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Abstract

The brown shrimpCiangon crangorhas a great ecological value in UK estuaries and coastal
areas and it is also a commercially importapecies. It utilizeshromatophores (specialized
cells containing pigments) to match its background, changing its ceitier from pale
(pigments contracted) to dark (pigments expandent)vice versathus beconing almost
invisible in its environment. @bmatophores also protect the shrimp (at least in the larval
stages) from UV light. The control of pigments depends on hormones, secrgtédeb
shrimp as a response to different stimuli (e.g., light, temperature and colour of substrate).
Contaminantsare found often and consistently in estuaries, due to human activities along
the coasts and can potentially affect behavioural responses, @ctis anthropogenic
stressorsThe use of colour change as a behavioural marker of pollution is considered

as apotential effective tool to assess the initial stages of biological alteration in aquatic
organisms. To test the efficiency of this novethinique, brown shrimp have been treated
with non-lethal concentrations of cadmiurfCd)plus two different antibiotis [Gentamicin
(Gt) and Furazolidone (FZNyd arseniqAs). Agreat interindividual and interpopulation
variability in response to the usef heavy metalsand antibioticswas found. Therefore,
colour change ability in the brown shrimp not a sensitive bhavioural ecotoxicological
marker to detect early stages of contaminations in the environment, at least foA€ @Gt

and FZDFinally, wen the high level of total As often detected in seafood, a speciation
analysis was performed in the dosed speciméiifgequantification of the various As species
through time suggedte possibility of the brown shrimp to bimansform inorganic arsenic
(IAs)into the less toxic organic forfarsenobetaing(AsB]. This has relevant implications for
aquaculture and fisheries of crustaceans in areas contaminated by inoryarsbrimpcan

be consumed by humaneven if grown in contaminated areasnd potetially could
detoxifywater fromiAs. However, more invesagonsare needed leaving this field open to

applied studies in the field
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Chapter % Introduction and background

1.ChapterOne Introduction and background

1.1 General ntroduction

It has become imperative tbetter managewild caught food sources,due to the gradual
depletion of natural food resources, including marine, and the requirement to feed the
everexpanding global population. The brown shringgangon crangoh., which like many
shrimps is exploited as a valued commelrsjgecies, is fouthin most aquatic environments,
including the waters of the Atlantic Ocean, White Sea, Baltic Sea, MediterraneaN@ta
seaand Black Se@Chak, Bauer, & Thiel, 2015; Gibson, Yin, & Robb, 1995; Kuipers & Dapper,
1984; Spaargaren, 20p0more recently s range has expanded to Icelandic waters
(Gunnarsson, Asgeirsson, & Ingoélfsson, 2007the UK, the brown shrimp is one of the
most important commercial species of caridean shrimp and is considered an important
source of incomgTulp et al., 2016. It inhabits estuaries and shallow waters, which are
often subject to environmental or anthropogenic pollutigBuccolieri et al., 2006 Heavy
metals are often found in trace amounts in estuarine and marine environments and are
transported b the sea through rivers by erosion of natural sediments and rocks. Cadmium
(Cd) is a heavy metal with significant acute toxic effects on aquaticdlife to its
bioaccumulationn the food chainDas & Khangarot, 2010nother pollutant also detected

in aguatic environments is arsenic (As), in both inorganic and organic {tR8S, 2001lts

effect on marine organisms is dependent on its form andawe other factors such as
salinity and the uptake routed a SKIF NH 9 | | NIif S@mn2 KA (gletfaNE H nn
2018)

Not only heavy metals of natural origin but also rmaade emerging contaminants threaten
the marine environment. For example, trexassive application of antibiotics in recent
years, for a ariety of purposes (e.g., in animal husbandry practises to prongotevth
(Meek, Vyas, & Piddock, 2015)ave raised concern for the spread of antimicrobial
resistance, which can be exacerbated bg fpresence of heavy metals. For instance, the
combined séection and ceselection of antibiotieresistant bacteria can occur when
antibiotics used prophylactically in animaloduction aredischargedand reach the aquatic

environment where heavy metalsealready presen{Seiler & Berendonk, 2012 hus, the
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agicultural overuse of antibiotics can affect both animal and human he@hbldburg &

Naylor, 2005; Naylor & Burke, 2005)

A range of behavioural changes occur in animals exposed to pollutants) wiay impact

on their feeding, reproduction and predatavasion (Scott & Sloman, 2004A fairly
commonbehavioural response is feeding depression, a physiological/behavioural endpoint
which allows quick examination when animals are subjected to chemical contamination
(Barata & Baird, 2000; McLoughlin, Yin, fidal Wood, & Yu, 2000; Taylor, Baird, & Soares,
1998) Colour change is another sensitive, yet underused, indicator of response to
contamination in some aquatic organisn{iMeidivanto et al., 2018) The effects of
contaminants on organisms in the aquaticveonment cannot be assessed by mere
chemical aalyses, which can only determine the concentration of selected contaminants in
the water and/or tissuegOliveira et al., 2009; Palma et al., 2010; Wang et al., 2008
combined use of biomarkers to detettie effects of contamination on aquatic orgamnis,
along with chemical analyses to quantify environmental pollution, is a much more efficient
strategy, because it can evaluate both the biochemical effects and the primary stage of
biological alterationsnicluding behavioural, in the organisif@smanHeuvel, & Van Noort,
2007)

Public awareness of the widespread use of heavy metals and antibiotics and their presence
in the environment has stimulated interest in addressing the adverse effects, especially on
commercially valuable speciegif concentratims of these pollutants far exceeding
background level&Seiler & Berendonk, 2012)

While some promising advances have been made, very few studies have focused on specific
behavioural responses that can be dasjuantified and linked to physiological pathys, as
biomarkers of toxicity in crustaceans in general andCn crangonin particular. This
multidisciplinary research will thus combine ecotoxicological (analysing natural and dosed
concentration of Cd ands), behavioural (studyine ability tocharge colour to match the
background) and microbiological (investigating the effects of antibiotics) aspects in the
brown shrimp,C. crangonusing this species as a promising study system for behavioural

ecotoxcological studies, while considering food sgfet
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1.2 The $udy organism¢ G-angoncrangonL.

1.2.1 Habitat and charactestics

The brown shrimpCrangon crangoKFigurel.1), also calledhe common bay shrimpis an
oceanic coastalspecies which is widely distributed along European coasts from the
Mediterranean and Black seas to the White Sea in the north of &¢&alin, Crivelli,
Rosecchi, & Kerambrun, 2000; Muus, 196igure1.2) and has recently reachelteland
(Gunnarsson et al., 20Q7Jogether withlobsters, various typesof shrimpsand prawns
crabs and crayfisht belongsto the order Decapodaone of the major crustacean groups
The name of the order is derivday the presence ofive pairs of amhblatory thoracopods
termed pereiopods, behind three pairs of thoracopodaled maxillipedsbecause they
serveas mouth partsand before the abdominal pleiopods, which females use to carry their

eggs (Brusca & Brusca, 2003; Martin & Davis, 20Bijure 1.4). The brown shrimp is

included in the infraorder Caridea, family Crangonidae.

