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Abstract

Abalone is a marine gastropod mollusc belonging to the family Halioti¢laekfooted
abalone (Haliotis iri3 bred and harvested uniquely in New Zealanas a high market
demand due to its high quality and chemifade farming process. However, the slow
growth rate of abalone has limitdts sustainable production. Many studies have shown
that probiotics can improve the growth rate and health of abalone. However, effective
delivery of probiotics to farmed abalonead remained a challenge. Conventional
probiotic delivery methods through culture water or as feed supplements may lead to
environmental contamination, loss of activity and insufficient dosages. This thesis aims
to develop a new probiotic delivery systemdnhance health and growth rate of black

footed abalone.

A literature review was conducted to analyse the application of encapsulation
technology in developing novel delivery methods for various bioactives including
probiotics, nutrients and immunostimutés to farmed aquatic species (Chapter 2). A
pre-formulation study was performed to confirm the beneficial characteristics of
probiotics previously isolated from healthy abalone. The three bacterial species namely
Exiguobacteriumsp., Enterococcussp. andVibrio sp. were characterised and their

abilities to help in feed digestionexe confirmed (Chapter 3).

The probiotic bacteria were then encapsulated in chitosan and alginased
microparticles. The efficiency of microparticles in encapsulating the ipticb and
creating a pHlependent release in the simulated gastric and intestinal fluids of abalone
were demonstrated. The developed microparticles displayed floating behaviour in
seawater, hence, they were immobilised in alginate beads to improve thegssibility

to abalone. Fluorescence microscopy suggested minimum leach of the encapsulated
bacteria into seawater followed by the successful delivery of microparticles into
abalon€Qd 3 a 0 N2 Ay (i Siethigh/dad of prohiotid Hacterid inat@) Tof
probiotic-fed animalsillustrated the potential of the developed microparticles as new

carriers for oral administration of probiotics to abalone (Chapter 4).

To simplify the production process of encapsulated probiotics, an extrusion method was
utilised to develop chitosanoated alginate beads instead of microparticles.

Encapsulated probiotic beads with desired properties including spherical shape, fast
[



sinkirg, high palatability, high stability and minimum release in seawater were obtained.
The tracking experiment using fluorescdabelled probiotics confirmed the successful
delivery of the encapsulated probiotiasto the GITof probioticfed abalone (Chapte

5).

The efficiency of the developed beads to improve health and growth of abalone were
assessed by performing a twoonth feeding trial. Four different dietary treatments
including 1) conventional feed, 2) feed sprayed with probiotic culture, 3) cortibimaf
encapsulated probiotics and conventional feednd 4) encapsulated probiotics
containing nutrients were used to feed juvenile bldokted abalone. Diet 4 successfully
improved growth performance, feed utilisation, feed conversion rate and red teed
wastage. Flow cytometric analysis revealed a lower level of oxidative stress associated
with diet 4 compared to the other diets. Metabolomics analysis on abalone foot muscle
further revealed that abalone fed with diet 4 differentially regulated 31 abetfites
mostly composed of free amino acids which may indicate a better delivery of feed.
Therefore, chitosaitoated alginate beads can be considered as an effective probiotics
and nutrients delivery method to bladkoted abalone capable of increasingadtne
health and growth performance while minimising feed wastage, environmental impact

and hence feed cost (Chapter 6).

In conclusion, an encapsulated system was developed to deliver viable probiotics as well
as nutrients to farmed blactooted abalone.The developed systerwas capable of
protecting its contents in seawater, delivering them to tl&Tof abalone enhancing
health and growth an@chieving high consumption rates as well as minimising wastage.
The encapsulated delivery system developed iis tthesis can be scaled up for
commercial production, anédaptation of such technologs could help to further
develop abalone aquaculture industry in New Zealand and abroad in a sustainable

manner.
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Chapter 1

Thesis introduction and framework

dWhatever you do, or dream you can, begin it. Boldness has g@uwer and magic

in itg.

Johann Wolfgang von Goethe



Chapter 1: Introduction

1.1 Aquaculture andHe global foocthallenge

¢CKS 62NIRQ&a LR2LJzZ I GA2Y A& 3INPR USERBbiIdY (A Y
by 2050. Among many challenges of our,eraeis to meet the demand for food and
water around the globe while also advancing technological development, reducing
carbonemissions and protecting the environment. Considering current levels of food
consumption, agricultural production will need to produce 60 and 100% more food by
2050 in developed and developing countries, respectifelO, 2014)Globally, about
70% of freshwater is used for agricultuffieood and Agriculture Organisatiom) New
Zealand this value is even highezaching 78% out of which 76% is used for irrigation
of pastures for the meat and dairy industfjflew ZealandParliament, 2011)With the
growing demand for food and water, lafithsed farming neesto be managed in a more
sustainable way. While optimising farm practices can help, alternative food production

strategies need to be iplemented to reduce the environmental effects of agriculture.

About 71% othe EarthQ surface is covered by watesind oceans hold about 96.5% of
F£f 9FNIKQA oI ( Sunbnkired lthhafigyfabt the Risko8/ arid lcantinde$ R
to be a major resourceWorld fisheries and aquaculture play critical roles in supplying
food and nutrition to millions of peoplavith the total combined production of about
USD 362 billion in 206A0, 2018)However, theyieldsfrom the seas are diminishing,
sinceworld fisheries are undeconstantpressure and jusas freshwater ecosystes)
saltwaterecosystersare heading towards a point of no return. Many scientists strongly
believe that aquaculture(i.e. farming food in controlled aquaticenvironmentg can

provide a more efficient andustainables @ (12 FTSSR GKS g2NI RQa

1.1.1 Moving away from wild catch

The world2 fish stocls are diminishing and if drastic measures are not implemented
there is a danger that they will be depleted by POFhis may happewhile millions of
people depend on fisheries for survival. Depletion of fish stbelssbeen attributed to
the direct impacs of fishing industies.However, severe environmental impacts such as

pollution and habitat destruction have alsontributed (Gislason, 20Q3<aiser et al,
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2003) Fishing bycatch and discardre other consequences of irrespalnie industrial
fishing. Around 27 million tonnes of undesired species are dumped annually due to the

poor selectivity of fishing practic€kelleher, 2008)

In response to the environmental and ecological challengetheffishing industry,
fisheries management policidsve beencreated around the world as the first viable
solution. Implementation of these new policieacluding defined daily limits for catch

and regulations on fishing gears such as mesh size of fishing nets have improved the
state of fishing and restored fish stocks in some areas. However, for these policies to be
effective, the production from catch fisheries need to be reduced or at least maintained
at a steady level. Additionally, aquaculture can provide a platform to emsgte the
problems caused by fishing industry and to respond to the growing demand f¢N&si
Zealand Government, 2019The market requirements caalso be addressed more

reliably as productions from fish farms are mostly constaitth minimum fluctuaion.

1.1.2 Aquaculture as a sustainable alternative source of protein

At the World Aquaculture Conference in Adelaide2014 it was announced that the
world would need much higher amount of food in the next thirty years than the total
produced in the previous eight thousand yeé&@@onneting Aquaculture Professionals,
2014) This estimation might é overwhelming, yet an interesting opportunity for
researchers to come up with innovative methods to feed the growing population

without overexploiting our natural resources.

lf2y33ARS 2y32Ay3 LRLMzAZFdA2y 3INRgOIKSE LIS
changed over the years with more people moving towards consuming more healthy
protein sources and less carbohydrates. This has led to a significant increase in seafood
consumption,with approximately 20 kg per capita per year, otlee last few decades

(FAO, 2018)Aquaculture can reduce the gapttsxeen high seafood demand and limited

wild supply. Since 2014, aquaculture production has exceeded capture fistearicas

of today, almost half of the global fish production is provided through aquaculture. By
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2030, more than 60 percent of fish for humaonsumption is expected to be produced

from aquaculturg(World Bank, 2013)

Growth in aquaculture production can improve all the three main pillars of sustainability
including environmental, social and econontieemes by maintaining biodiversity,
compensating exasive harvest from oceans, redugwastage, improved distribution,
providing job opportunities, better incomesd urbanisatioffFAO, 2018)Furthermore,
lower feed conversion rates in fish farmingakeaquaculture to be a more sustainable

wayto produceprotein (Figurel-1).

PV e o e

Cows eat 8 kilogram of feed Pigs eat 3 kilograms of feed Chickens eat 2 kilograms of Conventional farmed
to put on one kilogram of to put on one kilogram of feed to put on one kilogram Atlantic salmon's best FCR
body weight. body weight. of body weight. is 1.2:1; AquAdvantage Salmon
eat one kilogram of feed to
put on one kilogram of body weight.

Figurel-1 Feed conversion ratgn some of the most common farmed animéBistainable:
low impact fish farming, 2019)

1.1.3 Aquaculture in New Zealand context

The history of New Zealand (NZ) aquaculture industry dates batilett960s when

small operations were set up for oyster and mussel farming. Since then, small farms have
expanded their production from domestic toternational markeés. Farming regulations

have been established to manage aquaculture industry in NZ. For exdheglasheries

Act 1983was administered to prevent poaching of wild stock and possible disease

4
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spread. Furthermore, some regulations for tthisposal of farmed fish offal and release

of effluent water were defined under the same fisheries act. Since then, further
regulations and regional coastal plangluding consent requiremeafor any farming
activity on the seabed and in intertidal areas well as uptake and discharge of seawater
from the coast have been continuously administered by the Ministry of Fisheries in order
to steer NZ aquaculture toward sustainable practices. TheredfterlNZ aquaculture

has grown in volume of production tiia rate of around 11.7% annually for the last 20

years up to 200fMinistry of Environment, 200/New Zealand Government, 2019

NZaquaculture consists of both marine and labased farms with three main species
including the Greensheilmusses$, the King salmon and the Pacific oysteith a total
number of 905 active farms all over KMinistry of Environment, 2007)Farming other
species such asLJn dahd kingfish are beingxplored andexpanded. A prominent
feature of NZ aquaculture its chemicalfree farmingapproach Ths has attractedboth
investors and consumers over the last 50 years. However, moving toward sustainable
farming practices has been an ongoing challenge in aquaculture. Several fagtbrais
biosecurity threats and pollution have limited total profitabilityym the aquaculture
sector. Disease outbreaks in the farms due to pests and biotoxins can lead to mass
mortality and financial losses. Moreover, the valugtaf NZ dollar compared tthe US

dollar may persuade aquaculture toward higher production wiinimum expansion of
farmed areas. This intensification may result in an increasthenaforementioned
biosecurity risksDespite these, NZ aquaculture industries have been committed to
produce highvalue products to address market demands and maintairr theerations

as sustainable as possible. The ultimate goallfeiNZ aquaculture industry is to reach
sale value of $1 billion per year by 20@%w Zealand Government, 2012)d to $3
billion by 2035(New Zealand Government, 28)1 This has to take place within an
environmentally sustainablétamework NZ blackooted abalone farming is a young
industry, yet one of the best sustainable farming practices in NZ and around the world.
Moana New Zealands the only abalone farm to receiv&quaculture Stewardship

Council (ASC) certificatidor the best farming practice and environmental sustainability

5
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within NZ This growing industry endeavours to overcome challenges in order to
increase its export revengg$23 millionin 2017) and to occupy a bigger segmerthia

global abalone markgiWillamset al,, 2017) As of todayJanuary 2019)here are two

more farms being set up in Napier and Bleffpech y 3 (2 Ay ONBIF aS b %Q

to over 600 tonnes per year.

1.1.4 Abalone

Abalone are marine gastropods frdramilyHaliotidae consisting of 70 different species
(Figure1-2) that inhabit the intertidal and shallow coastal waters with rocky shores
around Europe, Africa, Asia, Oceania and North Pgéibbott, Dance, & Abbott, 1983
Estes, Lindberg, & Wray, 2Q0&dachi et al. 2018) A variety of different coloursre
characteristiamong different speciesvhich alsoindicates theinfluenceof the diet of
animals(Beesley, Ross, & W&l 1998) Abalone are singishelled molluscs with shell
respiratory apertures which are the prominent features of their genus. Abalone are
known to be a good source of protein around the wofldu, Wang, & Xue, 2013;
Latuihamallo & Apituley, 2015Many bioactive agenisuch as antmicrobial, anti
aging, antinflammatory and antcancer moleculearederived from abaloneandhave

been frequently reported in the literaturéSuleria et al.2017)
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Figurel-2 Various species of abalone with highell diversityin terms of shape, colour and
poresize

1.1.5 New Zealand Abalone

The Backfooted abalone ldaliotis irig (Figurel-3) is most commonly found in coastal
waters in New Zaland. This species is callpd ddty a n 2 (Mdigenous people dlZ)

t n dgltraditionally important ina n 2 éddllure and is considered high vale food.
Meat, shell and peaslare the three high value products obtained from this sea snail.
The strong blue colour of the exterior pfi dahelsand the inner iridescengreenblue
layer are distinctive properties of N# dzivhich provides material for jewellessand

decorative objects.
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Figurel-3 Blackfooted abalone ldaliotis. iri$ and the three maipn dgroducts available in
the market: (apn dzheat, (b)pearlsand (c)shell.

The New Zealand abalonEldliotis irig is recognised by the following taxonomic tree
(Geiger, 1999).

Phylum: Mollusca

Class: Gastropoda

Subclass: Prosobranchia
Order: Archaeogastropoda
Superfamily: Pleurotomariacea
Family: Haliotidae
GenusHaliotis

Subgenust n dzF

Speciestris

t n d&n be found in shallow watet®etween5 to 20 meters depth in rocky shores of
the North andSouth islands of N4ASainsbury, 1982Yhey usually settle on rocks where
there is weloxygenated water and rapid currents. Adult abalone usually do not move
around too much to find food. They await drifting food particles and trap them using
their shell and tentacle@Poore, 1972Allen,Marsden& Ragg, 2000Ragg, 2003)Teeth

like structures called radula are used to graze on seawPedchon, 1977)Smaller

abalone graze on microscomi@atoms(Dutton & Tong, 1981Garland et al.1985) It is
8
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thought that wild abalone can live over 10 years and grow up to 180 mm in shell length

(Jeffs, 2003Tung, 201Q)

H.irisare slowgrowingbroadcast spawners. Adult abalone have different maturity rates
at different locations, but they normally start to produce mature eggs when they reach
about 60 mm shell length, and the spawning happens when they are 4 yedRoalce,
1973) Spernsand mature eggs are released into the water at the same time. Fertilised
eggs then develop into small laejawhich can be transferred by sea currebisfore
they settle on a solid surface and start metamorphosis. At the-f@ostl stagethey
feed on microalgae and grow to juveniles. Juvenile abalone live under rocks fga8s

to minimise predatior{Somerville, 2013)T'he final stage of the abalone life cycle is adult

stage when they can produce mature eggsl spermsand spawn.

1.1.6 Worldwide abalone aquaculture

In recent decades, the demand for abalone products has incredselde 1970s, the
market demand for abalone resulted in a peak worldwithrvest (Gordon & Cook,
2004) At that time, the total production from legabalonefisheries was around 20,000
metric tonnes (mt)which declinedsharplyin following years. The wild abalone catch
wasaround 7900 mt in 200§Cook & Gordon, 201@ndonly 6500 mt in 2015Cook,
2016)(Figurel-4). This significant decrease was due to overfishing and poaching as well
as diseaseoutbreak slow growth rate anddestruction of natural terrainfCook &

Gordon, 201Q)

To sustain abalone productionuymerousabalone farms were set uground the world

A 350% increase in farmed abalone production was reported from 2002 to, 2008
reaching 30,760 mt in 200800k & Gordon, 2010 urrently, the highest abalone
production is in China with more than 300 abalone farms with the produdtonage

of more than 1000 mt in 2010 and witla total productiontonnageof 115,397 mtin
2015 (Cook, 2016)(Figure 1-4). Other countries such as Korea, South Africa and

Australia folloved Chinawith their total farmedabalone production in 2015.
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Figurel-4 Global production of abalone from legal fisheries (left) and farming {r{éatapted
from Cook(2016).

1.1.7 Abalone aquaculture iNewZealaul

Three specie®f abaloneare endemic toNew Zealandincludingcommon or black
footed H. iri9, the queen oryellow-footed H. australi$ andthe virgin orwhite-footed
abalone d. virgined (Tung 2010)among whichH. irisis the main species which is
farmed forthe export market.Thepn dahdustry formed in the 1980s and has been
developed since then. Seventeen experimental and pilot abalone farms were operating
as landbased facilities in 2003 in both North and South Islaidé$fs, 2003)Currently,
there is only one large larblasedpn d#iarming facility in the North Island producing
pn dzet commercial scale Higure 1-5). Among the thirteen influential countries
producing farmed abalone, New Zealand holds the ninth position with the production
value of aound 100 mt in 2015Cook, 2016)Sincepn dAlarming in New Zealand is
antibiotic/chemical freepn dzgiroducts are identified with having a high quality around

the world. New Zealangn dzk mainly exported to Hong Kong, Singapore, Taiwan and
China.

10
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Figurel-5t n dzklturing in MoanaNew Zealandibalone farm, Ruakaka, N&, b)Multi-level
culture tanks optimised to grown ddlor 3-4 years,(c) culture tanks supplied with tipping
bucketsdesigned toprovide maxmum aerationfor Juvenilepn dzfd) Adult abalone (8100
mm) ready to be harvested.

1.1.7.1 Bottlenecksin abalone culture
Although landbasedpn dZkcilities in NZ has been successful in producing high quality

products, there are still challenges and problemsigeaddressed bgn diarmers. The
slow growth rate of abalone, which is around 4 to 5 yeara,major botteneck inpn dzl
farming Eigurel-6). The long period which abalone requires to reach market size (80

100 mm) can impose serious financial constraints on this growing industry.

11
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Figurel-6 Diagram of abalone life cydiedicatingdifferent developmental phases and the time
required for them to grow from a fertilised egg &m adult (Adopted fromNajmudeen & Victor,
2004 Tuterangiwhiu, 2015)

The najor factors limitingpn dzyrowth rate arewater quality, temperature, health
status and lack of a specispecific feed.t n dake very sensitive to poor water
conditions such as pH, temperature, chemical pollution, inadequate oxygers,level
salinity and nitrogenous waste; these directly affect grewth rate oft n d#iltering

and recirculation systems are usedpn d#larms in order to maintain the quality and
temperature of seawater. The recirculation system enables farmers to maintain the
temperature over winterand summerby controlling seawaer intake, thus avoiding

water temperature fluctuation in the farm. With increasing summer sea temperatures
12
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as a result of global warming, some farms utiliseocaling systenmto avoid massive
mortalities. Furthermore, accumulation of faecal matter, uneafeed and leaching of
nutrients, such as proteirtevelsin the recirculated water may increase the amount of
nitrogenous compounds and reduce the qualitytbé culture water. Poor culturing
conditions haeled to disease outbreaks in g ddommercial facilities in the past. For
instance an outbreak of haplosporidosis in juvepite dzkas reported inthe summes

of 19992001 with mortality rats of approximately 90%4Diggles et al2002 Diggles &
Oliver, 2005)Occasional mass mortalities have also been reported idzarms mostly
due to algal bloomg§Chang, 1999Chang, Chrisweft Uddstrom, 2001)

Although farming process have been optimised, the environmental aegonomic
impacts offeed impose a burden on farm development. Farmed abalone are fed with
formulated commercial feedontaining protein and carbohydrate from sources such as
fish meal, kelp and seaweed. Formulated feete commercially available from
different suppliersHowever, none are specifically designed fpor dzAbalone feedare
currentlyimported to New Zealah mostly from South Africand AustraliaThere is an
inherent risk involved with these products as lighter regulations and biosecurity checks
may translate into the risk of disease transfer to New Zealand. The food conversion
ratios (FCR, weight @fivenfood: increase in body weight) of commercial feddve

been reported to be 3:1 to 4:1 for some farrfieffs, 2003and further improved to up

to 1.7:1 for others (Moan&lew Zealand personal communication). However, to obtain

a better FCR, relatively expensieefisneedto be imported from other countries. This
significantlyincreases the total cost of NZ abalone farming. Moreover, the current
commercial pellets imported from South Africa and Australia have low stability in sea
water. They become mushy and disintegrateai short period of time Apart from
nutrient leachnginto the water, risk of microorganism growth and low consumption
rates, farmers need to feed the animals on daily routjwesich results iran increase in
labour and production cost To add to thisabout 60% of the feed is wasteflirther

increasing the cosif production

13
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1.1.7.2 Feed formulationand sustainablen dfarming

Wild pn dajraze on various types of seaweed, especially on red macroalgal species.
Some farms breedn dzlsing seaweed. However, the low feed conversion rate (10:1 to
25:1) results in an increase in the cost for farming. Formulated feeds are available to
farmers flom different suppliers. In Ngn dZmrming, abalone feeds from Marifeed Ltd

are used which have been designed and tested on South African abd&omeidag.
However, high amounts of feed wastage, nutrient leaching and quick disintegration of
feed pelletsin seawater are associated with this type of feed. Therefore, artificial feeds
are required to be designed specifically based on the species of abalone and culturing
system. Lack of a specific formulated feed for farnpeddik one of themain reasos

hampering the growth rates of these animals.

Although substantial research has been carried out on diet composition for abalone, the
research has been less focused on the physical quality of feed pellets. These qualities
which include palatability, size, uarimity, durability, stability, water absorption and
water solubility play a significant role in effectively delivering required nutrient to
farmed abalone. The weak structure of current extruded pellets leads to a quick
disintegration in seawater. Thus, tnients leach from the particles before being
consumed by animals. Insufficient feed durability and stability in seawater generates
higher feed wastage within the farm and contribute to an overall decline in water
quality. Thereforeaspn dzxports are among the top ten aquaculture products in NZ
(Ministry of Fisheries, 2011), it is important to address current problems in order to
improve farming and maximise the expected revesuResearch and development in

the pn dzhdustry is required to focus omproving feeds and environmental aspects of
feeding processes to increase feed consumption, conversion rates and reduce feed
wastage, thus, steering the industry toward more environmentally and economically

sustainable practices.

1.1.7.3 Use of probiotics in aqualture
Several strategies have been trialled to enhance abalone growths.rlesign of

different culture system (e.goarrels, cagesubes) was among the first measuresbe

14
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tried (Preece& Mladenov, 1999)Addition of various feed supplementsuch as red
algae was tested to obtain a better growthrf@mance which showed promising results
after three months of feedingl.iris (Allenet al, 2006) Selective breeding programmes
are also used to produaeffspringwith desired commercial traifsuch as fast growing
and hate maturing(Elliott, 2000) However, this is usually a lotgrm endeavour and

may create concerns over genetic diversity.

Optimising culture conditiosand dietary protei{Tung & Alfaro, 201db; Tung & Alfaro,
2012)and use of probiotic§Macey & Coyne, 200%adi et al, 2014)are among the
most recent strategies exploited to enhance the growth rate and health of abalone
However, thesestudies have been limited to small scale laboratory reseddabiotics
have been widely tested as a new approach for abalone growth and health improvement
in different speciegMacey& Coyne, 2005Doeschate & Coyne, 2008/u et al, 2011

Hadi et al., 2014Faturrahman, Rohyati, & Sukam, 201% Huddy & Coyne, 2015Gao0

et al., 2018 Venter et al, 2018 Zhao et al.2018) Probiotts can be usedot only to
increase the growth rate of animals but also prevent diseaseoccurrence within a
farm. Probioticscan be used as a great alternative for chemical additivegdragsin
aquaculture Although significant improvements in growthtes of abalonehavebeen
observed repeatedly since the advent of probiotic application in aquaculture, the
probiotic strategy has never stepped further out of laboratories into abalone farms due
to environmental, cost and sustainability issu@s.e ofthe main obstaclson large scale
probiotic application ishe lack of an efficient delivery method. Besides that, retaining

the viability ofprobiotics during delivery to farmed animals remains another challenge.

1.1.8 New strategies andifure innovation in abalone farming

Aquaculture is rapidly growing around the world which inevitably is accompanied by
intensified culturing processes. This will impose risks to the sustainability of aquaculture
practices. In order to maximise the profitability the abalone industry, diebriented
approachessuch as optimising feed ingredierttave been mostly adapted. The most
common technology for producing abalone fadd extrusionbased production. This

feed production technique uses heat and steam to bingredients together and to
15
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extrude feed pellets. The feed pellets may contain optimum dietary requirements
However, less attentionhas beenpaid to the physical features of the feed. As
aguaculture feeds make up a significant portion of abalone prodoatbst, it is crucial

to develop a feed with optimum featuresuch as 1) good stability in seawater to
minimise feed wastage, 2) minimum nutrients leahfrom the pellets to ensure
delivering specific amounts of nutrients to animals, 3) high palatgalitd 4) containing
optimum dietary requirementsA combination of all these features can accelerate

farming productivity, profitabilitywhile assuring longerm sustainability.

New technologies are required in order to develop economical $eeith optimised
features. Based on the literature, there is a great potential fapplication of
encapsulation technology (Eih) aquaculture(Dezfooli et al.2018) This technology is
based on enclosing materials in a confined structure. ET has been used to deliver
probiotics (Rosad_edesma et 8l.2012) beneficial yeast cell®inpimai et al., 2015)
vaccires andimmunostimulants(De las Heras, Rodriguez Salean, & PerePrieto,
2010)to different marine species. ET can also be used to entrap feed materials in a bead
or capsule structure in order to improve nutrient delivery atwd protect valuable
ingredients from leaching. Therefore, this technology can provide an opportunity to
aguaculture to improve feed quality and thereby farmadimal performance along

with obtaining a significant reduction in feed wastage and enhance the sustainability of

farming process.

1.2 Thesis aims

Considering the above, the main aim of this thésie develop an encapsulated system
that can deliver probiotics in a specific dosage anth a high viable state to farmed

abalone. The second aim of this the@so investigate the effect of encapsulated
probiotics on the growth performance of blafboted abalone The specific objectives

of each chapters are:

I.  To characterise three bacterialesges (previously isolated fropn dzjut in our

laboratory) to ensure their ability to hydrolgswutrientsin abalonefeed.
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ii. To develop and characterise a microencapsulated probicaicier using an
emulsion technique based on natural polymefsr targeted delivery of
probiotics toH. iris

lii. To develop and characterise a macroencapsulated probiotic delivery system
using extrusion techniquesith improved properties such as fast sinking, high
palatability and stability in seawater.

iv. To perform a feeding trial to evaluate the effecttbé developed encapsulated

probiotic andfeed on the growth rate and immunity pfh dzl-

1.3 Thesis structure

This thesis is a multidisciplinary investigationwolving microbiology, formulation

science, drug delivery, metabolomics, immunology and marine biology in aquaculture.

Chapter one is a general introduction discussing the issues associated with food suppl
Fad + OKIffSy3aS Ay (2RlI&Qa ¢62NIR IyR GKS
needs. Sustainability issues regarding wild fishewese discussed and the role of
aquaculture to relieve the pressure from wild fisheriesas highlighted. General
information about the status of abalone farming worldwide and in New Zeateare
provided. Finally, the bottlenecks and technological challenges in abalone aquaculture
werediscussed and the need for novel technologies to assure sustainable growth of this
sectorwere highlighted. This discussion led to outlining aims and framework for this

thesis.

In Chapter two, abroad literature review wasconducted on the application of
encapsulation technology in aquaculture. Despite the long history of ET usage in
pharmaceutical industries, the technology is relatively new in aquaculture. This work
was conducted to provide a comprehensiveview of previous relevant worko
aquaculture and marine scientists. Thus, attention was focused on the potential of
encapsulabn technology in offering innovative approaches to improve aquaculture

practices. This chapter propas@ractical considerations and suggestions on selecting
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right materials and techniques for designing novel bioactive delivery systems for

aquaculture apptation.

The ultimate goa of the experimental chapters were to develop a capsule
compartment with desired physical features and palatability capable of delivering

nutrients and bacterial probiotic to farmed NZ abalone.

In Chapter three, the ability of tee hostassociated bacterial species as beneficial
bioactives for NZ abaloneas investigated. Biochemical characterisation tests were
conducted to ascertain the presence of specific biochemical features for hydrolysing
abalone feed nutrients. This chaptéurther provides information about the three
tested microbial species required for development of thacapsulated probiotic

supplementdn the following chapters.

The next important step was to develop a carrier for delivery of probiotic bacteria to
farmed pn dzITwo separate chapters worked tddressthis aim. In Chapter four,
microencapsulation was used émcapsulatdacterial cells. The objective of this chapter
was to determine whether micimarticles generated by an emulsion technique can
attain degred features for delivering probiotics to farmea dzEmulsification has been
widely used for probiotic encapsulation due to retaining high viability of encapsulated
probiotics and producing uniform particles. In this chaptenn-vitro studies were
performed to investigate the release of espsulated probiotidn seawater and in
simulated gastrointestinal fluid of abalone. The fate of microcapsuksalgo sought
gAUKAY O digestivelyast Whefefficiency of developed microparticles to dbta

a targeted delivery of probiotics to abalone wasrqved. Despite the successful
outcomes of this chapteran alternative system was developed in Chapter 5 to address
issues related to accessibilitymofcroparticleso bottom-feeding abalone and feasiiby

of scaleup production.

In Chapter fie, an extrusionbased techniquevas usedo develop alginatdeads. The
objective of this chapter was to deploy a simple encapsulationrtiegte feasible for

future largescale production. The palatability of priokic capsules antheir ability to
18
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deliver probiotics tabalonewas confirmed in this chapter. In Chapter six, a feeding trial
was performed to investigate the efficiency of the new delivery method for feed and

probiotics.A general conclusion and dissianconstitutethe final chapter of this thesis.

1.4 Research outputs from this thesis

Peerreviewed journal publications

Dezfooli, S. M., Alfaro, A. C., GutierMaddox, N., Seyfoddin, A. (2018). Encapsulation

for delivering bioactives in aquacultur@evews in Aquaculturel-30.

Dezfooli, S. M., Alfaro, A. C., GutierMaddox, N., Seyfoddin, A. (2019). Abalone
aquaculture and current challenges for sustainable production. Manuscript n

preparation.

Dezfooli, S. M., Alfaro, A. C., GutierMaddox, N., Seyfoddin, A. (2019).
Microencapsulation fotargeteddelivery ofprobioticsto blackfooted abalone ifaliotis

iris). Manuscript in preparation.

Dezfooli, S. M., Alfaro, A. C., GutierMaddox, N., Seyfoddin, A. (2019). Development
and characterisation of encapsulated probiotic beads for improved delivery of probiotics

to farmed abaloneManuscript in preparation.

Dezfooli, S. M., Alfaro, A. C.ut@rrezMaddox, N., Seyfoddin, A. (2019). Improved
growth rate of blackKooted abalone through encapsulated fegdobiotic diet. In

preparation.Manuscript in preparation.

Dezfooli, S. M., Alfaro, A. C., GutierMaddox, N., Seyfoddin, A. (2019). Effeft
encapsulated probiotic diet on immune parameters and metabolomics profile of-black

footed abaloneManuscript in preparation.

Conference presentations
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Dezfooli, S. M., Gutierredaddox, N., Alfaro, A. C, Seyfoddin, A. (20E8capsulated
feed for inceased growth of farmegn dzind reduced feed wastagdn Australian

Malacological Triennial Conferentéolluscs, WellingtonNew Zealand.

Dezfooli, S. M., Gutierredaddox, N., Alfaro, A. C, Seyfoddin, A. (2018). Encapsulation
technology: A tool to reducéeed wastage in aquaculturdn New Zealand Marine

Sciences Society Annual Confereri¢apier, New Zealand.

Dezfooli, S. M., Gutierrddaddox, N., Alfaro, A. C, Seyfoddin, A. (2018). A new carrier
to deliver probiotics to farmegn dzPoster session presented ldew Zealand Marine

Sciences Society Annual Confereridapier, New Zealand.

Dezfooli, S. M., GutierreMaddox N., Alfaro, A. CSeyfoddin, A(2018). Targeted
delivery of encapsulated probiotics for increased growth of farnpeddzlin AUT

Research Showcasguckland University of Technology, Auckland, New Zealand.

Seyfoddin, A., Dezfooli, S. M., Mohamma8., GutierreMaddox, N., Alfaro, A. C.
(2017). From humans to molluscs: target specific bioactive delivery using microcapsules

InNew Zealand Marine Sciences Society Annual Conference, Christchurch, New Zealand.

Dezfooli, S. M., Gutierrddaddox N., Alfaro, A. CSeyfoddin, A(2017). Delivery of
probiotics to aquaculture: challenges and strategiesNew Zealand Marine Sciences

Society Annual Conferenceniversity ofCanterbury ChristchurchNew Zealand

Dezfooli, S. M., Alfaro, A. GutierrezMaddox, N., Seyfoddin, A. (2017). Encapsulating
probiotics for increased growth of farmed abalone. Poster session presented at'the 8

BiennialAustralian Colloids and Interface Symposium, Qdéfibour, NSW, Australia.

Seyfoddin, A., Dezfool§. M., Mohammadi, S., Gutierrdkaddox, N., Alfaro, A. C.
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Australian Colloids and Interface Symposium, Coffs Harbour, NSW, Australia.
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Dezfooli, S. M., Gutierredaddox N., Afaro, A. CSeyfoddin, A(2016). Encapsulation
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Abstract

The exploitation of wild fisheries has driven the seafood industry to develop more
sustainable resources and higitensity aquaculture. However, higkensity
aquaculture is prone to outbreaks of diseasdse Tise of chemicals and anticnbbial

drugs in aquaculture is common practice, but such chemicals can have serious
detrimental environmental impacts and antibiotics may result in bacterial resistance in
many species. The development obmantibiotic and green straiges, sub as using
probiotics andimmunostimulants aims for a more sustainable practice for health
maintenance in aquaculture. Although the efficacy of such strategies has been
demonstrated in cliivations settings, the effective delivery of bioactives remains a
challenge. Conventional dediry methods are often inefféiwe in terms of dosage,
stability and species specificity, and can possibly cause widespread environmental
contamination. However recently developed drug delivery systems may provide
innovative ways to improve delivery with minimal waste and improved environmental
protection. Indeed, such cuttingdge drug delivery systems have already provided
measurable benefits in human medicioeer the past two decades. New technologies,
such as encapsulation and controlled release systems, can be used readily irugcaled
operations to improve the delivery of bioactives and ultimately increase production and
profitability in aquaculture. Thiseview critically analyses the use of encapsulation
technology with a focus on microparticles for delivery of bioactive agents to farmed
aguatic animals. This review discusses various potential encapsulation materials, their
properties and a range of metkg that can be adped and scaledip for aquacutlre.
Finally, practical considerations for designing an efficient delivery system for

aguaculture are discussed.
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2.1 Introduction

Overfishing and stock depletion have put wild fisheries under considerablsspre.

The results of this pressure are observed as reduced fishery yields and an increased
number of threatened species. In response, the industry has moved to develop more
sustainable and highensity aquaculture practices. However, hidgnsity farmingis

prone to health problems, such &mcterial (Birkbeck,Feist& VerneJeffreys, 2011
Pridgeon& Klesius, 2012¥ungal(Ramaiah, 200&nd vral (Oidtmann, B., & Stentiford,
2011) infections. Billions of dollars have been lost due to disease outbreaks in
aquaculture worldwidgAustin & Austin 1993 astings et al1999;Hill 2002;Murray &

Peekr 2005) In many countries, veterinary medicines, such as antibiotics and
chemotherapeutics, are regularly used to combat endemic problems. The exposure to
these agents has raised serious concerns, especially with regard to antibiotic resistant

pathogensand envirmmental contaminatior(Smithet al.,1994;Ai et al.,2011)

The development of green strategies, such as utilisabibimioactives §gents having a
biological effect promises a technologically advanced &va aquaculture (Qiet al.,

2009; Ringg et al., 2012) Bioactives that act as supplemany nutrients,
immunostimulants vaccines and probiotics can be utilised to 1) provide optimal
nutrition to aquaculture species 2) improve their general health 3) enhance farm
productivity and management approaches and 4) reduce environmental impacts.
Although the efficacy of green strategies has been demonstrated in numerous studies,
the delivery of bioactives in aquaculture settings and the scaling up these technologies
remains a challenge. The main concerns around the use of such strategies are: 1)
effedive delivery in terms of dosage, stability and species specificity, 2) risk of
environmental contamination 3) the dilution of an administered dose in large tanks and
runways, 4) instability and deterioration of bioactive materials in different
environmentl conditions during processing, storage and delivery and 5) speoaesfic
actions of some bioactives (e.g. probiotics and vaccines) where one bioactive may be
beneficial to one species but pathogenic to another. Conventional delivery techniques

in aquaulture, such as immersion, injection, diet supplements and enrichment of live
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food (Deet al.,2014) often deliver insufficientosages and suffer from uncontrolled
release and instability of bioactives during processing and stdagewayet al.,1987;

Anal & Singh 2007)While many bioactives show promising results in research
laboratories, it is essential to develop advanced and economical bioactive delivery
methods to be able to implement these new advances in a commercial aquaculture

scale.

Current aquaculture practice require the use of innovative and environmentally
friendly methods which can solve the above problems and maximise the production
level and profitability.One of the innovativestrategiesto improve aquaculture is
targeted delivery of bioactives to farrdespecies.Targeted delivery methods are
defined as approaches, formulations and strategies to transport bioactive molecules to
their site of action Novel drug delivery vehicles, such as biocompatible and
biodegradable capsules have been used to delipexcsic nutrients, probiotics, genes
and chemicals in a sustained and controlled manner for human and veterinary
applications. Such drug delivery vehicles can also be used to prevent the release of
unwanted materials into the environment and extend the Khiée of the encapsulated
materials (Zuidam & Shimoni 20134uq et al., 2013) and ensures a targetpecific
delivery of bi@ctives in a hostKebary & Hussein 199Bjcot & Lacroix 2004pelivery

of bioactives in aquaculture farms is a new challenge to formulation scientists.
Formulating a carrier that can withstand disintegration in seawater whilst maintaining
the activity of the entrapped agents isnaajor challenge. That solved, a programmed

released micreor nanocarrier can be easily designed for various applications.

