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Abstract

Seaweeds contain a number of health enhancing atmhierobial bioactive compounds
including sulfated polysaccharides (SP). In thespné study, SP extracted from a European
red seaweed Irish mo&hondrus crispusvas chemically analyzed, SP content extracted and
the immune-response effect on wild Irish muss&ysilus spp. investigated for the first time.
A high percent yield of SP was extracted fr@ncrispusand the immune-stimulant activity
of SP was assessed in a laboratory trial with misigsgosed to three different treatments of
low (10 pg mLY), medium (20 pg mt) and high (50 pg mt) SP dose concentrations and a
control mussel group with no exposure to SP. Atiahmussel sample was processed prior to
the trial commencing and mussels were subsequsathpled on Days 1, 2, 3, 4, 7, and 10
post SP exposure. Both cell, humoral and immunatael gene responses including
haemocyte cell viability, haemocyte counts, lysoeyacttivity and expression of immune
related genes (defensin, mytimycin and lysozyme mMRMere assessed. No mussel
mortalities were observed in either the treatedan-treated groups. Mussels exposed with
SP showed an increase in haemocyte cell viabilitgg the total number of haemocytes
compared to control mussels. Lysozyme activity vedso higher in treated mussels.
Additionally, up-regulated expression of defensmytimycin and lysozyme mRNA was
observed in SP treated mussels shortly after expasun Days 1, 2, and 3) to SP. These
results indicate that a high quality yield of Sk ¢ee readily extracted froi@. crispusand
more importantly based on the animal model usatismstudy, SP extracted fro@ crispus
can rapidly induce health enhancing activitiesMgtilus spp. at a cellular, humoral and

molecular level and with a prolonged effect upeto tlays post treatment.

Keyword: Chondrus crispusmmune responseBjytilus spp sulfated polysaccharides

1. Introduction

Marine natural products have received much attantiorecent years due to their
health benefits and bioactivity. More than 16,0@@unal products have been isolated from
marine organisms including proteins, amino acidgid| fibers, pigments and
polysaccharides, all of which have the potentiaihodulate the immune system [1,2]. In
particular, seaweeds are recognized as a rich sairdiverse bioactive compounds such as
sulfated polysaccharides (SP). Marine seaweedsaicomhany different polysaccharides

related to their taxonomic classifications [3]isliacknowledged that SP from seaweed groups
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include carrageenan and agaran from red seawedegds, from green seaweeds and fucoidan
from brown seaweeds [4,5]. SP present in the eaitrtdar matrix of seaweeds [6] have been
increasingly reported to induce many health entmandbiological activities and are
considered to be antioxidant, anticancer, antamfihatory, antiviral, and
immunomodulatory [7]. The immunostimulatory efféstiuced by SP derived from marine
seaweeds has been widely studied in vertebratetlwed invertebrate animal models [4,8]. In
other invertebrate animals, laminaran ghdlucan from the brown macroalga@minaria
hyperboreashowed immunomodulatory effects on Atlantic sal®@mo salarmacrophages
[9]. Alginate extracted from seaweed increased ghaportion of neutrophils, phagocytic
activity, respiratory burst and expression of ilgekins in rainbow troutOncorhynchus
mykiss post injection [10]. Administration of fucoidansofm the brown macroalgae
Sargassum wightiby immersion in Pacific white shrimptopenaeus vannameulture was
demonstrated to increase haemocyte proliferatiah tae mitotic index of haematopoietic
tissue [11]. Oral administration of carrageenarechseaweed polysaccharide fr@igartina
sp, supplemented diets has been reported to inctbasanmune-related expression lin
vannamei[12]. Additionally, treatment of alginate and fudans from the brown seaweed,
Macrocystis pyriferaand Fucus vesiculosusnhanced the immune response activity in head
kidney leukocytes of codz;adus morhugl3].

