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Seaweed, also known as macroalgae, represents a vast resource that can be categorized into three taxonomic
groups: Rhodophyta (red), Chlorophyta (green), and Phaeophyceae (brown). They are a good source of essential
nutrients such as proteins, minerals, vitamins, and omega-3 fatty acids. Seaweed also contains a wide range of
functional metabolites, including polyphenols, polysaccharides, and pigments. The nutritional and functional
properties of seaweed attest to their potential to be incorporated into aquafeed to safeguard fish growth and health

as the global demand for fish and seafood products rapidly increases.

bioactive compounds gut microbiota polyphenols polysaccharides pigments

omega-3 fatty acids sustainable aquaculture

| 1. Introduction

Seaweed is a potential source of essential nutrients that can be used as a sustainable and cost-effective
supplement to traditionally used aquafeed ingredients for fish. Incorporating seaweed into the diets of farmed fish
can improve their growth, health, and resistance against invading pathogens, thereby improving disease
resistance. Since there is a dearth of knowledge regarding the use of seaweed functional metabolites in aquafeed
for fish, the studies discussed here are mostly on the use of seaweed and seaweed-based extracts in fish nutrition.

An overview of some key effects on fish production when seaweed is included in aquafeed is presented below.

| 2. Growth Performance and Feed Utilization
2.1. Growth Performance

The effectiveness of seaweed as a feed additive varies greatly depending on the nutritional profile and the species-
specific feeding nature of fish W2, |n general, low dietary inclusion of seaweed, up to 10%, has been shown to
impart significant improvements in growth, feed utilization, and the assimilation of essential nutrients B4l The
dietary supplementation of Laminaria sp. with levels of 3 and 10% has been shown to significantly enhance the
daily feed intake and weight gain in Atlantic salmon 2. Likewise, Sony et al. [& found that dietary supplementation
of fucoidan, a polysaccharide derived from brown algae (Cladosiphon okamuranus), at a level of 0.4%, significantly

improved the growth performance of juvenile red sea bream (Pagrus major). In contrast, the inclusion of red
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seaweed (Porphyra dioica) at up to 10% of the diet did not affect the growth, whilst a 15% inclusion caused a
significant growth reduction in rainbow trout (Oncorhynchus mykiss) . Similarly, a 6% dietary provision of
Gracilaria pygmaea enhanced the growth performance of O. mykiss, while a 12% inclusion evoked negative
impacts on growth [&l. Moreover, Soler-vila et al. [2! reported that 10% dietary red alga (Porphyra dioica) exhibited
no negative impacts on the growth of rainbow trout, while 15% inclusion showed negative results compared to the
control. Overall, these observations indicate that seaweed, when incorporated at an appropriate inclusion level, can
either significantly improve or maintain growth performance at similar levels to non-seaweed diets, whereas higher
inclusion levels can negatively impact the growth and health status of fish. Notably, the higher growth observed
with seaweed-supplemented diets is likely attributable to elevated concentrations of bioactive compounds
(phytonutrients, i.e., essential vitamins and minerals) 19 that play vital roles in the enhanced assimilation of
dietary nutrients in fish 1231 |nterestingly, it has also been speculated that seaweed contains a wide range of
polysaccharides and oligosaccharides that act as prebiotics, which promote the activity of beneficial bacteria and
thus enhance the digestion and absorption of essential nutrients, subsequently improving growth performance in
fish 14, On the other hand, reduced growth performance at higher inclusion levels (>10%) of seaweed in aquafeed
may potentially be caused by the presence of substantial concentrations of antinutritional substances emanating
from the seaweed that exerts various toxicity effects and restricts the absorption of essential nutrients 1415, For
instance, protease inhibitors are found in many plant-based feeds, including seaweed. These are molecules that
inhibit the activity of protease enzymes, which are responsible for breaking down proteins into smaller peptides and
amino acids. When fish are fed a higher quantity of seaweed, they can bind to proteolytic enzymes and interfere
with the normal digestive process by inhibiting the activity of digestive enzymes. This can lead to incomplete
protein digestion, reduced nutrient absorption, and overall poor performance in fish @8, Further, instances of
growth reduction may also be attributable to the polysaccharide content in seaweed, which may influence the rapid
transition of feed through the digestive tract, in turn causing enhanced feed uptake while lowering the absorption of
nutrients 27181 Therefore, the removal or breakdown of these complex carbohydrates and antinutritional factors in
seaweed via the incorporation of novel processing technologies may permit higher nutrient absorption efficiency
and fish growth. The effects of seaweed supplementation on the growth performance of various fish species are
presented in Table 1. A snapshot of some of the major effects of seaweed supplementation in aquafeed on fish

performance is depicted in Figure 1.

