceanica Antifungal [113]
Hydroalcoholic Enhalus acoroides Antioxidant [82]
Ethanol Thalassia hemprichii and Halophila ovalis Antioxidant [114]
Ethanol Enhalus acoroides Antioxidant [115]
Water, alcohol, hydro alcohol, Syringodium isoetifolium Antioxidant [116]
acetone and n-hexane.
Ethanol Cymodocea serrulata Antldla‘.bet.lc, antlcapgerous [117]
and antioxidant activity

Ethyl acetate Cymodocea serrulata Antibacterial and antioxidant [118]
Ethanol Thalassia hemprlchzz and An’Flox1d.ant ar}d. [119]

Zostera marina antiobesity activity
Hexane, petroleum ether . .. .. .

Ruppia cirrhosa Antioxidant and antimicrobial [120]
and acetone
70% ethanol Posidonia oceanica Antimicrobial activity [121]
Ethyl acetate Halodule pinifolia Antioxidant activity [122]
Methanol Posidonia oceanica An’Flox1dant aCtIV.l t}.] and [123]

anticancerous activity

Ethyl acetate, hexane Halophila stipulacea Antioxidant, antimicrobial [124]

and methanol

and analgesic activity

Seagrasses are known for their diverse range of bioactive compounds, which are
essential to their ecological roles and have great potential for various uses. Quercetin and
kaempferol are seagrasses’ most common flavonoid compounds [70,73]. Kaempferol shows
antioxidant and anti-inflammatory effects, along with potential cardiovascular benefits.
Quercetin is well-known for its antioxidant, anti-inflammatory, and antiviral qualities.
Additionally, phytol and other phenolic acids, such as coumaric and caffeic acids, are
commonly found in seagrasses [64,65,68,81]. Seagrasses are consistently rich in essential
vitamins (A, C, E, and K) and essential minerals (Ca, Mg, K, and Fe), all of which add
to their nutritional and therapeutic value [40,41]. The literature suggests that the best
extraction conditions for seagrass are usually achieved by using solvents such as methanol,
ethanol, or chloroform, keeping the temperature between room temperature and 60 °C,
and using techniques like maceration or Soxhlet extraction [85-87]. Depending on the
need for extraction, the solvent-to-sample ratio ranges from 1:10 to 1:20 (w/v), and the
extraction time can be about 3 to 5 days [72,74]. Particle size and pH changes may also
improve the effectiveness of extraction. Extraction conditions must be modified to the
particular objectives of the research or application, as each study may differ depending
on the targeted compounds and seagrass species. Table 2 summarizes the bioactivity of
seagrasses. The following sections discuss the antibacterial, anti-inflammatory, anticancer,
antiviral, antioxidant, and tranquilizer properties of seagrass and their potential prospects.

3.5. Anti-Infectious and Antimicrobial Potential (Antibacterial, Antifungal and Antiviral)

Antimicrobial agents are substances that destroy pathogenic organisms while also
limiting their development. The majority of microorganisms are highly immune to current
antimicrobial medicines. As a result, many microbial infections necessitate using a novel
agent. Seagrass-derived marine fungi have various biochemical potential and anti-infective
and anti-tumor effects [10]. Of the three seagrasses (Halodule pinifolia, Halophila stipulacea,
and Cymodocea serrulata) screened for antibacterial activity, H. pinifolia and H. stipulacea,
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outperformed C. serrulata in controlling the growth of human pathogens and also in
controlling their spread. Methanol and chloroform fractions suppressed the development
of all infectious agents among the solvents tested, with methanol fraction being the most
involved [68]. Analyzing the EtOAc extract of the Egyptian seagrass Thalassodendron
ciliatum (Forsk.) den Hartog, a novel dihydrochalcone diglycoside was isolated. It was
recognized as 6'-O-rhamnosyl-(1"" — 6”)-glucopyranosyl asebogenin, for which a name,
Thalassodendrone, was proposed. The newly isolated compound’s anti-influenza A virus
activity was assessed, and the results showed that its cytotoxic concentration and inhibition
dose concentration were CCsp—3.14 ng/mL and 1C5p—1.96 ng/mL, respectively [125].