Figurel.1 The brown shrimpCrangon crangoh. (Eucarida: CarideCrangonidae)
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Figurel.2 Distribution of the brown shrimp (FAO, 1980)

According to studies of its lifecycle, production and landi(sddeke, 1979; Kuipers &
Dapper, 1984; Tulp et al., 2016he brown shrimp has been very heavily explditby
coastal fisheries in the North Sea, thus boosting the economy of this region significantly.
Since 2000, landings have increased 40% compared to the 1980s and 1990s. In 2085, 31
tonnes ofC. crangorwere caught in the North Sea alone (ICES, 20aéged,C. crangons

the basis of a large commercial fishery in northern European waters, particularly in Britain
(Temming & Damm, 2002vhere such fisheries are located in Morecambe Bay, the Solway
Firth, the Wash, the Bristol Channel and the ThamesrBaghe brown shrimp has not yet
been used for aquacultur@Delbare, Cooreman, & Smagghe, 20086) it can be used as a
model system in the laboratory to check for emerging issues in the aquaculture of
crustaceans.Crangon crangors categorised as eithea carnivorous opportunistPihl &
Rosenberg, 1984an omnivorg(Kuhl, 1972; Lloyd & Yonge, 1947; Muus, 1967 trophic
generalist(Evans, 1983; Pihl & Rosenberg, 1988cent metabarcoding analyses o diet
(Siegenthaler, Wangensteen, Benvenuto, mpas, & Mariani, 2019; Siegenthaler,
Wangensteen, Soto, et al., 201@)deed reveal a great variety of items in the gut of this

opportunistic and generalist predator/scavenger shrimp.
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The abundance ofC. cragon specimens in European estuaries makes it emsential
constituent of those ecological units. In addition, it makes it a widespread food source for a
large number of predators, such as flatfishes (order Pleuronectiformes), cod and other
gadoids, wadingbirds, and other crustaceanfDel NorteCampos &Temming, 1994,
Henderson, James, & Holmes, 1992; Pihl, 1985; Walter & Becker,. 106iyersely,
numerous benthic species, including juvenile plaice and bivalve spat, are key food sources
for C. crangonAmaa & Paul, 2003; Oh, Hartnoll, & Nash, 2001f Béil & Rosenberg,
1984; Siegenthaler, Wangensteen, Benvenuto, et al., 2019; Siegenthaler, Wangensteen,

Soto, et al., 2019; Van der Veer, Bergman, Dapper, & Witte, 1991)

Given its life cycle (sesection 12.2), C. crangonis tolerant of great variationsn salinity
(Mees, 1994; Mouny, Dauvin, & Zouhiri, 2000¢an live in a range of 0 to 3Bu(practical
salinity units; Practical Salinity Scale 1978 {PgPp and frequently occurs in waters of
moderately low salinity between 1 and 5 p@8oddeke, 198; Criales & Anger, 1986)he

ability of the brown shrimp to live in water with a wide range saflinity depends on a
variety of factors, including sex (males are less adaptable than females), age and water
temperature (Campos, Moreira, Freitag Van DerVeer, 2012) Thus, it is described as a
euryhaline speciegCampos &Van der Veer, 2008)even though larval stages do not

tolerate well salinities below 25 pgbelbare et al., 2015)

Jeffery & Revill (2002) and Lloyd & Yonge (1&4YE shown that browrshrimpcan live at
temperatures ranging from 6 to 30 °C. In addititims shrimpexpresgs an inclination to
move towards deep waters during adverse wintersitagavours high salinity at lower
temperatures(Campos &/an der Veer, 2008)t is normally bund ata depth of 20 m and
tends to burrow into the sand as seffefence against predatorf_loyd & Yonge, 1947)
Temperature and salinity also affect the migration and distribution of juvenile and adult

shrimp in estuarie¢Culshaw, Newton, Weir, & BirdD02)

1.2.2 Lifecycle

Reproduction takes place in more saline waters offshore, about 10 to 20 m deep, commonly
in muddy or sandy aregslenderson & Holmes, 198 Hertilisation is internahnd can occur
only on recently moulted femalg®elbare et al.2015) females keep sperm and host their

inseminated eggsintil they are hatchedBoddeke, 1991)Breeding takes place numerous
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times eachyear until the shrimp attain their maximum age ofrée to five yearsAdult
females are easy to identify when cangieggqFigurel.3; Campos &/an der Veer, 2008;
Muus, 1967)

Females migrate back towards coastal areas and estuarine nursery grounds, carrying their
eges attached to the pleopods rather than releasing them to floagely in the plankton. The

size of the eggs depends on the size of the female and the sd&kderson, Seaby, &
Somes, 2006)The eggs can mature faster at high temperatures. While an iseréa

temperature is thus important for egg development, a higtmperature in low salinity

(below 15 psu) leads to egg Id€sampos &/an der Veer, 2008)

Figurel.3 OvigerousCrangon crangofemale

Theeggs hatch as arsply-floating planktonic larval stagehen, twoto five months later,

the larvaesettle and grow irshallow nursery regionis estuaries(Beukema, 1992; Boddeke,

Dijkema, & Siemelink, 1976; CamposV&n der Veer, 2008; Heerebout, 197#s they

continue to grow, the adults migrate to offshore waters, evé they breed. Due to the
AYTESEAOATAGE 2F (GKS oNRéy &aKNRAYLIQA SE241S
numerous moulting cycles, in which the exoskeleton is shed, an expansi@aaynvblume

follows and a new soft skeleton is formed then quicklyghens with deposition of calcium

and magnesium carbonate (CafaDd MgC@ Delbare et al., 2015; Smaldon, 197B) their

vulnerable soft condition, moulted shrimp can be easily canrgbdliby conspecifics

(Delbare et al., 2015)he status of moult anchoulting itself are affected by several factors;
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moulting increases when the water temperature is high, from an average of 5.9 at 12 °C to 7

at 18 °Criales & Anger, 1986)

The morphological differences between sexes, especially under 20imiength, ae not
instantly noticeable(Meredith, 1952) The three central morphological characteristics of
pleopodsby which the sexes ardifferentiated in adultsare the outer (olfactory)oranch of

the first antenna (shorter in females and with no olfactory hamsyd particularly the
endopod of the first pairs (longer in females) and second pairs (characterized by an
appendix masculine in males, not present in femakgurel.4; Campos &/an der Veer,

2008)

\
Flagellum

Antenna
Pleonite 2 ROSTRUM Eye Antennule

CARAPACE , (==
3 d7 po 7 Scaphocerite
pnpo Third maxilliped
T TSN

Vi,
\' :{‘\\ 2
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Pereiopod 4

@% Q d Uropod

Figurel.4 Morphological differences between male and female€Cirmngon crangofCampos &/an
der Veer, 2008)

Depending on temperature condition§,. crangommales generally mature in the $ir year
between 22 and 43 mm total length, whereas females reach 55 (@ampos &/an der
Veer, 2008)All shallow coastal waters such as estuaries serve as nursery grourmtevior
shrimp throughout the primary stages of lifdmara & Paul, 2003; Cattsg, Dankwa, &
Mees, 1997; Kuipers & Dapper, 198%her abundance is affected by seasons and migration
patterns (Campos et al., 2010)ypically, the quantity o€. crangonn shallow water is
larger in summer/spring (for juveniles) and smaller in wiraetlmn, when adults longer
than 50 mm in total length migrate to the North S@Rudolf Boddeke, Driessen, Doesburg,
& Ramaekers, 1986; Campos et al., 20TRgirestuarne and shallowwater habitat often

exposesbrown shrimpto environmental or anthropogac pollution particulaty by heavy
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metals (Dauvin, 2008)Hence, it is important tonvestigatethe impact of heavy metals

and/or antibiotics on these crustaceans.

