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A B S T R A C T

The use of antibiotics in the feeds of cultivable aquatic animals has been generally practised to reduce infectious
diseases as well as to improve the survival and growth. In recent years, many countries ban to aquatic animals
due to the use of large amount of antibiotics and chemotherapies, thus alternative novel strategies are need to
promote the growth of aquatic animals and control the pathogens. Dietary supplementation of marine-derived
polysaccharides (MDPs) is one of the potential substitutes for antibiotics in aquatic animal feeds. Recently, the
use of dietary MDPs in the aquaculture animals has been focused with much interest. In aquaculture, MDPs are
used as prebiotic substance which is mostly accepted as a nutritional component for improving the growth
performance and health conditions. Hence, present review is a comprehensive and an updated collection of
available research reports on different MDPs (alginate, fucoidan, carrageenan, laminarin, ulvan, galactan, agar,
chitin and chitosan), route of administration, dosage and applications for improving aqua feeds with emphasis
on its effects on growth, biochemical indices, immune response, gut microbiota and disease resistance of
aquaculture animals. This review describes the sustainability of global aquaculture production by providing a
best alternative to harmful antibiotics, thereby meeting the emerging consumer demand for antibiotic-free
aquatic food products.

1. Introduction

Aquaculture has emerged one of the most promising and fastest
developing industries, and gives high-quality animal protein with
overall world production increasing to 6.663 crore tonnes in 2012 from
6.36 crore tonnes in 2011 [1]. Along with the increasing demand for
aquatic animals, the challenges faced by farmers are to obtain an in-
crease in growth rate and reducing the disease outbreaks. There was an
alteration in aquaculture practices, shifting from extensive culture to-
wards the intensive culture. Diseases occurred more frequently because
expanded the intensive aquaculture practice [2]. The use of antibiotics
and chemotherapies for controlling diseases have been widely criticized
due to it is expansive and spreading of drug-resistant pathogens, sup-
pression of immune system, environmental pollution and accumulation
of chemicals in aquatic animal tissues, which can be possibly dangerous

to public health [3,4]. Alternatively, natural immunostimulants such as
probiotics, prebiotics, synbiotics, complex carbohydrates, nutritional
factors, herbs, hormones and cytokines are generally being suggested to
use in aqua feeds to effectively promote growth, immune response and
control various diseases in aquatic animals [5,6].

Marine environment has rich sources of natural products, such as
polysaccharides, oligosaccharides, peptides, vitamins, minerals, fatty
acids, sterols, carotenoids and phenolic compounds. Recent years, the
great attention has been generated on MDPs isolated from marine mac-
roalgae, microalgae, marine fungi, shellfish and corals which has broad
spectrum of biological activities [7–9] (Fig. 1). Polysaccharides are pre-
biotic substance which can improve the growth, immune response and
disease resistance of aquatic animals [10,11]. Prebiotics are indigestible
dietary substances that are utilized by specific gut microbiota, which has
a positive effect on the nutrition and health status of the host [12]. More
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recently, an impressive amount of knowledge has been published on
fungal polysaccharides in fish and shrimp aquaculture and their effect on
immune system [11,13]. The use of MDPs (alginate, fucoidan, carra-
geenan, laminarin, ulvan, galactan, agar, chitin and chitosan) has been
reported in various animals (fish, crab, lobster, shrimp, sea cucumber,
sea snail etc.) from Asian countries [14–18].

In this review, 161 scientific publications available in literature
since 1984 to 2018 regarding the supplementation of MDPs in aquatic
animals were studied. In particular, 88 and 10% of reports have been
published during the year 2004–2018 and 1994–2003 respectively, and
relatively few reports were published before 1994 (Fig. 2). The majority
of these studies was carried out in Asia (76.1%) [countries with the
highest percentages of documents are China (24.6%), India (30.2%),
Taiwan (9.2%), Thailand and Iran (7.4%), Philippines (4.3%), Japan
(3.7%), South Korea (3.0%), Indonesia (1.8%), and Vietnam, Turkey
and Iraq (0.6%)]; Europe (12.7%) [Norway (6.7%), Spain (2.4%), UK
(1.8%), France (1.2%) and Italy (0.6%)]; North America (4.2%)

[Mexico (1.8%), Canada (1.2%) and USA (1.2%)]; Africa [Egypt
(3.7%)], South America [Brazil (1.8%)], and few studies in Australia
(0.6%) (Fig. 3). The purpose of this review article is to summarize and
discuss the results of these studies to provide useful information for the
uses of MDPs in aquaculture. This is the first detailed review on the
effects of MDPs on aquatic animal's survival, growth, biochemical,
haematological profile, immunological parameters and disease re-
sistance are completely described.

2. Marine-derived polysaccharides currently under investigation

A multitude of marine organisms, such as shellfish (shrimp, crab,
squilla, lobster, and crayfish etc.), marine macro algae (seaweeds),
marine fungi, microalgae and corals have been identified as an efficient
sources of polysaccharides and its broad spectrum of growth promotion,
antioxidant, immunostimulant, antimicrobial, antitumor, anti-in-
flammatory, anti-stress and anticoagulant activities [7–9,19–24].

Currently, different types of MDPs have been studied in China, India,
Taiwan, Thailand, Iran and South Korea for the improvement of health
and disease management in aquaculture. The most studied MDPs are
chitin and its derivatives (45%) extracted from shrimp, crab, lobster, krill
and squid etc., alginate (23.2%) extracted from brown algae

Fig. 1. Various types of marine-derive polysaccharides and their biomedical, biotechnological and aquaculture application.

Fig. 2. Distribution between the years 1984–2018 of the literature concerning
of the use of marine-derived polysaccharides in aquatic animals. Total reference
publication=161.

Fig. 3. Continental distribution between the years 1984–2018 of the literature
concerning of the use of marine-derived polysaccharides in aquatic animals.
Total reference publication= 161.
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(Phaeophyceae) including Laminaria hyperborea, Laminaria digitata,
Laminaria japonica, Ascophyllum nodosum and Macrocystis prrifere, fu-
coidan (14%) mainly found in brown algae (Phaeophyceae), such as
Cladosiphon okamuranus, Saccharina japonica, Fucus vesiculosus, Undaria
pinnatifida, Sargassum fusiforme), ulvan (4.7%) obtained from green algae
(Chlorophyta), such as Ulva clathrata, Ulva rigida, Ulva prolifera, Ulva
intestinalis and Acrosiphonia orientalis, carrageenan (4.3%) isolated from
red algae (Rhodophyta) like as Chondrus crispus, Kappaphycus alvarezii
and Eucheuma cottonii, laminarin (4.2%) mainly found in brown algae
(Phaeophyceae), like Laminaria digitata, galactan (3%) isolated from red
algae (Rhodophyta), such as Botryocladia occidentalis and Gracilaria
fisheri, agar (1.2%) isolated from red seaweed genera of Gelidium and
Gracilaria, and seagrass (0.6%) polysaccharides (Halophila ovalis).

3. Marine-derived polysaccharides and their physicochemical
properties

Over the past decades, a large numbers of natural polysaccharide
has been reported that they having interesting properties that might
render them suitable for use in many different areas. Among those,
polysaccharides of marine origin (alginate, fucoidan, carrageenan, la-
minarin, ulvan, galactan, agar, chitin and chitosan) have been ex-
tensively studied and proposed for a wide range of applications. The
physicochemical characterization of MDPs is shown in Table 1. MDPs
are generally a kind of homo and hetropolysaccharides, consisting of
fucose, galactose, glucose, glucuronic acid, mannose, mannuronic acid,
rhamnose and xylose. The origin of raw materials and the extraction
products have a great influence their monosaccharide composition.
MDPs, such as carrageenan and galactan from red algae, alginate, fu-
coidan and laminarin from brown algae, ulvan from green algae are
mainly composed of fucose, galactose, glucose, glucuronic acid, man-
nose, mannuronic acid, rhamnose and xylose [25–29]. The molecular
weight of MDPs ranged from 6.2 to 5052 kDa [29–33].

Several studies have been investigated the structure of MDPs in-
cluding carrageenan (β-(1,3)-Gal and α-1,4-Gal), galactan (1,4-linked-
3,6-anhydro-D-Gal), alginate (β-D-Mannuronic acid and α-L-Guluronic
acid), fucoidan (α-(1→3)-and-(1→ 4)-L-Fuc), laminarin (β-1,3-Glc, β-
1,6-Glc), ulvan ((1→ 4)-β-Xyl-(1→ 4)-α-Rha) and chitin and chitosan
((β-1,4-poly-N-acetyl-D-Glucosamine) [26–28,34–39]. In recent years,
many researchers have been investigated the effect of MDPs on biolo-
gical activities, such as antioxidant [25–27,31,32,38,40], anti-in-
flammatory [41], anti-tumor [31,33,42,43], anti-microbial [32,44],
anti-viral [29,36], and anticoagulant [25,28] activities.

4. Fish, shrimp and other aquatic species under investigation

Influence of MDPs on various fish species have been investigated in
aquaculture. In fact, 25% of research studies have been conducted in
Cyprinidae (Carassius carassius, Catla catla, Ctenopharyngodon idella,
Labeo rohito, Carassius auratus, Megalobrama terminalis and Cirrhinus
mrigala), 14% in Cichlidae (Oreochromis niloticus and Oreochromis
aureus), 10% in Serranidae (Epinephelus coioides, Epinephelus fucoguttatus
and Epinephelus bruneus), 4% in Gadidae (Gadus morhua), 3% in
Acipenseridae (White sturgeon-Acipenser transmontanus), 3% in
Moronidae (Dicentrarchus labrax), Latidae (Lates calcarifer), 3% in
Scophthalmidae (Scophthalmus maximus), Pangasiidae (Pangasius bo-
courti and Pangasianodon hypophthalmus), 3% in Sparidae (Sparus
aurata), 2% in Pleuronectidae (Hippoglossus hippoglossus and 2% in
Clariidae (Clarias gariepinus). The 1% studies dealt with other fish fa-
milies, such as Labridae (Symphodus ocellatus), Bagridae (Pelteobagrus
fulvidraco), Mugilidae (Mugil cephalus), Carcharhinidae (Fugu obscurus),
Paralichthyidae (Paralichthys olivaceus), Rachycentridae (Rachycentron
canadum), Scombridae (Rastrelliger kanagurta), Cobitidae (Misgurnus
anguillicaudatus), Carangidae (Trachinotus ovatus) and Centrarchidae
(Micropterus salmoides). Among fish families, Salmonidae (Oncorhynchus
mykiss, Salmo salar and Salvelinus fontinalis) have been the most

investigates ones with 14% of references. In shrimp species, 85.7% of
research works have been conducted in Penaeidae (Litopenaeus van-
namei, Penaeus monodon, Fenneropenaeus chinensis and Marsupenaeus
japonicus) and 14.3% in Palaemonidae (Macrobrachium rosenbergii,
Macrobrachium tenellum and Macrobrachium lanchesteri). In context,
53.8% of work has been studied in Stichopodidae (Apostichopus japo-
nicus), 23% in Cambaridae (Procambarus clarkii), 7.7% in Potunidae
(Carcinus maenas), 7.7% in Astacidae (Astacus leptodactylus) and 7.7% in
Haliotidae (Haliotis diversicolor).

5. Route of administration and dosage

MDPs have been applied almost exclusively via oral administration
as an immunostimulants and less frequently via injection or immersion
for the pathogen protection purpose (Fig. 4). Oral administration is the
least effective route for immunostimulants as the product is slowly
absorbed by the aquatic animals led to prolonged immune response,
hence, it has been considered as the most appropriate method for most
of the aquatic animals like fish and shrimp [45]. Also, oral adminis-
tration has been considered as stress-less for aquatic animals and per-
mits a maximum number of subjects to treated with the low cost and
effort [6]. Different studies have been used for oral administration of
MDPs in aquatic animals (Tables 1–3). The frequently used MDPs have
been included as ingredients of dietary supplements at doses ranging
from 0.1 to 50 g kg−1 diet and feeding experiments conducted on
aquatic animals for the periods ranging from 1 to 50 days [17,46–75]
[76–95]. Also, number of studies has been reported that incorporation
of MDPs in the diet of aquatic animals for a longer time of duration
(above 50 days) produced better results [14,71,96–110] [111–134].
Apart from above reports, some reports are available on supplementa-
tion of MDPs at smaller concentrations (0.001–0.05 g kg−1 diet) in the
diets of aquatic animals, such as S. salar, E. coioides, M. cephalus, C.
carpio, P. monodon, L. vannamei, M. rosenbergii, A. japonicus and P.
clarkia [18,68,135–161]. While, the higher doses (above 50 g kg−1 diet)
of MDPs have also been studied in aquatic animals, such as C. maenas,
P. monodon, M. rosenbergii, A. japonicus and A. leptodactylus [162–167].

The minimum doses of MDPs (0.00025–10 g kg−1 of body weight)
have been reported in aquatic animals in the mode of intraperitoneal
and intravenous injection [59,81,140,168–180] (Tables 1–3). In-
traperitoneal injection has been proved as one of the most effective way
of administration because it enables the immunostimulant which
quickly absorbed and become instant functional in organisms [45],
however, it has been considered as stressful, labour intensive, relatively
time consuming and becomes impractical when the animals weight is
less than 10–15 g [6]. Intravenous injections are also showed both
difficult and impractical when dealing with largest fishes [181].

The administration of MDPs to aquatic animals by immersion has
been tested for the treatment of diseases as alternative to traditional
drugs and the protocols adopted included single or frequent treatments
[51,122,182–186] (Tables 1 and 2). Dipping treatment is logistically
more practical for a large number of small fishes (< 5 g), however,
dilution, exposure time and level of efficiency are usually not well de-
fined for the majority of immunostimulants [6].

6. Effects on growth performance and survival

In aquaculture practices, numerous growth promoting feed additives
which includes probiotics, prebiotics, synbiotics, yeast, amino acids,
antioxidants, enzymes, minerals, vitamins, hormones, plant extracts and
polysaccharides from different origin have been included in the diets of
cultivable animals to enhance the nutrient utilization, growth perfor-
mance and survival [187]. The positive effects of MDPs supplementation
in aqua feeds are well documented (Tables 1–3). Many studies have been
evaluated the effects of MDPs on fish, shrimp and other aquatic animals
on growth indices parameters, such as weight gain (WG)
[16,85,89,91,110,123,128,151,157,159,161,165,166,188–190], final
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length (FL) and length gain (LG) [101,105,111,125,166], specific growth
rate (SGR) [74,114,117,120,128,132,144,160], feed conversion ratio
(FCR) [16,56,71,115,124,161,166], protein efficiency ratio (PER)
[91,126,143], feed efficiency ratio (FER) [56,71,157,166,191], feed in-
take (FI) [154,160], and survival (SUR)
[52,57,73,76,85,92,93,95,158,176,192].

Several MDPs have been proved to be considering as growth pro-
moters in numerous aquatic species. Sodium alginate and fucoidan in-
corporated feed fed O. niloticus showed significant improvement in WG,
SGR and FCR have been reported [16,89]. Nazir et al. [128] observed
that the increased WG, SGR, FCR and PER in L. rohita fed on diet
supplemented with fucoidan. Oral administration of laminarin and
ulvan produced significant elevations in FI, WG, SGR, PER and FER in E.
coioides and M. cephalus has also been reported [74,160]. Moreover, the
elevated level of LG, WG, SUR, SGR and FCR have been reported in S.
salar, D. labrax, P. clarkia, C. maenas, A. leptodactylus, A. japonicus and
H. diversicolor when fed with dietary MDPs, such as chitin and chitosan
[69,81,85,86,125,146,158,164,166]. Further, dietary administration of
MDPs, such as alginate, fucoidan, chitin and crude polysaccharides
from seagrass shown better results on LG, SUR, WG and FCR in crus-
taceans, such as L. vannamei, P. monodon and M. rosenbergii have also
been reported [92,93,95,157].

7. Effects on feed utilization

Diet supplemented with polysaccharides are digested and absorbed
more efficiently due to the ability of polysaccharides to stimulate the
secretion of digestive enzymes (amylase, protease and lipase etc.) which
turn to better utilization and digestion of nutrients, followed by im-
proved health condition and growth of aquatic animals [11,193]. Very
few studies have investigated that the effects of MDPs on the activities of
digestive enzyme in aquatic animals (Table 1). Yan et al. [90], Hua et al.
[101] and Gawlicka et al. [194] reported that dietary supplementation of
MDPs, such as with chitosan and carrageenan have ability to influence on
the digestive enzymes activities (amylase, amino protease and lipopro-
tein lipase) in F. obscurus, A. transmontanus and M. anguillicaudatus.

8. Effects on haematological indices

The haematological indices parameters includes red blood cell
count (RBC), white blood cell count (WBC), haematocrit (HCT), hae-
moglobin (Hb) and erythrocyte indices (mean cell volume (MCV), mean
cell haemoglobin (MCH) and mean cell haemoglobin concentration
(MCHC) play a significant role to evaluate the physiological condition
of aquatic animals. The age, fish species, sexual maturity cycle and

Table 1
Marine-derived polysaccharides and their physicochemical properties.

Source Polysaccharide type Molecular weight
(kDa)

Monosaccharide composition Backbone Biological
activities

Reference

Red algae
Furcellaria

lumbricalis
Sulphated galactan 290 ND 3,6-anhydro-D-Gal ND [30]

Furcellaria
lumbricalis

Sulphated galactan 428 Gal
58.1

1,4-linked-3,6-anhydro-D-Gal ND [35]

Hypnea musciformis Sulphated galactan 147–155 Gal 3,6-anhydro-D-Gal Antioxidant
Antitumor

[31]

Kappaphycus
alvarezii

Carrageenan 390 Gal β-(1,3)-Gal and α-1,4-Gal Antiviral [36]

Mastocarpus
stellatus

Carrageenan 1248 Gal:Glc:Xyl:Man
87.5:5.4:4.4:2.4

β-(1,3)-Gal and α-1,4-Gal Antioxidant
Anticoagulant

[25]

Gracilaria fisheri Sulphated galactan ND Gal β-(1,3)-Gal and α-1,4-Gal Antioxidant [38]
Brown algae
Macrocystis pyrifera Alginate 297 ND (1→ 4)-D-Mannuronic acid and

(1→ 4)-L-Guluronic acid
ND [34]

Sargassum fusiforme Laminarin 27.6 Glc:Gal= 1.13:0.38 β-1,3-Glc, β-1,6-Glc ND [37]
Cystoseira barbata Alginate 204 ManA:GulA

37:63
β-D-Mannuronic acid and α-L-Guluronic
acid

Antioxidant
Rheolgical
Emulsifying

[26]

Cystoseira compressa Fucoidan 545 Fuc and Uronic acid α-1,3 or α-1,4-Fuc Anti-
inflammatory

[41]

Ascophyllum
nodosum

Fucoidan 40.23 Fuc:Rha:Gal:Glc:Xyl:
Man:GluA
42.5:0.00:1.12:5.5:
16.7:10.5:23.7

α-(1→ 3)-and-(1→ 4)-L-Fuc Antioxidant [27]

Laminaria
hyperborea

Laminarin 3242–5052 ND (1,3)-β-D-glucopyranose Antioxidant
Antimicrobial

[32]

Saccharina
cichorioides

Fucoidan 30 Fuc, trace in Gal α-L-Fucp Anticancer [43]

Green algae
Capsosiphon

fulvescens
Ulvan ND Rha:Xyl:Man=45.0:44.1:10.2 (1→ 4)-β-Xyl-(1→ 4)-α-Rha Anticoagulant [28]

Ulva armoricana Ulvan 140–500 Rha:Gal:Glc:Xyl 40.0:6.7:26.2:4.4 ND Antiviral
Antioxidant

[29]

Shrimp and Crab
Crangon crangon

Scylla serrata
Penaeus
monodon

Chitin and Chitosan 6.273, 6.267, 12
and 338

ND (β-1,4-poly-N-acetyl-D-Glucosamine Anticancer
Antioxidant

[42]
[40]
[33]
[39]

Litopenaeus
vannamei

Chitosan 28 ND ND Antibacterial [44]

Fuc: fucose, Gal: galactose, Glc: glucose, GulA: Glucuronic acid, Man: mannose, ManA: Mannuronic acid, Rha: rhamnose, Xyl: xylose, kDa: kilo Dalton, ND: not
detected.
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health status are alteration factor of haematological parameters [195].
Haematological indices show the oxygen carrying ability in fish [196].
The amount of oxygen received by tissues depends on the maturation of
the erythrocytes. Hence, these indices can be useful in determination of
changes in animal's health when administration of immunostimulants
[187]. Many researchers have been observed the positive effects of
MDPs on the haematological parameters (stimulation of erythrocytes
and leucocytes) in fishes, shrimps and other aquatic animals (Tables
1–3). Faghani et al. [56,199] and Akbari et al. [124] reported that the
dietary supplementation of alginate enhanced the RBC, WBC, Hb and
erythrocyte indices (MCV, MCH and MCHC) leads to enhancement of
fish health and immune status. Diets supplementation of alginate, ulvan
and chitin showed significantly increased lymphocytes (LYM), mono-
cytes (MON), Hb, RBC, WBC, HCT and erythrocyte indices in H. huso, O.
niloticus and E. bruneus have been reported [61,62,105,130]. Further,
dietary supplementation of chitin in C. mrigala induced significant in-
creases in RBC and WBC indices [75]. Significantly higher RBC and
WBC counts were observed in C. mrigala [75], L. rohita [117], L. cal-
carifer [113], T. ovatus [115] and R. kanagurta [126] fed with dietary
chitin and chitosan. In contrast, C. carpio fed with dietary chitosan had
showed decreases in RBC and WBC counts [197].