Chondrus crispusa red seaweed from the famigartinaceae is found abundantly
on the Atlantic coasts of Europe and North Amelt4]. It has been recognized that
crispusis a source of SP since the 1960s [15] and bekiadag a relatively high SP content,
C. crispusis also rich in proteins, amino acids, lipids gndgments [16]. The biochemical
composition of SP from seaweeds is dependent osgéeies, anatomical regions, growing
conditions, extraction procedures and analyticahas [4]. Protein content in seaweeds has
not been studied as well as polysaccharide coriattit is acknowledged that seaweed
protein content can be species dependent with iprotantent in green and red seaweeds
being higher (up td5-44% of dry mass) compared to brown seaweeds (less 3Pgn
[16,17]. In addition to protein and polysaccharictentent, polyphenols such as phenolic
compounds Z.5%) and flavonoids @.1%), are also produced by seaweeds [18]. In a recent
study, water-soluble polysaccharides fr@ncrispuswere observed to enhance the immune
response in the free-living nemato@aenorhabditis eleganand to suppress the expression
of quorum sensing and the virulence factors of gh@m-negative bacteriBseudomonas
aeruginosa[19]. In that study, it was suggested that the watduble polysaccharides

derived fromC. crispusmay play a health-promoting role in animals and ansa A growing
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interest in the biomedical prospects of seaweenkelrSP in human health care has
emphasized the need for strategies to maximizex8RBc#ion, bioavailability and investigate
precisely the therapeutic mechanisms of SP.

MusselsMytilus spp.belonging to the Mytillidae family are importarguatic animals
that are harvested for human consumption worldw@® and also play an important
ecological role in the marine environment, formibiggenic reefs [21]. The blue mussel
Mytilus edulisare boreo-temperate in their distribution on bathsts of the Atlantic Ocean
in Europe and North America and are found in aboodaintertidally and subtidally, in both
sheltered and exposed sites, attached to hardratgss{22,23]. The Mediterranean mussel
Mytilus galloprovincialisis endemic to the Mediterranean, Black Sea andatidrSea and
has expanded its range to the British Isles [2dijd&nce of hybridisation and hybrid zones of
M. edulis and M. galloprovincialis in the south west of England and Ireland weret firs
recorded in the 1970s and subsequent studies hatherf documented this phenomenon
[25,26,27]. The immune responseMYtilus spp.like other invertebrates includes a cellular
response and soluble haemolymph factors includisgzyme, an antibacterial enzyme, and
other antimicrobial peptides (AMPs) including defgis and mytimycins [28,29].
Haemocytes play an important role in invertebragutar immune response carrying out
phagocytosis, melanization, encapsulation and teetkll communication and indirect
humoral immune response [30]. Several studies Bhogvn that lysozymes are able to kill
Gram-negative bacteria, which has been demonstratadalves [31,32].

The objectives of the present study were (a) tagaekt quantify and chemically
analyze the SP derived fro@ crispusand (b) assess the immune effects of exposuieeto t
extracted SP using musséligtilus spp.as the animal model for the first time. Findingand
this study will contribute to a better understaigdof naturally derived biotherapeutics and

their contribution not only to animal health andlivizeing, in particular in species involved

in the aquaculture industry, but possibly to vendéd health including humans.

2. Materials and methods

2.1. Cold water extract of sulfated polysaccharittesn Chondrus crispus

Red seaweed Irish mo€s crispus(50 g) was collected in November 2015 from Inch
Strand, Midleton Co. Cork, Ireland (51.79508, -80@38). Seaweed samples were freshly
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harvested, returned to the laboratory and sandepiphytes were removed. TI& crispus
was dried in an oven (35-4C) for 20-24 h. SP was extracted as previouslyriesd by
Wongprasert et al. (2014) [33]. Briefly, the dryaseed was ground and de-pigmented with
benzene (24 h) and acetone (24 h). Five grams-pigheented seaweed powder was stirred
at 35-40 °C in 500 mL distilled water (DW) for 4 The extract was diluted with 500 mL of
hot water (100 °C) and centrifuged &00 x gfor 5 min. The seaweed residue was re-
extracted again by adding 800 mL of DW and stirfimg4 h and its supernatant was filtered
through a white cloth (35-48 mesh). The filtratesvadlowed to cool to room temperature
(RT) and was subsequently kept at -20 °C overnigihe. frozen supernatant was thawed and
centrifuged aBb000 x gfor 5 min to separate gel and non-gel fractioriee §el fraction was
discarded and the non-gel fraction SP was colledteéze-dried and stored at -20 °C for
further study.

