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Salma Sana

Invasion and evolutionary history of a generalist fish parasite

Abstract

The introduction of nomative species can lead to the introduction of-native
parasites to their introduced range which can pose signifiskntio native biodiversity.

The cyprinid fish specie®seudorasbora parvas a weltstudied example of accidental
introduction to a new range; it has been accidentally introduced from China to Europe.
Pseudorasborgarva has been hypothesized to havsoantroduced the generalist fish
pathogenSphaerothecum destruetts Europe which has been identified as a potential
threat to European fish biodiversity. Due to the management implications associated
with the parasit enatise), tHid Witk airmed at Wetarminingti®@o r n o
destruengorigin and distribution across its native and smative P. parvapopulations,

whilst also developing eDNA detection methods in order to assess the efficRcy of
parva eradication as a viable control measuog $. destruensDue tothe unique
taxonomical position 0%. destruenm tree of life its mitochondrial DNA evolutionary

history was also investigated to better decipher its phylogenetic position.

Shaerothecuntdestruenspresence was confirmed in 90 % the P. parvasampled
populations from Chinawith a maximum prevalence of 10 %. Furthermore, the
phylogenetic and demographic analysis of both the host and the parasite support the
hypothesis thatS. destruensas been introduced to Europe through theidantal
introduction of its reservoir hod®. parva The nonnative status ofS. destruensn

Europe has important management implications for the parasite. Further&ore,
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destruensvas detected in 50 % of th& parvasamples from 7 populations in the<U

and identified new potential hosts 8t destruen@ the wild including chulsqualius
cephalus dace leuciscus roach Rutilus rutilus and brown troutSalmo trutta The
environmentalDNA method detecte®. destruensn water samples from B. parva
eradcated site 2 years after its eradication whichphasizes that preventive measures
against pathogen expansion should be implemenikd phylogenetic tree based on
mitochondrial derived protein sequences revealed an interesting positioi®. for
destruensss a sister group to Filasterea and Choanoflagellate and Metazoa group and it

hasthe most derived mitochondrial genome among Choanozoa.
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In the last two decadeshere has been an increasing trend toward aquaculture
production and fish farming which oftealies on the introduction of nemative species

to new environments and geographic ar€zszlan 2008Gozlanet al. 2010bPeeler et

al. 201). Non-native species, defined here as species that have been translocated
outside their natural range irrespective of political bord&sey 2005, are both
intentionally and unintentionally introduced for trade, food and resource production,
ornamental purposes or as {gontol (Gozlan et al. 201Qb Accidental introductions,

also referredo as biological pollution(Elliott 2003, account for 8 % of ncenative

aquatic species incidenc@Sozlan et al. 201Qb

The introduction of nomative species can adversely impact native species populations,
the environment and ecosystems through a number of different processes including
increased predation, competitive exclusion,-native species dominance and disease
introduction (Peeler et al. 2031 Introduced species can influence the native species
through increased predatioas in the case of thetmduction of salmonids rainbow
trout Oncorhynchus mykisnd brook trouSalvelinus fontinalisn Sierra Nevad&SA,

which resulted in significant declines of the yellow legged frBgna mucosa
populations due to increased predation of its tadg&eapp and Matthews 20D0The
eradication of thetwo trout species led to the rapid recovery of frog populations
(Vredenburg 200 Nonnative species can also compete for resources i.e. food and
space with native species. For example, the red sq@aialus vulgarishas suffered
population declines in the UK, Ireland and Italy due to competition for food and space
resources withthe introduced North American grey squirr€siurus caroliniensis
Lower body mass and fecundity was reported in n&iveulgaristhat cohabited with

S.caroliniensis(Gurnell et al. 200¢

In addition to competition and predatjonorntnative species can change their new
ecosystemsas b the case of grass ca@tenopharyngodon idellthat reduces natural
aguatic vegetation and common ca@yprinus carpiothat can lead to significant
increases in water turbidity due to the rooting actidtying foraging (Pimentel et al.
2000. Non-native species can also have severe impactisetosystem by altering the
community structurefor example,the introduction ofthe bivalves Potamocorbula

amurensisand Dreissena polymorphan North America(Kimmerer et al. 1994Strayer
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and Smith 1996 In both caseghe invasive species t@me significantly dominant at
the introduced sites, outnumbering the native benthic organisms which can have indirect

effects on food webs and nutrient dynan{iesiz et al. 199Y.