1.3 Colour change in animals

In order to avoid being spotted by predators, some speciege ldeveloped different
defence techniguesvolving camouflage and background match{Bgoth, 1990; Merilaita,
ScottSamuel, & Cuthill, 2017; Price, Gregmsciankp Tregenza, & Stevens, 2010; Stevens,
2016;Stevensk Ruxton, 2010 Colour change isne strategyto concealan animal presence
in the environment and its widely usedamong animalgFigon & Casas, 2018tuartFox&
Moussallj 2009, from arthropods (UmberFabricant, Gawryszewski, Seago, & Herberstein,
2014) to cephalopodsdonzalezBellidb, ScarosHanlon & Wardill, 2018) reptiles Gtuart
Fox & Moussallj 2009, fish and amphibiansNflsson Aspengren & Wallin, 2013) It is
ecologically important since it allows animals #wjust with spatial and temporal
environment changeduarte, Floes, & Stevens, 20).7Thebackground of the environment
changes rapidlysometimes within 24 hoursor longer (e.g., seasonallyvhich requires
change in appearancespeciallyin animals that have less mobility than tleaesthat can
move and change theenvironment (Caro, Sherratt, & Stevens, 201&)lour change ability
in animals dependen how fast the environment changes, animal nildfp, the presence of
alternative habitatand the spatial scale of chan@¢€ao et al, 2019. Colour change is not
only restrictedto animal, but also includes plan@Suthill et al., 201}

Hence, studying colour change syseeind A YL NI yid G2 dzyRSNERGF YR
value and- Yy A Ydivérsit¥shaped by physiological processBsiérteet al, 2017.
Colourchange strategies differ among speci€sohil| Bartelland Fingerman(1970)studied
the pigmentary effectorshat impact colour change in crustaceankhe sinus gland is
considered to be a storehouse for hormones that play a role in colour change Wleased
(Fingerman, Jackson, & Nagabhushanam, 19@8gmnging light is considered to be a
stimulusthat affects thereleaseof these hormonegCoohill et al., 1970)sdoescircadian
rhythm (Brown Jr & Sandeen, 1948; Darnell, 20i@nperature(Silbiger &unguia, 2008)
physical activity(Herreid & Mooney 1984) environmental conditiongHemmi, Marshall,
Pix, Vorobyev, & Zeil, 20Q@i)des(Brown & Sandeen, 1948; Darnell, 2028y stresgZeil &
Hofmann, 2001)
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Qrustaceans have two types of pigmentagffectors which controlled byneurosecretory
products: retinal cells and chromatophorg&ingerman, 1966)Retinal pigments regulate
the quantity of light hitting the rhabdorma transparent crystalline structure located in the
compound eyes of arthropodand formingthe photosensitive part oeach ommatidium.
They perform this regulation bpbscuringthe rhabdom when the light is strong and
exposing it inweak light or in the absence of light. Migration of the retinal screening
pigments occurs as an adaptat to light/dark photomechanical fluctuations in g€h
compound eye; thigsnay be limited to photoreceptor cells. In some specigszan include
distal pigment cells and/or reflecting pigment cel®ao, 2001)Chromatophores normally
exist in the externatuticle; they make it possible for an organism ttemlits colour as a
result of the aggregation odispersalof pigments(Reddy, Nguyen, Obih, & Fingerman,
1997)

Crustaceans have been found to have many pigments in their chromatophores: pteridines in
leucophores (yellow, orange and red), carotenoidsemthrophores and xanthophores
(yellow, orange and red) and ommochromes in melanophores (blaz&rpak & Czeczuga,
1969; Grynbaum et al., 2005; Nakagoshi & Negishi, 198yever true crabs (Brachyura)

normally use melanin itheir melanophoregGreen,1964)

Based on the findings reported in many studies, it is now evident that in a broad selection of
decapod crustaceans, the chromatophores that are responsible for integumentary colour
modifications ae managed byantagonisticallyacting pigmentspreading and pigment
aggregating neurohormones(Fingerman et al., 1998 Changes in the concentrations of
intracellular couriers, such as cyclic adenosine monophosphate (CAMP), cyclic guanosine
monophosphate (@MP) and C& control the pigment migration in chromatophores.

However, details of these processes are still ung{Batveiro & McNamara, 2007)

Normally, increases in theAMP levels result in pigmemnlispersal whereas aggregation
occurs when the cAMRVels decreas(Nascimento, Roland, & Gelfand, 2008ugmented
cGMP levels(Ribeiro & McNamara, 2007and intracellular free Ca stimulate the
accumulation of red chromatophores in caridean shrifiyambert & Fingerman, 1978,
1979; McNamara & Ribeiro, 20)) this causs blackening in crabs due to pigment
dispersion(RangaRao& Fingerman, 1983)However, aggregation is not always correlated

with an increase in Ca(Kotz & McNiven, 1994)Another mechanism of colour change

9
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ability in some crustaceans ocaias a resulbf combining morphological and physiological
mechanismsWade et al.(2011)reported expanding in the pigment éfenaeus monodon

alongside the accumulation afustacyanin proteirconnected with free astaxanthin in the
hypodermal when they we placed ina dark substrate. Whereas, the opposite was

reported as an adaptation to a white substrate.

Colour change in organisms is normally influenced by environmental circumstances; for
SEI YL S5 Ot 2dzRAYyS&aa AYLI OG & siorkiSthefvatell Bdme & LIS OG-
types of fishsuch asPerca fluviatiliswhichlives in water darlkened byalgal bloomshave

been found to have dark body colouration, while tb@oration ofthe same species living in
experimental water containing clay tends to bghter (Gu€n, 2010; Hidayati, Sulaiman,

Ismail, Shuhaim®thman, & De Bellard, 2017)

Colour changes can occur in organisms due to the presence of pigments as well as micro
scale structures. Moreover, cologanplay both physiological and signallingles (Tibbetts

& Dale, 2003 Some colours are unchangeabded some changeare irreversible, including
ontogenetic colour changewhich occurin somespecies as a result of individaafibrmal
progressive developmen{Booth, 1990) For the most parthowever, it is beneficial for
animals to have their colours revert to normafter stimulation by external or internal
factors.An example of reversible change is the camouflage that some speciés cseceal
their location from prey or predators (Umberset al., 2014) The changing otolour in
animals ighusa suitable topic to study as it can be easily manipulated experimentally and it
can cover both behavioatand physiological aspects, including dynamics of community,
behavoural ecology and animahysiology(Endler & Mappes, 2017; Gagliano, Depczynski,
& Siebeck, 2015)

The range of techniques and roles of reversible colour alteration vary greatly among
arthropods, more than in any other animagbhylum, albhough all rely maty on
chromatophores perhaps due to their unique possession of an exoskeleton, which may
constitute an extra substrate where pigmentation can be altefddhbers et al., 2014)n
particular, crustaceans have been a valuable study system, and workscoangonhave

been pionee in the field (Bomirski& Klek, 1974Brown, 1941; ChassaréBouchaud, 1965;
Czerpak & Czeczuga, 19@&9ofsson & Kauril971; Fingerman & Fingermah972; Koller,
1927; Pautsch,1953; Skorkowski, 1971Skorkowski, 19735Skorkowski & Kleinhgld973
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with a gap tillmore recent yearsSiegenthalerMastin, Dufaut, Mondal, & Benvenuta018;

SiegenthalerMondal, & Benveuto, 2017)

In all organisms, colour change can be classified into two typies, morphological and
physiological less commonldescribedin the literature as chromomotor and chromogenic
(Umbers et al., 2014 Physiological colowwhangedoesnot involve an alteration in pigment
amounts, but merelytheir redistribution withn the chromatophore. On the other hand,
morphological colouchangeentails a quantitative increase or decrease of pigmexion.
Integumentary pigments are now recognizashavingbeneficial biological functionahich
include protection against deletenrs radiation, thermoregulation, camouflage and
courtship (Fingerman,1970) Colour changean be underhormonal control and is also
affected by external factors such as temperature, colour of the background, time and light
(Brown & Sandeen, 1948; Fingerman70)

1.3.1 Physiological colour changes

Physiological colourhanges are quick; they normally occur in a matter of minatelSours

after an animal has experienced internal or external stimulaijbitshie, Day, & Mercer,

MPTPT YS& 39 51L& mMbppnT hQCHNNBtfX mdieisn T { dzY
type of olour change can resultom the movement of intracellular redctive granulse and

the dispersaland/or concentrationof pigments inchromatophores(Filshie et al., 1975;

Hadley & Oldman, 1969; Umbers et al., 2014; Vigneron et al., 200@éye aretypicaly

changes inthe location of nanostructures or pigments amthe refractive index of the

layersof the epidermis.