2.2. Chemical analysis

2.2.1. Sulfate content analysis

The sulfate content of SP was measured usingS@Ksolution as a standard. Briefly,
20 mg of SP was hydrolyzed for 2 h at 100 °C infal50of HCI (2N). The SP solution was
then transferred and made to volume in a 10 mLmeldc flask. Humic substance was
removed from the SP solution by centrifugati@®@0 x g 10 min). The 2 mL of the
supernatant was diluted with 18 mL of DW and 2 nfilHEI (0.5 N). Then 1 mL of Ba@l
gelatin reagent was added, swirled and retaine@@omin at RT. The mixture solution was
measured at 550 nm using a spectrophotometer anpletitentage of sulfate was calculated
with reference to the standard curve given by,8@® solution of known concentrations in
the ranges of 10-5(y sulfate mL*.

2.2.2. Total polysaccharide analysis

Total polysaccharide content of SP was estimateghmsnol-sulfuric acid method
using a galactose solution as a standard. One nfiPafolution (1 mg nit) was mixed with
1 mL of 5% phenol in DW and 5 mL of sulfuric acid. The mix@uwvas vortexed and allowed
to stand for 10 min at RT. The mixture solution vitaasn cooled in an ice bath (15-20 °C) for

15 min and its absorbance was measured at 490 mmg @s spectrophotometer. The
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percentage of polysaccharide in SP was calculatddreference to the standard curve given

by a galactose solution of known concentratiorthéranges of 10-20Q6y mL™.

2.2.3. Total protein analysis

Total protein content of SP was measured by BCAemassay [34]. An aliquot (25
uL) of SP or standard BSA solution (final conceritnas at 0-200Qug mL™) was added to
200pL by BCA solution (BCAM protein assay kit, Thermo scientific, Inc., USAlixed and
incubated at 37 °C for 30 min. After incubatiorg golution was measured the absorbance at
562 nm using a spectrophotometer. The total proteintent of SP was calculated with

reference to the standard curve given by a BSAtisolwf known concentrations.

2.2.4. Total phenolic analysis

The total phenolic content of SP was determineddiyg the Folin-Ciocalteu assay [35].
An aliquot (25uL) of SP or standard solutiaof gallic acid (final concentrations at 0-10@y
L) was added t@50uL of DW. A reagent blank was DW. Then, 26 of Folin-Ciocalteu’s
phenol reagent was added to the mixture and sha¥&sr. 5 min, 250uL of 7 % N&CO;
solution was addetb the mixture. The solution was diluted to §a5with DW and mixed by
vortex. After incubation for 90 min at RT, the alismnce was measured at 750 nm using a
spectrophotometer. Total phenolic content of SP exgsessed as mg gallic acid equivalents
(GAE) per 100 g of SP.

2.2.5. Total flavonoid analysis

Total flavonoid content of SP was measured byltimaisum chloride colorimetric assay
[36] and modified as described by Marinova et 2006) [37]. An aliquot (65uL) of SP or
standard solution of catechin (final concentratiah-100 mg [!) was added to 325.L of
DW and mixed. Then, 1948 of 5% NaNQ, was added. After 5 min, 198 of 10% AICl;
was addedAt 6 min, 130uL of 1 M NaOH was added and the total volume wadenap to
650 uL with DW. The solution was mixed and shaken ane #fbsorbance measured at
510 nm using a spectrophotometer. Total flavonadtent of SP was expressed as mg

catechin equivalents (CE) per 100 g of SP.
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2.3. Immune-stimulant activity of SP derived fronti&pus in the mussel Mytilus spp.