The antibacterial potential of the three different seagrasses (Cymodocea serrulata, Halophila
ovalis, and Zostera capensis) was examined using six different solvents against some hu-
man pathogens. The result shows that ethyl acetate extract of all three seagrass extracts
was active against all Gram-positive and most Gram-negative pathogenic organisms stud-
ied, including Bacillus cereus, Micrococcus luteus, Bacillus subtilis, Staphylococcus aureus,
and Salmonella typhimurium, with methanolic extracts active against Staphylococcus aureus,
S. typhimurium, M. luteus and Salmonella paratyphi. Compared to other solvents, ethyl ac-
etate and methanol extracts displayed the most activity against most pathogens [126].
Human bacterial pathogens such as S. aureus, Shigella dysenteriae, S. boydii, Vibrio cholerae,
and S. paratyphi were found to have the most robust growth inhibitory activity in H. pini-
folia and C. rotundata [49]. According to earlier research, seagrasses generate secondary
metabolites that act as a suppressor against marine pathogens. With MIC values varying
from 5 to 8 ug/mL, isoscutellarein and its glycosylated derivatives that were extracted from
Thalassia hemprichii demonstrated antifungal activity against Aspergillus niger and Candida
albicans [127]. The cyclohexane extract of Posidonia oceanica showed excellent antibacterial
activity. Pseudomonas aeruginosa, S. aureus, Klebsiella pneumoniae, S. typhi, and Escherichia coli
were all inhibited by the extract [128]. Compared to infectious microbial (fungi and bacte-
ria) species, six solvent crude fractions of Thalassia hemprichii were tested for antimicrobial
properties. The acetone crude fraction of T. hemprichii possesses high antibacterial activity,
and pathogenic fungal species are inhibited by ethanol crude extracts [129]. Syringodium
isoetifolium methanol and ethanol extracts have the highest antimicrobial activity against
E. coli. Also, the extracts of S. isoetifolium suppressed the growth of bacteria such as Psue-
domonas aerunginosa, Bacillus cereus, Salmonella enteritidis, Staphylococcus aureus [130] and
saphrophytic fungus in silkworms [131]. Thalassia testudinum possesses an excellent series
of HIV integrase inhibitors, which were detected and isolated [69]. The antiviral properties
of polyphenol complex derived from the Zosteraceae family involve the direct deactivation
of the tick-borne encephalitis (TBE) virus by the inhibition of its multiplication at an early
stage, which consequently indicates a decline in the virus concentration [132].

According to a study by Setyoningrum et al. [50], Enhalus acoroides ethanol extract had
antibacterial activity against Staphylococcus aureus. Methanol and the n-hexane fraction
of E. acoroides has antibacterial action against Staphylococcus aureus with a bland zone
diameter of 5.9 mm and 5.6 mm. Alkaloids, flavonoids, saponins, and steroids are found
in methanol extract, while steroids and flavonoids are found in the n-hexane extract
of E. acoroides [32]. The antimicrobial activity of the E. acoroides extract was assessed
by using two different methods, the diffusion method and the minimum microdilution
concentration method, against Staphylococcus aureus ATCC 6538, Candida albicans ATCC
10231 and Escherichia coli ATCC 8739. At an MIC of 500 ppm, the ethyl acetate fraction
of E. acoroides inhibited the growth of Escherichia coli ATCC 8739, Candida albicans ATCC
10231, and S. aureus ATCC 6538 [31]. A recent study evaluated the antimicrobial activity of
chloroform extract of seagrass Cymodocea serrulata against the following five pathogenic
bacteria: Vibrio parahaemolyticus, Vibrio harveyi, Vibrio alginolyticus and Klebsiella pneumoniae.
The antimicrobial properties were antagonistically effective against all infectious strains,
where the highest inhibitory effect was observed against V. parahaemolyticus with a zone
formation of 26 £ 0.08 mm. In contrast, the lowest inhibitory activity was seen against
V. alginolyticus with a zone formation of 20 % 0.04 [54].
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3.6. Antioxidant and Anticancerous Potential