Non-native species can also introduce disease with their harboured parasites posing a
significant risk to native biodiversityMurray and Peeler 2005Crowl! et al. 2008

Poulin et al. 201)L These parasites can play an important role in invasiveness of the
nonnative speciegPrenter et al2004 as they can facilitate the noative species
establishment and competitivenddsordecai 2013 For example, therayfish plague,
Aphanomyces staci introduced to the UK along with the North American signal
crayfish, Pacifastacus leniusculusias had detrimental effects on the native crayfish
Austropotamobius pallipeshich has facilitated a rapid expansion of the-native P.
leniusculugDunn 2009.

The introduction of new parasites can lead to disease emerdganiigated by the
s geogr aphiPeelereaal. g6d1Narnd ho

native parasites can have several biological features which increase their probability of

increase ofhepar asi t e

successfully being tralmcated andecomingestablished into new environments. These
can include direct lifecycles, generalist nature (i.e. they cafect more than one
species),tolerant and londived environmental infectious propagules aadwide
temperature tolerangéndreou et al. 20Q9%isher et al. 2012 Their generalist nature
facilitates hostswitching that can ld to disease emergenceniative species. Notable
examples include the fun@iatrachochytrium dendrobatidi€hytrid fungu$ which has
been introduced across the world through the pet tcateinfect508 host species
(Fisher et al. 2012 Another fungiGeomyces destructanthe causative agent for the
White-Nose Syndrome (WNS), has been introduced to North America most probably
through contaminated caver clothimgd has been linked to population declines in
multiple species of bats in North Ameri¢Blehert et al. 2009Turner et al. 2011
Geomycedlestructanshas also been found colonizing the skin of hibernating bats in
Europe without any associated deafkgibbelt et al. 201P which suggsets that the

parasite may be native to Euroffuechmaille et al. 20)1
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Invasive parasites can also include p#es with indirect lifecycles. For example, the
parasitic nematoda@nguillicola crassuss native to the Japanese éelguilla japonica
and was introduced to Europe through the aquaculture {(Reters and Hartmann
1986. Since is introduction it has infectethe European eeAnguilla anguilla,
resulting in high mortalitiegKennedy 200Y to the extent that numerous stocks are

considered vulnerable or endangef€dstaDias et al. 201D

Despite their lifehistory traits, aquatic nenative parasites are often hard to detect due
to low visibility and a high turnover of mortalities in this environm@dtdson et al.
2002 Tompkins et al. 201,3Gozlan 2012 In addition, @thogen introductions through
fish movements are thériving force for the emergence of aquatic diseases worldwide
and will continue to have serious consequences for wild fish populdBenkins et al.
2008 Peeler et al. 20311t is thus crucial to haveesignatedmonitoring and risk
assessment procedaithat can be used to evaluate the hazard posed by identified non

native parasites.

In England andWales, all identified nowmative fish parasites have their risk
independently assessed by a panel of experts using the risk assessment developed by
Williams et al. (2013 Risk is assessed using a range of criteria which combine expert
opinion onthe potential for spread and economic impact of the parasite as well as direct
evidence of disease pathology in the fish hoBerasites that have been identified as

high risk as well as ones that have been identified asnadive but have not had their

risk assessed due to knowledge gaps e | i st ed on the Environ
2 norrnative parasite list. Once a patashas been listed, its movement between water
bodies is restricted. Monitoringpr its presence is achieved through mandatory fish
health checks of any legally performed fish movements between water bodies. These
risk assessments determine the diseaseath to native populations from the new
introduced parasites and help in the formulation of rapid management decisions in terms

of their control.
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In order to carry out the risk assessments for a particular parasite, it is important to
determine the inv&ve status of the parasite which can be challenging due to incomplete
data on parasite ranges. This is particularly relevant to parasites that are hosted by fish
of poor economic value that do not have well established parasite profiles in their native
ranges(Williams et al. 2013 Such is the case &jphaerothecum destruemsgeneralist
pathogen that has been identified as a higkhto European fish diversiiAndreou and
Gozlan 201% and the focus of this PhD thesiSphaerothecundestruenshas been
hypothesized to have been introduced to Europegaleith its reservoir hostthe
frestwater fish Pseudorasborgparva from China(Gozlan et al. 2005 However, is

status as a nenative parasite to Europe has yet to be confir(@akzlan et al. 2009

Pseudorasborgarvarepresents a wefitudied example of accidehtatroduction to a

new range.lt was introduced at River Danube as a part of trade in Chinese carp,
Ctenopharyngodondella and Hypophthalmichthys molitrixfor the development of
aquaculture in the formeégnion of Soviet Socialist Republi¢gd) SSR)(Van Zon 1977.

