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Thesis Abstract

Among speciedarmedfor consumption and tradparasiteepidemics are commaue tothe
intense, often stressful conditiongequired to maximise productiofror aquatic culture,
parasie infections are often uncontrollable due to a lack of information and reseairobth
parasites and hosts. Fish lice, ectoparasitic crustaceans, cause severe economic loss to industry
each year through physical damage to hosts and subsequent secomdtiongiMarine sea

lice are notorious in salmon farming and hagenlthe subject of intense research over past
decades. Conversely, freshwater liGejusArgulug have been relatively ignored. Here, the
problems arising from\rgulusspp. infectionsvereinvestigated with the aim of reducing the
economic and health impaadf theseparasite. A surveyof trout fisherieso ascertain the
current state of UKArgulusspp. populationsighlighted numerous variables associated with
problematic infections and exposaddeficit in effective Argulus spp. controlmeasures
Infectiondynamicswverethenassessedith temperature, host species and infection density all
playing akeyrole inArgulusspp. life histories and generation tif\ew and novel monitoring

and control techniquesere evaluatetb help tackle infections. LigHiaited traps antimed
chemical dosage based on circadian rhythms have potential, whilay&ug substrate traps
remowedmillions of Argulusspp. eggs tim fisheries to reduce the next generation population
size. Finally,a new and invading nemative Argulusspecies was discovered in UK fisheries
and described here morphologically and geneticallyatilitate future monitoring of this
parasite and impravspecies identificationArgulus spp. will continue tanegatively impact
fisheries and aquaculture into the future, however the data and information provided here will

helpdevelopintegrated management systemsnprove fish health worldwide.
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Chapter 1

General Introduction

1.1 Aquaculture and Fisheries

Fish are the most diverse group of vertebrates and are fundamental to life on earth.
Approximately 71% of thes a r tsurféceis covered by water (96.5% saltwater, 3.5%
freshwater;Gleick 1993 Eakinsand Sharman 20}Qvith 34,800 speciesof fish currently
described(Froeseand Pauly 2022. Fish span the trophic levels of food welbsgulating
species interactions, population dynesnand nutrient availability/transfeacross spatial
boundariegHolmlund and Hammer 1999Fish also impact key environmental processes
including sedimentatiorand bioturbation through foraging/burrowing behaviouend the
carbon cyclevia modulation ofcarbon fixers(Schindleret al.1 9 9 7 ; Ad8mek and
2013)

Fishplay a critical role in the econonpyimarily through food trade but also for activities, such

as ornamental pet husbandry and recreational figlidgvell and Allan 2001; Monticini 2010;
Arlinghauset al.2015) Fish arean important source of protein globakbiynd the most efficient

meat produce available (salmon Zr&esmore efficient than poultryGjedremet al. 2012)

with global fish consumptin growing at a higher rate tmall other animal derived protein
(FAO 2020) The ornamental pet trade aretreationafishing both provide important social

and weltbeingaspectgLangfield and James 2009; McMaretsal.2011) with industry crucial

in supporting rural economiésoreau and Coomes 2007; Monticini 2010; Cuetigl.2017)

While all of these industries and fishery types are discussed throughout the thesis, food

aguaculture and managed angling fisheries are the mais fbroughout.

Food fish are collected via two main methodologies: wddght (fishing) and aquaculture.
Production from marine and inland fishing has remained relatively stable over the past 20 years,
with significant concerns globally regarding ovshing Cunningham2005, FAO 2020).
Aquaculture involves raising fish in containment (fish farming) and can be conducted either in
the natural environment using cages and pens positioned in water bodies (marine or freshwater),
or in terrestrial/indoor congtctions comprising o$tatic orrecirculating tank systemg&age

and pen systems are subject to natural environmental conditions (daily/seasonal patterns and

climate change impacts), while indoor systems can be fully controlled with parameters often



set b maximise production (longer light periods, optimum temperatures, €@ampared to
fishing, aquaculture has seen exponential growth with a 25% increase in production over the
past 20 years and ionsidered austainable alternative to fishing and the futurdisth
production (FAO 2020)An estimated 59.51 million peopheorldwide in 2018wvereinvolved

in fisheries and aquaculture, with glolpabduction totalhg 178.5million tonnes of fish and
other aquat organismdor an estimatedotal first sale valuef £295.6 billion(FAO 2020)
Finfish dominate the market, accounting &6 of total marine capture production and 66%
of aquaculture productiofFAO 2020) Anchoveta(Engraulis ringeny were thedominant
species collected via marine fish capture, wrtisg carggCtenopharyngodon idelljishe most
common species produced via aquacul{i#&O 2020) Asia is the highest producewith
China responsible f@5% of globalfish productionin 2018(FAO 2020) In the UKfor 202Q
£3.2billion in fish and related productgere importedmost common specig¢gna)with £1.6
billion exported most common specidglantic salmon NationalStatistics 2021; Uberagt al.
2021) The highest weight of fish aricsh-related producte/ere importedrom China (70.9 kt;
National Statistics 2021)with the highest value of fish goods imported from Icel&&#2D8
million; Uberoiet al.2021) Approximately11,000 fishers were employed in 2020, vW&{B86
full-time equivalent jobs aboarfishing vesselsand 17,988 fulltime equivalent jobsn

associated fish processigigational Statistics 2021; Uberagt al.2021)

Although a substantially smaller businessjamental fish are one of the most popular pets
globally with over 2 billion live ornamental fish transported worldwide every (Mdanticini
2010) The majority of ornamental fish sold are freshw#88% of fish traded, ~2000 species)
with most specierised and bred in aquaculture systéassused by the food sectofhis is
contrasted bynarine speciewhich remain largely wildcaught(Monticini 2010; King 2019)

In the UKornamentafish are broadly categorised into tropical freshsv, cold freshwater and
marine with the most common tropical freshwater species sold belonging tetthgrtoup
(25%), goldfish dominating cold freshwater sales (89%) aachgElfishleading marine fish
sales (20%0OATA 2021) Approximately 2000 pet shops across the UK sell ornamental fish
with the industry wortt£400 million per annunKing 2019; OATA 2021)Due to the nature

of ornamental trade involving transport of live fish (compared to processed fish within the food
trade), biosecurity is a constant issue wiittports facilitating the spread afvasive species
(Gippet and Bertelsmeier 202Ihis is only compounded by a lack of identification and

information regarihg fish species and associated organi§8mithet al.2008).



Angling fisheries operate differently to food and ornamental fish aquaculture, with fish in
natural settings caught by customers for recreational purpasghng can be conducted in
completely wild/natural areas (e.g. rivers, ocean) or in managed water bodies (usually lakes)
which are purposefully curated for fishing. Management of angling fisheries varies greatly
betweensites andcaninvolve removal/addion of plants and animalgncluding stocking of
target fish species for anglingstructure building €.g. pontoons, fish refuges), fdlgae
control and supplementdish feeding (FM 2021). Anglers generatapproximately£38.7

billion annually from réail salesn the USA(Southwick Associates 202@)th marine fishing
alone accountable for £5 billicennuallyin expenditures across Eurofig¢yder et al. 2018)

Total economic value of marine fishing in Eurdpeestimated a£8.9 billion, with 100,000

jobs supported by the indusifiyyderet al.2017) In the UK,anglersggenerated1.7 billionin
economic benefits with 83800 freshwater anglers in 201&nvironment Agency 2020a
Marsh 2021) Freshwaters are the main source of fishing licence sales W#thd® UK rod
licence sales 2013/2019for non-migratory trout and coarse fish, a total value dif.82nillion
(Environment Agency 2020apround 5000 - 6000 jobs in the UKare sustained by trout
fisheriesalone(Taylor et al. 2005a; Tayloet al. 2005b) with angling for introduced rainbow
trout more popular than native brown tro@t6(million vs 1.1 million days fished in 205
respectively;Salado and Vencovska 201@)ngling fisheries are also linked to aquaculture,
with many fisheries purchasing fish produced in culturestocking (Taylor et al. 2006;
Arlinghaus and Cooke 2009)

1.2 Problematic Aquatic Parasites

Aquacultureand cage systemare the future of food and pet fish productianth industry
moving towards thesapproachesver wild caught fist{iDiana 2009) Thesesystems facilitate
intensification of productiarhowever such increase comes at a cost to fish wel@abriel

and Akinrotimi 2011) Increases in fish density, changes to natural light regimes and lack of
environmentalenrichment all lead ta risein fish stres§fMonteroet al. 1999; Owernet al.

2010; Zhanget al.2021) This alongsidea tendency for recirculatinrgystemsandmonoculture
(which aid spread of infectigrStewart 1991; Yanong 2003)anslates tcan increase in
parasites andssociatedliseasgBondadReantascet al. 2005) While angling fisheries are
less intensive environments compared to aquaculture, fish are still exposed to multiple stressors
and can be stocked to unnatural levels, creating an ideal environment for infdotwirset

al. 2006) Theprocess o&ngling {.e. catching fish with rathookand use of a landing ngtan



alsostress angbhysically damage fisfMargenau 2007; Danylchuét al. 2014; Lizéeet al.
2018) facilitating infection Saprolegniaspp. infection post netting, s8arthelet al. 2003)

Management of parasites and diseasaqunatic systems lacking compared tterrestrial
species(Burka et al. 1997) with diagnosisand treatmentdifficult due to challenges in
screening organisms and identifying pathogénst al.2002; Mitchell andrully 2016) There
is often a lag phase of one year between a major mortality eventpatmbgen
identification/managemeEAO 2020) Treatments also limited, with many chemical options
bannedas a result of environmental toxicity and imp@Costelloet al.2001) As such, many
parasites have persisted in aquatic systems and remain a constant gesbfaation of global
economic loss fronparagesis difficult due to a lack of reporting, however calculations by
Shinnet al. (2015)show an extreme range in losses, ranging ftema to millions ofpounds
per infection event.Some of the largest losses inclug&7- £1.3 million from monogenean
Neobenedeniapp. (marine/brackishwith 10 - 40% stock mortalitiegLopez et al. 2002;
Ogawaet al. 2006; Shinnet al. 2015) £1.6 million from scuticociliateUronema nigricans
(marine,cause of swimmers disease) with only 4% mortalities but high value dDfesteney
et al. 2005; Shinnet al. 2015)and £5.1 - £12.8 million fromdinoflagellateAmyloodinium
ocellatum(marine/brackishyith 20 - 50% mortalities and 100% parasite prevaleticgng
peak monthgKuperman and Matey 1999; Shiahal.2015) Within the UK, annual losses for
marine and freshwater aquaculture from parasites have been estimagdl85% oftotal
production value(although this is noted to likely be an underestimatgh loss largely
attributed to bothamoebic gill diseas impacts (caused bMeoparamoeba perurapsand

management adea licenfections(both marineShinnet al. 2015)

Ectoparasitic fish lice are perhaps the most notorious parasite in the fishitithdafections

a sourcef severe economic losiespiteover a centuryf study(Wilson 1902; Costello 2009)
There are two main types of fish lice: marine sea lice (prim@#égeralLepeophtheirugand
Caligug andfreshwater lice GenusArgulug. Sea lice mainly impact aquaculture production
of food fish and have been tfacus ofthe majority of studieglue to the high value of marine
fish species. Freshwat@rgulusspp. infections, however, cause problems across aquaculture
of foodornamental §h andwithin angling fisheriegMirzaei and Khovand 2015; Aalberd

al. 2016; Tayloret al.2005b) Global costs of sea lice have been estimated at £260 million per
year, with price of management and control the highest contributor to overal{Costdlo

2009) Mixed infection ofCaligusspp. lice andblood flukeCardicola forsteriresulted in losses

4



of £1 million over 12 weeks ranched tunaThunnus maccoyii with peak lice numbers of
>265 lice per fish(Haywardet al. 2010; Shinret al. 2015) Fewer estimates are available for
loseesfrom Argulusspp. infections due to the lack of research but in I(wlreereArgulusspp.

are the most common parasitefieshwaterfish farms Mishraet al. 2017)and Bangladesh
costs werealculated to be £33 £313 per hectare ahrp culturger yea(Monir et al. 2015;
Sahocet al.2013g). Carp farming in India utilise883 000hectares of lan(Kunguma Kannika

et al. 2019) which gives an estimated loss ££12 million per yeausing the costigs from
Sahooet al.(20138). This is an overestimate asghand use value includes all aspects of carp
farming and thus does not translate exactly to hectaptculturebut it gives an indication

of the value lost fromirgulusspp. infections.

This thesisfocuses orArgulusspp. and as such thgenus alone is described below, however
many concepts applied to freshwater lice can translate to marine lice or other pgresites,

with comments on this in Chapter 8.

1.3 Review ofArgulus spp.

Argulusspp. (Crustacea: Branchiura) are found globally wi8 dpecies currently described
(Walter and Boxshall 2021 although due to the scarcity of genetic data likely thatsome
species are synonymous with each qthed others have yet to be descri@dneral anatomy
can be observed in figure.1l males and females are easily distinguished via the
presence/absence of testes, the presence of leg clasperggnamadithe presence of eggs in
gravidfemales.There are three established specieArgulusin the UK, nativeA. foliaceus
andA. coregoniand the invasivé. japonicug(figure 1.2). A. foliaceuss the most common
speciesfound throughout the temperate regions of the world (figuB¥ as suclthis species
is the focusthroughoutthis thesis A. japoncusis native toAsia buthas been introduced
worldwide (RushtorMellor 1992) with A. coregonimore common in Scandinav{dgller
2006; Hakalahtet al. 2008)

Diagnosis ofArgulusspp. is mainly achieved through visual observation of adults attached to
hosts, although observation of fre@imming lice in the water may also oc¢ialler 2006;
Steckler and Yanong 20l12Consideration needs to be taken when capturing fish for
examinaion as od captures biased towardkealtly fish and Argulus spp. can display an
aggregated distribution within host populatigihsis use of netting methodsdeseinefishing)

may be more appropria{Bandillaet al. 2005; Tayloret al. 2009a) Identification of species

5



is achieved through morphological examination and comparison to publishedkeysegoni

can be identified fromA. foliaceusand A. japonicusby its large siz§up to12 mm for A.
coregoniversus 4 8 mmA. foliaceusandA. japonicus RushtonMellor and Boxshall 1994;

Yildiz and Kumandas 2002; Taylat al. 2005a)and pointed abdominal lobe shaffeyer

1982) Distinguishing betweeA. foliaceusandA. japonicuss more difficult as the lobe shape
difference is lesseafined (rounded foA. foliaceusversus slightly pointed foA. japonicus,

thus consideration of male breeding appendages on the swimming legs via microscope
examination is recommendé@ryer 1982)A clear overview of the morphological differences
betwea the established UK species (and a newly invadirgulus species) is available in
Chapter7.
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Figure 1.1 Labelled general anatomy #afrgulusspp. female (left) and male (right). Images

taken of liveArgulus foliaceusising a dissecting microscopex1Q



A. foliaceus

Figure 1.2 Dorsal and

ventral views of male
specimens of all three
establishedJK Argulus

species.Images taken
of unstained specimens
preserved in  >90%
ethanolat x10using a

dissecting microscope.
All scale bars equal 1

mm.
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Figure 1.3 Worldwide distribution ofArgulus foliaceus countries coloured in red have

confirmed records fromttps://www.gbif.organd literature. Crated usimdtps://mapchart.net/

Argulus spp. have a direct life cycle, requiring only fish (or for somegulus species,
amphibians) as a host for survival (figure;Malker et al. 2004. Despite thisArgulusspp.

may switch hosts throughout their life in search of new hosts or mating opportBaiedilla

et al.2008) Mating is instigated by the male, may occur on or off host and lasts frerh880

min (A. japonicus seeAvenantOldewage and Everts 2010)jhe maleattaches to the dorsal
carapace of the female and extrudes a spermatophore from the fourth swimming leg, which
transfers sperm to the female spermathecae via spermathecal(épiereantOldewage and
Swanepoel 1993; Avenafildewage and Everts 201@ravid females then leave their host

to lay eggs on a suitable hard substrate. Natural mortality or predation can occur during laying;
however females may survive, return th@st,and lay multiple clutches of eggs over their
lifetime (Hakalahtiet al.2004a).

For egg layingArgulusspp.have shown a preference for dark coloured plastic or (GadIt

et al. 2002; Hakalahtet al. 20040 although eggs have been recorded on a wide range of
substrates including dead fish, snail shells, crayfish, platdsges,and boatgSahooet al.
2013b; Tayloret al.2005a) Eggs are laid in strings (figure 1.5) with the number of individual
eggs in eeh string varying greatly between clutches, individuals, and species (throughout this

study the number of eggs per string ranged fron286 for A. foliaceuscultures). Eggs are


https://www.gbif.org/
https://mapchart.net/

attached to surfaces using a gelatinous cerfidoffman 1977) stringscan becollectedoff
substratesising a sharp implement such as a scaipisl eggsremainng viable after removal
(Stewartet al. 2017) Development of eggs is significantly affected by temperature and
illumination (Shimura and Egusa 1980; Bai 1981; Hakdlet al.2004a; Sahoet al. 2013h
Chapter 3. Metanauplii stage juveniles hatch from eggs and are immediately infective (figure
1.5), juveniles transition through several developmental stages to maturity dependent on
species.A. foliaceusdevelopment consists of 911 juvenile stage$RushtonMellor and
Boxshall 1994)A. japonicus/ stage¢Tokioka 1936andA. coregonb stagegShimua 1981)

Metanauplii grow
into adults on host ’ ’
9-11 devel tal
S opraT= ,1 Adult lice can

stages for A. foliaceus ’ :
kL y switch hosts

y2 Mating occurs on host
or detached in water

Metanauplii immediately N Adult females
infect hosts \ detach to lay eggs
Cannot feed independently Requires hard substrate
\
\

Lice reattach or die

May return to host before \ Lice usually lay

detaching to lay again N multiple egg strings
2?* X
~y x
Metanauplii survival § |

without host: 5-11 days Typlca| €gg String
pattern for A. foliaceus

Metanauplii hatch and A. japonicus

Development influenced by

light and temperature
Figure 1.4 Simplified diagram oAArgulusspp general lifecycle. Adult females can also attach
to new hosts following egg laying. Created with reference to RusWiadlor and Boxshall

1994: Walkeret al.2004; Walkert al.2011a.



Figure 15 Newly hatchedArgulus foliaceusmetanuaplii onthreespined stickleback
Gasterosteus aculeatimst (left), highlighted with white circles. foliaceusegg string (top
right) and individual eggurrounded irgelatinous cent@ (bottom right).All images taken

using a dissecting microscope.

Argulus spp. populations are seasonal when subject to natural environmental conditions
(Shimura 1983; Hakalahgt al.2004h Harrisonet al.2006) with egg laying and development

halted below 10°C (Shafir and van As 1986; Mikheest al. 2001) In UK fisheries,
overwintered eggs hatch in spring, with peaks in population over summer and die off over
winter (Gaultet al.2002; Harrisoret al. 2006; Tayloret al. 2009b) Argulusspp.can be easily

cultured in the lab where stable temperatures and access to mates allows constant and consistent
reproduction(Stewartet al. 2017) although survival tends to be poor due to predation by the
host. ForA. bengalensia maximum survival of 8@ays was recorded in culture (Guttaal.

2013), while here a maximum survival of 278 days was recordel fofiaceusn culture.
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Host specificity varies across specids, foliaceusand A. japonicusare both considered
generalistsvhile A. coregonshaws a preference for salmonids (Pasteratikl. 2004; Walker

et al.2004; Bandillaet al.2008). Transmission is linked to visieArgulusspp.possess a pair

of circular, darkly pigmented compound eyesla singular median, naupliar eyehichlikely

only detects variation in light intensity; Mikheet al. 1998; MeyetRochowet al. 2001;
Walker et al. 2004). Pigment granules in tikempoundeyes differ in light/dark conditions,
andArgulusspp.show an extremely strong positive phototaxis respacross their life cycle
(Meyer-Rochowet al.2001; Bandillaet al. 2007; Yoshizawa and Nogami 2008)echanical

and chemical cues also play a role in host location, but seemingly to a lesser degree or over a
shorter distancéBandillaet al.2007)

Adult Argulusspp. attach to hosts primarily through their modified primary maxillae which
function like suction discs and can move independently, allowing movement across the host
(figurel6) . Additiokalo BRrecokhdary maxddphuestiend var
aid attachment (Walkesat al. 2004). AdultArgulusspp. consume host blood; the mouth rasps

at the host skin with the stylet injecting secretions. Enzymes from the mouth and stylet play a

role in digestion, haemorrhaging and asdagulaton (Walkeret al.2004; Walkeret al.2011b;

AmbuAli et al. 2021). Metanauplii feed primarily on epithelial cells/raus due to the
morphology of their mouth parts preventing consumption of blftaim and Avenant

Oldewage 2006)

Infection causes an inflamatory and innate immune response (Forlexzal. 2008; Saurabh

et al.2010; Saurabh and Sahoo 2010), eiksociated hosbndition lossreduction in appetite,
reduced growth rate and even mortality. Fish also become lethargic and psaw®ndary
infections due to skin damage caused by louse attachment (Hoffman 1977). Spring viraemia of
carp Rhabdovirus carpiphas been shown tme transmittedo uninfected carp via attachment

of A. foliaceudrom infected hosts, although multiplicatiofthe virus does not occur within

the louse making them a mechanical vector offijyine 1985) Fish may also display
energetically costly flashing or jumping behaviours during the early stages of infection (Taylor
et al.2005a). It is due to thesdfectsthatArgulusspp.areproblematic within aquaculture and

anglingfisheries(figure 1.7).
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Figure 1.6 Primary maxillae suction discs and various spines and spionlége carapace and
antennaavhich aid attachment oArgulus spp. to their hosts. Image of the ventral side of
Argulus foliaceustakenusing a dissecting microscope.

Figure 1.7 Heavily infected rainbow trouOncorhynchus mykissom a UK recreational
fisheryinfectedwith Argulusspp.Argulusadultscovermuch of the external surfacéthe fish.

Photograph taken by the Environment Agency.
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Treatment ofArgulusspp.infections is mainly achieved through chemical applicatising
many of thesame productasedfor marine sea licéGraveet al. 2004; Hakalahtet al. 2008)
Outbreaks in the UK have been facilitatedthglimited number olegal chemical treatments
(Ernstet al. 2001) the organophosphate Diptrex 80 was the most common treatment before it
was banned, although some fisheries still admit to its use dulactk of alternativegTaylor

et al.2005b) SLICE® (an avermectin based treatment) is available but only under aeyerin
cascadeuidelinesand fish can only be stoed 500-degreedaysposttreatment, making it
unfeasible for many farmer&hemical treatments can also lead to drug resistg@aenet al.
2015) as suchnterest in chemicdiree control methodsis growing.Management strategies
can help prevent infectidiMcPhersoret al.2012) howeverinformation is still lacking to fully
inform decision makingDraining anddesiccationof lakes(followed by a fallow period to
ensure survivindice have no acess to hosjsused to be a popular technique, however the
manual labour associated and inability ion fisheries during treatmertas resulted in
decreased ugdayloret al.2005b) Egg laying boards which aim twllect laideggs and then
remove them to redudergulusspp. numberare a new method whidiave been investigated
in a few studiedut require further testin@saultet al.2002; Harrisoret al. 2006; Tayloret al.
2009a)

1.4 ThesisAims, Objectivesand L ayout

Due to dack of research into freshwater lice arging concerngrom UK fisheriesregarding
infections, this thesis aims to address some of the key issues arisingAfguhus spp.
populations.The UK Environment Agencis a partnetin this studythey are a government
body tasked with tecing and improing the environmentwithin their jurisdiction of
England(Wales previously included, managed Mgtural Resources Wales of 2013)All
data chapters within this thesis are written to bes®itained Chapter 1 introduces the study
system and gives a review thie biology of Argulusspp.with a focus on the UK established
speciesThe current state of fisheries in the lUKassesseth Chapter 2 via ajuestionnaire
basedstudy to ascertain th@roblems encountered by recreational fisheries associatkd
Argulusspp.infections.The future ofArgulusspp.infections sthen investigated i€hapter3
which determinedthe impact of temperature and hast Argulus spp. life history traitsto
understand howparasitepopulationscould change and readb shifts in environment or
managementNovel control methods arevaluatedn Chapters 4, 5 and @ue tothe limited
control methods available to fisheriesing lab and fieldased experimentS€hapters 4 and

5 explorethe potential for lightased controlith the topic ofcircadian rhythms introduced
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within these chapter€hapter 6 adds to previous/estigations into egg laying sulete with
field observations spanning multiple fisheries and yeaasdess the viability of ithmethod.
An emergingthreat to UK fisheries in the form of a noative Argulusspeciesntroductionis
thendescribed in Chapteralongsideappraisabf the genetic databaserrentlyavailablefor
Argulus spp.to aid biosecurity and improv&rgulus spp. identification. Finally, Chapter 8
discusses the thesis as a whole with key points highligletgardingArgulus spp.infection
dynamics the potentiabf new control techniques and the futureAsfjulus spp.infections

worldwide.

1.5 Ethics Statement

All animal work was conducted under e Office License PPL 303424. This work was
approved by the Cardiff Universityds Ani mal
and conformed to UK legislation under the Animals (Scientific Procedures) Act 1986
Amendment Regulations (SI 2012/3039).
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Chapter 2
Argulus infections in UK trout fisheries: current trends revealed by

guestionnaire data

2.1 Abstract

Fishing is a traditional recreational hobby/sport and has remained a key component of society,
providing social and economizenefits. In the UK angling fisheries offer employment and
tourism, which are especially important in rural areas and small communities. Parasites are a
constant threat to human and animal health, and conditions within fisheries often promote rapid
spreadof infections ultimately resulting in monetary losses and closure. Fish lice are large
ectoparasites that cause extensive mechanical damage to their hosts and facilitate secondary
infections. Fish louse infectionArgulusspp.) in UK fisheries were last assessed in 2000, thus

a new survey was launched to capture the current status of infections and problems faced by
angling fisheriesln total 31.5% of fisheries surveyed faced problemfatiyulusspp. infections,

with high water temperature, stocking, presence of aerators and gravel pit substrates all
associated with problematic infections. Economic threat from infections was largely influenced
by fish and fishery impacts with fish health/capturabjlijmgler satisfactiorand fishery
standinghighlighted as the most significant factors, indicating that angler experience and
approval is key to fisheries remaining economically viable. Infections were chronic (85%
fisheries experiencing problems for-210+ years) with no sigficant impact from any
treatment type on economic thréiam infection, indicating that current control methods are
inadequate. While changing stocking or careful selection of lakes for fisheries based on features
could potentially help with infectionshe complete lack of effect from all control methods

emphasises the need for new and/or improved control methods againlstsspp.

2.2 Introduction

Fish are a key economic resource and fundamental to life on earth. While fish are primarily
caught for tade as a food resource (Tidwell and Allan 2001), recreational hobby and sport
fishing remains an important industry both economically and socially (Détoel. 2002;
Environment Agency 2018). The popularity of fishing varies greatly from country to country
(for example, angling participation in Norway can reach up to 32% of the population) with a
lack of documentation further obfuscating global estimation ofemsgind industry output

(Arlinghaus and Cooke 2009). Despite this, estimates suggest more than 10% population
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participation across the industrialised world (Arlinghatial. 2015). Recreational fishing can
negatively impact natural environments throughdification and disturbance of habitats,
selective removal of species and subsequent konakffects (Cooke and Cowx 2004; Lewin

et al. 2006), however it can also compliment and support conservation efforts through
economic contribution and sustainable/umm®rporation into conservation plans (Coe#txal.

2010; Tuftset al.2015).