In crustaceans, L. vannamei fed diet containing alginate
[14,48,92,93,161], fucoidan [87,149], carrageenan [122,142] and
chitin [171] showed significantly higher total haemocyte count (THC)
and differential haemocyte count (DHC). P. monodon fed with fucoidan
[123,198], ulvan [123,198], galactan [152] and seagrass crude poly-
saccharides [95] diets produced significantly better THC and DHC. In
context, P. monodon fed with dietary chitin showed decreased THC has
been reported [190]. Fucoidan and laminarin incorporated diets pro-
duced significant elevations in THC in the shrimp F. chinensis has also
been reported [50,173]. Fucoidan diets produced significantly higher
THC in the shrimps M. japonicus and M. rosenbergii have been observed
by Traifalgar et al. [144] and Arizo et al. [157]. The significant im-
provements in THC has been reported in the C. maenas and P. clarkia fed
with chitin and chitosan supplementation diets [146,158,164].

9. Effects on biochemical indices

Serum/plasma proteins including albumin (ALU) play a crucial role in

osmotic pressure maintaining of blood which lead to proper transportation
of different components [201]. Serum globulins (GLOB) like gamma glo-
bulins are the source of immunoglobulins which imitates antibodies con-
centration and the immune status of fish [187]. The influence of MDPs on
biochemical components of aquatic animals have been reported by earlier
studies [61,62,74,75,78,91,95,101,113,124,155,176,177,185]. Fishes,
such as O. niloticus, E. bruneus, C. mrigala, L. calcarifer, O. mykiss, C. catla, C.
carpio and crustaceans, such as F. obscurus and P. monodon fed diets sup-
plemented with MDPs (alginate, chitin, chitosan and seagrass crude
polysaccharides showed significant increases in serum total protein (TP),
ALU and GLOB has been observed by earlier studies
[58,61,62,75,78,95,101,113,124,185] (Tables 1–3). Whereas, Campos
et al. [176] reported that the decreased TP in P. monodon fed diet con-
taining seagrass crude polysaccharides. Furthermore, the insignificant al-
terations in TP, ALU and GLOB have also been reported in O. niloticus, E.
coioides and C. carpio fed on dietary MDPs, such as ulvan [130], chit-
ooligosaccharide [91], fucoidan [177] laminarin [74] and chitosan [155].

Blood glucose (GLU) level determination is often used as an in-
dicator of non-specific stress in aquatic animals [202]. Few studies have
been reported that supplementation of MDPs (fucoidan, chitin and
chitiooligosaccharide) in the diets of aquatic animals can significantly
reduce the blood GLU level (Tables 1–3). The significantly decreases in
GLU and serum cortisol (SCORT) level in P. fulvidraco, L. rohita, O.
mykiss and P. clarkii fed with dietary fucoidan [128,129], chitin [119]
and chitooligosaccharide [203] have been observed. However, dietary
fucoidan and chitooligosaccharide showed insignificant changes in GLU
level in L. vannamei and O. niloticus [91,176].

MDPs such as, fucoidan, chitooligosaccharide, chitosan and oli-
gochitosan can stimulate lipid metabolism that catabolizes body fatty
acids as a main energy expenditure which leads to efficient protein
accumulation in tissues, followed by better growth performance in
aquatic animals [190]. However, information about the effect of MDPs
on blood lipids (LIP) is very scanty in aquatic organisms (Tables 1 and
2). Diet containing chitosan significantly increased total LIP in L. rohita
[117]. Also, the significant elevations in triglyceride (TG) and total
cholesterol (TC) have been reported in P. monodon fed with chitosan
diet [190]. Moreover, lower plasma TG, HDL-cholesterol and LDL-
cholesterol have been observed in P. fulvidraco and O. niloticus fed on
fucoidan and chitooligosaccharide supplemented diets [91,129]. L.

Fig. 4. Different routes of marine polysaccharides administration in aquatic animals.
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Table 2
Uses of marine-derived polysaccharides on fish aquaculture.

Marine-derived
polysaccharides

Fish species Doses Duration of
experiment

Growth
performance and
survivala,b

Biochemical and haemato-
immunological parametersa,b

Disease resistance References

Alginate
Epinephelus coioides 0.01–0.03 gkg-1 5 days n.a. ACH50, SOD, LYZ, PHA, RBA

(↑)
V. alginolyticus [175]

Epinephelus
fuscoguttatus

5-10 gkg-1 98 days SUR, WG (↔) LEU, RBA, PHA, PHI, ACH50,
LYZ (↑)

V. alginolyticus [104]

E. fuscoguttatus 1 or 2 gkg-1 12 days SUR (↑) ACH50, LYZ, RBA, PHA, SOD
(↑)

Streptococcus sp. [52]

E. coioides 0.5–2 gkg-1 56 days PWG, FE (↑) ACH50, RBA, SOD, HA, PHA,
LYZ (↑)

Streptococcus sp. [140]

Epinephelus bruneus 0.5–2 gkg-1 28 days n.a. ACH50, LYZ, HA, RBA, SOD,
PHA (↑)

S. iniae [15]

E. fuscoguttatus 2 gkg-1 9 days n.a. MX (↑) n.a. [65]
E. coioides 1 gkg-1 12 days n.a. ACH50, LYZ, PHA, SOD, RBA

(↑)
Pho. damselae
subsp. piscicida

[88]

Oreochromis
niloticus

0.5–2 gkg-1 14 days MOR (↓) TP, ALU, GLOB, LEU, PHA,
PHI, LYZ (↑)

A. hydrophila [58]

O. niloticus 5 gkg-1 63 days WG, SGR, FCR, PER (↔) BBC, GM, GMB (↔) A. hydrophila [110]
O. niloticus 10 gkg-1 60 days SGR, FCR (↑) LYZ, RBA, PHA, ACH50 (↑) S. agalactiae [120]
O. niloticus 10-30 gkg-1 60 days SUR, SGR, FCR (↑) LYZ, ACH50, PHA, RBA (↑) S. agalactiae [121]
O. niloticus 10 gkg-1 50 days WG, FCR, SGR, SUR (↑) ACH50, PHI, RBA, LYZ (↑) S. agalactiae [16]
Salmo salar 50 gkg-1 4 days MOR (↓) LYZ (↑)

Hb (↓)
DM, TP, HSI (↔)

n.a. [46]

Oncorhynchus
mykiss

5 gkg-1 10 days GR, SGR, FCR, SUR (↑) RBC, WBC, HCT, Hb, MCH,
MCHC (↑)

n.a. [56]

O. mykiss 5 gkg-1 10 days GR, SGR, FCR, CF, SUR
(↑)

RBC, HCT, MCV, Hb, MCH,
MCHC, WBC (↑)

n.a. [199]

O. mykiss 5 gkg-1 70 days FCR, SGR, WG (↑) RBC, WBC, NEU, IL-8, LYZ, TP
(↑)

n.a. [124]

Gadus morhua 0.1–1 gkg-1 60 days SGR (↑)
MOR (↓)

n.a. n.a. [127]

G. morhua 100 μgml−1 1 day n.a. RBA, ACP, ALP, MPO (↔)
CPF (↓)

n.a. [148]

Huso huso 2-6 gkg-1 60 days FW, FL, FCR, SGR, CF,
PWG (↑)
SUR (↔)

LYM, HCT, MON, Hb, RBC,
WBC, MCV, MCH, MCHC (↑)

n.a. [105]

H. huso 5 gkg-1 90 days WG (↑) LYM, NEU, EOS, LYZ (↑) n.a. [107]
Dicentrarchus
labrax

5 gkg-1 60 days n.a. C3, LYZ, HSP (↑) n.a. [100]

Cyprinus carpio 0.01–0.04 gkg-1 7 days SUR (↑) n.a. E. tarda [168]
C. carpio 0.25–0.5 gkg-1 7 days SUR (↑) ACH50, PHA, RBA (↑) E. tarda [170]
Hippoglossus
hippglossus

2–30 μm 43 days MOR (↓) n.a. Vibriosis [138]

Clarias sp. 2-6 gkg-1 15 days n.a. NBT, PHA, PHI, LEU, HCT (↑) n.a. [72]
Sciaenops ocellatus 10 gkg-1 49 days WG, FE (↓)

SUR (↔)
PHA, Ig, GCP (↑)
HSI, IPF (↔)

n.a. [83]

Fucoidan
O. niloticus 0.04–0.06 gkg-1 15 days n.a. PHA, TP, LEU, PHI (↔) n.a. [177]
O. niloticus 5-15 gkg-1 30 days FW, RC, WG, AFC, SUR,

SL, HL, BH (↑)
n.a. n.a. [89]

Clarias gariepinus 4 and 6 gkg-1 21 days SUR (↑) RBA, PHA, LYM, LYZ, NO,
BCA (↑)

n.a. [73]

Pelteobagrus
fulvidraco

0.5–2 gkg-1 84 days SUR (↑) SOD, CAT, LYZ, PHI, RBA (↑)
MDA, TG, TC, HDL-C, LDL-C,
GLU (↓)

A. hydrophila [129]

Lates calcarifer 5-10 gkg-1 52 days FW, FL, SGR, FI, FCR,
SUR (↑)

MFA (↑)
HSI (↔)

n.a. [111]

C. carpio 0.1–10 gkg-1 14 days MOR (↓) LYZ, SPO, IL-1β, LYZ (↑) A. hydrophila
E. tarda

[84]

L. rohita 10-20 gkg-1 60 days WG, SGR, FCR, PER (↑) RBA, MPO, LYZ, Ig, PHA, TLC
(↑)
A/G, GLU (↓)

A. hydrophila [128]

Carrageenan
A. transmontanus n.a. 16 days SUR, BW (↑) ALP, AP (↓) n.a. [194]
C. carpio 0.01–0.015 gkg-1 6 days SUR (↑) n.a. n.a. [192]
C. carpio 0.00025 gkg-1 21 days SUR (↑) ACH50, PHA, RBA (↑) n.a. [169]
O. niloticus 5-20 gkg-1 28 days WG (↑) n.a. n.a. [66]

Laminarin
S. salar 0.01–0.02 gkg-1 30min n.a. Intestinal uptake (↑) n.a. [183]
S. salar 0.0016 gkg-1 12 days n.a. Blood (↑)

PIM (↓)
n.a. [178]

S. salar 10-50 μgkg-1 2 days n.a. PHA, O2-, ACP, Mφ n.a. [135]
S. salar 0.015 gkg-1 2 days n.a. O2-,ACP (↑) n.a. [184]
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Table 2 (continued)

Marine-derived
polysaccharides

Fish species Doses Duration of
experiment

Growth
performance and
survivala,b

Biochemical and haemato-
immunological parametersa,b

Disease resistance References

G. morhua 0.0016 gkg-1 12 days n.a. Spleen and kidney
endocylically active cells (↑)

n.a. [179]

E. coioides 5-15 gkg-1 48 days FI, WG, FE (↑) IL-1β, 1L-8, TLR2, TP, LYZ,
CAT, SOD (↑)
CREA, ALP, C3, C4 (↓) ALT,
AST (↔)

n.a. [74]

Ulvan
O. niloticus 1-10 gkg-1 90 days WG, SGR, FCR, FC (↑) HCT, WBC, PHA (↑)

Hb, RBC, TP, ALU, GLOB (↔)
n.a. [130]

M. cephalus 0.005–0.015 gkg-1 56 days WG, SGR, PER (↑)
MOR (↓)

LYZ, PHA, RBA, SOD, GSH,
MDA (↑)

P. damselae [160]

P. maxima 0.05 gkg-1 1 h n.a. NBT, IL-1β (↑) n.a. [174]
Galactan

O. niloticus 5-20 gkg-1 28 days FW, WG (↑) n.a. n.a. [47]
Agar

P. bocourti 1-3 gkg-1 75 days SGR, SUR (↑)
FCR (↓)

LYZ (↑) A. hydrophila [71]

P. bocourti 2 gkg-1 28 days SUR, FCR, SGR (↑) LYZ, PHA, RBA, ACH50 (↑) A. hydrophila [215]
Chitin and its derivatives
Chitin

S. aurata 10 gkg-1 10 days n.a. RBA, PHA, C3, CTA (↑) n.a. [180]
S. aurata 0.025–0.1 gkg-1 42 days n.a. CTA, C3, RBA, PHA (↑)

LYZ (↔)
n.a. [136]

S. aurata 0.001 gkg-1 48 h n.a. PHA, CTA
RBA (↔)(↑)

n.a. [137]

O. mykiss 0.04–0.25 gkg-1 84 days n.a. CLE (↔) n.a. [96]
O. mykiss 0.01–0.05 gkg-1 35 days n.a. NEU, RBA (↑) n.a. [63]
E. bruneus 10 gkg-1 28 days n.a. RBC, WBC, Hb, LYM, MON,

NEU, PHA, RBA, C3, APA,
MGB, LYZ, TP, MPO (↑)
MCV, MCH, MCHC (↔)
MOR (↓)

P. dicentrarchi [61]

E. bruneus 10 gkg-1 28 days n.a. RBC, WBC, HCT, Hb, LYM,
MON, ALU, GLOB, LYZ, PHA,
C3 (↑)
MCV, MCH, MCHC (↓)

V. alginolyticus [62]

O. niloticus x O.
aureus

20-100 gkg-1 56 days WG (↑)
FCR (↓)
SUR (↔)

LD, DM (↓) n.a. [98]

S. salar 50 gkg-1 n.a. n.a. LAB, GMB (↑) A. salmonicida
V. anguillarum
M. viscosa
C. maltaromatium

[17]

C. carpio 10 gkg-1 90 days RPS, WG (↑) LYZ, NBT, WBC (↑) A. hydrophila [102]
C. mrigala 10 gkg-1 28 days MOR (↓) WBC, RBC, Ht, LYM, MON,

NEU, Hb, TP, ALU, GLOB, A/
G, PHA, LYZ, C3 (↑)

A. invadans [75]

C. catla 5-20 gkg-1 14 days n.a. LEU, RBA, LYZ, TP (↑) n.a. [78]
S. salar
G. morhua
H. hippoglossus

10-50 gkg-1 91 days LG, Wt, CF, SGR (↔) FP (↑)
APD, DM, ALD (↓)

n.a. [125]

Chitosan
C. carassius 3-20 gkg-1 60 days n.a. LYZ, PHA (↑) n.a. [99]
C. carpio 0.075–0.15 gkg-1 4 days n.a. LYZ, BLA, CPN (↑) Ptychobothrium sp [185]
C. carpio 0.035–0.037 gkg-1 4 days n.a. TP, GST, CAT, LYZ (↑) n.a. [186]
C. carassius 3-20 gkg-1 60 days WG (↑)

SUR (↔)
n.a. A. hydrophila [103]

M. terminalis n.a. 60 days WG (↑)
FCR (↓)

CP, SER, RFN (↑)
MOI, NEAA, PRO (↓)

n.a. [188]

C. idellus 2.5–10 g kg−1 40 days WG (↑) CP, FCF (↑)
CF (↓)

n.a. [53]

C. carassius 5 g kg−1 n.a. SGR (↑)
FCE (↓)

n.a. A. hydrophila [220]

C. carpio 10–50 g kg−1 70 days RPS, FCR, SGR (↑)
MOR (↓)

PHA, PHI, SBA (↑) A. hydrophila [106]

C. carassius 1–20 g kg−1 30 days n.a. GMP (↑) n.a. [64]
C. carpio n.a. 56 days n.a. LYZ, PHA (↑)

WBC, RBC, SOD (↓)
ACP (↔)

A. veronii [197]

L. rohita 5–12.5 g kg−1 90 days SGR, FCR (↑) RBC, WBC, Hb, SP, LIP, LYZ
(↑)

A. hydrophila [117]

C. auratus 1.8–20 g kg−1 75 days SGR, FER, SUR (↓) PHA, RBA, ACH50, SOD (↑)
PD, DM, MDA (↓)
MPO (↔)

A. hydrophila [2]
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Table 2 (continued)

Marine-derived
polysaccharides

Fish species Doses Duration of
experiment

Growth
performance and
survivala,b

Biochemical and haemato-
immunological parametersa,b

Disease resistance References

C. carpio 0.0025–0.01 gkg-1 60 days MOR (↓) RBA (↑)
LYZ, SBA, TP, GLOB, WBC,
LEU (↔)

A. hydrophila [155]

C. carpio 7.5–20 g kg−1 45 days SUR (↑) RBA, SBA, LYZ (↑) A. hydrophila [76]
C. carpio 1 g kg−1 21 days n.a. MDA (↑)

CAT, G6PDH, LDH, AST (↓)
n.a. [79]

D. labrax 2.5–10 g kg−1 20 days SUR, SGR, TL, Wt, TW,
WG, ADW (↑)

n.a. A. hydrophila [85]

S. fontinalis 100 μg kg−1 28 days MOR (↓) n.a. A. salmonicida [182]
O. mykiss 2.5–10 g kg−1 56 days MOR (↓) GLU, WBC, LYM, NEU (↑) Environmental stresses [112]
F. obscurus 2–10 g kg−1 56 days WG, LG (↑) TP, AMY, RNA/DNA (↑)

HSI (↓)
PRO (↔)

n.a. [101]

P. olivaceus 10 g kg−1 84 days FBW (↑) MPO, RBA, LYZ (↑) n.a. [134]
R. canadum 3, 6 g kg−1 56 days SUR, SGR (↑) LYZ, ACP (↑) V. harveyi [108]
L. calcarifer 5–20 g kg−1 60 days SUR (↑) RBC, WBC, TSP, ALU, GLOB,

A/G, PHA RBA, LYZ, SBA (↑)
V. anguillarum [113]

O. niloticus 5–20 g kg−1 21 days MOR (↓) PHA, PHI, NBT, LYZ, ACH50

(↑)
A. hydrophila [80]

R. kanagurta 5–10 g kg−1 60 days FW, WG, PER, CF (↑)
FCR (↓)

WBC, RBC (↑)
MCV, MCH (↓)

n.a. [126]

M. anguillicaudates 5–50 g kg−1 50 days WG (↑) LYZ, SOD, CAT, GTP, GMB (↑)
LPL, FABP (↓)

n.a. [90]

Chitooligo-saccharides
O. mykiss 0.02–0.06 g kg−1 56 days SUR (↑) PHA, RBA (↑)

SCORT(↓)
BBC (↔)

A. hydrophila [203]

S. maximus 0.125–0.25 g kg−1 50 days SUR (↑) n.a. n.a. [60]
S. maximus 0.075–1.2 g kg−1 56 days SGR (↑)

FCR, MOR (↓)
PHA, SOD (↑)
MDA, MT (↔)

E. tarda [114]

T. ovatus 2–6 g kg−1 56 days FW, SGR (↑)
FCR, MOR (↓)

WBC, RBC, LYZ, SOD (↑) V. harveyi [115]

C. carpio 2 g kg−1 56 days FW, SGR (↑) WBC, RBA, PHA, LYZ, SOD (↑) A. veronii [116]
O. niloticus x O.
aureus

8–24 g kg−1 35 days MOR (↓)
WG, FCR, SUR (↔)

TNFα, HSP70 (↓) A. hydrophila [77]

O. niloticus 0.1–0.8 g kg−1 50 days WG, SGR, FER, PER (↑) TP, PHA, SBA, LYZ (↑)
TG, TC (↓)
ALU, GLOB, GLU (↔)

n.a. [91]

P. hypophthalmus 0.05–0.2 g kg−1 45 days WG, SGR (↑)
MOR (↓)

PHA, LYZ (↑) E. ictaluri [159]

M. salmoides 2 g kg−1 56 days FW, SGR (↑)
FCR, MOR (↓)

RBA, PHA, LYZ, SOD, WBC,
NO, iINOS (↑)

A. hydrophila [131]

Chitosan nanoparticles
L. calcarifer 0.2 g kg−1 n.a. SUR (↑)

MOR (↓)
n.a. V. anguillarum [191]

O. niloticus 5 g kg−1 60 days FW, DWG, FCR (↑) IA (↑) n.a. [109]
O. mykiss 0.15 g kg−1 20 days n.a. LYZ, C3 (↑) n.a. [67]
D. labrax 10–200 g kg−1 42 days SUR (↑) n.a. V. anguillarum [86]

n.a-not available.
a A/G: albumin/globulin ratio, ACP: acid phosphatase, ACH50: Alternative complement pathway: ADW: Average daily weight, AFC: apparent food conversion,