2.3.1. Experimental design

Wild mussels Mytilus spp. (h=148) were randomly sampled from rocks at the
intertidal at Ringaskiddy, Cork Harbour, Co. CoB4d{50N, 8°19W), a known hybrid zone
for M. edulis M. galloprovincialisand hybrids of both parent species, and a Classter
quality site influenced greatly by anthropogeniteets such as agricultural and industrial
run-off, leachate from landfills and untreated wastater and sewage [27]. A total of 136
mussels were arbitrarily divided into 4 groups,headth duplicates of 17 mussels in stand-
alone rectangular plastic aguaria containing 8 lartificial seawater (ASW) at a salinity of
34 and at 12C (8 tanks in total) and aerated using an air sfbhe photoperiod was 12/12 h
of day/night cycles. The four groups consisted aiup 1, control mussels, not exposed to SP
and Groups 2, 3 and 4 consisting of mussels expiws& at final concentrations of 10, 20
and 50 pg mt, respectively. Water changes were not carriedfauthe trial duration to
ensure that the SP dose amount added to the waker laeginning of the trial was not altered
and/or removed from each system. The trial wasezhwut in a constant temperature room
and with a constant photoperiod. Holding conditievere optimal for the mussels as no
mortalities were observed in either the controtreated mussels. Mussels were fed with 2
mL of Shellfish Diet 1800 (Reed Mariculture) consig of a heteromorphic mix of
phytoplankton at a total concentration of 2 X &6lls mL* containinglsochrysis spPavlova
sp, Thalossiosira weissflogiandTetraselmis s@t day 4 of the experiment. At days 1, 2, 3,
4, 7 and 10 of the trial, 4 mussels were arbityasklected from each treatment (n =2/
replicate/ treatment) for immunological analyse<luding haemocyte viability, total
haemocyte counts, lysozyme activity assay and inemrglated mRNA expression. All

assays were performed in triplicate.

2.3.2. Cell viability in haemolymph of mussels Mgtspp.

The neutral red retention time (NRRT) assay usedldgtermine the haemocyte
viability in mussels as previously described [3&sacarried out. Briefly, haemolymph (750
pL) was collected from individual mussels usingagauge sterile needle (Microlance) fitted
on a 1 mL syringe containing 250 uL of tris-bufiérgaline solution (TBS). Haemolymph

samples were constantly vortexed to resuspend Hgeplo and prevent aggregation. One-
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hundred microliters of haemolymph sample was tihansferred into microplate well, 20 uL
of 2% neutral red solution (Sigma Aldrich, USA) was adldad then sample was held in a
dark humid chamber for 30 min. The supernatant stdssequently drained by tilting the
plates at an angle, facilitating drainage, follovisda gentle rinse with TBS, to remove any
excess neutral red dye. The neutral red was egttdmt displacing the haemocytes using 100
puL of extraction solution 1% acetic acid in50% ethanol) for 30 min. The plates were
measured at 450 nm and 570 nm using a UV max gpdcitometer (ELx808IU, Mason
Technology, USA).

2.3.3. Total haemocyte counts

Haemolymph sample (200 pL) was individually coléeteind fixed with6% formalin
in Alsever's solution (200 uL) to prevent cell aggation. After 10 min, 2@QL portions of
the fixed haemocyte suspension were mixed withiRRose Bengal solutionl(2% Rose
Bengal in50% ethanol) and incubated at RT for 20 min beforedpeised to determine the
total haemocyte counts using a hemocytometer uigltgrmicroscopy at 20 x magnification
(Eclipse 80i microscope, Nikon Instruments Inc., A)S Haemocytometer (improved
Newbauer bright line) counts were made for 5/25asegi (volume of 1 square = 0.2 x 0.2 X
0.1 mn?) to calculate total haemocyte count Taf hemolymph (5 x count x 16« dilution
factor) [39].