In the UK, recreational fishing is key in supporting rural communities through fishery fees,
commercialspending,and tourism, with trout fisheries alone providing 5006000 pbs
(Taylor et al. 2005a,b). Fishing rod licence sales throughUWikeEnvironment Agency also
drives protection of fish and improvement of fisheries, with 940,974 licences sold (totalling
£20.9 million) in 2019/202@Environment Agency 2020bDue to narre profit margins,
fisheries are often at risk with any persistent loss of stock, fishery performance or reputation
threatening economic viability and potentially leading to closure. As such, the health status of
fisheries is carefully monitored with the ironment Agency responding to and investigating
cases of dying or dead fish. Incidents of known cause in 2820 were mainly due to warm
weather/algae (28%), pollution (21%), and fish disease @&wironment Agency 2020b)
Aquatic parasites and dissaremain a persistent problem in fisheries globally, with diagnosis
and treatment lacking compared to that of terrestrial sysfienet al.2002) One of the most
visible and persistent parasites in UK fisheries are ectoparasitic freshwater fisBdiogs (
Argulug. Fish lice infections have been increasing in notoriety, with 29% of English and Welsh

fisheries in 2000 experiencing problemagigulusspp. infections (Tayloet al. 2006).

Argulusspp. are found throughout the UK although appear morenmony in the south of
England and Wales with cases in Scotland scarce, potentially linked to the colder climate
(Tayloret al.2005a). Currently three speciesfofjulusare established in UK fisheries: native
Argulusfoliaceusand A. coregoniand the invasivé\. japonicus(see Tayloret al. 2005a).

While morphologically distinct with nuances in host preference, all three species impact
fisheries though external damage to individual host fish. Wild populations are generally not
impacted byArgulus spp. infections, however conditions within fisheries (high host density,
potentialmonoculture,and anthropogenic stress; Lewghal. 2006) can lead to problematic
infections with fish succumbing to mortality from direct parasite damage and subsequent
secondary infections (Ahne 1985; Tayédral. 2005Db).
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Argulusspp. infections irstill water troutfisherieswerepreviously assess&t® yearsago via

a questionnairbased approach (Taylet al.2006). ProblematicArgulusspp. infections were
identified in 29% of fisheries surveyethfections were considered an economic theeat
Argulusspp.reduced fish appeal and catchability, leading to a loss of angleee main risk
factors associated with problematic infectiovesre identified: presence of algal blooms, low
water clarity and slow fish stock turnover ratéith the last investigation conducted in 2000,
the current status @rgulusspp. infections in UK fisheries unknown. Here, in collaboration

with the UK Envronment Agencyan examination oArgulusspp. infections in UK fisheries

was conducted to ascertain current status of infections and any change over the past 20 years.

2.3Methods

Questionnaire design and approach

Between 2018 2019, theUK EnvironmentAgencysent a questionnaire to 1000 stilater

trout fisheries across England to establish the exteArgiilus spp.infections and identify
factors that might be associated with problematic infections. The questionnaire included two
main sections, one on fishery information (water specifinati@1l questions) and the other on
management (fish stock and associated practidéagjdstions), followed by a third section for
fisheries with Argulus problems to ascertain the impact of infectior2 (juestions). The
guestionnaire consisted mostly of closed questions, with two open questions on other health
problems and a general comments box to capture any additional information not covered
elsewhere in the questionnaird copy of the kank questionaire is available at:
figshare.com/s/69a6ec7dc93ad9a2d98d

Statisticalanalysis

A total of 240 responses were received from still water trout fisheries (24% response rate).
Three main topics werexamined during analyses: (i) the current status of UK still water trout
fisheries, (ii) differences between fisheries with and withprablematic Argulus spp.
infections, and (iii) variables that influenced the perceived economic thréagolus spp.

infections.

Any fisheries not fished and/or currently stocked were removed, leaving 225 fisheries for
further analysis. For statistical analyses, factors with <5 observations were not included due to
lack of statistical strength. Analyses were conddausing R statistical software (v4.0.2; R

Core Team 2017) with the level of significance in all tests takpr@s 0 5 . R package
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was additionally used to visualise data (Wickham 2009). Models were refined through stepwise
deletion of insignifiant terms andAkaike information criterioncomparisons, with visual
examination of model plots to check standardised residuals for normal distribution and

homogeneity of variance (Crawley 2007).

To examine overall trends in still water fisheries, twoportion ztests were used to ascertain
differences in water parameters (type and source) and stocking times (spring, summer, autumn,
winter) across all fisheries. Modelling and proportion tests weea conducted for each
section of the questionnaire tetdrmine which parameters were more common in fisheries
with problematicArgulus spp. infections vs fisheries without problems, alongside which
variables contributdto the economic threat posed Bygulus spp. infections. All models
(generalised linear nael; GisedLM)used a binomial family and a logit link function. Two
GisedLMs were used to analyse the fishery information seclitne first model examined if

water parameters (maximum defiemperatureand clarity) had an impact oArgulus spp.
infection status. The second determined if water parameters had an influence on the economic
threat of Argulus spp. infections. Two proportion -kests were then conducted to examine
differences in water type (graveit, chalk, clay lined, reservoir) and source (spring fed,
river/stream, static, land run off) between fisheries with problematic vsproiiematic

infections and fisheries with perceived economic thveato perceived threat fromfections.

For the management section another @isedLMs were usedThe first model examined if
number of fish stocked, management type (catch and release, put and take, combination of
both) and other health problems had an impacAmulus spp.infection status. Catch and
release management involves fish that are cawghgloeleased back into the fishery (generally
resulting in low stock turnover), while put and take involves putting fish into the fishery that
can then be taken by anglers to keep (generally resulting in high stock turnover). The second
model determined number of fish stocked, management type and leng#trgnflusproblem

had an influence on the economic threatAajulus spp.infections. Two proportion -gests

were then conducted to examine differences in fishery features (dam wall, aerator, buoys,
fishing pontoons, reed beds) and stocking time (spring, summer, autumn, winter) between
fisheries with problematic vs negroblematic infections and fisheries with perceived
economic threat vs no perceived threat frioifections. Further two proportiontests were
conducted for théArgulus spp. infection information section to ascertain the influence of

Argulus spp. management/treatment (fishery closure, trickle stocking, S®I@Rplication,
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destocking, culling affected fish, egg traps), fish symptoms (lowkgtly, lose condition,
harder to catch, mortality, lethargiassessed by fishery ownersnsidering fish appetite,
scale/weight losand behavioyrand fishery impacts (reduced catches, less anglers, reputation

loss, reduced satisfaction) on #g@nomic threat oArgulusspp.infections.

2.4 Results

All fisheries

The questionnaire responses provided insight into current practices in still water trout fisheries
across England. Thereere an average of two watbodies per site (range <125) cowering an
average size of 4b.acres (range 0.253100acre$ with averagemaxmum depth of 5.4 m
(range 0.9 45.7m). Clay lined waters were the most common (54%, all comparE¢hs=

41.84 - 91.34, p<0.00], two proportion zest3, followed by reservoir (21%) which was
significantly more common than gravel pit and chalk ling&@l) = 5.57, p = 0.02 and&*(1) =

12.25, p<0.001 respectivelytwo proportion ztests figure 2.). Spring fed and river/stream
were the primary water sources (41% an&o3&spectively), with both significantly more
common than static, land run off and pumped ¢lll) = 28.02 - 106.9, p<0.001, two
proportion ztests figure 2.). Fishery management was split between put and take, catch and
release, and both combined (41%, 32% and 27% respectively; with put and take significantly
more common than both combined(1) = 7.16,p = 0.007, two proportion zes) with an
average of 200 total fish (range ©80000total fish) equal ta204 fish per acre (range-@400

fish per acrgstocked annuallyThe majority of stocking occurred in spring?(1) = 49.05-
127.45, p<0.001 for all comparisonswo proportion zess) with lowest stocking during/inter

(6*(1) = 17.06- 127.45,p<0.001 for all comparison$wo proportion ztess; figure 2.1. While

this study was focused ofrgulus spp. infections, other health concerns noted by fishery
owners included gill maggots {éheries) and puffy skin disease (6 fisheries), alongside fungus,
eye flukes(digenean larvaeand other skin conditions. These additional concerns did not

correlate withArgulusspp.infections.
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Figure 2.1Questionnaire responses from all stifitertrout fisheries across England showing
frequency ofA: different water typed3: different water sources a2l seasonal fish stocking
practices. Bars that do not share letters are significantly different from each other.

ProblematicArgulusinfections

In total, 31.5% of fisheries had problatit Argulusspp.infections(minor to severe Of these
fisheries, a further35% stated thatArgulus spp. were a threat to their economic
viability/sustainabilitywhile 21% stated that the impact was ooln. Most fisheries had
experienced\rgulusproblems for2 yearg85%), withproblems spanning- 5 yeardhe most
common #2%; significantly more common than-2 or 5- 10 years@&(1) = 9.67andp =
0.002 for bothtwo proportion zest3. Almost a third of fisheriebad experiencedroblems

with Argulusspp.for >10 years (28%figure 2.3, andinfectiors werereported to bestable
(51%;significantly more common than improvingf{(1) = 9.67, p = 0.002or worsenings(1)

= 7.84 p = 0.005 two proportion zest3. Fisheries with problemati&rgulusspp.infections
experienced significantly higher maximum temperatures than fisheries without problematic
infections (average 21.5 °C vs 18.9 tikelihood ratiotest LRT) value= 15.632 p<0.00],
GisedLM). Infections were most problematic in July and August, with summer infections
significantly more problematic than all other seas@Ad )= 83.41- 207.57,p = 0.001 for al

two proportion zests figure 2.29.

Fisheries with problematic infectiorstocked more fistihan fisheries withouproblenatic
infections, both annuall{250 versus 159 fish per acr)dacrossthe summer, autumn, and
winter (G%(1) = 6.96- 18.61,p = 0.008- <0.001, two proportion zests figures 2.3 and 2)4
High stockingannuallyandin autumn alsacorrelated withincreased economic threat from
Argulus spp.infections (RT = 4.27, p = 0.04, GisedLMand ¢(1) = 7.72, p =0.005, two

proportion ztest figure 2.5. Gravel pit watertypes were significantly more common in
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fisheries with problematic infections?(1) = 8.61,p = 0.003 two proportion ztes), with clay

lined significantly more common in fisheries with Rproblematic infectionsaf(1) = 5.36,p

= 0.02 two proportion ztest figures 2.3 and 2)4 Perceived economic threat was lower in
fisheries with a river/stream water sourc&1) = 4.94,p = 0.03, two proportion ztest figure

2.5), with no significant influence from water depth/clarity, fishery feataresnanagement
type. Aerators were significantly more common in fisheries with problematic infections, while
dam walls were more common in fisheries with 4poablematic infectionsef(1) = 8.14/8.15
respectivelyp = 0.004 for bothtwo proportion zess, figures 2.3 and 2)4Fishery infection
status was not influenced by water depth/clarity/source or management type.

Fish under 5Ib were most susceptible with rainbow ttieeitmost commonly infected species
(75%, likely a reflection of speciestocking practices) although brownout, bluetrout, tiger

trout, carppike,and perch were also reported susceptible. The main impacts on fish were loss
of condition (more common than mortality and harder for anglers to a&(dh= 5.53,p =

0.02 andéX(1) = 7.63, p =0.006 respectivelytwo proportion zest), unsightly appearance
(more common than harder to catek{1) = 5.31,p = 0.02, two proportion ztest) and lethargy
(figure 2.2) Harder to catch and lethargy were associated with a signifinargase in
perceived economic threaf(1) = 13.64, p<®01 and*(1) = 6.56,p = 0.01 respectivelytwo
proportion ztest figure 2.5. Reduced angler catches and satisfaction, less anglers and
reputation loss all increased perceived econdhrigat ¢°(1) = 4.88- 18.75, p<0001 for all
except reduced satisfaction where §.03, two proportion zess; figure 2.5. Fishery closure

also increased perceived economic threakrgulusspp.infections (RT = 12.13, p<@0],
GisedLM), with 24% offisheries closing for 1 9 months.
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Figure 2.2 Questionnaire responses from stilater trout fisheries across England with
problematic Argulus spp. infections, showingA: duration of Argulus spp. infections
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period by season arigt management technigsiemployed to countekrgulusspp.infections.
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Figure 2.4 Questionnaire responses from stiliter trout fisheries across England showing
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Figure 2.5 Questionnaire responses from stilater trout fisheries across England with
problematicArgulus spp. infections showing comparisons between fisheries that perceive
infection to be an economic threat versus fisheries that doAnd®rimary water source of
fisheries,B: Fish stocking periodsC: Fish symptoms fromArgulus spp. infection and:
Fishery impacts from\rgulusspp. infection. Legend in figure A also applies to figures B, C,

and D, significant differences between fisheries are indicated with an asterisk (*) symbol.

Trickle stocking, destodkg in summer and culling affected fish were the most common
Argulus spp. management techniques (2@2% of fisheries employed culling, significantly

more common than SLIGE treatmentg?(1) = 4.10,p = 0.04 two proportion ztes) followed
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by egglaying traps and treatment with SLIGE14% and 12% respectivelfigure 2.3. Drain
and lime was the least common techniqel) = 4.43- 17.05,p = 0.0t to <0.001 for all
comparisonstwo proportion ztess; figure 2.3. Other techniques used byly 1 - 2 fisheries
(and could therefore not be statistically assessed) include low stocking density, not stocking
during hot weather, destocking over winter, removal of weeds/egg laying material and regular

feeding. Economic threat éfrgulusspp.was not impated by treatment use.

2.5Discussion

Still water fisheries across England are diverse in their structure and management. Natural
features dominate with half of fisheries possessing clay lined waters and a majority fed via
spring or river/streams. Put atake was the most popular management style, although catch
and release and a combination of both were also frequently used. The average stocking rate of
204 fish per acre was within recommended levels of stocking for mature gravel pit fisheries
(assumingan average stock fish weight of 5lb; Giles and Agency 2000) and above levels
previously considered to result in low captures (<121 fish per acre;g6a€2004, Templeton

1995).

Under managed fishery environmeAtgulusspp.infections can thrive ahhere almost a third

of fisheries reported problema#egulusspp.infections, comparable to levels reported in 2000
(Tayloret al. 2006). The stability of these problematic infections suggests that over the last 20
years fisheries have not changed sufficiently to impact these parasite populations, thus the
problem remains. Temperature was a key factor with higher overall maximum water
temperatures correlating with problematggulus spp. infections. The most common UK
species,A. foliaceus matures more quickly at higher temperatuf€bapter 3)with egg
laying/hatching halted below 10 °CShafir and van As 1986; Mikheegt al. 2001)
Additionally, salmonids as cold water species suffer under high temperatures and become
more susceptible to infections (Redtl al. 2020). ThusArgulus spp. infections are highly
seasonalShimura 1983; Hakalahtt al. 2004k Harrisonet al. 2006) UK infections are
typically highest over summéGaultet al.2002; Tayloret al.2009a)and hereluly and August

werethe most problematic months (typically the hottest months in the UK).

Aerators are structures placed in water bodies to increase oxggels and reduce
stratification of the water columithey come in a wide range of shapssdtypes (including

floating or submerged). One of the most common types involves a submerged pipe with holes
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- air is pumped into the pipe and as bubbles escapegh the holes they rise through the
water coumid i stur b the waterdés surface, promoti nog
more common in fisheries with problematic infections, however aerator type was not disclosed
thus it is unknown if specific tecbiogies or methods of aeration correlate with problematic
infections. Despite this, aerators (regardless of type) are typically installed for two main
reasons: to improve fish health and prevent algal blooms. Algal blooms are a previously
identified risk factor for problemati@drgulus spp. infectiongalthough in this questionnaire

only one fishery noted presence of algae), thus increased use of aerators here in fisheries with
problematic infections may be a result of fisheries addresisisgnown risk fator (Taylor et

al. 2006; Liuet al. 2015; EtSheekhet al. 2019). Alternatively, fisheries with problematic
infections may be installing aerators to improve health of sick fish following a loss of condition
from Argulusspp. infections. fiere is no known impact of aeratorsAmgulusspp, although

the additional oxygenouldalsopotentially influence parasite population growth.

Water clarity was previously found to increase risk of problemfatiulus spp.infections
howeverhere we found no correlation regarding clarity and infection status. This may simply
be due to our larger sample siagroving representation of fisheri€x10 fisheries here vs 77

in Tayloret al.2006). Alternatively, aeratorsan improve water clarifShenget al.2013)and

here were more common in fisheries with problematic infections (where we would expect
lower clarity based omaylor et al. 2006). A river/stream source was associated with a lack of
economic threat from infections; this source pasvide cool water inflow resulting in cooler
overall water temperatures. Additionally, the presence of running water could supress parasite
population growth aA. foliaceus the most common UK species, are not usually found in areas

with running water (Mikheeet al.2015).

Physical fishery parameters also influenéegulusspp.infections: fisheries with problematic
infections were more likely to have gravel pit water gypehile fisheries with noproblematic
infections commonly had clay lined waters and dam walls. These water types may be linked to
reproductive output, as femategulusrequire suitable hard surfaces (such as stones) for egg
laying which may have higheawailability in gravel pit waters compared to waters lined with
soft substrate such as clggahoocet al.2013b) Dam walls should also provide an area for egg
laying yet were more common in ngnoblematic fisheries. This may simply be due to dam
wall presence being linked to cldined water types (presence was most common in reservoir

and claylined waters, with 25 fisheries of each type possessing a dam wall). Alternatively,
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dam walls increase trapping and builp of sediment which can preveftgulus spp. egg
laying (Taylor et al.2009a; Sahoet al.2013b; Kondolfet al.2014)

ProblematicArgulus spp. infections and economic threat were also linked to higher fish
stocking, and additional stocking in summautumn,and winter. While increased stocking
could simply be a consequence of angling activity and/or fish loss requiring replacement,
stockirg itself can impact infection levels. Fish stocking is a biosecurity-resch stocking

event has the potential to introduce n&rgulusspeciesr strains into the fishery (Gilest al.

2004), including invasive nenative species of parasites. Higher host density increases the
parasite carrying capacity of a population and improves infection/transmission success
(Pasternalet al.2000), although a fast stock turnover can reduce infetgias by removing

and preventing establishment of parasites (McPhezsah 2012; Tayloret al. 2005b).Low

stock turnover is a known risk factor for problematigulus spp. infectionsas fish (and
therefore attached parasites) are not removayl¢r et al.2006). We were unable to calculate
stock turnover in this study as it requires acquisition of catch logs from each fishery, however
high stockingcancontribute to low stock turnover if angler catch rate does not equal or exceed
fish stock rate.As stocking influencesArgulus spp. populations, strategic application of
stocking techniques can aid management of infections, and here they were the most common

Argulusspp.management technique employed by fisheries.

Overall, control ofArgulusspp.infections is inefficient as 85% oisheries with problematic
infections have tackled them for 2+ years, with 28% experiencing infections for 10+ years.
This combined with infections remaining stable for most fisheries suggests that these
problematicArgulus spp.infections are chronic, likg compounded by a lack of appropriate
control options. The main treatments used by the fisheries surveyed were stocking related
(Trickle stocking, destocking in summer and culling affected fish) but application of such
techniques varies between fishergesl can be difficult to apply effectively (McPhersetral.

2012). Egg laying substrate is a newer technique employed by 14% of fisheries, this involves
installing substrate suitable fétrgulus spp. egg laying, which is then removed to reduce
parasite reppductive output. This technique shows promise, but further testing is required to
ascertain its viability as a control method (Gaatlal. 2002 Chapter6). Chemical control is

one of the most effective methods to remdwugulus spp.from fisheries(Hakdahti et al.

2004¢ Hakalahtiet al. 2008) and 12% of fisheries used SLI®GE an avermectin based

treatment. In the UK, this is the only legal chemical treatment aga&igatusspp, it is only
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available under veterinary guidelines and stock cannot be fished felleg®@8e days post
application, which limits its use. Additionallglrug resistance remains a rising threat in fish

lice (Aaenet al.2015). Draining/liming was a popular management technique in the past, but
here only 5 fisheries total had employed this technique. This decrease in use likely stems from
fisheries being musable during treatment (impacting incorma)h parasite eradication not
guaranteed Despite the wide range of control techniques employed here, none of them
impacted the perceived economic threaffulusspp.to fisheries.

Argulus spp.infections impact economic viability directly through fish mortality (requiring
replacement of fish) and purchase/application of treatmaotgsideindirectly though
lowering angler satisfaction and the standing of the fishery (through host symptamsknigcl
lethargy and harder for anglers to catch). These indirect impacts increased the perceived
economic threat from infections, likely due to fish symptoms being more common when
infections are problematic, alongside a subsequent reduction in custdmmsrsuggestthat

over the past 20 yearthe factors drivinghe economic threat fromrgulusspp. infections

have not changed aayloret al.(2006) also found angler satisfactiimrdictate economic loss.
Fishery closure also significantly correlatehiyperceived economic threat as closure prevents
acquisition of profits. Closed seasons over winter may also contribute to parasite success as
stocking is often conducted in early spring prior to reopening, resulting in a large host

population for newly htchedArgulusspp.from overwintered eggs (Taylaet al. 2005b).

While the current study focused on trout fisheries (the fishery type with traditionally the highest
number of Argulus problems), more recently the number of reports from carp fisheries
regarding problems and mortalities froArgulus spp. infections has ineased gersonal
observation€. Williams). Historically,Argulusspp.in Europe have caused problems in carp
fisheries with the parasite often referred to as a carp louse (Herter 1927; fteglld@005a).

This recent rise in problems in UK carp fisherigof great concern, as these fisheries generally
stock large, expensive prize fish that are under catch and release management, with no turnover
of fish stock. Loss of fish can therefore be devastating for these fisheries. As such,
considerations shoulde made into the future regarding infections in carp fisheries alongside

trout fisheries within the UK.
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Chapter 3
Life in the fast lane: temperature,parasite density and host species impact

survival and growth of the fish ectoparasiteArgulus foliaceus

3.1 Abstract

With expanding human populations, the food sector has faced constant pressure to sustainably
expand and meet global production demands. In aquaeuthis frequently manifests in an
animal welfare crisis, with fish increasingly farmed under high production, high stress
conditions. These intense environments can result in fish stocks having a high susceptibility to
infection, with parasites and asg&ied disease one of the main factors limiting industry growth.
Prediction of infection dynamics is key to preventative treatment and mitigation. Considering
the climatic and technology driven changes facing aquaculture, an understanding of how
parasites @act across a spectrum of conditions is required. Here we assessed the impact of
temperature, infection density and host species on the life history traitgudtis foliaceusa
common palearctic fish louse, representative of a parasite group problemi@éshwater
aquaculture and fisheries worldwideemperature significantly affected developmenowth,

and survival; parasites hatched and developed faster at higher temperatures, but also
experienced shorter lifespans when maintained off the hoshight temperatures, these
parasites will likely experience a short generation time as their life history traits are completed
more rapidly A. foliaceusadditionally grew faster on hospecies encountered in their native
range (versus a novel host spegiasd at lower infection densities. Ultimately such results
contribute to prediction of population dynamics, aiding development of effective control to

improve animal welfare and reduce industry loss.

3.2Introduction

Aquaculture has global economic benefits, providing food security and supplying stock for
sport fishing and the ornamental pet trdfAO 2020) As fisheries intensify to meet global
demands, animals are subject to an increasing number of str@ssalsmeger 1997; Wood

2001; Conte 2004; Lewiret al. 2006) Such conditions facilitate and amplify parasite
transmission and disease outbreaks, with infections arguably the most important factor limiting
sustainable industry expansi@@ranadaet al. 2016) Managment of parasites and disease in
fish is grossly lacking compared to mammalian spg@eskaet al. 1997)with diagnosis and

treatment difficult to accomplishThis is exacerbated by a lack of informatiesagarding
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parasite behaviouréife cycles and fie-history traits,coupled with high diversity in fishery
cultures and structui@i et al.2002)

Fish farm infrastructure ranges from near natural systems to highly controlled artificial
environments. Despite this diversity, all farms can experience temperature shifts due to climate
change and/or increased use of technol@png 2010) Temperaturesi crucial in farming,
significantly influencing animal physiology and wellbeing. Associated parasites and disease
are equally affected by temperature, which can lead to drastic shifts in infection dynamics. For
parasites, high ambient temperatures typyckdad to a short generation time as life history
traits are completed more quickly; however, each trait can respond differently to temperature
leading to tradeffs (e.g. Gophen 1976; Andersen and Buchmann 1998; Sa#¢rad) 1998;
Sahooet al. 2013). Examination of a sud of life history traits is therefore required to
understand how temperature impacts overall parasite population dynamics. This is critical if

we are to predict infection dynamics and develop more effective management practices.

One ofthe most conspicuous parasite groups plaguing fisheries are ectoparasitic fish lice,
relatively large (compared to most fish parasites) crustaceans responsible for widespread
damage in both marine and freshwater sysig¢iakalahtiet al.2008; Costello 208). Elevated
temperatures are linked to outbredifimura 1983; Hakalahét al. 2004a; Harrisoret al.

2006) with modelling of marine sea lice showing a higher epidemic potential at higher
temperaturegGroneret al. 2014) Freshwater lice (Genusrgulus) are particularly dependent

on spring warming to induce hatching of overwintered eggs, whichskark early population
growth (Mikheevet al. 2001) As such, wild fisheries are predicted to encouAtgulusspp.

earlier in the year and for prolonged ipels under climate change scenarios, while in
aguaculture systems maintained above 10AiGulus spp. can reproduce continuously
(Hakalahtiet al. 2006; Tayloret al. 2009b; Stewaret al. 2017) Freshwater lice are also a
rising problem in UK angling fisgries; only one legal chemical treatment is currently available
(SLICE®, typically used against sea lice) with resistance a cor¢takalahtiet al. 2004¢

Taylor et al. 2005b) Management strategies focusing on stocking practices can help reduce
infection depending on applicatigiMcPhersonret al. 2012) while control methods such as
egglaying traps lack testingTaylor et al. 2005b) To improve current application of
management, an understanding of ngulusspp.populationdynamics infisheries change

under differing environmental conditions is needed.
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Here, we examined the impact of temperature on one of the most common freshwater fish lice,
A. foliaceus (Radkhah 2017)before infection, during establishment and po&tction.
Specifcally, we aimed to identify changes in parasite hatchgngwth, and survival on and

off the host. The impact of infection density and host species on parasite growth was also
considered due to the variety of hosts across farming systems and tendargpylugspp.to
aggregate on the host. Temperature also has the potential to alter both of these factors by

influencing hos{parasite optima.

3.3Methods

Host origins and maintenance

Permission was obtained from local authorities prior to fish collectidmeespined
sticklebacks Gasterosteus aculeafusvere collected via hand netting froRoath Brook,
Cardiff (ST 18897 78541) on 19/04/18 and 20/06/18, with ornamental gupgfiesiia
reticulata) purchased from a wholesaler on 29/06/18. Upon arrival at Cardiff University, all
fish were lightly anaesthetised with 0.02% MS222 (tricaine methanesulfonate) and screened
for ectoparasites using a dissection microscope with fibre optiaiiatron. Both species were
infected withGyrodactylusspp.; guppies were treated with Levamisole accordir@rtelkle
etal.(2009whi |l e for sticklebacks gyrodactylids we
forceps due to the low prevalen®® Argulusspp. were found on either fish species. All fish
were acclimatised in a laboratory setting dr2h light:12h darkycle, fed daily and maintained

in stock tanks at a density <1 fish/L for 2 weeks prior to experimental use. Sticklebacks were
maintained at 14 8.5 °C and fed ubifexbloodworm, while guppies were kept at28.5 °C

and fed Aquarian® tropical fish flakePrior to experimental use, all fish were screened clear

of ectoparasites three timéSchelkleet al. 2009)and measured for standard and fork length
(using callipers accurate to 0.1 mm). Throughout all experiments, locatidrfalfaceuson

the hostwas recorded to examine parasite movement.