Thischapter aims to highlight the importance and applicability of encapsulation for
enhancing the delivery and efficacy of biages in aquaculture farming. Potential
materials that can be used to prepare microcapsules, their properties and encapsulation
methods that can be applied in aquaculture are discussed in detail. Specific case studies
are used to illustrate the encapsulatiaf probiotics, vaccines anchmunostimulants
Finally, the feasibility of designing an efficient delivery system for aquaculture is
discussed.
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2.2 Encapsulation concept in aquaculture

In order to adapt to harsh environmental conditions, many spesies adbacteria have
F2NY¥YSR I LINPGSOGADBGS WKIFNR aKStfQ | NRdzyR
aKSttaQ 20SN) GKS @SFENERX SyOFLladzZ A2y &
synthetic and natural materials to encapsulate living organisms ftiebstability and
LINEGSOGA2Yyd 9y Ol LJadzE A2y A& | O2YLI NI YS)
envionmen® GKIFG Aaz2ftldiSa GKS o0A2F OGADSA FNI
availability of various materials with selective properties, sucbohighility in certain pH

or temperature has also led to the design of smart delivery systems that target a specific
arAisS Ay GKS FYAYFIfA4Q 0602ReéeX &dzOK | & dzLILIS NJ

In aquaculture, encapsulation can be applied to:

 increase the bioavailability of bi@ali A §Sa Ay GKS FyAYlFf Qa
uptake,

9 GFNBSG | ALISOATAO RSEAGSNE aAidS 6AOKAY
systemic circulation),

1 protect bioactives from unique environmental conditions, such as pH, redox state
and ionic &rength,

1 protect bioactives from processing factors, such as dehydration, exposure to
elevated temperatures and extrusion,

1 provide effective protection against bioactive degradation,

1 increase the viability of live bioactives, suctpasbiotics,

1 provide sustained, delayed or controlled release of bioactives to increase
treatment efficacy,

1 increase animal species specificity in order to reduce impact on other wild or
farmed species,

1 provide a practical method to deliver sensitive bioaes, such as probiotics and

vaccines in aquaculture farms,
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1 improve therapeutic efficiency, and therefore, a reduce the dose of materials,
such as vaccines, probiotics amgmunostimulantsrequired for a bioequivalent
effect, and

1 deliver DNA, genes and tgens for advanced genomic and proteomic

approaches.

While compartmentalisation can be possible following several strategies, such as
formulations ofmulti-layeredfilms, nane and microparticles, the focus of this review is
limited to polymeric spheridamicroparticles for bioactives delivery. In drug delivery,
YAONRLI NIGAOE S& FNB dzadzZ t & NBEFSNNBR (2
diameter. They can be produced from a range of natural, synthetic or semisynthetic
materials, such as polymersdaiipids. Based on their internal structures, microparticles
are classified into microspheres and microcapsules. Microcapsules consist of a shell with
an empty core as a reservoir to hold the encapsulate or the agent, while microspheres
have a solid coreral the encapsulated agent is dispersed in the core mé&igure2-1).

Both types of microparticles can be further protected by additional coating layers
(Zuidam &Shimoni 2009)An extra layer can increase the stability of the particles and

allow a better control over the release of the encapsulated agents.

Encapsulates

Shell ® ———— Matrix
Y [ BN
o0 0

Figure 2-1 Schematic diagram of two types of micropaldis: (a) microcapsule and (b)
microsphere.

The release mechanism of encapsulates from microparticles can be a complex
combination of several internal and external factors deliberately designed to release the
encapsulates in a programmed manner. Physicathemical conditions can break or

degrade the shell leading to the release of encapsulated material(s) from microcapsules.
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Another potential release mechanism for smaller molecularly sized encapsulates is their
diffusion through a semipermeable shell reatl. Similarly, release from microspheres
can result from the erosion of the matrix material in a programmed manner and by
diffusion due to osmotic drive or the formation of pores and channels through the
matrix. Various polymers and protebased matemls have been used for encapsulation

of bioactives in aquaculture, and these are discussed in the following section.

2.2.1 Materials for encapsulation of bioactives for aquaculture applications

Oral delivery of bioactives and nutrients is the preferred metlodéGdministration in
aquaculture. The advantages of oral delivegstemsare that they tend to be cost
effective, easy to scale up and less stressful to animals compared to other invasive
methods, such as injection. There are tpatential barriers to ordbioactive delivery in
aguatic animals: 1) the dissolution of the microparticles in water prior to ingestion and
2) the degradation of sensitive bioactive agents in the acidic environment of the
stomach before they arrive at their target site, intestireg( probiotics), or can be
absorbed into the systemic circulationgeimmunostimulants vaccines and nutrients).

In order to design a system that can withstand dissolution prior to ingestion and
accurately deliver bioactive agents into thpecific sites ithe target animal, selecting

the right materials for encapsulation is essenfifure2-2). When it comes to choosing
biomaterials for encapsulation purposes for aquaculture application, one has to
consider the fundamental differex@s among target species, including their physiology,
living environment and commercial practicalities. Considering the anatomy and
physiology of the target animal is the very first step in designing a bioactive carrier as
significant pH differences haveeén reported for different fish species and shellfishes
(McLean 1970Harris et al., 1998; Krogdahkt al., 2015) The environmental and
culturing conditions of the tamgf animal are other important factors to consider when
choosing encapsulation materials, especially since the temperature, pH and salt
concentration of the culture water can affect the stability and release profile of

developed microparticleg
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Table2.1 Conditions to consider for encapsulation of bioactives for delivery to major
aquaculture species

Species Polymer used GIT Aquaculture  Feeding References
for features  method habit
encapsulation and pH
range
Nile tilapia - Alginate 1.4-8 Fresh water  Can feed (FAO,
- Skimmilk biofloc in all 2017a)
alginate system, tanks, level (Pinpimai et
S chitosan raceways al., 2015)
]El)ongs, (Rodrigues
oating cages et al.,2006)
and
recirculation (Leal etal.,
systems. 2010)
(Hlopheet
al.,2014)
Goldfish Alginate 6.4-7.9 Fresh water  Can feed (Zhanget
tanksand in all al.,2016)
ponds level (Mauriceet
al.,2004)
(Solovye\et
al.,2015)
Japanese - Alginate "4-85 Seawater Bottom  (Rgnnestad
flounder - Poly lactide land-based feeders et al.,2000)
co-glycolic culture (Tianet al.,
acid(PLGA) systems 2008abg
- Chitosan
Channel catfish Alginate 2-8.6 Freshwater Bottom  (Pageet al.,
gelatine ponds, tanks, feeders 1976)
raceways and (FAO, 2017)
cages (Kumareeet
al.,2014)
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Table2.1 Conditions to consider for encapsulation of bioactives for delivery to major
aguaculture species

Species

Polymer used GIT

Aquaculture

Feeding References

for features  method
encapsulation and pH
range
Common carp - Alginate 6.3-7.4 Freshwater (Joosteret
coated cages, al., 1997)
chitosan irrigation (Beheraet
_PLGA resizrvows,d al., 2010)
tanks, ponds
_Nginate and in P (Yunet aI.,
: . 2017)
recirculation
systems (Behera &
Swain2014)
(Zhanget
al.,2016)
(Solovye\et
al.,2015)
Perch 3.5-6.8 Fresh water (Moyleet
tanks, al.,1974)
extensiveand
- intensive
> ¥ methods
Gilt-head sea Alginate 2.6-7.9 Saltwater (FAO,
bream raceway 2017c)
concrete (Deguarat
tanks, sea al.,2003)
catges,_ (Corderoet
extensive, al., 2015)

semiintensive
and intensive

systems
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Table2.1 Conditions to consider for encapsulation of bioactives for delivery to major

aguaculture species

Species Polymer used
for

encapsulation

GIT

features

and pH
range

Aquaculture
method

Feeding References

habit

Rainbow trout - Alginate

- PLGA

Atlantic Salmon

Crayfish

2.7-8.2

48-8.1

Freshwater
monoculture
systems
raceway and
pounds

Sea cages

Seawater
ponds or
tanks

Surface

feeders

Not a
bottom
feeder

Bottom
feeders

(FAO,
20170)
(Bucking&
Wood 2009)
(Ghosh,
Cain,
Nowak, &
Bridle, 2016)

(Joosteret
al.,1997)

(Romalde,
Luzarde
Alvarez,
Ravelo,
Toranzo, &
Blance
Méndez,
2004)
(Adomako
et al., 2012)

(De las
Heraset al.,
2010)

(Altunet al.,
2009)

(Krogdahket
al.,2015)

(Brown
1995)
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Table2.1 Conditions to consider for encapsulation of bioactives for delivery to major
aguaculture species

Species Polymer used GIT Aquaculture  Feeding References
for features  method habit
encapsulation and pH
range
Black tiger -i-1,3D- Feed Extensive, Bottom  (FAO,
shrimp glucan takes semiintensive feeders 2017d)
-VLPs between and intensive (zhu &
‘ 48.3and ponds with
ﬁ 90.5min tidal seawater ZJha_ng2012)
to pass flow. (Jariyapong
et al.,2015)
through
the gut, (Beserest
with some al., 2005)
feed
taking 4¢
6 hrsto
pass
through
the gut
Abalone Alginate 5-6.6 Seawater Bottom  (Poore,
Passage filled tanks, feeders 1972)
through  tipping tanks (Harriset
GITcan  and cages al., 1998)
take a few (Wuet al.,
hours to a 2011)
few days

In addition, the feeding behaviour of the target animal should be examined before
designing a release system. For instance, sinking particles are more suitable for shellfish,
while floating particles may be more effective for fish. Industrial practicaliiee also
important to consider since the controlled release products often need to be cost
effective. The compatibility of the additives with the bioactives also need to be
considered when selecting biomaterial for encapsulation. For example, advéestsef

of chitosan, a commonly used polysaccharide obtained from crustaceans, on lactic acid
bacteria was reported to be a constraint in the application of encapsulation of some

probiotics (Hyndmanet al., 1993) A very low encapsulation efficiency was reported
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when siRNA was encapsulated in PLGA due to the very low molecular weight of SIRNA
and electrostatic repulsion between siRNA backbone and angigps inPLGACun

et al., 2011) Biomaterialrelated features also should be considered since they can
influence the encapsulation efficiency. Such factors include solubility of wall materials
in a desired solvent, concentration of polyménteraction between encapsulated and
encapsulating materials, solubility and size of entrapped matefigisthiet al.,2010)

Some of the most commonly used materials that are used in the formulation of

microparticles for aquaculture use are discussed anftillowing section.

Inner matrix (containing the
encapsulated bioactives eg probiotics)

Programmed release
multi-coat

microparticle Inner layer (insoluble in acidic pH,

soluble in basic pH)

Outer layer (water-insoluble in
neutral pH, soluble in acidic pH)

Inner matrix (containing the
encapsulated bioactives eg probiotics)

Arrival and transit
through stomach

(outer coat erodes while

Inner layer (insoluble in acidic pH,
inner coat protects against

soluble in basic pH)

acidic pH of stomach)

Inner matrix (containing the
encapsulated bioactives eg probiotics)

Arrival at the intestine
(The inner layer erodes in
intestine and matrix
dissolves in a slow manner
resulting in a controlled
release of encapsulates)

Figure2-2 Schematic representation of multi-layeredmicroparticle for delivering bioactives
(e.g. probiotics) to the intestine @ aquaculture species.
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Table2.1 Conditions to consider for encapsulation of bioactives for delivery to major aquaculture species

Species Polymer used for GIT features and pH Aquaculture method Feeding habit References
encapsulation range
Nile tilapia - Alginate 1.4-8 Fresh watebiofloc system, Can feed in all level (FAO, 201&)
- Skimmilk alginate tank_s, raceways ponds, (Pinpimai et al., 2015)
* chitosan floating cages and (Rodriguet al.,2006)
‘ recirculation systems.
v (Leal et al., @10)
(Hlopheet al.,2014)
Goldfish Alginate 6.4-7.9 Fresh water tankand ponds Can feed in all level (Zhanget al.,2016)
(Mauriceet al.,2004)
(Solovyeet al.,2015)
Japanese flounde - Alginate "4-85 Seawater lanébased culture  Bottom feeders (Rgnnestactt al.,2000)

- Poly lactide caglycolic
acid(PLGA)
- Chitosan

systems

(Tianet al.,2008bg
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Table2.1 Conditions to consider for encapsulation of bioactives for delivery to major aquaculture species

Species Polymer used for GIT features and pH Aquaculture method Feeding habit References
encapsulation range
Channel catfish Alginategelatine 2-8.6 Freshwater ponds, tanks, Bottom feeders (Pageet al.,1976)

Common carp - Alginatecoated 6.3-7.4
chitosan
-PLGA
- Alginate
Perch 3.5-6.8

raceways and cages

Freshwater cages, irrigation Bottom feeders
reservoirs, tanks, ponds and i
recirculation systems

Fresh water tanks, extensive Bottom feeders
and intensive methods

(FAO, 2017)
(Kumareeet al.,2014)

(Joosteret al.,1997)
(Behereet al.,2010)
(Yunet al.,2017)
(Behera & Swai014)
(Zhanget al.,2016)
(Solovyeet al.,2015)

(Moyleet al.,1974)
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Table2.1 Conditions to consider for encapsulation of bioactives for delivery to major aquaculture species

Species Polymer used for GIT features and pH Aquaculture method Feeding habit References
encapsulation range
Gilt-head sea Alginate 2.6-79 Saltwaterraceway concrete  Can feed in all level (FAO, 2010)
bream tanks, sea cages, extensive, (Deguareet al.,2003)
semtintensive and intensive (Corderoet al., 2015)
systems
Rainbow trout - Alginate 2.7-8.2 Freshwater monoculture Surface feeders (FAO, 201R@)
-PLGA systemsraceway and pounds (Bucking& Wood 2009)

(Ghosh, Cain, Nowak, &
Bridle, 2016)

(Joosteret al.,1997)

(Romalde, Luzardo
Alvarez, Ravelo, Toranzi
& BlanceMéndez, 204)

(Adomako et al., 2012)

(De las Herast al.,
2010)

(Altunet al.,2009)
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Table2.1 Conditions to consider for encapsulation of bioactives for delivery to major aquaculture species

Species
encapsulation

Polymer used for

GIT features and pH
range

Aquaculture method

Feeding habit

References

Atlantic Salmon

Crayfish

Black tiger -1 -1,3D-glucan
shrimp -VLPs
Abalone Alginate

4.8-8.1

Feed takes between 48.<
and 90.5 min to pass
through thegut, with
some feed taking 4 6
hrsto pass through the
gut

5-6.6

Passage througBITcan
take a few hours to a few
days

Sea cages

Seawater pnds or tanks

Extensive, semntensive and
intensive ponds with tidal
seawaterflow.

Seawater filled tanks, tipping
tanks and cages

Not a bottomfeeder

Bottom feeders

Bottom feeders

Bottom feeders

(Krogdahkt al.,2015)

(Brown1995)

(FAO, 201a)

(Zhu & Zhang012)
(Jariyaponget al.,2015)
(Beserest al.,2005)

(Poore, 1972)
(Harriset al.,1998)
(Wuet al.,2011)
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2.2.1.1 Polysaccharides
2.2.1.1.1 Algirate

Alginate is a naturally derived polymer obtained from different species of algae or
bacteria, including phaeophyceaazotabacter vinelandand pseudomonafurtet al.,
2005) Alginate is composed bfL-guluronic acid and-D-mannuronicacid(Donget al.,
2006; Borgognat al.,2011) and is the most commonly used encapsulation material in
aquaculture Table 2.2) Alginate offers several advantages, such as simplicity of
formulation, biocompatibility, availability and low cogKrasaekooptet al., 2003)
However, there are certain disadvantages that limit the use of all developed alginate
delivery systems, especially during the seaspeprocess. Temperature and pH are
important factors to be considered as the polymer can undergo denaturation during the
formulation process(Donati and Paoletti 2009)In acidic pH (lower than 5), acid
hydrolysis of glycosidic bonds can result in depolymerisation of alg{hkaieg & Larsen
1963) In addition, a decrease in thdegree of polymerisation has been reported in
alkaline conditions(Hauc et al., 1967) To produce alginate sheets, beads or
microcapsules, gelation can be achieved using approaches, such as iotiangeid

covalent crosdinking(Lee & Mooney 2012)

The release profiles of the entrapped bioactive are rather quick due to the porous
structure of ionically crosknked alginate macrostructuregGouin 2004) Alginate
molecules can interact with divalent cations, such ag‘Mga*, Mr?*, S¢#*, B&*, Cy#*

and PB* resulting in hydrogel formatiofHaug & Smidsrgd 196Haug & Smidsrod
1970) The concentration of divalent creeking ions is an influential factor on the
integrity and stability of the hydrogel. Increasing the cation concentration results in the
shrinkage of alginate(Donati and Paoletti 2009)which can be favourable for
encapsulation purposes as it leads to enhanced stability and reduced porosity of the
algnate (Martinsen et al., 1989; Draget et al., 2001) In applications thatrequire
materials to be instantly released, using porous alginate as a core material can be
beneficial. However, if longer release profiles are desired, the amount of polymer,

divalent cations and gelling time should be optimised in the formulation. Akgyican
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also be covalently crodmked thereby providing even better control over the release
profiles. Covalent crodmking agents, such as poly(ethylene glycol) (PEG) and adipic
acid dihydrazide produce increased and stronger cliogs that decreas¢he swelling

and porosity of alginate and in turn slow down bioactive rele@4aiti et al.,2009;Lee

& Mooney 2012)

Photo crosdinking is an approach for in situ gelation that exploits covateasslinking

and can be carried out in mild reaction conditions with the appropriate chemical
initiators. Alginate, modified with methacrylate and crdsged by exposure to a laser
in the presence of eosin and tethanol amine, forms clear and flexible hydrogglee

& Mooney 2012) Photo crosdinking can be the best technique to employ in
applications where chemical crofisking is detrimental to encapsulated cells or
deactivates entrapped agents. The total cost and removal of-reanted phote
initiators can be a major challenge and disadvantage when applied to-sasaje

aguaculture use.

2.2.1.1.2 Chitosan
Chitosan is a linear, netoxic and biodegradable polysaccharide derived from chitin

through deacetylation. Chitin can be extracted from insects and crustacean or it can be
obtained from algae or fungi, such as diatoms, chrysoflagellates and s@mdbers of
oomycetes(Ruiz-Herrera 1991)Chitosan is a positively charged polysaccharide with a
pka of 6.5. The glucosamine structural unit in chitosan can be converted into a soluble
form that allows it to be dissolved in acidic solusofpH lower than 6.5)Chandy and
Sharma 1990)

The appkation of chitosan for encapsulating probiotics has been limited since it has
been reported to have a deleterious effect on lactic acid bac{gtiandmaret al.,1993)
Interactions between positively charged chitosan with negatively charged mucosal
surface enable chitosan to have strong mucoadhegaperties (Lehret al., 1992;
Kockisclet al.,2003; Sinhaet al.,2004) Moreover, chitosan can facilitate the transport

of macronolecules across intestinal epithelial ce{lBanet al., 2008c) It has been
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reported that chitosan can open the tight junctions and hence facilitadé@gport of
macromolecules across the epithelium. Enhanced delivery of nasal, ocular and oral
drugs have been observed after administration of drugs with chitqcabbenet al.,

2001; Seyfoddinet al.,2016) Therefore, it is possible that chitosan can be used for
enhanced oral delivery of vaccines in aquaculture. Chitosan has been used in

aquaculture mostly for encapsulating vaccines and g€hable 22).

Chitosan is available in various molecular weights and deacetylation degrees which are
important factors in determining physicochemical characteristics of chitosan
microcapsulegSinhaet al.,2004) Chitosan is commercially available in three different
molecular weights (Mw) including low (8®0 kDa), medium (19810 kDa) and high

(310 kDa) (Sigma). Chitosan with varying molecular weights has shown various degrees
of adsorption to mucin with the medium molecular weight variant having the best
mucoadhesive propertiegRibeiroet al., 2014) One study indicated that high Mw
chitosan 6rmed microparticles with smaller size, higher mucoadhesive properties,
lower drug release rates and stronger molecular bonding compared to medium and low
Mw chitosan(Honaryet al.,2009) Also, encapsulation efficiency is reported to increase

when the Mw is increased from low to medium and h{@an and Wang 2007)

2.2.1.1.3 Cellulose acetate phthalate

Cellulose acetate phthalate (CAP) is another polymer, soluble in pH 6 or higher, which is
commonly usd as a coating materigMalm et al.,1951) CAP is known as an enteric
coating agent, which is physiologically inéRaoet al.,1989) CAP has been used as a
protective shell for probiotics and drugs to treat gastric conditigAtbertini et al.,

2010) In aquaculture, CAP can be usegtotectembedded materials against the acidic

pH of upper sections of animal gut followed by a controlled release in intestine where
pH is higher than 6. However, for oral delivery of €A&ed particles, the basic pH of
water used in farms could dissolve tparticles The current lack of CAP application in
aquaculture is possibly due to its easy disintegration (before ingestion by aquatic

animals) when placed in water/seawater.
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2.2.1.1.4 Gellan gum

Gellan gum is an anionic mit¢rial exopolysaccharide produced Bgeudomonas elodea
(Morris et al., 2012) Two residues of glucose and one residue of rhamnose and
glucuronic acid form # repeating structural units. Gellan gum can withstand acidic
conditions and high temperatures and therefore can be usec dsermoresistant
agent to protect embedded materials, such as probiotics against(ddanet al.,2007)
L-glycerol and acetyl are acyl substituents in native gellan ¢Dhandrasekarast al.,
1992) Both residues can be removed by alkaline hydrolysis to generate deacetylated

or low acetyl gellan gurfKanget al.,1982)

The gelation process of gellan gum is temperature dependent and can be performed in
the presence of mong di- and trivalent cationgMao et al., 2000; Maiti et al.,2011)
Several factors, such as acetyl content, type and concentration of cations, pH and
addition of hydrophilic compounds influence gel strength. In natural forms of gellan
gum, the acyl grops can prevent interaction between polymer chains thereby resulting
in a weak, elastic and therma@versible gel. Conversely, deacetylated gellan gum
produces a more rigid gel (Maet al., 2000). Calcium, potassium, sodium and
magnesium ions can be used for gelation of gellan gum with divalent cations leading to

the formation of a more rigid géHuanget al.,2004)

Gellan gum and its composites have been used for encapsulatibioadtive agents,
including probiotics, nutrients and enzym@sable 2.2) Gellan gum can be particularly
useful for retaining the encapsulates in seawater due to its high stability in basic pH and
also in NaGtoncentrations up to 50 g/{Ashtaputre &Shah 1995)The stability of gellan

gum against a range of enzymes, such as pectinase, amylase, cellulase, papain and lipase
(Kanget al., 1982) makes it ideafor protecting bioactives against harsh digestive
conditions. Therefore, addition of gellan gum to a desired formulation can extend the
stability of produced particles in seawater and gastrointestinal t{&lil)of a target

animal.
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2.2.1.2 Proteinbased materia

A variety of proteirbased materials have been employed for encapsulation of bacteria
or genes for aquaculture applicatiolifable 2.2) Gelatine, pea protein, whey protein
and dairy proteins are among the proteirased materials that have been used for
encapsuléon purposegDonget al.,2013) Proteirbased naterials have been used as
core (Heidebacthet al.,2009a;Heidebachet al.,2009b)and shell(Annanet al., 2008;
Gerezet al.,2012 materials to protect bioactive agents against adverse environmental
conditions as the buffering capacity of proteins is an effective factor in protecting
encapsulates against #gme acidic or basic conditiorfsleidebactet al.,2009b) Dairy
proteins commonly act as a shell, which has a high solubility and low viscosity in a
solution, good emulsion, and fikilorming propertiegPicot & Lacroix 2004penatured
whey protein can provide protection against theal stresgDohertyet al.,2010) Other
proteins, such as soy proteins that require heat treatmemt delation might not be

useful for encapsulation of thermolabile materials, such as viable cells.

2.2.1.2.1 Gelatine

Gelatine is a widely available Hpyoduct of the meat and leather industry that is of
nutritional value and is also suitable as an encapsulatiorenadt The use of gelatine in

the aguaculture industry as a measure to increase sustainability has been encouraged.
In aquaculture gelatinehas been used in combination with alginate to encapsulate
probiotics for catfish(Kumareeet al., 2014) Its amphoteric characteristic facilitates
interaction with other anionigolysaccharidegKing 1995)Gelatine is a cheap, nen
toxic and biodegradable encapsulating agent. ldeer, it is thermereversible with low
stability to heat and insoluble in cold water. The small difference in melting and gelling
temperature usually limits its application as a protective agent in encapsulation
(Estevinheet al.,2013)

The release from gelatineased delivery systems is rather quick and therefore eross
linking with agents, such as genipin is required to produce rigid gels. Even with cross
linking, gelatine microparticles have been shown to release their contents quiblely

in contact with gastrienediums. To combat this, a second protective coating, such as
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alginate is often required. Being negatively charged, (due to proportional and sequential
arrangements of Bnannuronicand Lguluronic units along the polymer backi® in

agueous solutions) alginate can form polyion complexation with positively charged
gelatine polymergAnnanet al.,2008) Gelatine can also be methacrylated to produce a
KERNRISE fft2gAy3a AlG G2 0SS | LRGIGSYGAlrfte
mechanical and swelling properties of produced hydrogel can be manipulatedrzy us
different gel concentrations and optimising the degree of methacrylation to achieve the

desired characteristic for certain applicati@Micholet al.,2010)

2.2.1.2.2 Whey protein

Whey protein is a globular and amphiphilic molecule derived from milk that has mostly
been used as an emulsifier. The interé between two immiscible phases is the
functioning zone for whey protein to undertake a partial unfolding to form hydrophobic
bonds (Funtenbergeret al., 1995; Damodaran 1996)Whey protein has amphoteric
features that can interact with negatively charged polysaccharides under pH condition
under its isoelectric poin{Gbassi & Vandamme 2012Yhey protein has been used for
encapsulatiorof probiotics, such as Bifidobacterium-B8 by heatinduced gelation via
spraydrying. A better survival was reported for whegcapsulated bacteria in
simulated gastric conditiongDe CastreCislaghiet al., 2012) Other sinlar studies
indicate the efficiency of whey protein in protecting probiotics against simulated gastric
digestion(Dohertyet al.,2011;Dohertyet al.,2012) In aquaculture, whey prote has
been utilised in combination with pectin to protect probiotics for the delivery to pacu

larvae(Rodriguet al.,2014)

2.2.1.2.3 Viral proteincages
Viral protein cages refer to virdike particles (VLPyhich can be used as biomaterials

for nanoencapsulation. VLPs are composed of a proteinaceous shell thatbiesean
authentic native virusut without any genetic materia(Figure 2-3) (Roldaoet al.,
2010)These nanocarriers can encapsulate various cargoes, such as fMieien et
al.,2009) enzymes, gend¥ouncet al.,2008) imaging tagéSheret al.,2015)and drugs
(Biabanikhankahdarmt al.,2016)to create a controlld drug delivery system.
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VLPs can be modified chemically and genetically to produce engineered programmed
nano-containers having the ability to deliver desired agents to a specific target site. In
addition, their disassembly and reassembly in different phékes them suitable for
creating a pkHesponsive programmed release systdMinten et al., 2009) Other
advantages of VLPs include nasipe (10 to 2000 nm), structural uniformity for each
type of VLP, high resolutionhtee-dimensional structure, easy manipulation of

construction and high production yield in various hdstseet al.,2009;Zeltins 2013)

Envelope

Major capsid protein

Antigen

VLP cavity

Figure2-3 Schematic diagram of a recombinant enveloped viikes particle with heterologous
antigens presented on isurface.

2.2.1.3 Poly Lactico-Glycolic Acid (PLGA)

PLGA is a widelysed material in drug delivegnd is favoured due to its long clinical
experience, favourable degradation characteristics and possibilities for sustained drug
delivery (Allison 2008) Additionally, PLGA contains an asymmetricarbon which

allows it to have enantiomeric forms. PLGA can be @®ed into any shape and size

and can encapsulate molecules of any size. PLGA absorbs less water adddhages

more slowly(Makadia & Siegel 20119 5 NHzZ3a F2 NN dzf I 6 SR Ay & dzOK

either by diffusion through the polymer barrier, or by erosion of the polymer material,
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2NJ 6@ | O2YO0AYylLGA2y 2F 020K AREIF dz8Mve v
2012) PLGA used to deliver plasmid DNA and antigens to fish has been shown to result
in an enhancd immune response in treated animd[Bable 2.2)However, PLGA should

be used cautiously as organic solvents are required during encapsulation processes

(Jariyaponget al.,2015)

2.2.2 Methods of encapsulation

With respect to encapsulation for aquaculture applications, emulsion, extrusion, spray
drying, and freezedrying are the most commonly used methods. A variety ofdis
should be considered when selecting the most suitable method of encapsulation.
Retaining the structural stability and biological activity of embedded materials is crucial
to achieve efficient encapsulation. For example, tthee-dimensional3D) structure of
proteins should be preserved during encapsulation to obtain biologically active proteins
after encapsulation. Encapsulation efficiency is also important in order to maximise the
entrapment of target materials during the encapsulation processdifento lesser
amounts of required material and final cost. Some techniques, such as spray drying can
result in a low encapsulation efficiency as high temperatures may have detrimental
effects on the added bioactives. Manufacturing costs and the shelf dlifédhe
encapsulation product should also be considered when choosing the best technique for

the encapsulation process.

2.2.2.1 Emulsification

Emulsification has been used for encapsulation of probiotics, plasmid DNA and antigens
in aquaculturgTable 2.2)A mixure of two immiscible aqueous phases stabilised by an
emulsifier can form an emulsioBased on the nature of the core phasej@sions can

be formedas water-in-oil (W/O) and o#in-water (O/W) (Figure2-4). Emulsions are
generated based on the interactions between continuous and discontinuous phases.
Microparticles can then be produced by adding an emulsifier and a solidifying agent to
the emulsion(Chenet al.,2007;Kailasapathy 200e Vost al.,2010) Emulsification

has been consistently used pooduce particles to retain the viability of bioactives, such

as probiotics against harsh environmental condis@rouet al.,2003)
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In aquaculture, W/O emulsion has been commonly used for encapsulation to protect
probiotics and oral vaccines against the acidic condition of the gastrointestinal tract in
fish (Tianet al., 2008a;Tianet al., 2008b) Double emulsion is another type of W/O
where simple particles are entrapped in a hydrophilic shell to form a waterl-in-
water (W/O/W) emulsion. A significant increase in the viability of probiotics was
reported after entrapment otactobacillus rhamnosus the aqueous core of W/O/W
particles that protect against acidic and bile salt conditifiPgnentelGonzalezt al.,
2009) Tianet al. (2008 abc)utilised this technique to encapsulate plasmid DNA and
successfully delived vaccine microparticles to Japanese flounder. In addition to simple
and scalable production techniques, emulsification allows for a wide variety of particle

size ranging from a few micrometre to millimet{@havarret al.,2012)(Table 2.2).

0/W emulsion

Emulsifier Solidifying agent

 ——

W/0 emulsion

Bioactives ® e
[T & &)

Emulsifier Aqueous phase
Emulsifier [ e

Qil phase

Figure2-4 Schematic diagram of O/W and W/O emulsion technigues. The aqueous phase and
oil phase aramixed and the produced spheres are stabilised by an emulsifier. Addition of a
solidifying agent results in polymerisation of wall or matrix of spheres to form fartic
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Table2.2 Encapstdtion technologies useith aquaculture

Encapsulation Encapsulation  Encapsulated Diameter of  Delivering Animal Effect of encapsulation on Reference
material technique materials particles method AL OAtAGE 27

growth and/or immunity in

treated compared to control

groups
-Alginate Extrusion Enzyme 2.7-3mm Oral Nile tilapia -Improwe protection of the (Rodriguez et
- Alginate 2.9-3.1mm encapsulated enzymes al., 2018)
bentonite acidic pH

-Quccessful delivery of

enzymedo fish intestine
Alginate Extrusion Probiotic bacteria Oral Feshwater Increase in immunological (Vidhya Hindu
chitosan (Bacillus vire)i prawn parameters and antioxidant et al., 2018)

activities
Alginate Extrusion Bacterial probiotic Oral(feed Rainbow Trout -Improvein growth (Madreseh,

(Lactobacillus additives) (Oncorhynchus) performance Ghaisari, &

fermentum) and
prebiotic
(Lactulose)

-Exclude absorption and

Hosseinzadeh,

accumulation of heavy metals 2018)
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Table2.2 Encapstdtion technologies useith aquaculture

Encapsulation Encapsulation  Encapsulated Diameter of  Delivering Animal Effect of encapsulation on Reference
material technique materials particles method AL OAtAGE 27
growth and/or immunity in
treated compared to control
groups
Alginateskim  Extrusion Saccharomyces 1-1.5mm Oral Nile tilapia - High wvability of encapsulated (Pinpimaiet
milk cerevisiae yeast in simulated acidic and al.,2015)
bile salt conditios
- Improvein growth
performance of tilapia
- Lower mortality after
bacterial challenge
- Alginate Extrusion Styrenemaleic 50-100 ym  Waterrout Oyster SMA microbeaddeliveredin ~ (Darmodyet
- Chitosan acid (SMA) different tissues such as al.,2015)
coated digestive tubules, gill and
alginate mantle
- PolyL- lysin
coated
alginate
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Table2.2 Encapstdtion technologies useith aquaculture

Encapsulation Encapsulation  Encapsulated Diameter of  Delivering Animal Effect of encapsulation on Reference
material technique materials particles method AL OAtAGE 27
growth and/or immunity in
treated compared to control
groups
Alginate Extrusion Lactobacillus 1-2mm Oral Catfish Improvement in viability of (Kumareeet
gelatin plantarumisolated probiotic al.,2014)
from catfish
Alginate Extrusion Shewanella Oral Gilthead Improvement in some of the (Corderoet al.,
putrefaciens seabream innate immunity parameters 2015)
Pdp1lilisolated
from skin of
Sparusaurata
1-Alginate Extrusion Lactobacillus 1-1.5mm Oral Tilapia - Higher celbiability in (Piraratet al.,
2-Skimmilk rhamnosusGG simulated gastric juice and  2015)
alginate from human during storage
source

- Enhancement in growth
performance of animal
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Table2.2 Encapstdtion technologies useith aquaculture

Encapsulation Encapsulation  Encapsulated Diameter of  Delivering Animal Effect of encapsulation on Reference
material technique materials particles method AL OAtAGE 27
growth and/or immunity in
treated compared to control
groups
Alginate Extrusion Antigen (Formalin 1101+10nm  Oral(feed Indian major - Protection of theentrapped (Behera &
coated killed whole cell) additives) carp antigen against acidity of the Swain2014)
chitosan treatedfish GIT
- Ehhancement of immune
response
Alginate Extrusion Formalin 30 um Oral Rainbow trout  Protection to rain bow trout  (Romaldest
inactivated (RPS of %50) al.,2004)
Lactococcus.
garvieae
Alginate Extrusion Recombinant Oral Goldfish Increasedn serum antibody (Mauriceet al.,
protein (Intubation) titres 2004)
Alginate Extrusion Shewanella 24-3.2mm Oral Senegalese soli Enhancement in protecting  (Rosas
putrefaciens probiotics in digestive crude Ledesmeet al.,
isolated from extract and during storage 2012)

Giltheadsea
bream
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Table2.2 Encapstdtion technologies useith aquaculture

Encapsulation Encapsulation  Encapsulated Diameter of  Delivering Animal Effect of encapsulation on Reference
material technique materials particles method AL OAtAGE 27
growth and/or immunity in
treated compared to control
groups
Alginate Emulsion\\V/O) Plasmid DNA © 10 um Oral Japanese Increase in antibody (Tianet al.,
(PDNA) (intubation) flounder production 2008)
Alginate Emulsion(O/W) Enterobactesp. 22.7£0.1 um Oral/Intraperito  Rainbow trout  Increasein viability of (Ghosket al.,
isolated from nealinjection probiotics 2016)
Rainbow trout Improvement in survival rate
of animals after bacterial
challenge
Alginate Emulsion Inactivated "~ 50 um In vitro Nile tilapia Protection against (Rodriguest
Aeromonas (simulated gastrointestinal condition al.,2006)
hydrophila gastric condition
of Nile tilapia)
PLGA Emulsion pDNA © 10 um Oral Japanese Increasan antibody level (Tianet al,,
(w/ofw) (intubation) flounder againsttymphocystidisease  20080)

virus(LCDY
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Table2.2 Encapstdtion technologies useith aquaculture

Encapsulation Encapsulation  Encapsulated Diameter of  Delivering Animal Effect of encapsulation on Reference
material technique materials particles method AL OAtAGE 27
growth and/or immunity in
treated compared to control
groups
Chitosan EmulsionW/O)  Plasmid encoding ~ 10 um Oral Japanese - RNA of the protein was (Tianet al.,
major capsid (intubation) flounder detected in gills, kidney, 200&)
protein of LCDV spleen and intestine
- Higher antibody level agains
LCDV
Alginate Emulsion pDNA © 10 pm Oral -Brown trout - Protection forpDNA (De las Heras
(intubation) - Rainbow trout - Increasein expression of €t al.,2010)

pDNAresulted in antibody anc
interferon production

- Higher survival of animal
after viral challenge
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Table2.2 Encapstdtion technologies useith aquaculture