2.3.4. Lysozyme activity

Lysozyme activity was measured in serum as prelyalescribed by Prado-Alvarez
et al. (2015) [40]. Haemolymph sample (200 uL) wadividually collected from mussels
and mixed with EDTA (200 pL) to prevent coagulati@amples were centrifuged H00 x
g for 10 min to separate cells from the serum. Sesamples and serial dilution of standard
hen egg white lysozyme suspensions (Sigma Aldti$A) in 0.1 M phosphate buffer (final
concentrations at 0-bg mL™) (30 pL) were dispensed in triplicate in 96 wektps before
adding aMicrococcus luteugM. lysodeikticus suspension (170 pL) at 0.2 mg thib 0.2 M
monobasic sodium phosphate and 0.2 M dibasic soghuwsphate (Sigma Aldrich, USA). A
set of five measurements of the optical densi§2&t nm was recorded every minute using a
UV max spectrophotometer (ELx808IU, Mason Technp|agSA).
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2.3.5. Expression of immune-related mRNA in mussels

The haemocytes from mussels (4 mussels/ group)RMeS extracted in 200 pL TRI
reagents according to the manufacturer’'s proto8mnga Aldrich, USA). The concentration
and quality of RNA was determined by measuring dhsorbance at 260/280 nm using a
NanoDrop 2000 spectrophotometer (Thermo ScientdiSA). cDNA was transcribed from
RNA (1 pg) using the Thermo Scientific RevertAidrgEi Strand cDNA Synthesis Kit
(Thermo Scientific, USA) containing RevertAid resertranscriptase (200 il ™), RiboLock
RNase inhibitor (20 WiL™), Oligo (dT)18 primer (10@M), dNTP mix (10 mM), and 5X
reaction buffer (250 mM tris-HCI (pH 8.3), 250 mMCK 20 mM MgCh, 50 mM DTT) at 42
°C for 1 h. The immune related mRNA was amplifigdRLCR using 1uL (100 ng) of cDNA
with specific primer sets and conditions (Table1BS specific primer was also amplified as
an internal control. Twenty-five microliters of PCRactions contained Phusion DNA
polymerase (2 WL™Y), 10 mM dNTP mix, 1QuM of each forward and reverse primers and
5x Phusion HF buffer containing 7.5 mM MgQGIThermo Scientific, USA). The hot start
PCR program used for immune related mRNA was pexdadrwith 98 °C for 30 s, followed
by 40 cycles of 98 °C for 10 s, annealing tempeeatar each particular mRNA as shown in
table 1, extension at 72 °C for 30 s followed mafiextension at 72 °C for 5 min. The RT-
PCR product was analyzed ty5% agarose gel electrophoresis, stained \8fh ethidium
bromide, and visualized under ultraviolet light addcumented using the EpiChemi3
darkroom (UVP, Inc., Upland, CA). Expression wasisquantitatively determined from the
ratio of band intensity to the internal control &ising ImageJ analysis program (from NIH

website by Scion Corporation, Frederick, MD). Easbay was carried out in triplicate.
2.4. Statistical analysis

All assays were performed in triplicate. The datxrevpresented as mean + SD and
analyzed by one-way ANOVA followed by Tukey's mple comparison and statistically
significant difference was required at p-value l&ss 0.05.

3. Results

3.1. Extraction and chemical analyses of SP fromr{Spus
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SP extracted from the red seawéadcrispusby cold water extraction wakb.36%
yield of dry weight. The chemical analysis showleak ISP contained a sulfate conten®a18
+ 0.42% w/w, a polysaccharide content 68.94 + 20.61%w/w, a total protein content of
7.08 £ 0.45%w/w, phenolic content d.55 + 0.24%w/w and flavonoid content d3.1002 +
0.003%w/w (Table 2).

3.2. C. crispus SP extract effect on immune pararaet mussel Mytilus spp.

3.2.1. Effect of SP on haemocyte cell viabilitiiytilus spp. using the NRRT assay

The results of haemocyte cell viability, analysesthg the NRRT assay, are shown in
Fig. 1. Haemocyte cell viability of SP treated gvsyfinal concentrations of 10, 20 and 50
g mLY) were higher than the control group on Days 13,24 and 10. While on day 7, the

haemocyte cell viability was not different.