Parasite cultures and infection

A. foliaceuswere obtained from laboratory cultures, maintained using-$peed stickleback
hosts (seeStewartet al. 2017) Two A. foliaceuspopulationswere used in this studyab
population(cultured 4 years in lab, origins detailedStewartet al.2017)and wildpopulation
(cultured 1 year in lab) originating from. foliaceusadults (identified morphologically
according td-ryer 1982 obtained from RuddScardinius erythrophthalmy&om a fishery in

Surrey on thel9/10A7. To hatchA. foliaceusfor experimental usesggs laid in culture were
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removed from storage at°C (development ceases <10 “®hafir and van As 1986; Mikheev

et al. 2001) and gradually acclimated to incubation temperature (14 otC24experiment
dependentby placing them aambient air temperature to allow gradual warming of the water
(10 h to reach 24C from 7 °C, 4 h to red&c14 °C) Temperatures were maintained using
thermostatically controlled rooms; average temperature = 24 °C + 0.52 SD and 14 °C + 0.55
SD. Eggs were checked daily and given weekly water changes until hatching. No significant
differences were found betwelat and wildpopulationA. foliaceugegarding incubation time,
hatching success/period and survival on/off the host (data not shown). As such, the most
prolific culture was used at the time of each experiment fglgtulationfor hatching and
survival expements, wildpopulationfor parasite growth experiments).

Infections were performed by placing a single fish into 100 ml water and introducing parasites
(single lousdor all experiments except parasite densityich used 3 to 5 individuglyvia a
pipette. In all caseg\rgulusnaturally attached to the fish within 10 min of exposure. For the
hatching and survival experiments, time to infect was recorded for each parasite, however, no
significance was found between temperature treatmentsk(sigoadual or no temperature
change), with host length or with parasite position post infecliormeasuré\. foliaceuson

the hostinfectedfish were anesthetised using 0%2MS222 and placed under a dissecting
microscope in a glass dish with 200 rhidechlorinated water. Images were taken of attached

A. foliaceuswith fish laying flat on their sides, &0 magnification using a Lumenera Infinity

1 camera with Infinity Capture software version 6.R4foliaceuswere measured from the
rostral tip oftheir carapace to caudal end of the abdominal lobes using ImageJ version 1.51j8
(Schneideet al.2012) To measurd. foliaceusoff the host, parasites were placed onto a slide
using a pipette, restrained by reducing their pool of water to a minimahdnaod then imaged

as mentionedabove. All images were calibrated for measurements using a 1/100 mm

micrometre scale.

Temperature impact on parasite hatching and survival

To determine the effect of temperature Anfoliaceushatching success and survival, three
temperature treatments were investigated: gradual temperature change (eggs incubated at 24 °C
with newly hatched parasites gradually cooled to 14 °C over 24 gk sbimperature change

(eggs incubated at 24 °C with newly hatched parasites introduced to 14 °C water 24 h post
hatching without acclimation) and finally no temperature change (eggs incubated and parasites

maintained thereafter at 14 °C). For hatching essdrials, three separate groups of eggs were
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incubated per temperature (3@ N = 132 eggs total, 24C N = 476 eggs) with daily checks
and weekly water changes.

For survival on the host, individual sticklebacks (average standard length = 40 mm + 0.45)
were infected with five individuals &. foliaceus(all from the same temperature treatment)

24 h posthatching and placed into 1 L tanks at 14 °C (standard dtiakkeinfection level;
Stewartet al. 2017, N = 15 fish and N = 75 parasites per treatment). Anfpliaceuslost

during infection (N = 19 total) were presumed eaten and repl@sedilla et al. 2008) A.
foliaceussurvival was monitored on infected sfiekacks daily for 7 days and then weekly
until 21 days posinfection.

Parasite survival off the host was assessed by placing newly h#chadceusinto 50 ml
dechlorinated water at 14 °C (N = 3065 parasites per treatment). Here an additional
temperature treatment was tested with parasites hatched and maintained at 24 °C (N = 37
parasites)A. foliaceuswere monitored daily using a dissecting microscope with the number
alive, moribund, and dead recorded. Consistently, one day prior to death tparagere

moribund- as this displayed the same trend as survival, it is not reported further.

Temperature, parasite density and host species impact on A. folgroavih

To ascertain the impact of temperatureforoliaceuggrowth, sticklebacks acclimatised to 14,

19 and 24 C (1 week acclimation period) were infected with a sidglliaceusnetanauplius
measured prior to infection (day 0, length = 0.618 mm £ 0.049N\SD15 fish and parasites

per temperature). To investigate any additional impact of host species and infection density on
A. foliaceusgrowth, sticklebacks and ornamental guppies were selected as two extremes.
Sticklebacks are a temperate, natural hoghdoin most waterbodies across the Wi€rsus
guppies, a tropical fish and one of the most popular pet species with repArtfobaceus
infection in aquaculture/pet tra@e/alkeret al. 2007; Momeni Shahrakital.2 0 1 4; Mac e d a
Veigaet al.2016) Forexperimental work sticklebacks and guppies acclimatised to 19 °C were
infected with one individual oA. foliaceusper 7.4 mm of host standard length (based on
maximum noHrethal infection density of 5 parasites per stickleback: Stestaat 2017; N =

10 fish per host species, N =3 parasites per fishPostinfection, all fish were maintained
individually in 1 L tanks with water changes every 48 h to maintain water quality. One day

postinfection (day 1) and subsequently every 48 h for two wekKs]iaceuswere measured
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on the host with their position noted. After 2 weeksAalfoliaceusvere removed from fish,
sexedand remeasured off the host to give final parasite length.

Statisticalanalysis

All statistical analyses were conducted in R statistical software v@4@ore Team 2017)

using the following packa@wckham 20@)g pfi ou r2wi ¢ ol o
run survival analyseéTherneau and Grambsch 2060 d fi | me geeralisedlinearu n

mixed models (Bates et al. 2014) Models were refined through stepwise deletion of
insignificantterms andAkaike information criteriorcomparisons, with visual examination of

model plots to check standardised residuals for normal distribution and homogeneity of
variance. In all mixed models fish ID was included as a random factor to account for-pseudo

replication, and in all tests the khof significance was taken ps0.05.

To examine the survival &. foliaceuson stickleback hosts generalisedinearmixed model
(GisedLMM) with Poisson family and square root link function was used with number of days
post infection, temperatureeitment (gradual, shock or nonkdst standard lengtand an
interaction between day and treatment as dependent variables. Survival analysis was used to
determine the effect of temperature treatment and tim&. daliaceussurvival off the host.

Hatchingsuccess of eggs was compared across treatments usingguared test.

A GisedLMM with gaussian family and log link function was used to assess the impact of
parasite sex, host standard length, host species, dayifeotion, temperature and an
interaction between day and temperatureforfoliaceuslength. To analyse the impact of
parasie density and host species An foliaceuslength, twogenerallinear mixed models
(GLMM) with gaussiarfamily andidentity link functionwere used to examine the effect of
days posinfection and host standard length, alongside either infection dengityaan
interaction between infection density/day, or host species with an interaction between host

species/day.

Additionally, for the growth experiments, a GisedLMM with binomial family and logit link
function was used to assess whether parasite locatiothé body of the host instead of the

fins, yes/no) was affected by temperature, infection density, host species and time. To examine
overall movement of. foliaceuson hosts, a GisedLMM with binomial family and logit link

function compared whether a paite moved (yes/no) to temperature, host species, infection
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density, days poshfection and host length. Twwoportionz-tests were also used to compare

the number of parasites on the body of the fish versus the fins across five parasite size groups:
0.40-0.79, 0.80- 1.19, 1.20- 1.59, 1.60- 1.99 and 2.00 2.39 mm. These size ranges were
based orA. foliaceusdevelopmental stages (deashtonMellor and Boxshall 1994 parasites

larger than 2.4 mm length were not statistically assessed dusatbsample size.

3.4 Results

Temperature impact on parasite hatching and survival

At 24 °C, A. foliaceuseggs hatched after an average incubation period of 27 days (range 19

39 days) while at 14 °C eggs hatched after 67 days (rangé%@ays). Hathing success of

eggs across temperature treatment ranged from 57.7% to 63.7%, and success did not differ

between eggs incubated at 24 vs 14 °C.

A. foliaceusmaintainedat 24 °C off the host had significantly lower survival than parasites
maintained at4  A43) {54.10p<0.001, survival analysis; figui21). When examiningh.
foliaceussurvivalon stickleback hostat 14°C, survivalsignificantly decreased over timiey(

420= 67.02,p<0.001, Gsed_MM), with just under 50% survival 21 days pastection (figure

3.1). Host length did not significantly impact parasite survigakvival ofA. foliaceuson and

off stickleback hosts was not impacted by incubation temperature (24 or 14 °C) or temperature

treatment poshatching (gradual, shock or no thermal change).
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Figure 3.1 Argulus foliaceussurvival off the host at 14 or 24 °C and on host (Hg®eed
stickleback;Gasterosteus aculeatuat 14 °C. For on host survival, all fish began with five

metanauplii. Error bars represent 95% confidence intervals.

Temperature, parasite density and host species impact on A. folgroavih

A. foliaceuslength increased with temperature and over tiffge 0= 104.96,p<0.001,
GisedLMM; figure3.2). At 14 days posinfection, A. foliaceuslength averaged 2.5 mm at
24 °C, 1.9 mm at 19 °C and 1.1 mm at 14 P@rasite growth was significantly slower at high
parasite densitgompared to low parasite density (figd2; F1, 105= 34.15,0<0.001, GLMM).
Parasite length was also affected byttspecies over timd-(, 156= 11.69,p<0.001, GLMM):
when infected with multiple parasites, but at an equivalent density, sticklebacks had\larger
foliaceusthan guppiesln all tests, host length and parasite sex did not significantly irdpact

foliaceusgrowth

ConsideringA. foliaceusaveraged 0.618 mm length at birth, adulthood (4.7 mm; taken from
RushtonMellor and Boxshall 1994; Taylat al.2009b)would take 124 days at 14 °C, 45 days
at 19 °C and 30 days at 24 &Clow parasite densitgn stickleback hosts (assuming a linear
growth pattern). For the higher infection density tests &C19. foliaceusvould take 50 days
to reach adulthood on sticklebacks and 55 days on guppies. These values are however an
estimate adArgulus species display diverse growth profil@eushtonMellor and Boxshall
1994; Pasterna&t al. 2004) especially under natural, witgbnditions (Tayloet al. 2009b).
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Position and movement of A. foliaceus on hosts

Significantly moreA. foliaceuswere found on the fins of hosts versuslibey as temperature
and time spent on host increased §2>= 4.60,p =0.04 and~1, s23= 6.86,p =0.008 respectively,
GisedLMM). Parasite density and host species did not affect parasite position oA.host.
foliaceusmovement frequency was higher at high infection density and temperfatwe
50.80,p<0.001 andF1, 445= 24.89,p<0.001 respectively, GisedLMM), but was not affected by
host species, time spent on host or host lergtHoliaceusposition was also significantly
influenced by parasite size; 70% Af foliaceus2.0 - 2.4 mm in lengthwere located on the

h o shody,s/erss 47% of newly hatched parasites9%. 8 mm 3(1p=4B6p+0.04,6
two proportionz-test).
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Figure 3.2 Impact of temperature, infection density and host specieargulus foliaceus
growth. Threespined sticklebacks3asterosteus aculeafuaere infected with one individual
A. foliaceusmetanauplii at 14C, 19 °C and 24 °C (infection density = low). Additional
guppies Poecilia reticulatg and sticklebacks at 19 °C were infected with éndoliaceus
metanauplii per 7.4 mm of host standard length (creating a starting infection numbes of 3

parasites per fish, infection density = high). Error bars represent 95% confidence intervals.
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3.5 Discussion

Parasite generation time is intrinsically linked to environmental variables and\hetgceus
responded positively to increasing temperature with faster incubation and growth. However,
life span off the host was reduced at higher tempeza} potentially impacting infection
successA. foliaceusalso demonstrated a high resistance to sudden temperature changes, with
a 10 °C temperature shock having no impact on parasite survival on or off the host. Infection
density and host species alsffected parasite growth, variables which could alter infection
dynamic predictions especially as they can change drastically across temperature and farming

system.

Both egg incubation andl. foliaceusgrowth onsticklebackhosts were significantly faster at

24 °C compared to 14 °C, suggestiagfoliaceusat higher temperatures would experience a
shorter generation time as birth and development occur more rapidly. While fast life history
traits potentially allow parasites tapidly exploit hosts, they may also limit infection
depending on host density; for example in entomopathogenic nematodes, prolific availability
of hosts benefits parasites with fast infection rates while limited host availability favours
parasites withlswer rateqCrossaret al. 2007) Nematodes with fast infection rates also had

a corresponding trade off in fecundity and survii@lossaret al. 2007) comparable to this
study wheréA. foliaceusat24 °C experienced fast incubation and growth, butaksgnificant
reduction in survival off the host. High host densities (such as those encountered in aquaculture
systems) could override this trade off, negating any impact of reduced survival at high
temperatures. For angling fisheries however, replacemsrtking to maintain low fish
densities has been previously predicted to decrease parasite populsiicdtieersonet al.

2012) In this case parasite survival could potentially influence overall parasite population
success, as survival at 14 °C was deubbmpared to 24C allowing parasites at low
temperatures more opportunities for infection. This low temperature survival was also double
the observed survival in a previous report\Wslker et al. (2011a)examining 1 day old\.
foliaceusat 15 °C.This difference potentially arises from inrqgopulation variation, the 1C
difference and/or the inclusion of aeratorsvidglkeret al.(2011a) which could cause higher

parasite activity and subsequent increased metabolic cost/shorter lifespan.

A. foliaceuswere maintained at constant temperature under laboratory conditions, however in
heterogenous environments the parasite could maximise survival by moving to thermally

optimal areasA. foliaceushave a thermal preference of 280 °C (Herter 1927, dthough
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shadows present in the experimental setup may have affected preferencelragaltspetz
and Vainio 2006)Thissuggest A. foliaceusdo not select cooler temperatures (such as 14 °C)
to increase off host survival. Regardless, the ability of any parasite to select preferential

microclimates should be considered when examining infections in fisheries and aquaculture.

Another key factorcontributing to the success At foliaceuss their broad host range; they

are found on practically all fish species within their natural habitat, alongside successfully
infecting novel, unnatural hosts including ornamentals such as golébgshand gupies
(Walker et al. 2007; Momeni Shahralet al. 2014; Mirzaei and Khovand 2015pespite a
difference in growth ratéy. foliaceusuccessfully infected and survived on both natural, native
stickleback hosts and novel guppy hosts. Possessing a broad host range allows parasites to
exploit a wider host pool, providing an advantage over specialist parasites in systems with
mixed host spcies (such as wild/angling fisheries). In comparison, monoculture aquaculture
systems will likely give rise to specialist parasites as they outcompete generalists. Regardless
of system, host availability should be considered when assessing probleneatiomsf as both
specialistPasternalet al.2004)and generalist (shown hem)gulusspecies show differential

growth across host species.

Argulusspp.typically display an aggregated distribution within host populat{Basdilla et

al. 2005; Walkeret al. 2008) Here higherA. foliaceusdensity on the host resulted in lower
parasite growth rate, as such parasite populations could display reduced growth as aggregation
increases. Regarding parasite position on pasgsites increasingly moved from tiest fins

to the body as time progressed and at higher temperatufeiaceusnoved to the body when

they reached 2.02.4 mm length (7 developmental stage, at which point the meuthe is

fully developed;RushtonMellor and Boxshall 1994)indicating the start dblood feeding.
Juveniles feed only on mucous/skin cells, whereas the ld@alihg adults cauggeater host
damage with the potential for secondary infectiBeswerShore 1940; Bandillat al. 2006;
Walkeret al. 2011b) Prioritising identification and treatment éf foliaceusnfections when
parasites arexmm length (prévlood feeding) would improve control by addressing infections
before they cause significant damage, as currently (in UK angling fisheries) infections are

primarily tackled once adults are present in high numbers.

Understanding the dynamics of parasites across their life cycle is critical for predicting changes

to infection.Argulusspp.populations have been previously modelled to examine the impact of
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control methods and predict population changes/generatior{f@n¢onet al. 2006; Tayloret

al. 2009b; McPhersort al. 2012; Kumaret al. 2017) Of these studies, Taylet al. (2009b)
used A. foliaceuslengthfrequency data to estimate egg incubatibaiching period and
maturation rate of different cohorts within an angling fishery. The authors calculated a
maturation time of 34 days at 24 °C, comparable to our estimate of 30 days with the difference
likely caused by variables such as host speciesrdaction density (as shown hera@yd/or

our use of a linear growth assumption for estimation. However, Taylat. (2009b) also
observed an increase in hatching period with decreasing temperature (not observed here)
suggesting that this trait may bevgoned by different seasonal variables such as light period
(Bai 1981) Incorporating this new empirical data into existing and future models should
therefore help verify outputs and improve modelling predictions. This in turn will help farmers
select appypriate control methods and conditions to give the best-totider host growth and

parasite restriction, reducing the impact of parasites on industry.
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Chapter 4

Shining a light on parasite behaviour: daily patterns ofArgulus fish lice

4.1 Abstract

Parasites display a wide range of behaviours that are frequently overlooked in favour of host
responses. Understanding these behaviours can improve parasite comiigh thore precise
application or development of new behavitnaised strategies. In aquaculture fish lice are an
ongoing problem, infections reduce fishery production and control options are limited. Fish
lice are distinct in their ability to survive angis off hosts, allowing transmission to multiple

fish hosts across their lifespan. Here we assessed off host behavidurfaiaceus (a
freshwater fish louse) and observed a diurnal rhythmical pattern in behaviour. This pattern was
lost when lice were eosed to constant darkness, indicating that the behaviour is not
endogenously driven. Males were consistently active in light with reduced activity in darkness.
In contrast, females were active during light and dark phases with peak activity at thé start o
dark periodsA. foliaceusvas also strongly attracted to a light stimulus, preferring white and
blue coloured light to green or red. Light is a strong driver of fish louse activity and could be
used to trap parasites. Aquaculture light regimes couldl lads altered to reduce parasite

attraction and activity.

4.2 Introduction

Parasites are a fundamental component of ecosystems; practically all known species carry
parasites and food webs can be dominated by their pre@diaceogliese and Cone 1997,
Pouin and Morand 2000; Laffertet al. 2006; Dobsonet al. 2008) In addition to their
ecological importance, parasitic infections play a critical role in the global health of humans
and both domesticated and wild species. Conflict between humans and parasites drives
development and use of control strategies to presahteduce the health and seemmnomic
impacts of infection. Understanding behaviour can aid development and employment of control
strategies, but research tends to focus on host rather than parasite beliBaimas 1990;
Sukhdeo and Chappell 199%ewis et al. 2002) This is despitdhe fact that parasites have
developed a wide range of complex behaviours to facilitate transmission, infection,
reproduction, and survivgRea and Irwin 1994; Sukhdeo and Chappell 1994; Letvial.

2002) Behavioursnvolved in host finding are of particular interest regarding development of

contr ol strategies to interrupt and prevent
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finding behaviours to locate suitable hosts, whereby a parasite responds to reamtsin
and/or host signalikea and Irwin 1994 )Parasites utilise a range of stimuli (such as chemical,
thermal, mechanical,and visual), often in combination to locate hosts and assess their
suitability (Van Leerdanet al. 1985; Ashtoret al. 1999; Bailg et al. 2006; Mordue (Luntz)

and Birkett 2009)

Organisms can temporally synchronise to their environment by detecting and responding to
external cues, resulting in biological rhythms of physiology and behabtaternaet al.

2001; BellPederseret d. 2005) Light/dark cycles are the dominant cue for a majority of
organisms, however for parasites both environmental and host cues influence rhythmicity
(Bell-Pederseret al. 2005; Reeceet al. 2017) By synchronising with hosts, parasites can
increase their survival. During dispersal and transmission, rhythms allow parasites to maximise
infection success by optimizing presence of infective stages with host availg®ukirdeo

and Chappell 1994; Bogéh al. 1996) In addition, infection suces and parasite survival can

be influenced by fluctuations (daily and/or seasonal) in host immune respMedisez

Bakker and Helm 2015; Kiesslirgg al. 2017; Carvalho Cabrat al. 2019) Identification of

cues used by parasites and the rhythms thdyb# could help reduce infection and
transmission risksFor example, by avoiding/preventing acces&nown infectionlocations
(e.g.top of the water column for marine sea Jideiring peak parasite presence or deploying

control measures at such tintesmaximise capture.

The environmental and/or host cues utilised by parasites can differ between life stage or sexes.
While this can reduce the efficacy of broad control applications and induce bias, it can also be
used for highly targeted control. Sspecific control schemes have been employed to
successfully reduce parasite populations or their vectors. Females can be targeted to reduce the
next generation by dirdgtremoving reproducers, while male targeting uses sterilisation and
release technique® lower population fecundityEpsky et al. 1999; Alpheyet al. 2010)

Discrete sexes can be caught usingsgecific behaviours such as pheromone or fioased
attraction(Epskyet al. 1999) These sesspecific behaviours likely lead to ssgecific rhyhms,

which could also be exploited to further promote control success. Sexual differences in parasite
rhythms have yet to be explorésikkel et al. 2009)

Fish lice are ectoparasitic crustaceans, problematic worldwide in fisheries. Control options are

limited, with reduction in chemical applications due to environmental concerns and rising drug
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resistancgCostello 2009; Tayloet al. 2005a) Recent developments in control of marine sea
lice capitalises on louse behaviour: lice frequent the top of &étervwolumn, consequently fish

are held at >10n below sea surface to reduce infection. For freshwater@eausArgulug
however, control options remain insufficient with some farmers turning to illegal options
(Taylor et al. 2005b) Thus, there is a ed to explore alternative, behavieuased control
methodsArgulusspp. are unusual in that they retain the ability to free swim throughout their
life cycle with host switching frequent, especially among male parasites as they seek female
partnergBandillaet al.2008) No studies have tested for the presence of endogahythms

in Argulusspp. (or any other aquatic ectoparasitic crustacean), although a diurnal pattern is
present in the strength of their positive phototaxis respfrsghizawa and Nogami 2008)
Argulusspp. also react to light/dark changes with diffgractivity, however this has not been

observed over a circadian period or between s@Mideevet al. 1999)

Here we examine host seeking behaviour of a globally problematic fish ectoparasite over a
diurnal period, testing for the presence of endogsrmuesn males and femaleStrength of
light attraction and wavelength specific preferences are also assessed to aid control

development.

4.3 Materials and methods

Parasite and host maintenance

Argulusspp used in this study were collected fr&tisca Canal (Newport, UK; grid reference:

ST 24344 90686) on 06/06/18 and 07/08/19 by hand nettihgrally infectedhreespined
sticklebackGasterosteus aculeatuBarasites were removed from fish in the field by lifting the
host fish out of water using net for a 10 s period; upongsabmersion into a container of
freshwater the parasite detached and was collected using-aoevilpipetteArgulusspp were
transported to the lalbatoryoff host in sealed containers of dechlorinated water. Once in the
Cardiff aquarium, parasites were morphologically identified.dsliaceugaccording to Fryer
1982) and maintained in mélemale pairs on thregpined sticklebacks collected from Roath
Brook, Cardiff (ST 18897 78541; alrgulusspp. naive populationfish were infected by
placing the parasites into fish holding tanks (9 L) containing an individual stickleback to allow
natural parasite attachment. All fish and parasites were maintained under a 12 h light:12 h dark
cycle, with fish fed daily withilrubifexbloodworm.A. foliaceuswere acclimated to laboratory
conditions on their hosts for 1 week prior to experimentation. Parasites weraisetr&ithin

or across experiments. For the circadian rhythm experiment both male agcammhfemale
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parasites wer used. For the light attraction/colour preference experiments only Anale
foliaceuswere used due to higher availability of male parasites versugnawid females (as
female parasites continuously produce eggs after mating anceagiggofemales exhibegg

laying behaviour when off host).

A. foliaceusvere removed from sticklebacks for use in experiments using the same collection
method as described above. Allfoliaceusvere checked visually for damage before use and
measured from the rostral edge of the carapace to the anterior end of the abdominal lobes using
a dissecting microscope @10 magnification with a Lumenera Infinity 1 camera and Infinity
Capture software veion 6.5.4.

Circadianrhythm of parasite swimming activity off host

To understand how. foliaceusbehave off host/during transmission over a circadian period,
individual adult male and negravid femaleA. foliaceugmales: N = 22, average size = 3.93

mm £ 0.23 SD, females: N = 18, average size = 4.43 mm £ 0.44 SD,) were placed into glass
petri dishes (10 cm diameter) filled with 50 ml dechlorinated water. The water level in the petri
dishes was sufficient to allow full horizontal movement, while miningz/ertical motion for
behavioural tracking. Additionally, the sides of each dish were covered with white fabric to
reduce reflections and prevent visual disturbgiMi&heev et al. 1998) Parasites were then
subject to 12 h light:12 h dark (LD; averad#0Q lux) for 48h, after which they were removed

from the setup, given one day of recovery on stickleback hosts (to allow feeding/prevent
starvation) before returning to the setup for anothdr dBder total darkness (DD). The order

of light condition (1212 LD vs DD) could not be randomised as the total darkness regime
would disrupt any entrained circadian rhythm, altering any tests post exposure. The setup was
completely reset between trials and light condition tests. Parasite behaviour was recorded
during the 48 h exposures via 24 h infrared CCTV cameras (Sentient Pro HDA DVR 8 Channel
CCTV, Maplin). Every 4 h (zeitgeber time = ZT, ZTO=7 am, ZT4 =11 am, ZT8 =3 pm, ZT12
=7 pm, ZT16 = 11 pm, ZT20 = 3 am; lights on at ZTO and off at ZT12) the totahdest
covered by the parasite and subsequent average swimming speed was calculated over a 2 min
period usingmageJ version 1.51j@&chneideket al. 2012)to prepare video files for analysis

and Kinovea version 0.8.2ZGanniet al.2018)to track parasite movement. Proportion of time
spent swimming was obtained from Kinovea by calculating the time spent swimming at >1
mm/s (approximately ¥ body length). Patterns of parasite activity were then assessed for a 24

h period and between 12:1DIDD trials to determine activity and entrainment of rhythm.
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Arguluslight attraction in the presence of fish hosts

The attraction oA. foliaceusto a light source versus a live fish host was assessed using two
different behavioural assays: fish vs light trials in which adult rAafeliaceusvere given the

choice of either a white light or a stickleback in darkness over a 24 h period (N = Ateparas
average size = 4.12 mm * 0.31 Sigure 41A), and lit fish vs dark fish trials offering the
choice of a stickleback with a white light or a stickleback in darkness (N = 18 parasites, average
size = 4.14 mm = 0.35 SHgure 41B) over a 2 h periodArenas comprised of glass tank filled

to 10 cm water depth, split into three identical sized sections (left, middle and right) using a 1
cm aperture mesh to allow free movement of parasites while restricting fish movéqest (

4.1A and B). Stimuli wereolaced into the left and right thirds, with two foliaceugestrained

under a glass dish in the middle third for 30 min to allow acclimation. After acclimation, the
lice were released and monitored via infrared CCTV cameras. All light stimuli used a
waterproof LED white light (average 50 lux at a distance of 7 cm), while all stimuli in darkness
contained the same type of LED white light but turned off to ensure each section had the same
structure. The positions of the stimuli were swapped in betweds tiniavoid any potential

side bias. For the lit fish vs dark fish trials, all host pairs were size matched.