Encapsulation Encapsulation  Encapsulated Diameter of  Delivering Animal Effect of encapsulation on Reference
material technique materials particles method AL OAtAGE 27

growth and/or immunity in

treated compared to control

groups
Alginate Emulsion Bacterin unknown - Oral Nile tilapia - No immune response for org (Lealet al.,
- Intramuscular delivery of alginatebacterin 2010)
(@i.m) - Significant humoral immune
- Intraperitoneal response for i.p and i.m
(i.p) delivery method
PLGA Double emulsion pDNA 200- 1000 Oral Rainbow trout - Naroparticles absorbedto  (Adomakoet
nm lower intestinal tract al.,2012)

- A slight increase in survival
6 weeks posiaccination after
a virus challenge

PLGA Double- Antigen (formalin 36 um intraperitoneal - Cyprinid - Higher survival for antigen  (Yunet al.,
emulsion killed cells) injection loaches encapsulates fed animals in  2017)
-Common carp Poth species after bacterial
challenge
- Longer and better immune
responses
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Table2.2 Encapstdtion technologies useith aquaculture

Encapsulation Encapsulation  Encapsulated Diameter of  Delivering Animal Effect of encapsulation on Reference
material technique materials particles method AL OAtAGE 27

growth and/or immunity in

treated compared to control

groups
PLGA Double emulsion Antigen 1pm Injection Indian major Enhancement in innate and  (Beheraet al.,

carp adaptive immune parameters 2010)

Chitosan lonic gelation Vitamin C " 300 nm Oral - Solea larvae - Improvein protection of (Jiménez
cyclodextrin (intubation) - Rotifers encapsulateggainst basic pH fernandezet

and salinity of seaater al.,2014)

- Penetration of mnoparticles

into fish intestinal epithelium

- Sgnificantly highemascorbic

acid level
Pectiroil- lonic gelation Lactobacillus 225.8+41 Oral Pacularvae Enhancement in growth rate (Rodriguest
whey protein acidophilus 263.2 £10 of animal al.,2014)

pm
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Table2.2 Encapstdtion technologies useith aquaculture

Encapsulation Encapsulation  Encapsulated Diameter of  Delivering Animal Effect of encapsulation on Reference
material technique materials particles method AL OAtAGE 27
growth and/or immunity in
treated compared to control
groups
1-1,3D lonic gelation Anti-viral SIRNA Injection Shrimp - Successful delivery sfRNA  (Zhu & Zhang
glucan in target site lemocyted 2012)
- Improvein antiviral activity
- Improvein survivability of
RNA encapsulates fed animal
Alginate lonic gelation Formalin killed Oral(feed Rainbow trout RPS of 53.48% after bacterial (Altunet al.,
bacterin addtives) challenge 2009)
Alginate Spray drying Anti-vibrio egg Oral (feed Abalone - Improvein protection of (Wuet al.,
yolk additives) encapsulated Ig¥against 2011)
immunoglobulins inactivation in GI'df abalone
(19Y) - Higher immunity and surviva
rate in encapsulated IgY fed
abalone
PLGA Spraydrying Formalin killed Oral (feed Rainbow trout RPS of 62.79% aftbacterial  (Altunetal.,
bacterin additives) challenge 2009)
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Table2.2 Encapstdtion technologies useith aquaculture

Encapsulation Encapsulation  Encapsulated Diameter of  Delivering Animal Effect of encapsulation on Reference
material technique materials particles method AL OAtAGE 27
growth and/or immunity in
treated compared to control
groups
Chitosan Coacervation Plasmid DNA Oral (Feed Asian sea bass - Expression of OMP in liver, (Rajesh Kumar
encoding gene of additive) kidney, spleen and intestine et al.,2008)
V.anguillarum - Partial protection against
outer membrane bacterialchalleng
protein (OMP)
Chitosan Complex DNA Oral (feed Fishpond black Expression of encapsulated (Ramo<t al.,
coacervation additives) tilapia gene in spleen, stomach and 2005)
gills
VLPs Recombinant doublestranded 30 £3 nm Injection Shrimp - MrNv-VLP encapsulation (Jariyaponggt
bacterial RNA improved VP28 dsRNA al.,2015)
expression efficiency against white spot
system syndrome (WSSV)

- Higher survival rate of 16.7%
in shrimp
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Table2.2 Encapstdtion technologies useith aquaculture

Diameter of
particles

Encapsulation Encapsulation
material technique

Encapsulated
materials

Delivering
method

Animal Effect of encapsulation on Reference
AL OAtAGE 27

growth and/or immunity in

treated compared to control

groups

- Lecithin Highpressure
-l - homogenisation

tocopherol

Cinnamaldehyde

Alginate Vibrioanguillarum 5 pm

bacterin

Immersion

Oral (mixed
with food)

Zebrafish - Improvein the survival rate
of treated animals during

bacterial challenge

- Several immua factors such
interleukins,tumour necrosis
factor and interferon found in
higher level

(Ninget al.,
2014)

-Carp
- Rainbow trout - Antibody production

- Higherprotection of antigens (Joosteret al.,
1997)
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2.2.2.2 Extrusion

Extrusion is another method of encapsulation in which a mixture of encapsulated
material is pressed through an extruder, such as a syringe. The generated droplets are
then dropped into a gelling solutiomhilst stirring to form microbeads. This technique
has been used to encapsulate bacterial cells, vaccines and antigens in aqugdadhlee
2.2).Particles as small as a few micrometre can be produced using extrosthods
(Romaldeet al.,2004) The nature dthe gelling solution and the distance between the
extruder nozzle and the gelling solution determine the shape and size of produced beads
(Gbassi & Vandamme 2012) extrusion methods, where gravity is the main force of
dripping, weight and surface tension of droplet and nozzle diameter are determining
factors for droplets size. However, tis&ze of generated beads is often layg@d the
process is long and not efficient enough at the industrial I€@b&varret al.,2012) In

order to have more control over the size and formation of microbeads, some
modifications, such as pulsation or vibration of extruder nozzle and use of electrostatic

fields have been implemeat with some succegKailasapathy, 2002)

2.2.2.3 Spray drying

Spray drying is a drying technique that is commonly used for encapsulation. A
suspension of active and encapsulating agents is atomised in a vessel followed by an
evaporation step with hot air flow to remove the solvefitigure2-5). The applied
suspension is retrieved in the powder form containing a protective layer around the
active agent. Spray drying is economical and can protect various mateffiaiently.
However, spray drying is generally not suitable for viable agents due to the hot drying
process(Burgainet al.,2011) Therefore, the viability of encapsulated cells using this
method depends on the cell species, temperature, dwmatiof drying and
characteristics of shell material (Chavatial.,2012). Some studies have reported the
efficiency of spray drying for use in probiotic encapsulatiiitamuraet al., 2009;
Riveroset al., 2009) Prebiotics, such as aguamiel and inRodrigueHuezoet al.,

2007; FritzenFreireet al.,2012)and thermailresistant materials, such as gellan gum
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(Chenet al., 2007; Anal & Singh 2007fan be used to improve the viability of

encapsulated cells during the drying process.
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Figure2-5 Schematic diagram of a typical spray drying technique.

2.2.2.4 Freeze drying
Freeze drying is a drying technigtieat includes two main steps of freezing and
sublimation. The material is rapidly frozen followed by reducing pressure until the frozen

water in the sample directly transits from a solid to a gaseous gtate

Figure2-6). The addition of carrier materials and cryoprotectants is important especially
in case of probiotic samples in order to maintain their viability and stability during
processing and stoge. Vacuum drying is a technique similar to freeze drying, which
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requires a higher temperature and is more economical and less damaging for probiotics
(Chavarret al.,2012)
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Figure2-6 Schematic diagram of a typical freezeidgytechnique

2.2.2.5 Genetic engineering

Protein recombinant technology can be used to produce heterogeneous and
homogeneous viral cages. VLPs can act as a protein shell enclosing bioactive agents for
delivery of active agents. Cloning of a desired gene expressing VLPgratrpaitein(s)

is the main step for recombinant viral protein production. The cloned genes are then
expressed in a suitable expression system, such as bacterial, yeast, insect, plant and
mammalian system. The produced recombinant proteins have the alditgelf

assemble. However, it is worth mentioning that not all viral proteins are able to form

60



Chapter 2: Literature review

VLPs. Readers are directed to a thorough review published on VLPs and their

construction and characterisation [&eltins (2013)

2.2.3 Applications of encapsulation technology in aquacukgeese studies

2.2.3.1 Encapsulation of probiotics
The use of probiotics is one of the strategies that FAO has approved focudtywe

(Subasinghest al., 2003) Probiotics are live bacteria and yea=®lls that can confer
health benefits to a host when they are ingested in adequate amo(Wisrld Health
Organization 2001) Probiotics used in aquaculture are isolated from the
gastrointestinal tract, skin and mucous of aquatic animals or their environments.
However, a human derived probiotic has also shown to be suitable foiFfisdratet al.,
2015) Many studies have reported that probiotics effectively increase the growth rate
and mmunity and improve the general health and survival rate of aquatic species
(Irianto & Austin 2002Hadiet al.,2014;Hai 2015;Talukder Shefat, 201&iaet al,
2018) Therefore, probiotics providean alternative treatment that can replace or
minimise the use of antibiotics and chemotherapeutics in aquacul{Rekielet al.,
2007)

The delivery method of probiotics in aquaculture is a key factor in order to prevent the
contamination of the aquatic environment with high concentrations of bacteria and to
avoid producing negative effects on other aquatic animals. Probiotics have
conventbnally been administered in the form of feed additives or released into water
(Moriarty 1998;Skjermo & Vadstein 1999%owever, the direct use of probiotics is not
desirable due to the possibility of contaminating the aquatic environment and reduced
viability of probiotics. Furthermore, it may lead to uptake of probiotics inffigant
dosages. A large number of probiotics are sensitive to the harsh processing and
gastrointestinal conditions, such as low pH, salinity, temperature or oxidative stress
(Mattila-Sandholmet al., 2002) Therefore, the preparation and delivery of probiotics
should be designed cautiously in order to maintain the viahilitgrobioticsduring the
process of preparation, stage and consumption (Chavaetial.,2012). This makes the

development of advanced techniques to retain probiotic viability an important and
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urgent need. To this end, several strategies have been introduced to increase probiotic
viability, such as selecting tolerant probiotic strains, adapting probiotics to stressful
conditions, using protective materials and employing encapsulation metk®akar
2010). Among these, the encapsulation technique is considered one of the most
promising techniques for preserving probiotics against detrital environmental

conditions(Donget al,, 2013)

Although the use and effectiveness of probiotics in aquaculture is widely accepted, little
research has been carriezit on encapsulating probiotics for aquaculture application
(Table 2.2).Alginate is the most common polymer that has been researched for
immobilising and encapsulating probiotics. This natural polymer iskmelvn for its
simplicity, biocompatibility antbw cost(Krasaekoopeét al.,2003) Alginate can protect
LINPOA2GAOCA FTNRY GKS FTOARAO LI 2F Yy FYyAYl!
(Morinigo et al., 2008) Up to 95% improvement in probiotic survival rate has been
reported after encapsulating probiotics with algingddandalet al.,2006) Alginak has

also been used to enhance the shelf life of encapsulated probiotics. fRedasmaet

al., (2012) produced alginatencapsulated probiotics for oral delivery to fish. The
stability of probiotic was maintained above 90% for one month at 4°C (Resasma

et al.,, 2012). Calcium ions are commonly used to produce alginate hydrogels
(Krasaekoopet al.,2003). However, it must be noted that calcium can affect the viability
of probiotics in a concentration dependent mann@osad_edesmaet al., 2012) In
order to enhance the protection efficiency of alginate encapsulates, other additives,
such as skim milk have been used. A combinationgwate-skim milk has been shown

to improve the viability oSaccharomyces cerevisiafer freezedrying and incubation

at room tempeature (Pinpimatet al.,2015)and resulted in an improvement in the shelf
life of the encapsulates. Skim milk can act as a cryoprotectant and can maintain the
viability of bacteria during lyophilisation through stabilising the cell membi{&asestro
etal.,1995;Liet al.,2011)

An improvement in growth performance and protection against bacterial challenge was
observed in tilapia fed with both alginate and skim railginatecapsulegPiraratet al.,
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2015) However, Skim mitklginate capsules were reported to provide a significantly
better protection after freeze drying and storage at room temperature compared to
alginate along(Pinpimaiet al., 2015) Kumareeet al. (2014 encapsulated a probiotic
species isolated from the gut of catfish using a combination of algiaatsgelatine.
Viability of encapsulated probiotics remained significantly high after 90 min incubation
in acidic condition, whereas free cells lost theibility within 30 min incubation in
acidic condition (pH:2). The survival of encapsulated probiotics was reported to be
significantly higher than free cells when incubated at 50°C for 60 min. Moreover, a
complete deactivation of free cells was seen afténermal challenge at 50°C f60 min
(Kumareeet al.,2015) A mixture of alginate, calcium chloride and canola oil was utilised
to produce microencapsulate@Enterobactersp. via a W/O emulsion technique. A
bacterial challenge test perfmed on rainbow trout fed with encapsulates showed that
the percentage of cumulative mortality was lower in fish fed with microencapsulated
probiotic than blankoral (empty microcapsules) and control (untreated) animals after
28 daygGhoshet al.,2016) The mode of action of alginatencapsulated probiotics in
gilthead sea bream was investigated®grderoet al.(2015) They found an increase in
some of the innate immunity parameters, such as serum peroxidase activity during a
four-week time period and serum immunoglobulin M level within the second week in

gilthead sea bream fed with alginaesncapsulated proiotics.

Selecting efficient biomaterials that protect bacteria against harsh conditions during the
preparation and ensure delivery and release into target sites is a critical step for
encapsulation of probiotics. All materials selected for encapsulati@nabiotics should

be nontoxic and biocompatibldGbassi & Vandamme 201Zxtensive resarch is

required before selecting biomaterials for encapsulation due to differences in
LINPOA2GAOCAQ OKINIFOGSNRAGAOA YR O2yRAGAZ
target sites withinthe YA Yl £ 8aQ 02Ré® ¢KS adlroAtAade 27
and the ability to digest certain biopolymers are important factors to consider. Material
aSt SO0A2y I|fa2 RSLISYRa 2y GUKS LIKeaAz2f 23

probiotics can bea challenging task, assuccessfyprobiotic delivery system needs to
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NEBYFAY AydrOd Ay &S8F 6FGSNI FYR Ay isKS |y

content into the intesting/Ai et al., 2011)

2.2.3.2 Encapsulation of vaccines

Vaccines are an effective way to prevent diseases in-tégtsity aquatic cultures, and
have been delivered through different methods inclugli injection, immersion,
ultrasound and oral vaccination. Effective and ldagn health protection is possible
using these techniques. However, there are several constraints of using vaccines, which
include high cost, difficulty and the need for extensaremal handlingMitchell, 1995;
Frenkelet al.,2000;Rocha & Coll 200Fhouet al.,2002; Navotet al.,2004; Plant &
LaPatra2011)

Oral vaccination is the most practical method for large scale vaccination in aquaculture.
With oral vaccines, the main concern is to maintain the stability and activitgcaives
during transition through an anim@l gut tract until final delivery to the absorption site
(Quentel & Vigneulle 1996n order to improve oral delivery of vaccines, encapsulation

of antigens with natural or biocompatible polymers can be a promising approach.

Alginate microcapsules have been produced for oral vaccination of fish species. Alginate
is an excellent encaplation polymer for vaccination since it aleasthe ability to
induce immune response in figkujikiet al.,1994) Joostenet al. (1997)were among

the first to show the use of alginate micropatrticles for oral delivery of vaccines to aquatic
animals (Joosteat al.,1997). Antigens were detected in enterocytes, which implied the
uptake of encapsulated antigens in the posteriectson of digestive tract in fish. The
release of the antigen from the microparticles was thought to be due to the swelling of
alginate microcapsules in alkaline pH (Joosteal.,1997). A relative percergurvival
(RPS) of about 50% was reported in baw trout after oral administration of an
alginateencapsulated vaccingRomaldeet al.,2004) The proteiralginae formulahas

also been fed to gold fish, and high antibody titres were achi¢Malriceet al.,2004)
Rodrigue<t al. (2006) produced alginate microparticles smaller than 50 um containing

inactivated bacteria for oral fish vaccination that provided protection against simulated

64



Chapter 2: Literature review

conditions in the digestive tract of Nile tilapia. Alginate microspheres also have been
used for encapsulating plasmid DNA (pDNA) for protection against aggressive
gastrointestinal conditions in trout and was detected in kidney, spleen, liver and pyloric
caeca. Moreover, vaccinated animals showed a high survival rate after a viral challenge

(De las Herast al.,2010)

Chitosan is another polymer that has been used for vaccination. This mucoadhesive
natural polymer facilitates transport of macromolecules across the epithelial (8ls

der Lubberet al.,2001;Oujiet al.,2002) Chitosan has been used to encapsulate PNA
based vaccines for aquaculture applications.stady on Japanese flounder, it was
reported that the concentration of antibodies was elevated within four weeks after oral

administration of chitosa#ioaded vaccines (Tiaet al.,2008c).

PLGA is another polymer that has been used for delivery of inactivateigrin (Altun

et al.,2009)and macromolecules, such as peptidPsirtidoset al.,1997) nucleic acids
(Sourabharet al.,2009)and proteinsd h Q R 2eyay,, 906) PLGA may not be the best
option for live cells due to the necessity to use organic solvents for dissolvBghitra

et al.(2010)showed the potential of PLGA for encapsulating antigens and the boosting
effect of PLGAencapsulated antigen on innate and adaptive immunity of Indian carp.
The intestinal absorpdn of PLGA nanoparticles was studiedAmomakoet al. (2012)

The nanoparticles were coatedn to fish feed and wererally administered and
subsequentlydetected in epithelial cells in lower intestine of trout. Maximum DNA
release from PLGA nanoparticles was achieved within 7 days at pH 8.4, whereas a more

prolonged liberation with lower amourdaf DNA was obtained at pH 4 in vitro.

Altun et al. (2009)compared the efficiency of PLGA and alginate as an oral immunising
procedure to deliver bacterin to rainbow trout. Both alginate and PLGA could efficiently
protect rainbow trout against bacterial elenge with no significant differences.
However, alginate is a more cesffective polymer to be used in large scale production
(Altun et al., 2009) Tianet al. (2008 abc)utilised three different polymers including

alginate, chitosan and PLGA to encapsulate a plasmid DNA for oral vaccine delivery to
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Japanese flounder. pDNA from all three encapsulates was expressed and induced an
immune response by producing antibodies in Japanese flounder although there was a

difference in time frame of antibody production.

VLPs can be used as a novel approach for vaccination in aquaculture. The ability of
Macrobrachium rosenbergiodaviruslike particles (MrNwWLPSs) to deliver therapeutic
agents in shrimp has been demonstratéthriyaponget al., 2015) The produced VLP

was able to penetrate several tissues in shrimp and increased the survivagaitest
pathogenic infection by 16.7% compared to remcapsulated therapeutic agent. Self
assembly, accessibility to various shrimp tissues and immune stimulant features of the
developed VLPs has rendered them an efficient drug delivery system in shrimp
(Jariyaponget al.,2015). Other studies have also produced recombinant MVIN®s in
prokaryotic(Gohet al.,2011)and eukaryotic (Kueét al.,2017) systems and proved the
capabilityof VLPsn packaging both RNA and DNA molecules. Moreover, high pH (2 to
MHO YR GKSNXYI flityavdetJreporied forprecembinarst NG LPs
produced in a eukaryotic systefl{ueh et al.,2017) Other recombinant VLPs structures
have been produced in eukaryotic systefhmet al.,2001)but require more studies for
further application as a nancarrier of therapeutic agents in aquaculture. Although
accurately programmedral controlled release bioactive carriers can be achieved using
genetically modified VLPs, application of VLPs as nanocarriers is a new domain in
aquaculture and more investigatisnare required towith regards to environmental

issues and the economy of ¢arscale production.

2.2.3.3 Encapsulation of nutrients amsmunostimulants
Enrichment of feed with nutrients anadnmunostimulantshas been widely used in
aquaculture as a protection strategy against various stress factors and dig&asgs
etal2012)! GARS @I NARSGE& 2 F-glutad, ValgiRatzgeRhitosas dzO K
vitamins and minerals can induce an imne response in aquatic aninsgVolmanet
al.,2008 Victoret al, 2019¥ -glucan is the most commonly usadhmunostimulantsn
aquaculture and is composed of glucose residues. It can be extracted from yeast, fungi
and some bacterial source®/olmanet al.,2008) The in¥' dzy’ 2 Y2 Rdzf G Ay 3 |
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glucan has been reported by various studies after in vitro and in vivo investigation in
humans and animald/olmanet al.,2008;Ringget al.,2012) Macrogt Rt -gldcant |
based feed supplement thdioosts immunityand improves the growth rate and feed
conversion in aquatianimds (Supamattaya & Pongmaneerat 20@&aleyet al.,2008;
Soltanianet al., 2009. Nucleotide supplemented feed can improve growth rate,
modulate immunity and enhanceesistance against stress and pathogen ins{Bikai

et al.,2001;Liet al.,2007) The use 05. cerevisiaas a feed additive to aquatic animals
has been shown to improve growth rate, innate and adaptive immune responses by
providird @ N 2 dza Y dzigihdar§ yudlebtkles antOligosacéhariiiva
Teles 200% Ortufioet al.,2002 Cuesta& Meseguey 2004)

Immunostimulantshave been delivered to aquatic animals either orally as feed
supplements(Pal et al., 2007) or by injection(Misra et al., 2006) Oral delivery of
immunostimulantsis a more efficient method as it requires less time and labow an
does not cause stress to aquatic animals. However, oral delivery does require a high
concentration of materials to be delivereth largescale farming.Furthermore,
chemicals, nutrients anonmunostimulantsamay lose their activity during storage or in
environmental conditions before and after being consumed by animals. Encapsulation
of nutrients andmmunostimulantsvould offer advantages over direct delivery via feed

or water especially for larvae culture as the level of capture and ingestion of nigtrien

by larvae depends on the physical characteristics of diet, such as size, shape and colour
(Kvéleet al.,2006) 9 y O LJadzf | A2y (SOKy2tz23&8 OFly o685
diet to enhancetheir growth and survival. Alginate could be a suitable carriethor
purpose due to its immunetimulatory properties. Alginate and alginate with high
content of mannuronic acid (Hig¥ alginate) have been used to induce immunity in fish
larvae (Skjermoet al., 1995; Vadstein 1997byvhen administeredn the form of feed
additives and bieencapsulated in artemia. In one study, alginate microparticles ranging
from 2-30 um in size delivered to fish after being{einocapsulated in artemia resulted

in 38% reduction in mortality in Halibut larvagSkjermo & Bergh 2004)Bio-
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encapsulating in live feed like artemia and rotifers does, howevegrogm an extra cost

when considered for industrial use.

The distribution ofmicroparticlesin various tissues can be affected by the type of
coating polymer. Darmodgt al., (2015) compared the effect of alginate coating on
styrenemaleic acid (SMA) microbeads. They found that alginate capsules, regardless of
coating material (chitosan and Pdljysine), could be taken up by oysters. The
microbeads encapsulated with chitosatginate were mostly observed in the gill tissues
and polyL-lysine capsulealginate encapsulated beads were mostly found in digestive

gland and mantle tissu@armodyet a., 2015)

2.3 Bioactives delivery in aquaculture: practical considerations

The proper selection of formulation excipients is a crucial step for ensuring the
protection and controlled release of embedded bioactives into a target site. For
example, alginatean provide protection against the acidic pH of the gut. The solubility
profile of polymers is another important formulation factor. For example, gellan gum
only dissolves at high temperatures and therefonay not be suitable for probiotic
formulations. Te required release profile and dosage of embedded materials are other
important determining factors in biencapsulation. Understanding the pH conditions in
the digestive tract of the encapsulateceiving host is important abe shell materials

of the encapsulates should remain intact after being consumed by aninddslly,
formulation of encapsulates should be optimised based on the aniasttgntestinal
tract conditions, including pH, length, transport time and uptake capdbiiylLean &

Donaldson 199Qjoosteret al.,1997)

The method of encapsulation can also directly affect the activity and survival of
encapsulated materials and the most suitable technique should be determined based
on the type of material to be encapsulated, target size of particles and production scale.
In the case of probiotics, the encapsulating technique should not exert deleterious
effects on cells survival and activity. Drying procedures involved in the formulation of

capsules, such as freeze drying, can reduce cell survival and affect capsule performance

68



Chapter 2: Literature review

in the gastrointestinal trac{Lankaputhra & Shah 1993yevertheless, dried products

are preferred for commercial and industrial use due to ease ofsppart and a prolonged
shelf life. The addition of protective substances, such as skim milk before freeze drying
should be considered in order to increase cell protectiokka & Rantamaki 2010)
Although, from an industrial point of view, spray drying is more cost effective than freeze
drying(Chavez & Ledeboer 200RetNE @thaks, 2007)the high temperatures used can
reduce viability of cell§Teixeiraet al.,1997) Several approaches, such as the use of
cryoprotectants, growth promoting factors and hydrocolloids can minimise the effect of
spray dryimg on cell survivdlConracet al.,2000;Crittendenet al.,2001;Desmonckt al.,
2002;Picot & Lacroix 2003)

Extrusion and emulsification are the most commonly used techniques for encapsulating
probiotics, vaccines and bioactive agents in aquaculture. Both methods involve simple
procedures andisuallydo not causedeleterious effects on bioactivg&rasaekoopet

al., 2003; Burgainet al., 2011) A probiotic survival rate of about 85% has been
reported for both techniques (Krasaekoopt al., 2003). Emulsions are particularly
suitable for indugtial applications. However, continuous stirring and use of surfactants
during preparation could potentially have unfavourable effects on encapsulated

probiotics (Burgairt al.,2011; Gbassi & Vandamme 2012).

Regardless of the encapsulation technique aratenal used, the size of particles plays

a key role in uptake by aquatic animéBujiet al.,2002;Bhavsa & Amiji 2007) Particles

with smaller size have been reported to be assimilated more e@ilgg & Leong 2006)

However, a wide range gfarticle size from less than 10 pi@oostenet al.,1997; Tian

et al.,2008a;Liet al.,2011)to a fewmillimetre (Rosad_edesmaet al.,2012;Pinpimaiet

al., 2015; Piraratet al., 2015) have been used successfully to deliver plasmid DNA,

bacterin and probiotics to aquatic species. ResearchVimkel and Davids (2006gas

shown hat the particle size selection by the mantle cavity and stomach was within the

range of 15 50 pum with smaller and bigger sized particles being rejected and excreted

in zebra mussel pseudaeces. However, this selection mechanism did not occur in

starved animals. With regards to live encapsulates, other factors including shape,
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density and chemical clues, such as extracellular metabolites are important factors in
particle selectior(Pales Espinosat al.,2007;Gosling 2008)Particle size can also affect
the viability and survival of encapsulated probiotics, with larger particles providing
better protection (Hanseret al.,2002;Mandalet al.,2006) Furthermore, the coating
material of the particle can influence particle selection due to the possibility of

interaction between the particle surface and mud&snmanuellest al.,2009)

2.4 Conclusion

In conclusion, encapsulation technologgigromisingapproach for the development of
sustainable aquaculte strategies. This technology offers seveaalvantagesover
current aquaculture practices including (1) precise delivery of nutrients, vaccines,
immunostimulantsand probiotics to fish, crustacean and molluscs, (2) better control
over water quality, (3)environmentfriendliness, (4) reduction in concentration of
materials resulting from less material loss in water and a more-effsttive aqua
farming process, (5) controlled release of encapsulated compounds into target sites
within an animal and (6) ptection of embedded materials during preparation, storage
and delivery. Despite the benefits associated with this technolatgthe laboratory
scale, it is yet to baup scaledin the aquaculture industry. Future research and

development should focus on:

1 development of control experiments to measure the real benefits of
encapsulation in aquaculture

1 development of techniques for tracking microcapsulesthe animal® body
through direct/indirect measurements

1 evaluation of the impact amplementing encapsulation on farm productivity and
management

1 evaluation of cost benefits to aquaculture industry in long teamd

1 development of effective strategies to implement the research outcomes in

aquaculture farms.
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Abstract

The high market demand for abaloh@sencouragel farmersto grow abalone tothe

full potential of land-based farmsHowever the long grow-out period of abaloneis a
limiting factor onmaintaining an economically sustainable productémmually The use

of beneficial bacteria cammprove abalone growth rate, health status and sustain
environmentally friendly aquaculture practiceEhree bacterial strains were previdys
isolated in our lab from healthy abalonedemonstrated beneficial effects on growth
performance of blackooted abalone However,at the time of starting this thesis
significant concerexisted overthe presence of beneficial characteristinghe isolated
bacteriaafter along-chilled storage at80gC. In this study, an investigation was carried
out to understand the bacterial qualities that may have been retainedost during
chilled storage.The ability ofExiguobacteriunsp., Vibrio sp., andEnterococcusp. to
hydrolyse some of the abalone feed nutrier{&ich as protein, starch and alginate)
produce organic acid angrow in a wide range of pHsasexamined.ldentification of
the isolated bateria was carried out by sequencing 16s rRNA amplidos information
can determine whether the bacterial isolates posséssiredcharacteristics as required
in potential probiotics forpn dzEcreening of the three bacterial speciesnfirmed the
presence of beneficial traits which potentially can enhance the digestibility of current
feed used in the farm. Such properties include protein, starch and alginate hydrolysis.
The three probiotic species showed some level of sensitivity to different pH comsliti
that they may encounter during delivery to abalone. In summary,dhépterconfirms
that the three bacterial species retained thesiredproperties even aftea prolonged

chilled storage.
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3.1 Introduction

A growing global demand for seafood hasulted indepleton of fisheries and raised
the need for highdensity farming. Intenfied aquaculture can increasethe risk of
disease outbreaks within the farms. Improper use and overexploitation of various
chemrial additivesand antibiotics has led to the emergence daiftéacterial resistant
pathogengBachere, 2000)This proceshas asubstantialimpactson environment and

public health(Romero, Feijo0, & Navarrete, 2012)

The advent of nofantibiotic and green strategies is of value for health maintenance in
aquaculture (Qi et al., 2009for example, ddition of nutrients andmmunostimulants
to promote health ad welfare of aquatic animalgOligosaccharidesvitamins and
minerals are compounds thdtave been useds immunostimulantsin aquaculture
(Ringeet al, 2012 Widanarniet al, 2018 Nedaei et al.2019) Recentlyprobiotics have
been introduced to aquaculture industry as an alternative for antibicdicd chemical
agents. Prdiotics are defined as live micaarganisns that confirma health benefit to
the host whenadministered inadequate amountfFAO/WHO, 2001 Probiotics have
been widely used timprovegrowth and healthof aquatic animalgHai, 2015Talukder
Shefat, 2018 Xia et al., 2018)For exampleBacillus pumilugAly et al, 2008 and
Lactobacillus rhamnosyPRirarat et al., 2015eportedlyimproved health and growtbf
Nile tilapia Other studies reported improved stival and immunity after administration
of Bacillussp. to shrimp I{itopenaeus vannamgRengpipat et al.200Q Li, Tan, & Mai,
2009)

Different mechanisms have been introducadmode of actionfor probiotics The first
pathway is excluding pathogens by means of competing for receptors within intestinal
mucus. In other words, probioticanreside and colonise within the ho&lTwhereno
adherence sitesvill be available for pathogenéverschuer et al.200Q Balcazar et al.,
2007) Some probioticpossess antagonistic activity against pathogenic bactéhay

do thisby producing inhibitory substances such as sulphur containing compounds or
acidic moleules (Bruhn, 2007) Some of the secreted molecules can act as

immunostimulantsinducingcellular and humoral immundefence(Sahu et a).2008)
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Asssting food digestion is another mechanism that candmhievedbythe LINR 6 A 2 G A O
enzymegKrishnaprakash et al2009) In addition, mprovement of water qualityvas

reported for some probiotics used in aquaculture (Dalmin, Kathiresan, &
Purushothaman, 20QMWang, Xu, & Xia, 2008ong Li, Tian, & Dong, 201®robiotics

for aquaculture have been isolated from various sources such as gastrointesdirtal

(GIN) of marine animaléLeyvaMadrigalet al, 20171 Luis-Villasenor et al.201% Ramesh

et al.,2015)and ish mucugqTapiaPaniagua et al., 2012)Vater, sediments and other

aguatic resourcehave beenalso identifiedas potential sources for isolating useful
bacteria(Haj Fotedar& Buller, 20075 St QR dzQ013)S{ | f &

Several endogenous cells including different species of bacteria and yeasts have been
isolated as natural microfloran the GITof Haliotis midae (Erasmus, 1996Macey &

Coyne, 2005Goosen, 2007)It has been suggested that these bacteria can help in
RSANI RIFGAZ2Y 2F F3AFNE |t 3IAYLF G Séedybedtihgd SSy |
extracellular enzymegErasmus, Cook, & Coyne, 199¥pre than 70% of enzymiat

activity in H. midaeis attributed to extracellular enzymes which are released by
endogenous bacteria within the anim@&IT (Doeschate & Coyne, 2008)yhe most
beneficial bacterium detected in three species of Japanese abaldnali§cus, H.
diversicoloraquatilis, H. diversicolordiversicplamd one species of African abalonid.

Midae) was recognised to b¥ibrio halioticoliwhich contributes to feed digestion
(Tanaka et al.2003) This nommotile Vibrio speciesecretegolysaccharolytic enzymes
GKFG OlFy AYLINRGZS RA 3EEshakshoflry ét &l69R4) Anothed | £ 2 y
species ofibrioy | Y S# 206 NA 2 wa¥ fepotted © Qct as a probiotic fét. midae

(Macey & Coyne, 200Boeschate & Coyne, 200®¥obiotics used as feed supplements

for H. midaeled toimproved growth rats (Doeschate & Coyne, 2008) another study

Vibrio midaeand two yest species, which were reported to have proteolytic and
amylolytic activities, increased the level of digestibility of molecules such as proteins and
amylose. After eigt months of feeding trial, thenhanced enzymatic activity resulted

in an increased gmwth rate by 8% and 34% in small and large abalone respectively

(Macey & Coyne, 2005pseudoaltesmonasC4 was another bacteriuthat was used
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as feed supplements fdfl. midae This probiotiavas able teenhance the growth rate
of H. midaesignificantly in laboratory and farm feeding trial. The &% feeding trial
NBadzZ 6§SR Ay oy:: YR odis AYLINE @&Sesseefively.Ay &f
The ability ofPseudalteromonasC4 for digesting alginate was reported aapossible

reason for these significant improvemer{Doeschate & Coyne, 2008)

In our lab, Hadi et al. (2014)used three different bacterial spexs namely
Exiguobacteriunsp,, Vibriosp.andEnterococcusp.as probiotics foHaliotis irisblack
footed abalone). The three bacterial species were isolated from the gut of healithy
fast-growing adult abalone The probiotic-supplementedfeed improvel the growth
rates by 20.9% and 19.8% in shell length and wet wegght, respectively. Moreover,
reduced mortality was reported in probiotied animals by fivéolds compared taa
control group(Hadi et al., 2014)These bacterial species were storatd-80aC and sub
cultured multiple timedor afew years after being isolated from animal sourtaere
was a need to confirnthe qualityof these probiotic bacterigince their activitycould
havebeen affectedby the longterm storage at80aC. Therefore this study attempted
to characterise thehree bacterid speciesusing quantitative and qualitative microbial

tests in order tore-confirm thar effectiveness The specific objectives of thishapter

are
1 to check the ability of the bactetigsolates to hydrolyse protejn
1 toinvestigatethe amylolytic activity
1 to investigate the alginolytic activity
1 to test the bacterial resistance in a wide range of pH8)(2nd
1 to identify theisolated bacteria by 16s rRNA gene sequencing
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3.2 Materials and rathods

3.2.1 Materials

Bacterial isolates were kindly provided by Aquaculture and BiotechndRepearch
Groupat Aukland University of Technology (Auckland, New Zealdri.straingvere
maintained in Marine broth supplemented with 15% v/v glycerotetiin-80aC.Marine
broth and agamwere obtained from DifcoFrance Kanamycin Esculin Azide Agend
kanamycin supplement wer@urchased fromOxide Ltd. UKGasPak EZ anaerobe
container ystem was used to provide anaerobic condition when requir@kcton
Dickinson, USAAIl the other materials were of analytical gradehe cultures were
subculturedweeklyand maintained on Marine agar supplemented with W% yeast

extract at 4C.

3.2.2 Probiotics culture

Allthe three probiotic bacteria nameBgxiguobacteriunsp, Vibriosp., andEnterococcus
sp. were revived from glycerol stoskand subcultured at least three times before
performing experimentsThe multiplepassagingvasdone toallow the revived bacteria
regaintheir full strength and activitie€xiguobacteriungp.andVibriosp.were cultured
in marine broth containing yeast extract (184v). The culturesvereincubated atroom
temperaturefor 18 hrs under agitation at 100 rpniEnterococcusp.wasculturedin the
same mediafor 18 hrs under anaerobic condition abom temperature A selective
media, Oxide KanamycinEsculin Azide Ayar (KAA, was used to selectively culture

Enterococcusp.when requred.