3.2.2. Effect of SP on total haemocyte counts (THOMlytilus spp.

The results of THCs from SP treated groups (fimedoentration of 10, 20 and 50 pg
mL™) and control group are shown in Fig. 2. THCs weigher in the SP exposed groups
than control mussels on Days 1, 2, 3, 4 and 10y thi¢ exception of day 7. Moreover, the
results also show a positive correlation betweerC3tnd SP dose concentration, with an
increase in THCs with increasing dose concentraftan example, on Day 3, mean THCs of
control and SP treated groups at the concentratérd®, 20 and 50 pg miwere 0.993 +
0.24 x 16, 1.262 + 0.36 x 10 1.915 + 0.15 x 10and 1.724 + 0.31 x faells mL*,
respectively. On Day 10, THCs of control and SRtad groups at the concentrations of 10,
20 and 50 pg mt-were 1.593 + 0.47 x £01.599 + 0.90 x 19 1.864 + 0.32 x 10and 2.263
+0.67 x 16 cells mL*, respectively.

3.2.3. Effect of SP on lysozyme activity in Mytdpp.

Lysozyme activity of mussels treated with SP fr@n crispuswas evaluated by
measuring the lysozyme activity in serum. Comparcedontrol, lysozyme activity in the
serum of mussels treated with SP significantlyeased on Days 1 and 2 (Fig. 3). On Day 3,

lysozyme activity in the serum of mussels treatétt ®P declined to control levels. On Days
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4 and 7, lysozyme activity increased in treated aadtrol groups from Day 3 but this
increase was not significant in both the contral &aeated mussels. On Day 10, lysozyme

activity in each groups had decreased from Daysd47a

3.3. The effects of SP stimulation on immune relgenes expression in Mytilus spp.

Post treatment with SP (final concentrations of AW,and 50 pg mit), the relative
expression of defensin, mytimycin and lysozyme wlif& mRNA was evaluated in treated
and control mussels on Days 1, 2, 3, 4, 7 and h8.l&@vels of defensin mMRNA expression in
mussels from the SP treated groups was significdmtiher than that of mussels in the
control group as shown in Fig. 4A and B. On Daysnd 10, the levels of defensin mRNA
expression showed higher than that of the control but it was not significant. For
mytimycin mRNA expression, on Days 1 and 2, theslgewf mytimycin mRNA expression
in mussels in the SP treated groups were significdrigher than that of mussels in the
control group. On Day 3, the levels of mytimycin MR expression of SP treated at 50 ug
mL™ remained significantly high from the control groMghereas, on Days 4, 7 and 10, the
levels of mytimycin mRNA in mussels treated witle tthree SP concentrations showed no
difference to the mussels from the control grou.(BA and C). For lysozyme mRNA
expression, on Days 1 and 2, the levels of lysozgiRNA expression in mussels, from the
treated groups, was significantly higher than tfathussels in the control group. On Day 3,
the levels of lysozyme mRNA in mussels treated whithree SP concentrations showed no
difference to the mussels from the control group.idcrease of lysozyme mRNA expression
in SP treated groups was observed again on Day 4le&ease in lysozyme mRNA
expression was observed from Day 7 onwards andvssrelative to SP dose concentration.
For example, on Day 7, the levels of lysozyme/1d8NA expression in SP treated mussels
at concentrations of 10, 20 and 50 pg iere 0.67, 1.1 and 2.0 folds of control,
respectively and on Day 10, it was 1.6, 3.1 anddds of control, respectively (Fig. 4A and
D).