Antioxidants can help to protect the biological system from oxidative harm. Synthetic
antioxidants have more side effects, whereas natural antioxidants are more effective at
scavenging free radicals and have few side effects. The antioxidant property of phenolic
compounds in seagrasses (Cymodocea rotundata, Syringodium isoetifolium, Thalassia hemprichii,
Enhalus acoroides) was discovered. The ability to scavenge free radicals shows that it has
antioxidant potential [133]. C. rotundata leaf and rhizome extracts serve as a prospective
point of antioxidant compounds, with caffeic acid and coumaric acid being the most
abundant compounds. This paves the way for their use as a multipotent antioxidant in
the nutritional and biomedical industries [134]. The antioxidant potential of E. acoroides
is primarily because of phenolic material, which was the main reason for the seagrasses’
antioxidant capability [68]. Methanol extracts of Halodule pinifolia seagrass have more potent
antioxidant activity than ethyl acetate and n-hexane extracts [135]. The antioxidant and
enzyme-inhibitory properties of S. isoetifolium were evaluated, and the existence of phenolic
compounds may justify the observed biological activities [42]. The antioxidant potential of
the methanolic extracts was in the order of H. pinifolia > H. ovalis > S. isoetifolium. Seagrass
extracts” antioxidant functions can be due to their ability to scavenge free radicals. Moreover,
phenolic compounds are accountable for seagrass extracts” antioxidant function [136]. The
ethanol extract of C. serrulata has the highest free radical scavenging activity and contains
many total phenols and flavonoids. The ethanolic fraction of C. serrulata’s efficient free
radical scavenging and reducing properties demonstrate its fantastic antioxidant potential.
Thus, it can cure different free radical-mediated diseases [45]. C. serrulata methanolic
extract has antioxidant and cytotoxic properties. Since the sum of the compounds was
proportional to the 2,2-diphenyl-1-picrylhydrazyl scavenging activity, the results showed
that phenols and flavones may have played a significant role in the DPPH assay. As a result,
the methanolic extract of C. serrulata can help prevent or treat such diseases, reducing
the severity of oxidative stress-related diseases [137]. Recently, fibroblast cell line H5-68
was used to assess ethanolic extracts from Posidonia oceanica leaves in vitro while exposed
to UV-induced oxidative stress. This study shows that antioxidant compounds in the
ethanolic extract of P. oceanica are beneficial because pre-treating cells with Gd-E4 extracts
significantly shield against oxidative damage and UV-induced mortality [138].

The bioactivity of Red Sea seagrass, Enhalus acoroides (L.f.) Royle, as an antioxidant and
anticancer agent, was compared in a recent study. When tested on the normal cell line HSF,
the leaves, roots, and rhizomes displayed excellent antioxidant activity and no cytotoxicity.
The most potent antioxidant was found in the foliage, which also had a concentration-
dependent detrimental effect on the viability of the three following cell lines: MCF-7,
MDA-MB-231, and HepG-2, whereas roots and rhizomes had no impact [139]. In a recent
study, the MTT assay measured the antiproliferative activity of E. acoroides metabolites,
while the antioxidant activity was assessed by ABTS assay. This study showed that extracts
can fight breast cancer by employing molecular docking to inhibit the HER2 /EGFR/HIF-1«
pathway. Additionally, the MTT assay showed that increasing the dosage of E. acoroides
metabolites enhanced their morbidity in cancer cell lines. Furthermore, the investigation
revealed that the secondary metabolites can operate as strong antioxidants, successfully
obstructing an array of carcinogenic pathways [140]. Various tumor cell lines have shown
anticancer activity in vitro when exposed to marine natural products. Furthermore, most
reports on their mode of operation mediate through cancer cells’ lysis, necrosis, and
apoptosis. Seagrass extracts demonstrate anticancer activity through their antiproliferative,
antimetastatic, cytostatic, and cytotoxic, properties, as well as their capacity to induce
apoptosis and antioxidative activity, induce cell-cycle arrest, restrict angiogenesis, and
decrease cancer cell viability [141].

3.7. Anti-Inflammatory Potential

Inflammation is a complicated physiological reaction to various negative influences,
defined by the recruitment and stimulation of immune cells (innate and adaptive immunity),
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which quickly regulate the stabilization and repair of injured body parts [142]. A recent
study examined the anti-inflammatory potential of Pasidonia oceanica extract. The results
showed that the high levels of COX-2 induced by LPS were reduced by the ethanolic
extract of P. oceanica, suggesting an anti-inflammatory function linked to antioxidant effects.
Furthermore, by modifying the intracellular cascades of ERK1/2 and Akt, P. oceanica can
inhibit the NF-«B signaling pathway, suggesting its anti-inflammatory potential [143]. A
seagrass-derived fungus Aspergillus insuetus SYSU6925 produced one novel cyclohexenone
derivative, two unexplained drimane sesquiterpenes, and seven additional known drimane
sesquiterpenes. These metabolites were assessed for their anti-inflammatory activity, which
revealed their anti-inflammatory solid properties by obstructing the creation of nitric oxide
(NO) in cells under study [144].