3.2.3 Assessment of probioti€sbility to digest nutrients

3.2.3.1 Protein hydrolysis
Casein agar plates were prepared by mixing sodium rate{0.2% w/v), glucose (0.1%

w/v), technical aga1.5%w/v), magnesium sulphat€0.02%w/v), ferrous sulphate
(0.001%w/v), di-potassium phosphat€0.02%w/v) and deionsed water (Laboratory
manual by GutierreMaddox 2002 Hadi, 2012) The well-mixed suspension was

sterilised by autoclaving at 12Cfor 15 min. The casein plates welteen prepared in
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aseptic conditions. Probiotics were tuked on casein agar plates 29 w/v) and
incubated for 4&rs atroom temperature The experiment waserformed in triplicates
for each probiotic species. Thmultured casein plates were investigated for casein
hydrolysis after the incubation tim&he presence of a clear zone around colonvek
indicate casein hydrolysifn order to facilitate observation da clear zone around the
growth area,alow concentration of HCI (1%4v) wasadded to the plate so that nen

degraded casein precipitates inside the plates.

3.2.3.2 Starch hydrolysis
In order to understand the ability of proligs to use starch aa carbon and energy

source, starch plates were prepared following laboratory manual by Gutidesidox
(2002. Starch agar solution containing starch powder (@546), nutrient agar and NaCl
(1.9% w/v) was prepared andsubsequently atoclaved at 12&C for 15 min. The
suspen®n was collected and poured intpetri dishesunder aseptic conditios
Probiotics were spread on plates and incubated forhd8 atroom temperatureuntil
the colonies were developed. lodirselution was added tdlood the surface of each

plate. The experiment was performed in triplicates for each probiotic species.

3.2.3.3 Alginate hydrolysis

Probiotic speciesvereinocuated in sodium alginate brotiiQ ml, sodium alginate 0.1%
w/v, peptone 0.5%w/v, yeast extract 0.1%v/v and NaCl 3.0% w/\{pH:7.6)) Three
replicates were assigned for each bacterium. Tubes were incubatedo@in
temperature for Exigudbacteriumsp. and Vibrio sp. Enterococcusp. was incubated
anaerobically The level of alginate hydrolysis was testevery 24 hrs usg a
spectrophotometric method(Kitamikado et a). 199Q Hadi, 2012) After incubation
time, 1 ml of each bacterial culture was withdrawn and centrifugé@0Qrpm, 15 min)
to remove bacterial cellsThe supernatant was separatadd mixed withacidic bovine
albumin solution Bovin albumin (0.1% w/v), sodium acetate (0.3%84), glacial acetic
acid (0.45% v/v), pH: 3.7278)(ratio 1:1). Rrcentageof transmissiorat 600 nm was
measuredusing a spectrophotometer(! t O NP2 & LJBr® W\W\isibl@after 15 min

incubation time atroom temperature The same sodium alginate broth without

77



Chapter 3: Characterisatiaf probiotics

probioticswastreated the same way as test samples, added to acidic albuminyseull

as blank during the measurement.

3.2.3.4 Acid production

The threeprobiotics weretested for acid productionfollowing American Dry Milk
Institute (1971)guidelines Marine broth containing glucose (5#6v) wasprepared and
sterilised at 12@&Cfor 15 min. FPobiotics were inoculated it marine broth separately
and incubated for 48 hrs abom temperature The media was then centrifugéd000
rpm, 15 min)and supernatant was transferredto 125 ml flaskPhenolphthaleinwas
used asolourindicator. Titration was performed using 0.1 Sddium hydroxidg NaOH)
as a titrant. In order to find the endpoinjaOHwas gradually added until a very light
pink colourwas developed ithe media.Marine broth containing glucose (5% w/v) with
no bacteria vasused aghe negative control in this experimenthe consumed volume
of Sodium hydroxidevas recorded to calculate the concentrationtbé acidproduced

inside cultured marine broth using equation 1:

6ITTAEAI (1 - . Al (| T&kAECRAGAOEA T IT

I A EbA R S ——
FABRA 6 1TTIHAT Al IUIOA

3.2.4 pHtoleranceof probiotics

Four different pH values (2, 5, 6.5 andv#&re selected based on th@ossible pH
conditions that probiotics might be exposed taluring encapsulation and delivery
process. In order to examine the pH stabilitytloé three probiotics, marine brotkvas
preparedby dissolving broth powder in distilled water. The med@sincubated on a
magnetic stirrer for 1 hour. The pH of the mediasadjusted by adding NaOH or HCI.
The volumewas adjusted afterthe final pH adjstment using distilled waterMarine
broth without any pH adjustmentvasused as cotrol. The pH of control mediwas
around 7.6according to themanufactureQ & LINEhé ghédlgvias sterilised using
autoclave at 124 / ¥ 2 Nandikept 1 Arigge until useThe prepared radia was
brought toroom temperaturebefore the start of the experimenf volume equal to 10

ml of each mediavastrangferred into eachtest tubeand inoculated with an overnight
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bacterial culture(all pHs were tested in duplicatdor eachbacterium). Theinoculated
mediawasincubated for 3 hrs atoom temperature The samples were serially diluted
and plated out on KAA and Marine agartwdt standard plating proceduKplateswere

cultured in duplicate for edcdilution).

3.2.5 Identification of probiotic bacteria

Amplification of the genomic 16S rRNA was carried out in order to identify the probiotic
bacteria down to the species level. To prepare genomic DNAGabpay of an overnight
culture was added to nuclease=e water(250ul). Themixture was vortexed briefly and
microwavel for 10-15 sec to break the cells. The mixture was then centrifuged at 10,000
rpom for 1 min to precipitate all the heawgrganellespbroken cell wall and membrane.
The supernatant containg DNA was used as DNA stockptepare thePolymerase
Chain Reactio(PCRmixture.In order to amplify 16S rRNA, a PCR mixture was prepared
by mixing KAPA SYBRASTaster mix (12.51) (containing Taq polymerase, K@nd
dNTPs), §il of F 2 NI | NR -AGNGTYTENICMTGGCTFEAERMa)5 ul of reverse
LINR Y-SOEGTPATCTTGTTACGACDT:  {arid 2.5t ob prepared DNA stoclPCR
was performed withthe initial denaturation at 98C for 5 min. The next 30 cycles were
carried outusing fdlowingconditions: denaturation at 9& for 30 sec, annealing at&l

for 30 sec, extension at @2 for2 min and final extension at @ for 10 minPCR
products were analysed on M#v agarose gel in TBE (Trisboric abidaffer at 120 V for

60 min Readg-to-load DNA ladder (10Bp, Solis BioDyne) was used to gt desired
bands on agarose gel. The target band wasrified usinga gel extraction kit The
nucleotide sequence of the PCR product waen determinedby{ I Yy 3 SN a & S| dz
method (Sanger and Coulspt975) A comparative analysis was then performag

alignng acquired nucleotide sequencesing BLAST tool MCBgenome database

3.3 Resultsand discussion

3.3.1 Colony morphology

The colony morphology of the thregrobiotic bacteriais illustrated in (Figure 3-1).

Variatiors in colony morphologywere clearly apparent on KAA and Marine agar
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Exiguobacteriumvasrevealed agircularlight-yellowishcoloniesafter 24 hrs However,

a change in colongolour was observed when incubated longendre than 48 hrg
Smooth surface witkentire marginwasnoticedfor Exiguobacteriunsp.colonies.Vibrio

sp. was identified with largewhite colonies with smooth surfaseand entire edges.
Enterococcusp.colonies weresignificantlysmalker compared tahe other two probiotic
bacteria Raised colonymooth surface and entire margin were some of the phenotypic

characteristics oEnterocacussp.colonies

Figure3-1 Bacterial culture of (a&Yibriosp, (b)Enterococcusp.and (c)Exiguobacteriunsp.

3.3.2 Assessment girobioticsabilityto digest nutrients

3.3.2.1 Proteinhydrolysis

The ability of probiotic bacteriégo hydrolyse proteinwas screened using agar plates
containing casein (0.2% w/vWhen probiotics produce the extracellular enzymge
caseaseclear zonsaregenerated aroundbacterial colomesindicating the hydrolysis of
existed casim inside the plateAmongthe three probiotic bacteria onlixiguobacterium

wasidentified withthe ability to hydrolyse milk protei(Figure3-2).
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Figure 3-2 Clear zonesndicated by arrowsproduced byExiguobacteriuncoloniesthrough
casein hydrolysis

3.3.2.2 Starch hydrolysis
Three probiotic bacteria were screened for starch hydrolysis by culturing them on starch

agar platesNondigested starch in the media forms complexes with iodine reagent
developing a dark blue colowhere clearzones around bacteriaolonies indicatehe
production of alpha amylase by bacteria and therefore digestf starch molecules in
the surroundingmedium. Clearzoneswere developedaround the area of growtlof
Exiguobacteriunsp.and Vibriosp. (Figure3-3). Starch agar cultured witBnterococcus
sp. developed adark blue colour which indicatethe inability of Enterococcusp. to

digest starch.
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Figure3-3 Clear zones otarch hydrolysis for (aéxiguobacteriunsp.and (b)Vibriosp.

3.3.2.3 Alginate hydrolysis

The ability of probiotic bacteria to degrade alginate was measured using an accurate
turbidity method. In thisnethod, acidic polysaccharidsuch as alginic ac@hncombine

with bovine albumin under acidic condition fommg awhite turbidity. Bacteria capable

of alginate degradation will produce enzymatic products that do not develop any
turbidity (Figure3-4). Alginatehydrolysingculturesareidentified by the trarsparency of

the test solution Yibrio sp), and thenon- or low-alginatedegrading culture by the
turbidity of the test solutionEnterococcusp.andExiguobacteriunsp.). The percentage

of turbidity for each bacterium was quantified and summarise@able3.1. All the three
bacterial species werable to digestlginate; howeverVibrio sp. showed the highest
alginate hydrolysi®ver the three days incubationThe negativecontrol wasthe test

solution with no inoculated bacteria.

Table3.1 Alginate hydrolysis of the three probiotic bacte(ie=3; mean = B).

Transmission (%) abB nm

Bacterium

24 hrs 48 hrs 72 hrs
Exiguobacteriunsp. 45+0.2 7.4+ 3.8 13.8+6.7
Vibriosp. 81.6+5.9 86.7x1.4 88.3x1.4
Enterococcusp. 7.7£0.8 8.1£29 19.6+3.6
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Figure 3-4 Alginate hydrolysis tesfor (a) negative control, (bExiguobacteriumsp, (c)
Enterococcusp.and (d)Vibriosp. OnlyVibriosp.showed a clear solution aft&2 hrsincubation
in medium containing alginate.

3.3.2.4 Acid production

t NERdzOAYy 3 | OAR o6& LINRBoA20GAOaA OlFy AYLINRB®@S
well asprovidinganti-pathogenicactivity (Ringa et al., 2012Acid production was tested

for the three probiotic bacteria using a titration methdgénterococcusp.demaonstrated

the highest ability to produce acidhere Exiguobacteriumsp. and Vibrio sp. showed

lower abilities (Figure3-5).
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Control Exiguobacterium sp.  Vibrio sp. Enterococcus sp.

Acid production (%)

Figure3-5 Comparison of the amoundf acidproducedby probiotic bacterign=4; mean + B).
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3.3.3 pH tolerance of probiotics

The vability of the three probioticsvasmeasured at four different psiof 2, 5, 6.5 and
8. Media with pH: 7.6 wathe control. The viable courstof Enterococcusp.(Figure3-6)
andExiguobacteriunsp.(Figure3-7) remainedalmost stable oslightlyincreased apHs
between5 to 8. While the number of viabl¥ibrio sp. cells slightly decreased atidic
pHof 5 (Figure3-8). None ofthe probiotic bacteriaremained viable at pH 2.
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Figure3-6 pH tolerance oEnterococcusp.with initial countof approximatelyds p m# &B |
after 3 hrs incubatior(n=3; mean + B).
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Figure 3-7 pH tolerance of Exiguobacteriumsp. with initial count of approximately
217 p m# &MB lafter 3 hrs incubatiorfn=3; mean + B).
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Figure3-8 pH tolerance oW¥ibriosp.with initial count of approximatelt39 p m# &B lafter
3 hrs incubation(n=3; mean = B).
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3.3.4 Identification of probiotic bacteria with PCR @aediuencindechniques
Thel6s rRNAwcleotide sequences lated to each probiotic bacteriuwere analysed
by NCBI BLAST. Query BLASEXiguobacteriunwvith 100% query coveigeresulted in
99.85% similarity taboth Exiguobacterium indicurand Exiguobacteriunacetylicumin
NCBI GenBanknterococcu®NA isolateshared 100% identity witknterococcus hirae
with 100% query coverag&he closest genus the Vibriosp.on NCBI GenBankas an
unknown Vibrio speciesisolated from digestive tract dflaliotis rufescengabalone in
Chilewhich showed99.54%(Accession numbeGQ861541.1(Appendix 1).Therefore,
further experiments such as DNANA hybridization anéleG+C conterdre required to

determine the species dfibrio sp.and Exiguobacteriunsp.used in this study.

3.4 Overall dscussion

Three bacterial species were previously asetl from healthy adult abalones
probiotics. The three probiotics were identified &x<iguobacteriunsp. Vibriosp.and
Enterococcussp. based onphenotypic andbiochemicalcharacteristics(Hadi et al.,
2014) Thischapter aimedio reassure thepresence of featurethat the isolateswere
initially selected for. This rassuringstep is critical since thprobiotic bacteria were
isolated four years before the commencement of this study and undergotang
storageat -80aC. Chilledstorageof bacteria may lead to loss bhcterid viability and
activity (Fonseca, Marin, & Morris, 2008ucci et a).2007) The loss of biological activity
depends on the type of bacteriand culture condition before and during chilled storage
(Fonseca, Béal, & Corrieu, 20@D02) Screening the properties dlfie three probiotic
bacteria showed that they all retained their abilities to digestat least one of the
nutrients present in abalone commercial feed such as alginate, protein and sTaeh.
results ofstarch hydrolysis test i agreement witlthose ofHadi et al. 2014) However,
two majordifferenceswere observedn the results of other assaySirst,Hadi et al2014
reported the capabilityof Vibrio sp.in casein hydrolysis which searto be lostafter
revivingVibriospecies from80dCstorage The loss of casein hydrolysis\iibrio species
could be due to the long storagane at -80aC. Also,a slight algiolytic activity was

observed folEnterococcusp.g KA OK ¢ | a y Qhie prévibus StidiABpRarange
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of algnolytic activity inEnterococcusp.could be due to the technical differencesch
asdifference in alginate source. Althoughfew changes \&re observed in probiotic
characteristicsprobably due to the longhilled storageand technical variationsall
three speciegetained theircriticalfeaturesfor whichthey wereinitially selected. These
prominent features ag high algiolytic activity ofthe Vibrio sp, protein and starch
hydrolysisability of Exiguobacteriunsp.andacid producing ability ofnterococcusp.
Therefore, aocktail ofExiguobacteriunsp, Vibriosp.andEnterococussp.canimprove
animal€Xfood digestion throughdigesting starchand alginate andproducing organic

acid.

Further, pH tolerance of probiotics wasvestigatedto assess the ability of each
probiotic bacteria tosurvive various pH conditionsThis study wasnecessary to
understand the effecofF OA RA O LJ g A U K bagic pHof séadafeSdbé 3 dzi
viability of probiotis. The results indicated thafibriosp. was the least tolerant to acidic

pH of5 representing: 6 I f 2 y &rdnméhtiarris et al., 1998Ragg, 2003Hadi,

2012) Hadi et al (2014) also reported one log unit reduction in viable cour¥itirioat

pH: 5.All the three probiotics were completely inhibitadacidic pH of 2t is anticipated

that providing a protective layer around probiotic bactemethe form of a carriercan
maintain theviability of probiotics during deliveryThe abity of Enterococcusp. to

produce organic acid can hedfpalonein food digestion an@nhance thé& immunity by

excluding aciesensitive pathogengRingg et al., 2012)

Genesequencing \as also carried outto identify the species of thehree probiotic
bacteria The ribosomal RNA segment is commonly used to study bacterial phylogeny
and taxonomy due to several reasons includingb&)ng highly conserved during
evolution, 2)being presenin almost all bacteria and 3h¢ 16s rRNA geneeinglarge
enough (1500 bp) for informatics analysis. Since the sequence afRI6A is highly
conserved during evolution, by determinintpis for an unknown bacteriumand
comparing itwith known sequencesthe species ofthe working baceria can be
identified. Enterococcus hira@ith 100% query coverage and E value ofta@ 100%
similarity with our workingEnterococcusspecies.Marine resources includingish
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processing waste was reported asource for theE. hiraewhich canstrengthen the
likelihood ofE. hiraeto be matched witlthe workingEnterococcuspeciesn this study
Furthermore, heresults of16S rRNAnalysissuggeste®9.85% similaritypetweenthe
working Exiguobacteriumand both Exiguobacterium indicunand Exguobacterium
acetylicum Vibriosp.showed 99.54%imilarity to DNA amplicon @n unknownVibrio
speciesFor identification oExiguobacteriunand Vibriospeciesdifficultiesfor species
identification usindL6srRNA gene sequencitgve to be considered as inaccuracy may
arise from this method due t) lack of enough sequences in gene databasspecies
sharing similar and/or identical 16RNA sequences an8) nomenclature problem
associated with assigning rtiple name to single species (Janda and Abbott, 2007).
Therefore further experiments are required to identifghe Vibrioand Exiguobacterium

probiotic isolatego the species level.

3.5 Conclusion

Thethree probiotic species were capable of digesting some of the nutrients in abalone
food such as alginate, protein and stardtismayresult ina betterfood digestibility,
leading up toan improved nutrient absorptionn probioticfed pn dzfThe probiotic
bacteriaretained ther original biochemical characteristiésr whichthey wereinitially
selected Therefore, a combination of the three probiotic bacteria potemiatan
benefit pn dih terms of food digestionThe three probiotis can grow in a wideange

of pHswith an exception oVibriobeing sensitived acidic pH This implieshe necessity

of considering further protectiom order to efficienty deliverviableprobiotics toblack
footed abalone In the next chapter, empsulation techniques utilised to develop a

carrier to delivemprobiotics toH.iris.
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Developmentof microencapsulategrobiotic
delivery system forHaliotis irisusing an emulsion
technique

"Nothing is particularly hard if you divide it into smjalbs".

Henry Ford
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Abstract

Probiotics have been used widely to confer health benefits to farmed aquatic animals.
However, conventional methods have not been efficient to delebiotics in high
viablenumberto specific target sitewith minimum enviromental contamination This
study aims teexploit microencapsulation approatt deliver probiotics to blackooted
abalone(Haliotis iri3. Emulsion technique was used to encapsulate probiotic bacteria
within doublelayeredchitosarcoatedalginatemicroparticles(CALG). The interaction
between chitosarand alginate was assessed bguriertransform infrared(FTR). The
efficacy ofCALGnicroparticlesin delivery of probiotics to abalone was explored using
in-vitro and in-vivo studies. SphericaCALGnicroparticleswith the mean diameter of
113 um and encapsulation efficiency of more than 75%revformed using internal
gelation.Thein-vitro release studies revealetlack of probiotic discharge in the firsksi
hrs of incubatingCALGn seawater followed by a slight bacterial release within rileat

42 hrs. Theexposure ofCALGnicroparticlesto simulated gastric and intestinal media
exhibited a significantly higher releas# encapsulated bacterien simulated intestinal
medium. Fluorescence microscopyf consumed microparticles within abalone
gastrointestinal tract(GIT) showed a successful delivery aficroparticlesto the

I 6 | £ 2 y SThé nurdbdriiob probiotic bacteriain probioticfed abalone was
significantly greater than control animals.The results suggest that theCALG
microparticlescould bepotentially used ascarriers to deliverviable probiotic bacteria

to the ababneQ G&IT
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4.1 Introduction

Abaloneare one of thehighest valueseafood around the world with almost 9566
productionis derived fromaquaculture Almost 50,662 metric tonnes of abalone was
produced from farms globally in 26417 (Cook, 209). The high price of abalone
products including meat and pearl has made abalone induattsactive in many
regions Nutritional requirements of abalone ammet via formulatedfeed or cultured
seaweed whihtakes3-5 yearsof farming untila marketsized abalonés producedThis

can limit the development and reliable continuation of abalone production as
mortalities may occur due to unwanted changes in culture conditiors $éeasonal

temperature fluctugions) and possible disease outbreaks.

In recent years, considerable attention has been given to reduce this time frame using
various measures such as utilising probiotics to increase the growth rates of abalone
through better feed digestioiiMacey& Coyne, 2005Doeschate & Coyne, 2008ilva
Aciares et al. 2011, Hadi et al., 2014)Using probiotics as a beneficaéasure has been
tested to improve growth and health of blaéoted abalone(Hadi et al., 2014)
Probiotics can provide a mechanism to reduce abalone grotperiod leadig to a
better economically sustainable abalone industry. This requires the development of an

environmentaly friendly method to deliver live microorganism to farmed abalone.

Probiotics are conventionally added to the cultwvater, but this approach can &l to
environmental issues and inefficient delivery. Introducing high concentration of
probiotics into culture water may contaminate environment Mte T N Q& &
effluent. Moreover,the probiotic viability may be lost before they can even reacthto

possible target site withithe abalone gastrointestinal tra¢GIT) Therefore, there is a

need to develop a delivery method that can retéte LINR 6 A 2 1 A Oa Q DALl oA f

probiotic discharge into the environment.

Microencapsulation technology hdseen used in aquaculture to obtain a controlled
release targeted delivery and to retain innate characteristics of encapsulated bioactives

such as nutrients, probiotig®irarat et al. 2006 Kumaree et al., 20t4inpimai et al.,
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2015 Madreseh et al., 2018Xia et al., 2018)vaccines andmmunostimulants
(Adomako et al., 20x2Vidhya Hindu et al.,, 2018)it has been reported that
encapsulation can improve probiotics viabil{@hang, Lin, & Zhong, 20183 well as

providinga better control over the dosage and site of relegRedriguez et al., 2018)

The aim of this chapter is tdevelop anovel systemfor deliveringprobiotics tothe

gastrointestinal tract of abalone. Thdyg the major objectives are:

1 to develop and characterismicroparticlesas carriers folexiguobacterium sp
Vibrio spandEnteroccocus sp

1 to study the release of encapsulated probioticseéawater simulatedgastric and
intestinal fluid of abalongand

1 toinvestigatethe fate of microparticleswithin abalone gastrointestinal tract.

4.2 Materials and Mthods

4.2.1 Materials

Sodium alginate was purchased fréxarosOrganiceijing,Ching. Medium molecular
weight ditosan and Span 8Qwere acquired from Sigma(St. Louis USA Calcium
carbobonatgCaCg) was obtained from Omya (Orgon, Franégglcium chlorid¢CaGl)

was purchased from Ajax Finechem (NSW, Australl&)E/DEAD Bacterial Viability Kit
(L7012) was purchased from BacLi@htegon USA. Sunflower oil was purchased from
local market.All the other chemicad used in this study were of analytical grades.
Juvenile kackfooted abalone (average shell length 30 mm) wprevidedby Moana

New Zealandabalone farm Ruakaka New Zealand)Bacterial isolates were kindly
provided byAquaculture and Biotechnology Research Group at Auckland University of

Technology (Auckland, New Zealand
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4.2.2 Preparation otell suspension

Pure cultures oExiguobacteriunsp., Vibrio sp. andEnterococcussp. were revived by
streaking bacterial glycerol @tk on marine agar. A wellkolated colony was then
inoculated in narine broth containing yeast extra@% w/v) Bacterial strains werthen
activated by two successive transferdioth media Exiguobacteriunsp. anadVvibriosp.
were cultivatedovernight while shaking at 100 rpnEnterococcusp. was cultured
under anaerobiccondition. After the incubation period, bacterial celvere harvested
by centrifugation at 4000 rpm for 15 min at@l Pellets were resuspended in fresh

marine broth beforeencapsulation.

4.2.3 Microencapsulation gbrobiotics by emulsification

Alginate solution was prepared by dissolving sodium alginate pow2iérw{/v) in
distilled water. The mixture wathen stirred for 2 hs at 400 rpmand incubated

overnight toeliminatebubbles andobtaina uniform solution.

An emulsion technique &s used to produce alginateicroparticlesusing sunflowenil

as continuous phaseThe protocol suggested by Song et @013 was principally
followed with some modificationsAlginate (4 ml)was mixed with calcium carbonate
(CaC@ 0.2 g and themixture was stirred at 200 rpm for 4&in. A mixture of the three
probiotic bacteria were then added to the alginate and stirred for another 10 min.
Sunflower @ (20 m) was then added t€CaC@alginate;cell mixture for emulsification
and stirred for20 min at 1500 rpm.Span80 (% v/v) was addedo the mixture and
incubatedfor 30 min atthe same stirring conditianGlacial acetic acid (0.2% yAwas
then added tanitiate the gelation The emulsiombtainedwas incubated om stirrer at
1500 rpm for another 30 mito allow capsule formationAlghate microparticles(ALG)
were then collectad by centrifugation for5 minat 2000 rpm Thetop layer (oil) was
removed ad the microparticleswere washed three times with totad5 ml of distilled
water under the same centrifugation conditiomheproducedALGmicroparticleswere
coatedby incubation in20 mL ofchitosan solution (0.8% w/v in lactic acid 1%v/v; pH
5.7). The suspension was stirred at 100 fam20 minfollowed by a brief centrifugation

(1000 rpm, 5 minjand washedtwice with Ca® (0.2 M) soluion (Figure4-1). The
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producedchitosancoatedalginate particles (CALG) were collected by centrifugation at

1000 rpm for 5 min.

Chitosan- Coated
Alginate
Microcapsules

W/O Emulsion Acetic Acid Alginate
Particles

Emulsifier 4
o c"'
— N ) :
s/
& . 8
Lants

Figure4-1 Schematic diagram of the encapsulation process

4.2.4 Surface chargand size distributionf microparticles

Zeta potential of the produced particles was measured w&iMalvern zeta sizef3000

HS UK) at 2BC.The sizalistribution of the beads vasdetermined by a laser diffraction
method using a Malverequipment (Mastersizer2000, England) Distilled water wa
used as dispersion mediurithe microcapsule suspension was slowly introduced to a
dispersion unit until the percentage of laser obstructisasmore than %%.Span factor
was calculated usinipe belowformulato report the size distributiorfLefebvre, 1993)

.. 0w OpTm
YN ORQM W O &
d Our

whereD (90), D(10) and ¥50) are the diameters at 90%, 1@%d 50% othe cumulative

volume,respectively.

4.2.5 Evaluation ofhe viability encapsulation efficienayf encapsulated
probiotics

The viability of encapsulated cellsasdetermined immediately after preparatioof
microparticles All microparticlesproduced from 4 ml of alginate were dissolved in
sodium hydrogen carbonate (4% w/%Q ml). The suspension of the fully dissolved
microparticleswas serially diluted and cultured on appropriate agar mediWwiable

plate count wasused to determine bacterial numbensy a 10-fold serial dilution
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followed byspreading 10Qul of eachdilution on marine agarand kanamycin esculin
azide gar (KAA plates. Experimerstwere carried out irtriplicates The encapsulation
efficiency was calculated according to below equatiglartin et al, 2013)
06donRI0 QORI Qi ®GOn i 6 & Qi
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4.2.6 Morphologcalproperties ofmicroparticles

The morphology of the producedhicroparticleswas examined using optical light
microscopy (Olympus CX31, Philipps)eand scanning electron microscogf{sEM)
(Hitachi SWr0, Japan). Q& analysis was performed on airied microparticles The
dried microparticleswere dispersed on electrically conductive carbon film placed on a
specimen stub. The samples were then coated with platinum with an ion sputter coater

(Hitachi E1045, Japan) for 100 sbefore SEM imaging

4.2.7 Spectrosopic analysis

Fouriertransform infrared (FTIR) spectra 8L.G and CAL®ere obtained using a
spectrometer (b A O2 £ S [i USA aglipped with a horizontal attenuated total
reflectance (ATR) cryst&ure powders of alginate, chitosaand Ca@;z were usedto
obtainreferencesAn average of 32 scans at 4-tmesolutionwere recordedwithin the

wave numberange of 4004000 cm.

4.2.8 Bacterial staining with fluorescent dyes

Marine broth (100 ml) containing yeast extract (1% wi/v) was inoculated with a single
colony ofExiguobacteriunthen incubated on a shaker (100 rpm) at room temperature

for 18 hrs. The bacterial culture was divided into two separate falcon tubes and then
centrifuged at 4000 rpm for 15 min to collect the bacterial cells. Bacterial pellets were
washed two times with 2Gml of a washing solution (NaCl 0.85% WwMNVE/DEAD
Bacterial Viability Kit was used for the staining of bacteria. The kit contains SYTO9 and
propidium iodide dyes witlm y p Vvamdpyo p vnenaexcitation/emissionwavelengths,
respectively. Both fluorescence dyes were incubated at room temperature until thawed.

A volume equal to 3QL of each dye were mixed together in a dark centrifuge tube. Half
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of the mixture was mixed with the recovered bacterial pellets in each falcon tube and
incubated inthe dark for 15 min. The cells were then centrifuged at 4000 rpm for 15 min
at 10C. The supernatant was removed followed by two washing steps to remowe fre

fluorophores.

4.2.9 Bacterial release in seawater

Exiguobacteriumsp. was used as the model bacterium to study the release of
encapsulated probiotics in seawateFluorescerdabelled bacteria were used to
producechitosarcoated and uncoatednicroparticlesas described ifection4.2.3 The
encapsulated bacteri¢d.4 9 were placed in &alcon tube with 4 ml of filtered seawater
(0.22pum). The tubes were kept at & and 4Qul of the seawater was withdrawn at
various time inérvak (1, 2, 3, 4, 5, 6, 24, 489)rSamples werecentrifugedat 500rpm

for 5 min. Supernatantl0 pl) was placed on a counting chamber to couimé thumber

of released bacteriander fluorescence microscop&he experiment was performed in

triplicates br each formulation.

4.2.10Trackingmicroparticleswithin the GIT ofabalone

4.2.10.1Preparation of feed
Exiguobacteriumsp. was used as the model bacterium track the encapsulated

bacteria within theGITof abalone.Fluoresceriabelledbacterialcellswere added to
alginate formulation to producemicroparticles (Section 4.2.3). The produced
microparticlescontaining the fluoresceihabelled bacteria were then used to produce
feed pellets for abaloneThe producednicroparticlescontaining probiotic werdghen
immobilised in alginatbeads beforaleliveringto abalone. The immobilisation process
was performed by mixing the producedicroparticleswith 10 ml alginate (1.5%/v)
and dropping the mixture into 400 ml of CaCl crosslinking solution (0.1 M) 8ing a
syringe.Alginate beadsvere immediately formed as droplets ented the crosslinking
bath. Particleswere collected after 30 mimsing a sieveand rinsed with 200 ml of

distilled water Figure4-2).
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Figure4-2 Schematic diagram ateps forproducing alginatéeadscontaining encapsulated
probiotics.

4.2.10.2Feeding experiment
Eight juvenile abalone(25-35 mm length)were not fed for two days priorto this

experimentation to maximise feeding within the first few hrs of introducing
encapsulated probiotic particles to the animalkhe animals were kept in 10 L of
seawater at 1BC.The seawater in the niatenance tank wasltered (50um), sterilised

by UV andaerated using air stonegnimals were fecnce with 4 gr oimmobilised
microparticlesdroppedinside the tankAfter 12hrsthe remainingmicroparticleswere
removedand freshseawater was replack Two animals were then removddom the
tankfor dissectiorat 12, 24, 48 and 72 hrs after feedirMdicroparticles containing non
stained probiotics and microsections of abalone fed with conventional feed were
observed with fluorescencmicroscope to ensure the lack of fluorescent signals from

the samples prior to the experiment.

4.2.10.3Cryasectioning and microscopy

Two animalgollected at each time point were dissected to remove thstpintestinal
tract. The recoveredissues werghen frozen bya tissue freezingnedium (Leica, UK)
and Surgipath Frostbite rapid coolant (Leica, @id cut using d_eica CM18506ryostat
(UR (Figure4-3). Thin sections(40 um) from various layersvere collectedon a glass

slide and kept ithe dark at-25°C until microscopic analysiHuorescence images were
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obtained using Olympus BX51 microscauglipped with a camer@Optronics, Japgn
andMagniFireimagingsoftware (DP12 Olympus Japan).

Figure4-3 Images of (a) &rozen block of abalonéissue, (b) sectioning process using Leica
cryotom and(c)thin sectiors of abalon€ GIT

4.2.11In-vitro bacterial release into simulated gastric and intestnedlia

4.2.11.1Preparation of imulated gastri¢S®/1) and intestina{SM) media

Three juvenile abalone (385 mmshell length were dissectedor this purpose andhe

stomachand intestire were removed andept on iceseparately The stomach of three
animalswere pooled together.Sterilisedcold saline (0.85% w/v, 13 ml, pH: 5\2as

added to the tissugbefore homogenising witla stomacherSewardlaboratory, USA)
for 4 min to extract crudenzymes. The homogenatavas centrifuged at 4000 rpm for
10 min at 4C The supernatant was recovered anded as SGM To produce SIM,
sterilised cold saline (0.85% wi/v, 13 ml, pH: 6as used insteado homogenise

intestinal sections

Microparticlescontaining stained bacteriaere preparedas described inegtions4.2.3
and 4.2.8 Theproducedmicroparticles(0.4 gwet weight)were immersed in 4ml of
SOV and SM. The release experiments were carried atitl5Cin the dark to resemble

abalone culture conditionsSampés (40ul) were collectedat different time points (0.5,
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1, 2, 3, 4,5, 6, 24, and 48 hes)d centrifuged at 500 rpm for 5 min.h& number of
released bacteriawas counted using a counting chamber under fluorescence

microscope The experiment was repeatelrice.

4.2.12Delivery of probiotics to abalone

Probiotic culture andnicroparticleswere prepared as explained ire&ions 4.2.2and
4.2.3 respectively The dietwas prepared according t8ection4.2.10.1 Seawater was
collected from Okahu bay, Aucklardivenile blackooted abalone (3685mm SL) were
kept at 1%C in black tanks containing 15 L of filte®&@ pm)seawater(three tanks for
each treatment). Animal holdingtanks were aerated vigorouslgnd seawater vas
checked regularly for dissolved oxygen (100%), p8l38 ammonia (@.25 ppm) and
nitrite (0-0.25 ppm)concentrations

Enterococcussp. was usedas the model bacteriunto investigate the efficacy of
microparticlesin delivering probiotic to abalone. Feeding, tank cleaning and water
exchange were carried out every two dayAs. group of 6abalone were fed with
encapsulated probiotics (approximately #@FU ofEnterococcusp. at each feeding
time) andanother groupwith commercial pellets (control group). The bacterial load of
control andprobiotic-fed animalswasquantified after four days taleterminewhether

the encapsulated bacteriavere releasedfrom the microparticlesinto the abalone

gastrointestinal tract

All the 12 animals in the feeding experiments were disseetad thecontent oftheir
gastrointestinal trat were homogenised in 10 ml ofarine broth using &8omacher
(Sewardlaboratory, U3) for 4 min. Serial dilutions of homogenised mixture were
subsequenthprepared KAA agar plates were used to culture J0@om each dilution
(each dilution was aayed in triplicate). Theolonieswere countedafter 48 hrs of

incubatingcultured plates in an anaerobic jar.
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4.3 Resultsand Dscussion

4.3.1 Surface chargandsize distributiorof microparticles

Size and surface charge bktproducedALGand CAL@icroparticlesvere testedusing

a laserscattering techniqudgTable4.1). The size and surface chargenoicroparticles
were measured in distilled wateALGand CALGnicroparticleshad a weighted residual

of 0.51% and 0.59%respectively. Thepercentage of residual below 1% for both
formulations indicats that the calculated data by software was perfectly fitted to the
measured data.A normal size distribution &s found for both ALG andCALG
microparticles The size of thenicroparticleswas sunmarised inTable4.1. The mean
diameter of ALG an@ALGnicroparticlesanged from69 and 113um. The higher mean
diameter of CAL&ould be due to thgresence of coatigaround alginatenicrospheres

and microparticlesclustering Higher span value of 4.6 compared to 2.3 in AbGws
higher polydispersity o€CALGormulation. This could be due to the zeta potential of
CALG being close to zero which may have caused slight agglomeration of microparticles.
However, samples were sonicated right before the measurements in order to
deagglomerate the microparticledlicroparticleswere washed withcalcium chloride
solution in order to increasethe surface charge of microparticles and minimise
agglomeration.The zeta potential of CALGvas higher than that of AL@icrospheres

which confirms the success of coating process.

Tabled.1 Size and surface propertie$ the producedmicroparticlegn=3; mean = B).

Formulation Meandiameter um) Span factor ZP (nV)

code
ALG 69.2+1.0 2.3 -45.8
CALG 113.4+3.9 4.6 0.20

4.3.2 Evaluation of the viability of encapsulated probiotianicroparticles

The viable amount of encapsulatedobiotic was evaluateds a combined measure of
entrapment efficacy and survivability of cells during encapsulation process for each

probiotic stran. High encapsulation efficiency was found for all the three probiotics
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usingthe emulsion techniqudTable4.2). The viable cell countabove 756 for all the
three probiotic bacteria implies that the applied emulsion procedure did not im@ose
significant detrimental effect owiability of Exiguobacteriunsp, Enterococcusp.and

Vibriosp.

Table4.2 Viability of encapsulated probiotics microparticlegn=3; mean + B).

Bacterial species EE%

Enterococcusp. 85.7+1.4
Exiguobacteriungp. 75.9+4.1
Vibriosp. 75.3+25

4.3.3 Morphologcal properties ofmicroparticles

Optical micrographs of wet alginate amthitosancoated alginate microparticlesare
illustrated inFigure4-4. Sphericammicroparticleswith a wide size range were obsed.
SEMimagesare shownin Figure4-5a. Alginatemicrospheresshowed a rough surface

which might be due to the water loss duritige drying process. The presence of bacteria

within the matrix ofmicroparticlescan be clearly seen SEM micrograg{Figure4-5b).