4. Discussion and Conclusion
In the present study, a high quality yield of Séhirthe red seawedd. crispuswas

extracted successfully by cold-water extractionlofeing the methodology previously

reported for the red seawe@&l fisheriin Wongprasert et al. (2014) [33]. The yield of SP
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from C. crispus(15.36%9 was high and similar to other seaweeds, whiclehl@ided a range
of 14.2-19.7% using cold water extraction of the red seaw@edorticata(2.8-19.7% [41]
and the green seaweld pertusa(14.2% [42]. Chemical analysis in this study indicatbdtt
the SP inC. crispuscontained high levels of carbohydrate includingfata ester and low
levels of protein, which is comparable with othed rseaweedsP6rphyra Palmaria
Gracilaria) [16,41]. It has been demonstrated that differdrgrmal extractions obtain
different levels of polysaccharide and sulfate eatd [41], with the cold-water extraction
method yielding higher levels of sulfate ester cared to the hot water extraction method, as
was also observed in this study.

The immune response iNytilus spp.was observed in the present study to be
enhanced at a cellular, humoral and molecular Iskiettly after exposure tG. crispusSP
(on day 1). Under optimal conditions, bivalves sasiMytilus spp.will filter seawater at a
maximum rate [43] to facilitate feeding and respima Valve opening and continuous
filtering activity was observed in the musselshiststudy thus readily exposing the treated
mussels to the SP dissolved in the tank seawataemidcyte cell viability and total
haemocyte counts were increased with SP treatedahgsups compared to the nontreated
mussel group. The immune system of bivalves lackmune specificity and memory,
however, innate defense mechanisms that can igeantidl protect against non-self-material
have evolved, with invertebrate immune responsdeced largely on the multifunctional
haemocytes [44]. Early effects of physiologicaleations are often seen as changes in
haemocyte counts with elevated cell counts a comragponse to environmental stress [45]
or as observed in this study exposure to an immimokant biocompound. The rapid SP
induced increase in haemocyte cell count and calivty, observed in the treated mussels in
this study, highlights the effective delivery megisan of SP to the mussels via their filter
feeding activity.

Similar findings including haemocyte proliferati@and an increase in the mitotic
index of haematopoietic tissue in response to $PRXe have been observed in crustaceans
and fish species [10,11]. However, SP showed aerdifftially distinctive increase in
percentage of total haemocyte counts, for instavigélus spp exposed to SP frong.
crispusand rainbow trout injected with alginate framdigitatashowed a similar increase in
number of haemocyte. While shrimp immersion witleadains fromS. wightii showed
increased percentage of total haemocyte countseassar degree than that of mussel and fish

at the same concentration and exposure time.
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In the present study, lysozyme activity was meabsunethe serum of SP-treated
compared with SP-nontreated mussels, and it wasnads that lysozyme activity increased
shortly (on Days 1 and 2) after exposure to SPthadevel of lysozyme mRNA expression
was also up-regulated on Days 1 and 2 of the tAedvious studies reported that marine
microalgae,Chaetoceros calcitrangC. calcitrang and Tetraselmis suecicdl. suecic
presented in Shellfish Diet 1800, have been redotte evoke an immune response in
bivalves [46]. It was reported th&. calcitranshad a positive effect on total haemocyte
count, granulocyte percentage, phagocytic rate aidative activity of clam haemocytes.
Moreover, T. suecicahad a positive effect on the phagocytic rate ofteyy haemocytes.
Interestingly, our study demonstrated that on Dayhén the SP exposed mussels were fed
the heteromorphic commercial Shellfish Diet 180@nfaining microalgae), lysozyme
activity and lysozyme mRNA expression increased enonce again than the nontreated
control mussels, suggesting the SP possibly endammeased lysozyme activity after
Shellfish Diet 1800 feeding.

Antimicrobial peptides such as defensins, mytilimgjticins and mytimycin, have
been identified in mussel specidd. (Qalloprovincialisand Bathymodiolus azoricyisand are
associated with a humoral immune response [28]siStant with lysozyme mRNA, defensin
and mytimycin mRNA expressions were up-regulateattgh(on Days 1, 2 and 3) after SP
treatment in this study. It was reported that patgharides, sulfated galactans from the red
seaweedGracilaria fisheri stimulated immune AMPs-mRNA expressionsLinvannamei
shrimp haemocyte [47], however the responsklytilus spp.is much more rapid following
exposure to SP.