Arguluslight colour preference

To investigate whether certain wavelengths of light are more attract&eftdiaceusadult

males (N = 20, avage size = 4.08 mm £ 0.33 SD) were placed individually into the centre of
a 2.5 L opaque white square arena (14 x 14 cm) filled with 1 L water (5 cm water depth). The
arena was split into four equal quarters, with four waterproof lights (3 x 3 x 2 cmwitiD

RGB colour) placed into the arena and positioned flush inside each dayuer 41C). Lights

were randomly assigned to emit either red (6380 nm), green (520560 nm), blue (450

490 nm), or white (emits all wavelengths, 45000 nm)light, with brightness controlled so
each light individually generated an average 50 lux (lux meter positioned 7 cm away from
light). There was no visual overlap in the colours emitted from each light, and initial testing
found that parasites did not swienratically or behave in any other abnormal manner in the
experimental arena (following previous observations in the lab amdikheev et al. 1998)

The inclusion of an acclimation period in initial testing also had no impact on parasite
behaviour, thusgrasites were observed immediately after introduction to the arena and did not
experience any time break between replicate recordings. After being introduced to the centre

of the arena, parasites were monitored for 2 min with their time at each colototegkco
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Location at a colour was classified as the parasite being present anywhere in the quarter
containing the light (with more than half of the parasites body present in the quarter for when
the parasite crossed between sections). Parasites were obbeeyedith the observer
stationed next to the arena looking down into the tank. Room lights were turned off so the only
light source during experimentation came from the lights in the aréms provided enough

light to observe parasite movement whileyenting casting of shadows into the arena from

the observer. Individual parasites were tested 3 times consecutively with average time spent in
each light corner calculated. The arena was reset and light position randomised between each
replicate. Parasigsedid not linger or remain stationary on boundary lines between quarters

during observations.

(A) (8) €

r' R

®

80 x 35cm 14 x 14 cm

Figure 4.1 Plan view of experimental amas for Argulus foliaceusA/B: light vs fish host
preference andC: light colour preference trials. In each arena circles represent LED light
sourcesArenaA gives a choice of white light vs a thrgpined sticklebackQasterosteus
aculeatu3 host with a turned off light3 gives a choice of a white light + stickleback &
turned off light + sticklebackn A/B, dashed lines represent 1cm aperture mesh which allows
the parasites to swim through while blocking fish movemer@.dotted lines indicate the total
area of each coloured corner for behavioural recording, & dight, G = green, W = white

and B = blue (coloured light placement was changed/randomised for each trial).

Statisticalanalysis

All statistical analyses were conducted using R statistical software (v3.6.2; R Core Team 2017)
with the level of significance in all tests takerpa$.05. Models were refined through stepwise
deletion of insignificant terms anélkaike information critewn comparisons, with visual
examination of model plots to check standardised residuals for normal distribution and
homogeneity of variancéCrawley 2007) The following packages were used for analyses:
Aggpl ot 20 t @ickhans2008) i fisl enteddg@neadl kinear mixed mod€Bates
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et al.2014) i e mme a n-ls00 andlysetSegrleetsat. 1980) ARAI NO and @ Met
to determine circadian rhythmicitgThaben and Westermark 2014; Véu al. 2016) and
Aci rcacompar eo {(Parsoosst alR@20)d-or allirhythnm analysis the time

period being examined was set to 24 h.

To detect rhythmicity, RAIN was used due to its capability in detecting and accounting for
asymmetrical patterngThaben and Westermark 2014jongside MetaCycle due to its
inclusion of multiple methods for rhythm evaluatid®u et al.2016) T h e ntreesstu |l firoa iwa
used to examine patterns across parasite sex and light condition by examining phase and peak
shape. The phase of a rhythm refers to the time point at which a peak occurs, with peak shape
the time (in this case hours) between a peak and thetmoexgh. Comparison of rhythms

between different conditions were then investigated using circacompare to assess MESOR
(Midline Estimating Statistic of Rhythm), amplitude and phase across rhythms. MESOR is a
mean value adjusted for circadian rhythms, amplide r ef er s t o fia measur
predictabl e var (Cartelissen 2094 Qtdule al. 2G16) & gendrad lmear

mixed model (GLMM)with gaussian family and identity link functiomas then conducted

using only the 12:12 LD datto compare activity at each ZT time point by examinfg
foliaceusactivity against ZT time, parasite sex and length with an interaction between ZT
time/parasite sex. This GLMM was then repeated using the DD trials only. All GLMMs used
parasite ID as aandom factor to account for pseudoreplication. To deterrinmliaceus

colour preference, a general linear mo@@LM) with gaussianfamily and identity link
functionwas used to compare swimming activity (average over 3 trials) against light colour
andparasite length. Across all tests and trials, parasite length had no significant impact and is

thus not reported further.

4.4Results

Circadianrhythm of parasite swimming activity off host

A strong diurnal pattern in off host swimming activity was observed for both male and female
A. foliaceuswhen maintained under 12:12 LD conditions (RAIN0.001 for both males and
females, MetaCyclp<0.001/0.004 for males/females respectivéilyure 42); howeverunder

total darkness (DD) this diurnal rhythm was lost, suggesting this pattern is stimulated by light
and not endogenously driven. Under 12:12 LD, male parasites had different phase to females
(p = 0.02, male phase = 5.69 h post ZT@male = 8.56 hcircacomparg but there was no
difference in MESOR or amplitudédure 43).
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Under 12:12 LD, overall average swimming speed ofoliaceusdid not differ among sexes
(0.77 and 0.83 cm/s for males and females respectiétyyever when directly comparing

ZT timepoints females had a significantly higher swim speed at ZT12 (7pm when the lights
turn off; t-ratio = 2.92, df = 127p = 0.04, GLMM; figure 4.2). Under DD, females had
marginally significant higher overall activity thamales (0.86 cm/s for females, 0.62 cm/s for
males;likelihood ratiotest value= 3.86,p = 0.04, GLMM). When examining the proportion

of time spent swimming, no patterns were observed except for females under DD which
showed a peak at ZT0/20 and drop at ZT8/12 (R&i®.005, MetaCycle = 0.04; figure 4.4).
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Figure 4.2 Average swimming speed @frgulus foliaceusoff host over a 48 h period under
two different light conditionsA: Male A. foliaceusunder 12h light:12h darkB: Male A.
foliaceusunder total darknes§&: FemaleA. foliaceusunder 12h light:12h darlp: FemaleA.
foliaceus under totaldarkness. White backgrounds indicate periods of light, dark grey
backgrounds indicate periods of darkness. ZTO = 7am, ZT12 = 7pm.
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Figure 4.3 Circacompare output plot of male and femalgulus foliaceuswimming speed
over al2h light:12h darld8h period. Lights turn on/off at 0/12 and 24/36.
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Figure 4.4 Proportion of timeArgulus foliaceuspent swimming off host over a #8period
under differing light conditionsA: Male A. foliaceusunder 12h light:12h darkB: Male A.
foliaceusunder total darknes€§:: FemaleA. foliaceusunder 12h light:12h darlo: FemaleA.
foliaceus under total darkness. White backgrounds indicate periods of light, dark grey
backgrounds indicate periods of darkness. ZTO = 7am, ZT12 = 7pm.
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Arguluslight attradion in the presence of fish hosts

When assessing preference between a light stimulus or a fish host, the average time taken for
lice to first enter the light section was 59 s. After 24 h, 85% of parasites were located at the
light stimulus and the remamy 15% had been consumed by the fish host (time to consumption
ranged from 11 s378 s). No fish became infected during these trials.

For trials assessing preference between a fish host with or without a light source turned on,
100% of parasites moved tioe section containing a fish host with a light on. After 2 h, 17%
of these parasites had been eaten by the fish, 22% infected the fish and 61% remained

swimming around this section.

Arguluslight colour preference

A. foliaceussignificantly preferred white and blue coloured light over green or red (all
comparison$-value= 3.818- 5.689 p<0.001, except white vs green in whichalue =2.214

p = 0.0, GLM), with preference for blue light over white closesignificance p = 0.05;figure

4.5).

1281 i Figure 4.5 Light preference of
§ 100 male Argulus foliaceusoff the
%‘ host. Average time spent by
‘% 757 T freeswimming A. foliaceusin
g . the vicinity of different coloured
> ° lights over a 2minute period.
g 25 1 White light wavelength = 450
= j | 700 nm, blue = 450 490nm,

Wiite B Croen Red green = 520 560nm, red = 635
Light colour - 700nm.

4.5 Discussion
During dispersal, hosts provide a spatially patchy environment in which parasites need to
anticipate host availabilit{fSkeltonet al. 2015) As such, parasites must develop strategies to

increase hogparasite contact and facilitate infection and transioms In many parasites this
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involves hostseeking behaviours and synchronisation with their hosts. For fish lice, hosts are
located by freeswimming parasites responding to host and environmental cues, with light their
dominant stimulugBandillaet al. 2007) While previous studies have recorded variations in
fish lice behaviour over diurnal periogoshizawa and Nogami 2008; Heuehal. 2011)

none have determined if these rhythms are endogenously drivenAHet@ceusoff host
activity followed adiurnal, nm-endogenous, circadian pattern as the distinct behavioural
rhythm under light/dark conditions was lost under total darkness. There was also a sexual
difference in off host behaviour with male and female rhythms offset by approximately 4 h.
When examining ght attractionA. foliaceusconsistently displayed a strong attraction to light
over combined host cues (in the form of a live host) and preferred shorter wavelengths of light.

Argulus spp. display sexually dimorphic host switching behaviour with malesjently

leaving their hosts to find mates while rgravid females remain on h@8andillaet al.2008)

This dimorphism continues in off host behaviour. As shown previousl{Mikheev et al.

1999) femaleA. foliaceusad highest activity when the litghturned off and low activity when

lights turned on. Examining activity over a circadian period however indicates that this is not
sustained, 4+ hours after lights turn off female parasite activity drops, and inversely 4+ hours
after lights turn on femalactivity increases. Males do not follow the same pattern with activity
consistently higher during light periods and lower during dark periods. The continued high
average speed of females when lights turn off (versdio@in activity for males) could be

related to their host switching behaviours: females are not predisposed to spending time off
host, and thus may not react as quickly as males to light changes. Alternatively, the lights used
in this study (andn Mikheevet al. 1999) turned on/off immediately and could be simulating

a passing shadow (a trigger of fish lice activigghn 1910; Poulirt al. 1990) Females could

react stronger than males to potential host cues (due to a higher tendency for females to remain
on the host) resulting in high activity when lights turn off. The distinct and strong diurnal
rhythm observed when using average swimming speed measurements was not observed when
using measurements that only record time spent active. Average swim speed is more
comprehensive accounting for variation in activity, while time spent active (i.e. a simple
proportion of time moving or not) cannot discern these nuances and would lead to assumption
of arrhythmic behaviour. This highlights the importance of selectingctineect activity

measure when assessing rhythmical patterns in behaviour.

51



Light is an integral component of aquaculture systems, with differing light wavelengths,
intensity and photo periods used to manipulate fish growth and matufateaf and Le Balil

1999; Oppedadt al.1999; Villamizaret al.2011) The subsequent impact of these altered light
regimes on both fish behaviour and health is now being considered. Recent studies have also
found parasitic infection can alter host circadian gene expredsigher complicating the
relationship between parasites, hosts and the rhythms they both (&lliison et al. 2018;

2020) Considering the positive phototactic response of fish lice, aquaculture lights could
attract lice to cages and facilitate infecti(Trippel 2010; Stewaret al. 2013) In this study
maleA. foliaceusvere more active under light versus dark, suggesting lit cages would not only
attract lice but also increase their activity which could lead to higher infection success. Shifting
the wavelength of light used in aquaculture systems could potentially tewtion of fish
manipulation, while limiting the impact on pathogenic organisms. For examgien
inhibiting Salmo salasexual maturation to increase production, green and red light treatments
used less energy versus white light treatmefhtsclercq et al. 2011) Additionally,
Oncorhynchus mykissised under red light showed improved growth compared to fish raised
under blue or white ligh(Karakatsouliet al. 2008) Red light was the least attractive light
colour toA. foliaceugandA. japonicusseeYoshizawa and Nogami 20Q8herefore cages lit

with red light could attract less parasites to those lit with shorter wavelengths. This may only
be beneficial in outdoor systems where wild parasites enter containers/cages to infect fish,

versus enclosed/stems where parasites may be trapped in with the fish.

In addition to altering the light regimes in aquaculture to reduce parasite attraction and infection,
light could be used to purposefully attract parasites into traps. Light traps have successfully
captured sea lice in both the lab and field (where, in comparison, plankton tows captured none)
and were suggested as a monitoring (d&dvalesFlamariqueet al. 2009) Unlike sea lice

which show differing reaction strength to light across their life stafygulusspp. appear to

be consistent in their light attraction from hatching to adultl{Bad1981; Novales Flamarique

et al. 2000; Bandillaet al. 2007; Novale$-lamariqueet al. 2009) Additionally, freshwater
habitats used for aquaculture are often small, enclosed areas (e.g. rearing ponds and raceways,
recreational fishing lakes and reservonedptive to marine systempotentially increasing the
chance ofArgulusspp. to encountdraps. Therefore, light traps could be more effective and a
feasible management tool for freshwater fisheries and aquaculture. Our findings suggest that

over relatively short distances lice are strongly attracted to light, therefore future studies should
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examine the attraction distance of light coupled with trials in freshwater aquaculture systems
to determine the efficacy of light traps in controlling lice infections.

Parasite behaviour can be complex and diverse with host cues, external stimulusraid diu
rhythms all affecting parasite activity. When developing control strategies, understanding
behaviour allows more effective application (i.e. during parasite emergence) and offers the
potential for identifying new targets for control. Sexual differsraxe also critical to consider,

as differing behaviour could lead to one sex avoiding control application. By understanding
and manipulating parasitethe impact of infection on global health and economics can be
reduced. Parasite behaviour is therefamemportant component of management and should

be considered for all problematic infections.
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Chapter 5
Daily patterns in parasite processes: diel variation of fish louse

transcriptomes

5.1 Abstract

Parasites, like all other organisms, time themselves to environmental cues using a molecular
clock to generate and maintain circadian rhythms. Chronotherapeutic (timed treatment)
techniques based on such rhythms offer great potential for improving cohtobironic,
problematic parasites. Fish lice are a key disease threat in aquaculture, with current control
insufficient. Assessing the rhythmicity of fish lice transcriptomes offers not only insight into
the viability of chronotherapy, but the opportunidyidentify new drug targets. Here, for the

first time in any crustacean parasite, diel changes in gene expression are examined, revealing
that approximately half of thArgulus foliaceusnnotated transcriptome displays significant
daily rhythmicity. We dentified rhythmically expressed putative clock genes, including core
Clock/Cycle and Period/Timelesspairs, alongside rhythms in feediagsociated genes and
processes involving immune response, as well as fish louse drug targets. A substantial number
of gene pathways showed peak expression in hours immediately preceding onset of light,
potentially in anticipation of peak host aptrasite responses or in preparation for increased
feeding activity. Genes related to immune haemocyte activity and chitelogenvent were

more highly expressed 4 h ptight onset although inflammatory gene expression was highest
during dark periods. Our study provides an important resource for application of chronotherapy
in fish lice; timed application could increase eftigaand/or reduce dose requirement,
improving the current landscape of drug resistance and fish health while reducing the economic

cost of infection.

5.2Introduction

Temporal rhythms are a core element of life on earth, with most environmental cueg cyclin
over tidal (12.4 h), daily (24 h), lunar (monthly) and/or seasonal s@déds and Stevenson

2014; Neumann 2014Df these rhythmic cues, the most dominant is the daily change in light
(Vitaternaet al.2001) These highly predictable light cycleshich in turn drive diel variation

in other factors such as temperature and food availabilltgve led to the evolion of
endogenous circadian rhythms, wherein environmental cues entrain feedback loops to regulate

patterns in activity and biological proces¢€gaternaet al. 2001; BeltPedersemt al. 2005)
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Organisms often face entrainment from multiple oscillater) symbionts experiencing an
additionalset of cues originating from host rhythifi&ijo-Ferreiraet al. 2017a) Despite the

impact of parasites on human and animal health, parasite rhythms are severely understudied
compared to freéving organisms withmost investigations into parastest systems focusing

on the host. Parasites and their associated hosts are intertwined in an arms race; to fully
understand one you must consider the other, thus investigating parasite rhythms is key to
improving globalhealth(MartinezBakker and Helm 2015)

Parasite rhythm studies focus on transmission and reproductive behaviours as these are key for
infection dynamics(MartinezBakker and Helm 2015)These include temporal peaks in

malaria asexual reproduction (withetexact mechanism behind this still unconfirmdaleo

et al. 2013) rhythmical discharge of infective stages including eggs, oocysts and cercariae,
which typically synchronise with host behaviours to maximise transmigSianking 1975;

Bogéaet al. 1996; Luet al. 2009; MartinezBakker and Helm 2015nd timed behavioaf
manipulation of hosts to promote transmission to a secondaryTragt1980; de Bekkeet

al. 2014) Genetic studies of parasite circadian rhythms have primarily involved identification

of putative O0cl ock®d ge n(ldesiaetaé Boas; Sueetal. 2008, gener
Rawlinsonet al.2021) More recently whole transcriptome rhythmicity has been assessed in a

few parasitic species (fungle Bekkeret al.2017 protistsPlasmodiunspp.,Smithet al.2020

and trypanosomesijo-Ferreiraet al. 20178. These studies reveal substantial portions of
parasite gene repertoires may be expressed rhythmically over 24 h periods, even in
endoparasites not directly exposed to light cycles. Likelive®y organisms, parasites likely

need to anticipate daily variations in risks and rewards such as host immune activity and
nutrient availabilityt Rouzi ne and Mc Ke etali2ell; Prioet&al;2018)6 Donn el

Research into circadian rhythms of host immune systems and their pathageiesl to the
development of chronotherapeutic control strategi¢sned application of treatments to
improve efficacy and/or reduce dosa@@molensky and Peppas 200Bynchronisation to
patient rhythms such as celcle stage or blood pressure isefioont (Hermidaet al. 2003;
Altinok et al. 2007) with treatments timed to exploit parasite rhythms under investigation.
Experimental trials with malaria show prom{g&ambieet al. 1991; Owolabiet al. 2021)and

the potential application of timed treatntehas been documented for other parasite species
(HonorioFranca et al. 2013; Davis et al. 2018) Despite the rapidly developing

chronotherapeutic revolution in human medicine, the potential for harnessing chronobiology
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to understand the dynamicshafth captive and wild animal health remains largely unexplored
(Smol ensky and Do6éalonzo 19093, Rteal201B)e r g and

Integrated chronotherapeutic strategies could be key for improving parasite control.
Ectoparasitic fish licelarge crustaceans that attach to fish skin and cause extensive mechanical
damage(Mgller 200§ - have plagued farmers since the conception of aquaculture. Light
appears an important external cue for both marine and freshwater species, influencing activity
(Novales Flamariquest al. 2000; Bandillaet al. 2007; Yoshizawa and Nogami 2008;
NovalesFlamarique et al. 2009 Chapter # transmission(Mikheev et al. 1999) and
reproduction(Shimura and Egusa 1980; Bai 1981; Harrigtnal. 2007) Until recently,
chemical treatments have been the main control method in fish {@raseet al. 2004)
However, rising drug resistance, stress to fish and environmental concern over their 5se mean
treatments need to be dsmore sparingly while remaining effectiidaen et al. 2015)
Considering the strong evidence of daily rhythmic phenotypes in fish lice, and the urgent need
to improve louse control in aquaculture, profiling of fish lice attthascriptional level over

daily cycles is a vital first step towards a deeper chronobiological understanding of these

economically devastating parasites and the development of novel mitigation strategies.

Here we examined transcriptome rhythmicityAofoliaceus the most common freshwater fish

louse in the UK (also found throughout temperate areas of Europe, Gesigahnd North
America).A. foliaceudnfectionsare a chronic problem in UK fisheries with treatment limited
compared to marine systemgedto environmental concerns. Despite taxonomic differences,
Argulusspp. also act as a sea louse model due to their comparable functionality and impact on
hosts Argulusspp.de novdranscriptomes have been generated previously to mine for specific
therapeutictargets including neuropeptides, hemocyanin and feeabagciated proteins
(Sahocet al.2013b; Christie 2014; Pinnoet al.2016; AmbuAliet al.2021) This study is the

first to investigate diel changes in gene expression and identify putative clock genes in a
crustacean parasite, alongside rhythmical key processes relating to infection and potential drug

targets.

5.3 Methods
Animal husbandry
Juvenile triploid female rainbowrout (Oncorhynchus mykissvere acquired from Bibury

Trout Farm in January 2019 and maintained at Cardiff University at 14 °C in a recirculating
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aguaculture system. Fish were clear of external parasites, established by lightly anesthetising
fish with 0.% MS222 (tricaine methanesulfonate) and examining them under a dissection
microscope with fibre optic illumination. Throughout the study, fish were maintained under a
12h light:12h darkight cycle and fed daily with commercially available trout food (Nutraparr,
Skretting, UK)ad libitum

Parasite culture

A. foliaceus eggs were collected by capturing adult females (morphologically identified
according to Fryer, 1982) from Risca Canal (Newport, UK; grid reference: ST 24344 90686)
by hand netting naturally infected thrsgined sticklebacksasterosteus aculeatusice wee
removed from fish in the field by lifting the host fish out of water using a net for a 10 s period;
upon resubmersion into a container of freshwater the parasite detached and was collected using
a widebore pipette. Lice were transported to the lab ludst in sealed containers of
dechlorinated water. Once in the Cardiliarium, eggs laid by female parasites were collected
and stored at <10 °C to prevent incuba{i8hafir and van As 1986; Mikheet al.2001) To

hatchA. foliaceugnetanauplii, egg&ere warmed to 24 °C (over approximately 8 h by placing
eggs at ambient temperature) and maintained at 24 °C for 20 days with daily monitoring until
hatching. Due to the high mortality of lice during the first week of infect@irapter pand to
ensure ke would be large enough to harvest sufficient RMAfoliaceuswere cultured on
rainbow trout (average 10 cm standard length, SL) prior to experimentation. Rainbow trout
were infected with 50 metanauplii each (within 24 h of hatching) by placing thanfska

small receptacle of water and introducing the parasite via a pipette, allowing for natural
attachment of the parasite to the host. Fish were monitored daily for 1 week at 18 °C, after

which all A. foliaceusvere removed from hosts.

Sample collectin

Argulus naive rainbow trout (SL = 60.1 £ 4.94 mm, range 4769.0 mm, N= 49) were
infected using the same method as above with 7 individuas foliaceusper fish (collected

from the culture, average parasite length = @8+ 0.10SD, range = 0.73 1.04 mm). Fish

were held individually in 4 L tanks at 14 °C, with cleaning every 48 h and feeding at 10 am
every day. After 1 week, 7 fish were sampled evielnyover a 2 h period (starting at 7 am and
finishing with a sample at 7 am the next pasitgeber time = ZT, ZTO0 =7 am, ZT4 = 11 am,
ZT8 =3 pm, ZT12 =7 pm, ZT16 = 11 pm, ZT20 = 3 am; lights on at ZTO and off at)ZT12

As two samples were collectedrfZTO (the first at the start of the recording period and the
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second at the end to create a full la@psampling), when referring to the ZTO timepoints
separatelythe starting ZTO is labelled ZTOA with the ending ZTO labelled ZTDBring
sampling allA. foliaceuson an individual host were collected using sterilised fine tweezers,
taking care to only touch the lice and not the fish skin. All lice from an individual fish were
pooled together into RNAlater to form one sample; the numbar ffliaceuscollected from
each fish ranged from-47 lice.

Transcriptome sequencing

Total RNA was extracted from samples using@AGEN RNeasy® Mini Kit and quantified

using Qubit HighSensitivity RNA assays (Qubit® 3.0 Fluorometer, ThermoFisher Scientific:

RNA concentration = -32n5 )JN\RNA Squangingavhs,performedg e 8 8
in the School of Biosciences Genome Hub, @atdniversity. Quality control of the RNA

samples was confirmed by TapeStation (TapeStation Analysis Software 3.2) with a minimum

RIN score of 10.0. Out of 49 samples, 48 were used in sequencing; 13 for ZTO and 7 each for
ZT4, 8, 12, 16 and 20. Librarieser e gener ated according to m
(Illumina, San Diego, CA) using an Illumina NeoPrep Library Workstation. Prior to equimolar
pooling, library quality was quantified and assessed using AgilentStatpn. The library
poolwasrunomn ||l 1l umina NextSeg500 Sequencer (2 1
million read pairs per sample. Raw reads are available at NCBI BioProject ID: PRINA764202

with metadata aigshare.com/s/3cedc8eclbdebc754

De novo assembly

Reads were filtered and trimmed using Trimmomatic version 0.38 to perform the following:
cut 15 bases from the start of the read and cut bases off the start/end if they were below Q3,
cut adapter/other llluminapecifc sequences from the read, trim anywhere within each read
where a 4bp window dropped below Q15 and drop any trimmed reads below 36 bp long.
Fastqc version 0.11.7 was used before and after trimming as part of quality assessment. Prior
to assembly, putatezcontaminant host reads were removed using BE8pighnell 2014and
published rainbow trout genon(Berthelotet al.2014) De novoassembly was performed on

the filtered trimmed reads using Trinity version 2.6.6 and the default parameters. Assembly
guality was assessed by examining the ExN50 generated by the trinity report and applying
BUSCO (Benchmarking universal singtepy orthobgs) using BUSCO version 4.1.4 with the
eukaryota_odb10 (20209-10) BUSCO se{Simaoet al.2015) To further ensure no host or

other contaminant sequences were included, all contigs were screened using DIAMOND
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(Buchfink et al.2015)blastx searches agairthe NCBI nr database, retaining only those with
an arthropod as the top hit (51,755 contigs). Annotation including gene ontology (GO)
assignment was performed using the Trinotate automated pig@mant et al. 2017)
Annotation output is availabkg figshare.com/s/de1515267957f9376a12

Gene expression analyses

Filtered and trimmed reads were mapped againsti¢heovoassembly using Trinity scripts
(salmon abundance estimation method) to generate raw and rseth{@viM) count matrices

at gene level. Raw counts were imported int(v&R0.3; R Core Team 202@nd differential
expression tests were performed using DESem&ion 1.30.1Love et al. 2014)to compare
expression between all time points. Rhythmically expressed genes were determined using eJTK
(Hutchisonet al. 2015)to examine normaded counts data, with circacompare version 0.1.1
(Parsonget al. 2020)usedto plot rhythm graphs. For both DESeg2 and eJTK, false discovery
rate (FDR) correcteg@-values of less than 0.05 were considered for significant differential
expression and rhythmicitrincipal component analysis (PCA) plots were generated in R
using logged raw count<50 functional enrichment tests were carried out using topGO version
2.42.0 (R) to detect significantly overrepresented biological processes of groups of
rhythmically expressed genes with VISEAGO version 1.4.0 used to visualize GO enrichment
at each time pointGO functional enrichment tesigere performed for all rhythmic genes and

for geneswith significantly differentexpressiorbetween ZTOA and ZTOB (determined via
DESeq?2)Putative clock genes were identified via manual searching with BLAST using model
Drosophila melanogastesiock genes. The webased tool Galaxy was also used to perform
phylogeneticallyinformed annotation via a trdmsed approach to look for ligimteracting
genes(Blankenberget al. 2010; Speiseet al. 2014) Genes were putatively assigned as
feedingrelated by selecting protein sequences listekhibuAli et al.(2020)and NCBI entries
which matched to proteins listed AmbuAli et al. (2021)to manu#ly search for hits against

the transcriptome using BLAST.