Proteins. aming scids, viteming 5331'3?” mﬁﬂlm ot
| and minerals | 4
~ Fiber, short chain fatty ocids | 'Er\\ mrwmﬁ:} gut
(SCFAs) “e~/  microbiota
— Design of novel
Fatty acids: EPA, DHA, a- i
linokenic and arachidonic acids [ TAITGRRNIEL seex ot fov m::}:ﬁ:ﬂ“ﬂm?
Pigmens: [-carotens, [ Increases immunity to
astaxanthin, fucoxanthin | fight against pathogens
] and stress
Bioactive mobecules: |
polysaccharides, polyphenols, Improve gut microvilll indicative
peptides, phytochemicals to high nutrient absarption

Figure 1. Schematic diagram demonstrating the composition of seaweed and the potential impacts of its addition

on growth and health performance of fish.
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2.2. Feed Conversion Ratio (FCR)

FCR remains a fundamental metric to assess feed efficiency in fish, where a lower value represents an improved
conversion of feed to fish biomass gain. The reliance on this metric stems from the fact that feed inputs are a major
cost for intensive aquaculture operations. Several feed additives, including seaweed, have been incorporated into
aquafeed to improve the FCR. Several studies reported that dietary seaweed inclusion resulted in a lower FCR in
Nile tilapia 2229 Salmo salar &, Pagrus major 8, Acanthopagrus schlegeli 21, and Labeo rohita [22.
Improvements to FCR could be partly due to the presence of various bioactive compounds (carotenoids,
polysaccharides, amino acids, and fatty acids) that significantly improve the palatability and, consequently, intake
of feed, hence improving feed utilization [23l. Bioactive substances have been shown to stimulate the secretion of
several enzymes (amylase, lipase, and protease) that are known to enhance the digestion of essential nutrients as
well as their assimilation into fish tissues 24 Likewise, improved FCR could result from the activities of the
polysaccharides of seaweed that slow the passage of feed through the digestive tract, which ensures greater
nutrient assimilation and bioavailability 23, |n addition, seaweed as a source of prebiotics may enhance the
growth of beneficial bacteria in the gut, significantly improving digestibility and feed efficiency [281. However,
contrasting findings to those articulated above have been reported, with several studies indicating that dietary
seaweed did not significantly affect feed utilization across a range of fish species, including seabass (Dicentrarchus
labrax), Senegalese sole (Solea senegalensis), and gilthead seabream (Sparus aurata) 427281 Notably, high
levels of seaweed in aquafeed may reduce the palatability of fish [22l. Moreover, these variations may be exhibited
by the feed composition, physiology of fish species, size of the species, environmental quality, as well as the

dietary inclusion level of the seaweed.

2.3. Feed Palatability

The palatability of aquafeed is one of the most crucial factors influencing the consumption of feeds by farmed
species B, A reduction in palatability may lead to an increase in feed wastage, resulting in reduced fish production
and negatively impacting the profitability of aquaculture operations. On the contrary, highly palatable feeds
increase feed consumption and effectiveness, generally resulting in better fish growth, assuming the nutritional
requirements of the species are being met (Table 1). However, the palatability of an aquafeed is largely influenced
by the nutrient composition of its ingredients as well as feed processing techniques, nutrient digestibility, water
stability, and species-specific nutritional requirements and physiology of fish 3. The application of several plant-
origin protein sources, including those emanating from algal species, to enhance the palatability of fish feed has
attracted considerable research attention in recent times. Kamunde et al. & reported that Atlantic salmon
consumed more feed when brown seaweed (Laminaria sp.) was included in the diet in comparison to a seaweed-
free control feed. Similarly, greater consumption of an Ulva sp.-based diet was reported in seabream (S. aurata) 2
and sea urchin (Tripneustes gratilla) 33, This higher feed response may be attributable to several bioactive
compounds such as dimethyl-beta-propionthein, dimethyl sulfonyl propionate, amino acids, and peptides that
enhance the attraction of a feed to the farmed fish species and, in turn, increase feed consumption (3411331 |n
addition, the inclusion of seaweed can improve the overall physical structure of an aquafeed, including integrity,

texture, and water stability, all of which are factors that may contribute to increased feed intake 381 Furthermore,
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the volatile organic compounds emitted by seaweed B2 can contribute to the aroma and flavor of the feed, making
it more attractive and palatable to fish. This could potentially lead to increased feed intake and improved growth
rates. However, the application of seaweed in aquafeed should be carefully considered as high inclusion levels
have been reported to reduce feed palatability and feed consumption, in turn negatively impacting the growth and
health status of fish 13,