In conclusion, the present study demonstratedSRatvas efficiently extracted from
C. crispususing the cold-water extraction methodology and #xtracted SP has a rapid
immune-stimulant effect in mussklytilus spp.This prompt immune response on a cellular,
humoral and molecular level, observedJstilis spp.and instigated by SP exposure, may be
beneficial to animals in assisting them in overawgrthe challenges of parasites and disease.
More importantly the short-term energy output regdifor such a rapid immune response
may not be too costly to individuals whose healthybe already be compromised due to

stress and poor health.
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L egends

Table 1 Specific primers and conditions used for the deigation of immune-related
MRNA expression in mussdigytilus spp.

Table 2 Contents of sulfated polysaccharides (SP) from rdte seaweed. crispus.SP
showed sulfate, polysaccharide, protein, phenaitt flavonoid contents. Data are presented

as a mean of triplicate independent experiments.

Fig. 1. Haemocyte cell viability of musseBlytilus spp.exposed with SP from the red
seaweedC. crispusat the concentrations of 10, 20 and 50 pg'métermined by neutral red
retention time (NRPT) assay. The bar graphs shenh#temocyte cell viability presented as
the percent of control (mean + standard deviatibiriplicate independent experiments). *

indicates value significantly different from thentml (P<0.05), n = 4.

Fig. 2. Total haemocyte counts of musséfytilus spp.exposed with SP from the red
seaweedC. crispusat the concentrations of 10, 20 and 50 pg'mata is presented as a
mean * standard deviation of triplicate independemperiments. * indicates value

significantly different from the control (P<0.0%)= 4.

Fig. 3. Lysozyme activity of musselglytilus spp.exposed with SP from the red seawé€xd
crispus at the concentrations of 10, 20 and 50 pug'mData is presented as a mean +
standard deviation of triplicate independent expents. * indicates value significantly
different from the control (P<0.05), n = 4.

Fig. 4. Expression levels of immune related mRNA of muss#ytilus spp.in the initial
samples, control and SP from the red seaviectispusat the concentrations of 10, 20 and
50 pg mLY (A) RT-PCR analysis of defensin, mytimycin andolygme mRNA expression
by 1.5% agarose gels. (B) Densitometry value oélgh mRNA relative to 18S in different
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groups, (C) densitometry value of mytimycin mRNAatwe to 18S in different groups and
(D) densitometry value of lysozyme mRNA relativeli®S in different groups. Bars indicate
mean + standard deviation. * indicates value sigaiftly different from control group
(P<0.05), n =4.
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Primers Primer sequences (5’ to 3’) References Annealing temp
Lysozyme-F  ATGTGGAATCTGAAGGACTTGT (48] 60 °C for 30 s
Lysozyme-R  CCAGTATCCAATGGTGTTAGGG

Defensin-F GTGGCGTCTGCTGGGTTT [49] 58 °C for 30 s
Defensin-R GAATGGACTTACAATGTCGATGACA

Mytimycin-F CAATCCATCACTGTTGAAT [50] 58 °C for 30 s
Mytimycin-R  ATGGTAAATCGTGTTATGAACGTG

18S-F TTACGTCGGCGCAACTTCT [50] 57.6°C for30 s
18S-R CTGTTCCAAGGACTTTAATG

Table 1



Contents

% of SP extract (w/w)

Yield

Sulfate
Polysaccharide
Protein
Phenolic

Flavonoid

15.36
9.78 £ 0.424

73.94 £ 20.61

7.08 £ 0.455

2.55+0.236

0.10 + 0.003

Table 2
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Highlights

- Sulfated polysaccharides (SP) were extracted from Irish moss Chondrus crispus
- SP enhanced immune parameters in mussels Mytilus spp.

- SP up-regulated expression of immune genes in mussels shortly after exposure