This small fresh water cyprinid fish species has spread through Europe and has reached
North Africa in les than 50 year@-igure 1.1 Gozlan et al. 201QaGozlan et al. (2005
discovered thal. parvafound in the UK harboured the fungide parasiteS. destruens

and could transmit the disease to susceptible fishes without any tbaitself -
identifying it as a healthy host &. destruen§Gozlan et al. 2005 Despite the parasite

being identified as a potential threat, its status in Europe still remains uncentaiis it

a native or a nonative parasite.

1.1 The Healthy Host, Pseudorasbora parva

In order to determine the potential invasion historySofdestruenn Europe, a good
undestandingof invasion historyof its host P. parvg is required due to the close
association of the two specidiseudorasborgparva commonly known as topmouth
gudgeonis a small freshwater cyprinid whose native range includes China, Japan and
Korea(Pinder et al. 2005 In China,P. parvais present to the north and souththe

River Yangtze (Figre 1.2A) which marks the boundary of two climatic zones; to its
north there is a temperate climatic zone whereas to its south there is a tropical climatic

zone(Domrés and Gongbing 1988This reflects the wide temperature tolerancé of
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parva (Gozlan et al. 2010aIn its native Chinese rang®. parva was accidentally
transferred, into almost all natural lakes, reservoirs and lower Upper Mekong basin
(Yunnan province); into the Upper reach of Yellow basin river (Qinghai and Gansu
province); into inland waters (Inner Mongolia); almost all natural lakes, rivers and
reservoirs (Xinjiang), along with the movements of Chinese carps from the east of
China for aquadlture (Gozlan et al. 2010a

Figurel.1. Topmouth gudgeorRseudorasbora parvas a small cyprinid species which
grows to ~8 cm with a life span of approximately four yg@wstton et al. 2007) It
sexuallymatures by one year of age and can have multiple spawning events annually,
between the months of April and J§Rinder and Gozlan 2003)

Pseudorasborgarvawas first introduced unintentionally to mainland Europe at River
Danube in 1960 and within 40 years of its introduction it rapidly inhabited mainland
Europefrom east to wes(Pinder et al. 2005 Several knowrP. parvaintroductions
occurred into Hungary, Lithuania, Romania and UkrdfBezlan et al. 201QaExcept

for Lithuania, all these introductionsdledo the dispersal oP. parva into local
catchments and connected reservoirs. Fhearvaintroductions around the Black sea

led to a westward spread in Europe and to Turkey and Rsgudorasborgp ar va 6 s
introduction intothe former Czechoslovakia from whgary led to the intecountry
spread ofP. parvain central Europ€Gozlan et al. 201QaPseudorasborgarva was
introduced to Genany from Czechoslovakia and from there to HollaBelgium and

the UK (Gozlan et al. 2002 Since its first introductionP. parva has invadedon
averagefive countries every decade. Its rapid dispersal rate has already indicated signs
of saturation inthe former Czechoslovakia anthe Netherlands. The main factors
attributed to its primary introduction pathways are aquaculture dué to par vab
association with Chinese carp species and common@agarpio (65 %), recreation
fishing (22 %), ornamental fish trade (9 %) and natural dispersal (1 %) that also

accounts for the main secondary introduction path{i@ogzlan et al. 2010a
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The first occurrence oP. parvain Endand was observed in an ornamental pond in
Chiltrens, UK(Domaniewski and Wheeler 1996The only known introduction of this
species in England has been a contaminated golderLeuf@scus idusonsignment
form Germany to Crampmoor fisheries, Hampshire in 1@3frlan et al. 2002 Since

its introductioninto the UK it has been reported from at leasts@&sacrossEngland
and Wales with 23 confirmed siteaca12 suspected sitésgure 1.3A(Britton et al.
2008h GBNNSS 201%