3.8. Anti-Diabetic, Anti-Larval, Anti-Aging and Anti-Tumor Potential

Molecular visualizations using PyMOL and Discovery studio visualizer BIOVIA 2019
demonstrate that phytochemical substances found in seagrass Enhalus acoroides can block
the action of glucosidase. This suggeststhat they could be employed as anti-diabetic
therapeutics [145-147]. According to the research carried out by Ravikumar et al. [148],
the phytochemical constituent in Syringodium isoetifolium extract is the least sensitive to
fish pathogens. The methanolic extracts of seagrass Thalassia hemprichii leaves, rhizomes,
and roots have larvicidal activity against Aedes aegypti 3rd instar larvae [91]. Cornara
et al. [149] evaluated the anti-aging properties of seagrass Posidonia oceanica. As fibroblasts
produce collagen, maintaining fibroblasts is necessary to slow down the aging process of
the skin. Ethanolic extract P. oceanica L. Delile is a good candidate for the development
of antiaging medications because it significantly increased the production of collagen in
fibroblasts exposed to 5 and 10 pg/mL and increased lipolysis in the concentration limit
of 10-200 pg/mL [149]. According to Abdelhameed et al. [71], B-sitosterol glucoside, 7-
hydroxy cholesterol, 7B-hydroxy sitosterol, stigmasterol glucoside, and TCC-1, a novel
phytoceramide molecular species derived from the methylene dichloride—methanol fraction
of T. ciliatum, exhibited cytotoxic effects with an ICsy value close to 20 uM against HepG2
and MCF?7 cells. Another research work by Vani et al. [150] revealed that the crude extract
of Halophila beccarii strongly suppresses a-amylase and a-glucosidase when considering the
standard enzyme inhibitor acarbose. This study determined that the antidiabetic action was
concentration-dependent, and the antihyperglycemic action was shown by inhibiting the
carbohydrate digestive enzymes and glucose movement; consequently, the post-prandial
hyperglycemia significantly dropped. E. acoroides develops anti-feedant, antibacterial, and
antilarval secondary metabolites, which may serve as a chemical defense against predatory
animals, competitors, and infectious agents [66].

According to the literature, the anti-inflammatory activity of methanol fraction from
Seagrass Zostera japonica is reported [151]. According to a recent study, Halophila stipulaceae
extract effectively treats diabetes-related oxidative stress and hyperlipidemia [152]. Thalassia
hemprichii and Cymodocea serrulata and C. serrulata metabolites have strong antioxidant
properties, while H. uninervis extract has a cytotoxic effect on human SKOV-3 ovarian and
MCEF-7 breast carcinoma cells [153]. The extract of seagrass, H. ovalis, collected from Pulicat
Lake in Tamil Nadu, contains active principles such as kaempferol, p-hydroxy benzoic
acid, t-cinnamic acid, syringic acid, catechin, and luteolin in significant amounts, which
could be accountable for anticancer potential, providing an area for further experiments
with isolated potential metabolites against breast cancer cells [154]. The effectiveness of a
standardized polyphenol extract of seagrass T. testudinum (TTE) has been demonstrated
in in vitro/in vivo using a syngeneic allograft murine colorectal cancer model and colon
tumor cell lines (RKO, SW480, and CT26). Following the in vitro/in vivo findings, TTE
treatment initiates autophagy stress pathways and ATF4-P53-NFkB specific gene expression.
As a result, it encourages anti-tumor immunogenic cell death in vivo and suppresses colon
cancer cell proliferation, motility, and angiogenesis pathways in vitro [155]. In a column
chromatography study, the bioactive component of aqueous ethanol extract Syringodium
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isoetifolium was separated, and its anticancer properties were studied against hepatocellular
carcinoma in vitro, in silico, and in vivo. The results show that the separated compound
‘phlorizin” had good anticancer activity against hepatocellular carcinoma [156]. A recent
investigation demonstrated that the bioderived TiO, NPs could be an exciting candidate for
medicinal purposes by highlighting the diverse attributes of C. serrulata-mediated TiO, NPs,
which included the antibacterial, antioxidant, and anti-biofilm inhibition effects that have
minimal cell damage in nature [157]. Phytocompounds and the biomedical characteristics
of seagrasses have been highlighted in the preceding sections. However, at least for many
species, knowledge gaps regarding various aspects of seagrasses can be seen. Therefore,
this review aims to identify the areas that require further investigation.