2.4. Feed Digestibility

The efficiency of an aquafeed is highly dependent on the digestibility of its constituent feed ingredients (Table 1).
The incorporation of ingredients with a high digestible value will minimize feed wastage and maximize feed
utilization, thus improving growth performance. It has been reported that apparent nutrient digestibility coefficients
(ADC) of protein, lipid, and energy were not changed when up to 20% of Ulva sp. was included in diets for Nile
tilapia [28l. Pereira et al. B9 revealed that the digestibility of Ulva meal in diets for Nile tilapia was higher in
comparison to diets containing Gracilaria or Porphyra. Contrarily, Soler-vila et al. [J found that up to 15% inclusion
of Porphyra dioica did not result in significant alterations in comparison to a control diet in rainbow trout. However,
Azaza et al. 17 reported that a 10% replacement of soybean meal with Ulva rigida decreased the ADC of protein in
Nile tilapia from 87% to 82%. Notably, the effect of seaweed inclusion on nutrient ADC appears to be dependent on
the type of seaweed itself, the nature of fish species, feed composition, and the degree of inclusion of the
examined seaweed and, thus, the protein source being substituted. Different seaweed species exhibit varying
effects on nutrient digestibility in different fish species, which can largely be explained by feeding habits and gut
morphology, which determines the capacity for digestion and absorption of the nutrients contained in seaweed 49,
Most herbivorous and omnivorous fish species exhibit a higher level of amylase activity for the enhanced
breakdown of the carbohydrates provided by dietary seaweed inclusion B2, |mportantly, carnivorous fish species
have a reduced ability to break down complex seaweed polysaccharides due to a lack or limited amount of these
enzymes 2 As such, coupling digestive enzyme activity with the morphology of the gastrointestinal tract, the
capacity for dietary seaweed incorporation into aquafeeds will likely be dictated by trophic level, where it stands to
reason that herbivorous and omnivorous species will have a much higher tolerance to dietary seaweed than their

carnivorous counterparts.

Table 1. Effects of seaweed and seaweed-based functional metabolites on growth, feed utilization, immunity, and

disease resistance in farmed fish (studied parameters were compared to control—0% FM diet).

. . Trial
Seaweed and . . Applied Effective , .
Derivatives Fish Species Levels Level Period Response Reference
(Day)
Sargassum Oreochromis 5 and SW inclusion resulted
portieranum 0 10% 84 in significant growth [43]
niloticus 10%
(Phaeophyceae) enhancement
Grateloupia O. niloticus 0.1, 0.5 and 60 Growth and digestibility [44]
acuminata and G. 0.25, 1.0% increased compared to

control
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Seaweed and
Derivatives

doryphora
(Rhodophyta)

Polyphenols from
Eisenia arborea
(Phaeophyceae)

Fucoidan from
Fucus vesiculosus
(Phaeophyceae)

Fucoidan from
Saccharina japonica
(Phaeophyceae)

Fucodian from
Cladosiphon
okamuranus
(Phaeophyceae)

Fucodian from
Undaria pinnatifida
(Phaeophyceae)

Fucodian from
Undaria pinnatifida
(Phaeophyceae)

Gracilaria persica
(Rhodophyta)

Mixture of Ulva
lactuca
(Chlorophyta), Jania
rubens, and
Pterocladia

Fish Species

Haliotis fulgens

Danio rerio

Clarias
gariepinus

Pagrus major

Marsupenaeus
japonicus

Lates calcarifer

Acipenser
persicus

O. niloticus

Applied Effective

Levels

0.5, and
1.0%

13.9
and
33.3

mg/g

100
pg/mL

0.04
and
0.06%

0.4%

0.01,
0.05,
and
0.10%

0.5 and
1.0%

0.25,
0.5, and
1.0%

0.5, 1,
1.5, and
2.0%

Level

0.05%

1.0%

0.5 and
1.0%

2.0%

Trial
Period

(Day)

12

21

56

52

70

Response

Polyphenol reduction in
feed promoted feed
attractiveness and
consumption

Fucoidan reduced NO
and ROS accumulation
in D. rerio larvae, which
indicated therapeutic
role of fucodian against
inflammatory disorder

Dietary fucodian
significantly enhanced
the phagocytic activity,
serum lysozyme, and
bactericidal activity

Fucoidan
supplementation
showed nonsignificant
improvement in feed
utilization. Catalase
activity is significantly
influenced by fucodian

0.05% fucodian
supplementation
remarkably increased
the growth and immune
performances

1% fucoidan inclusion
diet exhibited
enhanced growth

No significant
improvement in growth
due to SW provision

Growth promoted at
2% dietary SW

Reference

[47]
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Seaweed and
Derivatives

capillacea
(Rhodophyta)

Gracilaria sp.
(Rhodophyta), Ulva
sp. (Chlorophyta), or
Fucus sp.
(Phaeophyceae)

Laminaria sp.
(Phaeophyceae)

Gracilaria pygmaea
(Rhodophyta)

Fucodian from
Cladosiphon
okamuranus
(Phaeophyceae)

Ulva lactuca
(Chlorophyta)
Jania rubens and
Pterocladia
capillacea
(Rhodophyta)

Pelvetia canaliculata
(Phaeophyceae)

Gracilariopsis
lemaneiformis
(Rhodophyta)

Sargassum wightii
(Phaeophyceae)