ALD: apparent lipid digestibility, ALP: alkaline phosphate, ALT: Alanine aminotransferase, ALU: albumin, AMY: amylase, AP: amino peptidase, APA: antiprotease
activity, APD: apparent protein digestibility, AST: alanine aminotransferases, BBC: body biochemical compoPROsition, BCA: bactericidal activity, BLA: bacteriolytic
activity, BW: body weight, C3: complement 3, C4: complement 4, CAT: catalase, CF: condition factor, CF: crude fat, CLE: chitinolytic enzymes, CP: crude protein,
CPF: cellular proliferation, CPN: ceruloplasmin, CREA: creatinine, CTA: cytotoxic activity, DM: dry matter, DM: dry matter digestibility, DWG: daily weight gain,
EOS: eosinophil, FABP2: fatty acid binding protein 2, FBW: Final body weight, FC: feed consumption, FCF: feeding coefficient, FCR: feed conversion ratio, FE: feed
efficiency, FER: feed efficiency ratio, FI: feed intake, FL: final length, FP: faecal protein, FW: final weight, G6PDH: glucose-6-phosphate dehydrogenase, GCP: goblet
cell proliferation, GLOB: globulin, GLU: glucose, GM: gut microbes, GMB: gastrointestinal microbial balance, GMB: gut micro biota, GMP: gut microbial population,
GR: growth rate, GSH: glutathione, GST: glutathione s-transferase, HA: haemagglutination activity, Hb: haemoglobin, HCT: haematocrit, HDL-C: higher density
lipoprotein-cholesterol, HIS: hepatosomatic index, HL: head length, HSP: heat shock protein, IA: inosinic acid, Ig: immunoglobulin, IL-1β: interleukin 1 beta, IL-8:
interleukin −8, iNOS: inducible nitric acid synthase activity, IPF: idiopathic pulmonary fibrosis, LAB: lactic acid bacteria, LD: lipid digestibility, LDH: lactate
dehydrogenase, LDL-C: low density lipoprotein-cholesterol, LEU: Leucocytes, LG: length gain, LIP: lipid, LPL: lipoprotein lipase, LYM: lymphocytes, LYZ: lysozyme
activity, MCH: mean cell haemoglobin, MCHC: mean cell haemoglobin concentration, MCV: mean cell volume, MDA: malondialdehyde activity, MFA: muscle fibre
area, MGB: α2 macroglobulin, MOI: moisture, MON: monocyte, MOR: mortality, MPO: myeloperoxidase, MT: hepatic metallothionein, Mx: Mx gene, Mφ: mac-
rophages, NBT: nitro blue tetrazolium, NEAA: non-essential amino acid, NEU: neutrophil, NO: nitric oxide activity, O2

−: superoxide anion production, PER: protein
efficiency ratio, PHA: phagocytic activity, PHI: phagocytic index, PRO: proline, PWG: percentage weight gain, RBA: respiratory burst activity, RBC: red blood cells,
RC: average ratio consumption, RFN: relative fatness, RNA/DNA: RNA/DNA ratio, RPS: relative percent survival, SBA: serum bactericidal activity, SCORT: serum
cortisol level, SER: serine, SGR: specific growth rate, SL: standard length, SOD: superoxide dismutase, SP: serum protein, SPO: serum peroxide, SUR: survival, TC:
total cholesterol, TG: triglyceride, TL: total length, TLC: total leucocyte count, TLR2: toll like receptors, TNFα: tumor necrosis factor alpha, TP: total protein, TW:
total weight, WBC: white blood cells, WG: weight gain, Wt: Weight.

b Variation in experimental fish compared to controls: (↑) significant increase; (↓) significant decrease; (↔) no significant changes.
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vannamei fed a diet containing oligochitosan had showed insignificant
changes in TC and LDL-cholesterol has also been reported [141].

Alkaline phosphatase (ALP) and acid phosphatase (ACP) are con-
sidered as important regulative enzymes in animals metabolic process.
These enzymes plays a significant role in digestion, absorption, and
transition of nutrients [204]. An increase in serum ALP activity in-
dicates higher breakdown of the energy reserves which are used for the
growth and survival of fish [205]. Alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) are ubiquitous aminotransferases that
represent indices for the diagnosis of tissue and hepatopancreatic injury
in animals [206]. A range of reports suggests that supplementations of
MDPs in aquatic animals can modulate these enzymes activities (Tables
2–4). The significant elevations in ACP and ALP activities have been
reported in A. japonicus fed diets with fucoidan [55], carrageenan [59],
alginate [18], ulvan [81] and chitooligosaccharide [133]. Also, the
significant elevation in ALP activity has also been noted in P. clarkii fed
with chitosan diet [119]. In contrast, the decreased ALP activity has
been reported A. transmontanus [194] and E. coioides [74] fed with
carrageenan and laminarin incorporated diets. The significant altera-
tions in ACP and ALP activities have also been observed in G. morhua
fed an alginate supplementation diet [148]. Niu et al. [118] reported
that higher ALT and AST activates in P. monodon fed diet with chitosan.
However, dietary inclusion of laminarin showed insignificant changes
in ALT and AST activates in E. coioides [74].

10. Effects on antioxidant enzymes activity

Superoxide dismutase (SOD) and catalase (CAT) involves in cellular
defences against uncontrolled oxidative processes and catalyze the
dismutation of superoxide radical and hydrogen peroxide [207]. These
two enzymatic antioxidants are considered as the first line of defence
against oxygen toxicity due to their inhibitory effects on oxygen radical
formation [208,209]. An increase in the activity of the SOD enzyme
probably neutralises the impact of increased reactive oxygen species
(ROS) generation [210]. Effects of MDPs such as, alginate, chitosan,
chitooligosaccharide, chitin, carrageenan, galactan and ulvan on anti-
oxidants activities of aquatic animals have been studied by several re-
searchers [52,93,114,131,160,186]. CAT is widely distributed in bio-
logical tissue and rapidly catalyzes the decomposition of hydrogen
peroxide into oxygen and water [211]. The significant elevations in
SOD activity has been reported in E. coioides [88,140,175], E. fusco-
guttatus [52], E. bruneus [15], L. vannamei [172], P. monodon [14,93]
and H. diversicolor [69] when fed on alginate supplemented diet. Si-
milarly, the oral administration of fucoidan showed enhanced SOD and
CAT activity has been reported in P. fulvidraco [129], E. coioides [74],
M. cephalus [160], L. vannamei [54,87], P. monodon [123,198] and A.
japonicus [55]. Also alterations in SOD and CAT activities in fishes (A.
japonicas, C. auratus, M. anguillicaudate, S. maximus, T. ovatus, C. carpio
and M. salmoides) and crustaceans (P. monodon, L. vannamei and P.
clarkia) fed diets with chitosan, chitooligosaccharide, chitin, carra-
geenan, galactan, ulvan have been reported by earlier studies
[2,59,79,81,90,114–116,119,131,152,186,197]. Whereas, the insignif-
icant changes in SOD activity has been observed in F. chinensis fed with
fucoidan supplemented diet [50].

11. Effects on immune response

The immunomodulatory effects of MDPs have been well reported in
various fishes, crustaceans and other aquatic animals.
Immunostimulants, such as polysaccharides possibly connect with
specific receptors on surface of cells leads to stimulate the expression of
intracellular genes which encoding for antimicrobial molecules [212].
The research findings also exhibit significant effects of MDPs on im-
mune response of various aquatic animals [46,50,76,92,107,124,159].

11.1. Non-specific immune response

MDPs can improve various components of the innate immunity,
such as serum lysozyme, alternative complement pathway, anti-pro-
tease activities, phagocytic activity, respiratory burst and phenolox-
idase enzyme activities in aquatic animals (Tables 2–4). Lysozyme
(LYZ) is a bacteriolytic enzyme that occurs in mucus, lymphoid tissue,
and plasma and involved in a wide range of protective mechanisms,
such as bacteriolysis, complement-mediated opsonisation and anti-
bacterial activities [213]. The LYZ activity have been reported to en-
hanced in C. carpio fed diets with fucoidan [84], chitin [102], chitosan
[76,185,197], and chitooligosaccharide [116]. A similar im-
munostimulatory effects were observed in various grouper species (E.
bruneus, E. fuscoguttatus and E. coioides) fed diets supplemented with
alginate [15,52,88,104,140,175], laminarin [74], and chitin [61,62],
O. niloticus fed a diet with alginate [12,16,58,120], chitosan [80] and
chitooligosaccharide [91], and O. mykiss fed with alginate [124] and
chitosan [155]. This immune parameter was also higher in S. salar, H.
huso and D. labrax fed diet with alginate [46,100,107], in C. gariepinus,
P. fulvidraco and L. rohita fed diet with fucoidan [73,128,129], in M.
cephalus fed diet with ulvan [160], in P. bocourti fed diet with agar
[71,215], in C. mrigala and C. catla fed diet with chitin [75,78], in L.
rohita, P. olivaceus, R. canadum, L. calcarifer andM. anguillicaudates fed a
diet with chitosan [90,108,113,117,134], in T. ovatus, P. hypopthalmus
and M. salmoides fed diet with chitooligosaccharide [115,131,159], in
L. vannamei and F. chinensis fed with alginate and fucoidan [50,54,92],
in A. japonicus fed diets containing alginate [49], fucoidan [55], and
carrageenan [59]. The alternative complement pathway (ACH50) is
known as one of the effective innate immune defence mechanisms
which protect the aquatic animals against different types of bacteria
[214], it can be activated by different immunostimulants including
polysaccharides (Tale 2). The enhanced ACH50 have been observed in
C. carpio fed with alginate, carrageenan, alginate and chitosan supple-
mented diets [16,80,120,121,169,170]. Further, O. niloticus, D. labrax,
P. bocouri, C. auratus, O. mykiss, C. mrigala, S. aurata, E. coioides, E.
fuscoguttatus and E. bruneus fed on diets incorporated with alginate,
chitin, agar, chitin and chitosan showed higher ACH50

[2,15,52,61,62,67,71,75,88,100,104,140,175,180].
Antiprotease (APA), mainly α1-antiproteinase and α2-macroglobulin

(MGB) are protease inhibitors exert a role in defence mechanism
against pathogens, which secrete the protease enzyme [216]. Anti-
protease present in the serum of animals which regulates the body fluid
homeostasis [217]. The MDPs (chitin and chitosan) mediated altera-
tions of APA and MGB activity has been reported in E. bruneus [62].
Phagocytosis (PHA) is the most important primary defence mechanism
of the innate immunity of animals, and together with humoral com-
ponents it constitutes the first-line of protection against invading pa-
thogens. Phagocytes (monocytes/macrophages and neutrophils) engulf
the microorganisms and kill them by degranulation, metabolic activa-
tion and release of microbicidal oxygen and nitrogen reactive species
[218]. The significant elevations in PHA and respiratory burst activity
(RBA) have been noted in O. niloticus fed in alginate [16,58,120,121],
fucoidan [177], ulvan [130], chitosan [80], chitooligosaccharide [91]
included diets. Dietary supplementation of alginate [170], fucoidan
[128], carrageenan [169], chitin [75], chitosan [53,76,106,197], chit-
ooligosaccharide [116] effectively enhanced PHA and RBA in different
species of carp (C. carpio, C. idellus, C. mrigala and L. rohita). The en-
hanced PHA and RBA were reported in grouper (E. bruneus, E. fusco-
guttatus and E. coioides) fed diets with alginate [15,52,88,104,140,175],
chitin [61,62]. The shrimp species, such as L. vannamei and P. monodon
fed on diets with alginate [48,92,93,172], fucoidan [123,139,149,198],
carrageenan [122,142], ulvan [82,200], chitin [171] and seagrass
crude polysaccharides [95] showed significantly elevated RBA and
PHA. A. japonicus showed an improvement of PHA and RBA fed diets
with alginate [18], ulvan [81], and chitooligosaccharide [133] have
been reported. The improved PHA and RBA have also been observed in
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Table 3
Uses of marine-derived polysaccharides on shrimp aquaculture.

Marine-derived
polysaccharides

shrimp species Doses Duration of
experiment

Growth performance
and survivala,b

Biochemical and haemato-
immunological
parametersa,b

Disease resistance References

Alginate
Litopenaeus vannamei 10–50 μg g−1 6 days SUR (↑) THC, DHC, ProPO, RBA,

PHA (↑)
V. alginolyticus [48]

L. vannamei 0.5–2.0 g kg−1 150 days SUR (↑) ProPO, RBA, SOD (↑)
GPx (↓)

V. alginolyticus [172]

L. vannamei 10–20 g kg−1 30 days SUR (↑) THC, RBA, LYZ, PE, ProPO,
SWDP (↑)

n.a. [92]

Penaeus monodon 1.5–2.0 g kg−1 150 days n.a. SOD, βGBP, PE, cyt-SOD,
PA-5, SWDP (↑)
RBA (↓)
THC, ProPO (↔)

n.a. [14]

P. monodon 0.001 g kg−1 5 days n.a. EP, TLP, LHR (↑) n.a. [147]
P. monodon 0.0001–0.004 g kg−1 20 days SUR (↑)

MOR (↓)
n.a. White spot syndrome

virus
[68]

P. monodon 1–3 g kg−1 45 days SUR (↑) THC, ProPO, RBA, SOD,
PHA (↑)

V. parahaemolyticus [93]

P. monodon 0.0005–0.004 g kg−1 35 days SUR, WG, SGR, FCR
(↑)

THC, O2
−, ProPO (↑) White spot syndrome

virus
[161]

Fucoidan
Fenneropenaeus
chinensis

0.5–20 g kg−1 14 days MOR (↓) THC, Propo, LYZ (↑)
SOD (↔)

V. harveyi [50]

Marsupenaeus
japonicus

0.0001–0.001 g kg−1 56 days WG, PR, SGR (↑)
FCR (↓)

THC, Propo, SBA (↑) V. alginolyticus [144]

P. japonicus 0.0001–0.001 g kg−1 n.a. SUR (↑) n.a. V. harveyi [145]
L. vannamei 1–2 g kg−1 14 days n.a. LYZ, Propo, SOD, ACP (↑) n.a. [54]
M. rosenbergii 0.0001–0.0005gkg-1 28 days SUR, WG, FCR (↑) THC, Propo (↑) White spot syndrome

virus
[157]

L. vannamei 3.5 g kg−1 1 day SUR (↑) LAC, TP (↓)
GLU (↔)

V. campbellii [176]

L. vannamei 0.0001–0.0004gkg-1 21 days SUR (↑) THC, Propo, RBA (↑) V. alginolyticus [149]
L. vannamei 3 g kg−1 15 days SUR (↑)

MOR (↓)
THC, Propo, SOD, TGs (↑) White spot syndrome

virus
[87]

P. monodon 0.0001–0.0004gkg-1 10 days SUR (↑) ABA, PHA (↑) White spot syndrome
virus

[139]

P. monodon 0.0005–0.010 g kg−1 30 days SUR, WG, SGR, PER
(↑)
FCR (↓)

n.a. V. harveyi [143]

P. monodon 0.0001–0.0004gkg-1 20 days MOR (↓) n.a. White spot syndrome
virus

[150]

P. monodon 1–3 g kg−1 45 days MOR (↓) THC, Propo, RBA, SOD,
PHA (↑)

White spot syndrome
virus

[198]

P. monodon 2.0 g kg−1 10 days SUR (↓) PHA, ABA (↓) V. harveyi [70]
P. monodon 1–3 g kg−1 60 days WG (↑)

MOR (↓)
THC, Propo, RBA, SOD,
PHA, BCA (↑)

V. parahaemolyticus [123]

P. monodon 0.0001–0.0004gkg-1 1 day WG, SGR (↑)
MOR (↓)

n.a. V. parahaemolyticus [151]

Carrageenan
L. vannamei 6 μg g−1 5 days SUR (↑) THC, Propo, RBA, PHA (↑) V. alginolyticus [142]
L. vannamei 0.5–2.0 g kg−1 21 days SUR (↑) HPTs, THC, PHA (↑) V. alginolyticus [122]

Laminarin
F. chinensis 0.0002 g kg−1 3 h n.a. THC, PC (↑) n.a. [173]

Ulvan
P. monodon 2–8 g kg−1 14 days SUR (↑) THC, DHC, Propo (↑) White spot syndrome

virus
[57]

P. monodon 0.0005–0.0015gkg-1 14 days SUR (↑) THC, RBA, Propo (↑) White spot syndrome
virus

[200]

P. monodon 0.0005–0.0015gkg-1 56 days FI, SGR, SUR (↔) PPV (↑) V. harveyi [154]
P. monodon and L.
vannamei

0.5–1.5 g kg−1 21 days n.a. THC, RBA, Propo (↑) n.a. [82]

Galactan
P. monodon 10–2000 μgml−1 1 day n.a. CPE, CV, VL (↓) White spot syndrome

virus
[153]

P. monodon 100 and 200 μgml−1 7 days MOR (↓) THC, O2
−, SOD, Propo (↑) White spot syndrome

virus
[152]

P. vannamei 5–20 g kg−1 7 days MOR (↓) βGBP, IRG, AMP (↑) V. parahaemolyticus [94]
P. vannamei 50mgml−1 n.a. n.a. βGBP, AMP, Propo, (↑) n.a. [156]

Chitin and its derivatives
Macrobrachium
rosenbergii

2.5–10 g kg−1 n.a. SUR (↑) ABA (↑) Vibrio spp. [221]

M. rosenbergii 50–100 g kg−1 45 days WG, SGR, FCR, SUR
(↑)

n.a. n.a. [163]

(continued on next page)
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Table 3 (continued)

Marine-derived
polysaccharides

shrimp species Doses Duration of
experiment

Growth performance
and survivala,b

Biochemical and haemato-
immunological
parametersa,b

Disease resistance References

M. lanchesteri 250–750 g kg−1 75 days TW, SUR, NM, AW
(↑)

n.a. n.a. [167]

M. tenellum 5–250 g kg−1 60 days WG, FER, SGR (↑)
SUR (↔)

EZA (↑) n.a. [132]

L. vannamei 4–8 μg g−1 6 days SUR (↑) THC, Propo, RBA, SOD,
PHA (↑)

V. alginolyticus [171]

L. vannamei 125–2000mg kg−1 56 days WG, SGR, FCE, SUR
(↔)

TC, LDL-C (↔) n.a. [141]

L. vannamei 0.5–4 gkg-1 23 days FBW, WG, SGR, SUR
(↑)

n.a. n.a. [189]

P. monodon 40–160 g kg−1 50 days SGR, FCR, SUR (↔) CHI (↓) n.a. [162]
P. monodon 10–50 g kg−1 56 days WG, PER (↑) ADCProtein, ADCLipid (↓) n.a. [97]
P. monodon 1–10 g kg−1 4 days MOR (↓) n.a. Vibrio spp. [51]
P. monodon n.a. 70 days FBW, WG, BG, SUR

(↑)
TAS, GSH-Px, MDA (↑)
SOD, DO (↓)

n.a. [118]

P. monodon 0.5–4 g kg−1 60 days FBW, WG, BG, SUR
(↑)

TC, TG, ALT, AST, (↑)
MDA, THC, CBP (↓)

n.a. [190]

Seagrass polysaccharides
P. monodon 0.25–1.0 g kg−1 21 days SUR (↑) THC, TP, Propo, RBA (↑) White spot syndrome

virus
[95]

n.a-not available.
a ABA: antibacterial activity, ACP: acid phosphatase, ADClipid: lipid digestibility, ADCprotein: protein digestibility, ALT: alanine, aminotransferase, AMP: anti-

microbial peptide, AST: aspartate aminotransferase, BCA: bactericidal activity, CBP: carbonyl protein, CHI: Chitinase activity, CPE: cytopathic effect, CV: cell
viability, Cyt-SOD: cytosolic-superoxide dismutase, DHC: differential haemocyte counts, DO: dissolved oxygen, EP: egg production, EZa: enzyme activity, FC: fat
content, Glu: glucose, GPx: glutathione peroxidase, HPTs: haematopoietic tissues, IRG: immune related genes, LAB: lactic acid bacteria, LDL-C: low density
lipoprotein-cholesterol, LHR: larvae hatching rate, LYZ: lysozyme activity, MDA: malondialdehyde activity, MOI: moisture, NFE: nitrogen free content, O2

−:
superoxide anion production, PA-5: penaeidin-5, PC: protein concentration, PE: peroxinectin, PHA: phagocytic activity, PPV: protein productive value, ProPO:
prophenoloxidase activity, RBA: respiratory burst activity, SBA: serum bactericidal activity, SOD: superoxide dismutase, SWAP: domain protein, TAS: total anti-
oxidant status, TC: total cholesterol, TG: triglyceride, TGs: transglutaminase, THC: total haemocyte counts, TLP: total larvae production, TP: total protein, VL: viral
load, βGBP: β-glucan binding protein.

b Variation in experimental shrimp compared to controls: (↑) significant increase; (↓) significant decrease; (↔) no significant changes.

Table 4
Uses of marine-derived polysaccharides on other aquatic animals.