Figure4-4 Optical microscope images of @) Gand (b)CALGnicrospheresvith magnification
of x400, produced by emulsification.
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5.0kV 20.0mm x900 SE(M)

Figure4-5 SEM image of (a) probiotic loaded alginateroparticleand (b) the encapsulated
probiotics indicated by arrows.

4.3.4 Spectroscopianalysis

FTIRspectra of samples were obtaingd confirm the presence of chitosan coatiirg
CALGmicroparticlesand to identfy potential interactions between chitosan and
alginate. Infrared spectrum intensity of ALG &@WLGnicrospheresalginate, chitosan,
CaC@powder, and a physical mixture of them are showirigure4-6. The assignment

of functional groups to the major IR peaks are summaris&alries.3.
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Figure4-6 The infrared speca of (a) CALGnicroparticles (b) chitosan,(c) ALGnicrospheres
(d) sodium alginatele) CaC®@and(f) physical mixture ofadium alginate, chitosan andaC@

Two characteristic peaks were observédr alginate at 1607 cnt! and 1412cnr?!
correspondngto the carboxylate group iits structure (Figure4-7). The third distinave
peak presenting th&0O-Cbondwasat 1031cnrtwhich igelated to saccharide structure
of alginate(Figure4-6d)(Figure4-8)(Lawrie et al., 20Q7i et al, 2008 Papageorgiou et
al., 2010)
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Figure4-7 Chemical structure of sodium alginate
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In the spectra ofCaC@ the band at 1796n! correspondso C=0 bonds. Other

absorptionbands of single bonded-G andCaO bonds appeared at 1394, 871 and 721

cnm! (Table4.3). The use ofCaC®has contributed to absorption el of symmetric

vibration of carboxylate groups which resulted in a shift fraédi2 cnrtin alginate

powder to 1409 cnttin IR spectrunof alginatemicrospheresThe presence ofvider

peak at 1409 cnm! with an adjacent shoulder is indicativef symmetric stretching

vibration of carboxylate groupsl412cm?) in alginateand GO band(1394 cnt?) of

CaCo(GalvanRuiz et al.2009) Furthermore, the presence of other absorption peaks

including 712, 1796 and 87tn! indicates the presence of€aC® within ALG

microsphere.
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Figured-8 Schematic diagram of edgpx structure of calcium ginate gelation

In the spectra of chitosarfigour major peaks are distinguishable 875 1652 2873and
2918cn! (Figure4-6b). The absorption band &918cnrtis relatedto the GH stretching
in chemia@l structure of chitosanHigure4-9). The peak at 2873 corresponds to tt@H
stretching. The absorption bands df575and 1652cnt! have been assigned tihe
vibration ofamide Il and amide respectively(Li et al, 2008 Wang, Zhu, & Zhou, 2011)

Theremainingpeaks are summarised irable4.3.
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Figure4-9 Chemical structure of chitosan monomeric unit (Acetylated residu¢hereft and
deacetylated residue othe right).

In the IR spectrum oEALGnicroparticlesthe strongpeaks of a2918and 2873 crm
were recordedwhich are associated witlthe presence of chitosam narrow peak of
the asymmetrical stretching of carboxylate group at 18@i! indicates less vibration
from carboxylate groups in CALG compared to AbnBrospheres Moreover,
disappearance of amide | vibration in chitosan at 168 and formation of a shoulder

at 1651 cmt could be due to the interaction between carboxylate groups of alginate
associated with chitosan. In additipthe absorption band at 1578n1!in chitosan
shiftedand formed a shoulder at 1455 ciythe stretching vibration o OH andtNH: at
3360 cnr! shifted to 3350cm? and became broad after the reaction of chitosan and
alginate in CAL@icrospheregLi et &, 2008)
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Table4.3 Summary of major FTIR peaks and assignment of corresponding functionad.group

Wavenumber (cm)  Functional group or contributor biomolecule

Alginate powder 1607 Asymmetric stretching vibration of
carboxylate groups
1412 Symmetric stretching vibration of carboxylat
groups
1031 CG-O-C stretching in saccharide structure
Chitosan powder  3100-3500 Amine and hydroxyl groups
2918 GH stretching
2873 -OHstretching
1652 Stretching of Carbonyl group in the seconda
amide (amide | band)
1575 Bending vibrations of the M (Nacetylated
residues, amide Il band)
1418 N-H stretching of the amide and ether bonds
1375 N-H stretching (amide Il band)
Calcium carbonate 1796 C=0 bonds
1394 GO bonds
871 GO bonds
712 CaO bonds

4.3.5 Bacterial release in seawater

To assesshe protectivecharacteristicof chitosancoatedand uncoatedmicroparticles
against the release of encapsulated bacteria in seawatsterial release studies were
conducted in a simulated set ugxiguobacteriunsp.was selected for this experiment
becauseit can be recognised easily under microscope and having high surtwabili
during staining procedure.The cumulative number of bacteria released from the
microparticles were calculated which asaownin Figure4-10. The reported bacterial
count may include the released bacteria from thecroparticles,and the daughter
bacterial cells produced by already released bacteria. However, the release test tub
were erected still and tightly capped during the experiment to limit the presence of
oxygen. Furthermore, it was assumed that lack of fresh nutrients in the release media

would limit and postpone the bacterial multiplication during the experimeior
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uncoatedmicroparticles bacterial release commenceat 5 hrs post incubatiomhich
slowly increased until 24 hrs followed by a fast reledse release was observed for
coatedmicroparticlesover thefirst 6 hrs of incubation in seawatefheoverallrelease

of bacteria fromchitosancoated microparticleswas significanty lower (P<0.05)than
that of the uncoatedmicroparticles The encapsulated bacteria could still be detected
within coated microparticlesnderfluorescentmicroscope after 48 hrs of incutian in
seawaterFigure4-11. Previous studies have also reportedignificanty lower release
of encapsulated bacteria frorohitosancoated microparticlescompared to uncoated
ones (lyer, Phillips, & Kailasathg, 2005) In aquaculture, it is desired that delivery
systems protect their bioactive contents when placed in sea water. Any bioactive release
at this stage and before animals consume th&roparticlescan result in bioactives

leach into sea water ahpotential environmental risks.
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Figured4-10 Release of encapsulated probiotic bacteria in seawgated; mean + B).
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Figure4-11 Imagesof chitosarcoatedmicroparticlesafter 48 hrs incubation in seawatga,c)
white lightand(b,d) fluorescence images witfa,b) 100 and(c,d) 400 magnificatiors.

4.3.6 Trackingmicroparticleswithinthe GlTof abalone

Tracking studies were carried ot explore the fate of microparticleswithin the
abaloneGIT TheExiguobacteriuntellswere stained with 8TO9 (green) and PI (red)
which areboth nucleic acid stains. However, thdiffer in ability to penetratelive and

dead cell membranedive cellswith intact cell membraneare stained greenwhereas
dead cells and cells with damaged membramee stained red. The bacteria were
successfully staineds illustrated inFigure4-12. A small proportion of bacteria were
stained red whichvere probablydamaged during the stainiqgyocessHowevet for the
purpose of this experiment, the microscopic observation was continued using green

fluorescein filter aslelivering live bacteria to animalgas of top of importance
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Figured-12 Micrographof Exiguobacteriunsp.Under(a) white light and (b) fluorescence
filters (x400).

The stained bacteria were then encapsubhie chitosancoatedmicroparticles(Figure
4-13). The producednicroparticleswere immobilised in alginatbeadsto ensure they
cansink tothe bottom of the tank and do nofloat as abalone are bottom feeders
Bacterial stainingfeeding, cyo-sectioning and microscopy werarcied out inthe dark

to prevent quenching of the fluorescent dyes.

Figure4-13 Microparticlescontaining stained bacteria underfluorescencefilter with (a) 100
and (b) 400magnifications

In abalone, food particles are grasped with foot muscle and graszed with radula. The
food particles are broken downy mechanical forces exerted by radula and conveyed
to buccal region. The food particles are mixed with mucus and carried down the

oesophagus area by the strong ciliary movements and subsequently are transferred to
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crop. The pH of the crop is reported to &mwund 5.2 in which food particles are stacked
and mixed with strong digestive fluid and gradually enter to the stomach. Extracellular
digestive enzymes are secreted into the stomach which are moved along with the food
into the intestine Figure4-14). Intestine in abalone is long and consists of several
sections with an average pH of 6.3. Food digestion and absorption continues in intestine
due to the presence of enzyas such as amylag®icLean, 1970; Harris et al., 1998)

very limited information is available on the feed incubation, digestion and passage time
for different segments of abalone digestive system where, signs of digestion have been
observed from severahinutes up to seven days after feedifigcLean, 1970; Harris et

al., 1998)

Oesophagus

Buccal region

=

Intestine

Stomach

Figure4-14 Schematic diagram of digestive tract of abalone.

Microscopic observati@arevealedthe presence omicroparticlesn the entire length of
abalone GIT 12 hrs post feedinghowing successful delivenA substantialload of
microparticleswasfound in alimentary canal including buccal region, esophagus,-post
esophagus regions, crop astbmachin specimens collected 12 hrs post feedifigpe
presence ofmicroparticlesin buccal regionat this time pointimplies continuous
consumption ofmicroparticleswhich is common in abalone as they astowfeeders

(Wee, Maguire, & Hindrum, 1991)
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A change iphysical features such as size and shamoofeof the eatenmicroparticles
was observed in all specimenshich could be due to the effect of radula, teelke
structure in gastropodsand the effect of strongnzymatic digestiomwithin the abalone

GITover the time(McLean, 1970)

At time points 12 and 24 hrs pogeeding the amount ofmicroparticleswas highest in
buccal pouchesgsophagus regions, crop and stomach. Lesser amount of intact
microparticleswere found at the final sections of intestinén addition, weaker
fluorescein signals were observed toward the end of abal@GhigFigure4-15). Higher
amount of micoparticle residues with weak fluorescent signals were found toward the
latter part of GIT at time point 48 and 72 hrs post feedwlgich could suggest a
successful delivery of probiotics into the intestine of abalone. The chitosan coating
should dissolven acidic pH of stomach exposing alginaterosphereso enzymatic
digestion and increased swelling. Bacteria that are released into the intesgiyestart

to propagateandgraduallylosetheir fluorescent signals.

From 12 to 72 hrs post feedindye anount of microparticlesinside the stomachvas
reducedwhich could be due to the unavailability of the food and gradual evacuation of
intact and partially digestednicroparticlesfrom the GIT Weakerfluoresceinsignals
from microparticlesovertime andtowards abalone intestine could potentially indicate
digestion ofmicroparticlesand release of bacteria fromicroparticles However, it has

to be mentioned that emall fractionof microparticlesappeared inthe animal faeces
after 72 hrs post feeding whictmay bedue to partial digestion and/or over feeding.
However,the excretedmicroparticlesshowed holes and pores in their structuseder
SEM(Figure4-16). This indicateghat the bacteriawere possibly released from the

partially digested or undigesteaicroparticles
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Figure4-15 Fluaescence microscopy of abalo@Tat 12, 24, 48 and 72 hrs after feeding with
SYTO%abelled bacteria.Consumedmicroparticleswere tracked mainlyin three regions of
abaloneGITincluding(a) oesophagus(b) stomach andc)intestineat each time pointNormal

white and fluorescent image were captured from gut sections.

113



Chapter 4: Microencapsulation

-~
3
~

\\A { 2 s =

5.0kV 17.7mm x1.80k SE(M) 30.0umr ' 30.0um

Figure4-16 SEM images of (a)tact chitosancoatedmicroparticlesand (b) excreted
microparticlesrom anima @1T

4.3.7 Bacterial release in simulatgdstric and intestinal fluid of abalone

Therelease ofencapsulated bacterizvas monitored oved8 hrsin simulated gastric
medium (SGM and simulated intestinanedium (SIM. The resultsuggestthat the
encapsulated bacteria statb be released IsGM ad SIM two hrs post incubation. This
could be due to acidic pH which dissolves the thin codtiggr of chitosanThe release
was slowly increased in botimedia; however, the number of released bacteria were
always higher in SIM. The cell count of SIM slzply increased by one log at 4 hrs
differing from SGM by twdogs A significant difference (P < 0.05 was observed
comparing the total bacterialeleaseof SGMand SIM (Figure4-17). The number of
released bacteria increasedramatically inSIM (p& p 1Wml) as opposedo SGM
(x® p 1ml) after48hrs. This could bdueto the stability of @alginate core in acidic
pH. Whilein SIM the microparticlesswelled as a result oincreasingpH within intestine
Furthermore, the presence of strong enzyme activities such as carbohydfaaesa
Esquivel & Felbeck, 2006puld beanother contribuing factor to the digestionof
microparticlesand release of bacteridhe fluorescence images of releddmcteria are

shown inFigure4-18.
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Figure4-17 The release of encapsulated bacteria over time in SGM and SIM of abalone

(n=3; mean = B).
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Figure4-18 Fluorescent images of released bacteri&®Mand SIMof abalone

4.3.8 Feeding trial

The bacterial load in the gastrointestinal tract of abalone fed with either commercial
feed (control) or encapsulated probiotic were quantifiddo days after probiotic
administration. The average amountBhterococcusp.wassix logsigherin probiotic

fed & p m# &B | than the control groupv p T# &AB 1. This indicates the

successful delivery @ncapsulated probioticsto the gagdrointestinal tract of abalone.
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4.4 Overall dscussion

Oral administration is one of the most practical 8y deliverprobiotics to abalone
Although some researchers could successfiprove the growth and immunity of
abalone by delivering probiotics througbulture water orfeed (Macey& Coyne, 2005
Doeschate & Coyne, 2008ilvaAciares et al.,2011; Hadi et al., 2014)dispersion of
probiotics in water candead to environmental and healthssues while the uptake of
sufficient dosageof live bacteria by animals not guaranteedThe aim of thichapte
was toformulate and evaluatdhe efficacy of chiosancoatedalginatemicroparticleas

acarrierfor probiotic administration tdlackfooted abalone.

The producednicroparticleswere composed of alginate and chitosan as ttwe and
shell materials respectively Alginate is one the most commonly used polysiéor
encapsulation due tosimplicity of its formulation and compatibilitywith cells
(Krasaekoopt et al.2003). Several studieshave reported the use of alginate
microspheredor delivery of probiotics to fisfRodrigues et al., 200&hosh et al., 2016)
Successful delivery, improvement in viability of probiotics and enhanced survival of
probiotic-fed fish have beerachievedusing alginatemicrospheresIn addition, alginate
canenhance palatability omicroparticlesas it is derivedrbm seaweed which ithe
natural foad for abalone However, the porous structure has been reported for alginate
microspheresproduced by internal gelation whiatanaccelerate the bacterial release
from the microparticlesvia diffusion(Quong, Neufeld, Skjak, & Poncelet, 19@Rijlising
chitosan as a coating layer around alginatierospheresouldact as a physical barrier

reducingthe bacterial release into seawa.

Emulsification is a widely used technique that can be used for microencapsulation of
probiotics(Shima, Matsuo, Yamashita, & Adacldi02 Song, Yu, Gao, Liu, & Ma, 2013
RodriguezHuezo et al., 2014)Alginate microspheres can be formulated using either
external or internal gelation techniques. In external gelation, an extesoakce of
calcium is used during encapsulation. An emulsion is formed by dispersing
polysaccharides with oil phase. A solutiorCafGlis then added to the stirred emulsion

for gelation to occur. A high chance of clumping +satidified materials was repted
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as the addition of crosknking solution to the emulsion disrupts the emulsion system
(Poncelet et a).1999) In internal gelation, an internal calcium source is used in form of
adding powder to polysacchagdsolution. The mixture is then added to an oil
continuous phase to form an emulsion. Calcium ions will then be released by reducing
pH of the system using a weak a¢iRbncelet et al., 199%uong et al, 1998 Song et

al., 2013)

In this study, aninternal gelation emulsification method was used pwoduce
microparticles. It has been reported that using this method a narrow size distribution,
uniform and homogenous gels and minimal leakage during formation and storage can
be obtained compared to external gelatigQuong et al., 199&ong et aJ.2013) During
encapsulation process, alginate and probiotics were mixed homogenously. Arbiesolu
salt of CaC@was added as a source of calcium ions for ctinésng of alginate polymer
chains. The mixture of algingtprobiotic and CaC{was used as the dispersion phase
during emulsification. Sunflower oil was selected as continuous phase aied &0l the
mixture to generate a water in oil (W/O) emulsion. Sunflower oil was selected based on
the safety, content of saturated fatty acid, stability of emulsion reported in literature
(Garti & Remon, 1984nd market price. Span 80 was used as emulsifier to stabilise the
newly formed alginate droplets ithin the continuous phase. This emulsifier has a low
hydrophiliclipophilic balance (HLB) value which is suitable for producing W/O emulsion.
After an emulsion was formed, acetic acid was adaaelease calcium ions from CagO
salt for crosdinking with alginate monomergPoncelet et al., 1995)The developed
microparticles were then collected and washed thoroygiol remove surface oil and to
expose alginatsurfacefor interaction with chitosan as coating layer. The pH of chitosan
solution was increased before coating as low pH could negatively impact bacterial
viability. Chitosan is a polycationic polymer whielm easily form a network with anionic
molecules such as alginate through ionic interacti@erger et al., 2004)The chitosan
coated microparticles were collected by centrifugation and washed with distilled water
to remove excess chitosan. After washing with distilled water, particles had a zeta

potential value close to zeroTéble 4.1) that caused agglomeration of CALG
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microparticles. Therefore, a second washing step was carried out usingGa@on to
increase surface charge of the particles and to avoid agglomerafiechitosarcoated

microparticles

The microparticles produced by interrgdlation were inthe micrometer range of @Qto
1000 um with an average diameter ofil3 um. The meandiameter of CALG
microparticleswere within the particle size range edible by abald¢@ampbell, 1965)
The spherical shape of obtainedcroparticlescould bedue tothe high degree of cross
linking (Antonio et a) 2005).The sphericity obbtained CALGarticlesare desirableas
it canimprove the mechanical and chemical stabilityroicrospheresas opposedto
particleswith irregular or norspherical shape ! f 1 I 2 NB. F@thernorie iig
can provide a better control over the releassf encapsultes and allowgenerating

reproducible result§Lee, Ravindra, & Chan, 2013)

The surface structure analysis of the microparticles using SEM imegegled a
relatively splerical but slightly uneven granulated surface structure fédl.G
microsphere (Figure4-5a). In contrast a smoother surface was observed fGALG
microparticleg(Figure4-16a) which canshowthat chitosan coating was indeed present
and modified the overall surfacef the microparticlesPrevious studies also refded a
smoother surface structure irthitosancoated particles as compared to uncoated

particles(Pasparakis & Bouropoulos, 2006okarram et al. 2009)

High encapsulation efficiency of 75 to 85 %sveahieved indicating the immal effect
of encapsulation process on the viabjliof the probiotic bacteria An encapsulation
efficiency of abouB7.9%6 was reported bZai et al(2014) encapsulatind-actobacillus
acidophilususing emulsion/internal gelatio(Cai et al., 2014)Another study reported
93.4% encapsulation efficiency f&acillus subtilisusing a mixture of alginate and
gelatineduring emulsification/internal gelatiofiTu et al. 2015) These variations may
be due to the sesitivity of the different probiotistrains.Furthermore, the solventsed

to release the encapsulated bacteria from microsplsararieswhich is an influential
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factor on probiotic viability as different bacterial strainsare variouslysusceptibleto

environmentalconditions.

FTIR spectra showed strong absorption bands at 1607 and 1412cn? that
correspond toasymmetric and symmetric stretching vibration of carboxylate groups
(Rbeiro et al, 2005 L et al, 2008) The carboxylate vibration could be shifted by the
presence ofCaC@from 1394 cnt to 1409 cmt in ALGmicrospheresThe presence of
chitosan coating deviates the carboxylate banfi&\LG spectrurdue to the interaction

with ¢NH* groups of chitosan.

The main aim of adding an extra layer of chitosan around algmateospheresvasto
provide a protectie layer against bactal release into the seawatefhe releasrofile
of encapsulated bacterimom chitosancoatedmicroparticlesn seawateindicates that
the addition of an extra layer of chitosan around timécroparticlescandelaythe onset
of bacterial releasand reduce theotal releaseof bacteriain seawater Laclof bacterial
release in the first six hours camdoubtedlyminimisethe chance of environmental
contaminationduring probiotic administrationin addition, it maxinses the number of

deliverable probiotics to abalone vilae microcapsule delivery system.

In allthe feeding experimentsmicroparticleswere immobilised in an alginate bead to
preventthemfrom floating in seawaterThis facilitatesccessibility omicroparticlesto
abalone.Microparticlesfloat in water due to their small size and density. Having them
imbedded in bigger alginate beads facilitates their settlement in the bottom of the tank
and as abalone are bottom feeders, this maximised feed consumptides. The
increased bacterial loagrovedthe successfutleliveryof bacteriato the GITof animal

usingmicroparticles

Trackingof encapsulated stained probiotics in tdTof abalone was essential to study
the fate of microparticlesand visualise ta successful delivery of probiotics into the
intestine of abalone.Presence ofnitact microparticleswith strong fluorescent signals
indicated the resistance ofmicroparticlesto degradation atlow pH and enzymatic

content of crop and stomach sectionslherefore, chitosarcoated microparticles
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imbedded in alginate beads were not only able to protect their content in seawater but
also against degradation in abalone gastric region. This is bechitssan coating
remains intact in sea water and starts to dissolve slowly in acidic pH of stomach and by
the time microparticlesreach the intestine, the coatingmay disappear whichcan
facilitate bacterial releaseTo back this hypothesis, bacterial rage was investigated

in exvivo simulated gastric and intestinal media. Onlgnaall number of bacteriawas
releasa from microparticlesinto simulated gastric mediunwhich was ideal and in
agreement with other studie§loosten et al., 199Fundueanu et al.1999 Romalde et

al., 2004 Rodrigues et al., 2006{lowever, in the intestinal medium, adter bacterial
release rate was observeavhich is probably dueto the swelling of alginate
microspheresat slightlyhigher pHvalues Similarresults have been reportedvhere
alginatemicrosphereswelledwhen put in media witlpH valueshigher thanpH5 which
subsequeniy led to therelease of encapsulated bioactivé®osten et al., 1997The
stability ofchitosancoatedalginatemicroparticlesn slighty acidicenvironments pH of

4-5) followed by a very higlhacterial releaseates at higherpHwas also reported by
Cook et al(2011) which confirms a pHdependent release of encapsulated bacteria
from chitosancoatedalginatemicroparticles(Caok et al, 2011. This can also explain
the weakfluorescentsignalsobtained in tracking studiesom the particlesin intestinal
regionsasmore fluorescent bacteriarereleasel and start to propagate in the presence

of nutrients withinthe GIT ofanimal resulting in the loss of fluorescent sign&ly
increasing the bacterial counts in the intestinal region of abalone this
microencapsulateddelivery systemcan increasebeneficial effects of probiotics as
relatively long intestine in bivalves provides more surface for probiotics to colonise.
More favourable pH of intestinal sections for the three probistian also help in their
propagation ad implementation of their activities that they were selected fdihe
occurrence of bacterial release and the presence of highly porous and damaged
microparticlesn animal faeces indicatbat the encapsulated bacteria can diffuse from

the microparticlesasmicroparticlesstart to swell andjetdigesed by digestiveenzymes.
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Therefore, it can be speculated that the encapsulated bacteria can be released from

CALG microparticles via diffusion and erosion. Diffusion can be facilitated via the porous

structure of alginate particles. This release mechanism has been previously reported for

alginate microspheres produced by internal gelat{@uong et al., 1998)rosion can

be considered as the second possible mechanism for bacterial release from the

microparticlesP 9 NRP&AA2Y 2F YAONRLI NI AOf Sa

Oy 20

dependent dissolution of microparticles in gastrointestinal tract of abalone and

enzymatic degradation of microparticl@Sigure4-19).

Microparticles in
alginate matrix

Oesophagus Crop and stomach

Buccal region

Feeding

Intestine

Haliotis Iris

Figure4-19 Schematic diagram of the controlled release of encapsulated baciéh@alginate
matrix may be broken down biyJ Rdzf | Q& & Oandl th&inmmabiliSedaylicdapartitlgs

are releasedfrom the alginate matrix into théucal region and oesophagus abalone. The
chitosan coating of the microparticles is th@naduallydissolved in acidic pH of crop and
stomach and encapsulated bacteria are partially released by diffusing from the particles. The
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alginate cores of micropariies are swelled and dissolved in basic pH of intestine leading to a
complete release of the encapsulated bacteria into the intestine of abalone.

This study proves that encapsulation of probiotics ghitosancoated alginate
microparticlescan be potentidly applied for targeted delivery of beneficial bacteria to
blackfooted abalone. This could address some of the concexssociated with
traditional methods of probiotic administration such as risk of environmental
contamination, loss of bacterial viabylitlack of control over the dosage and site of

release of administered probiotics.

4.5 Conclusion

In this study, an emulsion technique was used to produce microspheres for delivery of
live probiotics to blackooted abalone. Sphericalchitosancoated alginate
microparticles were palatable and could efficiently protect probiotics in seawater. The
developed microspheres showed high encapsulation efficiency for live probiotic bacteria
and were able to specifically deliver themtothe aya Q&4 Ay G SadAy Sd ¢ f
first report to demonstrate that the encapsulation of probiotics in chitosaated

alginate microparticles can be potentially applied for targeted delivery of beneficial
bacteria to abalone. This approach could addressesof the concerns associated with
traditional methods of probiotic administration, such as risk of environmental
contamination, loss of bacterial viability, lack of control over the dosage and site of

release.
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Abstract

The potential benefits of probiotics for growthf blackfooted abalone Kdaliotis irig
have been highlighted in previous studiésowever, traditional methods of delivering
probiotics to aquaculturespecies are inefficient due to possible environmental
contamination and bacterial loss during delivery. The objective ofdhépteris to
develop an efficient dévery system based on chitosaonated alginate bead<CCALG)
for improved delivery of threrobiotic bacteria Exiguobacteriunsp.,Enterococcusp.
and Vibrio sp) previously shown to enhance growth in this speci&s extrusion
technique was utilised to produce CCALG beadsich were then fed to juvenile

abalone in controlle@xperiments

A stepwiseapproach wasisedto optimisethe final formulation of CCALG beads with
desired morphology, gel stability, sinking time and release prd&iginatebeads (ALG)
were obtained using a final concentration of 1.8 sodium alginatevith a viscosity

of 0.41+ 0.06 pa.sfor the bead formulationSerilising (121aC, 15 min}he alginate
solutionbefore bead formatiomeduced the viscosity of sodium alginate. Therefdine,
characteristics obeadsproduced fromheat treated sodium alginat€AtALG) were
notably influenced by the sterilisation process. Lower sinking time £167 sec) and
matrix erosion (3.1% 0.3) after 72 hrs incubation in seawater were achieved for ALG
beads compared to those of AtALG beé2ls4+ 15 sec, 8.6%0.1).

ALG beadsvere then coated with 0.8%w/v of chitosan for 20 min (CCALE8-20).
CCAL®.820 beads were found to be more stable in seawater due to a lower
percentage of matrix erosion (0.980.2) after 72 hrs incubation in seater compared

to ALG beads (3.1%0.3). In addition, a considergblower release of encapsulated
probioticsin seawater was achieved using CGAL&20 beads compared to ALG beads.
An observational study revealed high palatability of CCALG beads fonabBrobiotie

fed abalone had significantly higherobiotic bacterial load (p& p 16 "OFff & than

the control animalsq p ™6 "Of & O T8t L. The tracking experimemesulted

in successful delivery of fluorescelatbelled encapsulated bacteria to the
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gastrointestinaltract (GIT) of probiotifed abalone.The findings of this research

indicate thatCCALG beadse efficient indeliveling probiotics to abalone.

5.1 Introduction

Advaned aquaculture practices are requiréar complete removal of synthetic agents
and development of green strategiesachieve a sustainable productiofhe advent of
probiotics in aquaculture researakeflectstargeted efforts by researcheraround the
globeto achieve thigim. The approvdior the wide use of probiotics in food production
from the Food and Agriculture @anisation (FAQ)as paved the way and drawn more
attention to the use of these beneficial organisimstead of chemotherapeutics
aquaculture (FAO/WHO, 2002)A great number of studies have alstown the
beneficial effects bprobiotics on aquatic animalSahu et al., 20Q8ralukder Shefat,
2018 Zhao et al., 2018 Most probiotics applications fdiarmed animalsare through
water treatment or as feed additive@lessandro & Chen, 2009)hese conventional

delivery methodscanintroduce environmental issues and incregseduction coss.

In conventional delivery methods, safety issues may arise due to the release of live
microorganism imo farm effluent water which may increase the risk of environmental
contamination. This issue requires attention as one probigpieciesnaybe beneficial

for one aquatic species but pathogenic to others. Another concern aroundetligery

of probioticsis the dosage and viability @rganisms since the initi@losagesnay be
diluted inthe culturingwater before they reach theéarget animals. The loss umability

of probiotics during feed preparation and storage is another concern. Therefore, further
research $ required to develop economind environmentaly friendly methods for

delivering probiotics to aquaculturgettings

Controlled and targeted druglelivery strategies used in pharmeutics have been
adopted by marine scientists to develop new delivery methods for nutrients, probiotics
(Pirarat et al. 2006 Kumaree et al., 20t#inpimai et al., 2015Vadreseh et al., 2018

Xia et al., 2018and immunostimulans in aquaculture(Adomako et al., 20%2/idhya
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Hindu et al., 2018) Biocompatible and biodegradable natural polysbave been used
to develop confinement structures in the form of capsikndbeads to maintain the

viability of probiotics and to obtain a targeted delivery to a h@&tang, Lin, & Zhong,
2015 Rodriguez et al., 2018)

Several materials and methods have been used to create confinement structures for
delivery of bioactives to aquatic animgl3armody et al., 20L%inpimai et al., 2015
Pirarat et al., 2015among which alginate particles formed by dripping technique have
been used frequently. Alginate as excellent polymer to be used for cell encapsulation
due to its nontoxic nature(Lee & Heo, 2000Encapsulates can be immobilised easily in
alginate matrix simply by extrwsion into a hardening solutiorfMaurice et al., 2004
Romalde et al., 200Behera& Swain, 2014 However the encapsulation processust

be optimised to achieve a controlled release of encapsulated materials into a specific
target site.In the present researchan extrusion techniquevas utilised to develop a
formulation to deliver probiotisto blackfooted abalone. A full characterisation of the
developed carriewasperformed to identify an optimised formulation with higtability

in seawater, easy accessibility and palatability to deliver viable probiotics to abalone.

Therefore, the specific objectives of this chapter are:

1 to establishoptimal conditiors for preparation of chitosanoated alginate beads,

1 to characterise lte optimised formulation according to morphological features,
release profile in seawater and viability of encapsulated probidioti®wing
encapsulation andifferent storageand temperature conditionsand

1 to evaluate the palatabilityand efficacyof the developed beads to deliver

encapsulated probiotics tgastrointestinal tract of abalone.
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5.2 Materials and rathods

5.2.1 Materials

Sodium alginate was purchased fréxarosOrganic@Beijing, China). Medium molecular
weight chitosan was acquired fom Sigma (St. Louis, USA). Calcium chloride was
obtained from Ajax Finechem (New South Walesustralia). LIVE/DEAD Bacterial
Viability Kit (L7012) was purchased from BacLight (Oregon, Bl8&)escencdabelled
chitosan was purchased fromCreative PEGWks (Durham, USA). GaspakV EZ
anaerobic container systemas obtained fronBecton DickinsoNew JerseyUSA)All

the other chemicals were of analytical gradéuvenile blackooted abalone 25-35mm
shell length) were provided by Moamew ZealanqRualaka,New Zealand). Bacterial
isolates were kindly provided liie Aquaculture and Biotechnology Research Group at
Auckland University of Technology (Auckland, New Zeal&dwater was collected
from Okahu Bay, Aucklan@ihe commercidieedmanufactured by MarifeedHermanus,

South Africawasobtained from MoandNew ZealandRuakakaNew Zealand)

5.2.2 The optimisation process

This study aimed to develop and optimise CCALG bead formulation for encapsulating
probiotics. Beads were intended to be used as oral delivery vehicles for probiotics to
abalone. A stejby-step approach was applied to optimise the properties of CCALG
beads.The core and shell of the beads were characterised in three main experimental
phases as listed ihable5.1. In phase |, alginate was considered as the core material
produce plain polymeric ALG beads. Here, the percentage of alginate was optimised
considering viscosity of obtained formulations, morphology and sinking 6¢fm&LG
beads in seawateThe concentration of alginate which produced spherical ALG beads
with lowest settling time in seawater was selected as optimised and was further used in
phase Il of the optimisation proceds.the secongphase AtALG beads were produced
using autoclaved alginate solution. The purpose of using autoclaved alginate kesp to

the encapsulated cells free from contamination as well ageiduce the chance of
contamination of alginate stock soluti@uring storage. The characteristics of both ALG

and AtALG beads were compared to find the best formulation in terms of settlirgy tim
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in seawater morphology and percentage of matrix erosiohhe optimised form of
sodium alginate solution was selected and used in phase Il of the optimisation process.
In this phase the optimisedform and concentration of alginate were used to produce
CCAL®eads The percentage of chitosan the coatingsolution and the coating time
were then studiedto determinea single formulation with minimum bacterial release

and matrix erosion in seawater.
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Tableb5.1 Optimisationof the beads: parameters andriables.

Phase of  Parameters Formula Code Final concentration of Alginate Concentration of  Coating time Selected
optimisation in bead formulation (% w/v) chitosan in coating (min) formulation
process solution (% wi/v)
I Concentration of ALGO.5 0.5 - - ALGL1.5
sodium alginate ALGL.0 1.0 i i
ALG1.5 15 - -
ALG2.0 2.0 - -
[l Form of sodium ALG 15 - - ALG
alginatesolution AALG 15 i i
1] 1-Concentration of CCAL@.2-20 15 0.2 20 CCAL®.820
chitosan in coating CCAL® 2-40 15 0.2 40
solution ' ' '
2- Coating time CCAL®.2-60 15 0.2 60
CCAL®.4-20 15 0.4 20
CCAL®.4-40 15 0.4 40
CCAL®.4-60 15 0.4 60
CCAL®.820 15 0.8 20
CCAL®.840 15 0.8 40
CCAL®.860 15 0.8 60
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5.2.3 Formulation of alginatedads

Figure 5-1 illustrates the diagrammaticflow of the encapsulatiorprocessused to
producealginatebeadsusing extrusionIn order to facilitatethe optimisation process
and reduce experimental cost, lola media (marine broth containing yeast extrat¥q

w/v)) was used instead of probiotic cultures, unless otherwise stated.

o f o+ | - » | ™
- S e

Sodium alginate Probiotic Mixture of alginate Extrusion in CaCl; Alginate
solution culture and Probiotic crosslinking bath beads

Figureb-1 How diagram othe formulation ofalginate beadgontaining probiotis.

5.2.3.1 Preparation of alginateeads(ALG)

Sodium alginate (SA) stock solutions (2% w/v and 2.5% w/v) were prepared by dissolving
sodium alginate powder in distilled water (gb) which was stirred overnight to obtain

a fully dissolved alginatsolution. The SA stock solutions were stored in a refrigerator
(4eC) until use.

Alginate bead$ALG)vere produced by mixing solution of sodiunalginatewith marine
broth. The mixture wagxtruded through &0 mlsyringewith an aperture size of 2.22
mm and allowing the mixture tdfall from about 10 cminto a100 mICaCl crosslinking
bath (0.1 M) Theproducedparticleswere collectedising a sievefter 30 min incubation
in the agitatedcrosslinkingbath (200 rpm) Alginate beads were then washed twitHO
(100 ml)twice to remove unboundCaC from the surface of the beadsSeveral
formulations were prepared to gtly the effect of concentrationf sodium alginate on

physical properties of ALG beadsble5.2).
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Table5.2 Composition oALGbeads

Formula Code SA (ml) Media(ml) dHO(ml) Final volume Final SA

(ml) concentration (w/v)
ALGO.5 6 3 21 30 0.5
ALG1 12 3 15 30 1
ALG1.5 18 3 9 30 1.5
ALG2 24 3 3 30 2

5.2.3.2 Preparation of alginate bea@atALGith autoclaved alginate solution
A stock solution of autoclaved alginate was used to produce a@beads (AtALG). The

alginate stock solution was prepared as described in se&iar8.1 AtALG beads were
prepared as previously describeghart fromthe sodium alginate solutiowhich was

I dzi2 Ot I SR | &G mMuwmMe/ T ZINdalgimate final yoncedttdtiendd ( 2
1.5%w/v was used irorderto produceAtALG beads. The morphology, sinking time and

stability of these beads in seawater were compared with those of ALG beads.

5.2.3.3 Preparation othitosancoatedalginate bead§CCALG)
Chitosan coating solutions with different concentrations of 0.2, 0.4 anth@.8/ were

prepared by dissolving appropriate amosmif chitosan in lactic acid (1%v in dHO)

with pH adjusted to 5.70 by gradual addition of NaOH (1M). The chitosan solution was
stirred (200 rpm) untik clear solution obtained. ALG beads obtained presipuwere
transferred into an agitated chitosan solution (100 rpm) and incubateer various
times (20, 40 and 60 min). Trehitosarcoated alginate beads (CCALG) were then
separated using a plastic grid and washed with@H100 ml) twice for further

chaacterisation.

5.2.4 pH and viscosity

The pH and viscosity were assessed using a pH rf@@nDO, Taiwam@nd rheometer
(Brookfield AMETEK, USB#ach property was measured for three identical samples and
the average value was reported for each test. Viscasidasurement was carried out

using a rheometer fitted with cone NO. CGEZT accepting 15 ml of sample.
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Measurements were made at room temperature €% while the shear rate was
increased from 50 to 400%s The duration time was 120 sec withtotal of 100

measurement points for each sample.