5.4 Results

De Novo Assembly

Raw reads generated per sample ranged from 1087 million reads, with a total of 168,593
transcripts generated for whole tissue samplea. dbliaceus Out of 51,755 total putative
arthropod genes, 10,290 were annotated. Percent GC was 41.05 with an average contig length

of 1212.12 based on all tregript contigs and 676.19 based on longest isoform per gene. The

59


https://figshare.com/s/de1515267957f9376a12

transcriptome assembly was considered good, with an N50 value of 2420 and an EQON50 value
of 2125. BUSCO results reported 98.4% completeness.

Transcriptome rhythmicity

Analysesusing TK found 4906 genes significantly rhythmic out of a total of 10,290
annotated genes (47.7%gutput available atfigshare.com/s/5fcbc7{613dc83501%d3
Rhythmicity totals varied by phase, with 14%g&nes peaking at phase 0, 19%pladse4,
18% atphaseB, 9% atphasel2, 15% aphasel6 and 25% gbhase?0 (figure 5.1). The genes
with highest significance in rhythmicity included the core clock géneelessand various

genes relating to molecular pesses and feeding activity. Results from DESeq2 analyses did
not show high numbers of significant genes when examining differences between two

timepoints Qutput available atfigshare.com/s/1daB599fce58d60946 However when

examining all significant genes across all timepoint comparisons @aiup with cutoff at
<0.01) 96.6% of gene IDs matched to those found significagTiK analyses.

There is little clustering ahdividuals by time point when examining all rhythmic genes with

a PCA plot(figure 5.1). Whenfiltering the data to genesith p<0.01rhythmicity according to

eJTK analyses (453 gengspme clustering can be observed with three groups corresponding
to ZTOA/4, ZT8/12/16 and ZT20B. When examining just the clock genes (which are known

to have a 24 h period of rhythmicity), ZAGand ZTOB overlap more compared to the p<0.01
plot. Investigation into differences in functional profiles between ZTOA and ZTOBated

that the most significant differences were related to metabolic processes (involving amino
sugarsG0:1901071G0:0006040and GO:0006022 carbohydratelerivatives; GO:1901135
andorganonitrogen compousdG0:1901564 and chitin/cuticledevelopmentG@0O:0006030
G0:0042335ndG0O:0040003

Functional profiles displayed distinct blocks of activity and changes over a 24 h pignimd (
5.2, output available afigshare.com/s/b6@&bdde0d10047fcgd Metabolic processes and

localisation displayed most activity at ZT20, with high enrichment at ZT4 (one hour after host
feeding) relating to amino sugar metabolic process (G0O:0006040), glucosaoniaming
compound metabolic process (@901071) and chitin metabolic process (GO:0006030).
Nucleobasecontaining compound metabolic processes at ZT20 were related to RNA
processing. Development at ZT20 and ZTivolved reproductive development and
neurogenesis, while cuticle development peaded T4 (GO:0040003 and GO:0042335).
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Immune system processes were particularly apparent at ZT4 (e.g. haemocyte
activation/degranulation: G0:0043303, G0:0045576), and included alikieolreceptor
(TRINITY_DN15356; TLR2like) and lectins (e.g. TRINITY_DN3& lectinl-like).
Response to stress was enriched at ZT12, including regulation of acute inflammatory response
(GO:0002673 and GO:0002526). Transport function peaks occurred across the 24 h period,

with regulation of transport focused at ZT20.

Clockgenes

In total 10 rhythmic putative clock genes were identified.ifoliaceugtable5.1). Clock genes
peaked in all phases except for ZT T3 cle peaked from ZT20 ZTO when lights turned on

with expression lowest just after at Z¥ZT8, inverse ofClock which peaked from ZT4

ZT12 and was lowest from ZT20ZTO (figure 5.3). BothPeriod and Timelesdollowed the

same pattern with expression low during the light period and highest at ZT16 in the dark period.
TimelesqTRINITY_DN37479 c0_g1) was also the second most significant rhythmic gene

according teeJTK analyses.
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Figure 5.1 Argulus foliaceushythmic transcriptome assessmeht.Number of significantly
rhythmic genes at each timepoint, white background = light period, grey background = dark
period.B: Heatmap showing rhythmic gene expression over a 24 h period, ZTO = 7am/light on,

ZT12 = 7pm/light off.C: Principal component ahlyis plotsof rhythmicgene expression.
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Feedingrelated genes

A total of 42 significantly rhythmic genes wedmnd associated with feeding enzymigure

5.4, table5.2). Overall, the majority of these genes peaked at ZT20 (4 h before lights on; 31%)
with few genes peaking at ZZXlights off; 4.8%). Antthaemostatic proteins were highly
expressed at ZT4 and Z0221.9% and 31.3%) as were digestion/degradation proteins (ZT4 =
28.6%, ZT20 = 35.7%), while antflammatory proteins peaked mostly at ZT20 (37.5%)
followed by ZT4 and ZT8 (both 25%). Other specific proteins of note include: hemocyanin
which was highesat ZT16 and lowest at ZT4, ferritin which was also lowly expressed at ZT4

but peaked at ZT12, and immune system protein adenosine deaminase, which displayed a linear

decrease in expression with highest at ZT0 and lowest at ZT20.
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Table 5.1Summary of rhythic clock gene hits frorArgulus foliaceugranscriptome using

Galaxy phylogeneticalynformed annotation. Phase and rhythmigiyalues are froneJTK

analyses.

Gene Trinity ID l(?sit(?forms) Phase (T)h\ﬁ?gg;: ity
Cryptochrome 2 TRINITY_DN10110_c0_g2|1 0 0.015803
Pigment Dispersing Hormone| TRINITY_DN5985_c0_gl1 (2 0 0.027781
Clock TRINITY_DN3505 c0_g1 |3 4 0.026201
Slowpoke TRINITY_DN31_c0_g1 3 4 0.006378
Vrille TRINITY_DN6730_c0_g1 |2 8 0.031003
Period TRINITY_DN7846_c0_gl1 |2 16 0.008084
Timeless TRINITY_DN37479 c0 _g1|3 16 7.89E05
Cycle TRINITY_DN1637_c0_gl1 |5 20 0.017545
Lark TRINITY_DN8177_c0_g1 |4 20 0.014336
Tango TRINITY_DN1637_c0_g1 |4 20 0.017545
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Figure 5.3 Rhythmic plots of putative clock gene expressioiigulus foliaceusError bars

represent standard error, dotted line indisahythmic pattern generated by circacompare

package in R, white background = light period, grey background = dark period.
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Figure 5.4 Rhythmic plots ofArgulus foliaceusgene expression associated with feeding
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Table 5.2 Significantly rhythmic genes associated with feeding proteins identified
Argulus foliaceusProtein selection for transcriptome searches and functional profiles
obtained from AmbuAlet al. (2020& 2021). Phase and rhythmicityvalues are froneJTK

analyses.
(I?Ig)stsjgomain :;?éﬁ?n ) Protein hit(s) Trinity 1D Phase (T)h\ﬁ??e';: ity
o co_g1) 0 |004347
Trypsin Eﬁlzl\lslg__c 0 g1 |4 0.034037
Serine proteasel/2 Eﬁlll\‘lggg—_ c0_g1 4 0.033285
Trypsini, Trgnsmembrane
'ﬁ)'rrztnesrﬁiri%rrlgr?egbrotease -II;EIIGI\;IIJ__CO_gl 4 0.017913
Trypsin/Serine | Digestion and anti S€rine Yike
protease haemostatic Serine protease 29 -I[-)EIIISI\;I:-SFZY__C 0 gl 8 0.027292
Serine protease 29 EETOI&;(_—C 0.g2 8 0.014336
Trypsin -IE-)Ellll\IS’II(ZS__CO_gl 20 0.016171
e | g 0,120 |001484
I e R
Anti-haemostatic | Metalloprotease Eﬁ?NSgg__c 0 gl 4 0.013433
Anti Cysteine protease EEISI\IZgI:__c 0 gl 4 0.033285
Ln;fmcg?égm Cysteineprotease EEISI\:Q;J__C 0 gl 4 0.013672
digestion Cysteine protease EEISI\gle__c 0 gl 8 0.010528
CathepsirL Eﬁllzl\llllgz__ 0 g1/ 0.018496
Protease Venom serine protease EEIYI\IOSSI—I__CO_gl 8 0.019468
}r/r?yr;)c;riTr]r ienne protease, Eﬁ%;’:__co_gl 12 0.039253
N CathepsirL_ EE‘:B:SE{?’_— c0 gi|12 0049166
Venom serine protease DN19000__c0_g2 16 0.022241
Venom serine protease 'I[;Elzl\lzl'll'go__ c0_g2 16 0.034037
Venom serine protease -l[;ﬁli\lglggo__ c0_gl 20 0.041951
Venom serine protease -l[;ﬁg\ggzl—_ c0_gl 20 0.025455
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TRINITY_

Cathepsin. DN4145 ¢0_g1 20 0.031003
. Serpin Bélike, Leukocyte |TRINITY_
ng;hcsjrgggg;c elastase inhibitefike DN6560 ¢0_g1 | 0.02882
platelet Alaserpin, Serpin Béike,
aggregation, anti | Leukocyte elastase TRINITY_ 8 0.025455
Protease Comp|ement inhibitor-like, Serine DN1680_C0_91 )
inhibitor activation, protease inhibitor
modulate host . . TRINITY
immune response Serpin Bélike DN2191__CO_gl 8 0.014744
regulation of host _ _ _ TRINITY
inflammation Alaserpin, Serpin Béike DN7534__CO_gl 20 0.016274
Anti-pain, anti | Apyrase TRINITY_ 16 |0.015003
inflammatory, DN534 c1 g1
Diphosphe anti-haemostatic, TRINITY_
hydrolase platelet Apyrase DN305 _c0 g1 20 0.019976
aggregation TRINITY
inhibitor Apyrase DN104_c_0_gl 20 0.007141
Hydrolyses : TRINITY_
phospholipids Phospholipase A2 DN7380 ¢0_g1 4 0.018966
Phospholipase | (deactivates TRINITY
lateletactivatin i -
?actor) g | Phospholipase A3 DN1187 ¢0_g1 16 0.017091
Serine proteasd Thrombin inhibitor AR g |16 |0.028085
inhibitor Anti-coagulant TRINIT:( =
serpin in inhibi -
(serpin) Thrombin inhibitor DN3019 ¢0_g1 20 0.008969
Immunity . . TRINITY_
including Protein SpANlike DN1331 _c0_g1 20 0.036208
antifungal activity,
. food digestion,
Astacin :
host penetration |, i SpANIik TRINITY_ 20  |0.039778
and immune rotein SpANike DN5781_c0_g1 '
evasion or
activation
. Proteolytic Mast cellcarboxypeptidase TRINITY_
Peptidase M14 enzyme A DN4543 ¢0_g1 0 0.02232
- Mediate cell . - TRINITY_
Fasciclin adhesion Betaig-h3 fasciclin DN6864_c0_gl 0 0.015474
Purine .
. Vasodilator and . . TRINITY_
(renneztjr?]c;hsm antiplatelet Adenosine deaminase DN11760__c0_g1 0 0.014388
. Hemocyanin subunit type ]
Hemocyanin Respllratory, precursor, Hemocyanin A TRINITY_ 16 0.036492
protein storage chain DN913 c0 g1
. Iron storage and . TRINITY_
Glycoprotein transport Ferritin DN10052_c0_g1 16 0.016171
Degrades TRINITY_
Metalloenzyme plasminogen Enolase DN6653 ¢0_g1 16 0.043473
Vault protein , Inter-alphatrypsin inhibitor
Proteinase . L TRINITY_
?rt;g—sa}llqpha inhibitor ?((;avy chain Hdike isoform DN9469 ¢0_g2 20 0.005655
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5.5Discussion

Daily rhythms are ubiquitous to life and diel variation in wrdaging physiological processes

in both hosts and their parasites may be pivotal to infection outcomes. Investigation of parasite
rhythmicity at the transcriptional level provides an oppotyutd examine and understand
which processes are temporally coordinated. Here, almost half of annotated genes in the fish
louseA. foliaceushad significant diel variation under ligdark cycles, indicating a high level

of transcriptomehythmicity. These included genes related to key processes such as feeding
enzyme activity, cuticle development and immune responses. Our study highlights the
magnitude of rhythmicity that can be encountered in parasite transcriptomes and the potential

for chronotherapy applications considering the patterns seen in key processes and drug targets

Few other studies have examined parasite transcriptional rhythmicity, and for those that have,
the results vary significantly across taxa. For example, tryparessanu parasitic fungi appear

to express a relatively small proportion of their gene repertoire rhythmidajpdnosoma

brucei D15% of genes; Rijd-erreiraet al. 2017b,Ophiocordyceps kimflemingiaes%; de
Bekkeret al.2017). In contrast, the blood g@ofPlasmodium falciparuraxhibits rhythmicity

in up to 93% of the transcriptome (Sméhal. 2020). The current study is the first to examine

diel gene variation in a parasitic crustacean despite their importance in aquaculture and
fisheries as primarinfections and vectors of secondary diseases. IFpaoasitic crustaceans,
however, 68.2% of copepddalanus finmarchicugenes were rhythmi@Paytonet al. 2021)

while in Antarctic krill Euphausia superbanly 27% of genes were deemed rhythmic (of which,
2.7% were clock controllediscontinet al. 2019) Considering the importance of light in
Argulusspp. off host behaviour and host search@igapter 4Mikheevet al.1999; Yoshizawa

& Nogami 2008), it isperhaps unsurprising that almost half of the annotated transcriptome

displayed significant lighbased rhythmicity.

Generation and regulation of circadian rhythms is reliant on transcripéinslation feedback

l oops of fAcl ocko gdaknaeedsound fomdacteriatoonbnemals, blthaughc |
the constitution of core clock genes varies across(Rij@Ferreira and Takahashi 2019; Rijo
Ferreiraet al.2017a) Previously for crustaceans up to 15 rhythmic circadian clock genes have
been identifie (Bernatowiczet al. 2016; Biscontiret al. 2019; Paytoret al. 2021) Here, 10
putative clock genes were identified as having diel cycles irAtHeliaceustranscriptome:
Cycle, Pigment Dispersing Hormone, Timeless, Lark, Period, Slowpoke, Clock, Vaitigo

and Cryptochrome ZCry2). The presence @ry2 but lack ofCryptochromel (Cryl) suggests
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A. foliaceusclock genes resemble those of sand hopjpditrus saltatorand isopocEurydice
pulchra(seeZzhangetal.2 0 1 3 ; (@HalG20k6)drather tharbrosophilamelanogasteor
copepodCalanus finmarchicyswvhich possess onf@ryl (Yuanet al.2007; Paytoret al.2021),

or the cladoceraaphnia pulex which possess boitTilden et al. 2011) Clock genes are
responsible for prolonged ocecance of rhythmic activity in the absence of zeitgeber cues (i.e.

24 h light or darkness), known as endogenous rhythms. While specific endogenous activity
cannot be identified in this study, the presence of a suite of clock genes indicates the possibility.
Endogenous rhythms have not yet been assessed in any parasitic crustaceans, although their
presence has been confirmed in other parasites (monogeneans, parasitoid wasps and
trypanosomesKearn 1973; Bertossat al.2010; RijeFerreiraet al.2017b)

When examining clustering of rhythmic genes using PCA plots there were no distinct clusters
for all geneshowever grouping could be observed when the gene listaradensedo genes

with stronger significance in rhythicity (p<0.01). TheA. foliaceusused in this study were
hatched from wild caught females and thus are genetically diverse compared to a lab culture,
contributing to the lack atlearclustering.Despitean overalldistinct 24 h rhythmical pattern

in geneexpression, there were some differences in expression between the start and end point
of sampling (ZT0).Some of these differencamay bedue to disturbance of the fish and
therefore the attached parasites over the sampling pé&klbide fish and attachegarasites

were maintained in isolated tanks, individuals still experienced disruption in the form of
researcher presence every 4 h during sample collection. Differences could also be driven by
genes with rhythmic periods shorter or longer than 24 tyhes examining the PCA plot of

clock genes (which are known to have 24 h periods), the two ZTO timepoints overlapped greatly
(compared to the PCA plot of p<0.01 rhythmic genes). Metabolic procasdeshitin/cuticle
development werthe mainfunctional pofiles different between the start/end ZTO timepoints.
Metabolic processdsave varying cycleélu and McKnight 2006and while we observed 24

h rhythmicity here in some chitin/cuticibevelopmenigenes growth is a complexyrocess
compounded by our use attively growingjuvenile A. foliaceus As such, it is unlikely all

chitin-based/growth related genes follow a 24 h pattern.

Rhythmic transcriptomes produce rhythmic behaviours, the occurrence of which can
potentially be predicted from transcriptome diatiation. AdultArgulusspp.blood feed and
as such express proteins to facilitate this pro¢Esestyet al. 1993; Walkeret al. 2011b;

AmbuAli et al.2020) although it is currently unknown if feeding occurs at specific times. As
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Argulusspp. feeding causes extensive external damage to their host, knowing when feeding
occurs is important for understanding host vulnerability. DespitétHieliaceusused inthis

study being too young to blood feed, genes were identified relating to blood feeding activity,
indicating expression of these proteins is not adult restricted and could facilitate juvenile
feeding on mucous and skin cells. The genes identified helredad trypsins, proteases and
protease inhibitors, which have been found previoush. ifoliaceusand other blood feeding
parasitegFrancischettet al.2009; Robinsomet al.2009; Tirloniet al.2015; Xavieret al.2019;
AmbuAli et al. 2020) Furtherconfirmation of these proteins through functional assays could
aid development of compounds to mitigate parasite feeding impact or improve host defence
against feeding. Numerous putative feeding genes also had significant rhythms suggesting
temporal pattars to feeding, with their expression generally highest at Z4R2@efore lights

on. This may be due t&. foliaceusfeeding at this time, or in preparation of host protective
immune response (inflammation) which triggers at onset of the light p@viodtero et al.

2019; Ellisonet al. 2021)

Chronotherapies- timed treatments based on hpsatrasite immune rhythms and
targeting/disruption of key processeshold great potential for parasite control. Heke
foliaceusrhythmic immune expression (including functional enrichment related to haemocyte
degranulationlectin, and Toltike receptor gene§;heopoldet al. 2004; Viswambari Devet

al. 2010; Lin and Sdderhall 2011; Watthanasurabgl. 2011; Grigorian and Haehstein
2013)was predominantly highest at ZT4 (4 h after lights on). Mounting an immune response
requires a high energetic cost, as such it is beneficial for organisms to time expression to when
it is most requiredDemaset al. 1997) Response to strepsaked at ZT12 when lights turned

off, potentially in preparation of host adaptive responses and wound repair which increase in
activity during dark period¢Ellison et al. 2021) Intriguingly, genes related to crustacean
parasite drug targets also showdadly rhythmicity. For example, acetylcholinesterase genes

(a target of organophosphate treatments for seaAicpylus spp. and other parasites) peak
mainly at/around ZTO (lights turn on). Timed treatment could therefore improve efficacy,
especially considering rising resistance concgkagnet al.2015; AgustiRidauraet al.2018)

This has been proven previously fdyghosate treatment of weeds where application time had

a higher impact than dosage on confMulugeta and Boerboom 2000hitinases are the

only drug group currently not facing resistarié@enet al. 2015; Mackeret al. 2015) they

control fish lice ly targeting developmer{Eichneret al. 2015) Chitinases are ineffective

against adult sea lice as moulting stops upon reaching adulthood, convagpdlys spp.
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continue to moult even as adults making them ideal targets. Mer@liaceuschitin
developnent genes were highly rhythmic in their expression with activity at ZT4g#eln

lights on), comparable to chitin synthesis in krill which occurred @ h post lights on
(Biscontinet al.2019) Due to the presence of some chitin development genesexhemning
differences between the start/end ZTO time points, it is advised that further investigation into
chitin development rhythmicity over a longer time period is conducted prior to testing of timed

chitinasetreatment to confirm period length gfowth-related rhythmicity.

Parasites are ofteaverlookedwith regard to examining rhythmical processes in favour of their
hosts, despite the potential in exploiting parasite rhythms to improve control. Here, gene
expression related to numerous key psses including immune responses, chitin development
and feeding were found to be significantly rhythmic in their expression ovériglatycycles.

While further functional assays to confirm gene function are required, this work provides a
baseline for rhytmical patterns within louse gene expression and showcases the potential for
chronotherapy. Going forward this will aid reduction of drug use in aquaculture without

compromising impact, improving fiskelfare,and mitigating economic loss.
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Chapter 6
Towards integrated fisheries management: low cost and efficient self

assessment monitoring and control tool for louse infections

6.1 Abstract

Fish lice are one of the largest economic costs to fisheries, responsible for fish condition loss,
mortality, and decrease in fishery performance. Despite decades of research fish lice remain
problematic, with monitoring limited to host observations and chemotherapeutant control
linked to drug resistance. Freshwater systems face even greater threatsthme systems,

with environmental concerns and practical/legal constraints preventing standard chemical
control. There is interest in employing integrated management strategies combining techniques
to prevent, monitor and reduce infections, but appatgriools and application are lacking.
Thus, there is a need to develop new and alternative methods for tackling fish lice infections.
Here, novel substrates exploiting the egg laying behaviour of freshwatekigréy(sspp.) are
assessed over successyears in still water trout fisheries with varying management styles.
Eggs ofArgulus foliaceusvere collected from substrates without disrupting fishery function,
providing estimations of population size and seasonal variation in reproduktitoliacels

mostly displayed two annual peaks in reproduction, likely tied to two separate generations.
Removal of eggs from substrates also led to a reduction in eggs collected the following year,
suggesting substrates may function as a control method to redsespopulation. As egg
substrates function alongside other management methods, they are ideal for integrated

strategies offeng a low cost, simplistic methoof parasite monitoring and egg remaval

6.2 Introduction

Monitoring and control of parasites differs across habitats, but generally fewer ogtéons
available for aquatisystemscompared to terrestrial ecosystems (Bugkal. 1997; Liet al.

2002; OIE 2009). This is due to difficulties in accessing habibatsaimpling, a lack of research
impeding identificationand increased environmental concerns regarding unfocused treatment
applications (Bain and Stevenson 1999; Deaal. 2004; Kamelet al. 2021). As suchmany
parasites persist in aquaculture with opetrasitic fish lice one of the most notorious.
Problematic infections of fish lice are rampant in both freshwater fisheries (Beguisi9

and marine aquaculture (GenéepeophtheiruandCaligus. Fish lice attach to hosts and feed

on skin, muous, andblood causingextensive mechanical damage to external host tissues
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(Grestyet al. 1993; Walkeret al.2004; Walkeret al.2011; AmbuAliet al. 2020). This results

in host behavioural changetrestlessness and aggravated movements followed by listlessness
(Walkeret al.2004; Tayloret al. 2005b; Forlenzat al. 2008). Secondary infections are also
common as host susceptibility is increased and other pathogens gain direct access to tissue
(Shimuraet al. 1983; Ahne 1985; Singhat al. 1990; Nylundet al. 1993; Shameenet al.

2021). Direct losses are incurred from fish mortalityh indirect losses from reduced fish
condition. Fish louse infections have remained a source of severe econ@mudoshe last
century (Wilson 1902; Costello 2009), thus new and improved monitoring and control

methodologies are required.

Monitoring of fish lice is mainly achieved via fish captures followed by lice counts on host.
This methodology is subject to errdue to the aggregated distribution of lice in host
populations, with fish subjected to stress during capture and examination (affecting fish health;
Murray 2002; Bandilleet al. 2005; Coxet al. 2017). For sea lice, lighiaited traps can be
deployed tocollect lice independent of fish captures (Novales Flamaragus. 2009), with

drones that sense lice on hosts (and subsequently treat them using lasers) being tested in
Norwegian and Scottish fish farms (Dumiak 2017). For freshwatgilusspp. no akrnative
methods are currently available to monitor lice, however collection of eggs is possible by
deploying removable egg laying substrates. This is due to a key difference in life cycle between
marine sea lice and freshwategulusspp.- sea lice cag eggs on their bodies in strings which
hatchin situ while Argulusspp. must leave their host and lay eggs onto a suitable surface.
Collection of eggs allows an estimation of parasite population size and dynamics through
examination of reproductive outpGault et al. 2002; Tayloret al. 2009a). Previous
implementation of this method resulted in significantly higher estimates of breeding female
lice population compared to fish captures (up to 37,956 individual female lice vs 15,875). The
estimate from egdépying substrates was considered more accurate as heavily infected hosts

were missed during fish captures (Gaailal. 2002).

Fish lice infections are usually treated and controlled using-lblasgd methods, with
pyrethrins and pyrethroids, organophasmus compounds, chitisynthesis inhibitors and
avermectins all used to treat sea lice infections (Gehed. 2004; Aaeret al. 2015).Argulus

spp. infections can be treated using many of the same products @byv2004; Hakalahti

et al.2008); however application can often be difficult due to practicality, legality, and efficacy

issues, such that there are no legal chemical treatments availaBlgditus spp. within the
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UK. Rising drug resistance is also a concern and has led to geaxto and implementation

of alternative control methods (Aaeet al. 2015). For Argulus spp., these include
draining/fallowing of lakes (usually accompanied by liming), stocking/management methods
to increase stock turnover and culling of infected fishkéHzhti et al. 2008; Tayloret al.
2005b). Draining/fallowing is often used as a last resort since this method is highly intensive,
has significant environmental impact and despite general public perception, does not guarantee
eradication (Hakalahtet al. 2004; Tayloret al. 2006; Ricoet al. 2012). Management
techniques (stocking/culling) can help reduce the impact of infection, but due to the unique
features of each fishery they can be difficult to apply effectively (Talat.2005a, b). As an
alterrative, egg laying substates used to collect eggs for monitoring may also work as a control
method- destruction of eggs laid on substates could reduce parasite population size by
decreasing the next generation of parasites. In 1999, &aall{(2002) renoved 228,000 egg
strings from a UK trout fishery, with egg captures the following year drastically lowered (only
1566 strings collected).

Considering the potential for egg laying substrates in both monitoring and contfolijuigis

spp. infections, futter testing should be conducted to ascertain feasibility and efficacy across

a range of fisheries with varying infection levels and management. Egg laying substates work
by offering a preferable egg laying location for adult female lice (hard, dark sinfiaast
preferable; Hakalahét al.2004b; Sahoet al.2013b) to reduce laying elsewhere in the fishery

and maximise egg collectioArgulusspp. can free swim throughout their life cycle and gravid
females must leave their host to find a suitable sulestrawhich to lay their eggs (Walker

al. 2004). Eggs are attached to surfaces using a gelatinous cement (Hoffman 1977) and laid in
Astringso which can c¢ont ai-andinteaspscifid varialityyn dr e d s
Hakalahtiet al. 2004).Females can lay multiple strings in succession and although mortality

is possible during/after laying, they can survive, return to host, and become gravid again
(Hakalahtiet al. 2004). As substrates passively capture eggs, they do not impede fishery use
and can be implemented alongside other measure such as stocking techniques, making them
viable for use in integrated management systems. Previous substrate designs have shown
promise, but are labour intensive, not installation/user friendly and may reterfidn angler

activity or other water users (e.g. boating; Taybal.2005b).

Having identified freshwater coarse fisheries with a kn@wgulus problem, five fisheries

each with a different management strategy trialled novel egg laying substratesaessive
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years. Ultimately, such data can inform installation of egg laying substrates as a monitoring
tool and component of an integrated louse management strategy.

6.3 Methods

Site selection

Five still water trout fisheries in mid to southern England (figut¢ experiencing problematic
Argulusspp. infections installed novel egg laying substrates in-201'8.Management level

of each fishery was defined by the Environment Agency follovesggssment of each site
regarding monitoring, fish stockingnd maintenance protocols. Baseline management levels
need to be defined when assessing trap efficagyaasagement caaffect trap implementation,
monitoring,and useEach of the five fisherieweresampled for 1 to 4 years (sedble6.1). In
Fishery A drain and lime treatment was previously applied however it was unsuccessful
leading to the fishery seeking alternative control measunsgalling traps 1 year after
treatment (Wijeyaratne and Gunawardene 1988). Maximum air temperature was obtained for
each sampling date for each fishery using the Ha@Jid gridded dataset at 1 km resolution
(Hollis et al. 2019). Air temperature was takefor consistencyas water temperature was not
available for all dates/fisherieall five fisheries were host té. foliaceusinfections (the most

common UK species) identified via morphological examination (Fryer 1982).