Marine-derived
polysaccharides

Aquatic animals Doses Duration of
experiment

Growth performance
and survivala,b

Biochemical and haemato-
immunological parametersa,b

Disease resistance References

Alginate
Apostichopus
japonicus

1 g kg−1 40 days n.a. POD, ACP, ALP, LYZ (↑) n.a. [49]

A. japonicus 150 g kg−1 70 days SUR, WG (↑) BCP (↑) n.a. [165]
A. japonicus 50–400 μgml−1 1 day n.a. PHA, ROS, LYZ, PO, NOS,

ACP (↑)
n.a. [18]

Haliotis
diversicolor

1.0–3.0 g kg−1 14 days RSP (↑) ProPO, RBA, SOD, PHA (↑) V. parahaemolyticus [69]

Fucoidan
A. japonicus 5–20 g kg−1 15 days n.a. ACP, ALP, LYZ, SOD (↑) n.a. [55]

Carrageenan
A. japonicus 10 g kg−1 3 days n.a. SOD, LYZ, ALP (↑) n.a. [59]

Ulvan
A. japonicus 0.5–2.0 g kg−1 6 days MOR (↓) PHA, RBA, ACP, ALP, CAT,

SOD (↑)
TCC (↔)

V. splendidus [81]

Chitin and its derivatives
Carcinus maenas 50–100 g kg−1 77days MOR (↓) THC, PHA (↔) V. alginolyticus [164]
Astacus
leptodactylus

100–400 g kg−1 60 days FW, WG, SGR, LG,
FCR, SUR (↑)

n.a. n.a. [166]

Procambarus
clarkia

5–15mg g−1 28 days RPS (↑)
MOR (↓)

THC, Propo, SOD (↑) White spot syndrome
virus

[146]

P. clarkia 5–15 g kg−1 60 days n.a. ALP, CAT (↑)
GLU (↓)

n.a. [119]

P. clarkia 1–20mg g−1 12 days SUR (↑) Propo, SOD, THC (↑) White spot syndrome
virus

[158]

A. japonicus 0.15–1.2 g kg−1 56 days MOR (↓) PHA, RBA, ACP, ALP (↑) V. splendidus [133]

n.a-not available.
a ACP: acid phosphatase, ALP: alkaline phosphate, BPC: body biochemical composition, CAT: catalyse, GLU: glucose, LYZ: lysozyme activity, NOS: nitric acid

synthase, PHA: phagocytic activity, POD: Peroxidase activity, Propo: prophenoloxidase activity, RBA: respiratory burst activity, ROS: reactive oxygen species, SOD:
superoxide dismutase activity, TCC: total coelomocyte counts, THC: total haemocyte counts.

b Variation in experimental animals compared to controls: (↑) significant increase; (↓) significant decrease; (↔) no significant changes.
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Clarias spp., S. ocellatus and H. diversicolor fed diet with alginate
[69,72,83], C. gariepinus and P. fulvidraco fed diet with fucoidan
[73,129],M. cephalus fed diet with ulvan [160], P. bocourti fed diet with
agar [215], S. aurata fed diet with chitin [136,137,180], C. auratus, P.
olivaceus and L. calcarifer fed diet with chitosan [2,113,134], O. mykiss,
S. maximus, P. hypophthalmus and M. salmoides fed diet with chit-
ooligosaccharide [114,131,159,203]. The release of myeloperoxide
enzymes (MPO) by azurophilic granules of neutrophils is measured also
through the serum peroxidase activity. A significant increase in these
enzymes has been reported in L. rohita, E. bruneus and P. olivaceus fed
diets incorporated with fucoidan, chitin and chitosan respectively
[61,62,128,134].

In crustaceans, phenoloxidase (PO) in hemocytes is the terminal
enzyme in the prophenoloxidase (proPO) system and can be an in-
dicator to evaluate the health status [219]. The proPO cascade has a
main role in melanisation and seems to contribute in the host defence
by augmenting phagocytosis, nodule formation, encapsulation and he-
mocyte locomotion. Different type of MDPs has been reported to en-
hance PO in shrimps and crayfish (Tables 3 and 4). PO was elevated in
L. vannamei and P. monodon fed diets with alginate
[14,48,92,93,161,172], fucoidan [54,87,123,149,198], carrageenan
[142], ulvan [57,82,200], galactan [152,156], chitin [171] and sea-
grass crude polysaccharides [95]. Positive effects on these enzymes
have been also exhibited by alginate, fucoidan and chitosan fed to H.
diversicolor, F. chinensis, M. japonicus, M. rosenbergii and P. clarkia
[50,69,144,146,157,158].

11.2. Specific immune response

The supplementation of MDPs in fish, shrimp and other aquatic
animals in association with infections has been reported to enhance the
adaptive/specific immune response by improving the synthesis of spe-
cific antibodies (Table 2). Mendoza Rodriguez et al. [83] observed an
enhancing level of immunoglobulin (Ig) in S. ocellatus fed with alginate
diet. Feeds with fucoidan strongly enhanced the Ig production of L.
rohita infected with A. hydrophila has also been reported [128].

12. Effects on resistance to infection

12.1. Bacterial infections

It has been widely accepted that MDPs can increase the resistance of
fish, shrimp and other aquatic species against bacterial diseases by
improving their overall immunostimulatory effects (Tables 2–4).
Dietary supplementation with fucoidan [84,128], chitin [102], chitosan
[2,76,103,106,117,155,197,220], chitooligosaccharide [116], alginate
[168,170] significantly enhanced survival of different carp species (C.
carpio, C. idellus, C. mrigala and L. rohita) against the pathogen A. hy-
drophila, A. veronii and E. tarda. Similarly, diet with fucoidan [129] in P.
fulvidraco, diet with agar [71,215] in P. bocourti, diet with chitosan
[80,85] in O. niloticus and D. labrax, diet with chitooligosaccharide
[77,131,203] in O. mykiss, O. niloticus and M. salmoides, diets with
chitin [17] and chitosan [182] in S. salar and S. fontinalis showed en-
hanced disease resistance against A. hydrophila and A. salmonicida. Si-
milarly, dietary administration of alginate [104,175] in groupers (E.
bruneus, E. fuscoguttatus and E. coioides) and H. diversicolor [69], chitin
[17,61,133,164] in E. bruneus, C. maenas, S. salar and A. japonicus,
chitosan [108,113] in R. canadum and L. calcarifer, chitooligosaccharide
[115] in T. ovatus, chitin nanoparticles [86,191] in L. calcarifer and D.
labrax and ulvan [81] in A. japonicus had showed significant enhance-
ment of LYZ and bactericidal activities (BCA) led to potential preven-
tion against V. alginolyticus, V. harveyi, V. parahaemolyticus, V. angu-
illarum and V. splendidus infections. Further, S. maximus and P.
hypophthalmus fed a diet with chitooligosaccharide showed significant
resistance to E. tarda and E. ictaluri [114,159]. Van Doan et al.
[16,120,121] reported that O. niloticus fed a diet with alginate showed

significantly reduced mortality when infected with S. agalactiae.
Moreover, diet supplemented with alginate increased the survival rate
in groupers (E. bruneus, E. fuscoguttatus and E. coioides) challenged
against Streptococcus sp., and S. iniae infections [15,140]. Diets with
alginate [88] and ulvan [160] yielded high survival rate of E. coioides
and M. cephalus against Photobacterium damselae subsp. piscicida infec-
tion. Effects of MDPs on bacterial challenge in crustaceans have also
been reported. Alginate [48,93,172], fucoidan
[50,70,94,123,143–145,149,151,176], carrageenan [122,142], ulvan
[155] and chitin [51,221] supplemented diets showed significant re-
sistance of L. vannamei, P. monodon, M. japonicus, M. rosenbergii against
V. alginolyticus, V. harveyi, V. parahaemolyticus and V. campbelli by en-
hancing the lysozyme, complement and bactericidal activity.

12.2. Viral infections

Marine-derived polysaccharides are also capable of reducing viral
infections (Tables 3 and 4). Oral supplementation of alginate [68,161],
fucoidan [139,150,198], ulvan [57,200], galactan [152,153] and sea-
grass crude polysaccharides [95] clearly showed the enhanced re-
sistance of P. monodon against the viral pathogen white spot syndrome
virus (WSSV). Moreover, a diet with fucoidan protected L. vannamei and
M. rosenbergii against WSSV infection [87,157]. Furthermore, oral ad-
ministration of chitin reduced the prevalence of infection caused by
WSSV in P. clarkia [146,158].

12.3. Fugal and parasitic infections

The information about the MDPs control of fungal and parasitic
infections is limited (Table 2). Dietary supplementation with chitin
demonstrated a restorative effect in C. mrigala experimentally infected
with the fungus, A. invadans [75]. Dietary administration of chitin re-
duced the mortality of E. bruneus infected with the protozoan parasite,
P. dicentrarchi [62]. In context, C. carpio fed with chitosan had showed
significantly reduced infestation of Ptychobothrium sp., [186].

13. Conclusion and future perspectives

Infectious diseases represent the main problem for the development
of the aquaculture industry as they cause significant economic losses
inasmuch as they restrict the productivity and need the use of control
techniques that are often very expensive. However, indiscriminate ad-
ministration of antibiotic and vaccines in aquaculture practices leads to
the selection of antibiotic-resistant bacterial strains as well as the ac-
cumulation of chemical deposits in water and animal tissues, which
may cause the adverse effect to the environment and be potentially
dangerous for consumers. In this context, MDPs seem to represent a
promising tool, complementary to vaccine and antibiotics and can be
used to increase growth performance and food absorption, immune
response, disease resistance, reduced microbial activity of different
species of fish and shrimp and other aquatic animals which permits us
to conclude that these polysaccharides are a functional natural feed
additive used in a variety of ways in high, medium and low dose
manner. It causes improved health condition of aquatic animals and
increases productivity, thus providing a great potential which can be
applied in aquaculture industry and finally there may also be health
benefits for consumers. However, the role of MDPs on the gut phy-
siology and immune gene expression on aquatic animals have need to
be studied to improve the sustainable aquaculture production.

Funding

This work was supported by Department of Science and Technology-
Science and Engineering Research Board (DST-SERB) India, under the
scheme “National Post-Doctoral Fellow” (PDF/2016/001881).

K. Mohan et al. Fish and Shellfish Immunology 86 (2019) 1177–1193

1188



Acknowledgements

The authors are grateful to CAS in Marine Biology, Annamalai
University, Chidambaram for providing the laboratory facilities needed
for the study.

References

[1] FAO, The State of World Fisheries and Aquaculture, (2014).
[2] Y. Chen, X. Zhu, Y. Yang, D. Han, J. Jin, S. Xie, Effect of dietary chitosan on growth

performance, haematology, immune response, intestine morphology, intestine
microbiota and disease resistance in gibel carp (Carassius auratus gibelio),
Aquacult. Nutr. 20 (2014) 532–546 https://doi.org/10.1111/anu.12106.

[3] S.K. Allameh, F.M. Yusoff, E. Ringø, H.M. Daud, C.R. Saad, A. Ideris, Effects of
dietary mono‐and multiprobiotic strains on growth performance, gut bacteria and
body composition of Javanese carp (Puntius gonionotus, Bleeker 1850), Aquacult.
Nutr. 22 (2016) 367–373 https://doi.org/10.1111/anu.12265.

[4] FAO/WHO/OIE, Expert Consultation on Antimicrobial Use in Aquaculture and
Antimicrobial Resistance, Republic of South Korea, Seoul, 2006.

[5] D.P. Anderson, Immunostimulants, adjuvants and vaccine carriers in fish: appli-
cation to aquaculture, Annu. Rev. Fish Dis. 2 (1992) 281–307 https://doi.org/10.
1016/0959-8030(92)90067-8.

[6] M. Sakai, Current research status of fish immunostimulant, Aquaculture 172
(1999) 63–92 https://doi.org/10.1016/S0044-8486(98)00436-0.

[7] S.N. Fedorov, S.P. Ermakova, T.N. Zvyagintseva, V.A. Stonik, Anticancer and
cancer preventive properties of marine polysaccharides: some results and pro-
spects, Mar. Drugs 11 (2013) 4876–4901, https://doi.org/10.3390/md11124876.

[8] M.F.D.J. Raposo, R.M.S.C. de Morais, A.M.M. Bernardo de Morais, Bioactivity and
applications of sulphated polysaccharides from marine microalgae, Mar. Drugs 11
(2013) 233–252, https://doi.org/10.3390/md11010233.

[9] L. Wang, X. Wang, H. Wu, R. Liu, Overview on biological activities and molecular
characteristics of sulfated polysaccharides from marine green algae in recent
years, Mar. Drugs 12 (2014) 4984–5020 https://doi.org/10.3390/md12094984.

[10] E. Ringo, R.E. Olsen, T.Ø. Gifstad, R.A. Dalmo, H. Amlund, G.I. Hemre, Prebiotics
in aquaculture: a review, Aquacult. Nutr. 16 (2010) 117–136 https://doi.org/10.
1111/j.1365-2095.2009.00731.x.

[11] K. Mohan, A.M. Padmanaban, V. Uthayakumar, R. Chandirasekar,
T. Muralisankar, P. Santhanam, Effect of dietary Ganoderma lucidum poly-
saccharides on biological and physiological responses of the giant freshwater
prawn Macrobrachium rosenbergii, Aquaculture 464 (2016) 42–49 https://doi.org/
10.1016/j.aquaculture.2016.05.046.

[12] E. Ringo, A. Dimitroglou, S.H. Hoseinifar, S.J. Davies, Prebiotics in finfish: an
update, in: D.L. Merrifield, E. Ringø (Eds.), Aquaculture Nutrition: Gut Health,
Probiotics and Prebiotics, Wiley-Blackwell Publishing, Oxford, UK, 2014, pp.
360–400.

[13] K. Mohan, S. Ravichandran, T. Muralisankar, V. Uthayakumar, R. Chandirasekar,
P. Seedevi, D.K. Rajan, Potential uses of fungal polysaccharides as im-
munostimulants in fish and shrimp aquaculture: a review, Aquaculture 500 (2019)
250–263 https://doi.org/10.1016/j.aquaculture.2018.10.023.

[14] C.H. Liu, S.P. Yeh, C.M. Kuo, W. Cheng, C.H. Chou, The effect of sodium alginate
on the immune response of tiger shrimp via dietary administration: activity and
gene transcription, Fish Shellfish Immunol. 21 (2006) 442–452 https://doi.org/
10.1016/j.fsi.2006.02.003.

[15] R. Harikrishnan, M.C. Kim, J.S. Kim, Y.J. Han, I.S. Jang, C. Balasundaram,
M.S. Heo, Immunomodulatory effect of sodium alginate enriched diet in kelp
grouper Epinephelus bruneus against Streptococcus iniae, Fish Shellfish Immunol. 30
(2011) 543–549 https://doi.org/10.1016/j.fsi.2010.11.023.

[16] H. Van Doan, S.H. Hoseinifar, W. Tapingkae, P. Khamtavee, The effects of dietary
kefir and low molecular weight sodium alginate on serum immune parameters,
resistance against Streptococcus agalactiae and growth performance in Nile tilapia
(Oreochromis niloticus), Fish Shellfish Immunol. 62 (2017) 139–146 https://doi.
org/10.1016/j.fsi.2017.01.014.

[17] F. Askarian, Z. Zhou, R.E. Olsen, S. Sperstad, E. Ringø, Culturable autochthonous
gut bacteria in Atlantic salmon (Salmo salar L.) fed diets with or without chitin.
Characterization by 16S rRNA gene sequencing, ability to produce enzymes and in
vitro growth inhibition of four fish pathogens, Aquaculture 326–329 (2012) 1–8
https://doi.org/10.1016/j.aquaculture.2011.10.016.

[18] X. Wang, L. Wang, J. Che, X. Li, J. Li, J. Wang, Y. Xu, In vitro non-specific im-
munostimulatory effect of alginate oligosaccharides with different molecular
weights and compositions on sea cucumber (Apostichopus japonicus) coelomocytes,
Aquaculture 434 (2014) 434–441 https://doi.org/10.1016/j.aquaculture.2014.
08.021.

[19] A.J. Smit, Medicinal and pharmaceutical uses of seaweed natural products: a re-
view, J. Appl. Phycol. 16 (2004) 245–262 https://doi.org/10.1023/B:JAPH.
0000047783.36600.ef.

[20] A. Cumashi, N.A. Ushakova, M.E. Preobrazhenskaya, A. D'incecco, A. Piccoli,
L. Totani, N. Tinari, G.E. Morozevich, A.E. Berman, M.I. Bilan, A.I. Usov, A
comparative study of the anti-inflammatory, anticoagulant, antiangiogenic, and
antiadhesive activities of nine different fucoidans from brown seaweeds,
Glycobiology 17 (2007) 541–552 https://doi.org/10.1093/glycob/cwm014.

[21] P. Laurienzo, Marine polysaccharides in pharmaceutical applications: an over-
view, Mar. Drugs 8 (2010) 2435–2465 https://doi.org/10.3390/md8092435.

[22] S. Ermakova, R. Sokolova, S.M. Kim, B.H. Um, V. Isakov, T. Zvyagintseva,

Fucoidans from brown seaweeds Sargassum hornery, Eclonia cava, Costaria costata:
structural characteristics and anticancer activity, Appl. Biochem. Biotechnol. 164
(2011) 841–850 https://doi.org/10.1007/s12010-011-9178-2.

[23] G. Jiao, G. Yu, J. Zhang, H.S. Ewart, Chemical structures and bioactivities of
sulfated polysaccharides from marine algae, Mar. Drugs 9 (2011) 196–223 https://
doi.org/10.3390/md9020196.

[24] W.A.J.P. Wijesinghe, Y.J. Jeon, Biological activities and potential industrial ap-
plications of fucose rich sulfated polysaccharides and fucoidans isolated from
brown seaweeds: a review, Carbohydr. Polym. 88 (2012) 13–20 https://doi.org/
10.1016/j.carbpol.2011.12.029.

[25] E. Gomez-Ordóñez, A. Jiménez-Escrig, P. Rupérez, Bioactivity of sulfated poly-
saccharides from the edible red seaweed Mastocarpus stellatus, Bioact. Carbohydr.
Diet. Fibre. 3 (2014) 29–40 https://doi.org/10.1016/j.bcdf.2014.01.002.

[26] S. Sellimi, I. Younes, H.B. Ayed, H. Maalej, V. Montero, M. Rinaudo, M. Dahia,
T. Mechichi, M. Hajji, M. Nasri, Structural, physicochemical and antioxidant
properties of sodium alginate isolated from a Tunisian brown seaweed, Int. J. Biol.
Macromol. 72 (2015) 1358–1367 https://doi.org/10.1016/j.ijbiomac.2014.10.
016.

[27] Y. Yuan, D. Macquarrie, Microwave assisted extraction of sulfated polysaccharides
(fucoidan) from Ascophyllum nodosum and its antioxidant activity, Carbohydr.
Polym. 129 (2015) 101–107 https://doi.org/10.1016/j.carbpol.2015.04.057.

[28] A. Synytsya, D.J. Choi, R. Pohl, Y.S. Na, P. Capek, E. Lattová, T. Taubner,
J.W. Choi, C.W. Lee, J.K. Park, W.J. Kim, Structural features and anti-coagulant
activity of the sulphated polysaccharide SPS-CF from a green alga Capsosiphon
fulvescens, Mar. Biotechnol. 17 (2015) 718–735 https://doi.org/10.1007/s10126-
015-9643-y.

[29] K. Hardouin, G. Bedoux, A.S. Burlot, C. Donnay-Moreno, J.P. Bergé, P. Nyvall-
Collén, N. Bourgougnon, Enzyme-assisted extraction (EAE) for the production of
antiviral and antioxidant extracts from the green seaweed Ulva armoricana
(Ulvales, Ulvophyceae), Algal Res 16 (2016) 233–239 https://doi.org/10.1016/j.
algal.2016.03.013.

[30] R. Tuvikene, K. Truus, M. Robal, O. Volobujeva, E. Mellikov, T. Pehk, A. Kollist,
T. Kailas, M. Vaher, The extraction, structure, and gelling properties of hybrid
galactan from the red alga Furcellaria lumbricalis (Baltic Sea, Estonia), J. Appl.
Phycol. 22 (2010) 51–63 https://doi.org/10.1007/s10811-009-9425-x.

[31] M.G.D.C.F. Alves, C.M.P.G. Dore, A.J.G. Castro, M.S. do Nascimento, A.K.M. Cruz,
E.M. Soriano, N.M.B. Benevides, E.L. Leite, Antioxidant, cytotoxic and hemolytic
effects of sulfated galactans from edible red alga Hypnea musciformis, J. Appl.
Phycol. 24 (2012) 1217–1227 https://doi.org/10.1007/s10811-011-9763-3.

[32] S.U. Kadam, C.P. O'Donnell, D.K. Rai, M.B. Hossain, C.M. Burgess, D. Walsh,
B.K. Tiwari, Laminarin from Irish brown seaweeds Ascophyllum nodosum and
Laminaria hyperborea: ultrasound assisted extraction, characterization and bioac-
tivity, Mar. Drugs 13 (2015) 4270–4280, https://doi.org/10.3390/md13074270.