5.2.5 Spectroscopic analysis

Fouriertransform infrared (FTIR) spectra of ALG and CALG were obtained using a
spectrometer (b A O2 £ S [i USA a&glippad with a horizontal attenuated total
reflectance (ATR) cryst&®ure powdersof alginate, chitosan an@a@s were used to
obtain references. An average of 32 scans at 4 @solution were recorded within the

wave number range of 468000 cn.

5.2.6 Sze and morphology

The mean diameter of fifty beadsasmeasured using a light microscope equipped with

a scaled eyepiece and a stage micrometre to calculate the averagésiza, USAThe
morphology and microstructure of the beads were examined using an optical light
microscope (Olympus CX31, Philippin@nd scanning electron microscope (SEM)
(Hitachi Sr n 2 WI LI yo® C2NJ {9a AYI3IAy3A: &l YLIH
randomly selected for SEM imaging. The dried beads were placed on double sided
adhesive carbon tapes on aluminium stubs and then coatedaniliin layer oplatinum

under vacuum for 60ex by an ion sputter coater (HitadgiL045, Japan)lhe demental
analysis was performed usiran energy dispersive spectrometer (EDS). Dried beads
were observed under SEM at 15 kV and EDS spedara @btained to screenthe
elemental composition of the beads using Noran System 7 (NSS) microanalysis system

software (Thermoscientific, USA).

5.2.7 Sinking time in seawater

The sinking time of particles was measured by placing individual beads in a measuring
cylinder flled with seawater. The height tifie seawater column was 16 cm. The time
that a particle travelled the column height was recorded as its sinking time. The

measuremens wererepeated for at least ten individual particles.
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5.2.8 Matrix erosion

Beads produced inestion5.2.3 containingexiguobacteriunsp, Enterococcusp.and
Vibrio sp.probiotics (79 p 16 "ONQ were used to study the stability in seawater

The beads wex then placed in beakers (3.(bgaker). Seawater was added to each
beaker (40 ml) which was then incubated on a shaker (130 rpm) at room temperature.
Particles were collected after 72 hrs and weiried in an oven (35°C). The dried

weight of particles was measured and the percentage of matrix erositre particles

was calculted using the following formuta

A e o 7Tmno7
-AOABDOE kIx ——— PTT
7m
where WO igthe initial dry weight ofthe beads and Ws the mass ofdry beads after

incubation in seawater.

5.2.9 Bacterial staining with fluorescent dye

A single colony oExiguobacteriumsp. was inoculated inmarine broth (100 ml)
containing yeast extract (1% wi/v). The inoculated medium weasibated at room
temperature for 18 hrs while shakind00 rpm)to ensure adequate aeration dhe
medium The bacteriatells were subsequently collected by centrifugataa000 rpm
for 15 mn. A solution of 0.85%v/v NaCl was used to wash bacterial pellets twige.
LIVEDEADBacterial Viability Kit was used for the stamiof bacteria. The kit contained
SYTO9 and propidium iodide dyes withy p Vandfpyo p Vronvexcitation/emission
wavelengths, respectivelyolumesequal to 30uL from each prewarmedfluorescence
dyeswere combinedin a dark tubeThe mixture was mixed with the recovered bacterial
pellets and incubated ithe dark for 15 min. The cells were then centrifuged at 4000
rpm for 15 min at 18C. The supernatant was removed followed by two kag steps

to remove free fluorophores.

5.2.10Bacterial release study

Fluorescemlabelled bacteria were used to produaghitosancoated and uncoated

beads as described in sectibr2.3 Exiguobacteriungp. was used in this tebecause it
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can be recognised easily undire microscope and hahigh survivability duringhe

staining procedureThe encapsulated bacterid.00g) were placed in a falcon tube with

5 ml of fitereda S ¢ GSNJ 60 nPHH XYOD ¢ KtE mimidzheéSa ¢ S

temperatureat which abalone were maintained. Aliquots df glwere withdrawn from

the release mediunat various time interval(1, 2, 3, 4, 5, 6, 24, 4thd 72 hrs). A volume
of 10 yl wasimmediatelyplaced on a counting chamber tteterminethe number of
released bacteriaisinga fluorescence microscope. The experiment was performed in

triplicatefor each formulation.

5.2.11Fluorescence microscopy chitosancoating

The presence of chitosan coatiragound the alginate beadswas examined using
fluorescencdabelled chitosan Greative PEGWorkdJS3\). Aginate particles were
produced as described in sectié2.3 The hodaminelabelled chitosan solution was
prepared by dissolving fluorescetabelled chitosan powder (0.6hg/ml) in normal
chitosan solution0.8%w/v, pH:5.7). CCALG beadsgere thenprepared byimmersng
ALG beads rhodaminelabelled chitosan solutioand stirringat 100 rpmfor 20 min.
TheproducedCCAL®Geadswere then rinsed with dkD (100 ml)twice. The uncoated
andchitosancoatedparticles were observedsing aluorescence naroscope Qlympus
BX51TRF, Japawmith excitation/emission wavelength of 552/575 nm

5.2.12Effect of encapsulation dhe viability of probiotics

To measure the effect of encapsulation on the viability of probiotics, CCALG beads were
dissolved using sodium citrate solutig10%w/v, pH: 60). Briefly, CCALG beads (40 g
containing probiotic bacteria were incubated for 20 min in the depolymerising solution
while shaking (300pm) at room temperature After a complete degradation of the
beads, the obtained solution was sty diluted using sterile marine bitomedium. The
number of colonyforming units was quantified by culturing 1@0 of each dilution on

KAA and marine agar plates. Cultured KAA plates were incubated in anaerobic conditions
for 48 hrs. Cultured marine agplates were incubated at room temperature until the
colony colours were fully developed. The percentage of bacterial survivability after

encapsulation was calculated as foll@wartin et al.,2013)
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YOl U QUQJRA)QGO—_HQOFIDT[T[

Where0 is the number of released viabbacteria from the beads andmis the number

of viable bacteria added to the formulation before encapsulation.

5.2.130bservational evaluation atceptabilityand palatability of the developed
beads

Four juvenile abalone were kept in a small tank withL1® filtered seawater at 1&C.

The animals were kept in the tarir a week and fed daily with commercial feed (8
pellets) to acclimatiséhe animals. On the day @he experiment all uneaten feed as
removed, and the tank water wasreplaced with 10 L of fresh seawateiThen, 8
commercial pellets and 8 encapsulated probiotic beads were placed in the tank
simultaneously(Figure5-2). Feeds were theristributed evenly within the tank. The
number of uneaten feed pellets and CCALG beads were counted after 24 hrs of

incubation. The experiment was performedtiiplicate.

Figure5-2 St up forassessig feed palatability.
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Theeating behaviouof abalone wasecorded using digital singlelensreflexcamera
(Figure5-3). Animals were selectedandomlyand placedin aglassbottom aquarium.
The camera was set at the bottom of the aquaridum view the animals from

underneath

Figureb-3 Cameraplacedunderthe aquarium containing abalone tecordthe feeding
behaviour ofthe animals.

5.2.14Trackingf encapsulated bacteria the gastrointestinal tracof abalone

The efficiency ofCCALGeads in delivering encapsulated probiatio the GIT of
abalone wasnvestigated by labellingxiguobacteriunsp.with fluorophores(similar to
section5.2.9 and encapsulating them in chitosatpated alginate bead#\ total of 16
juvenile abalone (285 mm) were transferred to two different tanks with 10L of
filtered seawater maintained at 5. All animals were stagd for 24 hrs. CCALG beads
(4.0 g) with en@psulatedfluorescent labelledExiguobacteriumsp.were placed in one
tank. Empty CCALG beads were used as a digtdaontrol animals. The uneaten beads
were removed from each tank after 12 hrs. Two animals were collected from each tank

at 12, 24, 48 and 72 hrs post feedifigvo animalscollected at each time point were
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dissected to remove the gastrointestinal tradtissue samplewere frozenin a tissue
freezingmedium (Leica, UKand Surgipath Frostbite rapid coolant (Leica, UK) ead
using aLeica CM185@ryostat (UK).Thin sections(40 um) from various layersvere
collectedon a glass slide and kepttine dark at -25°C until microscopiobservational
could be madeFluorescence images were obtained usang@lympus BX51 microscope
equipped with a camergOptronics, Japanand MagniFire imaging softwar@®P12,
Olympus Japan).

5.2.15Probiotic loadin thedigestivetract of abalone

The efficiency of beads in delivering probioticstbhe I 6 I f 2y SQa 3Idzi 61 a
CCALG beads containirienterococcussp. as a model strain.Six abalone were
transferred ino two separate tanks and starved for 24 hrs before the beginoine
experiment. Each tank contained ILOf filtered seawateX50 um)and was aerated with

two air stonesand seawater vaschecked regularly for dissolved oxygen (100%), pH (8

8.3), ammonia (@.25 ppm) and trite (0-0.25 ppm)concentrations

Water temperature was maintained atl5¢C and the water was replaced with fresh
seawater before removal of uneaten beads and placement of fresh beads every two
days Three animalsvere fed with CCALG beads(g) containing probiotic bacteria and
the otherthree abalonewvere fedempty beads4.0g) every two days. After 10 days, all
the control and probiotiefed animals were collected, shucked and placed in a stomacher
bag. Theligestive tractof each abalone was homogenised separately in sterile marine
broth (10 ml) for 5 min using a stomacher. Several dilutions fromtd .0’ were
prepared from each homogenised solution. A volume of fl0Bom each dilution was
cultured on KAA plate and incubatéar 72 hrs atroom temperatureuntil the colours

of colonies were fully developed. Differensebetween bacterial cell counts were
identifiedusingll K S { { deRtanaljsr< 0iD5).

5.2.16Effect ofstorage conditioron the viability of encapsulated bacteria

The viability of encapsulated bacteria aptimised formulation of CCALG beadasw

investigatedat two different storage conditionscludingrefrigeration at 4C and freeze
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drying. All three species ofprobiotic bacteria (Exiguobacteriumsp, Vibrio sp. and
Enterococcusp) were encapsulated i€®CALG beads following protocols described in
sectbon 5.2.3 The produced beads were then stored @C4or 96 hrs. The number of
bacteria were enumerated every two days by dissolving the CCALG @kads in
sodium citate solution (10%w/v, pH: 6.0. The obtained solution was serially diluted
and cultured (100ul) on KAA and marine agar plates. The number of bacteaa w
recordedafter 72 hrs of incubation abom temperaturewhen the colour othe colonies

wasfully developed. The experiment wasrfmmed i triplicate

The second part of the storage study focused on the viability of encapsulated pesbioti
after freeze dryinglyophilisation) Overnight cultures of the three probiotic bacteria
were prepared as explained in secti®2.2 The bacterial suspensiswere centrifuged

at 4000 rpm for 15 min at@C. The pellets of the three bacterial species were
resuspended in 2 ml of fresh mae broth medium. Avolume equalto 1 ml of the
bacterial suspension was addedttee bead formulation. CCALG beads were prepared
as described in sectiof2.3.3 Theproduced bead$4.0 g)were incubated in a freezer
(-20aC) for 12 hrs andsubsequently lyophilisedor 24 hrs(-75aC with 0.0014 mbar
pressure) Freeze dried CCALG beads were collected and dissolved in 10sodiom
citrate solution (10% w/v, pH: 6.0rf30 minwith constant orbital shakingt 300 rpm.
Then,1 ml of the obtainedsuspensiowas serially diluted until dilution factor 0. A
volume of 100l from all dilutionswas plated on narine agar and KAA plates. The
cultured petri dishes were inbated for 72 hrs atoom temperatureuntil the colour of
colonieswasfully developed. The number of colo#igrming units vasrecordedwith

the naked eyes foExiguobacteriumsp. and Vibrio sp.and with a magnifying glass for

Enterococcusp.

5.2.17Statistical analysis
Statistical aalysisof matrix erosion and bacterial releaparameters wereeonducted
with Two Way ANOVA (Coating concentration and coating time as fixed fa€ata)

from release tests were subjected @ne Way ANOVWith a SPS8omputer program
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(version 20with the significance value set to 0.05. For multiple comparisaiz] S & Q &

post-hoc testwas performedvith aPvalue set to 0.05.

5.3 Resultsand discussion

5.3.1 Phase leffect ofconcentration of sodium alginaten the characteristics
of the beads

5.3.1.1 Viscosity

While the pH of all alginate formulations remained similar (Z@02), an increase in
viscosity of alginate formulations was observed as alginate concentration increased
(Table5.3). The apparent viscosity of alginate formulations was gradually decreased
with increasing shear raté={gure5-4). This fluid behaviour is a characteristic of non
Newtonian sheathinning fluids which can be seen in polymeric systd®slalia &
Djelali, 2014) The extent of changes in the viscosity of the tested formulations was
related to different concentration of sodium alginate. As the alginate concentration
decreased, viscosity became independent of theashate. This may be due to the
internal interactions between the structural units of alginate. Higher alginate
concentratiors are related to more polymeric chains entangled which offers higher
resistance against deformation or flow by demonstrating highecosity. These

interactions then gradually disappeared at higher shear rates which facilitate flow.

Tableb.3 Viscosity of linate solutions used in thiermulation of beads(n=100+ SD.

Formulaecode Concentration of aligate Viscosity
(Wiv %) (pa.s)
ALGO0.5 0.5 0.04+0.00
ALG1.0 1.0 0.16%+0.02
ALGl.5 15 0.41+0.06
ALG2.0 2.0 0.93+0.18
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Figure5-4 Plot of viscosity versus shear rat€onditions: Average of 100 measurements.
Time: 120 secShear rate= 5@00, TempH ¢ & /

5.3.1.2 Morpholog of beads
The dameter offifty individual particles wsmeasuredand theresultsare presented as

mean diameter + SDin Table5.4. The size of alginate particlesawincreased by

increasing alginate concentration.

Table5.4 Measured characteristics of ALG be#éats 50+ SDfor size, n= 10 *+ SD for sinking

time).
Formulacode Shape Average size (mm) Sinking time in seawater (sec)
ALGO.5 Irregular 3.0£01 2.7+0.1 473+12
ALG1.0 Spherical 3200 28018
ALGL.5 Spherical 41+01 157+37
ALG2.0 Pear 6.7+t03 4.6+0.2 83+14
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Figureb-5 Morphology of alginate beadsith (a) 0.5, (b) 1, (c) 1.5 and @Pow/v alginate
underalight microscope (x40).

The morphologie®f alginate beads are illustrateit Figure5-5. ALG0.5 and AL&.0
beads were irregular and peahaped respectively. Conversely, ALG and AL&.5
formulations prodweed spherical beads after gelation. The shape of the beads is an
important factor that affects the release profile of encapsulates. This can happen due to
the presence of areas with different thicknesses in 1spherical particles which can
generate a unige degradation and release profile due to changes in their shape over

time in the release medi@/elings & Mestdagh, 1995)

5.3.1.3 Snkingtime in seawater
The $nking time of alginate beads was measurexdthe time that a particle moved

specific distance through seawater. The sinking time of the beads is important as they
need to be readily accessible to abalaa@d not bewashed awayy the water flow in
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the culturing tanks The sinking time of alginate beadasmeasured immediatelgfter

the washing step with distilled watdollowing production There is a lag time before
the alginate beads start to sink in seawater where diffares in osmotic pressure
provoke ionexchange and water penetration ito the beads(Velings & Mestdagh,
1995) As shown iffable5.4, beads with faster sinking time can be obtained by increasing
the internal alginate concentration of the beads. This may be attributed to the higher
density in alginate particles produced with higher alginate concentrget Gudio et

al., 2005)

In order to improvehe sinking rate, ALG beads could be soaked in seawater for 5 min.
The results showed that the pigaking step can reduce the sinking time of the beads.
This could be due to a reduction of ostit pressure gradient between alginate beads
and seawater. When seawatepaked beads are placed in seawater, the internal moiety
of the beads is almost isosmotic with seawater. Therefore, they exhibited significantly

higher sinking rate compared to AL&ddl with no soaking step in seawat&idure5-6).
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Soaked in seawater —e— Soaked in distilled water

Figureb-6 Sinking time of alginate beads in seawdierl5; mean + SD).
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5.3.1.4 Phasd conclusion

The concentration and viscositythie alginate solution are influential factotkat affect
the final size and shape of bead<e et al., 2013)At very low alginate concentratien
alginate droplets may deform when coming in contact with the surface ofctbss
linking solution (Seiert & Phillips, 1997Meiser et al, 2009) This could explain why at
0.5% wiv alginate concentration the beads were nosspherical Similarly, leads
containing 2% w/v alginate (AEZ0 beads), which had the highest viscosity among the
tested formulations, were nosspherical (peashaped). Moreover, extrusion of A{Z3
into the celation bath was extremely difficult due to the high viscosity of the
formulation. Formulations with 1 and 1.5% w/v alginate (ALG and ALA.5),
producedsphericalbeads. lwever, AL&.5 beads hadlginate with higher viscosity
which couldproducebetter gel strength and stability asiggested by previoustudies
(Leo, Mcloughlin, & Malone, 199Meiser et al. 2009) ALG1.5beads also had lower
sinking time in seawater which is ideal fdelivering probiotics to bottom feeder
abalone Therefore, 1.5%w/v sodium alginate was selected a#et optimised

concentration to be used in the next two phas#ghe optimisation process.

5.3.2 Phase lIEffect of autoclavingn physicechemical properties of alginate
beads

It may be required to autoclave alginateolutions before formulation to avoid
contamination. Therefore, in order to investigate the effect of autoclaving on alginate
solution and its corresponding beads, AtALG beads with WW#%oalginate were

produced using autoclaved alginate.

5.3.2.1 Changes in the viscosifalginate, sinking time and matrix erosion of beads
The viscositiesf AtALG and ALG formulatiomere 0.08+ 0.00 and 0.4% 0.06 Pa.s

respectively.The viscosityof the alginate solutiorwas significantlyeduced afterthe
heat treatment at 12#C.This can be due to theartial los of glycosidic bondsvithin
the polysaccharide chagresulting ina reduction irthe degree of polymerisatiorBead

sizewas also influenced by the viscosityabginate
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A notable increase in sinking time of AtALG beads was obsenssawatercompared

to the ALG bead§Table5.5). Thismay be explainetby crosslinkingof shorter polyner
chains inautoclavedalginate which may lead to the formation pdres within the AtALG
bead matrix This may lead to a greater level of porosity in AtALG beads compared to
ALG beadglLeo et al., 1990Due to increased porositBtALG beadwill float on the

surface of seawater faalongertime before sinking

The matrix erosion is an important factor which can affect the release of encapsulated
materials. The matrix disintegration of alginate beadsswxamined over 3 days in
seawater as thdongterm stability of particles in seawater is critical for aquaculture
appliation. The natrix erosion in ALG beads was only 3% w/w as opposed ta/8%n
AtALG beadgTable5.5).

Tableb.5 Characteristics of ALG and AtAIG be@ds50+ SD for size, n= 10 + SD for sinking
time andn= 3+ SD for matrix erosion).

Sample Morphology Size (mm) Sinking time (s)  Matrix erosion (%
wiw)

ALG Spherical 4.1+0.1 167+12 3.19+0.3

AtALG Spherical 43+0.1 254+ 15 8.60+0.1

5.3.2.2 Spectral analysis

To investigate the effect of autoclaving on the chemical properties of alginate beads,
FTIR spectra of crude alginate, AtALG and Bé#&kls were collectedF{gure 5-7).
Comparison of spectra revealed no notable difference and beads showed bands at 1593
cnt, 1406 cnt and 1026 cm corresponding to symmetricCOQ, symmetriccCOO

and asymmetric ©-C stretching vibrations, respectively. A slight shift¢c@OO
vibration at 1406 cm was observed in both ALG (1422 -Bnand AtALG (1422 ch
beads due to the interaction of carboxylate groups wité* ions duringcrosslinking

Other than that, thespectraof both beads were very similar.
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Figureb-7 Infrared spectrum ofa)crude sodium alginatgb) ALGbeadsand (c) AtALGbheads

5.3.2.3 Elemental analysis

EDS analysis was performed to investigate possible differences in percentage and
distribution of elements between the two samples. As summarisedlale5.6, the
amourt of C and Otams are approximately the sameowever, some differences were
observed in the amount of Cand Na atomsThismaybebe due to higher degree of
crosslinkingin ALG beads. The lack of Na atoms in ALG beads shows that all sodium
atoms are regdaced by Ca duringrosslinking (Figure5-8) (Fernan@&zHervas et a).

1998)

Tableb.6 percertage of atomic composition of ALG and AtAlgads using EDS.

Atom (%) C @] Na Ca
ALG 33.85 49.44 - 7.47
AtALG 32.78 50.20 2.30 5.49
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Figure5-8 EDS mapping of ALGand ALGbeads

5.3.2.4 Phase Itonclusion

Sterilising alginate solution through standard autoclaving procedure can depolymerise
alginate which can modify the hydrogel structure and increase sinking time and
percentage of erosion in seawater. Higher percentages of matrix erosion in AtALG beads
as vell as longer sinking time can accelerate the release of encapsulated bacteria from
the particles into the seawater which is not favourable. It is also reported that
autoclaving alginate can decrease gel stability resulting in poor bead form@tsanet

al., 1990) Based on this, ALG beads were selected femixt phase of optimisation.
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5.3.3 Phase llI: Optimisatiaf chitosancoating

Chitosan coating is proposed to increase the stability of beads in seawater. Therefore,
in phase Il optimisation, the effect of concentration of chitosan and coating time in the
formulation of CCALG beads was investigated. Hiree chitosan concentrations (0.2,

0.4 and 0.8% w/v) were used to coat alginate beads for 20, 40 and 60 min.

5.3.3.1 Matrix erosion

The percentage matrix erosion for CCALG beads prepared using different concentration
of chitosan and coating times is illustrated figure 5-9. A slight reduction (not
significant,P > 0.05) in erosion was observed when the concentration of chitosan
increased. The lowest and highest erosion was obtained from GC&28 with 0.9%

+ 0.1 and CCALG2-60 with 2.2%z+ 0.3 respectively over 3 days of incubation in
seawater. There was also no significant difference in matrix erosion with increasing

coatingtime.
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Figureb-9 Percentage of matrix erosion ohitosancoatedalginate(CCAL&eads with
different coating time (20, 4@nd 60 min) and chitosan concentration (0.2, 0.4 and 0.8 w/v) 3
days posincubation in seawatefn=3; mean + SD).

5.3.3.2 Effect ofchitosancoatingon the release profile of encapsulated bacteria

To evaluate the effect of chitosan concentration on bacterial release the following
formulations were investigated: CCAD@-20, CCALB.4-20 and CCALG8-20. Beads
with lower concentration of chitosan showed a faster bacterial release. GGARIZB

had significantly faster release € 0.05) However, there was no significant difference

between CCALG.4-20 and CCAL-G8-20 (P> 0.05)Figure5-10.
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Figure5-10 Qumulative release curves &ixiguobacteriunsp. fromCCAGcoated with different
concentration of chitosan (0.2, 0.4 and @8/). Release media was seawafar3; mean = SD).

5.3.3.3 Phase litonclusion

The aim of the third phase of optimisation wasditain an optimised formulation with

the lowest erosion and release of probiotics in seawater. The lowest percentage of
matrix erosion was found with coating time of 20 maibeit, no significant differences
were observed with different coating time3herefore, the lowest coating time was
selected. Lower amount of bacterial release was obtained with higher concentrations of
chitosan. Based on thesesults CCAL®.8-20 was selected for further characterisation

due to havinga lower bacterial release seawater and matrix erosion.

5.3.4 Characterisation of the optimised formulati(@CAL®.8-20)

5.3.4.1 Microscopyof CCALG beads

Fluorescent microscopic images of ALG and CCALG amadbown inFigure5-11.
Fluorescentagged chitosan was used for coating the beads in this raxgat. No
fluorescent signal was detected for uncoated ALG beads under the fluorescent filter
while a strong red fluorescent sigra@nfirmedthe presence of chitosan coatiagound
CCAL®eads.
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-
Figureb-11 Light microscopic images of (a) ALG and (b) CCALG beads and fluorescent images of

(c) ALG and (d) CCALG beads (x100) confirming the presence of chitosan in coated beads.
Excitation/emission wavelength 5&75.

Scanning electron micrographs of air dried CCALG beads are illustraigpliia5-12.
CCALG bead®tained their spherical shape.okever, the size of dried beadsas
notably smallerthan the wet beads due to dehydratiariThe encapsulated probiotics

could be observed within the beads.

a b C

Figure5-12 SEM micrographs of (a) an -diied CCALG bead, (b) cregstion and surface
microstructure and (c) the encapsulated probiotics within the bead matrix.

While examining CCALG beads with SEM, some beads showed a shrunken and separated

chitosan coatingln the preparation of samples for SEN s possible for the chitosan
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coat to separate when dehydrated. EDS analysis was used to confirm the presence of
coating which showed differences in intensity of calcium, sodium, oxygen and carbon
peaks between the matrix and coating identified as area 1 andFlguare5-13. The
higher amount of carbon and oxygen is related to the presence of carboxyl groups in
alginate chemical structurd-{gure5-14). In addition, the presence of sodium is due to

the use of sodium alginate in the formulation which is remained aftesginking. A
significantly higher calcium amount in the matrix can be attributed todiesslinking

of alginate by calcium ions. The EDS results are in agreement with previous study by
Pasparakis & Bouropoulo2006)

keV

Figure5-13 SEM images of (a, b) a CCALG laeadhe corresponding EDS graphs of (1) alginate
matrix and (2) chitosan coating designated as area 1 and 2.
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Figure5-14 Chemical structure of sodium alginate.

5.3.4.2 Effect ofthe encapsulation process d@he viability of bacteria

Viability of the three probiotic bacteria encapsulated in CCALG beads are shoalien
5.7. The results suggest thanly Vibrio sp exhibiteda low encapsulation efficiency of
less than 2%. This could be due to the sensitivityilfio sp to chemical and mechanical
stressors involved in the encapsulation process which are either detrimentébtio

sp. or makeshis bacteriumnon-culturable.

Tableb.7 Percentage of viablprobioticsreleased fronthitosancoatedalginate beadgn=3;
mean + SD).

Bacteria Entrapped viable cells (%)
Enterococcusp. 81.2+0.1
Exiguobacteriunsp. 55.9+5.8
Vibriosp. 1.6+£0.1

5.3.4.3 Bacteriakelease from beads

It is critical for the beads to retaiprobiotics while they are in seawatefhe release
profiles of encapsulated bacteria from ALG and CCALG beads are sHegurab-15.

The encapsulated probiotics were released from ALGr &téhrs of incubation in
seawater while the release from CCALG beads started 24 hrs post incubation. A higher
level of bacterial release was obtained for ALG throughout release period. The

difference in the bacterial release from the two formulations aft@rhrs can be clearly
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seenin Figure5-16. The number of released bacteriawzh p mmltandp& p
mltfor ALG and CCALG beads after 72 hrscobiation, respectivelyThis indicates that

the addition of chitosan coating provides a barrier to reduce the releatieedbacteria

into the seawaterFigure5-17 shows the presence of encapsulated bacteria within the
matrix of CCALG after 72 hrs of incubation in seawater which indicates the efficiency of
CCALG beads in retaining encapsulated bacteriandimderof viable bacteria retained
within CCALG beads after [i5 of incubation in seawater was further determined using
viable plate count method. The results showed tlagproximately48 + 0.5% ofthe

initial encapsulated bacteria remaad viable within the matrix of CCAlgsen after 72

hrs of incubation irseawater.
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Figureb-15 Qumulative release curves of encapsulatexiguobacteriunsp. from ALG and
CCALG beads. Theating media was 0.8%/v chitosan. The release medium was seawater
(n=3; mean = SD).
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Figure5-16 Bacterial release from (a) ALG and (b) CCALG la¢atds hrspostincubation in
seawater under fluorescence microscope (magnification x100).

Figure5-17 Crosssection of CCAL®Beads after 72hrs incubation in seawater under (aprmal
white lightand(b) fluorescent filter(magnification x400).

5.3.4.4 Attractivenessand palatability of the developed beads
The observational study on the attractiveness of CCALG beads to abalone rewvealed

100% consumption rate faECALG beads after 24 las opposd to less than 50% for
commercial feedFurthermore, this observation siwed that abalone use their foot
muscles to grab and accumulate particles under their shell before consuming them. A
video recordng showed that abalone were extremely attracted to CCALG beads
compared tahe commercial feed. This is understood from tha&haviour in which they

grab both types of presented food, however, the commercial feed remained mostly

uneaten as long as beads were available to the aninkadgi{e5-18).
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Figure5-18 A series of captured imagehowingabalone eating behaviodor the two particular

feeds (a) Sensing food including both probiotics encapsulated CCALG beads (indicated by yellow
arrows) and commercial feed (indicated td arrows). (b) 2 commercial feeds and 1 CCALG
bead being grabbed by abalone using foot muscle (c) None of the feedsomsemed by the

animal up to this stage. (d) More CCALG beads were capturdadisyoint (e) Abalone
consuming beads. (& numberof CCALG beads were consumed, but the commercial feed
remained uneaten.

5.3.4.5 Trackingpf fluorescentlabelled bacteri@ncapsudtedin CCALG beads within
the GlITof abalone

In this study, animals were gim beads containing fluorescefgbelled bacteria and at
specific time intervals, animals were cryosectioned to track the encapsulated bacteria
withinthel Yy A Y I fFu6lesd@idabelled bacteria could be readily identified within
the digestive tact of probioticfed abalone as smajjreen dots. N intact beadsvere
found within the GITof abalone. This shows that beadere broken down during intake

due to mechanical forces generated bbgdula (teeth-like structurg. Fluorescence
images showed that aigh concentration of labelled phootic bacteriawas cliveredto

the buccal region 812 hrs post feedingFigure5-19). Furthermore, he presence of

labelledbacteriacould be detectedhroughout the almentary canaht the same time
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point. A bwer bacterial concentration was fourd the stomach and intestinewhich
could be due to propagation of bacteria after being released into thetigeteby
utilising nutrients and thereforereflectingloss offluorescent signals. Moreover, the
consumed materialsouldstill en route tothe posterior sections athe GIT after only 12
hrs. No labelled bacteria were found withihe GITof abalone at 24, 48 and 72 hrs post
feeding. This could be explained by thaestruction of the beads bthe radulathat
resulted in a quick release of encapsulated bacteria withim gut and subsequent

propagationand loss of fluorescent signal
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Figure5-19 Trackingof encapsulated probiotiewithin the GIT ofibalone at 12 hrs post feeding.

The presence of labelled bacteria is demonstrated in (a) white light (x400) and (b) fluorescent
images in buccal region, (c) stomach andritestine of abalone. Image (c) presents an example

of a microsection fronthe GIT and approximate location of the captured images.

5.3.4.6 Feeding trial

The total couns of probiotic bacteria withirthe GIT ofabalone fed with encapsulated
probiotic were sigricantly higher thanwithin the control animals K < 0.05). The
average number ofEnterococcussp. was five logs higher in probiotded (&

p # & Bhan the control groupq@d p m# & 5 This indicates that the developed
CCALG beads coudfficiently deliver viable probiotic bacteria intbe GITof abalone
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5.3.4.7 Effect ofstorage conditions on the viability of encapsulated bacteria

Tableb.8 summarises the number of viable bacteria before and after storageiat®he
number of viable bacteriavasreduced when the probiotic beadsgere storedat 4eCfor

48 hrs.A slight increase wathen observed in the number of viable bacteria when the
storage time further increased from 48 to 96 hPerhapsthe live bacteriacan adapt

and slowly propagateiithin bead fatrices.

The counts of bacteriaafter 96 hrs of refrigerationvere different only by one logunit
compared to the initiatountsat time 0. Approximately 2010’ CFU/gpf beads retained

viable at the end of the storageeriod.

Tableb.8 Effect ofrefrigerationon survivabity of encapsulated bacterign=3; mean + SD).

Bacteria Number of encapsulated bacteria p TCFUg)

0 (hrs) 48 (hrs) 96 (hrs)
Exiguobacteriunsp. 171+9.8 19+0.1 26+1.4
Enterococcusp. 360+9.8 22+1.2 53+2.8
Vibriosp. 25+04 0.12+0.02 0.14+0.03

Table5.9 shows the average bacterial count pdgbphilisation The esults indicate that

the number of viable bacteria reducedtamaticallyafter freeze drying. The level of
viability loss was different for each bacterial strain due to diverse sensitivity to stressors
during freeze dryingdAmong the three probiotic bacterianterococcusp.andVibriosp.

were highly sensitive to freeze dryingith a 4-5 log reduction in the number of viable
bacteria. Approximately,10*-10° CFU/g of viable cells were obtained after the
lyophilisation. The results of this studyicatethat the encapsulated probiotic bacteria

in CCALG beadsan be stored at @ without addition of any growth inducer or
protectant. However, f@irther studies are required to enhance the survival tbé

encapsulated probiotics during lyophilisation.
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Table5.9 Average bacterial viable oat after freeze drying of encapsulated probiot{cs3;
mean * SD).

Bacteria Initial viable count Viable count after freeze drying
(CFUI/g) (CFU/g)
Exiguobacteriunsp. (119+16.2) p 1 (44+£0.049) p 1
Enterococcusp. (94+4.94) p 1 (30£6.36) p 1
Vibriosp. (281£8.48) p 1t (33x7.07) p

5.4 Overall dscussion

In this chapter, a simple extrusion technique was used to prepare alginate b&ads.
mixture of sodium alginate with probiotics was extruded dropwise into a solution
containing calcium ions (CaGblution). CaClis a preferred crosBnker for alginate as

it is cheap, nofrtoxic, readily available and importantlycrosslinkingprocesscan occur

at neutral pH which iturn canmaintain the viability of probioticé~oroughi, Mirabedini,

& Warren, 2018)A crosdinked layer is formednmediatelyaround spherical droplets

as they enterthe hardening solutin (Krasaekoopt et al., 2003) The crosslinking
reaction can then proceed from the surface toward interior regions of the beads?as Ca

ions continuously diffusato the beadqVdings & Mestdagh, 1995)

Alginate beads with distinct shapes and sizes were produced using different

concentration of alginate. A higher viscosity was observed as the alginate concentration

increased in bead formulationg.he shape of alginate beadgas influenced by the

viscosity of alginatsolution Beads deformation was observed at low (0.04 pa.s) and

high (0.93 pa.s) viscositieBhis can be explained liye inability of the alginate droplets

to overcome the drag force applied to the droplet surface wtieay enteredthe gelling

bath (Seifert & Phillips, 1997 ee et al., 2013)Pearshaped alginate beads wiblt a

distinct tail were produced usingiscousalginate solution (ALG2.0 beads). Thiss

presumed to be due to the formation of nespherical droplets at the drjong tip,

retaining the shape during dripping distance dimally entering the gelling batfLee et

al., 2013) Furthermore, it should beonsideed that high viscosity can complicate the

encapsulation proess due to handlingnd processlifficulties. Some desirable features
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such as improved mechanical and chemical stability, better aesthetic qualities, well
defined size and shape, higher reproducibility and controlled release profiles have been
suggested fospherical particles as opposed to particles with +spherical and irregular
shapes(Velings & Mestdagh, 1995 f 1| I 2,N.899 \Wab etlaf 2D07 Lee et al.,
2013)

ALG formulatiowith 1.5%wl/v alginate (AL&..5)had an optimum viscosity to produce

a smooth flow jet from the dripping nozzle. Furthermore, AL& yielded more
spherical beads compared to other formulations. The sinking time of ALG beads was
inversely proportional to the concentration of alginatiele to the higher density of
beads as the concentration of alginate increased within the formulations:1A% Geads
require at least 2 min before starting to sink in static seawater. A faster sinking rate can
improve the accessibility of beads to abalomspecially in farm condition where the
flow of seawater can potentially wash away the beads. The sinking rate of developed
ALG beads can be further reduced by-poaking ofthe beads inseawater. The pre
soaking step can reduce the osmotic pressure gnatd between ALG beads and

seawater and facilitate sinking within a few seconds.

In order to minimise the possibility of contaminationmgy benecessary to autoclave
the alginate solution. It was found that, heat treatmenttbé alginate solution cause
a remarkable decline in the degree of polymerisation of alginate. This has been
previously reported by other studiefLeo et al., 1990! f 1| | 2 NB99)SThe | f @&
depolymerisation of alginate resulted in a significant drop in the viscosity of alginate
solutions. Therefore, autoclaving alginate solution can result in higher level of matrix
erodon obtained, lower mechanical stability and greater porosity in the produced beads
(Leo et al., 1990)These could lead to a faster degradation and release of encapsulated
materials from alginate beads, longer sinking time due to higher porosity and lower
density. Therefore, it was decided that preparation of themds from norautoclaved
alginate solution should produce beads with improved qualities for delivery of probiotics
to abalone. In order to retain the characteristics of alginate beads in the process of
sterilisation, it maybe possible to increase the fia@l concentration of alginate to
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counteract the reduction ithe degree of polymerisation after sterilisation. Alternative
sterilisation tetiniques can also be explored.oWever, similarly to autoclaving,
methods such as-radiation and ethylene oxide @atment have also been reported to
change the degree of polymerisation of alginate solufioeo et al., 1990)n this study,
ALG beads produced from nautoclaved alginate solution were selected for further

evaluation due to lower percentage of erosion ardallersinking time in seawater.