Figure 6.1

Fishery sites in England with
known Argulus foliaceus
infections sampled during this
study, designated by county.
A = Leicestershirel-ishery A

B = Norfolk, Fishery B.
Fishery. C = Oxfordshire,
FisheryC. D = Hertfordshire,
Fishery D.E = Hampshire,
Fishey E. Map created using

mapchart.net
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Trap designjnstallation,and egg string recording

Plastic drainage pipes (1m length x 110mm diameter) were positioned in the lakes vertically
as egg laying substrates, with a black colour selected déegtdus spp. preferring dark
coloured substrates for egg deposition (Hakalahtl. 2004b). These pe substrates were

fitted over agricultural wood steaks (fence posts, 1.8 m length x 75 mm diameter) that had been
driven until stable into the bed at the perimeter of each water body (6@)rd he substrates

were submerged to a depth of 1 m to all@syeaccess by fisheries using waders without need

of a boat. AdditionallyA. foliaceuspreferentially lay eggs withing the top 1m of the water
column (Harrisoret al. 2007). At biweekly intervals, the substrates were either raised above
water using a pegnd chain method (figuré.2) or by lifted off the posts by hand to allow
counting of eggs followed by desiccation (100% egg mortality after 48 h drying; Haletlahti

al. 2008) and mechanical removal of eggs from the substrate. This style of egg layehgetr
ensures anglerds casts are not impeded, a co
hang in the water body (Taylet al. 2005b). Substrate material cost was as follows: wood
steaks £3.42 each (Jacksdrencing, 2018), 1m*110mm black bgpiping £5.98 each
(Screwfix, 2018) and peg and chain £0.35 each (Homebase, 2018) resulting in a total cost of
£9.75 per substrate. The number of substrates installed per site varied frdf (i8ble6.1).

For Fishery C in 2017 and 2020 when egg stnagbers were high, maximum numbers were

recorded as >300 egg strings, and counts were taken as 300 for analyses.

Egg and invertebrate identification

Fishery owners were shown how to morphologically recogarggilus spp. egg strings on
substrates by the Environment Agency for recording. For Fishery B, presence of other
invertebrates and eggs attached to the substrates was also recorded. As such wseneple
collected by the Environment Agency and sent to Cardiff University for identification using
molecular analysis. Invertebrate species were identified by extracting DNA from eggs collected

by the fishery using a QIAGEN DNeasy Blood & Tissue Kit. Kistructions were followed

with exception of eggs fragmented before digestion using a sterile eppendorf pestle with
subsequent overnight digestion of samples. DNA was then amplified using general invertebrate
primers described in Folmet al.(1994) with a totalPCRmixturev ol ume of 30 ¢l ¢
3 ¢l DNA, 1 ¢l of each primer (forward and r
2x Multiplex PCR Master Mix ifcluding HotStarTaq DNA Polymerase5 units/pl
concentr at i outlpasdreawater. AIPCR vak them €onductedth the following

conditions: initial denaturation at 95 °C for 15 min, 35 cycles of denaturation at 94 °C for 30
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s, annealing at 49 °C for 40 s, extension at 72 °C for 1 min, and final extension at 72 °C for 10
min (Khanet al. 2016).Following amplification samples were sent to Eurofins Genomics for
sequencing and genus confirmed via BLAST search.

Environmental variables

For Fishery A, B, C and D, an acoustic mapping survey was performed using a Lowrance Elite
Ti7 echosounder and processed using BioBaile lake bottom substrate hardness categorised
into 5 groups (soft, lower mediumedium,upper medium, hard) beneath each egg laying
substrate. At Fishery E, oxygen and water clarity were recorded at each egduwoug2017.

O2 (ppm) was recorded using an electronic meter and turbidity (cm) was measured using the
Secchi disk method. At Fishery E, egg laying substrate specific variables were also collected,
namely: surrounding silt/gravel (percent coverage ovenaradius from substrate), angle of
slope (if present), distance from bank and presence of cold water (spring), root structures,
wooden structures, and submerged plastic (such as standpipes). For Fishery B, aquatic
macrophyte presence (submerged weedesnergent reed) around each egg laying substrate

was recorded.
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Figure 6.2 Substrates in use at Fishery E. Egg laying substrate raised above water level for
inspection (left), peg and chain holding the pipe in place on the stake is visible at the water
surface.Argulusfoliaceuseggs covering a substrate (right). Photographs by Conor Harvey,
2018.

77



Table 6.1 Summary of fishery characteristics of still water trout fisheries across England using
Argulusegg substrates. BioBase = topography analysis coeditietassess substrate hardness

across the fishery.

Variable Fishery A Fishery B Fishery C Fishery D Fishery E
Lake surface area @n 5,994 10,0370 8,7801 9,918 6,405
Management level Low High High Low Medium
Date substrates installed| 09/06/2017 |17/04/2018 |19/05/2017 |05/05/2017 |21/06/2017
Number of substrates |12 40 28 10 20

Egg laying substraf2.82 9.4 7.05 2.35 4.7

surface area (fh

Egg laying substrate 10.05 0.01 0.01 0.02 0.07

Lake ratio (%)

Data collected 2017-2018 |2018 2017-2020 |2017-2018 |2017-2018
BioBase Yes Yes Yes Yes No

Statistical analysis

All statistical analyses were conducted using R statistical software (v4.0.3; R Core Team 2020)

with the |l evel of significance in a3lJwagt est s
used to construct gener al gahetal lineavnaxedmwdels | s ( C
(Batesetal.l2 014), dl eafl eto used to create maps an.

2009). All models were refined through stepwise deletion of insignificant terms and

comparisons of residual plots, Akaike infornaaticriterion, and for GAMs-ndex.

For all fisheries, impact of date and egg laying substrate ID on number of egg strings recorded
was examined using a negative binomial GAM with log link function. All models used a thin
plate regression spline to smodkie date variable, except for Fishery B data which used an
adaptive smoother instead. For Fisheries A, C, D and E, the impact of sample year on egg string
collection was also examined. For Fishery B egg laying substrate aquatic macrophyte presence
and atachment of other invertebrates were included to assess their potential impegtios

egg strings. Changes in individual substrate use over time were examined for each fishery and
sample year using a Ghguared test with simulatedvalues (based on R0 replicates) due

to low counts (<5 observations). Dates containing zero egg string counts were removed

78



(recordings at the start/end of the year when it was too cold for laying, thus all substrates had
0 captures) alongside substrate IDs with no obsemnstti

Post hocanal ysi s with éalnieBd)awas condyctS8deam redcte model to
examine contrasts between substrates (and for Fishery C, sample year). Additional data
collected at Fishery E during 2017 allowed examination of whether egg laybsjrate

specific variables (surrounding silt/gravel, angle of slope, distance from bank and presence of
cold water, weeds, root structures, wooden structures, and submerged plastic) affected total
Argulusegg strings collected using a negative binomialegalised linear model (GisedLM)

with log link function. Dynamics of other invertebrates was assessed at Fishery B by comparing
invertebrate presence on substrates (yes/no) to date, substrate ID and weed and reed presence
using binomial GisedLMs with logitnk function for snails, leeches, and red mite eggs, and
probit link function for snail eggs and caddis fly larvae.

A gamma GisedLM with inverse link function was used to assess the impact of substrate
hardness and bank direction on percenArgjulus egg strings captured at each fishery. A
general linear model (GLM) with gaussian family and identity link function was used to
examine overall impact of maximum air temperature on percemirgdilus egg strings

collected.

6.4 Results

In total 238,817 eggtrings were removed from fisheries in this study, equivalent to over 12.4
million eggs (assuming average number of eggs per string = 52, calculated from Cardiff
University A. foliaceuslab cultures). Following the calculation used in Gaailal. (2002)
wherein femaléA. foliaceuslay an average of 6 strings over their lifetime (Pastegtai,

2000) adult female population size was calculated for all fishevigs the lowest population

size 40 individuals for Fishery D in year 2 and the highest Zlij88viduals for Fishery E in

year 1 (figureb.3).

For all fisheries with 2+ years of observation (Fisheries A, C, D and E), signifitesgggs

were collected in ye&comparedtoyedr( p<0. 001 %f by =al 6%Q)=#%73;6D: s
E: %1} = 43.32, GAM) indicating a reduction inA. foliaceus population post trap
implementation In fisheries A and D, a decrease of 86 and 75% respectively was observed,

while fisheries C and E experienced a lower decrease of 43 and 36% respectively.djable
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This difference may bénked to Argulus population size, as fisheries A andhad smaller

populationsompared to fisheries C and E (28 times higher number of egg strings collected

in fisheries C and E For Fishery C, year 1 hdte highest eqy capturesacross 4 yearef

collecting with the lowest counts in year 3 (year 1 comparisonatia = 8.061- 12.120,
p<0.001 for all, year 3 comparisongatio = 6.191- 12.120, p<0.001 for all, GAM). There
was no significant difference in the numlodéregg strings captured in year 2 vs year 4 (table

6.2).

Estimated Female A. foliaceus Population Size

12000

Year

B 2017
M 2018
2019

2000 1 2020

6000
3000 1 I
0 i ]

|

Fishery A Fishery B Fishery C FisheryD FisheryE

6.3 Estimated
(total

number of individuals) of

Figure
population  size
reproducing adult female
Argulus foliaceus within

still water trout fisheries,
based on total number of

€99
(assuming 6 strings laid by

strings  collected

females on average, table
6.2).

Table 6.2 Summary of data collected from still water trout fisheries across England using

Argulusegg substrates.

Data Fishery A |Fishery B |Fishery C |Fishery D |Fishery E
Number of egg string peaks/year [1-2 2 1-2 1 2

Total strings collected 1641 21098 103019 1207 111852
Strings collected in Year 1 (2017) |1442 NA 40730 967 68021
Strings collected in Year 2 (2018) |199 21098 23370 240 43831
Strings collected in Year 3 (2019) |NA NA 16922 NA NA
Strings collected in Year 4 (2020) |NA NA 21997 NA NA
Decrease in strings (YearXear 2) |86% NA 43% 75% 36%
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For each fishery, the numberAfgulusegg strings laid on the substrates showed a significant
nonlinear pattern over time (figure 4, with one or two peaks per year (p<0.001 for all,
FisheryA:2=6 333, edf?2==123357edBs =4829,64edfG:= 636. ¢
447.6, edf2=1E501e8f=B®5 GAM). Fos Fishery A two peaks occurred in year

1, however for year 2 the data ended in July after one peak thus it mwmKrfurther peaks
occurred. Fishery B had only one year of sampling in which two distinct peaks occurred.
Fisheries D and E consistently had one or two peaks per year respectively, while Fishery C
showed variation across 4 years of sampling. For fiskexith two clear annual peaks, the
trough between peaks occurred between J@lygust (except for Fishery E in year 1 with a
later trough from August September). These egg laying troughs did not correlate with
temperature, but across all fisheries @aging temperature lead to significant increases in
Argulusegg strings (value = 4.609, df = 130, p<0.001, GLM).

Individual substrates within a fishery significantly varied in their captures between each other
(figure 6.5 , p<0.001 fof(1dl)!l ,= RABI9Yriy= ML 7@8) 49 9 ; C:
612. 564 9)D: = 6 1 3%19)0-0 154.76,: GAM), over time (p<0.001 for all
fisheries/comparisons, Gkuared tests, figu@6), and between sample year (p<0.001 for all

fisheries/comparisons, except for Fishery A where p = 0.002s@ltared tests).
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Figure 6.4 Average number oArgulusfoliaceusegg strings collected in each still water trout
fishery over a year. Sampling years 4 = 2017- 2020. Letter IDs of graphs refer to the
fisheries as referenced in text with Fishery C split into 2 graphs to improve visualisatioa of dat
(C1=2017 and 2018, C2 =2019 and 2020). Legend in graph B applies to all plots. Temperature
is maximum air temperature, for C2 data is not yet available for 2020. Error bars represent 95%

confidence intervals.
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Figure 6.5 Map of each fishery showing percentagajulusfoliaceusegg strings captured
(indicated by blue circle size) for each identified egg laying substrate over the entire sampling
period. A = 2017 2018, B = 2018, C = 20172020, D = 2017 2018 and E =@17- 2018.

Letter IDs of graphs refer to the fisheries as referenced in text. Maps created with the leaflet R

package using map tiles CartoDB positron (maps B, C and E) and Esri World Topographic

Map (maps A and D).
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Figure 6.6 Stacked percent bar chattowing change iArgulusfoliaceusegg captures across

time from individual substrates used within still water trout fisheries. Letter IDs of graphs refer
to the fisheries as referenced in text. For all fisheries data displayed is from 2018. Legend
applies to all graphs, substrates with lighter/peach bars collected more eggs early in the year,

while substrates with darker bars collected more eggs later in the year.
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The environment around substrates influenced the numbArgeflus egg strings laid. In
Fishery B, a lack of reeds and weeds around substrates resulted in significantly higher egg
capture¥l)reed0. 45, ¥p =394 =0 IGAM;wltheugh:for weeeds

the result was close to nagnificance). In Fishery E, weeds did mopact egg captures, nor

did roots, slope angle, distance from bank or presence of plastic/wood structures. Silt and gravel
presence however had a significant impact, with silt around substrates negatively impacting
egg captures and gravel positively impag egg captures {zalue =-3.14, p = 0.002,
GisedLM). For all fisheries with BioBase analyses, substrate hardness beneath egg laying
substrates and bank direction had no impact on egg string collection.

For fishery B, five other invertebrates werentifed on egg laying substrates alongside
Arguluseggs: red mite eggkjmnesiaandEylaisspp., caddis fly larvae, snails, snail eggs and
leechesErpobdellaandHelobdellaspp.). Presence of these invertebrates on substrates did not
impactA. foliaceusegg captures. These invertebrates were also significantly influenced by date
(red mite eggstikelihood ratiotest LRT) valuép = 8.41/0.004, caddis fly larvae: LRT/p =
45.23/<0.001, snails: LRT/p = 5.33/0.02, snail eggs: LRT133.85/<0.001, leeches: LRT/p

= 10.47/<0.001, GisedLM). Red mite eggs were positively affected by presence of weeds and
reeds (LRT = 11.59 and 21.24 respectively, p<0.001 for both, GisedLM) and differed
significantly with substrate ID (LRT = 55.20, p = 0,@isedLM). Caddis fly larvae presence
was also positively impacted by reed presence (LRT = 10.85, p<0.001, GisedLM), while snails
were positively affected by weed presence (LRT = 10.99, p<0.001, GisedLM).

6.5 Discussion

The management, monitoring anchtol of lice in freshwater systems remains challenging,
despite efforts spanning the last 2 decades. Here, installation of egg laying substrates across
five fisheries with known problems associated whitloliaceusinfection provided a cheap and
efficient means of assessing parasite reproductive output in real time. One year after installation
of the substrates, th&. foliaceuspopulations were reduced as evidenced by fewer collected
egg strings. Our data, together with willingness of fishery managersttl these newly
designed substrates, suggests that they will provide a useful integrated management tool across

a range of management conditions.
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A. foliaceusegg laying varies spatially and temporally; here displaying strong seasonal
variation in feundity, in line with previous studies (tal®8). Temperature is the primary
driver of Argulusspp. egg laying (Hakalahet al.2006; Harrisoret al.2006) and dictates the
length of the reproductive season (Ma@ctober for these UK fisheries). Betwedune and
September, two annual peaks in egg laying occurred in 4 out of 5 fisheries (despite consistent

suitable egg laying temperatures throughout this summer period), likely arising from two

separate generationsAffoliaceusThis is supported by prvious observations ofdainnualA.

foliaceusgenerations in UK fisheries (Gaeit al.2002; Tayloret al. 2009a).

Table 6.3 Argulus foliaceuslynamics in fisheries as recorded in literature.

Data Location Sample dates | Host / substrate | Results Reference
Louse Lithuania | Jun- Aug Peled Linear increase in lous| Gi | i u
number numbers et al.2012
May - Aug Pike, Peled, Pike| Two peaks
Perch, Vimba,
Bream
Turkey May - Jan Bleak One large peak Koyun
May - Jan Crucian and Two small peaks 2011
Golden Carp
Finland Feb- Nov Perch, Roach an| Two peaks: first larval an( Pasternak
Brown Trout second adults. Adult femal et al.2000
numbers varied Jup&ugust.
UK Jun- Dec, Jan| Rainbow Trout Two peaks in onefishery, | Taylor et
- May single peak in three fisheries| al. 2009a
Egg UK Jun- Dec, Jan| Grey foamPVC | One peak in three fisherie| Taylor et
laying - May boards indistinct/potentially two| al. 2009a
peaks in two fisheries
Northern | Apr - Nov Corrugated One peak in site 1 (only tw| Harrisonet
Ireland polypropylene timepoints available for site 24 al. 2006
boards
Northern | Apr - Oct Corrugated One peak in 1999 (high eg Gaultet al.
Ireland polypropylene numbers), three peaks in 20( 2002
boards (low eggnumbers)

If peaks in egg laying are tied to individual generations, then the trough between the first and

second peak is likely caused by lice mortality. This is becargdusspp. continually produce
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eggs and can have multiple clogs assuming appropriate mate availability and temperatures
(Stewartet al.2017).Argulusspp. have an estimated lifespan of up to 1 year (wild populations,
Shafir and Oldewage 1992; laboratory cultures at 14 °C, personal observations), as such
overwinteed adults would be reaching the end of their life expectancy during the firs@peak.
foliaceuscan also die from predation upon leaving their hosts (necessary to lay eggs, Kearn
2004; Bandillaet al. 2008) and natural mortality during/post laying (Hakal@htal. 2004a).
Additionally for these UK based fisheries, the hottest months result in higher fish mortalities,
altering availability of hosts and potentially impacting louse populations. Telddr(2009b)

also noted that the presence of overwintering adults could impact subsequent numbers of
generations it is possible that Fishery D, the only fishery here with a single peak each year,
lacked overwintered adults and hence had no egg layinduire despite appropriate
temperatures. This could have been driven by the management approaches implemented in this
fishery (one large stocking, low stock turnover and high availability of unmanaged alternative
egg laying substrates). Regardless of the memof generations a fishery experiences,
understanding the dynamics of an individual fishery is key for fishery owners to manage louse

infections through proactive application of control methods.

Egg laying substrates show potential as a control method with egg captures significantly
reduced in all fisheries in subsequent years following substrate installation and use. Such
substrates will not remove all eggs in a fishery as female lice will ey ¢éggs on a wide
variety of substrates (Sahebal.2013b). Thus, a small population will always subsist, hatched
from eggs laid elsewhere in the fishery. Where we were able to collect 4 years of data and
assess longderm substrate usage, egg captalesost halved in the second year compared to

the first year (from 40,730 to 23,370 egg strings collected, 43% drop). In subsequent years
however the number of egg strings collected remained stable, likely due to this subsisting
population. It should aldoe noted that egg collection in 2020 (year 4) could have been affected
by the worldwide Covidl9 pandemic, by restricting fishery owner ability to monitor substrates.
Few control treatments are 100% effective; even the comprehensive and expensive lime and
drain treatment does not guarantee eradication (Tagtlal. 2005). Egg laying substrate
installation was significantly cheaper and more sustainable than application of chemicals or
draining/fallowing of lakes and allowed fisheries to remain operatibnalighout. The aim of

this approach is to reduce lice numbers below problem levels rather than complete eradication.

For this, an understanding of how many substrates need to be deployed when implemented
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alongside other management strategies is requirpcet@nt economic loss and improve the
efficacy ofArgulusspp. monitoring and control (Hakalabktial.2008; McPhersoast al.2012).

The impact of egg laying substrates is dependent on their attractiveness to both lice and fish as
Argulusspp. are depetent on their host for food and likely move around a fishery on their fish
hosts, using their freewimming capabilities over shorter distances to switch hosts or lay eggs.
Substrate positioning is therefore key to ensure suitable environmental parasiiepgesyents
Argulusspp. from laying (Tayloet al.2009a; Sahoet al.2013b; current study) thus choosing

silt free areas should increase substrate use. The impact of adjacent plants such as weeds and
reeds varies between fisheries and may dependeyalbfishery composition or fish behaviour.
Nontarget invertebrates, including red mites, leeches, snails, and caddis fly larvae, were also
found on the egg laying substrates. While they did not affect substrate use by lice, all of these
organisms coniipute to the ecosystem of a fishery (Macadam and Stockan 2015; €bbHier

2016), thus care needs to be taken regarding the removal of these organisms alongside target
Argulusspp. eggs. Presence of these other organisms on substrates did allowriatioinse

of their seasonality, meaning these substrates could be used to monitor other organisms that

utilise hard surfaces in their life cycle.

There is a growing need for sustainable @mrasive, norchemical) tools that can be used in
integrated managment systems to reduce and control pests. To be viable in an integrated
system, new methods or tools need to provide a service and be suitable alongside other
treatment optionsGenetic diagnostics (e.g. assessment of environmental DNA for species
presene/prevalence) offer great potential for quick and comprehensive infection identification
and monitoring, but still face limitations in the form of accuracy and development of systems
for widespreadise(Harperet al. 2019. Here eggaying substrates weiguick and simple to

install at all sites, extremely cesftfective (<£10 per trap), ngoolluting and did not hinder
fishery use, with maintenance required only during the louse reproductive season. These
substrates offer great potential as a monitoring fesheries can actively see the extent of their
Argulus problem and how it changes across the year, allowing proactive adjustments to
stocking or other management interventions. There is also potential for the substrates to be
useful as a control methadd their own right, as egg captures were significantly lower in
subsequent years post substrate implementation. Stocking practices can continue with the
substrates in place, allowing development of integrated management strategies in angling

fisheries wihout reliance on draining/fallowing or chemical application. For farms or other
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systems where chemical application is available, use of substrates may be particularly effective
alongside treatments that only target the lice themselves and have no impggsdsauch as
the organophosphate Diptrex 80; Taybral.2005b).

Despite the promising results from this studyccessful utilisation of these substrates requires
appropriate managemeiSubstratesnust be monitored regularlyith good estimates of egg
captures to provide the necessary resolution for examination of population changes. If
monitoring (and subsequent egg removal) is stopped, eggs substrates could instead promote
Arguluspopulations though provision of appropriagg laying surfaces. Optimisation of this
approach will likely take several years of use within a fishery post implementation; thus egg
laying substrates are an investment to be used alongside other management strategies. While
optimisation still requireurther research, egg laying substrates are a viable optidmngalus

spp. management and could become a-dost, standard tool for integrated parasite

management strategies.
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Chapter 7
An updated guide to the Branchiura in Britain: The threat of Argulus

mongolianus

7.1 Abstract

Parasitic invasions have previously been responsible for widespread impacts to human/animal
health and subsequent economic loss. Introduction of parasites is facilitated by difficulties in
identifying infections, with screening of aquatic organisms corafdit by challenges in
handling, contamination of travel water/substrate and a lack of information compared to
terrestrial organisms. Recent mortalities within a UK carp fishery led to the discovery of an
unknown species dArgulus identified morphologic$df asA. mongolianusA key outlining a

single female sample was the only descriptive text previously availabke foongolianus

with only one other relevant reference citing mass mortalities of carp in Russia. Here, we depict
male and femaléA. mongolanus and morphologically comparthis speciesdo the three
established UKArgulus species to create a guide allowing future ease of identification. To
compliment the morphological assessment, 3D models were constructedior@CT
scanning to create a mpualatable model of male and female mongolianusand maleA.
japonicus The online genetic database fArgulus spp. was also assessed to ascertain
relationships between species and updated to includecywhrome ¢ oxidase subunit 1
(COI) sequences fokh. mongolianusA. japonicusandA. coregoni This resource will help to
identify A. mongolianusand ascertain its spread throughout the UK, alongside improving
future genetic investigations and species identificatioArglilusspp. This inturn will help

reduce the ongoing introduction Afgulusspp. worldwide.

7.2 Introduction

Introduction of invasive nonative species can lead to disruption of ecosystems with severe
economic loss, negative impacts to human and/or animal health andmma@es extinction
(Anderseret al.2004; Clavero and GareBerthou 2005; Charles and Dukes 2007; Bradshaw
et al.2016) Introduction and establishment of parasitic spexaede dangerous due to native
hosts having no prior experience of the evolutionary arms race with the novel p@takite
2003; Mastitskyet al. 2010; Lymberyet al. 2014) While freeliving organisms must surpass
numerous challenges to establish themsebgside their native rangéiulme et al. 2008)

parasiesface additional barriers due to their dependency on hosts for sutvitralduction
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and establishmenbf parasitesin areas outsid¢heir natural rangethus requires not only
appropriate environnmal factors, but viable host populatidihymberyet al.2014; Dunn and
Hatcher 2015)

Parasite invasions mainly occur through import or invasion of infected host s(damset

al. 2000; Juhasovét al.2016) although accidental importation without the host is possible for
eggs/larvae and frdering stages(Chapmarnet al. 2012; Lymberyet al. 2014) The global

trade of live organisms for hobby and leisure is now considered one of the main invasion routes,
with an extensive variety of species transported (estimated 24% of all terrestrial bird, mammal,
amphibian,and reptile species tradeSchefferset al. 2019)in a multibillion-dollar industry
(Bushet al.2014; Sinclaiet al.2021) Correct identification fospecies is keyo ensuring legal

trade, improvingbiosecurity,and minimising invasion risk€ollins et al. 2013) This is an
ongoing issue; for 20002005 US imports, only 3.8% of aquatic organism shipments were
identified to family level orbelow, with widespread use of broad taxonomic designations
(Smithet al.2008) For parasites, recognition and identification is even more difficult (and in
many cases impossible without clinical investigation) due to theirl§fz&ycle and lack of

research compared to that of fréeing organismgBesanskyet al.2003; Tavarest al.2011)

Identification of aquatic parasites faces further complications due to difficulties in handling
and examining aquatic organisms; removal from water can be ekrstnessful or even
damaging to the organism, and for fista@sthetic is often requiddor accurate evaluatiafi.i

et al. 2002; Mitchell andTully 2016) Additionally, the water used to transport aquatic
organisms and soil of aquatic plamsy harbour parasites that can spread to other tanks if
placed into a recirculating system, or be introduced via spillage and digpiisedd and
Hansen 1990; Rodgeet al. 2011; Assiset al. 2014) Because of thjsiaumerous problematic
aguatic parasites have been introduced worldwide includptftanomyces asta¢cause of
crayfish plaguewith severe mortalities in European crayfish specta®mbodaet al. 2017),
Anguillicoloides crassus(eel swimbladder parasjtecauses mortalities which threaten
European eel populations/culturdsfebvre et al. 2012) Myxobolus cerebralifcause of
whirling diseasg affects wild and cultured salmonjddoffman 1990)and Sphaerothecum
destruengintracellular parasiteesponsible foextinctionof fish populationsAndreouet al.
2012) Introduction of the monogenedByrodactylus salarigo Norway resulted in mass
mortalities of wild Atlantic salmon (>95% fish infecteddome areas), as such infected rivers

were treated by eradicating all fish hosts within the system and restocking with uninfected

91



individuals (Johnsen and Jenser 1991; Sandodden 2@i8foveryand identification of
aguatic parasites outside their natigage is therefore paramount to minimising health impacts
and reducing economic cost through monitoring, recognition of invasion endgsevention

of further spread

In 2019, mortalities within a UK fishery led to the discovery of an unknown species of parasitic
fish louse belonging to the genAsgulus Argulusspp. are ectoparasitic fish lice that cause
direct damage to host fish skin and tissue through attachmehtfemaling, alongside
vectoring/facilitating secondary diseagédine 1985; Walkeet al. 2011b; AmbuAliet al.