[33] S. Kumari, S.H.K. Annamareddy, S. Abanti, P.K. Rath, Physicochemical properties
and characterization of chitosan synthesized from fish scales, crab and shrimp
shells, Int. J. Biol. Macromol. 104 (2017) 1697–1705 https://doi.org/10.1016/j.
ijbiomac.2017.04.119.

[34] C.G. Gomez, M.V.P. Lambrecht, J.E. Lozano, M. Rinaudo, M.A. Villar, Influence of
the extraction–purification conditions on final properties of alginates obtained
from brown algae (Macrocystis pyrifera), Int. J. Biol. Macromol. 44 (2009) 365–371
https://doi.org/10.1016/j.ijbiomac.2009.02.005.

[35] B. Yang, G. Yu, X. Zhao, W. Ren, G. Jiao, L. Fang, Y. Wang, G. Du, C. Tiller,
G. Girouard, C.J. Barrow, S. Ewart, J. Zhang, Structural characterisation and
bioactivities of hybrid carrageenan-like sulphated galactan from red alga
Furcellaria lumbricalis, Food Chem. 124 (2011) 50–57 https://doi.org/10.1016/j.
foodchem.2010.05.102.

[36] A.A. Kalitnik, A.O. Byankina Barabanova, V.P. Nagorskaya, A.V. Reunov,
V.P. Glazunov, T.F. Solov’eva, I.M. Yermak, Low molecular weight derivatives of
different carrageenan types and their antiviral activity, J. Appl. Phycol. 25 (2013)
65–72 https://doi.org/10.1007/s10811-012-9839-8.

[37] W. Jin, W. Zhang, J. Wang, S. Ren, N. Song, D. Duan, Q. Zhang, Characterization
of laminaran and a highly sulfated polysaccharide from Sargassum fusiforme,
Carbohydr. Res. 385 (2014) 58–64 https://doi.org/10.1016/j.carres.2013.12.009.

[38] S. Imjongjairak, K. Ratanakhanokchai, N. Laohakunjit, C. Tachaapaikoon,
P. Pason, R. Waeonukul, Biochemical characteristics and antioxidant activity of
crude and purified sulfated polysaccharides from Gracilaria fisheri, Biosci.
Biotechnol. Biochem. 80 (2016) 524–532 https://doi.org/10.1080/09168451.
2015.1101334.

[39] H. Srinivasan, V. Kanayairam, R. Ravichandran, Chitin and chitosan preparation
from shrimp shells Penaeus monodon and its human ovarian cancer cell line, PA-1,
Int. J. Biol. Macromol. 107 (2018) 662–667 https://doi.org/10.1016/j.ijbiomac.
2017.09.035.

[40] J.C. Vilar Junior, D.R. Ribeaux, C.A. Alves da Silva, D. Campos-Takaki, G. Maria,
Physicochemical and antibacterial properties of chitosan extracted from waste
shrimp shells, Internet J. Microbiol. (2016), https://doi.org/10.1155/2016/
5127515.

[41] H.H. Ammar, S. Lajili, R.B. Said, D. Le Cerf, A. Bouraoui, H. Majdoub, Physico-
chemical characterization and pharmacological evaluation of sulfated poly-
saccharides from three species of Mediterranean brown algae of the genus
Cystoseira, DARU J. Pharm. Sci. 23 (1) (2015), https://doi.org/10.1186/s40199-
015-0089-6.

[42] R. Salah, P. Michaud, F. Mati, Z. Harrat, H. Lounici, N. Abdi, N. Drouiche,
N. Mameri, Anticancer activity of chemically prepared shrimp low molecular
weight chitin evaluation with the human monocyte leukaemia cell line, THP-1,
Int. J. Biol. Macromol. 52 (2013) 333–339 https://doi.org/10.1016/j.ijbiomac.
2012.10.009.

K. Mohan et al. Fish and Shellfish Immunology 86 (2019) 1177–1193

1189

http://refhub.elsevier.com/S1050-4648(18)30878-7/sref1
https://doi.org/10.1111/anu.12106
https://doi.org/10.1111/anu.12265
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref4
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref4
https://doi.org/10.1016/0959-8030(92)90067-8
https://doi.org/10.1016/0959-8030(92)90067-8
https://doi.org/10.1016/S0044-8486(98)00436-0
https://doi.org/10.3390/md11124876
https://doi.org/10.3390/md11010233
https://doi.org/10.3390/md12094984
https://doi.org/10.1111/j.1365-2095.2009.00731.x
https://doi.org/10.1111/j.1365-2095.2009.00731.x
https://doi.org/10.1016/j.aquaculture.2016.05.046
https://doi.org/10.1016/j.aquaculture.2016.05.046
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref12
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref12
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref12
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref12
https://doi.org/10.1016/j.aquaculture.2018.10.023
https://doi.org/10.1016/j.fsi.2006.02.003
https://doi.org/10.1016/j.fsi.2006.02.003
https://doi.org/10.1016/j.fsi.2010.11.023
https://doi.org/10.1016/j.fsi.2017.01.014
https://doi.org/10.1016/j.fsi.2017.01.014
https://doi.org/10.1016/j.aquaculture.2011.10.016
https://doi.org/10.1016/j.aquaculture.2014.08.021
https://doi.org/10.1016/j.aquaculture.2014.08.021
https://doi.org/10.1023/B:JAPH.0000047783.36600.ef
https://doi.org/10.1023/B:JAPH.0000047783.36600.ef
https://doi.org/10.1093/glycob/cwm014
https://doi.org/10.3390/md8092435
https://doi.org/10.1007/s12010-011-9178-2
https://doi.org/10.3390/md9020196
https://doi.org/10.3390/md9020196
https://doi.org/10.1016/j.carbpol.2011.12.029
https://doi.org/10.1016/j.carbpol.2011.12.029
https://doi.org/10.1016/j.bcdf.2014.01.002
https://doi.org/10.1016/j.ijbiomac.2014.10.016
https://doi.org/10.1016/j.ijbiomac.2014.10.016
https://doi.org/10.1016/j.carbpol.2015.04.057
https://doi.org/10.1007/s10126-015-9643-y
https://doi.org/10.1007/s10126-015-9643-y
https://doi.org/10.1016/j.algal.2016.03.013
https://doi.org/10.1016/j.algal.2016.03.013
https://doi.org/10.1007/s10811-009-9425-x
https://doi.org/10.1007/s10811-011-9763-3
https://doi.org/10.3390/md13074270
https://doi.org/10.1016/j.ijbiomac.2017.04.119
https://doi.org/10.1016/j.ijbiomac.2017.04.119
https://doi.org/10.1016/j.ijbiomac.2009.02.005
https://doi.org/10.1016/j.foodchem.2010.05.102
https://doi.org/10.1016/j.foodchem.2010.05.102
https://doi.org/10.1007/s10811-012-9839-8
https://doi.org/10.1016/j.carres.2013.12.009
https://doi.org/10.1080/09168451.2015.1101334
https://doi.org/10.1080/09168451.2015.1101334
https://doi.org/10.1016/j.ijbiomac.2017.09.035
https://doi.org/10.1016/j.ijbiomac.2017.09.035
https://doi.org/10.1155/2016/5127515
https://doi.org/10.1155/2016/5127515
https://doi.org/10.1186/s40199-015-0089-6
https://doi.org/10.1186/s40199-015-0089-6
https://doi.org/10.1016/j.ijbiomac.2012.10.009
https://doi.org/10.1016/j.ijbiomac.2012.10.009


[43] S.D. Anastyuk, N.M. Shevchenko, R.V. Usoltseva Menshova, A.S. Silchenko,
P.A. Zadorozhny, P.S. Dmitrenok, S.P. Ermakova, Structural features and antic-
ancer activity in vitro of fucoidan derivatives from brown alga Saccharina ci-
chorioides, Carbohydr. Polym. 157 (2017) 503–1510 https://doi.org/10.1016/j.
carbpol.2016.11.031.

[44] R.S.C.M. de Queiroz Antonino, B.R.P. Lia Fook, V.A. de Oliveira Lima, R.I. de
Farias Rached, E.P.N. Lima, R.J. da Silva Lima, C.A. Peniche Covas, M.V. Lia Fook,
Preparation and characterization of chitosan obtained from shells of shrimp
(Litopenaeus vannamei Boone), Mar. Drugs 15 (2017) 141, https://doi.org/10.
3390/md15050141.

[45] R. Harikrishnan, C. Balasundaram, M.C. Kim, J.S. Kim, Y.J. Han, M.S. Heo, Innate
immune response and disease resistance in Carassius auratus by triherbal solvent
extracts, Fish Shellfish Immunol. 27 (2009) 508–515 https://doi.org/10.1016/j.
fsi.2009.07.004.

[46] B.O. Gabrielsen, E. Austreng, Growth, product quality and immune status of
Atlantic salmon, Salmo salar L., fed wet feed with alginate, Aquacult. Res. 29
(1998) 397–401 https://doi.org/10.1046/j.1365-2109.1998.00215.x.

[47] W.R.L. Farias, H.J. Rebouças, V.M. Torres, J.A.G. Rodrigues, G. da Costa Pontes,
F.H.O. da Silva, A.H. Sampaio, Enhancement of growth in tilapia larvae
(Oreochromis niloticus) by sulfated D-galactans extracted from the red marine alga
Botryocladia occidentalis, Rev. Cienc. Agron. 35 (2004) 189–195.

[48] W. Cheng, C.H. Liu, S.T. Yeh, J.C. Chen, The immune stimulatory effect of sodium
alginate on the white shrimp Litopenaeus vannamei and its resistance against Vibrio
alginolyticus, Fish Shellfish Immunol. 17 (2004) 41–51 https://doi.org/10.1016/j.
fsi.2003.11.004.

[49] J.I.A.N.G. Xiao-Lu, D.U. Yi-Shuai, W.A.N.G. Peng, L.I.U. Rui-Zhi, Y.A.N.G. Xue-
Song, L.V. Qing, Effects of alginate-derived oligosaccharide on the activities of
immunoenzymes in the coelomic fluid and body wall of sea cucumber
(Apostichopus japonicus), Period. Ocean. Univ. China. 6 (2009) 005.

[50] X. Huang, H. Zhou, H. Zhang, The effect of Sargassum fusiforme polysaccharide
extracts on vibriosis resistance and immune activity of the shrimp, Fenneropenaeus
chinensis, Fish Shellfish Immunol. 20 (2006) 750–757 https://doi.org/10.1016/j.
fsi.2005.09.008.

[51] O.A. Lawhavinit, W. Surachetpong, B. Inthasri, N. Areechon, Efficiency of chitosan
to Vibrio spp. isolated from diseased black tiger shrimp, Penaeus monodon fabricius
in Thailand, Kasetsart J./Nat. Sci. 40 (2006) 235–241.

[52] S.T. Chiu, R.T. Tsai, J.P. Hsu, C.H. Liu, W. Cheng, Dietary sodium alginate ad-
ministration to enhance the non-specific immune responses, and disease resistance
of the juvenile grouper Epinephelus fuscoguttatus, Aquaculture 277 (2008) 66–72
https://doi.org/10.1016/j.aquaculture.2008.01.032.

[53] H. Wang, Y. Zhao, J. Yu, Z. Huang, J. Xu, Effects of chitosan on growth and nu-
tritional composition of muscle in Ctenopharyngodon idellus [J], J. Hunan Agric.
Univ. (Soc. Sci.) 5 (2008) 019.

[54] H.E. Ying, Immunoregulation effect of Sargassum polysaccharides on white-leg
shrimp, J. Anhui Agr. Sci. 31 (2008) 083.

[55] Y. Liu, W.L. Kong, G.L. Jiang, Z.Q. Wu, Effects of two kinds of im-
munopolysaccharide on the activities of immunoenzymes in sea cucumber,
Apostichopus japonicus, J. Fish. Sci. China 15 (2008) 787–793, https://doi.org/10.
1007/s10499-009-9300-4.

[56] G.A. Faghani, Takami, A. Kousha, S. Faghani, Surveying on alginic acid and anti-
streptococcus vaccine effects on the growth performance, survival rate, hemato-
logical parameters in rainbow trout (Oncorhynchos mykiss), World J. Zool. 3 (2008)
54–58.

[57] A. Manilal, S. Sujith, J. Selvin, G.S. Kiran, C. Shakir, In vivo antiviral activity of
polysaccharide from the Indian green alga, Acrosiphonia orientalis (J. Agardh):
potential implication in shrimp disease management, World J. Fish Mar. Sci. 1
(2009) 278–282.

[58] I.A.M. Eissa, A.F. Badran, A.M. Abd-Elmoez, Dietary sodium alginate as an im-
munostimulant in cultured Oreochromis niloticus and its resistance against
Aeromonas hydrophila, Suez Canal Vet. Med. J. 1 (2009) 19–31.

[59] Y.X. Ma, K. Xu, Y.H. Wang, B. Wang, J. Song, Y.Q. Chang, Effects of κ-carrageenan
oligosaccharides on activities of lysozyme, alkaline phosphatase and superoxide
dismutase of coelomic fluid in sea cucumber Apostichopus japonica [J], J. Dalian
Ocean Univ. 3 (2010) 009.

[60] H.Y. Li, W. Xu, D.F. Wang, J.P. Sun, Y. Zhang, The effect of chitosan oligo-
saccharide complex with rare earth on cadmium accumulation in Scopbtbalmus
maxmus, Period. Ocean. Univ. China. 40 (2010) 57–61.

[61] R. Harikrishnan, J.S. Kim, C. Balasundaram, M.S. Heo, Immunomodulatory effects
of chitin and chitosan enriched diets in Epinephelus bruneus against Vibrio algino-
lyticus infection, Aquaculture 326–329 (2012) 46–52 https://doi.org/10.1016/j.
aquaculture.2011.11.034.

[62] R. Harikrishnan, J.S. Kim, C. Balasundaram, M.S. Heo, Dietary supplementation
with chitin and chitosan on haematology and innate immune response in
Epinephelus bruneus against Philasterides dicentrarchi, Exp. Parasitol. 131 (2012)
116–124 https://doi.org/10.1016/j.exppara.2012.03.020.

[63] G. Vahedi, S. Ghodratizadeh, Effect of chitin supplemented diet on innate immune
response of rainbow trout, World J. Fish Mar. Sci. 3 (2011) 509–513.

[64] X. Li, Y. Yu, S. Xie, Q. Yan, Y. Chen, Effect of chitosan on intestinal bacteria of
allogynogenetic crucian carp, Carassius auratus gibelio, as depicted by polymerase
chain reaction‐denaturing gradient gel electrophoresis, J. World Aquacult. Soc. 42
(2011) 539–548 https://doi.org/10.1111/j.1749-7345.2011.00496.x.

[65] W. Cheng, R.T. Tsai, C.C. Chang, Dietary sodium alginate administration enhances
Mx gene expression of the tiger grouper, Epinephelus fuscoguttatus receiving poly I:
C, Aquaculture 324–325 (2012) 201–208 https://doi.org/10.1016/j.aquaculture.
2011.10.032.

[66] J.P.D.S. Saboya, G.S. Araujo, J.W.A.D. Silva, J.D. Sousa Junior, R.L. Maciel,

W.R.L. Farias, Effect of sulfated polysaccharides from the Rodophyta Kappaphycus
alvarezii in post larva of Nile tilapia (Oreochromis niloticus) submitted to a stress
situation, Acta Sci. 34 (2012) 215–221 https://doi.org/10.4025/actascianimsci.
v34i3.13213.

[67] A. Alishahi, A. Mirvaghefi, M.R. Tehrani, H. Farahmand, S. Koshio, F.A. Dorkoosh,
M.Z. Elsabee, Chitosan nanoparticle to carry vitamin C through the gastro-
intestinal tract and induce the non-specific immunity system of rainbow trout
(Oncorhynchus mykiss), Carbohydr. Polym. 86 (2011) 142–146 https://doi.org/10.
1016/j.carbpol.2011.04.028.

[68] G. Immanuel, M. Sivagnanavelmurugan, V. Balasubramanian, A. Palavesam,
Sodium alginate from Sargassum wightii retards mortalities in Penaeus monodon
post larvae challenged with white spot syndrome virus, Dis. Aquat. Org. 99 (2012)
187–196 https://doi.org/10.3354/dao02466.

[69] W. Cheng, J.S. Yu, Effects of the dietary administration of sodium alginate on the
immune responses and disease resistance of Taiwan abalone, Haliotis diversicolor
supertexta, Fish Shellfish Immunol. 34 (2013) 902–908 https://doi.org/10.1016/
j.fsi.2012.12.020.

[70] R.F.M. Traifalgar, V.L. Corre, A.E. Serrano, Efficacy of dietary immunostimulants
to enhance the immunological responses and Vibriosis resistance of juvenile
Penaeus monodon, J. Fish. Aquat. Sci. 8 (2013) 340–354, https://doi.org/10.3923/
jfas.2013.340.354.

[71] H. Van Doan, S. Doolgindachbaporn, A. Suksri, Effects of low molecular weight
agar from seaweed on growth performance, immunity, and disease resistance of
basa fish (Pangasius bocourti, Sauvage 1880), Pensee J 76 (2014) 47–57.

[72] A. Isnansetyo, H.M. Irpani, T.A. Wulansari, N. Kasanah, Oral administration of
alginate from a tropical brown seaweed, Sargassum sp. to enhance non-specific
defense in walking catfish (Clarias sp.), Aquac. Indones. 15 (2014) 14–20 https://
doi.org/10.21534/ai.v15i1.29.

[73] M. EI-Boshy, A. El-Ashram, E. Risha, F. Abdelhamid, E. Zahran, A. Gab-Alla,
Dietary fucoidan enhance the non-specific immune response and disease resistance
in African catfish, Clarias gariepinus, immunosuppressed by cadmium chloride,
Vet. Immunol. Immunopathol. 162 (2014) 168–173 https://doi.org/10.1016/j.
vetimm.2014.10.001.

[74] G. Yin, W. Li, Q. Lin, X. Lin, J. Lin, Q. Zhu, H. Jiang, Z. Huang, Dietary admin-
istration of laminarin improves the growth performance and immune responses in
Epinephelus coioides, Fish Shellfish Immunol. 41 (2014) 402–406 https://doi.org/
10.1016/j.fsi.2014.09.027.

[75] L.S.S. Mari, C. Jagruthi, S.M. Anbazahan, G. Yogeshwari, R. Thirumurugan,
J. Arockiaraj, P. Mariappan, C. Balasundaram, R. Harikrishnan, Protective effect of
chitin and chitosan enriched diets on immunity and disease resistance in Cirrhina
mrigala against Aphanomyces invadans, Fish Shellfish Immunol. 39 (2014) 378–385
https://doi.org/10.1016/j.fsi.2014.05.027.

[76] S.A. Mustafa, J.K. Alfaragi, Z. Aref, The influence of chitosan on immune status
and survival rate of Cyprinus carpio L. challenged with Aeromonas hydrophila, Kufa
J. Vet. Sci. 5 (2014) 93–104.

[77] C. Qin, Y. Zhang, W. Liu, L. Xu, Y. Yang, Z. Zhou, Effects of chito-oligosaccharides
supplementation on growth performance, intestinal cytokine expression, auto-
chthonous gut bacteria and disease resistance in hybrid tilapia Oreochromis nilo-
ticus♀× Oreochromis aureus♂, Fish Shellfish Immunol. 40 (2014) 267–274
https://doi.org/10.1016/j.fsi.2014.07.010.

[78] T. Sangma, D. Kamilya, In vitro and dietary effects of chitin on cellular and hu-
moral immune parameters of Catla, Catla catla (Hamilton), J. World Aquacult. Soc.
46 (2015) 617–623 https://doi.org/10.1111/jwas.12232.

[79] M. Mehrpak, M. Banaee, H.B. Nematdoost, A. Noori, Protective effects of vitamin C
and chitosan against cadmium-induced oxidative stress in the liver of common
carp (Cyprinus carpio), Iranian J. Toxicol. 9 (2015) 1360–1367 http://ijt.arakmu.
ac.ir/article-1-455-en.html.

[80] N.M. Abu-Elala, S.H. Mohamed, M.M. Zaki, A.E. Eissa, Assessment of the immune-
modulatory and antimicrobial effects of dietary chitosan on Nile tilapia
(Oreochrmis niloticus) with special emphasis to its bio-remediating impacts, Fish
Shellfish Immunol. 46 (2015) 678–685 https://doi.org/10.1016/j.fsi.2015.08.
004.

[81] J. Wei, S. Wang, D. Pei, Y. Liu, Y. Liu, D. Di, Polysaccharide from Enteromorpha
prolifera enhances non-specific immune responses and protection against Vibrio
splendidus infection of sea cucumber, Aquacult. Int. 23 (2015) 661–670 https://
doi.org/10.1007/s10499-014-9844-9.