Uncoated ALG beads showed a very fast release of probiotics which is chastlythe
porous structure of alginate particlé&ouin, 2004Abbaszadeh et gl2014) However,

when the beads were coated with chitosan, the release of probiotics could be
successfully controlledShu & Zhu, 2002Ribeiro et al., 2005Cook et al., 2011
Chitosan a cationicpolymer derived from the shell of crustaceamsn form a strong
complex with alginate.In this study chitosan was used to create a polyelectrolyte
complex with alginate taeduce the bacterial release and dissolutioh beads in
seawater(Gombotz& Wee, 1998Shu & Zhu, 20Q2Abbaszadeh et al., 2014}hitosan
coating also delayed the release of probiotics from CCALG bead into seawater where the
percentage of matrix erosion in seawater was significantly suppressed, similar to reports
elsewhere(Murata et al, 1993) Matrix erosion showed a concentratiesiependent
relation with chitosanwhere, a higher concentration of chitosan formed a thicker
coating layer aroundhe alginate bead reducing bead dissolution and release of
encapsulated bacterigShu & Zhu, 2005ahasathian, Praphairaksit, & Muangsin, 2010)
On the other handcoatingduration had minimal effect on matrix erosion of the beads
(Cook et al., 2011 Therefore, CCALG beads with 0.8% chitosancoated for 20
(CCAL®.8-20) was selected as the optimised formulation for delivery of probiotics to

abalone.

These beads demonstrated ideal morphatad properties such as spherical shape and

smooth surface. The release study showexbacterial releasavithin the first 6 hrsof

incubatng CCALG beadsseawater which is ideal in terms of minimising the potential

environmental impact.This timeline is satisfactory as these beads had a high

consumption rate within the first 24 hrs of being placed in abalone culture tank further
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minimising the risk of environmental contamination. The developed beads were also
able to deliver encapsulategrobiotics tothe GITof abalone as shown in tracking
experiments. The mechanism of probiotic release from the beads wittengut of
abalone can be explained via physical destruction of beadseosadula at the time of
consumption and further releasef ®@ntrapped bacteria from the broken beads via

matrix erosion and diffusian

The developed CCALG beads also showed high encapsulation efficiencies for the tested
probiotics. Viability of probiotic bacteria is @ther important factor whichshould be
consicered when developing a delivery systdmorder for the probiotics to confer their
benefits, they should be viable when delivered to the site of action. This requires
maintaining their viability duringhe encapsulation process and storag€havarri,
Marafidén & Villaran, 2012) Bacterial strains show different sensity to various
stressors. Thereforat is critical to investigate the survival of bacteater every step

of developing aleliverysystemincluding encapsulation and furthetorage processes.
Although the viability oExiguobacteriunsp. and Enteroca@cussp. was relatively high
after encapsulationthat of Vibrio speciesvas less than 2% which could be due to higher
sensitivity to calcium in the gelling bath or stirring during encapsuldiwsad_edesma

et al., 2012) Moreover, in order to measure suraility, it was necessary to dissolve
beads in sodium citrate which is a calcium sequestrant that can affect bacterial
survivability(Camdin et al, 1993) A wide range of survival levels have been reported
using the same method of encapsulatiGhlbertini et al., 2010Rosad_edesma eal.,
2012)and other encapsulation techniquéannan, Borza, & Hansen, 2Q00&artin et al,
2013)

The survivability of the encapsulated probiotics during refrigerated storatgdaC
showed only one log reduction in viability of encapsulated probiotics afteinr§6of
incubation (107-108 CFU/gof beads). The final viable count of encapsulated probiotics
can always be enhanced by increasing the initial number of bacteria before

encapsulation. Nevertheless, the obtained probiotic concentration should be sufficient
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as 10-10% viable cells/g of feed is suggested as effective working concentration in

different studies(Macey & Coyne, 200®oeschate & Coyne, 2008adi et al., 2014)

Lyophilisation as an alternative storage option for encapsulated probiotics showed a
significant reductiorof between 2to 5 logs for the three probiotic bacterial strains. The
three bacterial species showed various susceptibilityhi® freeze drying process as
found in other studies which could be due to the differences in the composition of cell
membranes(Rybka& Kailasapathy, 199%Capela, Hay, & Shah, 200&)needs to be
noted that other additives such as skim milk or sugars can be utilised as cryopragectan

to reduce the chance of cell damage during freeze dr¢itigpimai et al., 2015)

5.5 Conclusion

In conclusion the developedchitosancoated alginate beads could besed as an
efficient probiotic delivery system for abalone. Considering different stages of delivery
process, a high level of viable bacteria can be obtained during encapsulation using
CCALG beads. A very low bacterial release in seawater can maintqirati of culture
water when beads are placed in abalone culture tanks and high consumption rates
ensure delivery and minimise environmental impact. The physical rupture of the beads
during intake by radula can initiate bacterial release followed by tifiso and
diffusion of encapsulated bacteria into abald@&IT in the first 12 hrs after feeding. A
high concentration of probiotg(10° CFU/mI) vasfound within the GIT of abalone which

indicates successful delivery of probiotics.
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Abstract

Thischapterinvestigateghe efficiency ofeed encapsulation and probiosdelivery on
the growth, immunity and feed digestibility in juvenile blaidoted abalone aliotis
iris). Juvenile abalone were fed with four different dietary treatmentmcluding
conventional feed pelletsliet 1), conventional feed pellets sprayed with probiat{diet

2), combination ofconventional feed andchitosancoated alginate (CCALG) beads
contaning probiotics(diet 3) andCCALG beadsncapsulatingprobiotics and feed
powder (diet 4).

Abalone fed with diet 4 performed significantly bettdan the other grougs, resulting

in a significantly higher growth rate both in shell length (5086.91 yn/day) and
weight (25.55+ 2.55 mg/day). Furthermordhe feed conversion rate (FCR) for abalone
fed with diet 4 (1.04£ 0.06) was significantlipwer than those fordiet 1 (3.39+ 0.07)

diet 2(2.71+ 0.14)and diet 3(3.21+ 0.36) Compositional analysis of abalone faecal
matter revealed the lowest percentage of protein content in abalone reared with diet 4
compared to thoseprovided with the other dietswhich indicatesenhancedfeed
digestibility and utilisation. Analysis of haelymph sampleswith flowcytometry
revealed a significantly lower level of oxidative strassociatedwith diet 4 (13.24+
4.2%) compared tathat of diet 1 (26.8+ 3.8%). Metabolomics analyses of foot muscle
samples from abalonshowed atotal of 227detectedmetabolites of which 184 could

be reliably identified A total of 31 differently regulated metabolitesacross the four
treatmentswere revealedvith a characteristic enhancement of free amino acids in the
samples obtained from ababe fed with diet 4 These resultssuggestgreater
incorporation of proteinaceous amino acids from the diet and/or differences in amino
acid turnover in foot tissueefidogenous bisynthesis vs use)The combinedresults
from the growth parameters, proximate analysis, flow cytometry and metabasmi
indicatethat CCALG beads containing probiotics and nutrients (diet 4) can efficiently

improve the growth and immunity of juvenile abalone. Moreover, encapsulated
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probiotics-feed canmarkedly reduce feed cost by significantly improving F&Ri

consumpton rate

6.1 Introduction

TheNew Zealandlaaloneindustry is considered as an important econosgctorwith

a total revenue of around NZ$4 millian 2018 mostly from fisherie{Seafood New
Zealand, 2019)In addition abalone farming is rapidly growing to address market
demands.However, the long growth period dblackfooted abalonehas imposed
significant restrictions on the development of the indust@ommercially produced
abalone usally takes around % years to grow to markesize (80-100 mm) This
cultivation time presentsa major challengeo the industry reducing profitability and
increasing rislof disease outbreak@Vang et al., 2004400per et al., 2007Sawabe et
al., 2007) Thereforge improvingthe growth rate and general healtbf these animalsis

crucial for the growth and sustainability of this important aquaculture sector.

Theapplication of probiotics in aquaculture is an doendly strategy thatanenhance
growth ratesand immunity of aquatic animals. Application of probioteither as feed
supplements or irthe culturing water have beershown toimprove the resistancefo
marine animals against pathogens, ameliorate unfavourable environmental and
nutritional conditions and enhance the growth rate of anim@e et al., 2014)This
approach has been used to increase the growth rate and health of several species of
abalone includingHaliotis midaein South AfricaMacey & Coyne, 200Ro0eschate &
Coyne, 2008)H. rufescensin Chile (SilvaAciares et al., 20112013) H. irisin New
ZealandHadi et al., 2014Grandiosa et al., 2013)l. asininan IndonesiaFaturrahman,

F., Rohyani, I., & Sukiman, 2018) rubra x H. laevigata, laybrid abalonen Australia
(Amin et al., 2017)and H. discus hanngGao et al., 2018nd H. diversicolom China
(Zhao et al., 2018)

Delivery oflive probioticshas beemmostly throughadministration inwater or as feed
supplements Thismay lead to an uncontrolled release and instabilitiy probiotics

during processing and storagénal & Singh, 2007Additionally,traditional ways of
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delivering probioticsnay result in annsufficient dosagef probitic bacteria whickcan

hamper ther beneficial effecs. In recent years, a number of studies have shown that,

by encapsulaing probiotics one can maintain viabilitycontrol the release andleliver
asufficientdose of probioticsl 2 I &LISOATAO aA (I@UGALIRIY K
Rosad edesma et al., 201Zhosh et al., 201@)ezfooli et al., 2018)n aquaculture,
encapsulatiorhas alsdeenused topresene nutrients, minimisenutrient leakage and
controlthe release of nutrientén target areagAnas, Rilip & Singh, 200&hu, & Zhang,

2012; JiméneZernandez et al., 2014)herefore, his could bea viableapproachto

minimise environmental impact of probiotics

In the past few years,reapsulation techniques have be@westigatedfor delivery of
nutrients to abaloneZhu et al(2002) used microencapsulation for delivery of thiamine
HCL tdH. discusA significantly lower leaching of the encapsulated vitamin into seawater
was reported compared to neancapsulated one&hu,Mai, & Wu, 2002Miao et al,
2013) Similarly, Shipton et al (2002) used microencapsulation tvoid leaching of
encapsulated amino acids into seawater prior to ingestiorHbynidae(Shipton, Britz

& Walker, 2002)Wu et al (2011) improvd the activity of immunoglobulin Y ithe
digestive tract oH.diversicolousing microencapsulatiofWu, Wang, Chan, & Li, 2011)
Together, the reviewed studies indigag the potential of encapsulation for developing
more efficient delivery methodsof bioactives toabalone. However, the use of
encapsulation to deliver probiotics &baloneis quite newand hasot beenpreviously

investigated

Theaimof this study is to explore the effect tiie probiotics encapsulated ichitosar
coated alginate (CCALG) beads growth and health ofuvenile abalone H. irig.
Specifically, four different diets including a basal diet of conventional feed (diet 1), a
probiotic supplemented feed (diet 2an encapsulated probiotidiet (diet 3) andan
encapsulated feegbrobiotics (diet 4) wereused and assessed in this studihe
efficiency of the encapsulated bioactivede improve the growth performance
immunity, feed conversion rate and metabolomics profieH. iriswas compared to
non-probiotic and nonrencapsulated dietsThespecific objectivesf thischapterare:

167



Chapter 6: Feeding trial

1. to identify growth variations oH. irisreared with different diets,

1. to study the feed wastage and feed conversion rateHafisfed with different
diets,

2. to investigate the effect of different diets on immune parameteit-bfirisand

3. to perform a metabtomics analysis of foot muscle tissue of abalone fed with

different diets.

6.2 Materials and rathods

6.2.1 Materials

Medium molecular weight chitosarsodium hydroxide, pyridinenethyl chloroformate
(MCF) L-alanine2, 3, 3, 3-d4 and GC glass vialgere purchased from SiganAldrich (St.
Louis USA)Sodium alginate was purchased from AcrosOrgdBieging, Chinaodium
bicarbonate calcium chlorideand anhydrous sodium sulphate were purchased from
Ajax Finechem (NSW, AustraliahldZoform, methanol sodium bicarbonateand a
standard amino acid miwere obtained from Merck Darmstadt, Germany)Kimble
silanised borosilicatglass tubes12 x 75mm) were purchased from Thermofisher
(Auckland, NZAnhydroussodiumsulphatewas purchased from BDH Chemsc@oole,
UK) A GaspakV EZ anaerobic container systemas obtained fromBecton Dickinson
(New JerseyUSA)AIl other chemicals were of analytical grades. Juvenile Hizated
abalone (average shell lengthf 25-35 mm) were provided by Moan&lew Zealand
(Ruakaka, NortherlNew Zealand). Bacterial isolates were kindly providedthsy
Aquaculture Biotechnology Research Group at Auckland University of Technology
(Auckland, New ZealahdScawater was collected fronDkahu Bay, AucklandAll
bacterialgrowth mediawere purchased from Difco (New Jersey, US2gll Count and
ViabilityAssay KsandMuse Oxidative Stress Kitere purchased from Merck Millipore
(MassachusettsUSA. Commercialabalone feed from Marifeed (Hermanus, South

Africa)was used in this study
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6.2.2 Rearing tanks and water system

Seawatemwasstored in 82000 Ltank continuoushpbeingrecirculaedto maintainwater
qualityusing membrane filtratiorf50 um)and UVsterilisationbefore use. Furthermore,
the water was cooledand maintained at15¢C. Animal tolding tanks were aerated
vigorouslyand seawater vaschecked regularly for dissolved oxygen (100%), pB138

ammonia (60.25 ppm) and trite (0-0.25 ppm)concentrations

6.2.3 Probiotic cultivation

A probiotic cocktail consistingf three species of bacteria wassed in this studyThe

probiotic cocktail was cultivated as describedrection3.2.2 Chapter 3.

6.2.4 Feeding trial

6.2.4.1 Experimentahnimals
About 180 juvenile abaloneH. irig with an average shell length of 34£2.8 mm and

wet weight of 4.0+ 1.1 g weretransported fromMoanaNew Zealando the Auckland
University of technology (AUTAucklandin cold and wet conditiongOnce at the AUT
lab, the animalsvere acclimatised for one montlied with commercial pelletsabelled
with numbered watefproof tagsand measured for initiakhell length ad wet weight.
Animalswere randomlydistributed into12 tanks with 10 L of seawater one week prior
to the feeding trial Figure6-1). An additionalstock containing 40 juvenile abalomes
maintained undersimilar conditions to replace test animals the case ofmortalities

during the experiment.
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Figure6-1 (a) Juvenile abalone labellegith numbered watefproof tags and (b)et-up of
experimental tank inthe lab.

6.2.4.2 Experimental diet

Three tanks wittatotal of 45 abaloneachwere set up for each experimeaitdiet.Four
different diets were examined including conventional feeddiet 1) probiotic-
supplemented feed(diet 2) encapsulated probtics (diet 3) and encapsulated
probiotic-feed (diet 4)(Table6.1). Dets containing probiotis were prepared every four
days. A bacterial suspension containing the three probiotic bacteria was prepared by
inoculating marine broth with bacterial colonieffom cultured agar plates.
Exiguobacteriungp.wereinoculated in 140 ml of marine broth caxhing 1%w/v yeast
extract.Vibriosp. were transferred into 280 ml of marine broth supplemented with 1%
w/v yeast extract. The otulated mediavere incubated h ashaker(100 rpm) atroom
temperaturefor 16 hrs.A volume equato 140 ml of marine broth with 1%v/v yeast
extractwasinoculated withEnterococcusp.colonies. The mediaave incubated in an
anaerobic jar for 16 hra\ll the three overnight bacterial cultures were transferred into
sterile centrifuge tubes. A volume equal to 45 mlaaich Exiguobacteriunsp. and
Enterococcusp.cultures and 90 ml ofibriosp.culture wasmixed. A total of 180 ml of
the three bacterial species were utilised for preparation of each probgmittaining
diet sufficient for two day$eeding Qultures were centrifuged at 4000 rpm, for 15 min
at 4aC andthe pellets were resuspended in 3 ml of fresh marine brethich wasused
inthe diet preparatiors. The total number of bacteria addedtwe probioticscontaining

dietswasapproximatelyp®& p m CFU/mI.
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In all experimental dietshe conventional feed wasaed aghe source obasenutrients

for eitherthe feed pellets in diet 1, 2 and 3, tre encapsulatedeed powder in diet 4.

An identical daily feeding ratio of 0.88% of average body weight of all animals in each
tank wasmaintainedthroughout the study The amount of feed presented to animals
across all diets were kept the same except for diet 4 which was lower due to the high

viscosity othe final formulation after addition of feed powder.

Table6.1 The composition ofx@erimental diets.

Diet Diet composition  Conventional Dose of Delivery method
feed (g) probiotics .
(CFY Probiotics Feed
1 conventional feed 1.056 - - pellets
2 probiotic- 1.056 o8 p Tl sprayed on pellets
supplemented feed
feed
3 encapsulated 1.056 o8 p T  encapsulated pellets
probiotic
4 encapsulated 0.792 o8 p 1  encapsulated encapsulated

probiotic-feed

Diet 1: ©nventional feed

The conventional feed specifically designed far davas manufactured by Marifeed
(Hermanus, South Africdj.wasobtained from MoandNew Zealanénd kept in the lab
(15176 /| O dzyfFigwds-2)dza S o
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Figure6-2 Conventional feed pedts used as diet 1 durirthe feeding trial.

Diet 2: Pobiotic-supplemented feed

Feed mllets wereweighed and placed in a sterilised tube un@daminar flow hood.
Bacterial pelletsvereretrieved from bacterial cultureandresuspended in 3 ml of fresh
marine broth The mixture wasprayedover thefeedpelletsand air dried under laminar

flow for 2-4 hrs Figure6-3).

Figure6-3 Probioticsupplemented feed useds diet 2n the feeding trial.
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Diet 3: Bcapsulated probiotic

To ensure that animalg/ould receiveenoughnutrients during the feeding trialthe
encapsulated probiotics weraddedasa supplementto the conventional feedFigure
6-4). Each tank received a total amount of 4 g of encapsulated probiotics with 1.056 ¢

(dry weight) ofconventional feecevery two days.

Figure6-4 Diet 3 containindpoth (a) conventional feed as the source of nutrients gl
encapsulated probiotics as a supplement.

The encapsulated probioscwere produced every four dayS.he three probiotics
(Exiguobacteriunsp, Vibrio sp. and Enterococcusp.) were cultured in marine broth
containing 1%w/v yeast extract and collected as descriiadsection3.2.2 Chapter 3

The collected bacterial cells were resuspende8 ml of fresh marine broth and mixed
with 22.5 ml alginate frona 2%w/v sodium alginate stock solutioithe total volume of

the formulation was set to 30 ml by addition of gBl The homogenised mixture was
then extruded through a syringeith anaperture size of 2.22 mm into a calcium chloride
bath (0.1M). The produced alginate beads containing probiotics were collected using a

sieve after 30 min stirring at 100 rprigure6-5). A mating solution with the final
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concentration of 0.8%w/v chitosanwas preparé by dissolution of 0.8 gf medium
molecular weight chitosan in 1%v lactic acid. The pH @fhe coating salition wasthen
adjusted topH5.70 by adding sodium hydroxide (1 M). The alginate beads were then
coated with chitosan for 20 min. Tlohitosancoatedbeads were collected and washed
with dHO (100 mijtwice. Half of the producedncapsulated probiotidseads were used

on the day of preparation and the second half was storeddat# be used within the
next 48 hrs.

Alginate core Chitosan coating

Three probiotic bacteria

Figure6-5 Diagrammatic illustration of an encapsulated probiotic bead.

Diet 4 Encapsulate probioticfeed
Encapsulated probiotics were prepareddescribed abovevith the addition of 4.752 g

of powderedconventionalpellets(Figure6-6).
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LINB O A 2

Figure6-6 (a) Schematicillustrationand (b) picture ofproduced encapsulated probiotieed
usedin the feeding trial.

6.2.4.3 Feeding trial
The duration ofthe feeding trial was 57 day§July to August). Three tankseach

containing 15 abalonaere assigned for eadtliet (Figure6-7). Each tank was aerated
using a separate air pump to avoid cross contamination duhedeeding trialand the
water wasreplacedevery two daysUneaten bod and faecal matter were collected at

the same time using 800 and 1Pk sievesfespectively.
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seks  ‘agde| Diet1: Feeding trial
¢ ¢ Conventional feed (57 days)
15 abalone/tank
% g
(——  — N
Diet 2:
¥ # _ . .
g %g Probiotic-supplemented B | > Feeding trial
ks feed \ (57 days)
%9. 15 abalone/tank
@ J
Diet 3:
5 . .
hﬁ @7 Encapsulated probiotic + Feeding trial
feed (57 days)
gﬁ 15 abalone/tank
* & Diet 4: . .
i'%? % Encapsulated probiotic-feed Feeding trial
S0 15 abalone/tank (57 days)
[v]

_ o8

Figure6-7 Schematicepresentation of four different diets usead the feeding trial.

6.2.5 Bacterial load

A probiotic dose of approximatelg® p 1 CFU was added to each probiotics
containing dietThe concentration of probiats bacteriain the digestive tract of abalone
was qiantified at the end otthe feeding trialusing similar procedusedescribed in

section5.2.15 Chapter 5

6.2.6 Growthparameters
Thelongest axis othell lengthfor eachabalone was measured using a Fuller digital
calliper (Quebec, Canap@rigure6-8) at the beginning and end of the experiment. Shell
growth was calculated usirthe below formula:
"0 Qe i o dQ £€0Q0E QoM andQ £0Q0
L X

O QEEIDB €00
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The wet weight okachabalone was measured using a Mettler Toledo balance (RB602
S, USAat the beginning and end of the experiment. Before each measurement abalone

were blot driedusinga tissue paper. The weight gain of animals was calculated as:

"0'Q¢ WAWQ 08 Qb "QEBOQ
uX

Figure6-8 Measurement of abalone shell length.

6.2.7 Feed wastage antbnversion rate
Uneaten feedfrom each tank vascollected anddried in an oven at 3& for 48 hrs and
accurately weighed. The percentage of feed wastage and feed conversion ratevfiSCR)
calculated usinghe below formula:

0GE0ERE QOWNAVQ

OQPH@i 0 «PQQ 54 E 58 a0 0800 p T

06G¢0&MALQNQQ

00 'Y 500G 0D
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6.2.8 Biochemical analysis

6.2.8.1 Protein analysis

Total protein was estimatedsing theKjeldahl methodwhich is used to determine
protein concentration in organic samplewhich calculatesthe overall protein
concentration derived from the amount of nitrogen in the sampdOAC, 2010)The

amount of total protein in each sample was calculated u#iiregoelow formula

e sarias s QB U PBIp GO QO dEONOE MO 06 &
Y¢ Ofpiaé OFQ Qe — —
[ @0 NOAXXBHAQ PTTT

pTT

The value of 6.25 is thetandard Kjeldahfactor that is generally used to convert
nitrogen content into protein contenfFAO, 2003)The atomic weight of nitrogen is

14.01.

6.2.8.2 Lipid analysis

Samples of collected faecal matter and conventional feed were used to extract the lipid
content using a method described Bligh & Dyer (1959)A weight of 0.5 g of each
sample was transferred into a 15 ml centrifuge tul8ampleswere rehydrated by
adding 2 ml of dkD. An aliquot of 3 mlfomethanol:chloroform (2:1) was added to
obtain a homogenised suspension of sample. Chloroform (1 ml) was added to the
mixture, mixed for and centrifuged at 2000 rpm for 10 min. The chloroform layer
containing extracted lipid was transferred into a cleglass tubeand wasexposed to
nitrogen gas to eliminate chloroform. The extracted lipid remained as a yellow layer at
the bottom of the tubeand the lipid content was calculated usithg following formula
0ol GHEErR@O
0t Q6 Qume 0 waq@aP "

0 "QRGEQE 0 BE o

6.2.8.3 Carbohydrate analysis

The percentage of carbohydrate content was calculated by summing percentages of

protein, lipid, moisture and assubtractedfrom 100(Porter & Earl, 1990)
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6 D1 @I DER 0QE O

PIITT NI €0RQEATTQNBRQ G € Qi oBiI DIQP

6.2.8.4 Moistureanalysis

The moisture content was calculated based on the weight differences of each sample
before and after dryingt 100aC for 3 hrauising the following formuléDe Knegt & Brink,
1998;McClements, 203).

R L I (X S
D€ Qi wEIE® Qe OT pTITT

Where, M1 isthe initial weightof sampleand M2 ighe weight after drying.

6.2.8.5 Ash analysis
Samplesvere placed ina porcelain cruciblandthen placed in durnace at 52@C for 3
hrs. The amount of sh wasweighed,and the ash content was calculated usithg
below formula:

. 0 0

iahet o0t ool 25 pnn
up

Where, M1 isthe weight ofthe dried sample before burningndM2 is the weight othe

ashobtainedafter burning

6.2.9 Haemolymphanalysis

Haemolymphsampledrom 9 animals from each experimental treatmgBtanimals per
tank) were assessed using MUSER Cell AnalyserEMD Millipore, Hayward, CA, USA
Haemocyte counts, viability and reactive oxygen species (R@&re measured by
extracting haemolymph frorthe tested animals at the beginning and at the end of the
feedingtrial. The haemolymph was extracted using a-poeled 1 ml syringe and needle

(27 G) from the anterior arteria sinus of abalone(Figure 6-9). The extracted
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haemolymph was transferred into a pomoled centrifuge tube and immediately mixed

with MUSE reagents.

Figure6-9 (a) Extracting haemolymph from a juvenile kv using a syringe and needle and
(b) éalone haemolympln a vial

6.2.9.1 Haemocyte cell count and viability
The total number of haemocyte cells and pamtage of viable and dead cells were

estimated via flow cytometry on the Mu@&eCell Analyser using viability assay kit
followingthe Y I y dzF | Ol dzNB KMer&k Millipaie] 202D iraluthg/equal t@0
ul of extracted haemolymph was transferred into a fwad dark 1.5 ml centrifuge tube.
The Muse Cell Count and Viability Assay reagent|{B&@as then addednd mixed with
the haemolymph. The tubes were incubated &tom temperaturefor 5 min. The

mixture was then briefly vortexed for 5 seconds and analysed.

6.2.9.2 Quantification of ROS
The amount oROSassuperoxide radicals inaemocyeswasestimated using the Muse

Oxidative Stressikfollowingthe Y I y dzF | O (i dzNB NEletck Milfipbré, RBFE) (G A 2 V
Thedata output wasset as therelative percentageof cellswith (ROS+ cells) and without
(ROScells) intracellulaROSA solution of ROS intermediate reagent was prepared by

mixing 2 pl of ROS reagent in 198 pl of 1x assay bdifeROS intermediate reagent
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was further diuted 1:80 with 1x assay buffer to prepare M@xidative stress working

solution.

Forthe purpose ofadjustingthe ROS thresholda negative and positive control were
used to adjust and verify setting®spectivelyFigure6-10). A fresh sample of extracted
haemolymph was used as a sample with minimum ROS+ cells (negative control).
Haemolymph (20 ul) was mixed with 38Qul of ROS widking regent, vortexed and
incubated for30 min at room temperatureThe smple was vortexed briefly and then
analysedusing theMUSE® Cell Analyser immediately. The threshold was adjusted to
remove cell debris frorthe cell population. A positive contralas then used to confirm

the accuracy othe setting by preparing solution oftitanium oxide(10,000 uM)asa

RG5 inducer(Zhu, Zhou, & Cai, 20114 sample ofpositive controlwas prepared by
mixing 20pl of titanium oxide (10,000 uM)with 20 pl of extracted haemolymph.
Samples wer&ortexed briefly and incubated for 5 min at RheROS working reagent
(380 ul) was added and incubated abom temperaturefor another 210 mirbefore
analysis The adjustments were then saved to be used for examining the haemolymph
sampes from each dietary treatmenROS measurements were performed immediately
after haemolymph extretion from animalsin each dietary treatment groupThe

samples were analysed after 30 min incubation at RT.
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Figure6-10 Settings of ROS thresholishdicated by black arrowsm a MUSE Cell Analyser.
Adjustment of settingprior to ROS measurementising(a) negativeand (b) positivecontrol by
moving he thresholds up and down to exclude cellular debris from studied cell populations.

6.2.10Metabolomics stdy on abalone tissue

6.2.10.1Sample preparation

Four animals from each experimental tank (12 per treatment) were randomly selected
to collect tissues for metabolomics analysis at the end of the feedingAriahals were

then euthanisedand dissected to obtain a piece of faad adductormuscle tissuavith

an average weight of 200 mg per animal. Each dissected tissue was placed in a cryovial
and snap frozen in liquid nitrogen. The frozen tissues were lyophilised for 24 hrs using a

freeze dryer{80daC, 0.001 mbar) and then groumdth a mortar and pestle.
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6.2.10.2Extractionof metabolites

Extraction of metabolites was performed usihg cold-methanol water method(Villas

Boas et al., 201Nguyen et al., 2018 ubes containing powdered samp(&smg)were

kept on icego which was adde800ul of cold methanol (50% v/i@nd20pul of an irternal

standard (10 mM4alanine2,3,3,3d4). Samplesvere mixed well, freee-thawed, mixed

and centrifuged4g@Cat 1000 rpm for 10 min to collect extracted metabolites. Extraction

was repeated on recovered pellatsth 800pl of cold methanol (80% v/\wicefreeze-

thawed, pooled withthe extracted metabolites iprevious step andried in a SpeedVac

[ 2YyOSY OGN G2N gAGK I wWSTFNRARISNI G§SR #I LI2NJ G

4 hrs.Dried samples were stored aB80gC until the deriatisation.

6.2.10.3Derivatisation of metabolites

Derivatisation of metabolites was performed usimgthyl chloroformate (MCRVillas
Boas et al., 2011ptandard samples were prepared by addingiéf a standard amino
acid mix solution (20 mM) into a fresh centrifuge. A volume equal to#Gbdium
hydroxide (1M) was added to eaafdividual lyophilised sample. The mixture was then
transferred into glass tubes (Kimb¥esilanized borosilicate ¢ x umm) containing
334 ul of methanol and 6&l of pyridine Then, 40 pl of MCF reagentvere addedand
mixed Another 40ul of MCF reagentvere added to the tubesnd mixed Then,400 pl

of chloroformwere added to the tubes and shaken well for 10 sec to separate the MCF
derivatives from the reactive mixture. This was followed by addition ofi8@d sodium
bicarbonate solubn (50 mM) andcentrifugationat 2500 rpm for 6 min. The upper
agueous jpase was removed using a glasst®ur pipette followed by addition of a
small amount of anhydrous sodium sulphate to remalve remaining water Samples

werethen analysedisinggaschromatography (GC)

6.2.10.4GGMS analysis

MCEF derivatives from each tissue sample, blank and standard were anaisg@CMS
(GC7890, Agilent Technologies, USA) coupligdl a quadrupole mass spectrometer
MSD 5975 (Agilent Technologies, USA). A capillary ookith stationary phase of 86%

dimethylpolysiloxane and 14% cyanopropylphenyl waed,the volume of injection
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was1 pl, helium flow rate 1 ml mi#, injection temperature260eC, oven temperature
initially at 45Cthen increased gradually t840aC over 15 min and maintained for a
further 11.5 min before being elevated @80aC for 2 min (Smart et al., 2010)The
temperature ofthe quadrupole was set at 2@3. A washing step was performasing

pure chloroform before and after each injection to clean the column.

6.2.10.5Dataprocessing

Raw chromatographic dataese obtained from GEMS and deconvolution of data was
carried outusing the Automated Mass Spectral Deconvolution and Identification System
(AMDIS v2.66) software (National Institute of Standards and Technology, USA,

http://www.amdis.net/). Metabolites were identified based on theatention time and

peak height using Chemstation software (Agilent Technologies). A customised R xxms
based scripty ! 33A 23 +Aff | Ab. wasiusedto oougd@ Ah8 NGRAE  H 1
metabolites against an thouse library of MCF derivatised commercial standanod

the National Institite of Standards and Technology (NI®&¥s spectrdibrary. An excel

file with the list of metabolites and their pedleight was obtained from data processing.

The list of metabolites was additionally checked for repetitive data and contaminants
(i.e. derivatisation artefacts and neiologically derived compounds). The peak
intensities were further normalised based oretlexact biomass of individual samgle

and the peak intensity of internal standardé¢alanine).

6.2.11Statistical analysis

The data of bacterial load, growth rate, immunological parameters and biochemical
analysis were anadgd using One &y ANOVASPSS, vewsi 20) ¢ dz] S & ¢héc tesf2 a U
with a Pvalue set to 0.05Statistical analyess for metabolomics datavere performed
usingthe free webbased Metaboanalyst 2.0 developed for analysis of-tigbughput
metabolomics studies (Xia et al., 2015) Multivariate data analysisincluding
unsupervigd principal component analysis (PCA) was used to determine classification

of samples.
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6.3 Resultsand discussion

6.3.1 Bacterial loadn thedigestive tract

Results from the bacterial count in the digestive tract of abaldiadble6.2) indicate that
the number of probiotic bacteriawere higher in probiotis-fed abalonecompared to
animals fedthe conventionalfeed (diet 1) (Figure6-11 and Figure6-12). The higher
probiotic bacterial load irthe digestive tract of abalonéd with probiotic containing
diets indicates the successful delivery of probiotics to abalone using both encapsulated
and nonrencapsulated probiotic diets (diets 2, 3 and@gspiteusingthe same bacterial
concentration for preparation of all probioticontaining dietsthe bacterial load in
animals fedthe encapsulated probiotgdiets (diet 3 and 4yvas lower than theother
probiotics-containing diet (diet 2)which couldhave beendue to a partial loss of
bacterial viability dring encapsulationAdditionally,the bacterial load of abalone fed
with diet 3 was slightly lowerp@& p 16 "OjYhan that in diet 4 g& p 16 "OfY
However, no significant differenc®§ 0.05wasfound between the two.Themeasured
viable bacterial densities in all giriotic-fed animals were betweenp o § ™ CFU
which iswithin the optimum rangerequired for probiotic functionMacey & Coyne,
2005;Hadi et al., 2014Grandiosa et al., 2018)

Table6.2 Viable count of bacterial population within the digestive tract of abalone.

Diet Awerage number of bacteria iB1Tof abalone
(CFU)

Conventional feed (Diet 1) &)y T pTl

Prabiotic-supplemented feed (Diet)2 pE T pTI

Encapsulated probiotiDjet 3) P ™ pTI

En@psulated probiotigdeed (Diet 4 pB T pTI
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Figure6-11 Total number of probiotic bacteria present in the digestive tract of abalone before
and at the endbf the feeding trial Initial couns of bacteriapresentthe number of bacteria in
the digestive tractof abalonebefore the commencement of feeding trillhe data represents
the mean(n=3)+ standard erro(SE. Asteriskindicates statistical significancd?< 0.05) between
different diets anchon-probioticsfed (diet 1)animals(n=3 meanz SE)
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Figure6-12 The numberof viable Exiguobacteriunsp., Vibrio sp.and Enterococcusp. cells in
abalone treated with different diets. Initial couswf bacteriarepresentthe number of bacteria
in the digestive tractof abalonebefore the commencement ahe feeding trial(n=3 meanzx

SH.

6.3.2 Mortality and growth rate

Therewere no mortalitiesthroughout the period othe feeding trial. A general increase

in the shell length and weight of abaloneasobserved in all four groups after 57 days.
The amount of daily shell length gain and weight gain for abalone fed with different diets
are summarised ifable6.3. Greatershell lengtls and weight gaiswere oltained for
probioticsfed animals compared tohose provided withconventional feed Kigure
6-13). Themean+ SE increasm shell length foanimals ordiets 1, 2, 3 and 4vas4.83
+1.29, 8.40+ 0.94, 5.21+ 0.80 and 8.26: 1.1 P4 respectivelyShell length gais for
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animals ordiets 2 and 4vere significantly higherR < 0.05) compared tthose fedthe

conventional feed (diet 1).

Animals on diet 4 showed ¢hhighest increase in wet weight after 57 days. The
percentage of weight gain was 33.43.4%which was significantly higher than those
feddiet 1 (25.22t1.60%), diet 2 (27.711.51%) and diet 3 (24.8% 1.94%) (Figure6-14).
This was obtained despite the fact that 25% less nutrients were administered to abalone
with diet 4 compared to the other three dietary regimes. The valfidaily weight gain

of H.iristreated with the basal diet was lower (17.23..76 mg/day) than that (25.5%
2.55 mg/day) achieved by improving the delivery of nutrients to abalone using
encapsulation. The daily weight gain using the sgrabiotic strains wapreviously
reported to be 7.12+ 0.15mg/day (Hadi et al., 2014and approximately 18ng/day
(Grandiosa et al., 2018)hich were lowethan thatobtained inthe presentstudy using
encapsulated probitic-feed (diet 4). Similarly, Macey et. #2005) andDoeschate &
Coyne (200&eported an improved daily weight gain of Agyday and 14 mg/day after

8 months feeding trial in probiotited H. midaeusing different strains of probiotics

which are notcomparable to the results obtained using diet 4

An improved weighgainwas observed iabalone feddiet 2 compared tahose feddiet

1 which could be due to the presence of probiotics. However, the difference in weight
gain was not significar(P < 0.05)between the two diets. This result is in agreement
with previous studiegTuterangiwhiu, 2015Grandiosa et al., 201&ndin contrast with

the results obtained byHadi etal. (2014)These variations in results could be duete

health status ofinimals and technical variatiomsfeeding triak.