Fish Species

D. labrax

S. salar

O. mykiss

P. major

Pangasianodon
hypophthalmus

Sparus aurata

Pagrosomus
major

L. rohita

Applied Effective
Level

Levels

2.5 and
7.5%

3, 6,
and
10%

3,6, 9,
and
12%

0.05,
0.1, 0.2,
0.4, and

0.8%

1, 2,
and 3%

1, 5,
and
10%

3,6,9,
12, and
15%

2%

7.5%

10%

9%

0.4%

2%

3%

Trial
Period

(Day)

30

56

60

60

56

56

45

Response

Immunity and
antioxidant status
improved at 7.5% SW
inclusion compared to
control

Growth and immune
status developed at
10% SW inclusion

Growth improved at 9%

SW, while it was
reduced at 12% SW
level

Growth promoted at
0.4% dietary SW.
Enhanced immune
response and disease

resistance at 0.3-0.4%

SW

SW at a level of 2%
improved the growth

and resistance against

Aeromonous.
hydrophila infection.

SW inclusion produced

no changes in

proximate composition

and the fatty acid
profile of fish when
compared to control

Growth improved at 3%
SW. Liver glycogen and

hepatic AST were
significantly higher in
supplemented group

Growth promoted by
dietary SW without
compromising its

Reference

[54]
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Seaweed and
Derivatives

Ulva prolifera
(formerly
Enteromorpha
prolifera)
(Chlorophyta)

Gracilaria arcuata
(Rhodophyta)

Gracilariopsis
persica, Hypnea
flagelliformis
(Rhodophyta), and
Sargassum
boveanum
(Phaeophyceae)

Gracilaria pulvinata
(Rhodophyta)

Ulva rigida
(Chlorophyta) and
Undaria pinnatifida
(Phaeophyceae)

Mixture of Gracilaria
sp. (Rhodophyta),
Ulva sp.
(Chlorophyta), and
Fucus sp.
(Phaeophyceae)

Ulva sp.
(Chlorophyta)

Ulva lactuca
(Chlorophyta)

Fish Species

O.
mossambicus x
O. niloticus

O. niloticus

O. mykiss

Lates calcarifer

Solea
senegalensis

D. labrax

Argyrosomus
japonicus

S. aurata

Applied Effective
Levels Level

1, 2,3,
4, and 5%
5%

20, 40,
and 20%
60%

5 and
10%

3,6,

0,
and 9% )

10% e

7.5% =

5, 10,
and 5%
20%

2.6 and -
7.8%,

Trial
Period

(Day)

84

83

40

150

63

63

140

Response

immune-modulating
effects

Growth was enhanced
by dietary U. prolifera.
SOD, LYZ, acid
phosphatase and
alkaline phosphatase
activities were
enhanced

Growth and feed
utilization improved at
20% SW

Serum LYZ, SOD, and
CAT activity increased
by SW provision

No growth retardation
up to 3% SW. Serum
LYZ activitywas
significantly enhanced
at 3% supplementation,
while ACH50 was
lowered at 9% SW

Growth retardation
observed in growing
stage for Undaria-
based diet

Did not mitigate
negative effects of
environmental
oscillations on growth
and immunity by
dietary SW

Growth and feed utility
increased at 5% SW

No growth retardation
observed by dietary

Reference
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. . Trial
Seaweed and . . Applied Effective -
Derivatives Fish Species Levels Level Period Response Reference
(Day)
14.6 SW
and
29.1%
Gracilaria pygmaea 36,9, Growth was enhanced
. . 621
(Rhodophyta) SIS S 6% 49 at 6% SW
12%
gﬁgg‘zﬂi Stg) and No growth retardation
Alaria SE y A. regius 5% - 69 by SW addition. Lipid =
(Phacophyceae) peroxidation lowered
Gracilariopsis
lemaneiformis . 5, 10, .
(Rhodophyta) and Lutjanus 15, and 15% 60 Growth retardation at [64]
. stellatus 20% SW
Sargassum horneri 20%
(Phaeophyceae)
Taonia atomaria 5,10, Significant growth
(Phacophyceae) O. niloticus and 5% 84 improvement by SW (68l
Phy 15% inclusion
ALT activity significantly
Palmaria palmata S, 10, decreased with no
P S. salar and - 98 =
(Rhodophyta) 150 effects on LYZ or
’ ACH50 activity
. 5, 10,
Ulva lactuca Lutjanus 15 and 50 60 Growth promoted at [67]
(Chlorophyta) stellatus ' 5% SW
20%
0.005,
Immune status and
Sargassum 0.01, lower mortality against
angustifolium O. mykiss 0.02, - 56 . y g (68l
Yersinia rukeri by
(Phaeophyceae) and dietary SW
0.04% y
ACH50 activity was
L enhanced, while no
(GRrﬁggi”i Str;) D. labrax 0'455?);@ - 42 effect was observed on 9]
Phy 70 LYZ and PO activity by
SW inclusion
L . [70]
Sargassum O. 1,2, 3% 84 Significantly increased
dentifolium mossambicus x and 3% GOT and triglycerides
(Phaeophyceae) O. niloticus level, while no impact