2020) There are currently three establis@edulusspp. in the UK: nativé. coregoniandA.
foliaceusand the introduced. japonicus Of theg A. foliaceuss the most common arfl.
japonicusthe least due to its recent introduction (first records in 1B88htonMellor 1992)
although difficulties in distinguishing it frorA. foliaceusmay have led to fewer records due

to missidentification(RushtonMellor and Boxshall 1994; Taylat al. 2005a,b) For genetic
species identification, DNA barcoding systems wherein reference libraries are constructed for
standardised gene regions, are considered a fast, accurate agiflectise tool(Hubert and
Hanner 2015)Cytochrome c oxidase subunit | (C@é&netic marker is considered to be the
primary animal barcode sequen@éebertet al. 2003; Ratnasingham and Hebert 20Ghd

most of the genetic data available fogulusspp. uses this magk The sudden appearance of

an unidentifiedArgulusspecies in the UK provided the basis for the current study, which in
turn led to a review of the existing data on morphological distinction ofAtitlus species
through updating the key produced by Fry£986) and an assessment of the genetic data

available for the genus.

7.3Methods

Collection andspecimerpreparation

In 2019 the UK Environment Agency was alerted to fish mortalities within an undisclosed UK
carp fishery. Upon investigatiomrgulus species were recovered primarily on/in the qgills,
mouth,and head of the fishhost locations not commonly frequented bg three known UK
Argulus species figure 7.1). Lice were collected and placed into ethanol >70% for
morphological assessment and >90% for molecular identification. Further infections have since

been confirmed in multiple fisheries on common carp and kiybirids,roach,and bream.
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Morphological examination

Fewer maleshan females of thenknownArgulusspecies were found on hasts such a total

of 14 females and 5 males were measured for morphological analyses. Using ImageJ version
1.51j8 (Schneideet al. 2012), measurements were taken for total length (from rostral tip of
carapace to caudal end of abdominal lobes), carapacth Iérgm rostral tip of carapace to

end of carapace), carapace width, width and height of carapace protrusion, abdominal lobe
length (taken vertically from point of lobe), abdominal lobe width, abdominal lobe sinus length,
distance between eyes, eye diagnaind first maxillae (suction disc) diameter. All widths and

diameters were taken at the widest point. All measurements from images were calibrated using

a 1/200 mm micrometre scale.

Figure 7.1Live femaleArgulusmongolianuson host common carfC/prinus carpi¢ mouth
(lefy and gill( r i ght) . Note the fAshovel o |i ke carap
Photographs taken by the Environment Agency.

Images were taken of lice samples without stainingldt - x80 magnification using a
Lumenea Infinity 1 cameramounted on a dissecting microscopéh Infinity Capture
software version 6.5.4. Additional images were taken of wet mounted samples in Lactophenol
at x100using a compound microscop®. japonicus(male) and unknowmrgulus species

(male and female) samples were selected for 3D modelling via 1@itrecanning at the

Natural History MuseunfLondor). Samples were stained for 1 week using 1% iodine or 0.3%
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PTA (phosphotungstic acidnd held in place within a 1rBl Eppendorf tube during scanning.
Only maleA. japonicusvere useds a comparisodue to time/budget limitationsnales are

more useful than females Argulus species determination due the speciesspecific male
mating apparatus morphologycanning vas performed using the using the Carl Zeiss Xradia
Versa 520 high resolution mic@T scanner with the following parameters: 40.0 kV, 75.0 pA
and 3.0 W for all samples, 3201 projections and 5.0 s exposure time foA nja@b®nicusand

male unknown samplé601 projections and 7.0 s exposure time for female unknown sample.
Voxel size (threalimensional pixel) was 0.0036, 0.0076 and 0.0085 mm for Mma#ponicus

male unknown sample and female unknown sample respectively. Avizo Software version
2019.1(Wegenberger 2008)as used to render the models, remove the Eppemdanmt,and
visualise the final models. Drishti version 2.7 was then used to generate virtual dissections of

the female samplé.imaye 2012)

Molecular analyses

Individual specimens of unknowhrgulusspecies (N = 2)A. japonicugN = 6), A. coregoni

(N = 7)and A. foliaceugN = 5) from UK fisheries were first examined under a dissecting
microscope in >90% ethanol to confirm sample quality prior to DNA extrachiNA was

extracted from whole tissue samples macerated with a pestle us@b\BEN DNeasy Blood

& Tissue Kitf ol | owi ng manufacturerds instructions.
gene region was selected for analysis as therenare publicly &ailable sequences for this

region fable7.1), reflecting its status as the primary animal barcode seqijeetertet al.

2003; Ratnasingham and Hebert 2007) For al | PCR reactions a t
mi xture was used containing 3 ¢l DNA, 1 ¢l
concentrati on)2xMdtiblexCR Master Rikig#clGddHotStarTagq DNA
Polymerase5 uni t s/ Ol C 0 n ¢ enncteasdreevaien.A 710 ba fragment 6f ¢ | of
DNA was amplified using i Un i v e@Qd anvedtebrate primers LCO1490: -5
GGTCAACAAATCATAAAGATATTGG -3 and HCO2198: 5
TAAACTTCAGGGTGACCAAAAAATCA-3" (Folmer et al. 1994) with the following

conditions: initial denaturation at 9& for 15 min, 35 gcles of denaturation at 94 for 30

s, annealing at 4%9C for 40 s, extension at PZ for 1 min, and final extension at 7€ for 10

min (Khanetal.2016) Fol |l owi ng PCR, 5 ¢l of each PCR ¢
bromophenolblue¢¢ and analysed on a 1% agarose gel
Green | ancelectrophoresedt 90 V for 1 h. The gel was then examined using a GelDoc

Imaging System (UVP). Following visual confirmation of PCR amplicon, samples were sent
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to EurofnsGenomicd or s e q u enudeasdrgew@x ®@rgl 5 ¢l PCR produ
at 10 €M concentration, f o rgenaratel were assessad ¢or s e )
ensure good sequence quality (defined as clear single peaks for each ba&élR setjuences

paired and ends trimmed using BioEdit version 7(R&ll 1999) In total, forward and reverse
sequences were generated from two unknéwgulusspecies, fouA. japonicusand SixA.
coregonispecimensSequences are available@anBankunder accession numbé$841700

-0L841711.

Table 7.1Diversity of Argulusspp. sequences currently available online. ¢y@ochrome ¢
oxidase subunit {COIl), sequences @&. siamensis, A. foliaceus, A. japoniamlA. indicus

were not included due fmoor sequence qualifgee main text).

Region No. of Identified species | No. of Unknown species ID
sequenced |identified unknown
species species
Col 6 A. funduli 14 BACAZ-034
A. appendiculosus BACZP38015
A. stizostethii Arg.G.Fh.LWT.13.1
A. catostomi Ar.Ext.Mc.SEM.2.1
A. longicaudatus Arg.Lg.G.SEM.3.1
A. americanus Arg.Ca.Ext.CHU.1.1
Arg.Ca.Ext.CHU.1.2
A.Ca.Ext.CHU.4.1
ECTCR16214
ECTCR09314
CH756G04
CH759D05
BIOUG19282D03
CH727G02
18S 8 A. bengalensis 3 Argulussp. WBUAFS/A1
A. siamensis Argulussp. Yu2006
A. rhipidiophorus Argulussp. UTOM3
A. foliaceus
A. japonicus
A. coregoni
A. monodi
A. nobilis
28S 3 A. foliaceus 4 Argulussp. Yu2006
A. japonicus Argulussp. OG2001
A. rhipidiophorus Argulussp. JIMM-2003
Argulussp. KS2017
NAD1 1 A. japonicus 0 NA
ND4 1 A. japonicus 0 NA
PPO 1 A. foliaceus 0 NA
COMPLETE |1 A. americanus 0 NA
GENOME
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All Argulus spp. COIl  sequences available online from  GenBank
(https://www.ncbi.nim.nih.gov/genbank/and BOLD (Barcode of life data system v4;

https://boldsystems.orpwere collected together to create a custom database for analyses, with

Dolops bidentata(Branchiura) andLepeophtheirus salmonigCopepoda) included as
outgroups (GenBank accession numbeMT582371.1 and MG936209.1 respectively)
Sequences <300 bp were exa@ddAll sequences were trimmed to an equal length resulting in
a total length of 499 bp for all sequences. The exception to this was unkmgulosspecies
BACZP38015; this sequence was only 403 bp however removal did noresgts,as such

it was ircluded in the final analyses to maximise database diversity. Prior to trimming
sequences ranged from 499 to 658 bp, trimming did not alter tree clustering. BLAST searches
were conducted using Genome Workbench version 8Kuanetsov and Bollin 202 1yith a

word size of 11 and expect value of 0(@Bheeler and Bhagwat 200 lustal X version 2.1
(Larkin et al. 2007)was used to align sequencegh MEGA version 10.2.4Kumar et al.
2018) then used taggenerate avlaximumtLikelihood Tree with 1000bootstrap iteratios)
visualise the tree and calculate pairwise and medistance (proportion of nucleotide sites
that are different) between sequences using default parambieighbourJoining and
Minimum-Evolution trees were also created using théauleé parameters ilMEGA and
showed the same structure/clustering as Ntaimum-Likelihood Tree During analyses,
sequences OA. siamensis, A. foliaceus, A. japoni@ams] A. indicusfrom Khanet al. (2016)

were excluded as they all clustered together and did not group with any other sequences,
suggesting cross contaminatidh. japonicussequences froriiVadehet al. (2010)were also
excluded as they clustered separately from othgaponicusand wee only 1- 7 mutations
different from theA. americanusequence, suggesting midentification or contamination.
After removing these sequences, the database totalled 39 sampleguRi&spp. sequences

(9 known species plus unknown species) and Zoufgspecies samples. All publicly available

sequences used are listedable7.2.

Identification

Morphological identification was achieved through published species descriptions/keys and
comparison to museum samples. During this, 45 specidsgofusfrom the Natural History
Museum (London) collections were assessed, of which none matched the urkiguirs
samples. Molecular analyses could not identify the species due to a lack of genetic information

for Argulus spp, however examination of COI indicated that the species sampled was
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genetically distinct from the previodggulusspp. sequences awale. According to a single
key describinga female sample onlyTokioka 1939) the species was identified #s
mongolianus.No prior molecular data existed féx. mongolianusand internet searching
revealed very little information on the species withyamio mentions in published literature,
one of which being the kegyokioka 1939; Shedket al.2018)

Table 7.2Cytochrome c oxidase subunif@OI) Argulusspp. sequences obtained from BOLD

(Barcode of life data system  v4; https://boldsystems.ory/ GenBank
(https://www.ncbi.nlm.nih.gov/genbank/IDs are also avable for A. americanus
(AY456187.1) and Unknown Species BACAIB4 (MG449868.1). Sequencesfofsiamensis,
A. foliaceus, A. japonicusndA. indicuswere not included due to predetermined issues with

the sequences (see main text).

Species Online ID

A. funduli ECTCR11914
A. appendiculosus 429A-01_COIR
A. appendiculosus 429B_COl

A. stizostethii 507G_COl

A. americanus AY456187

A. catostomi ZOOPS 0119
A. catostomi ZOOPS_0458
A. catostomi ZOOPS_0459
A. catostomi ZOOPS_0455
A. catostomi ZOOPS_0456
A. catostomi ZOOPS_0457
A.longicaudatus ZOOPS_0349
A.longicaudatus ZOOPS_0350
Unknown Species BACAZ-034
Unknown Species BACZP38015

Unknown Species

Arg.G.Fh.LWT.13.1

Unknown Species

Ar.Ext.Mc.SEM.2.1

Unknown Species

Arg.Lg.G.SEM.3.1

Unknown Species

Arg.Ca.Ext.CHU.1.1

Unknown Species

Arg.Ca.Ext.CHU.1.2

Unknown Species

A.Ca.Ext.CHU.4.1

Unknown Species ECTCR16214
Unknown Species ECTCR09314
Unknown Species CH756G04
Unknown Species CH759D05
UnknownSpecies BIOUG19282D03
Unknown Species CH727G02
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7.4Results

Morphological examination

Detailed measurements f&t mongolianusare given intable7.3. Females were on average

just over 1 mm larger than malesith carapaceon average 67% of total parasite length.
Pigmentation is present aorsalside of female and male carapace afwisal sideof male

abdominal lols, framingthe testes(figure 7.2). Compared to otheArgulus species,A.
mongolianushas a rounded circular carapace (especially in large females) versus the typical
Ashieldo | ike shape. The main distinctive
i nclude the 0 sehpootrusionglack of keatral carapace spinules alibee

antennae, large secondary maxillae basal plate fully covered in spinules (strawberry in shape)

and morphology of mating apparatus dfi, 3% and 4" pairs of male swimming legs. The
Ashovel 06 | i ke protrusion is a wunique <charac
Argulusspecies. It is likely related to the lack of ventral carapace spinules titsam@ennae,

as this is also uniqgue among knotrgulusspeciesThe protrusion is more distinct in females

than males, with an fAmo shaped groove Vvisibl

and females of comparable sizes; 8gaeres7.3 and7.4).

Table 7.3Argulusmongolianugneasurements of 14 female and 5 male samples, which had

been preserved in >70% ethanol. All measurements are in mm.

FEMALE MALE

Measurement Average Standard Range Average Standard Range

9 Deviation () 9 9 Deviation () 9
Total length 6.79 191 3.84-10.22 |4.58 0.73 3.56- 5.67
Carapace length {4.70 1.42 2.66-7.48 2.98 0.47 2.32-3.59
Carapace width |4.51 1.45 2.67-7.63 2.68 0.44 2.14-3.28
Carapace | gg 0.13 06-113 (072  [0.12 0.54-0.87
protrusion width
Carapace. 159 0.06 0.08-0.28 |0.18 0.04 0.13-0.21
protrusion height
Abdominallobe |y g1 10 42 1.16-2.54 |1.34  |0.23 1.01-1.71
length
Abdominallobe 1, g5 |65 0.98-291 (098  [0.15 0.76-1.23
width
Abdominal lobe 11 40 136 0.7-2 081  [018 0.52-1.09
sinus length
DISEEE (SENEEN) 6 2 0.18 058-12 |057  [0.09 0.43-0.7
eyes
Eye diameter left [0.20 0.04 0.11-0.29 |0.18 0.01 0.16-0.2
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Egﬁtd'ameter 0.20 0.04 0.11-0.28 [0.17 0.02 0.14-0.19
First maxillary
o 1.07 0.26 0.65-1.57 |0.57 0.06 0.52-0.69
Firstmaxillary -, o, 0.26 0.66-1.54 |0.58 0.06 0.49- 0.68
diameter right

A. mongolianus Female

A. mongolianus Male

Figure 7.2 Dorsal and ventral views of wholergulus mongolianussamples preserved in
>70% ethanol. Images taken of unstained samples at x10 for female and x20 for male using a

dissecting microscope.

Figure 7.3 Comparison of carapace protrusion in female (left) and male (rAyigtilus
mongolianusScale bars equal 100 um, images were taken of lactophenol wet mount samples

at x100 using @ompoundnicroscope by the Environment Agency.
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A. mongolianus Female A. mongolianus Male

‘mm .

Cross Sections

X Y 4 A. japonicus Male
-

Figure 7.43D models ofArgulusspp. created using mic®©T scanning. FOA. mongolianus

1 mm

1 mm

female X axis cross sections were taken: top image ~30% in from rostral tip of carapace
(halfway through the first maxillae/suction discs), middle im&§éothrough thorax, bottom
image ~75%n from rostral tip of carapac¥ axis and Z axis cross sections both taken at 50%
through thorax for their respective planégitelight-colouredovoid shapes cross sections

are eggsn-situin the ovary. Imageare displayed oa white background for clarity, carapace
protrusion and margins are transparent while dorsal ridges, primary maxillae rings and eggs
(light/white coloured areasggre areas of densiesgue.Models are available online as image
stacks (.tiff) A. mongolianusemale:figshare.com/s/fd46a0f9b7db57fa735a

A. mongolianusnale:figshare.com/s/f5aae6725a265086p

A. japonicusmale:figshare.com/s/7e8d5baa39222b9ea5a8
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Updated outline drawings based on Fryer (1986) highlight differences between the established
UK Argulusspecies A. coregonj A. foliaceusandA. japonicu¥ and the newly invading.
mongolianus(figure 7.5). Species identification requires examination of morphological
characteristics; however, host niche can be indicative of té&xaworegoniA. foliaceusandA.
japonicusare typicallyfound along the head, body and fins of the fish (although extreme
infections ofA. foliaceuscan result in colonisation of the mouth too; personal observafions
Williams) while A. mongolianuss mainly found on the head and on/in the gills and maith.
coregoniis reported tagprefer salmonid speciegMikheev et al. 2007) A. foliaceusand A.
japonicusare broad generalists found on all spe¢alker et al. 2004; Kearn 2004)A.
mongolianushas mainly been reported on carp, although roach and bream are also susceptible.
The main morphological distinctions between the established UK speciés amahgolianus

are listed inable7.4 with supporting photographs and morphological comparisofigunes

7.6,7.7 and7.8.

Table 7.4Prominent morphological characteristics for identificatioafulusmongolianus

A. coregonjA. foliaceusandA. japonicus A microscope is required to observe most features.

Anatomical structure | A. coregoni A. foliaceus A. japonicus A. mongolianus
. Yes, isho
Carapace protrusion |None None None .
protrusion

Spinules on ventral
side of carapace above
antennae (refer to
figure 7.6)

Basal plate of
secondary maxillae
(refer to figure 7.6)

Abdominal lobe sinus
length (refer to figure

Yes Yes Yes No

Small oval patch ol Oval patch of Oval patch of Fully covered in
spinules spinules spinules spinules

Approximately half Less than haléf | Approximately halff Almost % of total

7.7 of lobe length lobe length of lobe length lobe length
Abdomlnal lobe shape Pointed tips Extremely rounded S_I|ghtly pointed Rounded tig

(refer to figure 7.7) tips tips

Abdominal lobe Denticulate Denticulate

margins (refer to Smooth margins . . Denticulate marging
figure 7.6) margins margins

Two protruding, |Flatwith slightly

Male 2" swimming leg Curved with small

: rounded knoHike |curved pointed Flat with small

underside of coxa . bump at each end
: bumps, one at eac| protrusion near bump near thorax

(refer to figure 7.8) end of coxa thorax of coxa

rd : H i
Malg 3% swimming leg Small bumps Smooth/no Smooth/no Protru_dlng, rounded
topside of coxa (refer towardsleg bristles| protrusions rotrusions knobrlike bump
to figure 7.8) 9 P P towardsleg bristles
Male 4" swimming leg : .
topside ofcoxa(refer 3:2L2?|nted Rounded clasper 322:)%'?’ peiniEe Dual pointed claspg

to figure 7.8)
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Female Male

A. coregoni

Figure 7.5Updated key oArgulusspecies in the UKA. coregonandA. foliaceudrom Fryer
1986.A. japonicugdorsal female from Fryer 1986, ventral female and male images from author.
A. mongolianusy author. Femal@. coregonidid not have any scale or measurements and
thus were sized to match male coregoni The 1 mm scale bar applies to both dorsal and

ventral images, alArgulusimages with scale are in proportion to each other.
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A. coregoni A foliaceus A. japonicus ~ A. mongolianus

Figure 7.6 Comparisons of key morphologidadifferences betweeArgulusmongolianusand

the three established UKrgulusspeciesA. coregoniA. foliaceusandA. japonicus Top row

shows presence of spinules above antennae for the established UK species which are not
present foA. mongolianusMiddle row shows variation in secondary maxillae basal plate with

A. mongolianugully covered in spinules versus a small pabétspinulesfor the established

UK species. bottom row shows smooth margins of abdominal lobe&. fooregoniwith
denticulate rargins for the other species. All scale bars equal 100 um, images taken of
unstained samples at x6(x80 using a dissecting microscope and lactophenol wet mount

samples at x100 usingcampoundmicroscope.
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A. coregoni  A.foliaceus A. japonicus

@ @l}sopm
'

A. mongolianus

Figure 7.7 Abdominal lobe shape oArgulus foliaceusfemale A. coregonifemale A.
japonicusfemale(left) and male (right)A. mongolianugemale (left) and male (right).obe
tip shape and sinus length (the slit separating the lobes) can be used in speciEsfidenti
First row images are from Fryer (1986), no scale bar provideAl fmrregonandA. japonicus

A. mongolianud mm scale applies to both female and male images.

A. coregoni A. foliaceus A. japonicus A. mongolianus

Figure 7.8 Male breeding appendages df, 39 and 4" swimming legs ofArgulus coregoni
A. foliaceus, A. japonictendA. mongolianusShape and position of protrusionsamxa (base
of appendage) foall three legs should be considered when identifying spe€ies. three
images are from Fry€d986, noscale bar provided.
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Molecular analyses

Based on the 499 bp COI sequence alignment, the 9 kAoyutusspecies clustered separately
from each other with 5 distinct clusters of unknotrgulus species observedigure 7.9).
Across allArgulus spp. sequences there was a meatisance of 0.20, with intraspecies
variation ranging from 0.000.04. The mean-gistance betweeftirgulusspp. and the outgroup
containing Dolops bidentataand Lepeophtheirus salmonisas 0.34. TheA. mongolianus
sequences generated here from two specimens matched exactly (with one sequence 10 bp
longer prior to trimming)A. mongoliauswas closest in relation #®. coregoni(82.9- 83.1%
identity, 97.2% coverage), followed By japonicug81.2- 82.2% identity, 99.6% coverage).

The A. japonicussequences generated also clustered with unkrngualus spp. sequences
CHU 1.1, 1.2 and 4 (samples collected from Chenhu Lake, Hubei, China; native rarige of
japonicug with 96.6- 98.4% identity and 100% coverage. As such, these unknown sequences
from China are now identified as. japonicusAlso, the unknowrArgulus species samples
ECTCR16214 and ECTCR0934 on BOLDwere collected at the same place/time Aas
funduli sample ECTCR1194. These unknown species sequenoedched 98.4 99.8%
identity with 100% coverag® A. funduliand thus can be identified tss species

A. foliaceusis one of the most common and studfegulusspp. Despite this only two COI
sequences were labelled as such on GenBank and BOLD @le#2016) but were likely
mis-identified (see methods above). During this study we were unable to obfairsa@lience

for A. foliaceususing the LCO1490/HC0O2198 primers (Folreeal.1994). The only sequence

we generated from af. foliaceussamplematched taSkrjabillanus tincaea fish nematode

that used\. foliaceusas an intermediate hg$flolnar and Szédly 1998) This, combined with
Andreset al. (2019)being unable to obtaia COIl sequencdor A. flavescensA. americanus
andA. bicolor (the onlyA. americanusCOI available is from whole genome sequenciug,
flavescensand A. bicolor have no COI sequences available online) indicates the standard
Auni ver sal o COI p r i mArgulusspedes, and toA. follaceugheteasb | e f o
at least one mutation in the primer binding region. As suchEtheronmentAgency is

currently developing new COI primers fargulusspecies identification.
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Figure 7.9 MaximumLikelihood Phylogenetic Tree dhrgulusmtDNA Cytochrome Oxidase

| gene @ll 499 bpexceptBACZP380315 which equalled403 bp with bootstrap ratios. All
r name | D were

species with ARHO
from BOLD (Barcode of life data system v#itps://boldsystems.orgkeetable 7.2). A

mongdianusare highlighted with a light blue bo&, japonicuscluster with unknown species
sequences is highlighted with a yellow béx fundulicluster with unknown species sequences
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is highlighted with a dark green box. Scale bar indicates branch length.
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7.5 Discussion

Identification of organisms is reliant on robust morphological and/or molecular data, for which
information on both is lacking for many species within the géugslus Here, we were able

to identify the unknownrArgulus discovered in UK asA. mongolianusvia a single key
documenting onlya female sample due to the unique morphological characteristics of this
species. We have thus improved morphological identificationAofmongolianusby
documenting male and female characteristics, alongside their comparisons to the edtablish
UK species. The molecular databaseAogulushas also been expanded with COI sequences
generated foA. mongolianus, A. coregoandA. japonicus.

Anatomicaly, A. mongolianugs comparable to the established UK species with a few key
distinct traits that enable morphological identification. The full spinule cover of the secondary
maxillae basal plate is easily distinguished from the ovoid patch of spingesrsall the
established UK species. The male mating appendages oi,tB& &nd 4" swimming legs are
considered species specific, likely a mechanism to prevent or reduesggatgiic reproduction
(Reproductive IsolationMasly 2012) The rostral capace protrusiomf A. mongolianus
appears to be unique among knofngulusspecies, accompanied by a lack of spinules on the
ventral carapace above the antennae. Gtlgrlusspecies recorded in the oral cavity and gills

do not possess a similar feat(Wéilson 1902; Roberts 1957; Wang 1961; Shinmeiral. 1983)
suggesting that the protrusion does not play a role in attachment to this area, especially
considering the lack afpinules which normally aid attachment to host. The protrusion also
bears a fAmo shaped ignoteervie males sufjgestr la-spgcificzvh i ¢ h
role. The groove could aid copulation or egg laying (female specific behgyibawever no

othe Argulus species possess female specific mating or egg laying features. Sexually
dimorphic attachment capabilities have been recorded previously for beetles attributed to a
trade off in males to enhance attachment to smooth surfaces such as femaleeshusa,
females which only need to attach to rough plant surf§degyt et al. 2008) Further
examination of the protrusion and its tissue composition is needed to ascertain its function,
although thamicro-CT scanningmodeldoes not show any areas of niissue density in the
protrusion, compared to the higlensity rings of tissue observed in the primary maxillae

suction discs and dorsal carapace ridges.

Creation of 3D models viaicro-CT scanning can enhance species description by providing a
digital dataset that can be manipulated and exam({Beatvet al. 2013; Staalet al. 2018)
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This method of creating a 3D model al so
material, especially important for valuable samg&monsen and Kitching 2014)lere, these

virtual dissections allowed visualisation of eggs within the ovary of the female sample
alongside examination of internal structures. The models also help highlight anatomical
features such as the difference in carapace protrusion between ntefeshales and the shape

of dorsal ridges which can prove difficult to photograph. These models cannot replace
traditional imaging despite being highesolution small details can still be lost (such as the
spinules on underside of carapace/secondarylim@kasal plate) due to micro movements in

the sample during scanning creating blur. Instead, they provide a manipulatable view of the

organism that complements traditional microscope imaging.

Genetically,A. mongolianusnatched closest tA. coregoni and A. japonicuBoth of these
species are found in Asia, with. japonicushative (now introduced worldwide; Rushton
Mellor 1992) andA. coregonia European species, reported in Japan from (98shina 1950;
Nagasawa anduasa 2019)All other known species in the COI genetic database are native to
the USA (Wilson 1902; Wilson 1944; Cressey 197%¥hile COI can be used iArgulus

en:

species identification, the inability to amplify COl forAiguluss peci es ussabot he

LCO1490/HCO2198 primers leaves the current methodology unsuitable for further
investigation. It has been previously noted for other organism groups that the Eblaher
(1994) primers are not truly universal and as such alternative primer paitsdeavdeveloped

for other taxaLohmanet al. 2009; Hamsheet al. 2011) Development ofArgulus specific

COl primers should therefore be priority fatpandinghe genetic database further. In addition,
shorter COI sequences (<300 bp) have been usedsstudbe for species identification of
museum samplgShokrallaet al.2011; Coetzer and Grobler 2018)d thus could be applied

to expand thérgulusgenetic database using samp&sch as from a museurtijat may not
successfully sequence using the fAunArgulesr s al

specific primer pair due to the length of the barcode.