[82] Q.D. Lauzon, A.E. Serrano Jr., Ulvan extract from Enteromorpha intestinalis en-
hances immune responses in Litopenaeus vannamei and Penaeus monodon juveniles,
ABAH Bioflux 7 (2015) 1–10.

[83] M.G. Mendoza Rodriguez, C. Pohlenz, D.M. Gatlin, Supplementation of organic
acids and algae extracts in the diet of red drum Sciaenops ocellatus: immunological
impacts, Aquacult. Res. 48 (2017) 1778–1786 https://doi.org/10.1111/are.
13015.

[84] P. Rajendran, P.A. Subramani, D. Michael, Polysaccharides from marine macro-
algae, Padina gymnospora improve the nonspecific and specific immune responses
of Cyprinus carpio and protect it from different pathogens, Fish Shellfish Immunol.
58 (2016) 220–228 https://doi.org/10.1016/j.fsi.2016.09.016.

[85] H.S. EI-Sayed, K.M. Barakat, Effect of dietary chitosan on challenged Dicentrarchus
labrax post larvae with Aeromonas hydrophila, Russ. J. Mar. Biol. 42 (2016)
501–508 https://doi.org/10.1134/S1063074016060043.

[86] K.M. Barakat, H.S. El-Sayed, Y.M. Gohar, Protective effect of squilla chit-
osan–silver nanoparticles for Dicentrarchus labrax, Int. Aquat. Res. 8 (2016)
179–189 https://doi.org/10.1007/s40071-016-0133-2.

[87] E. Sinurat, E. Saepudin, S. Hudiyono, Immunostimulatory activity of brown sea-
weed-derived fucoidans at different molecular weights and purity levels towards
white spot syndrome virus (WSSV) in shrimp Litopenaeus vannamei, J. Appl.

K. Mohan et al. Fish and Shellfish Immunology 86 (2019) 1177–1193

1190

https://doi.org/10.1016/j.carbpol.2016.11.031
https://doi.org/10.1016/j.carbpol.2016.11.031
https://doi.org/10.3390/md15050141
https://doi.org/10.3390/md15050141
https://doi.org/10.1016/j.fsi.2009.07.004
https://doi.org/10.1016/j.fsi.2009.07.004
https://doi.org/10.1046/j.1365-2109.1998.00215.x
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref47
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref47
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref47
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref47
https://doi.org/10.1016/j.fsi.2003.11.004
https://doi.org/10.1016/j.fsi.2003.11.004
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref49
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref49
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref49
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref49
https://doi.org/10.1016/j.fsi.2005.09.008
https://doi.org/10.1016/j.fsi.2005.09.008
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref51
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref51
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref51
https://doi.org/10.1016/j.aquaculture.2008.01.032
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref53
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref53
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref53
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref54
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref54
https://doi.org/10.1007/s10499-009-9300-4
https://doi.org/10.1007/s10499-009-9300-4
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref56
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref56
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref56
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref56
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref57
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref57
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref57
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref57
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref58
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref58
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref58
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref59
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref59
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref59
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref59
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref60
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref60
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref60
https://doi.org/10.1016/j.aquaculture.2011.11.034
https://doi.org/10.1016/j.aquaculture.2011.11.034
https://doi.org/10.1016/j.exppara.2012.03.020
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref63
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref63
https://doi.org/10.1111/j.1749-7345.2011.00496.x
https://doi.org/10.1016/j.aquaculture.2011.10.032
https://doi.org/10.1016/j.aquaculture.2011.10.032
https://doi.org/10.4025/actascianimsci.v34i3.13213
https://doi.org/10.4025/actascianimsci.v34i3.13213
https://doi.org/10.1016/j.carbpol.2011.04.028
https://doi.org/10.1016/j.carbpol.2011.04.028
https://doi.org/10.3354/dao02466
https://doi.org/10.1016/j.fsi.2012.12.020
https://doi.org/10.1016/j.fsi.2012.12.020
https://doi.org/10.3923/jfas.2013.340.354
https://doi.org/10.3923/jfas.2013.340.354
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref71
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref71
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref71
https://doi.org/10.21534/ai.v15i1.29
https://doi.org/10.21534/ai.v15i1.29
https://doi.org/10.1016/j.vetimm.2014.10.001
https://doi.org/10.1016/j.vetimm.2014.10.001
https://doi.org/10.1016/j.fsi.2014.09.027
https://doi.org/10.1016/j.fsi.2014.09.027
https://doi.org/10.1016/j.fsi.2014.05.027
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref76
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref76
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref76
https://doi.org/10.1016/j.fsi.2014.07.010
https://doi.org/10.1111/jwas.12232
http://ijt.arakmu.ac.ir/article-1-455-en.html
http://ijt.arakmu.ac.ir/article-1-455-en.html
https://doi.org/10.1016/j.fsi.2015.08.004
https://doi.org/10.1016/j.fsi.2015.08.004
https://doi.org/10.1007/s10499-014-9844-9
https://doi.org/10.1007/s10499-014-9844-9
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref82
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref82
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref82
https://doi.org/10.1111/are.13015
https://doi.org/10.1111/are.13015
https://doi.org/10.1016/j.fsi.2016.09.016
https://doi.org/10.1134/S1063074016060043
https://doi.org/10.1007/s40071-016-0133-2


Pharmaceut. Sci. 6 (2016) 82–91, https://doi.org/10.7324/JAPS.2016.601011.
[88] P.P. Lee, Y.H. Lin, M.C. Chen, W. Cheng, Dietary administration of sodium alginate

ameliorated stress and promoted immune resistance of grouper Epinephelus
coioides under cold stress, Fish Shellfish Immunol. 65 (2017) 127–135 https://doi.
org/10.1016/j.fsi.2017.04.007.

[89] B.C. Fabrini, W.F. Braga, E.S. Andrade, D.A.D. Paula, R.R. Paulino, Sulfated
polysaccharides in diets for Nile tilapia (Oreochromis niloticus) in the initial growth
phase, J. Aquac. Res. Development. 8 (2017), https://doi.org/10.4172/2155-
9546.1000477.

[90] J. Yan, C. Guo, M.A.O. Dawood, J. Gao, Effects of dietary chitosan on growth, lipid
metabolism, immune response and antioxidant-related gene expression in
Misgurnus anguillicaudatus, Benef. Microbes 8 (2017) 439–449 https://doi.org/10.
3920/BM2016.0177.

[91] X. Meng, J. Wang, W. Wan, M. Xu, T. Wang, Influence of low molecular weight
chito-oligosaccharides on growth performance and non-specific immune response
in Nile tilapia Oreochromis niloticus, Aquacult. Int. 25 (2017) 1265–1277 https://
doi.org/10.1007/s10499-017-0112-7.

[92] G. Kokilam, S. Vasuki, B. Deivasigamani, D. Babitha, Stimulatory role of low
viscous sodium alginate extracted from Turbinaria decurrens (Phaeophyta) on im-
mune responses and gene expression in Litopenaeus vannamei, Ann. Aquacult. Res.
4 (2017) 1030.

[93] K. Kudus, I. Grasian, S. Madasamy, A. John, Immunomodulatory effect of alginic
acid from brown seaweed Sarassum wightii on disease resistance in Penaeus
monodon, J. Clean WAS. 1 (2017) 26–29, https://doi.org/10.26480/jcleanwas.01.
2017.26.29.

[94] T. Rudtanatip, N. Boonsri, S. Asuvapongpatana, B. Withyachumnarnkul,
K. Wongprasert, A sulfated galactans supplemented diet enhances the expression
of immune genes and protects against Vibrio parahaemolyticus infection in shrimp,
Fish Shellfish Immunol. 65 (2017) 186–197 https://doi.org/10.1016/j.fsi.2017.
04.020.

[95] N. Yuvaraj, V. Arul, Immunomodulatory effects of seagrass Halophila ovalis poly-
saccharide mixed feed in adult black tiger shrimp Penaeus monodon and its pro-
tective efficacy against white spot syndrome virus infection, Iran. J. Fish. Sci. 16
(2017) 993–1007 http://jifro.ir/article-1-2869-en.html.

[96] G.J. Lindsay, M.J. Walton, J.W. Adron, T.C. Fletcher, C.Y. Cho, C.B. Cowey, The
growth of rainbow trout (Salmo gairdneri) given diets containing chitin and its
relationship to chitinolytic enzymes and chitin digestibility, Aquaculture 37
(1984) 315–334 https://doi.org/10.1016/0044-8486(84)90297-7.

[97] S.Y. Shiau, Y.P. Yu, Chitin but not chitosan supplementation enhances growth of
grass shrimp, Penaeus monodon, J. Nutr. 128 (1998) 908–912 https://doi.org/10.
1093/jn/128.5.908.

[98] S.Y. Shiau, Y.P. Yu, Dietary supplementation of chitin and chitosan depresses
growth in tilapia, O. niloticus× O. aureus, Aquaculture 179 (1999) 439–446
https://doi.org/10.1016/S0044-8486(99)00177-5.

[99] S.Q. Wang, H.Q. Zhou, Effects of chitosan as a feed additive on lysozyme activity
and phaogocytic activity of leucocytes of allogynogenetic silver crucian carp, J.
Shanghai Fish. Univ. 2 (2004) 005.

[100] M. Bagni, N. Romano, M.G. Finoia, L. Abelli, G. Scapigliati, P.G. Tiscar, M. Sarti,
G. Marino, Short-and long-term effects of a dietary yeast β-glucan (Macrogard)
and alginic acid (Ergosan) preparation on immune response in sea bass
(Dicentrarchus labrax), Fish Shellfish Immunol. 18 (2005) 311–325 https://doi.
org/10.1016/j.fsi.2004.08.003.

[101] X. Hua, H. Zhou, Y. Zhang, H. Zhou, Effect of dietary supplemental chitosan and
probiotics on growth and some digestive enzyme activities in juvenile Fugu ob-
scurus, Acta Hydrobiol. Sin. 29 (2005) 297.

[102] A. Gopalakannan, V. Arul, Immunomodulatory effects of dietary intake of chitin,
chitosan and levamisole on the immune system of Cyprinus carpio and control of
Aeromonas hydrophila infection in ponds, Aquaculture 255 (2006) 179–187
https://doi.org/10.1016/j.aquaculture.2006.01.012.

[103] Y. Chen, X. Hua, H. Zhou, S. Shen, Z. Xu, X. Zhang, H. Lu, Effect of chitosan on
growth and resistance to infection of Aeromonas hydrophila of allogynogenetic
silver crucian carp, J. Shanghai Univ. 02 (2006), https://doi.org/10.1111/anu.
12106.

[104] A.C. Cheng, Y.Y. Chen, J.C. Chen, Dietary administration of sodium alginate and κ-
carrageenan enhances the innate immune response of brown-marbled grouper
Epinephelus fuscoguttatus and its resistance against Vibrio alginolyticus, Vet.
Immunol. Immunopathol. 121 (2008) 206–215 https://doi.org/10.1016/j.
vetimm.2007.09.011.

[105] E. Ahmadifar, G.A. Takami, M. Sudagar, Growth performance, survival and im-
munostimultion, of beluga (Huso huso) juvenile following dietary administration
of alginic acid (Ergosan), Pakistan J. Nutr. 8 (2009) 227–232, https://doi.org/10.
3923/pjn.2009.227.232.

[106] M. Sajid, S. Prabjeet, M.H. Samoon, A.K. Balange, Effect of dietary chitosan on
non-specific immune response and growth of Cyprinus carpio challenged with
Aeromonas hydrophila, Int. Aquat. Res. 2 (2010) 77–85.

[107] M. Heidarieh, M. Soltani, A.H. Tamimi, M.H. Toluei, Comparative effect of raw
fiber (Vitacel) and alginic acid (Ergosan) on growth performance, im-
munocompetent cell population and plasma lysozyme content of giant sturgeon
(Huso huso), Turk. J. Fish. Aquat. Sci. 11 (2011) 445–450, https://doi.org/10.
4194/1303-2712-v11_3_15.

[108] X. Geng, X.H. Dong, B.P. Tan, Q.H. Yang, S.Y. Chi, H.Y. Liu, X.Q. Liu, Effects of
dietary chitosan and Bacillus subtilis on the growth performance, non-specific
immunity and disease resistance of cobia, Rachycentron canadum, Fish Shellfish
Immunol. 31 (2011) 400–406 https://doi.org/10.1016/j.fsi.2011.06.006.

[109] Y. Wang, J. Li, Effects of chitosan nanoparticles on survival, growth and meat
quality of tilapia, Oreochromis nilotica, Nanotoxicology 5 (2011) 425–431

https://doi.org/10.3109/17435390.2010.530354.
[110] D.L. Merrifield, G.M. Harper, S. Mustafa, O. Carnevali, S. Picchietti, S.J. Davies,

Effect of dietary alginic acid on juvenile tilapia (Oreochromis niloticus) intestinal
microbial balance, intestinal histology and growth performance, Cell Tissue Res.
344 (2011) 135–146 https://doi.org/10.1007/s00441-010-1125-y.

[111] J. Tuller, C. Santis, D.R. Jerry, Dietary influence of Fucoidan supplementation on
growth of Lates calcarifer (Bloch), Aquacult. Res. 45 (2014) 749–754 https://doi.
org/10.1111/are.12029.

[112] S. Meshkini, A.A. Tafy, A. Tukmechi, F. Farhang-Pajuh, Effects of chitosan on
hematological parameters and stress resistance in rainbow trout (Oncorhynchus
mykiss), Vet. Res. Forum 3 (2012) 49–54.

[113] R. Ranjan, K.P. Prasad, T. Vani, R. Kumar, Effect of dietary chitosan on haema-
tology, innate immunity and disease resistance of Asian seabass Lates calcarifer
(Bloch), Aquacult. Res. 45 (2014) 983–993 https://doi.org/10.1111/are.12050.

[114] L. Cui, W. Xu, Q. Ai, D. Wang, K. Mai, Effects of dietary chitosan oligosaccharide
complex with rare earth on growth performance and innate immune response of
turbot, Scophthalmus maximus L, Aquacult. Res. 44 (2013) 683–690 https://doi.
org/10.1111/j.1365-2109.2011.03072.x.

[115] S. Lin, S. Mao, Y. Guan, X. Lin, L. Luo, Dietary administration of chito-oligo-
saccharides to enhance growth, innate immune response and disease resistance of
Trachinotus ovatus, Fish Shellfish Immunol. 32 (2012) 909–913 https://doi.org/10.
1016/j.fsi.2012.02.019.

[116] S. Lin, S. Mao, Y. Guan, L. Luo, L. Luo, Y. Pan, Effects of dietary chitosan oligo-
saccharides and Bacillus coagulans on the growth, innate immunity and resistance
of koi (Cyprinus carpio koi), Aquaculture 342–343 (2012) 36–41 https://doi.org/
10.1016/j.aquaculture.2012.02.009.

[117] A. Kiruba, V. Ramasubramanian, V. Uthayakumar, Effect of chitosan supple-
mented diet on survival, growth, hematological, biochemical and immunological
responses of Indian major carp Labeo rohita, Int. Res. J. Pharm. 4 (2013) 141–146,
https://doi.org/10.7897/2230-8407.04529.

[118] J. Niu, H.Z. Lin, S.G. Jiang, X. Chen, K.C. Wu, Y.J. Liu, S. Wang, L.X. Tian,
Comparison of effect of chitin, chitosan, chitosan oligosaccharide and N-acetyl-d-
glucosamine on growth performance, antioxidant defenses and oxidative stress
status of Penaeus monodon, Aquaculture 372–375 (2013) 1–8 https://doi.org/10.
1016/j.aquaculture.2012.10.021.

[119] W.M. Mao, Q. Liu, J. Xu, X.C. Ji, M.J. Zhu, Y. Chen, Effect of chitosan on low
temperature antistress to Procambarus clarkia, Hubei Agric. Sci. 9 (2013) 035.

[120] H. Van Doan, W. Tapingkae, T. Moonmanee, A. Seepai, Effects of low molecular
weight sodium alginate on growth performance, immunity, and disease resistance
of tilapia, Oreochromis niloticus, Fish Shellfish Immunol. 55 (2016) 186–194
https://doi.org/10.1016/j.fsi.2016.05.034.

[121] H. Van Doan, S.H. Hoseinifar, W. Tapingkae, S. Tongsiri, P. Khamtavee, Combined
administration of low molecular weight sodium alginate boosted im-
munomodulatory, disease resistance and growth enhancing effects of Lactobacillus
plantarum in Nile tilapia (Oreochromis niloticus), Fish Shellfish Immunol. 58 (2016)
678–685 https://doi.org/10.1016/j.fsi.2016.10.013.

[122] Y.Y. Chen, J.C. Chen, Y.C. Lin, D.F. Putra, S. Kitikiew, C.C. Li, J.F. Hsieh,
C.H. Liou, S.T. Yeh, Shrimp that have received carrageenan via immersion and diet
exhibit immunocompetence in phagocytosis despite a post-plateau in immune
parameters, Fish Shellfish Immunol. 36 (2014) 352–366 https://doi.org/10.1016/
j.fsi.2013.12.004.

[123] M. Sivagnanavelmurugan, B.J. Thaddaeus, A. Palavesam, G. Immanuel, Dietary
effect of Sargassum wightii fucoidan to enhance growth, prophenoloxidase gene
expression of Penaeus monodon and immune resistance to Vibrio parahaemolyticus,
Fish Shellfish Immunol. 39 (2014) 439–449 https://doi.org/10.1016/j.fsi.2014.
05.037.

[124] M. Akbari, M. Heidarieh, A. Mirvaghefi, H. Farahmand, N. Sheikhzadeh,
E.N. Hajivar, Effect of dietary Ergosan and Hilyses on growth performance, he-
matological variables and immune response in rainbow trout (Oncorhynchus my-
kiss), Iran, J. Aquat. Anim. Health 1 (2015) 1–6 http://ijaah.ir/article-1-60-en.
html.

[125] Ø. Karlsen, H. Amlund, A. Berg, R.E. Olsen, The effect of dietary chitin on growth
and nutrient digestibility in farmed Atlantic cod, Atlantic salmon and Atlantic ha-
libut, Aquacult. Res. 48 (2017) 123–133 https://doi.org/10.1111/are.12867.

[126] P. Akbary, P. Oliyaii, Effect of oral administration of Chitosan supplement on
growth and blood parameters in Indian Mackerel (Rastrelliger kanagurta), Vet. Res.
Biol. Prod. 30 (2017) 204–211.

[127] D. Vollstad, J. Bøgwald, V. Gåserød, R.A. Dalmo, Influence of high-M alginate on
the growth and survival of Atlantic cod (Gadus morhua L.) and spotted wolffish
(Anarhichas minor Olafsen) fry, Fish Shellfish Immunol. 20 (2006) 548–561
https://doi.org/10.1016/j.fsi.2005.07.004.

[128] M.I. Nazir, N.P. Sahu, A.K. Pal, M. Makesh, Synergistic effect of l-methionine and
fucoidan rich extract in eliciting growth and non-specific immune response of
Labeo rohita fingerlings against Aeromonas hydrophila, Aquaculture 479 (2017)
396–403 https://doi.org/10.1016/j.aquaculture.2017.06.001.

[129] Q. Yang, R. Yang, M. Li, Q. Zhou, X. Liang, Z.C. Elmada, Effects of dietary fucoidan
on the blood constituents, anti-oxidation and innate immunity of juvenile yellow
catfish (Pelteobagrus fulvidraco), Fish Shellfish Immunol. 41 (2014) 264–270
https://doi.org/10.1016/j.fsi.2014.09.003.

[130] P. del Rocío Quezada-Rodríguez, E.J. Fajer-Ávila, The dietary effect of ulvan from
Ulva clathrata on hematological-immunological parameters and growth of tilapia
(Oreochromis niloticus), J. Appl. Phycol. 29 (2017) 423–431 https://doi.org/10.
1007/s10811-016-0903-7.