was noticed for total
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. . Trial
Seaweed and . . Applied Effective -
Derivatives Fish Species Levels Level Period Response Reference
(Day)
plasma protein,
albumin, and globulin
Significantly
Saccharina latissimi . 1, 2, 1 and downregulated the [71]
(Phaeophyceae) i IS and 4% 2% 84 expression of stress
marker (gpx1b2)
Ulva prolifera, Ulva LYZ, dismutase, and
australis (formerly acid phosphatase were
U. pertusa) Siganus 19% i 70 significantly enhanced. [72]
(Chlorophyta), or G. canaliculatus ’ Enhanced resistance
lemaneiformis against Vibrio
(Rhodophyta) parahaemolyticus
Significantly enhanced
ACHS50 activity, while
EJCI\;]?OTEI hyta) O. niloticus Slg;d 10% 68 no effects were (3]
Py ’ observed in the cases
of LYZ and PO activity
padina avmnospora 0.01, Remarkably improved
(Phaea gr)]/ ceael)J Cyprinus carpio 0.1, or - 21 serum LYZ, MPO, and [74]
Phy 1% antibody responses
Enteromorpha 10, 20, Significantly improved
intestinalis O. niloticus 30, and 20% 42 growth performance at 8]
(Chlorophyta) 40% 20% inclusion level
Sargassum Significantly upgraded
fusiformis (formerly Paralichthys 0, 0.5, i 84 the immune status of [76]
Hizikia fusiformis) olivaceus and 1% fish by raising the level
(Phaeophyceae) of hepatic IL-2 and IL-6
Hb level and RBC
. count were significantly
S. fusiforme and . S
Ecklonia cava Pgrallchthys 6% i 42 e!evated. Exhlblted [77]
(Phaeophyceae) olivaceus higher resistance
phy against Edwardsiella
tarda challenge
Ulva lactuca . -
(iororty) 10
Pterocladia D. labrax and - 56 gh-s 8l
. capacity compared to
capillacea 15% U. lactuca
(Rhodophyta) '
Eucheuma P. olivaceus 3 and 6% 56 Significantly lowered Lol
denticulatum 6% the level of blood

3. Inmune Status, Antioxidant Response, and Gut Health in

Fish
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Seaweed and
Derivatives

(Rhodophyta) and
Sargassum
fulvellum
(Phaeophyceae)

Sargassum whitti

(Phaeophyceae)
Gracilariopsis
lemaneiformis
(Rhodophyta)

[91]

Ecklonia cava
(Phaeophyceae)

Macrocystis pyrifera
(Phaeophyceae)
and Chondrus
crispus
(Rhodophyta)

Sargassum
fusiforme (formerly
Hizikia fusiformis)
(Phaeophyceae)

Ulva lactuca
(Chlorophyta)
Pterocladia
capillacea
(Rhodophyta)

Fish Species Levels
[86]
0.5, 1.0,
M. cephalus and
1.5.0%
[88][89]
[90]
S/gan.us 33%
canaliculatus
. 21 4!
P. olivaceus and 6%
0.001,
Epinephelus [921 0.002,
coicoides and
0.003%
[93]
94
P olﬁceus 2, 4,
’ and 6%
[96]
5, 10,
S. aurata and
15%

Applied Effective
Level

5 and
10%

Trial

Period

(Day)

56

42

56

56

Response

cholesterol and
triglycerides. Serum
LYZ activity was
significantly enhanced

WBC, LYZ, and RBC
significantly elevated in
seaweed-
supplemented groups.
Mortality rate
decreased after
exposure to
Pseudomonas
fluorescence

LYZ and ACH50 activity
was remarkably
enhanced in the group
provided seaweed

Serum LYZ, MPO, and
NBT activities were
significantly increased

Significantly enhanced
RBC, SOD, and
phagocytic activity.
Exhibited resistance
against V. alginolyticus

Phagocyte activity was
elevated with the
increase of S. fusiforme
in diet. Improved
resistance to
Streptococcus iniae

Enhanced stress
response ability

Reference

[87]

[80]

85]

[97]

otentially
maximum
operating
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"herefore,
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Table 1.
response
dietary S.
2gelii) 21,
he innate
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he diet of
ament C4
vement of
2rivatives,
es in fish.
significant
rials (23],

antly alter
ation may
| addition,

are often

subjected to various pathogenic organisms, which can lead to several diseases that negatively impact their health

status and growth performance. In this situation, the utilization of seaweed and its bioactive substances as suitable

alternative strategies can enhance both the cellular and humoral immune response towards disease resistance.
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AT -chatspartpte\tisinsaofindary aslsTrralkrifnéunanimeesey RRAS,—wactiasi &g (R pmbigd i) —tiitd c anidé; ard
Saridetigifrdae (Rhodophyta) improved the nonspecific immunity and disease resistance of great sturgeon (Huso
huso) 28l Dicentrarchus labrax 89, Solea senegalensis 22, and O. niloticus 199, respectively. In addition, Wang et
al. (28 revealed that dietary Sargassum horneri (Phaeophyceae) significantly enhanced the non-specific immunity

of juvenile turbot (S. maximus) and its disease resistance against Edwardsiella tarda.