Figure 11 shows the mechanisms of various bioactivities shown by seagrass extracts
and their isolated compounds.
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Figure 11. Mechanisms of bioactivities by seagrass compounds. Seagrass extracts and seagrass
compounds show anticancer, anti-inflammatory, and antimicrobial activities.

Figure 11 is a consolidation of the mechanism of anti-cancer activity [158,159], anti-
inflammatory activity [160], and antimicrobial activity [161].

Other activities like antioxidant [162], and antidiabetic activities [163] were shown by
these seagrass compounds which is well explained in the above sessions.

3.9. Bioprospecting Seagrass Microbiome

Numerous studies of endophytes of terrestrial plants have been conducted and pro-
vided a wide array of information regarding the diversity, distribution, and bioactive
potential of endophytes. These endophytes were found to be a potential source of various
unique bioactive molecules [164,165] and commercial enzymes [166], with characteristics
that make them suitable for technological exploitation. On the other hand, comparatively
little knowledge is available concerning endophytes of marine plants, such as seagrasses.
According to some recent research, seagrasses are home to potential endophytes, which are
beneficial for bioprospecting [167,168].
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Compared to epiphytic microbes, endophytic microbes from seagrasses usually ex-
hibited greater sensitivity against several human pathogenic microbes [169]. Research was
carried out to evaluate the capability of the bacterial microbiome of seagrass Enhalus sp.,
from which 6 endophytes and 17 epiphytes were isolated; however, endophytes exhibited
more significant biological activity than epiphytes against bacteria that form biofilms. Ad-
ditionally, bacterial endophytes obstructed the growth of biofilm-forming bacteria than
epiphytes [170].

Another study was executed to identify and determine the species of the endophytic
bacteria that inhibit methicillin-resistant Staphylococcus aureus (MRSA) from the seagrasses
of Rote Ndao, East Nusa Tenggara, Indonesia. The findings indicated that eight strains of
endophytic bacteria isolated from different seagrasses Enhalus acoroides, Cymodocea rotundata
and Thalassia hemprichii, in the Litianak and Oeseli Beaches, Rote, have antibacterial activity
against MRSA [171]. Another study investigated the antibacterial activity of bacteria
associated with seagrass from Indonesia’s North Java Sea against drug-resistant bacteria.
This study aimed to examine the ability of bacteria associated with seagrasses—E. acoroides,
Syringodium sp., T. hemprichii, and Cymodocea sp.—as sources of potential antibiotics. Two
isolates showed antibacterial activity against bacteria resistant to multiple drugs [172]. In
a recent investigation, the cultivable fungal group of the Baltic Z. marina was separated
and recognized using a scientific method. Additionally, this study illustrates every fungal
extract’s bioactivity and range of chemicals [173]. Another investigation was carried out
to isolate and identify endophytic bacteria from seagrass, T. hemprichii, as producers of
antibacterial agents. Some endophytic bacterial strains exhibited antibacterial properties
against infectious bacteria like S. aureus, Salmonella thyphi, and E. coli [174]. A recent
study found that endophytic fungi from T. testudinum exhibit potential bioactivity against
Labyrinthula spp., a seagrass pathogenic organism, resulting in the death of plants [175].

The role of the epiphytic and endophytic microbes of the seagrass Zostera marina in
pathogen elimination from the seagrass ecosystem was analyzed by Tasdemir et al. [176].
This study opens the door for more research to clarify the complex functions (as well as the
mechanism) of the seagrass microbiome in preserving the well-being of coastal ecosystems
and seagrass meadows.

3.10. Comprehensive Methodologies for Assessing Bioactivity in Seagrasses: Chemical, Biological,
and Ecological Approaches

Various approaches are used to investigate the biochemical composition, biological
activities, and ecological relationships of seagrasses through the study of bioactivity. Bioac-
tive compounds, like antioxidants and antimicrobial agents, are identified and quantified
using chemical analysis techniques like gas chromatography—mass spectrometry (GC-MS)
and high-performance liquid chromatography (HPLC) [177,178]. The structural details of
the compounds found in seagrass are further ascertained by nuclear magnetic resonance
(NMR) spectroscopy [179]. The antioxidant capacity of seagrass extracts is evaluated by
biological assays like DPPH and ABTS radical scavenging tests, while their efficacy against
pathogens is assessed by antimicrobial assays [180]. The activity of seagrass extracts on cell
viability is measured by cytotoxicity assays, such as MTT and LDH release tests [181]. By
tracking growth patterns and environmental reactions, field research and remote sensing
methods shed light on seagrass distribution, health, and ecological roles [182]. Molecular
techniques that uncover genetic and metabolic pathways connected to bioactivity include
metabolomics and DNA /RNA sequencing [183-185]. Finally, research on chemical ecology
examines how chemical signaling functions in interactions between marine organisms
and seagrasses [186—190]. When taken as a whole, these approaches provide a thorough
knowledge of seagrass bioactivity and their ecological importance, which will, in turn, help
the conservation strategies.