In arthropods, physiological colour alteration can be caused by five main factors: a)
movement of the granules, as described in stick atsdCarausius morosiysb) hydraulic
techniques, when water isised to change the redctive index of multiple layers, c)
amoeboid chromatophore migration, found in tracheal air sacs, d) pigment diffusion and
aggregationin the chromatophores and e) guacye retraction(Umbers et al., 2014)n
crustaceans, the outles of the chromatophores vary widely and the pigments aggregate
and diffuse within their confinegFingerman, 1970; Josefsson, 1975; Perkins, 1928;
Stephens, 1962)
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1.3.2 Morphological colowwhanges

Morphological colour change refers to alterations in any of the constituents that are directly
connected to thevisiblecolour ofan animal by catabolism or anabolisihoccurs when one

or more of the layers of the structus®r pigments that areesponsble for the colour of the
animal are modifiedGrether, Kolluru, & Nersissian, 200#) general, morphological colour
changes take place when the colour constituents are altered, for instance by minimising the
oxidation of ommochrome pigments oby modifyng the concentration of these
constituents via combination, sequestration, deposition or even collapse. Morphological
colour change tends to take a longer time to occur than physiological colour change; in fact,
it can take a few days and, in sentasesweeks. Animals thatundergo morphological
colour change usually have tlverrespondingability to retain their colour for a longer time

than those that use physiological colour charfgenbers et al., 2014)

1.4 Contaminants - Heavy metals

Heavy méals, eiher essential in trace quani#s or nonessential, are important pollutants

in various aquatic systems, where they are introdupadtially through natural and mainly
through anthropogenic sourcefor instance mining and industriautputs, Marsden &
Ranbow, 2004) Essential metalgnanganesgMn), iron (Fe), copper(Cu, zinc(Zn), cobalt

(Co, molybdenum (Mo), vanadium (V) and nickel |Nide important micronutrients for
many organismsdxause they are integrated into cofactors and enzyitMatyar, Kaya, &
Dincer, 2008)However, since they bind to enzymes and DNA and produce oxygen radicals
through the Fenton reaction, they are often pomous in high concentration®Nonessential
toxicmetalsd ! &3 / Rr& calied ioskeadVK S @& (bdsédi dn fth&iOhighatomic
weight, Lopeaiaury, GarcidDominguez, Florencio, & Rey&02 Matyar et al.,2008).
According toNies (999, Mo, Mn and Fe are physiologically essential with partial toxicity.
The toxicity of trace elements often essential for metabolic purposesh as CuZn,
chromium (Cr), Ni, Co, tungsten (W) andisvhighly dependent on concentration. On the
other hand, the noressential metals, such as mercury (Hg), Cd, As, silver (Ag), lead (Pb),
uranium (U) and antimony (Sb), are toxic even at trace levels and seawy imetals (Hg, As

and Cd) can generate harmful compleXgskhri et al., 2018; Nies, 1999hus, the excess
presence in the environmenof anthropogenic heavy metals is a considerable issue. The

various uses of metals in afftuling products, pesticidg inorganic and organic fertilizers,
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and in feed additives for agricultur@Han et al., 2002; Nicholson, 20G8)d aqua cultural
purposes(Burridge, Weis, Cabello, Pizarro, & Bostick, 2@Htdribute to the increased
contamination of the environmenilThe bioaccumulation and stability of heavy metals make

them a very serious threat to aquatic animéiakhr et al., 2018)

Cadmium, me of theheavymetalsinvestigatedin the presentstudy, isa majortoxic threat
to aquatic organisms. It is a nassential toxic trace elementwith naturally low
concentrationsof 0.001 to 00001 ppm near coastal areas anoetween 000025 to 00003
ppm in estuaries and river@Pavlaki, Morgado, Soares, Calado, & Loureiro, 201.8gcurs
naturally and one of the wst important natural sources that releases significant amount of

Cd into the water environment is nefierrous nmetal mines(Rainbow, 2007)

Normally, living creatures absorb Cd from the environment in two different ways: directly
from the water and/or byconsumingcontaminatedfood. Gardner & Yevich (1969) and
Jennings & Rainbow (1978)port that Cd has a negativienpact on some marine animals
Most recent study has reported that Cd affeantioxidant enzymesof mud shrimp

Austinogebia eduli@Das et al.2019)

Earlier studies found that Cd affected the nervous system and sensory ganglia in mammals
(Gabbiani, Bajc& Deziel, 1967)Jacobson & Turner (1980¢port that Cd, Hg and Pb
accumulate in the brain and that these metals prevent the release of ygiryh group
containing enzymesReddy & Fingerman (1995pund that when fiddler crabs were
exposed to 10 ppm Cd for 10 days, the neurosecretory cells in the brain and the eyestalk

ganglia were damaged.

Owing to its acute toxicity and potential bioaccuntida in invertebrates especially
molluscs, Cdisper@@iSR (2 06S 2yS 2F (KS YDas&Khaidgaiot, & (2
2010) While LGo (the concentration that could kill 50% afsample population) values are
variable between freshwater and madrbenthic species, Cd is lethal to all crustaceans at
specific dosegGuner, 2010)In experimentsstudying the effecof Cd onC. crangonit has

been observed that increadelevelsof dissolved Cd in the wateworrelate with increased
concentration of Cdn tissues and with increasedmortality (Szaniawska, B%). Jung &

Zauke (2008)have shown thatC crangon is sensitive to the increase of external

concentratiors of Cd and PbhSome studies have used Cd to examine different behavioural
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changes in crustaems Tablel.1Error! Reference source not foundand report negative

effects on marine organisms.

Tablel.1 Effects of Cd and As on some of behavioural andiplogical aspects in crustaceans

Species Heavy | Concentrations Physiological and behavioural
metal endpoint
Atyaephyra Cd+ |0.042 ppm Cd Feeding behaviodr
desmarestii Zn 5.43 ppm Zn
Echinogammarug Cd + | 0.036 ppm Cd
meridionalis Zn 4.61 ppm Zn
Macradbrachium | Cd 0.086ppm Structure of gills and
sintangese hepatopancreas
Balanus Cd Range from 0.20 to 1.36 ppm Development and swimming
amphitrite behaviou?
(larvae)
Macrobrachium | Cd Acute concentration: 0.15 ppm forl Behaviour, scaphognathite
dayanum male and 0.16 ppm for female oscillation and heart rate
Subacuteconcentration: 0.0375
ppm for male and 0.04 ppm for
female
Daphnia, Cd 0.01(;0.100 ppm Feeding
Bosmia,
Eudiauptomus
andcyclopoid
copepods
Hippolyte inermis| Cd 1,2,3.5ppm Locomotoryactivity®
Acartia tonsa, Cd Range from 0.00059 to .00957 pp| Adult survival, hatching success
Palaemon and larval development ratio
varians
Macrobrachium | Cd 0.00001 and 0.00002 ppm Survival, osmoregulation and gil
sintangense structurée®
Crangon crangon As(V) | Range from 0.1 to 20 0 ppm Survival and metabolisrtis
Artemia As(V) | 4,8, 15, 31 and 56 ppm Growth, survival, and
franciscana reproductiont®
Gammarus pulex| Cd and| Cd: 0.028 and 0.054 ppm Ventilatory, locomotor and ion
As(V) | As(V): 1.12 and 1.65 ppm regulation of [N4] and [C]] in
haemolympR?
Scylla serrata As(lll) | 1,2 and 3 ppm Avoidance, hypersecretion of

mucoid element and release of
excess excretory producéts

!Pestana, Ré, Nogueira & Soar€x007);%Soegianto, Winarni, & Handayai@2013; *Lam, Wo, &
Wu, (2000); “Tripathi & Pandey(2014); °Gulati, Bodar, Schuurmans, Faber, & Zanda€8s);
®Untersteiner, Gretschel, Puchner, Napetschnig, & Ka{8005) 'Pavlaki et a).(2016) 8Putranto,
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Andriani, Munawwaroh, Irawan, & Soegian{@014); °"Madsen (1992) 1%Brix, Cardwell, & Adams
(2003) Vvellinger et al.(2012) ?Saha, Ray, & Ra2018)

However, nostudy has investigated the effect of Cd, either as a single contaminant or in
combinaion with other contaminants like antibioticen the behavioural responses tife

brown shrimp. Therefore, Cd was used in the present study, as reported in Chapters 2 and 3.