3.2. Antioxidant Response

Seaweed and its extracts exhibit excellent antioxidant and immunomodulatory properties [201102] |noculation of
seaweed extracts (sodium alginate and carrageenan from Macrocystis pyrifera and Chondrus crispus) in grouper
(Epinephelus coicoides) resulted in a significant enhancement of respiratory burst; superoxide dismutase and
phagocytic activities that are the key indicators of antioxidant status 3!, Peixoto et al. 193 reported that a 2.5%
inclusion of dietary Gracilaria spp. significantly promoted glutathione peroxidase (GPx) activity in European
seabass, which may be attributed to the elevated levels of selenium found in Gracilaria spp. that contribute to
increased GPx production 194112051 |5 addition to enhanced lipid peroxidation, increases in glutathione reductase
and glutathione s-transferase have been reported as a result of dietary Gracilaria inclusion ¥, clearly indicating the
influence of Gracilaria sp. inclusion with respect to the modulation of fish antioxidant profile and the stress status of
fish. Moreover, in Atlantic salmon, the supplementation of Laminaria sp. not only significantly increased the total
plasma antioxidant status but also activated several mitochondrial antioxidant enzymes, including catalase,
superoxide dismutase (SOD), and total glutathione level Bl. Similar results have also been reported in rainbow trout
fed diets supplemented with Gracilaria pygmaea Bl. In addition, the dietary provision of either whole brown
seaweed (Ascophyllum nodosum) or its extract significantly modulated the serum antioxidant profile, lowered lipid
peroxidation, and enhanced the activity of SOD in ruminants L8I2071  A|l of these findings clearly highlight the
potential role of seaweeds in modulating the antioxidant status of fishes either directly via an elevation of

antioxidant substances or via an improvement to the functioning of antioxidant defense mechanisms.

| 4. Intestinal Morphology

The intestines of fish are important organs that play a vital role in fish’s immune statuses [2%8l. The morphological
structure of the gastrointestinal tract (GIT) acts as an important indicator of the nutritional status and physiological
state of fish 299 Several studies have reported that dietary seaweeds, such as Sargassum dentifolium (S.
ilicifolium) (Phaeophyceae), do not alter the normal intestinal tissue structure (e.g., enterocyte length and width and
thickness of villi) L9110 indjcating its suitability as a feed ingredient. Dietary seaweed supplementation has also
been shown to improve the intestinal epithelial mucosa, indicating an enhanced immune capacity of fish 28, The
immune activities of fish intestines are greatly dependent on the condition of the associated intestinal barriers that
primarily consist of epithelial cells [111, These epithelial cells assist in the production of IgA through the activation of
T cells and B cells that play a defensive role against various antigens [l Dietary Laminaria digitata
(Phaeophyceae) and Gracilaria gracilis (Rhodophyta) significantly boosted the intestinal acid goblet cells of mullet
(Liza ramada) 1121 and European seabass (D. labrax) 1131141 which perform key roles in intestinal immune

activity. Goblet cells act as a protector of intestinal barriers through the production and secretion of mucus and
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antimicrobial proteins (chemokines and cytokines), enhancing the local immune response of the intestine 1131, vy
et al. (22 demonstrated that Gracilariopsis lemaneiformis provision in the diet of Litopenaeus vannamei increased
the villi length of the intestine, which significantly improved the absorption capacity of several nutrients. Similarly,
the provision of 1 to 3% Undaria pinnatifida in diets for shrimp (Penaeus monodon) significantly enhanced the
length of intestinal fold when compared to the control 18], On the contrary, 10% Gracilaria sp. supplementation
caused lower villi length and diameter in Nile tilapia 222 and rainbow trout &, which negatively affected the nutrient
utilization and hence, growth of the associated species. These variabilities reported here could result from the
presence of several antinutritional factors (phytic acid, saponin, and tannins) in seaweeds that alter the structure of
the intestine and negatively affect the digestion process L8 The effects of seaweed supplementation on the
histo-morphological structures of various fish species are presented in Table 2.

Table 2. The effects of seaweed and seaweed-based functional metabolites on gut histo-morphometry and gut

microbiota composition in farmed fish (studied parameters were compared to control—0% FM diet).