[131] S.M. Lin, Y. Jiang, Y.J. Chen, L. Luo, S. Doolgindachbaporn, B. Yuangsoi, Effects of
Astragalus polysaccharides (APS) and chito-oligosaccharides (COS) on growth,
immune response and disease resistance of juvenile largemouth bass, Micropterus

K. Mohan et al. Fish and Shellfish Immunology 86 (2019) 1177–1193

1191

https://doi.org/10.7324/JAPS.2016.601011
https://doi.org/10.1016/j.fsi.2017.04.007
https://doi.org/10.1016/j.fsi.2017.04.007
https://doi.org/10.4172/2155- 9546.1000477
https://doi.org/10.4172/2155- 9546.1000477
https://doi.org/10.3920/BM2016.0177
https://doi.org/10.3920/BM2016.0177
https://doi.org/10.1007/s10499-017-0112-7
https://doi.org/10.1007/s10499-017-0112-7
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref92
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref92
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref92
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref92
https://doi.org/10.26480/jcleanwas.01.2017.26.29
https://doi.org/10.26480/jcleanwas.01.2017.26.29
https://doi.org/10.1016/j.fsi.2017.04.020
https://doi.org/10.1016/j.fsi.2017.04.020
http://jifro.ir/article-1-2869-en.html
https://doi.org/10.1016/0044-8486(84)90297-7
https://doi.org/10.1093/jn/128.5.908
https://doi.org/10.1093/jn/128.5.908
https://doi.org/10.1016/S0044-8486(99)00177-5
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref99
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref99
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref99
https://doi.org/10.1016/j.fsi.2004.08.003
https://doi.org/10.1016/j.fsi.2004.08.003
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref101
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref101
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref101
https://doi.org/10.1016/j.aquaculture.2006.01.012
https://doi.org/10.1111/anu.12106
https://doi.org/10.1111/anu.12106
https://doi.org/10.1016/j.vetimm.2007.09.011
https://doi.org/10.1016/j.vetimm.2007.09.011
https://doi.org/10.3923/pjn.2009.227.232
https://doi.org/10.3923/pjn.2009.227.232
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref106
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref106
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref106
https://doi.org/10.4194/1303-2712-v11_3_15
https://doi.org/10.4194/1303-2712-v11_3_15
https://doi.org/10.1016/j.fsi.2011.06.006
https://doi.org/10.3109/17435390.2010.530354
https://doi.org/10.1007/s00441-010-1125-y
https://doi.org/10.1111/are.12029
https://doi.org/10.1111/are.12029
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref112
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref112
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref112
https://doi.org/10.1111/are.12050
https://doi.org/10.1111/j.1365-2109.2011.03072.x
https://doi.org/10.1111/j.1365-2109.2011.03072.x
https://doi.org/10.1016/j.fsi.2012.02.019
https://doi.org/10.1016/j.fsi.2012.02.019
https://doi.org/10.1016/j.aquaculture.2012.02.009
https://doi.org/10.1016/j.aquaculture.2012.02.009
https://doi.org/10.7897/2230-8407.04529
https://doi.org/10.1016/j.aquaculture.2012.10.021
https://doi.org/10.1016/j.aquaculture.2012.10.021
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref119
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref119
https://doi.org/10.1016/j.fsi.2016.05.034
https://doi.org/10.1016/j.fsi.2016.10.013
https://doi.org/10.1016/j.fsi.2013.12.004
https://doi.org/10.1016/j.fsi.2013.12.004
https://doi.org/10.1016/j.fsi.2014.05.037
https://doi.org/10.1016/j.fsi.2014.05.037
http://ijaah.ir/article-1-60-en.html
http://ijaah.ir/article-1-60-en.html
https://doi.org/10.1111/are.12867
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref126
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref126
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref126
https://doi.org/10.1016/j.fsi.2005.07.004
https://doi.org/10.1016/j.aquaculture.2017.06.001
https://doi.org/10.1016/j.fsi.2014.09.003
https://doi.org/10.1007/s10811-016-0903-7
https://doi.org/10.1007/s10811-016-0903-7


salmoides, Fish Shellfish Immunol. 70 (2017) 40–47 https://doi.org/10.1016/j.fsi.
2017.08.035.

[132] R.B. Santos-Romero, M. García-Guerrero, F. Vega-Villasante, H. Nolasco-Soria,
Effect of dietary chitin on digestive enzyme activity, growth and survival of
Macrobrachium tenellum juvenile prawns, Lat. Am. J. Aquat. Res. 45 (2017)
130–138 https://doi.org/10.3856/vol45-issue1-fulltext-12.

[133] Y. Wang, W. Xu, R. Zuo, H. Zhou, Y. Bai, K. Mai, D. Wang, Q. Ai, Effect of dietary
chitosan oligosaccharide complex with Ce (IV) on growth, immunity and disease
resistance against Vibrio splendidus of sea cucumber, Apostichopus japonicas,
Aquacult. Res. 48 (2017) 1158–1167 https://doi.org/10.1111/are.12957.

[134] S.H. Cha, J.S. Lee, C.B. Song, K.J. Lee, Y.J. Jeon, Effects of chitosan-coated diet on
improving water quality and innate immunity in the olive flounder, Paralichthys
olivaceus, Aquaculture 278 (2008) 110–118 https://doi.org/10.1016/j.
aquaculture.2008.01.025.

[135] R.A. Dalmo, R. Seljelid, The immunomodulatory effect of LPS, laminaran and
sulphated laminaran [β (l, 3)‐D‐glucan] on Atlantic salmon, Salmo salar L., mac-
rophages in vitro, J. Fish. Dis. 18 (1995) 175–185 https://doi.org/10.1111/j.
1365-2761.1995.tb00275.x.

[136] M.A. Esteban, A. Cuesta, J. Ortuno, J. Meseguer, Immunomodulatory effects of
dietary intake of chitin on gilthead seabream (Sparus aurata L.) innate immune
system, Fish Shellfish Immunol. 11 (2001) 303–315 https://doi.org/10.1006/
fsim.2000.0315.

[137] A. Cuesta, M.Á. Esteban, J. Meseguer, In vitro effect of chitin particles on the
innate cellular immune system of gilthead seabream (Sparus aurata L.), Fish
Shellfish Immunol. 15 (2003) 1–11 https://doi.org/10.1016/S1050-4648(02)
00134-1.

[138] J. Skjermo, Ø. Bergh, High-M alginate immunostimulation of Atlantic halibut
(Hippoglossus hippoglossus L.) larvae using Artemia for delivery, increases re-
sistance against vibriosis, Aquaculture 238 (2004) 107–113 https://doi.org/10.
1016/j.aquaculture.2004.05.038.

[139] W. Chotigeat, S. Tongsupa, K. Supamataya, A. Phongdara, Effect of fucoidan on
disease resistance of black tiger shrimp, Aquaculture 233 (2004) 23–30 https://
doi.org/10.1016/j.aquaculture.2003.09.025.

[140] S.P. Yeh, C.A. Chang, C.Y. Chang, C.H. Liu, W. Cheng, Dietary sodium alginate
administration affects fingerling growth and resistance to Streptococcus sp. and
iridovirus, and juvenile non-specific immune responses of the orange-spotted
grouper, Epinephelus coioides, Fish Shellfish Immunol. 25 (2008) 19–27 https://
doi.org/10.1016/j.fsi.2007.11.011.

[141] L. Ma, J.M. Cao, J.K. Wu, X. Zhu, Effects of oligochitosan levels on growth and
serum biochemical indices in Litopenaeus vannamei, Freshw. Fish. 2 (2006) 001.

[142] S.T. Yeh, J.C. Chen, Immunomodulation by carrageenans in the white shrimp
Litopenaeus vannamei and its resistance against Vibrio alginolyticus, Aquaculture
276 (2008) 22–28 https://doi.org/10.1016/j.aquaculture.2008.01.034.

[143] R.F. Traifalgar, A.E. Serrano, V. Corre, H. Kira, H.T. Tung, F.R. Michael,
M.A. Kader, A. Laining, S. Yokoyama, M. Ishikawa, S. Koshio, Evaluation of
dietary fucoidan supplementation effects on growth performance and vibriosis
resistance of Penaeus monodon post larvae, Aquacult. Sci. 57 (2009) 167–174
https://doi.org/10.11233/aquaculturesci.57.167.

[144] R.F. Traifalgar, H. Kira, H. Thanh Tung, F. Raafat Michael, A. Laining,
S. Yokoyama, M. IShikawa, S. Koshio, A.E. Serrano, V. Corre, Influence of dietary
fucoidan supplementation on growth and immunological response of juvenile
Marsupenaeus japonicus, J. World Aquacult. Soc. 41 (2010) 235–244 https://doi.
org/10.1111/j.1749-7345.2010.00363.x.

[145] R.F.M. Traifalgar, S. Koshio, M. Ishikawa, A.E. Serrano, V.L. Corre, Fucoidan
supplementation improves metamorphic survival and enhances vibriosis re-
sistance of Penaeus japonicus larvae, Int. J. Fish. Aquacult. 3 (2012) 33–36.

[146] F. Zhu, H. Quan, H. Du, Z. Xu, Y. Li, The effect of dietary chitosan and chitin
supplementation on the survival and immune reactivity of crayfish, Procambarus
clarkia, J. World Aquacult. Soc. 41 (2010) 284–290 https://doi.org/10.1111/j.
1749-7345.2010.00369.x.

[147] M.Y. Chung, C.H. Liu, Y.N. Chen, W. Cheng, Enhancing the reproductive perfor-
mance of tiger shrimp, Penaeus monodon, by incorporating sodium alginate in the
broodstock and larval diet, Aquaculture 312 (2011) 180–184 https://doi.org/10.
1016/j.aquaculture.2010.11.047.

[148] C.M.A. Caipang, C.C. Lazado, I. Berg, M.F. Brinchmann, V. Kiron, Influence of
alginic acid and fucoidan on the immune responses of head kidney leukocytes in
cod, Fish Physiol. Biochem. 37 (2011) 603–612 https://doi.org/10.1007/s10695-
010-9462-z.

[149] S. Kitikiew, J.C. Chen, D.F. Putra, Y.C. Lin, S.T. Yeh, C.H. Liou, Fucoidan effec-
tively provokes the innate immunity of white shrimp Litopenaeus vannamei and its
resistance against experimental Vibrio alginolyticus infection, Fish Shellfish
Immunol. 34 (2013) 280–290 https://doi.org/10.1016/j.fsi.2012.11.016.

[150] M. Sivagnanavelmurugan, T. Marudhupandi, A. Palavesam, G. Immanuel,
Antiviral effect of fucoidan extracted from the brown Seaweed, Sargassum wightii,
on shrimp Penaeus monodon post larvae against white spot syndrome virus, J.
World Aquacult. Soc. 43 (2012) 697–706 https://doi.org/10.1111/j.1749-7345.
2012.00596.x.

[151] M. Sivagnanavelmurugan, G. Karthik Ramnath, B. Jude Thaddaeus, A. Palavesam,
G. Immanuel, Effect of Sargassum wightii fucoidan on growth and disease resistance
to Vibrio parahaemolyticus in Penaeus monodon post‐larvae, Aquacult. Nutr. 21
(2015) 960–969 https://doi.org/10.1111/anu.12217.

[152] K. Wongprasert, T. Rudtanatip, J. Praiboon, Immunostimulatory activity of sul-
fated galactans isolated from the red seaweed Gracilaria fisheri and development of
resistance against white spot syndrome virus (WSSV) in shrimp, Fish Shellfish
Immunol. 36 (2014) 52–60 https://doi.org/10.1016/j.fsi.2013.10.010.

[153] T. Rudtanatip, S. Asuvapongpatana, B. Withyachumnarnkul, K. Wongprasert,

Sulfated galactans isolated from the red seaweed Gracilaria fisheri target the en-
velope proteins of white spot syndrome virus and protect against viral infection in
shrimp haemocytes, J. Gen. Virol. 95 (2014) 1126–1134, https://doi.org/10.
1099/vir.0.062919-0.

[154] A.E. Serrano Jr., R.S. Declarador, Growth performance of black tiger shrimp
Penaeus monodon larvae fed diets supplemented with ulvan, ABAH Bioflux 6
(2014) 173–180.

[155] M. Alishahi, R.A. Esmaeili, M. Zarei, M. Ghorbanpour, Effect of dietary chitosan on
immune response and disease resistance in Cyprinus carpio, Iran. J. Vet. Med. 8
(2014) 125–133, https://doi.org/10.2059/IJVM.2014.51410.

[156] T. Rudtanatip, B. Withyachumnarnkul, K. Wongprasert, Sulfated galactans from
Gracilaria fisheri bind to shrimp haemocyte membrane proteins and stimulate the
expression of immune genes, Fish Shellfish Immunol. 47 (2015) 231–238 https://
doi.org/10.1016/j.fsi.2015.09.006.

[157] M.A. Arizo, E.C. Simeon, M.J. Layosa, R.M. Mortel, C. Pineda, J.J. Lim,
M.B. Maningas, Crude fucoidan from Sargassum polycystum stimulates growth and
immune response of Macrobrachium rosenbergii against white spot syndrome virus
(WSSV), AACL Bioflux 8 (2015) 535–543.

[158] B. Sun, H. Quan, F. Zhu, Dietary chitosan nanoparticles protect crayfish
Procambarus clarkii against white spot syndrome virus (WSSV) infection, Fish
Shellfish Immunol. 54 (2016) 241–246 https://doi.org/10.1016/j.fsi.2016.04.
009.

[159] N.D. Nguyen, P. Dang, A.Q. Le, T.K.L. Nguyen, V. Pham, N. Nguyen, Q.H. Nguyen,
Effect of oligo-chitosan and oligo‐β‐glucan supplementation on growth, innate
immunity, and disease resistance of striped catfish (Pangasianodon hypophthalmus),
Biotechnol. Appl. Biochem. 64 (2017) 564–571 https://doi.org/10.1002/bab.
1513.

[160] P. Akbary, Z. Aminikhoei, Effect of water-soluble polysaccharide extract from the
green alga Ulva rigida on growth performance, antioxidant enzyme activity, and
immune stimulation of grey mullet Mugil cephalus, J. Appl. Phycol. 30 (2018)
1345–1353 https://doi.org/10.1007/s10811-017-1299-8.

[161] V.T. Ojerio, V.L. Corre, N.A. Toledo, K.G.S. Andrino-Felarca, L.M. Nievales,
R.F.M. Traifalgar, Alginic acid as immunostimulant: effects of dose and frequency
on growth performance, immune responses, and white spot syndrome virus re-
sistance in tiger shrimp Penaeus monodon (Fabricius, 1798), Aquacult. Int. 26
(2018) 267–278 https://doi.org/10.1007/s10499-017-0212-4.

[162] C.J. Fox, The effect of dietary chitin on the growth, survival and chitinase levels in
the digestive gland of juvenile Penaeus monodon (Fab.), Aquaculture 109 (1993)
39–49 https://doi.org/10.1016/0044-8486(93)90484-G.

[163] P. Kumar, N.P. Sahu, N. Saharan, A.K. Reddy, S. Kumar, Effect of dietary source
and level of chitin on growth and survival of post‐larvae Macrobrachium ro-
senbergii, J. Appl. Ichthyol. 22 (2006) 363–368 https://doi.org/10.1111/j.1439-
0426.2006.00757.x.

[164] A. Powell, A.F. Rowley, The effect of dietary chitin supplementation on the sur-
vival and immune reactivity of the shore crab, Carcinus maenas, Comp. Biochem.
Physiol. A: Mol. Integr. Physiol. 147 (2007) 122–128 https://doi.org/10.1016/j.
cbpa.2006.12.027.

[165] J. Choi, J.Y. Seo, S.M. Lee, Effects of sources and levels of dietary carbohydrate on
growth and body composition of juvenile sea cucumbers, Apostichopus japonicus,
Fish. Aquat. Sci. 12 (2009) 203–208, https://doi.org/10.5657/fas.2009.12.3.203.

[166] S.B. Koca, N.O. Yigit, A. Dulluc, G. Erol, N. Cılbız, R. Kucukkara, Appropriate
usage level of shrimp waste meal as chitin source for feeding young crayfish
(Astacus leptodactylus Esch. 1823), Pak. Vet. J. 31 (2011) 207–210.

[167] S. Jongyotha, S. Doolgindachbaporn, P. Suraniranat, Effects of artificial shelter
and chitosan on growth performance of freshwater prawn (Macrobrachium lan-
chesteri de Man, 1911), Pakistan J. Biol. Sci. 18 (2015) 173–178, https://doi.org/
10.3923/pjbs.2015.173.178.

[168] K. Fujiki, H. Matsuyama, T. Yano, Protective effect of sodium alginates against
bacterial infection in common carp, Cyprinus carpio L, J. Fish. Dis. 17 (1994)
349–355 https://doi.org/10.1111/j.1365-2761.1994.tb00230.x.

[169] K. Fujiki, D.H. Shin, M. Nakao, T. Yano, Protective effect of kappa-carrageenan
against bacterial infections in carp Cyprinus carpio, J. Fac. Agric. Kyushu Univ. 42
(1997) 113–119.

[170] K. Fujiki, T. Yano, Effects of sodium alginate on the non-specific defence system of
the common carp (Cyprinus carpio L.), Fish Shellfish Immunol. 7 (1997) 417–427
https://doi.org/10.1006/fsim.1997.0095.

[171] S.H. Wang, J.C. Chen, The protective effect of chitin and chitosan against Vibrio
alginolyticus in white shrimp Litopenaeus vannamei, Fish Shellfish Immunol. 19
(2005) 191–204 https://doi.org/10.1016/j.fsi.2004.11.003.

[172] W. Cheng, C.H. Liu, C.M. Kuo, J.C. Chen, Dietary administration of sodium algi-
nate enhances the immune ability of white shrimp Litopenaeus vannamei and its
resistance against Vibrio alginolyticus, Fish Shellfish Immunol. 18 (2005) 1–12
https://doi.org/10.1016/j.fsi.2004.03.002.

[173] C.L. Yao, C.G. Wu, J.H. Xiang, B. Dong, Molecular cloning and response to lami-
narin stimulation of arginine kinase in haemolymph in Chinese shrimp,
Fenneropenaeus chinensis, Fish Shellfish Immunol. 19 (2005) 317–329 https://doi.
org/10.1016/j.fsi.2005.01.006.

[174] R. Castro, M.C. Piazzon, I. Zarra, J. Leiro, M. Noya, J. Lamas, Stimulation of turbot
phagocytes by Ulva rigida C. Agardh polysaccharides, Aquaculture 254 (2006)
9–20 https://doi.org/10.1016/j.aquaculture.2005.10.012.

[175] A.C. Cheng, C.W. Tu, Y.Y. Chen, F.H. Nan, J.C. Chen, The immunostimulatory
effects of sodium alginate and iota-carrageenan on orange-spotted grouper
Epinephelus coicoides and its resistance against Vibrio alginolyticus, Fish Shellfish
Immunol. 22 (2007) 197–205 https://doi.org/10.1016/j.fsi.2006.04.009.

[176] L.N.S. Campos, F. Díaz, A. Licea, A.D. Re, M.L. Lizárraga, M. Flores, R.G. Sánchez,
C.T. Romero, Effect of hydrosoluble polysaccharides of Macrocystis pyrifera on

K. Mohan et al. Fish and Shellfish Immunology 86 (2019) 1177–1193

1192

https://doi.org/10.1016/j.fsi.2017.08.035
https://doi.org/10.1016/j.fsi.2017.08.035
https://doi.org/10.3856/vol45-issue1-fulltext-12
https://doi.org/10.1111/are.12957
https://doi.org/10.1016/j.aquaculture.2008.01.025
https://doi.org/10.1016/j.aquaculture.2008.01.025
https://doi.org/10.1111/j.1365-2761.1995.tb00275.x
https://doi.org/10.1111/j.1365-2761.1995.tb00275.x
https://doi.org/10.1006/fsim.2000.0315
https://doi.org/10.1006/fsim.2000.0315
https://doi.org/10.1016/S1050-4648(02)00134-1
https://doi.org/10.1016/S1050-4648(02)00134-1
https://doi.org/10.1016/j.aquaculture.2004.05.038
https://doi.org/10.1016/j.aquaculture.2004.05.038
https://doi.org/10.1016/j.aquaculture.2003.09.025
https://doi.org/10.1016/j.aquaculture.2003.09.025
https://doi.org/10.1016/j.fsi.2007.11.011
https://doi.org/10.1016/j.fsi.2007.11.011
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref141
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref141
https://doi.org/10.1016/j.aquaculture.2008.01.034
https://doi.org/10.11233/aquaculturesci.57.167
https://doi.org/10.1111/j.1749-7345.2010.00363.x
https://doi.org/10.1111/j.1749-7345.2010.00363.x
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref145
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref145
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref145
https://doi.org/10.1111/j.1749-7345.2010.00369.x
https://doi.org/10.1111/j.1749-7345.2010.00369.x
https://doi.org/10.1016/j.aquaculture.2010.11.047
https://doi.org/10.1016/j.aquaculture.2010.11.047
https://doi.org/10.1007/s10695-010-9462-z
https://doi.org/10.1007/s10695-010-9462-z
https://doi.org/10.1016/j.fsi.2012.11.016
https://doi.org/10.1111/j.1749-7345.2012.00596.x
https://doi.org/10.1111/j.1749-7345.2012.00596.x
https://doi.org/10.1111/anu.12217
https://doi.org/10.1016/j.fsi.2013.10.010
https://doi.org/10.1099/vir.0.062919-0
https://doi.org/10.1099/vir.0.062919-0
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref154
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref154
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref154
https://doi.org/10.2059/IJVM.2014.51410
https://doi.org/10.1016/j.fsi.2015.09.006
https://doi.org/10.1016/j.fsi.2015.09.006
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref157
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref157
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref157
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref157
https://doi.org/10.1016/j.fsi.2016.04.009
https://doi.org/10.1016/j.fsi.2016.04.009
https://doi.org/10.1002/bab.1513
https://doi.org/10.1002/bab.1513
https://doi.org/10.1007/s10811-017-1299-8
https://doi.org/10.1007/s10499-017-0212-4
https://doi.org/10.1016/0044-8486(93)90484-G
https://doi.org/10.1111/j.1439-0426.2006.00757.x
https://doi.org/10.1111/j.1439-0426.2006.00757.x
https://doi.org/10.1016/j.cbpa.2006.12.027
https://doi.org/10.1016/j.cbpa.2006.12.027
https://doi.org/10.5657/fas.2009.12.3.203
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref166
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref166
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref166
https://doi.org/10.3923/pjbs.2015.173.178
https://doi.org/10.3923/pjbs.2015.173.178
https://doi.org/10.1111/j.1365-2761.1994.tb00230.x
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref169
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref169
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref169
https://doi.org/10.1006/fsim.1997.0095
https://doi.org/10.1016/j.fsi.2004.11.003
https://doi.org/10.1016/j.fsi.2004.03.002
https://doi.org/10.1016/j.fsi.2005.01.006
https://doi.org/10.1016/j.fsi.2005.01.006
https://doi.org/10.1016/j.aquaculture.2005.10.012
https://doi.org/10.1016/j.fsi.2006.04.009
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref176
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref176


physiological and metabolic responses of Litopenaeus vannamei infected with Vibrio
campbellii, Hydrobiologia 20 (2010) 246–255.