Another pollutant present in aquatic environments alongside Cd iJA®t al.,2016;
Smedley & Kinniburgh, 20Q2yhich is wiely distributed andranked 229 in terms of its
abundance in seawatgAzizur Rahman, Hasegawa, & Peter Lim, 2012; Neff, 1997; Smedley
& Kinniburgh, 2002)Arsenic can be found in both sea and freshwater, but its average
concentration in seawater, at arod 0.00L7 to 0.0 ppm (Madsen, 1992; Neff, 1997is

more consistent than in freshwater, the average in river water bei@®@ ppm (Azizur
Rahman et a).2012)

There are many sources Af both natural and anthropogenic. Among the latter, As is used

as an agent for drying cotton, preserving food or wood, and in smelting and coal burning
(Hutton & Symon, 1986; Madsen, 1992; Sanders, 1983he UnitedKingdom, the primary
source of As is industrial riverine waste discharged into estuaries, where rdoaoens

range from 000054 to 0.0041 ppm, followed by the emissions of cellirning power
stations into the aiMurcott, 20120 | & Y2 a i ¥Fis @éaddlin® dhe water, 3 (G S
aguatic organisms are exposed to high levels of As. While As has btatedein land
animals, levels in marine animals are higfieoyle & Spaulding, 197.8yhis may be due to

the ability of aquatic organisms to accumulateiAgsheir bodies, regardless of its for(@e

Gieter et al., 2002)

Figurel.5 depicts some of the main species of iAsthe aquatic environment, showing a
fundamental distinction betweerganicAs(orgAs) and inorgani8s (iAs)forms. Inorganic

Asis found mainly in natural water and sediment as arsenate [As(V)] or arsenitel)jJAs(lI
which are both higly toxic speciswith the potential to cause canceespeciallyin humans
(Foulkes, Millward, & Rattanachongkiat, 2004; Francesconi, Hunter, Bachmann, Raber, &
Goessler, 1999; Petursdottir et al., 201R) contrast, most orgAs kess toxicdhan iAs and
typically predominates in marine organismsnainly as arsenobetaire (AsB) beside some
fractions of dimethylarsinic acid (DMA)d monomethylarsonic acid (MMAMadsen, 1992;

Ng, 2005; Smedley & Kinniburgh, 200®rganic As may beodind in water that is
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profoundly affeced by industrial pollutior{fSmedley & Kinniburgh, 20Q®yhile it is possible

to find it in surface watedue to biological activitie€Smedley & Kinniburgh, 2002prganic

As species (particularksB that could bein the water can be transformed into arsenate if

present in oxic sediment and seawai@teff 1997) Arsenite is more likely to occur where

the environment is less oxidative, whereas As(V) is often present in more oxic \(/atersr
Rahman et al., 2012Thus, A has a complex cycle in water and in the bigitasegawa et
al., 2001) It has known for phytoplanktonand marine macroalgaghe ability of
transforming iAs to orgAsind sinceit is a food source for some hightrophic level

organismgAl Mamun etal., 19; Azizur Rahman et al., 201@)is may explairo the high

level of orgAs found iaquatic organisms. Nevertheless, the metabolism, accumulation and

toxicity of As varies, depending on several factors: the route of absorption, the presence

and @oncentrations of various As species in the environment, temperature, salinity, moult

diFidda FyR (KS PREBIBYBAY®Q |

d DRANI &NTENZ

Madsen, 1992; Ng, 2005; Zhang, Chen, Zhou, Wu, & Zhang, 2016)

Arsenite [As(l11)]
As3*(OH);

>—
Arsenate [As(V)]
H;As>*0,

Dimethylarsinic acid (DMA)
AsO(OH)(CHa);

Monomethylarsonic
acid (MMA)

AsO(OH),CH; —

Arsenobetaine (AsB)
(CH5);As*CH,CO0"
rsenocholine (AsC)
(CH3)3As*CH,CH,0

Inorgant As

Less toxic

Organic As v

Figurel.5 Summary of the main arsenic species found in the aqesiironment
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Consumption of seafood is considered the main source of As for humans, especially in areas
where it is not present naturally in drinking water the food chain. The United States Food

and Drug AdministratioqUSFDA, 1993j)eports that 90 % of the As in humans comes from
consuming seafood, except in areas where drinking water is contamin@eo ¢ al.,

2018) Thus, As may affect human healtidirectly through the food chain.

Some researchers have studied the effects of As at different concentrations on aquatic
FYAYEFEAaQ 0SKI @ARidsah dt 3. RO1IGHpErtAhatAS Hfct@dhthe owth

of rainbow trout Oncorhynchus mykissvhen they were exposed to iAs at @67 ug dm?
through their diet for 30 days. Another study, conductedgdsen (1992)found that
survival of brown shrimp could be significantly affected if they were kept in a concentration
over 25 ppm of As(V). It aldound that smaller shrimp were more affected by iAs in terms
of As accumulation, survival and respiration lev&inter, Goessleand Francesconi (1998)
evaluated the ability ofC. crangorto accumulate Asvhen exposed to iAs orrgAs. They
found that As asorptiondependedon its chemical form andn route of exposurewhether
through water or diet. These studies indicat¢hat As toxicity experiments in aquatic
organisms can be considered of great importarites also important to study As speciation

in order to determine which species are toxic and which are less toxic to {déang et al.,
2018)

Although the toxicity of arsenic inaquatic organisms has been studieextensively,its
ecotoxicityand especiallyits effectson colour change and its bivansformation inCrangon

crangonhave not yet been investigated.
1.5 Role of antibiotics in aquaculture

Alongside the heavy metals discussed above, antibresistant bacteria are found in
marine and freshwater environments, aquaculture, and in the @tng, Shin, Yu, Kim, &
So, 2018) The excessive use of antibiotjcecluding their use asgrowth promders in
animal husbandryhas raisedconcern for the spread of antibiotiesistance in the marine
environment, since this can be exacerbated in thespreee of heavy metal§or example,

the combined effect of selection and @®lectionof antibiotic-resstant bacteria may occur
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when antibiotics from animal production and agriculture amdeased into the aquatic

environmentalongside heavy meta(Seile & Berendonk, 2012)

In several developing and developed countries, industrial aquaculture is -@Xjpanding
industry (Cabello, 2006)it is anticipated that this development will intensify at a more rapid
rate in the future, inspired by the market fags that globalize théood supply sources and

the exhaustion of fisherie¢Goldburg, Elliott, & Naylor, 2001; Goldburg & Naylor, 2005)
There has been a quadruple increase in industrial aquaculture globally over the last 20 years
(Naylor & Burke, 2005)Ths remarkable industal growth has resulted ithe release of

large quantities of veterinary medicines into the ecosyst@Boxall et al., 2004)these
prophylactic practies can negatively affect animal and human hedl@abello, 2006;
Goldburg & Naylor2005; Naylor & Burke&005) The use o&ntibiotic prophylaxis in shrimp

and fishaquaculturehas led to an increased environmental presence of antibiasistant
bacteria(Alcaide, Blasco, & Esteve, 2005; Miranda & Zemelman, 2002b, 2002a; Petersen,
Andesen, KaewmakSomsiri, & Dalsgaard, 2002hcreasingantimicrobial resistance in fish
pathogens then stimulates the overuse of antibiotics in aquaculture, since their
effectiveness decreases with increasing resistar{Bavies et al., 1999)Thus, the
ocairrence of restance to antibiotis in fish pathoges thwarts the success of the
prophylactic application of antibiotics in aquacultube] Q LLon§ & Sarum, 2001; Sagrum,
2006) Those presentin aquatic system can transmittheir resistanceby horizontal gene
transferto bacteria infectinhumars and terrestrial animal$ Y N4za S 3 { DANHzY X ™ dd
Lund & Sgrum, 2001; Sgrum, 2008)brio cholerag responsible forthe Latin American
epidemic of cholera that began in 199%r example, seesto have developd antibiotic
resistance due to interaction with antibiotresistant bacteria selected by means of the

intensive use of antibiotics in the Ecuadorian shrimp indu@¥gber et al., 1994)

Industrialised nations have regulated the use in aquaculture ohajanes, a clas of
artificial antibiotics used to treat bacterial infections, since each member of this group has
the capacity to stimulate crogesistancewith other antibiotics with the risk of creating a
highly active group of antibioticesistant bateria for huma infections (Cabello, 2006;
Gorbach, 2001; Moellering, 2005; Sgrum, 2008aherty, Szuster, & Miller (200@ksert

that as many commercial shrimp feeds are supplemented with antibiotics, there is a strong
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possibility that antibiotics arecontained in sme of the commercial feeds used in

aquafarms.