Seaweed and Applied Effective

Derivatives Fish Species Levels Level Response Reference
Ulva sp. (Chlorophyta), SW-blend-supplemented diet
Gracilaria gracilis D. labrax 4% - enhanced anterior intestinal
(Rhodophyta) absorption area by up to 45%
Increased intestinal digestive
Fucoidan from Undaria Carassius 0.1,1.0 enzyme activity, thereby
pinnatifida auratus aibelio and 3.0% enhancing intestinal microbial [120]
(Phaeophyceae) g 3.0% communities at a level of 3%
dietary supplementation
Fucoidan from Undaria Fucoidan positively improved
. o 1 and . S . 121
pinnatifida Salmo salar 3% - intestinal integrity and
(Phaeophyceae) immune response
0.1,
Fucoidan from 0.2, Fucoidan in fish diets
Saccharina japonica O. niloticus 0.4, - improved intestinal health and 122
(Phaeophyceae) and antioxidant status
0.8%
No abnormal or histological
. . O- 11 2!
Sargassum dentifolium . changes were detected due to [70]
(Phaeophyceae) UIESS LIS il i the dietary SW
x O. niloticus 3% :
supplementation
No significant difference
observed between enterocyte
Sargassum ilicifolium 3,6, length, villi width, and muscle
g L. calcarfer and 6% Ll AU, e (110]
(Phaeophyceae) 9% thickness in intestinal tissue

between different treatments
and the control group
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Seaweed and
Derivatives

Spirulina platensis

Pelvetia canaliculata
(Phaeophyceae)

Gracilaria gracilis
(Rhodophyta)

G. gracilis (Rhodophyta)
and the microalga
Nannochloropsis
oceanica
(Eustigmatophyceae)

Ulva ohnoi (Chlorophyta)

Laminaria sp.

Ulva lactuca
(Chlorophyta), Chondrus
crispus (Rhodophyta)

Gracilaria pygmaea
(Rhodophyta)

Ulva rigida
(Chlorophyta), Undaria
pinnatifida
(Phaeophyceae)

Fish Species

L. calcarifer

S. aurata

D. labrax

D. labrax

senegalensis

S. salar

S. aurata

O. mykiss

S.
senegalensis

Applied Effective

Levels

10, 20,
and
40%

1and
10%

0.35,
2.5,
and
5%

8%

5%

3, 6,
and
10%

2.5 and
5%

3,6,9,
and
12%

10%

Level

20%

10%

2.5%

9 and
12%

Response

Decreased intestinal fold and
microvilli height were
observed in fish fed 40% of
Spirulina sp. in the diet

10% SW supplementation led
to greater thickness of the
muscle layers and longer villi
length

2.5% SW inclusion boosted
the intestinal acid goblet cells

All fish had well-preserved gut
morphology; however,
significant enhancement of
goblet cells was observed in
Nannochloropsis-based diet
compared to Gracilaria-based
feed

SW significantly reduced
damage to intestinal mucosa
and enhanced the mucosal
absorptive surface area

Higher gut and intestinal
weights and lengths were
observed due to dietary SW
provision. Lager surface area
exhibited

Dietary SW had no significant
on distal intestine
histomorphology

Normal histomorphology of
anterior intestine and pyloric
caeca was detected. Villi
decreased due to 90 and 120
g/kg provision of SW

Dietary Undaria significantly
lowered the width of intestine
villi

Reference

123

124

113

114

125
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Seaweed and Applied Effective

Derivatives Fish Species Levels Level Response Reference
Taonia atomaria 5, 10, No histopathological
(Phacophyceas) O. niloticus and - alterations were observed due (65]
Phy 15% to dietary SW provision
1.8,
Asparagopsis taxiformis S salar 2.6, i Increased bacteria diversity [126]
(Rhodophyta) ’ and found in the hindgut
3%
Gracilaria cornea 5, 15, SW inclusion did not reveal
(Rhodophyta), S. aurata and - any negative effects on gut (18]
Ulva rigida (Chlorophyta) 25% structure
o Exhibited a significant
Gracilaria R .
. reduction in villi length in
vermiculophylla, Gracilaria- and Porphyra-
Porphyra dioica O. niloticus 10% - . . Py o
based diets, while no
(Rhodophyta), and S .
Ulva spp. (Chlorophyta) significant reduction was
Pp- phy observed in case of Ulva spp.
SW supplementation
significantly enhanced the
Ulva ohnoi (Chiorophyta) S ' 50 i abundance of Vibrio while 127
senegalensis decreasing
Stenotrophomonas
abundance
G. gracilis supplementation
Gracilaria gracilis 0 promoted the growth of 128
(Rhodophyta) b. labrax 8% Sulfitobacter and
Methylobacterium
Pseudomonas and
Ulva ohnoi (Chlorophyta) = . 5% - ey asmataceag were 129
senegalensis abundant in anterior and
posterior Gl tract, respectively
Gut microbiome diversity was
Gracilaria gracilis 2.5and not altered by. SW [130]
(Rhodophyta) D. labrax 504 - supplementation. Abundance
P ° of Proteobacteria was
reduced
SW supplementation
Ulva rigida (Chlorophyta)  S. aurata 25% - significantly modified (L31]
intestinal microbiota
Sargassum O. mykiss 0.025 - Supplementation of SW L
angustifolium and extracts did not affect total
(Phaeophyceae), 0.05% bacterial level; however, the