Comprehensive methods for determining the bioactivity of seagrasses use various
analytical techniques, each with advantages and disadvantages. It usually involves a blend
of various analytical methods [177,178]. The objectives of the study often influence the
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methodological choice. Gas chromatography-mass spectrometry (GC-MS) is a commonly
used analytical tool for volatile and semi-volatile metabolites in metabolite profiling. It
is less effective, nevertheless, with non-volatile or thermally unstable substances. It is
not as effective in detecting polar metabolites, but it is especially helpful in profiling
lipophilic compounds. Phenolic compounds and other secondary metabolites in seagrass
extracts are separated and quantified using high-performance liquid chromatography
(HPLC), frequently in conjunction with UV-Vis detection. It is beneficial when examining
substances with unique UV absorbance characteristics. Integrated platforms that combine
multiple analytical techniques—such as GC-MS, LC-MS, HPLC, and NMR—are frequently
employed to accomplish thorough metabolite profiling. By enabling the simultaneous
analysis of several metabolite classes, these platforms improve the scope and depth of
profiling and enable the analysis of potential compounds found in the seagrass extracts.

4. Conclusions and Future Prospects

This article extensively reviews 183 research studies focused on the bioprospecting of
seagrasses and their associated microbiomes. The reviewed literature encompasses a broad
array of subjects, including the phytochemical and biochemical analysis of seagrasses,
the assessment of seagrass bioactivities, and the exploration of the bioactive potential of
seagrass-associated microbiomes. Using the available scientific literature, the authors of
this article report biochemical and phytochemical constituents and pharmacological and
other potent activities in various seagrasses. Since seagrasses are one of the most critical
components of all marine habitats, studies focused on them have become increasingly
important, as they are highly productive and serve as breeding grounds for several com-
mercially important species. The biochemical contents of these plants can solve many
human problems, such as several diseases, and have the potential for new inventions, such
as natural antifoulants and UV sunscreens. This review touches on the critical points of the
essential bioactive metabolites and seagrass’s antimicrobial and antioxidative properties in
great depth. This review does not include an analysis of the literature on human clinical
trials using bioactive molecules of seagrasses, as they form another vast area. However, sev-
eral bioactive metabolites or compounds of seagrasses are still unknown, and researchers
are working to discover all the essential compounds that aid human welfare. In the future,
it will be essential to concentrate on isolating minor novel metabolites of potent therapeutic
significance by utilizing innovative technologies to achieve good results.

The potential advantages of seagrass extracts in several disciplines, such as nutrition,
environmental science, and skincare, have drawn attention. Seagrass extracts have several
benefits over more conventional plant extracts, including the fact that they are a rich source
of antioxidants, minerals (calcium, magnesium, and potassium), and vitamins (A, C, E, and
K), a more environmentally responsible and sustainable choice than conventional plant
extracts. It also possesses unique bioactive substances that are uncommon in terrestrial
plants. Because of their adaptations, seagrasses can thrive in harsh marine environments
with fluctuating salinities and reduced underwater lighting. This resilience may confer
advantageous properties on seagrass extracts.

Despite the tremendous progress made in seagrass bioprospecting, some unanswered
questions still need further investigation. First, more systematic research is required to
understand the variety and functional roles of microbiomes associated with seagrasses,
especially concerning their contributions to synthesizing bioactive compounds and ecosys-
tem services. Furthermore, although a large number of research focuses on phytochemical
and biochemical analyses, very little is known about how these discoveries relate to partic-
ular ecological roles or how environmental changes affect seagrass bioactivity. To better
understand the possible uses of seagrasses, further research is needed to look into the
metabolic and genetic pathways associated with the biosynthesis of bioactive compounds
in seagrasses. Furthermore, the synergistic effects of combined seagrass species and their
microbiomes on bioactivity have not received much attention. By encompassing these gaps,
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we may gain the best perspective possible on the potential applications of seagrasses and
their microbiomes in environmental management and biotechnology.
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