In recent yearsshrimp farminghas become a major part @fopical aquaculture and this
achievement has amplified the need tmprove farming practices to capitalize on profits
(Suzuki & Nam,®.8; Tendencia & Dela Pefa, 200R)ese developments have often been
accompanied by increased risk infections as ecological conditions have declined and the
impulse to increase production hdsd to dependence on antibiotics. Diverse medications
are wually prescribed to farmed shrimp to enhance development and to prevent or treat
diseases(Ali, Rico, Murshe&-Jahan, & Belton, 2016; Tendencia & Dela Pefia, 2002)
Philippine growout ponds for example, synthetic feeds have been supplemented with
furazolidone (FZ), oxolinic acichloramphenicoland oxytetracyclingCruzLacierda, De la
Pefia, & Lumanlaiayo, 2000) Antimicrobial agents are generally employed in aquaculture

throughout the praluction phases, both in hatcheries and growt processes.

In the European Union, the antibiotiggermitted for usein aquacultureare trimethoprim,
qguinolones, tetracyclines, sulphonamides and penigilliwhereas the itrofuran
antimicrobials (F4, chloramphenico] nitrofurantoin, nitrofurazone and furaltadone ke
been barred from use in food manufacture for several years, because of their effects
associated with drug resistance and aplastic anaemiajutagenicity and severe

nephrotoxicity(Conti et al.2015)

1.6 Effectsof contaminants on the behaviour ofcrustaceans

Behavioural responsenstitutea sensitive biomarker in crustaceans. A possible biomarker
is any measurable alteratiaresulting fromstressorssuch aslisease states, xenobiotics and
environmentl changes(e.g. in temperature or salinity, which provoke an organism to

adaptto cope wth suchconditions(Allen, Awasthi, & Rana, 2004)

A number of biomarkers are not sufficiently sensitive to distinguish contaminant contact or
to reflect the effects of stressors that are present in the environm@unt, Silvestre, Phuong,

& Kestemont, 20@). It is worth mentioning that every broaspectrum biomarker of
pollution has some specific constraints; thus, it can be more efficient and successful to use a
set of biomarkerSmolders, Bervoets, Wepener, & Blug003) The presence of several

toxic compounds is specifically and quickly detected through physiological or biochemical
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indicators(Tu et al., 2010)Using such behavioural responses can combine exogenous and
endogenous aspects and therefore, providebatter understanding of the effects of
environmental contamination not onlgt the individual level butat the community levelas

well (Little, Dwyer, Fairchild, Delonay, & Zajicejk, 198B)ny studies have investigated the
behavioural effects of heavy rads on crustaceans. Those summarisedlable 1.1 are
particularly concerned with Cednd As being the target metalof the study reported in

Chapters 23 and 4

When exposed to pollutants, animals exhibit a range of behaviaiirahges whic affect
predator evasion, reproductiorand feeding includng avoidance of the contamination
(Scott & Sloman, 2004)Behavioural analyses offer organically significant endpoints to
assess sulethal contact effects ando complement standardoxicity tess. There are
currently no adequate explanatios of the connectiors between many exposureelated
behaviouralchangesdetectedin the laboratory and significarecological effect®bserved

in the field. Numerous studies have showhat penaeid Brimp subjeted to sublethal
levels of pesticides display a number of behavioural changes, including-é&ygebility
and restlessnessjncoordinated swimming motions, tremor in the appendagessudden
movementsof chelate legs and spasn@arciade la Rirra, Bautita-Covarrubias, Riverde

la Rosa, Betancouttozano, & Guilhermino, 2006; Reddy & Rao, 19®@0yeneral, these
changes are more obvious at higher concentrations of pesticides and are believed to result
directly from the effects of pesticidesn the nervous system. The following section

examines further the effects of pollutants on behavioural responses.

1.6.1 Feeding rates andontaminants

A significant endpoint for estimating the responseaoforganism to chemical exposure has
been found tobe feedng depression, whicbhan be rapidly assess¢Barata & Baird, 2000;
McLoughlin et al., 2000; Taylor et al.,, 1998poo0d is an essential requirement for
development and othetbodily processegMcWilliam & Baird, 2002)Many studies have
found change in feeding rateto be a sensitivemarker of toxic stress in both marine and

freshwater specieéMaltby, Naylor, & Calow, 1990; McLoughlin et al., 2000)

Contamination causes stresshich produces nutritional changes leading to serious effects

on many vital processes. It has been shown that deviations in the amounts of digestive
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enzymesmay be relatedto external factors and developmental cyclgerera et al., 2008)
Therefore, alterations in the rate of utilization of reserves or in the concentration of
digegive enzymesgmay partially explain the major changes in feeding rate resulting from
contact with contamination.On the other hand, aaumber of studieshave foundthat
feeding ratecanbe increased by exposure to contaminants, although this reactionbeay
due not to stimulatory effects buinsteadto the necessity for more energy to manage
metabolic impairment(Bodar, Van Leeuwen, Voogt, & Zandee, 1988)sen, Forbeand
Parker (2001have shown thata reducedfeeding rate at the individual level in 5@

gastropod species is related to incredsed pollution.

Food reserves constitute a significant environmental endpoint, as persistent energy
shortage can cause a decrease in egg laying activity after starvati@® to 7 days in the

snailLymnaea stagnali@as & Khangarot, 2010)

1.6.2 Colour changend contaminants

Another sensitivebiomarker of response to contaminants in some aquatic organisms is
colour change. Its purpose varies among animals, which reayititas camouflage in order
to evade predatorgLlandres, Figon, Christides, Mion, & Casas, 2013)r conversely to
warn them of their toxicity (Stevens & Ruxton, 2011as a signal in social interactions
(Tibbetts & Dale, 2004nd in some animals asmaeans of sexual attractiofAllen, Zwaan,

& Brakefield, 2011)

Theouter surfaces of marine animals tend to be anatomically and physiologically sensitive,
especially in comparison to ladzhsed animalgAkarte & Agnihotri, 2013)The colour of
shallowwater shrimpis shaped bychromatophores(cells containing pigments responsible

for body colouration often combined in larger structuremormally referred to as
chromatosome} whichare found under the transparent exoskeletofSiegenthaleet al,

2017) TKS T f GSNI GA2ya Ay O2f2dzNJ N fAYy1SR (2
colour is articulated by chromatosome pigment diffusion, compactness and the order of the

pigments(Bauer, 1981)

Brown & Wulff (1941have reported that the chromatophore i@. crangoris one of the
most complex components in terms of function and structure in crustaceans. Inddes

been found that even the same type of pigment in the same specaieser the same
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experimentalconditionscanreact differently if located imdlifferent parts of the body{Brown

& Wulff, 1941)

Hormones in crustaceans have been found to be affected by organic or inorganic pollutants

and contaminats in the environment. Pigmentary effectorghich are amonghe functions

regulated by hormonesare also affected by heavy meta{Eingerman et al., 1998Fome

studies have used the brown shrimp as a model organism to examine the toxicity of heavy

metals, but none has studied the effects of As or Cd on colcamg#nTherefore, the effects

of Cd and Asn colour change in the brown shrimp are of interest.