A similar growth performance was observed for abalone fed with diet 3 and diet 1. This
could be due tahe abalone preferringCCLAG beads tonventional feed pellets. This

probably led toabalonereceiving less nutrients when CCALG beads was provided as
supplement during the feeding experiment. A significantly higher (P < 0.05) growth rate
(weight gain and shell length increase) was obtained for abalone when both probiotics

and feed were encapsulatl within CCALG beads (diet 4).
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Figure6-13 Shell lengthgairs for abalonefed with different dietsafter 57 daysof feedingtrial.
Symbols ¥) above the barsndicate statistical significance between different diets and non
probiotics fed (diet 1) animal@ne-way ANOVA, Tuké&ypost-hoc,P< 0.05)n=3 meanz SE).
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Figure6-14 Percentage of weight gaiby abalone afte’57 daysof the feeding trial. Asterisks
indicatestatisticdly significan differences betweendietsand control (diet 1Jone-way ANOVA,
Tukey @ost-hoc,P < 0.05)n=3; meant SE).
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Table6.3 Increase in Bell length and weighof abalonefed with different experimentaldiets
(n=3 meanx SE)

Diet Shell length  Shell length/day  Weight Weight gain/day

gain'57 days (um) gain'57 days (mg)
(mm) (9)

Conventional 1.65+£0.42 29.08+7.49 0.98+£0.10 17.25+1.76

feed (Diet 1)

Prabiotic- 2.82+0.30 49.49+6.69 1.04+0.09 18.26+1.75

supplemented

feed (Diet 2

Encapsulated 1.81+0.29 31.76+£5.23 1.00+0.14 17.65+2.49

probiotic (diet 3)

En@psulated 2.85+0.33 50.06+£5.91 1.45+0.14 25.55+2.55

probiotic-feed

(Diet 4

6.3.3 Feed wastagand FCR

The percentages of feed wastage were approximately the same across all treatments
except fordiet 4. A significantly lowP(< 0.05) percentage of feed wastage of8.1
was achieved by encapsulating feedd@AL®Beads (diet 4JFigure6-15). The amount
of feed wastage was relatively similar fibve other diets (1, 2 and 3P(> 0.05).This
indicates hat encapsulatingthe feed can potentially reduce the feed costhile

sustaining the nutritional requiremesbf abalone.
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Figure6-15 Feed wastage for each dietary treatme=3 meanz+ SE) Asterisk indicates
statistically significant differences between diets awodtcol (diet1) (oneg I € ! bh ! X ¢ dz]
post-hoc,P< 0.05)n=3; meant SE).

The FCRid not vary signi€antly among diet 13,39+ 0.07), diet 2 (2.7 0.14) and diet
3 (3.21£ 0.36). However, the FCR value &ralone fed withdiet 4 (1.04+ 0.06) was
significantly lowerR < 0.05) tharfor the other treatments(Figure6-16).
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Figure6-16 FCR values fguvenile abalone reared wittifferent experimental diet¢n=3 mean
+ SE) Asterisk indicates statistically significant differences (bnle@ ! bh +! > -hodz] S& Q&
P < 0.05)n=3; meart SE).

6.3.4 Compositional analysis of feed and faecal matter

Compositional analysis of faecal matters showed differemeesude protein content
between all tested groupsower amounsof crude proteinvere found in faecal matter
from diet 2, 3 and £ompared toconventionalffeed (diet 1)(Figure6-17). However, the
lower protein content offeed used agliet 4 compared to other threeliets must be

considered when interpreting these results.

The extent of protein digestion in abalone is very importarbaweight gain of animals
as dietary protein is mainly used for growth rather than as a source of erf&gior,
1997) Leswr amount ofprotein remained undigested in the faeces mbbiotic-fed
abalone compared to faeces collected from abalone fed Withbasal dietwhichis in
agreement with those reported bilacey & Coyne (200%nd Hadi et al.(2014) This
could be due to the presence of probiotics whaanimprove the feed digestibility and
utilisation.No significant difference wasbserved in lipicand carbohydrateontentsin

the faecedrom animaldn different treatments.Relatively similar results wenbtained
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for the moisturecontent inthe faeces of animals treated with different digfBable6.4).
Ash content in faeces of animals fed with diet 4 was significantly higher than other
groups. This may be attributed to higher consumption ofalggnate beads which may

deposit higher amount of minerals in the faecal matters.
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Figure6-17 Protein contentin abalone faeces fed with different dietary regime

Table6.4 Compositionalpercentageof faecd matter (FM)and conventional feed (CF) (n=3
meanz SD).

Samples Diet Protein (%) Lipid (%) Carbohydrate Moisture (%)  Ash (%)
(%)

FM 1 18.22+0.57 3.45+050  58.63+1.67 9.79+0.34 9.88+1.42

FM 2 14.87+£0.11 4.78+1.63 61.50+2.48 9.66+0.41 9.16+0.84

FM 3 16.69+£1.09 3.28+0.33  61.40+0.39 9.30+0.41 9.31+0.83

FM 4 12.42+0.33 5.23+2.67 57.17+2.00 9.34+0.23 15.82+1.25

CF 33.13+0.35 4.81+0.74 45.56+0.68 10.56+x0.32 5.92+0.20
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6.3.5 Haemolymph analysis

6.3.5.1 Estimation of oxidative stress in abalone

ROS measurements showed that the number of haemocytes exhibiting&d&iuced
in probiotics-fed animals compared tthose provided withconventional feedKigure
6-18). A significant reductiorP(< 0.05) was observed in abalone fed with encapsulated

probiotics-feed (13.5t 4.2%) compared tahe control(26.8+ 3.8%).
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Figure6-18 Percentages of haemocytes exhibiting ROS in abalone fed with different diets before
and at the end othe feeding experimentAsterisks indicate statistid¢glsignificant differences
(n=9 meanz SEone-way ANOVA, Tuk&y@ost-hoc,P< 0.05)

6.3.5.2 Haemocyte cell couatand viability

The percentageof viable cellavere notstatisticaly different (P> 0.05)in animals fed
with different diets. The percent viability remained high after 57 dayk@feeding trial
in probioticfed and conventionapellet-fed abalone Figure6-19). The number of
haemocytes was lower in probiosded animals However, a statistical difference was
observed only between animals treated witlthe conventional feed (diet 1) and

probiotics-supplemented feed (diet AJigure6-20).
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Figure6-19 Haemocyte viability (%) of abalone fed with different diets before and at the end of
feeding experiment$n=9 meant SEpneway! b h +! ¥ ¢ dfjo§R<DD5) LI2 & (i

[EEY
»
*

B
N b
—

Initial

(=Y
o
—_

O Conventional feed (Diet 1)

O Probiotic-supplemented feed (Diet 2)

Encapsulated probiotics (Diet 3)

Total cell/ml (x16)
(o]

Encapsulated probiotic-feed (Diet 4

Figure6-20 Total haemocyte cell cousbf abalone fed with different diets before and at the
end of feeding experiments. Asterisks indicate statidifcaignificant differences between
dietary diets(n=9 meant SEpneway! b h +! ¥ ¢ d#jo§R<DD5) LI2 a i
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6.3.6 Metabolomics study

GCMS analysis was performed to identify extracted metabolites from abalone foot
muscle. A total number of 227 metabolites were detegtefiwhich184could be reliably
identified. Levelf 31 metabolitegincluding 7 unknown metabolites)ere significantly
different among the feeding treatmentANOVAP < 005; FDR < 5pvhich included
amino acids and organic acifleable 6.4)Unsupervised principal components analysis
(PCA) was performed to visualise grouping of samplash resulted in four different
groups in which samples from four different diey treatments were clustered={gure
6-21). A welldefined separation can be observed between diet 4 and the rest of the

treatments, whileless separation wasbservedamongdiet 1, 2 and 3.
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Figure6-21 2D PCA score plot of abalone samples treated with four different diets based on all
identified metabolites (n=227).
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A heat map was developed to visualise potential differenagsong groups with
different dietary treatmentqFigure6-22). Hierarchical cluster analysis (HCA) combined
with the heat mapshown the differentiation obnly two main groups with one group
having three subdivisia Each groupad a distinctive abundancef metabolites. The
abundances of metabolites were generally higher in diet 4 compared to the other three

diets except for an unknown compound whicadthe lowest abundance in diet 4.
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Table6.5 List of significant metabolites found in four groups of abalone reared for 57 da
GAGK RATFSNBY(H RASGA -6dePS0.05IFRR<0DTF).+! = ¢

Metabolite name Pvalue FDR Nature ofmetabolite Tukey's
HSD (Post
hoc tests)

Isoleucine 0.0065 0.0477 Amino acid 4-1,4-2,4-3

Valine 0.0054 0.0435 Amino acid 4-1,4-2,4-3

Cysteine 0.0032 0.0353 Amino acid 4-1,4-2,4-3

Tyrosine 0.0056 0.0435 Amino acid 4-1,4-2,.4-3

Tryptophan 0.0002 0.0075 Amino acid 4-1,42 .43

Methionine 0.0002 0.0080 Amino acid 4-1,4-2.4-3

Glutamine 0.0003 0.0081 Amino acid 4-1,4-2.4-3

Creatinine 0.0065 0.0477 Amino acid 4-1,4-2.4-3

Threonine 0.0038 0.0371 Amino acid 4-1,4-2.4-3

Phenylalanine 0.0016 0.0240 Amino acid 4-1,32,43

Histidine 0.0008 0.0152 Amino acid 4-1,4-2,43

Oxalic acid 0.0012 0.0205 Organic acid 4-1,42,4-3

2-Aminobutyric acid 0.0013 0.0206 Amino acid 3-1,41,42

trans-Cinnamic acid 0.0017 0.0241 Organic acid 4-1,4-2,4-3

1,2,3tetrahydro8-hydroxy. ) 1059 9334 Organic acid 41,4243

4-oxo-, L-quinaldic acid

Pyroglutamic acid 0.0048 0.0420 Amino acid 4-1,42 .43

1,5Naphthyridine 0.0002 00075 Mwogencontaining ;. 4, 43

compound
1-ethylbutytBenzene 0.0007 0.0146 Aromatic compound  4-1,4-2,4-3

4- Intermediate in

Methoxyphenoxyphenylaceta 0.0002 0.0075 phenylalanine 4-1,42,43

mide metabolism

5-methyl-2- polycyclic aromatic

oxatricyclo6.5.0.04,8trideec8, 0.0036 0.0371 compounds 4-1,4-2.4-3

11, 13triene

536D|hydr9pyrazolos, 1 0.0001 0.0075 Derivative of Tyrosine 414243

aisoquinoline

5-3-Methyl-5-pentyk-2- 0.0001 0.0075 Fatty aldehyde  4-1,42,43

furylpentanal

1-Aminocyclopropand.- 0.0046 0.0420 Amino acid 4-1,42,4-3

carboxylic acid
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4-Hydroxyphenylacetic acid
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Figure6-22 Heat map ofall significantly differentmetabolites(n=31)found in abalone fed with
four different experimental diets. Each column represents the average refplicates. The
abundance of each etabolite is illustrated with colour codes (red represents high abundance
and green low abundance).
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6.4 Overall dscussion

This chapterwas designed t@ssesshe effect ofan encapsulated diebn the growth

rate and health of New Zealand blaidoted abalone As mentioned in the literature
review, prior studies have reported the importance of encapsulating bioactives to
improve the stability and reduce the leaching of bioactives for a better ekglito
aguatic specie&Zhu, Mai, & Wu, 20QMiao et al, 2013) Therefore, it was hypothesised
that by using encapsulated feed and probiotics, a controlled release of probiotics and
nutrients may be achieved within thgastrointestinal trac{GIT)of abalonewhichcould
subsequentlylead to a better growth performance and an improved health of the
animals. Thdénwypothesis was tested usingur different diets to examine the response

of juvenile abalone to each treatment ovaeb7-day feeding trial

Conventional feedQiet 1) served as basal diet (control) in this studymnventional
feed with probioticssprayed on the feed2 8urface was used as diet Riet 2 was
included to investigate the effect of traditionaimethod of probiotis delivery on
abalone growthwhichhas beerthe most common rou of probioticsadministration in
previous studiegMacey& Coyne, 2005Hadi et al., 2014)However, this diemay not

be practially usefulin an abalone farm due tdhe fact that itreleags alargenumber

of live bacteria inthe water, raising environmental issues. Diets 3 and 4were
encapsulated containing only probiotic and a mixture of feed and probiotics,
respectively. Severalevidencessupport the hypothesis of this study including the
enhanced growth rate, improved immunity due to lower level of R€#&g encapsulated
feed and probioticsLikewise, a differenand interestingmetabolic profile with higher
content of free amino acidaas found when probiotics and nutrientsere delivered to

abalone in encapsulated form.

The high number of probiotic bacteria found within t@éTof blackfooted abaloneed
with diet 4 shows the efficiency of the developed beads in delivering probiotics to
abalone.The highest level of improvement in both shell length and weight of abalone
associated with diet 4naybe explained bya better delivery of probioticand nutrients

to the animals.The roues by which nutrients are transferred to aquatic animaie
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critical to obtain satisfactory growth performancelrevious studies reported that
encapsulating nutrients can retain nutrientsarcapsule or bead and prevent nutrients
leaching into the seawatgt.opezAlvarado et al. 19940nal & Langdon 20Q0@nas et

al. 2008) Furthermore, encapsulation can improve the survival rate of probiotic bacteria
significantlyMandal et al. 2006Morinigo & Vsanchez 20Q0Rosad_edesma et al. 2012
Dong et al. 2013Hence, it coulde conceivaby concludedthat diet 4is ableto retain

nutrients and viable probiotics within the beads structure until consumed by abalone.

A significantly low percent of feed wastage was obtained for diet 4 which could be due
to the high palatability oflginate bead. Interestingly, thdowestFCR was obtained for
diet 4. Theseresults would therefore suggest that dietcénlead to higher abalone
production in shorter time fram& andsurprisinglyby using lessr amount of feed In
addition, bwer feed wastagérom diet 4 canresult in the lower nutrification ofulture
water whichcan prevent the exposure abalone to undesirable environmental factors

such as pH stress, high load of organic materials and bacterial contamination.

A lower levelof cells generating ROS was observed in probfeticabalonewith the
lowest value obtained using diet Zhis could indicate lower lesbf oxidative stress in
probiotic-fed animalsQuantification of ROS k&een frequently used to evaluate the
level of oxidative stress in mollus@Srandiosa et al., 2018jguyen et al., 2018)The
presence of high amount of ROS generated in haemoegydsseportedo be associated
with oxidative stress as a result of environmental stressors such as hypoxia, undesirable
pH of culture water, pathogens arelevatedtemperatures(Thorsten, 1999;Wang et
al., 2009Catarina et al., 2012Moreover, excess RO8as reported tacontribute to the
degradation ofessential biomolecules antdarm cells and tissue@ttaviani & Nappi,
2000) In agreement with this research, othstudies also described application of
probiotic dietary supplementation to enhance the antioxidant statsarvival and
immunity of marine animalgChiu et al., 2007Castex , Lemaire & Wabete, 2009)
includingHaliotisspeciesMacey & Coyne, 2009jang et al., 20134adi et al., 2014)
Thisis probablydue to the probioticassistance in feed digestion which may lead to
better nutrient absorption or competitive exclusion of pathogdisirick & Tisa, 2002;
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Zadeh et al., 2010Although literatures support the finding of this study, the effect of

nutrient encapsulation on ROS improvement obtained from dieadnot be ruled out

Investigation on haemocytes showeab significant differences between THS
probiotic-fed and control group. Thisgreeswith another study by Macey at al. (2005),
who reported no significant differences in the number of circulating haemocytes
between probiotiefed and control animalsThe concentration of haemocyte within
haemolymph is a critical factor the defence mechaism of molluscPerazaGémez et

al. (2009)reported that a high number of haemocytes is correlated with better
resistance against pathogens. The high viability of haemocytes across all experimental
diets are also indicative of lack of internal or external stress factors in all tested animals
across diffeent experimental diets. However, these resultsrein contrastto Roffi et

al. (2018) whaeported a lower level of cell viability in control animals compared to
probiotic-fed (Grandiosa et al., 2018)These variations might be due to general
biological variations between different batches of animals and the differences in

maintenance conditions

A major differencen metabolite profiling of abalone foot musaleas otservedbetween
diet 4 andthe other diets mostly due to dissimilarities in free amino acids (FAHAgher
leves of FAAs including tyrosine, cysteine, phenylalanine, histidine, tryptophan,
threonine, isoleucine, valine, methionine, glutamine, creatinine and threonine may be
attributed to enhancedfood delivery digestive proteolysis and amino acid uptake
abalonefed with diet 4.This view is supported by previous studies in whighamino
acid profile in abalone tissuernsported to bedirectly affected byhe animal diet (Mai,
2002 Tung, 201Q)Amino acids play important roles in metabolic patiyg involve in
growth, defence mechanismstress responses, health, food intake and nutrient
utilisation (Santiago, 1988Li , Mai & Trushenski, 200%Guoyao, 2010;Effendy,
Hutabarat, Ambariyanto, & Basuki, 2018 higher level of free aminacids was
reported in probiotiefed abalone as a results of better feed digestion daoethe
proteolytic activity of probiotic{Grandiosa et al., 2018Dther studies reported th
importance of glutamine in growtand disproportional relation of free glutamine with
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stressorgWalsh, Blannin & Robson, 1998gdo, 2004 Travers et al., 201@ardinaud
etal., 2014) Therefore, it can be suggested that tlosver levels of haemocyte R@8d
a higher amount of FAAs in abalone tissues may indicate a better health of animals fed

with diet 4 (Viant, 2003Rosenblum et al., 2005)

6.5 Conclusion

The feedingrial conducted in thishapterprovedthat probiotics and nutrients can be
delivered successfully in chitosaated alginate (CCALG) beads to bfacited
abalone Haliotis irig. A significantly high growth performance of juvenile abalone
clearly demonstrated that the CCAt&hbe an efficient delivery vehicle for nutrients to
abalone. The beads encapsulating both probsxdicd nutrients may be an ideal option
for future feedirg triaksin larger scale. This diggsulted ina high growth rate of abalone,
low feed wastage and desirable FRt canpotentially improve abalone production
while minimising feed costand improve sustainability ahis importantaquaculture

species
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Overall dscussionyecommendations and
conclusiors

GThe most sustainable way is to not make things. The second most sustainable way is
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7.1 Thesioverview
Aquacultureas an important source of food fahe 4 2 NI RQa 3INB gAYy I LI

been a great asset toompensate for environmental impacts of fishing industries such
as pollution, habitat destruction amtepletion of fish stocksAdditionally, it can address
the significant increasen protein demands from seafood resourcéSAO, 2018)This
has led aquadture industries to adopt highlensity culuring practices whichcan
maximise the production in a shorter time franaad per unit of culture areaThe
intensiveoriented farming pattern would be entangled with disease outbreaksind

inconsistent productiorif it is not accompanied with technologicadvance.

Scientists have tried to enhangaroductivity and environmental sustainability of
aquaculturein different ways For exampleuse ofprobiotics for marine animalas a
green strategy has been tried to replaaatibiotics and chemotherapeutic$iaving
been researched aa new potentialapproachto promote aquaculture sustainability,
probioticshaveyet to be effiegently and practically used fiarms.The cost of continuous
production of probiotics anéhck of an efficient delivery methaate imiting factors that

still needto be improved Administration of probiotics in form of feed additives or
throughculture water will generate undesibleimpactson the quality of culture water.
Therefore, delivery method of probiotics to farmed aquatic animals must be deliberately

considered to avoid destructive effeaxn environment and marine ecosysteam

In the experimental chapters of thithesis New Zealandabalone industrywas
particularly targeteddue to the rapid growth of abalone marketnd the need for
innovative technologiesThe hghly competitive internationalmarket of abalone the
commitment of abalone industryo adopt envronmentally sustainablenethods the

slow growth rate of abalone and occasional mortality due to disease and high
temperature are among theeasons thasuggesthe need fornew advances iabalone
farming Additionally, having a high amount of feed wastage due to physical
disintegration oiconventionafeed, nutrients leach and lofeed consumption ratscan
causefurther deterioration ofwater quality, increase the feed cost and hence reduce

the total prodwction of the farm.The main aim of this thesis was to develop an
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encapsulated probiotic feed to improve the growth rate of New Zealand Hizutied
abalone Haliotis iri3. Development ofin encapsulated feethat can helpthe industry
to obtain a better gowth of abalone vasperformed stepwise throught@pters 3, 4, 5

and 6.

7.2 General discussion

Chapter 2Literature review

A critical step toward development of aquaculture is a mutual collaboration between
farmers and scientists. This leads to current aquacelissues to be conveyed to
scientists and farm operators to be educated on advanced technologies. The review,
presented in Chapter 2 of this thesis, was carred to introduce the potentialof
encapsulation techniques to design targeted delivery methof bioactives for
aguaculture applications.There have been considerable advances in designing
formulations capable of providingontrolled and targeted delivery of bioactives
pharmaceutical industriewhile, not many seem to be aware of the greattgutial of
these concept@ aquaculture. This literature review was conducted to give an overview
of potential applications of encapsulation technology in aquaculture. Suggestions and
recommendations on selecting suitable materials and methods of entajpsu a
comprehensive summary of previous research and practical considerations were
provided. It is hoped that this review will draw attentions toward more efficient delivery
methods of bioactives to aquaculture processes and lead to future incorparafio
innovative techniques fomore advanced and sustainable practices in aquaculture.
Chapter 3: @aracterisation of probiotics isolated frontaliotis iris

Chapter 3aimed to characterisepreviously $olated probiotic bacteria from healthy
adult abaloneThe three bacterial species were previously isolated and characterised by
Hadi (2012), however, the failure to obtain expected growth rates using these probiotics
duringsubsequent studiegTuterangiwhiu, 20155randiosa et al., 2018)juestioned the
ability of those probioticsto retain their characteristics aftea long chilleestorage {
80cC). Increase in feed digéslity is one of the important mode of actions of

probiotics. Therefore, the objective of this chapter was to ensure the presence of
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bacterial featuresmainly alginate, protein and starch hydrolysigichshould help with
feed digestion

The resultobtainedconfirmedthat the three species of probiotics have characteristics
that mayhelp abalone in feed digestion suchaginolytic activity proteolytic activity
and acid production associated witfibrio sp, Exiguobacteriunsp. and Enterococcus

sp. respectively

Chapter 4: [@velopment of a microencapsulated probiotic delivery system for

Haliotis irisusing an emulsion technique

In this chapter, kitosancoated alginate microparticles producedsingan emulsion
technique wereproposel as probiotics deliveryehicleso abalone. High encapsulation
efficiencies for all the three probiotics indicated the efficiency of the developed
microparticles to maintain the viability of encapsulated bacteklcroparticles were
further imbedded inalginate beads to facilitate delivery to bottefaeding abalone.
High consumption rates werachieveddue to alginate being deed attractant
Furthermore, lack of bacterial discharge in the first 6 hrs of incubating microparticles in
seawatershowed the ptential of this delivery system iminimisng environmental
contamination and retaiimg the quality of culture water compared to conventional
methods of probiotic deliveryThe developed system was also capable of plingi a
target release mechanism wheilow numbers of bacteriawere initially releasedin
simulated gastric juice followed hygh amountgeleasa in simulated intestinal juice.
Tracking thefluorescentlabelled probiotics throughhe GIT of probiotifed abalone
indicated successful delivery of probioticeito the GITfollowed by digestion of

microparticles.

Chapter 5:Probiotic encapsulation and characterisation of chitosaiwated alginate

beads for oral administration to abaloe

Although the results obtained in the previous chapter were satisfactory, Chapter 5
aimed to develop fassinking beads that can be easily scalgdfor manufacturing in

farm as an alternative approach to using embedded micropatrticles.
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An extrusion techigue was used to producehitosancoated alginate beads. This
technique is inexpensive and easily applicable for industrial purposes. AgEpp
optimisation was carried out to produce beads with desired features such as lower
bacterial release and higr physical stability in sea water. The developed beshdsved

a fast sinking rate making them easily accessible to bofieeding abaloneMonitoring
abalone fed with alginat®eads revealeda highpalatability andconsumption rate. A
significanty highe bacterial load observed in probiotfed animals showed the

efficiency ofchitosarcoatedalginate beads in delivering probiotics to abalone.

Chapter 6:Hfect of encapsulated feed and probiotics on the growth and immunity of
Haliotis iris

The aim of this chapter was to assess the growth performance of abalone in response
to encapsulated feed and probiotics compared to conventional feed and probiotic
delivery methods. Therefore, four different diets were tested with an ultimate aim to
selectone encapsulated diet that confers a better growth performance to abalone.
Chitosan coated alginateCCAL5beads containing both nutrients and probiotics
demonstrated significantly better growth performance, lower FCR and feed wastage
which potentially an increase abalone production and reduce the feed cost in abalone
farming.Considering the increase in shell length and weight gain obtained for abalone
fed with encapsulated feed and probiotics, market sized abalone (80 mm) can be
obtained over 30.66 mahs as opposed to 52.87 months for abalone fed with
conventional feedFurthermore, the weight of abalone fed with encapsulated diet can
reach to 40.88 g within 30.66 months while this figure may reach to only 15.86 g for
abalone fed with conventional dietver the sameperiod. This would make a significant
improvement in the productivity odbalonefarming. However, it should be considered
that these figuresvere calculated based on the results of laboratdogsed feeding trial

and is reportechereonly toshow the potential of encapsulated feethd probiotics diet
compared to conventional feelore accurateestimatiorscanbe achieved after an on

farm trial.
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7.3 Study imitationsand future recommendations
Chapter 3:

An attempt was made to determine the prmic bacteria to speciekevel; however,
more than one species was identified for the probiotic bacteria due to the limitations of
16srRNA gene sequencimgethod. It would be beneficial to identify the strains of the
probiotic bacteria before using them a larger scale.The capability of probiotics to
help in feed digestion was evaluated using qualitative and quantitative screening
microbiological methods. It would be interesting to study the microbial digestive

enzymes and their activity in simulatednditions of the abalone digestive tract.
Chapter 4 and 5:

The aim of these two chapters was to develop a carrier to deliver the three probiotic
bacteria to blackooted abalone. However, some of the experimeirtsluding bacterial
release evaluation, etermination of probiotic load in the GIT of abalgraad in-vivo
tracking of encapsulated bacteria were carried astngonly one probiotic bacterium.
Exiguobacteriunsp.was used irthe bacterial release study and tracking experiments.
The reason waghe limitation in detecting Enterococcussp. under fluorescent
microscopydue to the very small size tife bacterid cells Vibriosp.also showed a very
low viability after staining with uorescent dye. Therefore, to increase the replicability
of the results Exiguobacteriunsp.was used as a model bacterium. Furthermarely
Enterococcussp. was utilised to assesthe bacterial load content in probiotited

animals,as a selective medim to isolateEnterococcusp.was accessible to this study.
Chapter 6:

The aim of tiis chapterwas to examinethe effect of encapsulated probiotics and
nutrients on health andgrowth of juvenile abalone Although it wasclearly
demonstrated that thedeveloped alginatéasedcarrier can be an efficient delivery
system of bioactiveto abalone the wider applicationof these resultss subjeced to

somelimitations. One of thelimitationswasconfinement to laboratory settigs that did
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not allowto use the samelensity of animalss in abalone fan. Also, animals were kept
in a static condition during the feeding trial as oppdde a recirculating systemAn
additional limiting factor washe unavaihbility of seawateffor a daily replacement in
the experimental tang therefore,the cleaning and changg of waterwere performed

everysecondday.

Onfarm trials are tobe considered in future studies in order to assess the efficiency of
CCLAG beads to deliver feed and probioticaltalonein flow-through systems as they
usually perform better in farm compared to static conditions. It is recommended to
optimise the amounof feed ratio which is delivered using CCALG beads in future studies
to determine the minimum amount of feed that can result in an optimum growth rate.
This may reduce the feed wastagedwenless thanthe 18% that was obtained using
diet 4 while maintaning a desirable growth performance. It would be of value to
perform a sensory evaluation to understand any possible changes in abalone meat
quality parameters especially taste and texture before moving toward
commercialisation. The loAgrm storage stallity of beads is also an important factor
which should be further investigated as a critical step toward commercialisation.
Another area for further research could be investigg the effect of dietary
encapsulated probiotiteed over a longer period abalone may have different feeding
behaviour and growth rate at different tinsef the year.

Preliminary bead consumption observations demonstrated that abalone are highly
attracted to alginate beadsnuch more than the conventional feed. It would be
interesting to perform irdepth behavioural studies aine eating habis of abalone and

how they may be changedisingspherical beads.

Using CCALG beads for feed delivery would be helpful to compensate the environmental
impacts of current conventional feed. Therefore, valuable information may be obtained
by conducting an elaborate study to investigateetenvironmental impact of CCALG
beads compared to current conventional feed.

A preliminary metabolomics study was performed for the animals fed with different
diets which showed a clear distinction between the animals fed with diet 4 and the other
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dietary treatments. More irdepth analysis oimetabolomicsprofiles andinvolved
metabolomics pathwaywould reveal a better picture of the effect of different diets on

growth performance and health of abalone.

7.4 Thesismpactand conclusion

Abalone is considereds one of the most expensive seafood worldwide and is mainly
produced from aquaculture with a production value of more than 150,000 tonnes per
year. A high market demand for abalone has pushed abalone growdngjfomtensity
production. Howeverlimiting factors such as the slow growth rate of animals has
restrained the total production. Similarly, the abalone industry is an important economic
sector in New Zealand with almost 85% of the total production exporidek high
quality of New Zealand abaloné LJn dzI prom&tédathis species in manfsian
countriesincluding Hong Kong and China. However, the international abalone market is
extremely competitive. Therefore, it is essential to improkdn d#rming using
advanced and affordable technologies. In this study, the developed CCALG beads that
were produced s8ing a simple extrusion technique using natural polymers, showed a
great potential in delivering probiotics and nutrientsltdn di}sing encapsulated feed
instead of using conventional feed pellets can help the industry to enhance their
production in a susinable manner while reducing costs and feed wastages thesis

was conducted considering various pillars of sustainability and is in line with the
D2@JSNYYSyld 2F bSg %Sttt yRQa ySg | |jdzl Odz G
objectives intoaccount: maximising the value of existing farms through innovation and

extending to high value lanbdased aquaculturéNew Zealand Government, 2019)

To conclude, this thesis provides the first cohdrenientific report on developing a
chitosancoated alginatebased encapsulated nutrition/probiotic delivery system with
high palatability and stability in seawater. Ancapsulation technique wadeveloped

to encapsulate feed and probiotics to improve tthelivery of bioactives to bladiooted
abalone. This is the first report of using CCALG encapsulated preeiedi¢or abalone
which resulted ira substantiabrowth rate, improvement in FCR and reduction in feed

wastage. The developedelivery systemcan be potentiallyscaled up forindustrial
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applicationsas it is biocompatible, easy to produce and efficient in delivery of feed and
probiotics to juvenile abalone. This researphovides the baselingor adopting
encapsulation approach tonprove deliverymethods of not only feed and probiotics

but also other bioactives such esmunostimulantgo farmed abalone.
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Appendix

Sequencing results of the 16s rRNA for the probiotic bacteria

Enterococcusp.
CACCGGAAAAAGAGGAGTGGCGAACGGGTGAGTAACACGTGGGTAACCTGCCCATCH
GGGATAACACTTGGAAACAGGTGCTAATACCGTATAACAATCGAAACCGCATGGTTTT
GAAAGGCGCTTTCGGGTGTCGCTGATGGATGGACCCGCGGTGCATTAGCTAGTTGGT
AACGGCTCACCAAGGCGACGATGCATAGCCGACCTGAGAGGGTGATCGGCCACATTC
GAGACAUECCCAAACTCCTACGGGAGGCAGCAGTAGGGAATCTTCGGCAATGGACGA
TCTGACCGAGCAACGCCGCGTGAGTGAAGAAGGTTTTCGGATCGTAAAACTCTGTTGT
GAAGAACAAGGATGAGAGTAACTGTTCATCCCTTGACGGTATCTAACCAGAAAGCCAC
AACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTGTCCGGATTTATT(
TAAAGCGAGCGCAGGTIH CTTAAGTCTGATGTGAAAGCCCCCGGCTCAACCGGGGAG
TCATTGGAAACTGGGAGACTTGAGTGCAGAAGAGGAGAGTGGAATTCCATGTGTAGC(
AAATGCGTAGATATATGGAGGAACACCAGTGGCGAAGGCGGCTCTCTGGTCTGTAAC
CTGAGGCTCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCC
GATGAGTGCTAAGTGTTGGAGGGGBTCLCTTCAGTGCTGCAGCTAACGCATTAAGCACTC
CGCCTGGGGAGTACGACCGCAAGGTTGAAACTCAAAGGAATTGACGGGGGCCCGCA!
GGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCAGGTCTTGACATC
ACCACTCTAGAGATAGAGCTTCCCCTTCGGGGGCAAAGTGACAGGTGGTGCATGGTT
CAGCTCGTGTCGTGAGATGTTGGGTTARGANAIITEAGCGCAACCCTTATTGTTAGTTGC
CATCATTTAGTTGGGCACTCTAGCAAGACTGCCGGTGACAAACCGGAGGAAGGTGGG
CGTCAAATCATCATGCCCCTTATGACCTGGGCTACACACGTGCTACAATGGGAAGTAC
GTCGCAAAGTCGCGAGGCTAAGCTAATCTCTTAAAGCTTCTCTCAGTTCGGATTGTAG!
AACTCGCCTACATGAAGCCGGAATCGCTAGTRATCEBERGACGCCGCGGTGAATACG
TTCCCGGGCCTTGTACACACCGCCCGTCACACCACGAGAGTTTGTAACACCCGAAG

Exiguobacteriunsp.:
TCGGAGGGAAGGCAGTGGAATGAGCGGCGGACGGGTGAGTAACACGTAAGGAACCT
AAGGATTGGGATAACTCCGAGAAATCGGAGCTAATACCGGATAGTTCATCGGACCGC!/
CCGTTGATGAAAGGCGCTCCGGCUENEANGGCCTTGCGGTGCATTAGCTAGTTGGT
GGGGTAACGGCCCACCAAGGCGACGATGCATAGCCGACCTGAGAGGGTGATCGGCC
GGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTAGGGAATCTTCCACA/
GAAAGTCTGATGGAGCAACGCCGCGTGAGTGATGAAGGTTTTCGGATCGTAAAACTCT
TAAGGGAAGAACACGTACGAGAGGGAATGCTOEABGGTACCTTACGAGAAAGCCA
CGGCTAACTACGTGCCAGCAGCCGCGGTAATACGTAGGTGGCAAGCGTTGTCCGGAA
GGGCGTAAAGCGCGCGCAGGCGGCCTTTTAAGTCTGATGTGAAAGCCCCCGGCTCAA
GAGGGCCATTGGAAACTGGAAGGCTTGAGTACAGAAGAGAAGAGTGGAATTCCACGT
CGGTGAAATGCGTAGAGATGTGGAGGAACACCAGTGGCARAGBEGRACTGTAAC
TGACGCTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCA
GTAAACGATGAGTGCTAGGTGTTGGGGGGGTTTCCGCCCCTCAGTGCTGAAGCTAAC
AAGCACTCCGCCTGGGGAGTACGGCCGCAAGGCTGAAACTCAAAGGAATTGACGGKC
GCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACTIGACCAACT
ATCCCATTGACCGCTTGAGAGATCAAGTTTTCCCTTCGGGGACAATGGTGACAGGTGC
GGTTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACC
CTTAGTTGCCAGCATTCAGTTGGGCACTCTAGGGAGACTGCCGGTGACAAACCGGAG
TGGGGATGACGTCAAATCATCATGCCCCTTATGAGTTGGGCTACACACGTGCTACAAT
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GTACAAAGGGCAGCGAGACCGCGAGGTGGAGCCAATCCCATAAAGCCGTTCCCAGTT
TGCAGGCTGCAACTCGCCTGCATGAAGTCGGAATCGCTAGTAATCGCAGGTCAGCAT,
GGTGAATACGTTCCCGGGTCTTGNACACCCGTCACACCACGAGAGTTTGCAAC

Vibrio sp.
CGTACGGCB®BCACATGCAGTCGAGREGBGACAACATTGACTCTTCGGATEAGIT
GGCGTCGAGCGGCGGACGGGTAMGCTASGGAAATTGCCCTGATGTGGGGGATAACC
ATTGGAAACGATGGCTAATACBEBUDBTCTTCGGGCCAAAGAGGGGGAGGTIET
CTCGCGTCAGGATATGCCCAGGTGGGATTAGCTAGTFAGTGGAGGEAAGGCG
ACGATCCCTAGCTGGTCTGAMIAGATCAGCCACACTGGAACTGABATICAGACT
CCTAGGGAGGCAGCAGTGBSTATTGCACAATGGGCGCAAG@IIAZIICATGCC
GCGTGTATGAAGAAGGCGGGTTGTAAAGTACTTTCAGCAGARAGIH CATGCGT
TAATAGCGTATGGATAUGTTAGCTGCAGAAGAAGCACCEICTN GCCAGCAGCC
GCGGTAATACGGABIGCGAGCGTTAATCGGAATTACTEHRRAGEGCATGCAGGTG
GTTCGTTAAGT@AGTGAAAGCCCGAGGCTCAACCTCGGAACTGCATTTGAAACTGGC!
ACTAGAGTACTEBGAGGGGGGTAGAATTTCAGGTCEFAGRSATGCGTAGAGATCTG
AAGGAATACCAGGCGAAGGCGGCCCCCTGGACRGATACTCAGATGCGAAAGCGT
GGGGAGCARAGGATTAGATACCCTGGTAGTCIRNRABCGATGTCTACTTGGGAGG
GTGTGCETTGAGCCGTGGCTTTCGGAGCEAABSETAGACCGCCTGGGGGAGTAC
GGTCGAAGATTAAACTCAATGGAATTGATGGCGGCAGCAAGCGTGGAGCATGTGTT
TAATCATGCATCCCGACGAACCTGTAGTCTAGACATTCTAAGAAGCCACGGAGACT
GCAGGTGTTGCCTTCAGAAGATTCATRIASCTTGCTATETG
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