[177] A. Isnansetyo, A. Fikriyah, N. Kasanah, Non-specific immune potentiating activity
of fucoidan from a tropical brown algae (Phaeophyceae), Sargassum cristaefolium
in tilapia (Oreochromis niloticus), Aquacult. Int. 24 (2016) 465–477 https://doi.
org/10.1007/s10499-015-9938-z.

[178] R.A. Dalmo, K. Ingebrigtsen, J. Bogwald, T.E. Horsberg, R. Seljelid, Accumulation
of immunomodulatory laminaran [β (1, 3)‐D‐glucan] in the spleen and kidney of
Atlantic salmon, Salmo solar L, J. Fish. Dis. 18 (1995) 545–553 https://doi.org/10.
1111/j.1365-2761.1995.tb00359.x.

[179] R.A. Dalmo, K. Ingebrigtsen, B. Sveinbjørnsson, R. Seljelid, Accumulation of im-
munomodulatory laminaran (β (1, 3)‐D‐glucan) in the heart, spleen and kidney of
Atlantic cod, Gadus morhua L, J. Fish. Dis. 19 (1996) 129–136 https://doi.org/10.
1111/j.1365-2761.1996.tb00691.x.

[180] M.A. Esteban, V. Mulero, V. Cuesta, J. Ortuno, J. Meseguer, Effects of injecting
chitin particles on the innate immune response of gilthead seabream (Sparus
aurata L.), Fish Shellfish Immunol. 10 (2000) 543–554 https://doi.org/10.1006/
fsim.2000.0271.

[181] P.G. Herman, I. Yamamoto, H.Z. Mfellins, Blood microcirculation in the lymph
node during the primary immune response, J. Exp. Med. 136 (1972) 697–714,
https://doi.org/10.1084/jem.136.4.697.

[182] D.P. Anderson, A.K. Siwicki, Duration of protection against Aeromonas salmonicida
in brook trout immunostimulated with glucan or chitosan by injection or im-
mersion, Prog. Fish-Cult. 56 (1994) 258–261 https://doi.org/10.1577/1548-
8640(1994)056<0258:DOPAAS>2.3.CO;2.

[183] R.A. Dalmo, K. Ingebrigtsen, T.E. Horsberg, R. Seljelid, Intestinal absorption of
immunomodulatory laminaran and derivatives in Atlantic salmon, Salmo salar L, J.
Fish. Dis. 17 (1994) 579–589 https://doi.org/10.1111/j.1365-2761.1994.
tb00256.x.

[184] R.A. Dalmo, J. Bogwald, K. Ingebrigtsen, R. Seljelid, The immunomodulatory ef-
fect of laminaran [β (1, 3)‐D‐glucan] on Atlantic salmon, Salmo salar L., anterior
kidney leucocytes after intraperitoneal, peroral and peranal administration, J.
Fish. Dis. 19 (1996) 449–457 https://doi.org/10.1046/j.1365-2761.1996.d01-
97.x.

[185] C. Dautremepuits, S. Paris-Palacios, S. Betoulle, G. Vernet, Modulation in hepatic
and head kidney parameters of carp (Cyprinus carpio L.) induced by copper and
chitosan, Comp. Biochem. Physiol. C Toxicol. Pharmacol. 137 (2004) 325–333
https://doi.org/10.1016/j.cca.2004.03.005.

[186] C.S. Dautremepuits, S. Betoulle, Paris-Palacios, G. Vernet, Humoral immune fac-
tors modulated by copper and chitosan in healthy or parasitised carp (Cyprinus
carpio L.) by Ptychobothrium sp. (Cestoda), Aquat. Toxicol. 68 (2004) 325–338
https://doi.org/10.1016/j.aquatox.2004.04.003.

[187] A.M.A.S. Goda, Effect of dietary ginseng herb (Ginsana G115) supplementation on
growth, feed utilization, and haematological indices of Nile tilapia, Oreochromis
niloticus (L.) fingerlings, J. World Aquacult. Soc. 39 (2008) 205–214 https://doi.
org/10.1111/j.1749-7345.2008.00153.x.

[188] Q.E. Lu, X.Y. Liu, Y.X. Wang, Z.J. Yang, Effects of chitosan and its compounds on
growth and nutrition components in muscles of Megalobrama terminalis),
Freshwater Fish. 1 (2008) 016.

[189] J. Niu, Y.J. Liu, H.Z. Lin, K.S. Mai, H.J. Yang, G.Y. Liang, L.X. Tian, Effects of
dietary chitosan on growth, survival and stress tolerance of post larval shrimp,
Litopenaeus vannamei, Aquacult. Nutr. 17 (2011) 406–412 https://doi.org/10.
1111/j.1365-2095.2010.00775.x.

[190] J. Niu, C.H. Li, L.X. Tian, Y.J. Liu, X. Chen, K.C. Wu, W. Jun, Z. Huang, Y. Wang,
H.Z. Lin, Suitable dietary chitosan improves the growth performance, survival and
immune function of tiger shrimp, Penaeus monodon, Aquacult. Res. 46 (2015)
1668–1678 https://doi.org/10.1111/are.12321.

[191] S.R. Kumar, V.I. Ahmed, V. Parameswaran, R. Sudhakaran, V.S. Babu,
A.S. Hameed, Potential use of chitosan nanoparticles for oral delivery of DNA
vaccine in Asian sea bass (Lates calcarifer) to protect from Vibrio (Listonella) an-
guillarum, Fish Shellfish Immunol. 25 (2008) 47–56 https://doi.org/10.1016/j.fsi.
2007.12.004.

[192] K. Fujiki, D.H. Shin, M. Nakao, T. Yanot, Effects of κ-carrageenan on the non-
specific defense system of carp Cyprinus carpio, Fish. Sci. 63 (1997) 934–938
https://doi.org/10.2331/fishsci.63.934.

[193] M.J. Peixoto, E. Salas-Leitón, L.F. Pereira, A. Queiroz, F. Magalhães, R. Pereira,
H. Kumar, Abreu, P.A. Reis, J.F.M. Gonçalves, R.O. de Almeida Ozório, Role of
dietary seaweed supplementation on growth performance, digestive capacity and
immune and stress responsiveness in European seabass (Dicentrarchus labrax),
Aquacult. Rep. 3 (2016) 189–197 https://doi.org/10.1016/j.aqrep.2016.03.005.

[194] A. Gawlicka, L. McLaughlin, S.S. Hung, J. de la Noüe, Limitations of carrageenan
microbound diets for feeding white sturgeon, Acipenser transmontanus, Tuvikene
larvae, Aquaculture 141 (1996) 245–265 https://doi.org/10.1016/0044-8486(95)
01220-6.

[195] T.C. Hrubec, S.A. Smith, J.L. Robertson, Age related in haematology and chemistry
values of hybrid striped bass (Morone chrysops X Morone saxatilis), Vet. Clin.
Pathol. 30 (2001) 8–15 https://doi.org/10.1111/j.1939-165X.2001.tb00249.x.

[196] A.H. Houston, Review: are the classical haematological variables acceptable in-
dicators of fish health? Trans. Am. Fish. Soc. 126 (1997) 879–894 https://doi.org/
10.1577/1548-8659(1997)126<0879:RATCHV>2.3.CO;2.

[197] S. Lin, Y. Pan, L. Luo, L. Luo, Effects of dietary β-1, 3-glucan, chitosan or raffinose
on the growth, innate immunity and resistance of koi (Cyprinus carpio koi), Fish
Shellfish Immunol. 31 (2011) 788–794 https://doi.org/10.1016/j.fsi.2011.07.

013.
[198] G. Immanuel, M. Sivagnanavelmurugan, T. Marudhupandi, S. Radhakrishnan,

A. Palavesam, The effect of fucoidan from brown seaweed Sargassum wightii on
WSSV resistance and immune activity in shrimp Penaeus monodon (Fab), Fish
Shellfish Immunol. 32 (2012) 551–564 https://doi.org/10.1016/j.fsi.2012.01.
003.

[199] T. Faghani, A.G.H. Kousha Azari Tokami, S. Faghani, Study on growth perfor-
mance, survival rate, hematological parameters in rainbow trout (Oncorhynchos
mykiss) in mazandaran province of Iran, J. Fish. Aquat. Sci. 3 (2008) 398–403.

[200] R.S. Declarador, A.E. Serrano Jr., V.L. Corre Jr, Ulvan extract acts as im-
munostimulant against white spot syndrome virus (WSSV) in juvenile black tiger
shrimp Penaeus monodon, AACL Bioflux 7 (2014) 153–161.

[201] E.J. Nya, B. Austin, Use of garlic, Allium sativum, to control Aeromonas hydrophila
infection in rainbow trout, Oncorhynchus mykiss (Walbaum), J. Fish. Dis. 32 (2009)
963–970 https://doi.org/10.1111/j.1365-2761.2009.01100.x.

[202] E. Fabbri, A. Capuzzo, T.W. Moon, The role of circulating catecholamines in the
regulation of fish metabolism: an overview, Comp. Biochem. Physiol. C
Pharmacol. Toxicol. Endocrinol. 120 (1998) 177–192 https://doi.org/10.1016/
S0742-8413(98)10017-8.

[203] L. Luo, X. Cai, C. He, M. Xue, X. Wu, H. Cao, Immune response, stress resistance
and bacterial challenge in juvenile rainbow trouts Oncorhynchus mykiss fed diets
containing chitosan-oligosaccharides, Curr. Zool. 55 (2009) 416–422.

[204] G. Swarup, Selective dephosphorylation of proteins containing phosphotyrosine
by alkaline phosphatasess, Biol. Chem. 256 (1981) 8197–8201.

[205] S. Sahu, B.K. Das, B.K. Mishra, J. Pradhan, S.K. Samal, N. Sarangi, Effect of dietary
Curcuma longa on enzymatic and immunological profiles of rohu, Labeo rohita
(Ham.), infected with Aeromonas hydrophila, Aquacult. Res. 39 (2008) 1720–1730
https://doi.org/10.1111/j.1365-2109.2008.02048.x.

[206] M. Svoboda, J. Kouřil, J. Hamáčková, P. Kalab, L. Savina, Z. Svobodova,
B. Vykusova, Biochemical profile of blood plasma of tench (Tinca tinca L.) during
pre-and postspawning period, Acta Vet. 70 (2001) 259–268.

[207] D.M.E. Otto, T.W. Moon, Endogenous antioxidant systems of two teleost fish, the
rainbow trout and the black bullhead, and the effect of age, Fish Physiol. Biochem.
15 (1996) 349–358 https://doi.org/10.1007/BF02112362.

[208] S. Pandey, S. Parvez, I. Sayeed, R. Haque, B. Bin-Hafeez, S. Raisuddin, Biomarkers
of oxidative stress: a comparative study of river Yamuna fish Wallago attu, Sci.
Total Environ. 309 (2003) 105–115 https://doi.org/10.1016/S0048-9697(03)
00006-8.

[209] Z.H. Li, S. Xie, J.X. Wang, J. Sales, P. Li, D.Q. Chen, Effect of intermittent star-
vation on growth and some antioxidant indexes of Macrobrachium nipponense (De
Haan), Aquacult. Res. 40 (2009) 526–532 https://doi.org/10.1111/j.1365-2109.
2008.02123.x.

[210] S. John, M. Kale, N. Rathore, D. Bhatnagar, Protective effect of vitamin E in di-
methoate and malathion induced oxidative stress in rat erythrocytes, J. Nutr.
Biochem. 12 (2001) 500–504 https://doi.org/10.1016/S0955-2863(01)00160-7.

[211] G.,A. Gaetani, M. Ferraris Rolfo, R. Mangerini, S. Arena, H. Kirkman, Predominant
role of catalase in the disposal of hydrogen peroxide within human erythrocytes,
Blood 87 (1996) 1595–1599.

[212] I. Bricknell, R.A. Dalmo, The use of immunostimulants in fish larval aquaculture,
Fish Shellfish Immunol. 19 (2005) 457–472 https://doi.org/10.1016/j.fsi.2005.
03.008.

[213] S. Maqsood, P. Singh, M.H. Samoon, A.K. Balange, Effect of dietary chitosan on
non-specific immune response and growth of Cyprinus carpio challenged with
Aeromonas hydrophila, Int. Aquat. Res. 2 (2010) 77–85.

[214] A.E. Ellis, Innate host defense mechanisms of fish against viruses and bacteria,
Dev. Comp. Immunol. 25 (2001) 827–839 https://doi.org/10.1016/S0145-305X
(01)00038-6.

[215] H. Van Doan, S. Doolgindachbaporn, A. Suksri, Effects of low molecular weight
agar and Lactobacillus plantarum on growth performance, immunity, and disease
resistance of basa fish (Pangasius bocourti, Sauvage 1880), Fish Shellfish Immunol.
41 (2014) 340–345 https://doi.org/10.1016/j.fsi.2014.09.015.

[216] A.E. Ellis, Inhibition of the Aeromonas salmonicida extracellular protease by a-2
macroglobulin in the serum of rainbow trout, Microb, Pathogens 3 (1987)
167–177 https://doi.org/10.1016/0882-4010(87)90093-3.

[217] K. Dabrowski, A. Cieroszko, Proteinase inhibitor (s) in seminal plasma of teleost
fish, J. Fish. Biol. 45 (1994) 801–809 https://doi.org/10.1111/j.1095-8649.1994.
tb00945.x.

[218] N.F. Neumann, J.L. Stafford, D. Barreda, A.J. Ainsworth, M. Belosevic,
Antimicrobial mechanisms of fish phagocytes and their role in host defense, Dev.
Comp. Immunol. 25 (2001) 807–825 https://doi.org/10.1016/S0145-305X(01)
00037-4.

[219] F. Vargas-Albores, P.H. Baltazzar, G.P. Clark, F.M. Barajas, Influence of tempera-
ture and salinity on the yellow leg shrimp, Penaeus californiensis Holmes, pro-
phenol-oxidase system, Aquacult. Res. 29 (1998) 549–553 https://doi.org/10.
1046/j.1365-2109.1998.00235.x.

[220] S.W. Zhai, D. Wang, Effects of different sources of chitosan on growth and re-
sistance to infection of Aeromonas hydrophila in crucian carp, Fish. Sci. 8 (2009)
009.

[221] A. Anas, S. Paul, N.S. Jayaprakash, R. Philip, I.S. Bright Singh, Antimicrobial ac-
tivity of chitosan against vibriosis from freshwater prawn Macrobrachium ro-
senbergii larval rearing systems, Dis. Aquat. Org. 67 (2005) 177–179, https://doi.
org/10.3354/dao067177.

K. Mohan et al. Fish and Shellfish Immunology 86 (2019) 1177–1193

1193

http://refhub.elsevier.com/S1050-4648(18)30878-7/sref176
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref176
https://doi.org/10.1007/s10499-015-9938-z
https://doi.org/10.1007/s10499-015-9938-z
https://doi.org/10.1111/j.1365-2761.1995.tb00359.x
https://doi.org/10.1111/j.1365-2761.1995.tb00359.x
https://doi.org/10.1111/j.1365-2761.1996.tb00691.x
https://doi.org/10.1111/j.1365-2761.1996.tb00691.x
https://doi.org/10.1006/fsim.2000.0271
https://doi.org/10.1006/fsim.2000.0271
https://doi.org/10.1084/jem.136.4.697
https://doi.org/10.1577/1548-8640(1994)056%3c0258:DOPAAS%3e2.3.CO;2
https://doi.org/10.1577/1548-8640(1994)056%3c0258:DOPAAS%3e2.3.CO;2
https://doi.org/10.1111/j.1365-2761.1994.tb00256.x
https://doi.org/10.1111/j.1365-2761.1994.tb00256.x
https://doi.org/10.1046/j.1365-2761.1996.d01-97.x
https://doi.org/10.1046/j.1365-2761.1996.d01-97.x
https://doi.org/10.1016/j.cca.2004.03.005
https://doi.org/10.1016/j.aquatox.2004.04.003
https://doi.org/10.1111/j.1749-7345.2008.00153.x
https://doi.org/10.1111/j.1749-7345.2008.00153.x
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref188
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref188
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref188
https://doi.org/10.1111/j.1365-2095.2010.00775.x
https://doi.org/10.1111/j.1365-2095.2010.00775.x
https://doi.org/10.1111/are.12321
https://doi.org/10.1016/j.fsi.2007.12.004
https://doi.org/10.1016/j.fsi.2007.12.004
https://doi.org/10.2331/fishsci.63.934
https://doi.org/10.1016/j.aqrep.2016.03.005
https://doi.org/10.1016/0044-8486(95)01220-6
https://doi.org/10.1016/0044-8486(95)01220-6
https://doi.org/10.1111/j.1939-165X.2001.tb00249.x
https://doi.org/10.1577/1548-8659(1997)126%3c0879:RATCHV%3e2.3.CO;2
https://doi.org/10.1577/1548-8659(1997)126%3c0879:RATCHV%3e2.3.CO;2
https://doi.org/10.1016/j.fsi.2011.07.013
https://doi.org/10.1016/j.fsi.2011.07.013
https://doi.org/10.1016/j.fsi.2012.01.003
https://doi.org/10.1016/j.fsi.2012.01.003
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref199
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref199
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref199
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref200
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref200
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref200
https://doi.org/10.1111/j.1365-2761.2009.01100.x
https://doi.org/10.1016/S0742-8413(98)10017-8
https://doi.org/10.1016/S0742-8413(98)10017-8
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref203
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref203
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref203
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref204
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref204
https://doi.org/10.1111/j.1365-2109.2008.02048.x
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref206
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref206
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref206
https://doi.org/10.1007/BF02112362
https://doi.org/10.1016/S0048-9697(03)00006-8
https://doi.org/10.1016/S0048-9697(03)00006-8
https://doi.org/10.1111/j.1365-2109.2008.02123.x
https://doi.org/10.1111/j.1365-2109.2008.02123.x
https://doi.org/10.1016/S0955-2863(01)00160-7
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref211
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref211
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref211
https://doi.org/10.1016/j.fsi.2005.03.008
https://doi.org/10.1016/j.fsi.2005.03.008
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref213
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref213
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref213
https://doi.org/10.1016/S0145-305X(01)00038-6
https://doi.org/10.1016/S0145-305X(01)00038-6
https://doi.org/10.1016/j.fsi.2014.09.015
https://doi.org/10.1016/0882-4010(87)90093-3
https://doi.org/10.1111/j.1095-8649.1994.tb00945.x
https://doi.org/10.1111/j.1095-8649.1994.tb00945.x
https://doi.org/10.1016/S0145-305X(01)00037-4
https://doi.org/10.1016/S0145-305X(01)00037-4
https://doi.org/10.1046/j.1365-2109.1998.00235.x
https://doi.org/10.1046/j.1365-2109.1998.00235.x
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref220
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref220
http://refhub.elsevier.com/S1050-4648(18)30878-7/sref220
https://doi.org/10.3354/dao067177
https://doi.org/10.3354/dao067177

	Application of marine-derived polysaccharides as immunostimulants in aquaculture: A review of current knowledge and further perspectives
	Introduction
	Marine-derived polysaccharides currently under investigation
	Marine-derived polysaccharides and their physicochemical properties
	Fish, shrimp and other aquatic species under investigation
	Route of administration and dosage
	Effects on growth performance and survival
	Effects on feed utilization
	Effects on haematological indices
	Effects on biochemical indices
	Effects on antioxidant enzymes activity
	Effects on immune response
	Non-specific immune response
	Specific immune response

	Effects on resistance to infection
	Bacterial infections
	Viral infections
	Fugal and parasitic infections

	Conclusion and future perspectives
	Funding
	Acknowledgements
	References