Tablel.2 Effect of selected contaminants on colour change of aquatic organisms

Contaminant Species Results
Cadmium Fiddler crab,| Exposure by injection (8 &pm) or immersion (10 ppm) prevent
chloride Uca pugilatot | the expansion of black pigments, because Cd affects

neuroendocrine complex in the eyestalk, reducing the releas
black pigment disprsing hormone

Polychlorinated
biphenyls
(PCBs)

Fidder crab,
Uca pugilatot

Exposure to PCB preparation, Aroclor 1242 (2, 4 and 8 |
reduced the ability to disperse black pigments, due to the eff
of PCB on the level of melanilispersing hormone in th¢
eyestalk

Polychlorinated | Fidder crab,| Fiddler crabs exposed to PCB were paler than the control gr

biphenyls Uca pugilato? because they were unable to disperse black pigments

(PCBs)

Cadmium Catfish, Chromatophores decreased significantly in number and the

chloride Heteropneustes| became paler when exposed to acute and sote doses o
fossilig CdCl(392.92 and 98.2B8pm) for four days

Arsenic trioxide | Spotted Arsenic trioxide affected the body colouration of freshwater f
shakehead, at a concentration of 6 ppm for 3@ays by causing pigmel
Channa aggregation
punctatus

Arsenic trioxide | Channa Exposure to 1 ppm of Asoxide reduced the melanophore inde
punctatu$ in freshwater fish for the first 30 days only when they w

exposed for 90 days

'Reddy & Fingerman(1995) ZFingerman& Fingerman (1978); *Hanumante, Fingerman, &
Fingerman(1981); “Ahmad et al.(2018);°Akarte & Agnihotri(2013);°Allen et al, (2004)
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Chapter % Introduction and background

Previous studies have investigated the impact of contamim& the environment on colau
change inaquatic orgaisms focusing mainly on fish and the fiddler csgiablel1.2). The
ability to swiftly classify harmful chemicals in water supplies can be a pasgpalct of early
warning systems that detect chemical hants (States, Scheuring, Kuchta, Newberry, &

Casson, 2003)

All studies inTable 1.2 report the same effect on body colouratioiirrespective ofthe
organisms testedand the contaminants usedshrinkage in the chromatophes which

resulted inpaleness in the animals.

1.6 Aim and objectives
The aim of this research is to determine the effects of heavy metals on the behavioural

responses in thérown shrimp,C. crangon

The objectives are:

1 To assess the individual and comdxl effects of Cd and antibiotics on the feeding
rate of the brown shrimphapter 2)

1 To determine the individual and combined effects of Cd and antibiotics oalility
to change colour in the brown shrim@hapter 2)

1 To compare two different populatianofC. crangorio determine whetherthe effect
of Cd on colour change is influenced by their natural hahitgdifferent sites can
have different contaminatiomprofiles (Chapter 3)

1 To determine effect ofAson colour change and evaluate how arsenic afetism
(the biotransformation of iAs to organic arsenicals) gowEoehavioural response

in the brown shrimp Chapter 4)

23



Chapter 2

2. ChapterTwo: Effects of cadmium and antibiotics
(Furazolidone and Gentamicin) deeding behaviourand

colour change in the brownlgimp (Crangon crangoh

2.1 Introduction

The brown shrimp rangon crangoy is an oceanic coastal species which is widely
distributed along the European coast from the Mediterranean and Black Seas to the White
Sea in the north of Russi@elin et al., 200; Muus, 1967) Crangon crangons a key
component in the aquatic ecosysteand one of the most important commercial species in
many countries, especially in the UK and North S§Eamming & Damm, 2002Besides
being easy to catch in high number, it caraptieasily to the lab conditions. Although it has
not been yet used for agpculture(Delbare et al., 2015)t can be used as a model system in
the laboratory to check for emerging issues in aquaculture of crustaceans. The brown
shrimp inhabits estuariesna shallow waters, which are often subject to environmental or
anthropogenc pollution. One of the main toxic heavy metals to aquatic organisms is
cadmium, Cd, a noeassential toxic trace element, with naturally low concentrations in
ponds, lakes and riveseesection1.4 Contaminats - Heavy metaldor more detail;Thorp

& Gloss, 1986)Besides being present in the environmenten recently(Enya, Lin, & Qin,
2019)F YR G KNXBI (i { MahthooH, IAST AShaYieef) Helyat, ® R019, Ql in this
study has been selectanlrer otherbased on the previous studies thiadve beerprovedits
effect on behaviour of crustaceans including colour change and feedingimagome
animals(SeeTablel.1, Tablel.2).

Furthermore, another emerging pollutant risk that could affect marine organisms is the
increase of incorrect use of antibiotics (from clinical and agricultural overdsighuse of
antibiotics may lead to the spread of drug reéarg bacteria.

For more than 30 years, Furazolidone (FZD), specificgbynidrofurfurylideneamino)2-
oxazolidinonehas been administered as an antibacterial and-pntitozoal drug for human
and animalgZhang, Niu, Yin, Liu, & Chen, 20¥8jua cultued animals can be protected
against red skin disease, bacterial-gll disease and protozoiasis using RE2ng, Mangt,

Grudzinski, & Law, 1998Yhe World Health Organization (WHO) recognized FZD as an
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essential human medication during its Expert Cdtagions in 2005 in Canberra, Australia
FYR AY wnannt Ay [ 2LSYKFISYS 5SyYlF NJHudah &/ NR{
a S R A QWHGTS 2005, 2007)n terms of human usage, FZD is prescribed to patients who
suffer fromHelicobacter pylosuppressior(Zhang et al., 2013)

Furazolidone, which has been broadly used in the form of premix food additives for the
treatment of gastrointestinal infections in poultry, pigs and cattle and has also been
extensively used in aquaculture for the cure of fish déesaor other diseases caused by
bacteria,and itfalls under the class of nitrofuran antibacterial agefBalizs & Heiit, 2003;
Hoogenboom et al., 2002)t can potentially cause genotoxic and carcinogenic effi@abset

al.,, 2011)and it can be removedrom contaminated systems usingcinetobacter
calcoaceticug 32, which is likely to degrade 99% of FZD successfully from the environment
(Zhang et al., 2013)

Gentamicin (Gt) is an aminoglycoside antibacterial drug that hinders bacterial protein
production: this agent possesses a wide range of activities on @eagative bacteria. In
spite of the fact that Gt is used commonly at therapeutic doses, the regular use of it may
cause severe nephrotoxicipAugusto, Smith, Smith, Robertson, & Reimschuesse)199

The presence ofesistantbacteria toboth heavy metalsand antibiotics has a significant
impact on human healt(Sharma, Agrawal, & Marshall, 2007Mhe multiple antibiotics
resistance (MAS) hypothesis was proposed since 1983 to indicate the @amrainment
polluted with multiple antibiotics, and then itas been used also to assess their influence on
human health(Krumperman, 1983)Hence, the combination of heavy metal and antibiotics
resistance should be studied especially in marine organikrhas been detected tha¥ibrio
parahaemolyticusstrains istated from oysters Crassostrea gigashave a predominant
tolerance to heavy metals with two or more antibiotics resistant phenotyfiéang et al.,
2018)

Oneway to understand the negative imptof environmental pollutants on organisms is to
study the dfects of them on organisms' behaviour. The excess presence of both heavy
metals and antibiotics could affect negatively the behaviour of aquatic aniinalsed only

a few studies have illusttad the effect of antibiotics on the behaviour of crustaceéns et

al., 2010, 2009)Thus, it is important to address the impact of heavy metals and antibiotics
on the brown shrimp and in particular their combined effects, which have not been fully

invegigated yet.
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A sensitive biomarker in some marine animalsiagfaany external stresses is colour change
(Umbers et al., 2014)The integument of caridean shrimp is feebly calcifiddng, Chan, &
Yu, 1993)and the lowsclerotization results in a transpareexoskeleton(Flores & Chien,
2011) Colour change in mangrustaceans and fishes occurs as a result of reflection,
absorption and scattering of the light on the body due to the distribution of the
chromatophores on the surface of the boffylores & Chie, 2011) In addition, the spread
or contraction of pigmentsas well as the alteration in the density of chromatophores, play
a role in the change of colouTume, Sikes, Tabrett, & Smith, 2009owever,
morphological and physiological adaptations cohtitte time needed for these changes to
happen. The brown shrip uses colour chang&igure2.1) as a camouflage to escape from
the predators through its ability to match the substrate of its environm@ee section 1.5.2

in Chapterl; Pinn & Ansell, 1993)

Figure2.1 The brown shrimpCrangon crangorshow different bodycolouration (pale and dark
dependngon the colourof the background (white and black sand, respectively)
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In addition to colour change, feeding behaviour in marine animals is another biomarker that
can be used to assess the contamination of the aquatic environif@@atciade la Parra et

al., 2006; Gulati et al., 1988; Pestana et al., 2007; Pynnonen, 1996sSkawca Da Cunha,

& Bianchini, 2000)Bystudyingthese two biomarkers (colour change and feeding), it would
be possible to have an important insight into how the brown shrimp reacts in response to
the contaminant in the environment.