https://encyclopedia.pub/entry/52718

14/30



The Role of Seaweed in Aquaculture Production | Encyclopedia.pub

S NG Fish Species LTSS Response Reference
Derivatives p Levels Level P
Gracilaria pulvinata abundance of Lactobacillus
(Rhodophyta) increased
Gracilaria s 25 and Abundance of Firmicutes
(Rhodoph tZ') S. aurata '50/ 5% phyla and Clostridium genera e
Py ° were enhanced with 5% SW
Ulva rigida U rigida did noF S|gq|f|cantly
(Chlorophyta) influence the microbial
P ' Gadus morhua 10% - composition of hindgut, while L
Ascophyllum nodosum
A. nodosum altered the
(Rhodophyta) .
scenario
Mixture of red, brown, Siganus In'cre_ased abundance of . 135
- - Firmicutes and Proteobacteria
and green SW fuscescens . . .
while decreasing Bacteroides
Facilitated the abundance of
several Proteobacteria such
. 139 . .
T e e 0.5 and 0.5% as Photobacterium ' 136 nicrobiota
2.5% phosphoreum, Aquabacterium lisms 11401
parvum, and Achromobacter
(141] insolitus influence
[142] _ _ 1in fish is
Ulva australis (former] SW in the diets enhanced the
y S. diversity of Firmicutes, 1377 Ich as the
SIGIACEL) canaliculatus 10% i Bacteroidetes, and 143][144
(Chlorophyta) - 143} 244] has been
Proteobacteria )
1271 e dietary
Biodiversity of microbial ‘um in the
community was significantly
128 i
Gracilaria cornea 12 5, 15, reduced with highest inclusion acids and
(Rhodophyta), Ulva S. aurata and 15% of U. rigida. Various [L38] Yotentially
rigida (Chlorophyta) 25% Lactobacillus sp. were [145][146] .
significantly stimulated, while ', dietary
Vibrio sp. was reduced ported to

elevate the intestinal digestive enzyme activities and, thereby, modulate the intestinal microbial communities in
gibel carp (Carassius auratus gibelio) when added at a level of 30 g/kg WW 129, Furthermore, the provision of S.
dentifolium (3 g/kg of diet DW) extract significantly lowered the abundance of pathogenic microorganisms in the gut
of Pacific white shrimp (N@u@elmusgmﬁ@gmlb;ﬁz—ﬂg@gmm@gnﬁama@@igh_imjuﬁj@m(ﬁi@@) of G. gracilis resulted in
a significant reduction of gut microbial diversity. However, these negative impacts were mitigated at a lower
inclusion level (4%) (228! Tapia-paniagua et al. 222 reported that a relatively low (<3%) dietary administration of
Ulva ohnoi significantly enhanced the diversity of whole gut microbes in Senegalese sole (Solea senegalensis),
while 5% U. ohnoi did not exhibit a significant influence on gut microbial diversity 1271, These variable results could
be attributed to the specific adaptative response of different microbial communities across a range of feeding
schedules, such as time and duration of feeding and feeding frequencies. Nevertheless, dietary U. ohnoi reduced
the abundance of the genus Escherichia 123 in S. senegalensis, which could be attributed to the antibacterial
properties of Ulva spp. against Escherichia coli 2471481 Fyrther, Xinxu et al. 37 reported that dietary Ulva

australis (formerly Ulva pertusa) (Chlorophyta) enhanced the abundance of several bacterial species of the
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Firmicutes group, including Ruminococcus, Clostridium, and Lachnospiraceae in white-spotted rabbitfish (S.
canaliculatus) that actively participate in the degradation of non-starch polysaccharides in the host gut 14911501,
These results indicate that seaweed inclusion in aquafeed can be beneficial up to a certain extent, while the
excessive inclusion of seaweed in aquafeed can lead to negative effects, including reductions in the growth of
beneficial gut bacteria, leading to poor digestion and nutrient absorption, which may weaken fish immune systems
and subsequently increase susceptibility to disease. The potential impacts of dietary seaweed inclusion or their

extracts on the intestinal health of fish are depicted in Figure 2.
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Figure 2. The potential effects of seaweed and seaweed-based functional metabolites in improving the gut health

Dendritic ml

of fish. An optimal dietary inclusion of seaweed in aquafeed stimulates gut microbiota and improves immune
response, whereas excessive inclusion is reported to suppress growth, mask immune response, and distort gut

microbiota. Created with BioRender.com accessed on 25 September 2023.
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