One issue that could arise from developing new COI primewriprlusspp. identification is
the potential for hybridisationHybridisation has not yet been reported within the Genus
Argulus - mixed species infectionare uncommonwith a previous investigation showing
dominance by one speci@rixed species population: 93.586 japonicus 6.5%A. siamensis
Sahooet al. 2012) However, the Environment Agency has colleckadulus spp. samples

from a UK fishery which possessmix of morphological characteristics, matching béth
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foliaceusandA. japonicus It is currently unknown if thessamples are hybrids and genetic
investigation is in progresdf hybridisation is possible, theadditional development of
mitochondrial DNA(MtDNA) markers would be favourable as mtDNA is maternally inherited
(Croninet al. 1991) Previously mtDNA has been used to examine natural hybridisation in
decapod and copepaosi(Imai and Takeda 20Q0%arentet al. 2012. Further,mtDNA can be
used inpopulation genetic analyses area of interest to the Environment Agency considering
the isolated nature okrgulusspp. populations within contained lake systems.

A. mongolianusas not been previously recorded in the UK or Europe, with the only literature
regarding this species (other than the key) reporting over 90% cultured carp mortalities in
Russia (Shedket al. 2018). It is likely A. mongolianusvas introduced to the UK dm
European carp imports. As parasite discovery, identification and recording can be difficult
and/or not perceived as important, many species are transported across the globe as
contaminants. This poses a major biosecurity tsnsidering the high matities seen from

the parasite in Russia and the mortalities recorded here in the UK that led to its discovery, this
parasite could become a major problem for UK carp fisheries should it spwegdiis spp.

are usually conspicuous due to their large sind position on the host body, although
introductions to the UK still occur with parasites hidden within locations such as the folds of
fish fins (personabbservationdJK Pet Shops). A®\. mongolianugrequents the gill cavity

and mouth of the fish, it nyabe significantly more difficult to diagnose compared to other
Argulusspecies, hence identification only occurring once mortalities have occMwkztular
diagnosis using techniques such as eDNAujillo-Gonzalezet al. 2019 2020) could
circumvent the need to handle hosts and observe parasites, improving identification and
biosecurity Better screening of aquatic organisms and subsequent identification of parasites is
required to reduce and prevent the continued introduction asip@s to areas outside their
range.The descriptiorof A. mongolianusand comparisomo UK Argulus specieggenerated

here will aid morphological identification upon parasite discov8gnetic datavill aid further

progression in genetic identificatiamd diagnosis oArgulusspecies infections
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Chapter 8

General Discussion

8.1 Overview

This thesis sought to improve our understanding of freshwater fish lice, a common and often
devastating group of parasites that have been largely neglected in favour of research into their
marine counterparts. While marine fisheries remain dominant igléi@l marketTidwell

and Allan 2001; FAO 2020Q)¥reshwater fisheries are a core compor{&fithan Deyet al.

2005; Monticini 2010; Rath 2018; Sinclat al. 2021) with severe economic loss endured
worldwide fromArgulusspp. infectiongTaylor et al. 2006; Sahooet al. 2012; Sahoet al.

2013a) Three main areas were explored within this thesis: (1) current status of UK angling
fisheries and problems associated wAtlgulusspp. infections, established in Chapters 2 and

3, (2) options for improved monitoig and control explored throughout Chapters 4, 5 and 6,
and (3) howArgulusspp. infections might changeto thefuturewith shifts in climate antiost
factorsin Chapter 3 and identification of an invading nmative Argulus spp. recently

discovered in UK fisheries in Chapter 7.

While this thesis largely focused on angling fisheries and infections within the UK, aquaculture
systems worldwide also benefit from the information generated regarding parasite
identification (Chager 7), infection dynamics (Chapter 3) and control (Chapters 4 aithé).

egg laying subsate control method within Chapter 6 was built for and deployed in angling
fisheries,but this control method could easily be adjusted for dagged systems situdte
within freshwater bodies. For indoor recirculating systems, an understanding of how and where

Argulusspp. lay their eggs can improve monitoring and targeting of treatments.

8.2 Current State of Fisheries

One of the biggest hurdles in addressigyulus spp. infections is communication with
fisheries, highlighted in Chapters 2 and 7 with only 24% of fisheries contacted responding to
the survey and the successful invasioA.ahongolianuso UK waters (with no documentation

of the parasite in Europe get it likely arising from European imports). It can be difficult to
obtain information from industry regarding parasitic infection, especially when such
information could lead to a lowering of reputation and associated economic loss should it

become pult (Chapter 6). Survey response rates vary dramatically (ran§8.3%;Baruch
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and Holtom 2008and although only a quarter of fisheries responded, this was more than triple
the number of fisheries surveyed in 2000 (240 fisheries here versuslaylam et al. 2006)
and thus gives an improved basis to ascertain the current status of UK fisheries.

Management (fish stocking amount/timing) and temperature contributed to fisheries facing
problematic infections, supporting previous literature on risk factoisrtpriusspp. infections

in fisheries(Shimura 1983; Gaulkt al. 2002; Hakalahtet al. 2004; Harrisonet al. 2006;

Taylor et al. 2006; Tayloret al. 2009a) Further assessment of temperature in Chapter 3
showcased how high temperatures lead to faster life history traits and short generation time,
reflected in the seasonal patternAsfulusspp infections in the UK with peak problematic
periods during summer and the potential for multiple parasite cohorts (Chapters 3 and 6).
Fishery features also impactedh f ect i ons, and this data coul d
water bodies that are laigher risk of problematic infections. Perhaps the most alarming finding
was that current control methods are not sufficient in handling probledagidus spp.
infections, resulting in fish anahglerimpacts that led to economic loss. Because of e,

options for monitoring and control were examined over Chapters 4, 5 and 6.

8.3 Progress with Monitoring and Control

The monitoring and control methods explored in this thesis aimed to reduce the reliance
on/application of chemical treatments in fideer through examination of new
monitoring/nonchemical control techniques (Chapters 4 and 6) and investigating the potential
for timed treatment to improve efficacy of chemical application (Chaptéixplorationinto
chemicalattractionof Argulusspp.has also begun (Appendix 1), with the aim of identifying
host chemical cuds allowartificial replicaton and teshg as another form of bait within louse

traps.

Light is a common tool in aquaculture and fisheries, used to increasedsimtake/growth,
manipulate fish behaviour/maturation/spawning, and for ease of maintegitoad and Le

Bail 1999; Oppedaét al. 1999; Juellet al. 2003; Karakatsoulet al. 2008; Villamizaret al.

2011) Light is also a strong attractant Afgulus spp. and is an ideal bait for trdgased
methods as it is neconsumable and customisable (intensity and wavelength). As a monitoring
tool, light traps should be effective as previous tests for marine sea lice were successful
(NovalesFlamariqueet al. 2009) andArgulus spp. have been shown to have stronger light

attraction than their marine counterpgitacKinnon 1993; Mikheeet al. 1999; Gennat al.
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2005; Bandillaet al. 2007; Mordue (Luntz) and Birkett 2009) F o r conpudl 06 a
methodology(Cook et al. 2007; Khanet al. 2011) could be applied wherein lights on fish
cages/in fisheries are turned offchanged to retb stop louse attraction (push) and traps with
white or bluelight are deployed to attract and trap lice (pull). With the fata this thesis,

light traps can be designed and tested within fisheries to ascertain viability based on capture
rate (including nostarget captures), cqosind ease of use. The circadian rhythms that arise
from light cycles can also be exploited to iroype efficacy of chemical control through timed
dosage based on both parasite and host rhythms. Here, we fodnddleceudranscriptome

to be highly rhythmic indicating chronotherapeutic techniques could be effective. For
forthcoming tests of timed dage, the data produced here can be used to determine suitable
initial time-points for examination. The transcriptome data also offers the potential for mining
of new drug targets. This is key considering the rise in drug resistance within fish lice
(Hakahkhti et al.2008; Aaeret al.2015)and could also result in formulation of new chemical

treatments with higher efficacy and/or lower environmental impact compared to current options.

Another Atrapo based tool empl| oVK fislierieetgg | ay
determine the viability of this technique as previous investigations were inconclusive. The
structures used here were constructed to ensure angler casts would be unaffected and
deployment/use both fast and ceffiective, concerns that danot been achieved with previous
designs(Taylor et al. 2005b; personal observatiorS. Williams). The traps were extremely
effective as a monitoring tool, providing easy, +@ae observation of louse populations
without interfering with fish hosts. For one fishery, they showcased how treatment of
drain/lime (both time consuming and costly due stéry closure) was not 100% effective as

eggs were recovered from the substrate traps after treatment. The traps also proved to be a
viable control method as they removed large volume&rgiilusspp. eggs; in total 238,817

egg strings were removed fronsliieries in this study, equivalent to over 12.4 million eggs
(assuming average number of eggs per string = 52, calculated from lab cultures). This led to an

overall decrease in eggs collected (and therefore adult breeding population) the following year.

Another factor of monitoring and control briefly touched upon in Chapter 3 is preventive/early
treatment of infections (as blood feeding appears to commence from >2 mm parasite size).
Argulusspp. infections are commonly treated only once parasite pop@daieriarge enough

to causesufficient damageo hosts/economic loss. Early diagnosisfofulusspp. infections

can be challenging as juvenile lice are small in size (~0.6 mm at hatching) and cryptic (not
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species specific), with difficulties in thoroughdyamining hosts without laboratory equipment.

Light traps could offer an early warning sign of infectionsagulusspp. are attracted to light

from hatching, although determinationjo¥enileArgulusspp. compared to other invertebrates

may be impossike without microscope examination. The egg laying substrates employed in
Chapter 6 were able to capture eggs even at low adult population levels (both after treatment

and as early as late April, before problematic summer peaks), therefore applicatatnog it

upon di scovery of eggs-pwhkeline npadp wcldatd¢ mwmlisd ap

population spikes and subsequent problems later in the year.

The control methods examined here can also be extrapolated and applied to other parasite
speciesLight traps can be used to capture any species that displayatightted behaviour,

with the potential for lighbaited traps previously investigated for juvenile monogenean
Neobenedenia girellagseeSkilton et al. 2020) The same chemical treatments are often used

for both Argulusspp. and marine sea li¢dakalahtiet al. 2008; Mayeret al. 2013) thus the
circadian rhythms of drug targets identified in Chapter 5 may also apply to sea lice. The concept
of chronotherapdic techniques can be applied to all parasites and here almost halfAf the
foliaceustranscriptome was rhythmic indicating other crustacean parasitégdisplay this

level of rhythmicity. As with the light traps, egg laying substrates can be empioyedy
organism that preferentially attaches itself or eggs to a substrate. In Japan, mesh is often
removed/changed within cage aquaculture due to entanglement and colonisation by
monogenean eggdléobenedeniapp., se®gawaet al. 2006; Lowell 2012Heterobothrium

okamotoj seeOgawa and Yokoyama 1998hd this has been suggested as a form of control.

Fisheymanagers hope for a Asilver bulleto trea
infections in one fell swoop. The reality is that #rgulus spp., populations are extremely

difficult to eradicate once established and reducing/maintaining pathogen populations to low,
manageabl e-plrobélesna¢ficeon is the goal. Towar ds:s
used in parallel or sequentiallye key, with all the monitoring and control methods examined

in this thesis compatible with each other and other techniques. The difficulty lies in appropriate
selection and application of these techniques, with physical and managerial diversity of
fisheries complicating matters. Using the data generated in this thesis, the Environment Agency
aims to develop a riskased predictive model wherein fisheries can input their parameters
regarding features, management, and monitoring/control to ascertainriskenf facing

problematicArgulusspp. infections and receive recommendations to reduce their risk.
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8.4 TheFuture of Argulus spp. Infections

Almost two decades ago, problematigulusspp. infections were noted in 29% of UK trout
fisheries (Tayloet al.2006). Here, 31.5% of trout fisheries surveyed experienced problematic
infections, an increase of 2.5%. As the crit
likely changedor each fishery due to their diverse structure and management), it is difficult to
ascertain the accuracy of this increase. EheironmentAgency however, has noted a rise in
enquires regardindg\rgulus spp. infections over the last decade, wedrp fams with no
previous history oArgulusinfestations now also facing problenihe recent discovery @.
mongolianusmay be linked to this increase, as the three establi&rgudus species mainly
cause problems within trout farnillowing on from theesults of Chapter,2n investigation

into carp farms with th&nvironmentAgencywill be conductedo ascertairwhy carp farms

are now facing problematic infections.

Models have also been previously developed to predict changes vdtguius spp.
popuktions(Tayloret al.2009b; McPhersoat al.2012) the data generated in Chapters 3 and

6 will improve accuracy of predictions and aid development of new models. Host species and
infection density have not been previously considered when modelling)eyeboth play a

role in the dynamics of population growth and thus should be considered in future models.
Both specialistA. coregoni seePasternalet al.2004)and generalistA. foliaceus Chapter 3)
Argulusspp. growth is impacted by host selectiBrevious investigatiaby Bandilla et al.

(2005) found thatrainbow trout (Oncorhynchus mykissshowed noprotective acquired
resistanceo Argulusspp. infection, however initial investigations in Appendix 2 suggests that
threespined sticklebadk(Gasterosteus aculeafudo as renfection led to significantly lower
survival ofA. fdiaceus Currently, selection of species for stocking in fisheres aquaculture

is based on public demand, maximising natural resources (via polyciWetepmme and
Bartley 1998) species hardiness and culture knowledlynchin and Rosenthal 2002;
Arlinghaus et al. 2014) For farmers facing problems fromrgulus spp. infections,
consideration of species cultured/stocked (and for anglingleasgd fisheries, presence of

other host species in water body) cothldreforeaid control.

Temperature increases can lead to intensification of infections, as salmonitofith
experience higher susceptibility adgulus spp. display shorter generation times allowing
additional cohorts within a year. As temperatures across the globe rise with climate change, an

increase in problematisrgulusspp. infections is expectedsaiming no intervention. Control
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of water temperature within angling fisheries is unachievable, adishehy ownersre at the
mercy of the climate. While indoor recirculating aquaculture allows for control of temperature
(mitigating climate change), din face worsening conditions as the industry expands and
intensifies, with cagéased aquaculture enduring both intensification and climate stressors.
Fisheries therefore stand on a precipice of change; infections will likely wanséme
foreseeabléuture without improvement to fish stress and development of efficagdiopdus

spp. control strategies.

Currently three species @éirgulusare established within the UK, however there is a constant
threat of introduction of new, nemative species due taatte of live fish and lack of parasite
screening/identification. ThienvironmentAgencyhave previously encounterdédamericanus

in the UK on lungfish from aquaria (personal observatnd/illiams), and here we complete

the description ofA. mongolianusfollowing its discovery in UK fisheries. Considering the
source/invasion route oA. mongolianugemains unknown and its presence confirmed in
multiple fisheries, spread across the UK is possible. Fisheries with known infections are being
monitored to prevent parasite transfer to new waters, however imports from abroad remain a
major risk. With the enhanced description and complimentary genetic data generated in this
thesis, it is hoped that mofe mongolianusnfections will be identified onnto the future,
aiding understanding of this speciesd movemi
could also prove a valuable tool for diagnosigugulusspp. infections; eDNA testing of water
samples is a rapidly developing area with interegisiuse in screening for infection due to the
norrinvasive methodology and ability to detect low levels of infection (e.g. Hetvar 2015;
Trujillo-Gonzalezt al.2019; Spikmanst al.2020; TrujilloGonzalezt al. 2020). Detection

of Argulusspp. wrrently requires host examination and while adults can be easily observed
with the naked eye, low infections, colonisation of gills/mouth and infection with small
juveniles can make recognition challenging. While eDNA techniques still face hurdles
regardng accurate detectiqidarperet al. 2019; Beng and Corlett 2020; Sielstral. 2020)

their integration into parasite screening and monitoaegnethodology improvaesill be key

to tackling infections and preventipgthogerspread.

Although thisthesis focused on aquaculture and fisheries as these industries typically face high
parasite burdens (with subsequent economic loss), wild fish are also subject tacparasit
infections Parasites are a key part of ecosystems/food welik, infections usully a

consistent, noth et h al presence. However, stress (suc
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(wherein parasitesitroduced byaquaculturenfect wild fish) or novel invading parasitean
causeparasite prevalende dramatically increas@Bouwmeestr et al.2021) Transmissiorof

sea lice from farmed to wild salmon has been obsgmwedously( Kr k et gle€®06) thus
spillover of Argulus spp. from freshwateffisheries and aquaculture is likely possible.
Additionally, asArgulusspp. continue to spread across the glob&ding nornativeArgulus
spp.may disrupt wild fish populationtoss of wild biodiversity and/or populations can have
devastating affects through impaas food security and other industries (especially those
reliant ontourigm). As for fisheries/aquaculturérgulusspp. infections in wild fish/habitats
can be addressed using the techniques and methods proposed in thisititesisads could
easily be implemented iany water bodyto monitor Argulus spp. pesence, with eDNA
techniqueslso viable (bolstered by the improvadyulusspp. genetic database created here).
Egg laying substrates can also be applied to wild lakes, with testing required for caral/river
based habitats. Monitoring éirgulusspp. (and other parasites) in wild ecosystems is critically
important to ensure fish populatigesd thus the wider communjtyemain healthyTimi and
Poulin 2020) This is especially important considering the global threat posed by climate

changeand ts potential impact on parasite infections

In conclusion this thesis has greatly expanded the current knowledge badegidus spp.
Current problems faced by UK trout fisheridsave been documentedith calculated
differences inA. foliaceuslife histories across different temperatures, infection densities, and
hosts The survey highlighted how current control methods are failing farmers, with infections
chronic and not improved by treatment applicatidrsuite of new and novel motoring and
control techniquewere also assessed, withdogenous rhythms and circadian gene expression
examined for the first timéor any crustacean parasifd! the control methods explored here
show promise, with the ligiased methods pending fietdsting and egg sulbates an
ongoing investigation with th&nvironmentAgency offering it as an option to interested
fisheries. An updated description for newly invadiAg mongolianusvasalsoproducedwith

additions to thé\rgulusspp. genetic databe.

Parasite infections will likely increase and intensify on into the future with changes to
industrialisation/climatic stressors and invasion of-native species. Chapter 3 highlighted
how temperature resulted in shorter generation time#ifgulus spp., a trait seen in other
parasitefAndersen and Buchmann 1998; Hakalagttal. 2006; Studeet al. 2010; Macnab

and Barber 2012; Gronet al. 2014)thus many infections will worsen with global warming.
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Monitoring of infections is key to proactive tackling of problems; the survey produced in
Chapter 2 was centred arouAdgulus spp. infections, but the concept can be altered and
applied to assess amarasite and/or associated disease faced by industry. Identification of
parasite infections faces maolallengeshowevergenetic diagnosis offers promise of basic
and often nonnvasive diagnosis with accuracy improving as technologyraathodology
devdop. Control is an ongoing arms race between humanity and par&$iteerous non
chemicalcontrol options are now being explored wighreduction inchemical application to
mitigate environmental impacts and rising drug resistance. With continued impeoNgrio
communication, screening, monitoring and treatment (the groundwork for which is provided
across this studyArgulusspp. and infections from other parasitic species can be successfully

tackled to reduce economic loss and improve fish heédtally.
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Appendix 1

Chemical Attraction of Argulus foliaceus

Al.1 Aims

Argulus spp. have been previously observed to be attracted to host chemical cues, however
characterisation of these cues has not yet been conducted. This study aimed to establish
attraction ofArgulus foliaceugo host cues and test success of chemical extraetwbmiques

using a behavioural assay.

Al.2 Methods

Parasite and host collection

Threespined sticklebackGasterosteus aculeatusaturally infected with A. foliaceus
(morphologically identified according to Fryer 1982) were hand netted from Rianal
(Newport, UK; grid reference: ST 24344 90688) foliaceusvere removed from hosts in the
field by removing fish from water for 16 and resubmerging in a container of canal water
following Chapter3 and transported to the laboratory off host inakeel containers of
dechlorinated water. Here, parasites were maintained as a culture (see Stelaf18) on
threespined sticklebacks collected from Roath Brook, Cardiff (ST 18897 7854Argatus

spp. naive population). Sticklebacks were fed daith Tubifexbloodworm,and all fish and
parasites were maintained under a 12 h light:12 h dark cp{cléoliaceuswere used in
experiments after 1 week acclimatisation to laboratory conditions. Following removal from
hosts for experimentatio,. foliacaiswere measured from the rostral edge of the carapace to
the anterior end of the abdominal lobes using a dissecting microscgf® atagnification

with a Lumenera Infinity 1 camera and Infinity Capture software version 6.5.4 (no visible

damage to any dhe removed parasites).

Stimulusorigin

Fish conditioned water was created by placing a siAgielusnaive sticklebackN = 3) into

a glass tank containing 500 ml autoclaved dechlorinated water forT2# three tanks of fish
conditioned water were then mixed to create a homogenous stimulus solution for experimental
use. Female gravid and ngnavid Argulus conditioned wadr was created by placing
individual femaleA. foliaceug(gravidN = 5, nongravid N = 5) into a glass dish with 2@l

autoclaved dechlorinated water forl24after which the water was mixed for all gravid or+on
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gravid lice respectively to again creatéhn@nogenous stimulus solution. Control water was
created by placing 50l autoclaved dechlorinated water under the same conditions as fish
conditioned water minus the fish for B4

Conditioned water assays

Experimental design was based on methodolog@diarowicz (1991), in which response to a
stimulus is determined by an increase in parasite activity. While cruder thamtheerassays
performed by Bandillaet al. (2007) this method provided a quick and easy assay, although
camera tracking was usedyes the personal observation approach employed by Galarowicz
(1991), for higher accuracy data collectigxdult male A. foliaceus(4.52 + 1.15 SD) were
removed from hosts and placed into a glass dish with 20ml autoclaved dechlorinated water for
24 h to inagease behavioural response via starvation (Mikle¢al:1999; Bandillaet al.2007).

After 24 h, each male was placed into a glass petri dish containingnl58utoclaved
dechlorinated water (sides covered with white material to reduce behaviour altering reflections;
Mikheevet al. 1998) and left to acclimatise for 30 min (based on Mikhetesd. 1999). After

30 min, 1ml of either fish, female gravidgulus female norgravid Argulusor control water

(N = 15 each) was introduced to the centre of each petri dish via a glass pipé&iteceus
activity was filmed for 1 min prior to and after introduction of stimuli, with difference in
average speed calculatdehch louse was tested against each stimulus in a random order, with
apparatus completely reset between trials (cleaned using ethanol and dried fulRCatta0

ensure removal of residue stimulus.

Chemical extraction

This methodology largely follows Mmey et al. (2009), using ethanol for extraction over
methanol and slight adjustments to accommodate tubing placement in water instead of soil.
Prior to extraction, polydimethylsiloxane (PDMS) tubing was cleaned by soaking in ethanol
for 24 h, draining anthen drying at 70C. For collection, tubing (in in length) was coiled

into tanks of fish conditioned water (generated as abl¥dve3), ensuring an even distribution

of tubing throughout the tank with the ends left exposed approxintatetmabove the water

level. Tubing was left for 24, removed from the water and then placed between two pieces of
sterile filter paper and blottedyd To extract stimulus, one end of tubing was placed into a
glass collection vial, with 5001 of ethanol pipetted into the opposite end of the tubing using

a Gilson pipette and filter tip placed into glass stretched pipette. The end containing the

stretded pipette was raised to create a flow rate of 1 ml/min. Aftee500 of et hanol h a
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through the tubing into the collection tube, two 200 bol us of air (one af
pumped into the tubing to remove any residual solvent. Extracstweed at80 °C.

Extraction assays

To test whether the stimulus causing increasetbliaceusactivity had been extracted from

fish conditioned water via the PDMS tubing method, behavioural assays using the extract were
performed. As PDMS tubing extrémh has a capture rate of ~40&ox3re-dilution of extract
wasused (~120%oncentration30ni extract in 10ml autoclaved dechlorinated watExtract

control stimulus was created by diluting pure ethanol (using the same volume as used for
extract redilution) with autoclaved dechlorinated water to ensure ethanol by itself did not
impact A. foliaceusbehaviour. Assays were then performed asvabusing the following
stimuli: extract x3IN = 20), extract control, fish and water contridl£ 29 each).

Statistical analysis

All statistical analyses were conducted using R statistical software (v3.6.3; R Core Team 2017)
with the level of significance in all tests takenpa®.05using @ackagei ggpl ot 20 t o vi
the data(Wickham 2009) A generalised linear modéGisedLM) with binomial family and

logit link function was used to examine whether an increase in activity (y/n) was influenced by
stimulus type. A general linear mod@&@LM) with gaussian family and identity link function

was then used to determine if the differemgceaverageA. foliaceusspeed posstimulus
application was significantly affected by stimulus type. Models were refined through stepwise
deletion of insignificant terms andlkaike information criterioncomparisons, with visual
examination of modeplots to check standardised residuals for normal distribution and

homogeneity of variance (Crawley 2007).

Al.3 Results

When presented with a fish stimulug, foliaceusactivity significantly increased when
examined as aggho increase in activity posipplication (p = 0.06, GisedLM figure Al.1).
However when only looking at the difference in average swim speeamieposistimulus

there was no significance (although fish stimulus is the treatment with the highest difference
versus control, p= 0.09, GLM; figure A1.2). No other treatments showed a significant

difference in activity compared to the contibhese results suggest that the extraction method
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employed here was not successful in extracting the chemical stimulus from fish thatAttracts
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Appendix 2

Argulus foliaceusinfections in nornnaive fish

A2.1 Aims
This studyinvestigated acquired resistancelukeespined sticklebacléasterosteus aculeatus
to infection withArgulus foliaceusind determined what happens to lm& during infection.

A2.2 Methods

Parasite survival

Adult threespined sticklebackGasterosteus aculeat@sriginating from Roath Brook, Cardiff,

ST 18897 78541) maintained asArfoliaceusculture (see Stewaet al.2017) were isolated

into 1 L tanks 12 weeks post natural loss of infection (N = 5)cle&ish was renfected with

5 A. foliaceusmetanauplii (total N = 25) hatched from the laboratory culture and the position
and presence of each parasite on the host recorded for two weeks. To ascertain whether missing
lice had detached and died or beemstoned by the host, water in the tanks was filtered
everyday through a mesh of aperture <0.5 mm (tested prior to experimentation in lab to ensure
capture of metanglii) and examined for the presenceAoffoliaceusAll waste produced by

the fish was themvestigated under a dissecting microscopegfesence oA. foliaceusData
regarding survival of. foliaceuson naivestickleback hosts was taken from Chapter 3 for use

in analyses.

Statistical analysis

All statistical analyses were conducted using R statistical software (v3.6.3; R Core Team 2017)
with the level of significance in all tests takenpa®.05. Packagdi s u r wiasvuaedoorun
survival analyse¢Therneau and Grambsch 200@ith i g g p lused t® wisualise the data
(Wickham 2009) Survival analysis was conducted to determine the impact of sticklpbhack

infection statusr{aiveor nortnaive onA. foliaceussurvival.

A2.3 Results

Over the two weeks there was a 92% reduction in infection for previously infected fish, a
significantly greater decrease versus infection&aulusnaive fish <0.001 figure A2.1]).

Only 8% of lost lice were recovered, found on the bottom ofahle. As the stickleback waste

only showed evidence of bloodworm (fed daily to laboratory housed sticklebacks) through the
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presence of undigested mouth parts, the remaining 84% of lice lost were deemed to have been
consumed and completely digested.
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Figure A2.1 Survival probability ofArgulus foliaceu®n naiveand nornaivethreespined

sticklebackGasterosteus aculeatus
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