The aim of thischapterwas toinvestigatethe effect of Cd and two selected antibiotics (FZD
and Gt) on feeding rate and colour change ability of the brown shrirhp.combination of
heavy metal and antibiotics in this study was considered because of the recent concern
about coselection of heavy metal and antibiotics resistanioacteria which have an
influence2y Fljdzr GAO 2NHBIFIYAaYaQ KSIFHfGiK®d {2¥S NBOS
selection resistancdacteriain different organisms (Ding, 2019; He et al., 2017; &d,|
Jarssen, Reinfelde& Barkay, 2016), however none have been conducted to illustrate the
effect of them on the behaviour of marine animéBual stress was expected for the use of
both Cd and antibiotics)Our hypothesis was that the brown shriniprm Mersey pool
would not be able to consume the normal food rate, and they would not be able also to
change colour to match the substrate when they were exposed to heavy metal and
antibiotics separately or in combinatioin addition,the Mersey population wuld beless
affected by Cd and antibiotics thdahe Dale population, considering being in contaminated

water for a long time in their environmeiisee2.3.1 Sudy sitesbelow).
2.3 Methodology

2.3.1 Sudy sites

For this experiment twotady sites were considered: &pperMersey Estuary and b) Dale
Cleddau Ddu estuaryn North West England, the Mersey Estuary runs from Warrington,
where the Mersey River drains freshwater into it, to Liverpool Bay (&ilometres
westwards Figure2.2). The Mersey Estuary is separated into four regiohbelnner, Upper
and Outer Estuary and the Narrowsor long timethe Mersey Estuary has been considered
asone of the most contaminated estuaries in EurdBairton, 2003) The Mersy Basin was
contaminated to such a level that in 1985corporationcomposed by thdocal and central

government,the Mersey Basin CampaigMBQ was foundedwith the goal toraise the
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jdzk t AGe 2F & GSNI Ay KSNR (S Ritiof(M&s€y Sirdte§y1996).5 | Q &
Over the last two decades, there has been some positive actions place to resolve the
perpetual problem of pollution in Mersewhich has beena cause for distress in Liverpool

over the last 150 year@®Burton, 2003) This sit, a semisolated poolwas chosen based on

its historical pastasit was assumed to bkighlycontaminated (see 2.3.2 Sampling).

In South West Wales, Dale is located in the south west tip of Pembrokeshire (51.768284,
5.168316; Figur@.3), in he Pemibokeshire Coast National Park. Téiee was supposed to

bel GOt SIyé¢ aAGS f&eiSyhajar écalaidakdisastrSn 109 BHen the oil
GFy 1SN b{SI 9YLINB&aaé¢ aLAffSR .tHowevenihwag 2y a

supposed to béess cataminated thanthe Mersey pool since isan open area.

2.3.2 Sampling

Crangon crangomspecimens were collected from the two above mentioned sites. The first
collection was from a senmolated pool in WidnesCheshire(Figure2.2), UpperMersey
Estuary in February 201%his is important because it implies that some shrimp stay in here
and do not go in and out the estual(at least not too easily): this will make them more
resistant to salinity changes (if it rairthe pool becomes less saline than the river), and if
there is historical contamination, this population might be more used to high levels of
contaminants, morehan in Liverpool estuary

The second collection was performed in the Cleddau Ddu estuarye(l\Materway) close

to Dale(Figure2.3), Pembrokeshire in Ajd 2016. The samples were collected by using push
nets (mesh size: 6mm). Water and sediment samples (at least two replicates per site) were
also gatheredrbm each location, labelled and stored in the fridge for heavy metal analysis.
Water salinity and tmperature for each site were also measurasing salinity meterAll

the shrimp were kept in a bucket with seawater and a portable oxygenator while being
transferred to the lab. Then, all the shrimp were placed in glass aquaria with artificial
seawater anda 2 cm thick layer of black or/and white sand (Pettex Roman Gravel), gently
aerated, to be acclimated to the lab environment for one week. A specific wadagiven to

each sample (e.g. WP1: Widnes Pool 1; D1: Dale 1).
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Chapter 2

2.3.3 Experimental desin

To prepare the artificlaseawater, 160 and 213 grams afuarium systemsinstant ocean
salts respectively were added to 10 litres of deionised water to obtain a salinity of 15 psu
(shrimp from Mersey) and 20 psu (shrimp from Dale) corresponding to the salinity in their
original environment. Salinity and temperature~{T 6/ 0 @ SNBE Wstahty G I Ay S
throughout the experiment. Four glass aquaria containing 12 sterile polystyrene petri dishes
surrounded by a cylindrical mesh to avoid cannibalism were used as experiment vessels
(Figure2.5 A). Each one was filled with 1 cm thick layer of black sediment, air bubblers and
artificial seawater. Twentfour small beakers (600 ml beakers, @: 10.4 cm), filled with clean
artificial seawater 1 cm of whatsediment and aerated were also prepared for feeding time
(Figure2.5B, G.
Depending on the treatment, the following solutions were prepared:

- 0.04 ppm of @ (prepared dissolving 0.4 g of Cd chloride in 10 litradical

seawater)
- 10 ppm FZD (prepared dissolving 0.1 g of FZD into 10 litres of artificial seawater)
- 2 ppm Gt (prepared dissolving 46Dof Gt into 10 litres of artificial seawater)

2.3.4 Pilot experiments

Two pilot experiments were performed, one test the dose of antibiotic§¥based on
literature) andthe other oneto determine the dose of Cd.

2.3.4.1Test the atibiotic dose

The choice of antibiotics and concentrations were establidhed pilot study performed in
collaboration with Dr Chloe Jamédpresented atSalford Postgraduate Annual Research
ConferencSPARI2016 AppendixFigureA.4). We tested the growth of bacteria obtained
from the dissected gut of. crangoron microbiology discs having 10 ppm &£ 2 ppm Gt

(
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Figure2.4). These concentrations have been used with fish, molluscs and crustacean to

identify antibiotics resistancéGuo, Chou, & Chiu Liao, 2003; Manjusha & Sarita, 2013)

Figure 2.4 Diffusion assay technigque with gut extract froBrangon crangorused to test the
resistanceof someantibiotics

2.3.4.2 Test Cdiose Mersey experimejht

Twentyfour shrimp from Mersey poolvere randomly divided into two groups (Ehrimp
each) and placed individually into labelled chamber with 1 cm thick layer of black sediment
(Figure2.5 A).

Control group: 12 shrimp were kept individually in a glaggarium filled with 10 litres of
artificial seawater for 3 weeks.

Cd group: 12 shrimp were exposed to 0.02 ppm of Cd in a glassiwagudled with 10
litres of artificial seawater for two weeks and the concentration in the last week was
increased to @4 ppm.A dose 0f0.04 ppm Cds known toaffects colour fading and other
behavioural aspects such as scaphognathite oscillation aadlt beat ratein the prawn
Macrobrachium dayanun(Tripathi & Pandey2014) However, due to the small size of the
brown shrimp that collected, the initial test was done with a decreased dose of 0.02 ppm.
After two weeks of the experiment, the dose wasrgmsed to 0.04 ppnbecause no

causality was observed, and we wanted to go closer to the dose used in literature.
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