Pseudorasborap a r viavason hisbry has been extensiye studied from an
ecological viewin Gozlan et al. (201Qand a population genetics perspec{i@enon et

al. 2011, Simonet al. 2015 Hardouin et al. submitt¢dHardouin et al. performed the

most extensive population genetics study which involved 27 populations from the
invasive range (Eurasia) and 30 populations from the species native range (China, Japan
and Tawan). Specificallythe analysis using 597 bp of the Cytochrofin€Cyt-b) gene

of P. parvahas identified four distinct haplogroups (A, B, C and D) with hapolgroups A
and B being the most prevalent (92 %). These haplogroups can be found across China
with haplbgroup A being most prevalent northe River Yangtze whilst haplogroup

B is most prevalent south of the River Yangtze (Figure 1.2). The genetic analifsis of

p a r \Earfpsan invasive range revealed that the two main haplogroups A and B with
two identified routes oP. parvaspread, east to south (Bulgaria, Armenia and Turkey)
which had only haplogroup B and east to west (from Hungary to the UK) h&ving
parvawith a mixture of A and B haplogrougsigure 1.3 BHardouin et al. submitted).

This resilt suggests that there was more than one independent accidental introduction of

P. parvain Europe.
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Figure 1.2. Phylogenetic analysis of cytochrorbegene (597 bp) oPseudorasbora
parvafrom its native (A) and invasive (Bange across Eurasia. The prevalenparva
haplogroups ateach site are indicated by colour code. Haplogroup A (pink),
Haplogroup B(blue), Haplogroup C (yellow) and Haplogroup D (green) (Hardouin et
al. submitted)

The highly invasive nature &f. parva has been attributed to its favourable life history
traits of nest guarding, batch spawning, early maturity onset and smajGsiz&an et
al. 2002). It is also an opportunistic feeder and often feeds on eggs and larvae of native

fish species such as zand®ander luciopercapike Esox luciusand perchPerca
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fluviatilis (Pinder and Gozlan 20P3In 1992 it was recognized as an international pest
speciegWelcomme 199p Its discovery as a healthy carrier ®f destruensaisedits

potential threat to native fish biodiversif@ozlan et al. 2005

The sites colonized by. parva in the UK included lakes, enclosed still waters,
aquaculture facilities and still water fisheries with a numbkthese having direct
connections to rivers. Some of these water bodies pose the risk of rapid fluvial dispersal
of P. parvato river catchments of high conservation va(inder et al. 2005 The
combined ecological and disease spread risks have resulted to the Environment Agency

designing an eradication plan to prevédw further spread d¢f. parvain the UK.

1.2 Pseudorasbora parvaradication in the UK

The significant impact on ecosystem function and biodiversity due to the introdattion
invasive alien speciels now well established and accepted by conservationcegen

and a large number of studies are being carried out in this (khelane 2006.
Resultantly, there is increasing pressure on government bodies, policy makers and

environmental ageares to address these iss(idsime 2009.

The eradication and removal programmePofparvafrom the UK water bodies with
imminent threat of downstream dispersalPofparvainto river networks, was initiated

in 2005(Britton and Brazier 2006 Three types of strategies werged in dealing with

the control and removal d?. parvadepending on the risk posed to nearby river and

| akes. The fi-nsthisngatwagy appl“ided to sit
dispersal ofP. parvaand low fishery and conservation value.eTéecond approach of
control and suppression involved mediisk sites and has proven to be 99 %
successful in reducing. parvaabundance. The third method involved the eradication

of P.parvaf r om t he water bodi es ass edvedetie as
complete removal oP. parvapopulation from the waterbodies by treating it with the

piscicide rotenonéBritton et al. 2008a
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Six P. parva infested lakes were categorized as high risk in England and {Balgsn

et al. 2010. Eradication of P. parvaincluded rotenone application at the sites from
Cumbria, north Yorkshire, Surrey, Devon anderBshire and drawdown and
disinfecion which involved the davatering of the lake, followed by the fish removal
and destroy, and drying of the lake bed prior to application of disinfectant quick lime at
the West Midlands sitgBritton et al. 2008aBritton et al. 201D The technique has
proven to be successfs noP. parvahave been recorded after the operation (2010).
As of July 2014, 15 confirmeB. parvasites hae been successfully eradicated (Figure
1.3 B), with the aim to complete removal and eradicatioR.gfarvafrom England by
2017 (GBNNSS 2015 Although, the presence and spreadSofdestruensias been a
concern, none ofhe sites which have been eradicated prior to 2012 haB.tparva

checked for the presence ®fdestruens.
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Figure1.3. Eradication and removal program@$eudorasbora parviiom the UK. (A)
Pseudorasborgarva infested vater sites in the UK in 2004 and (B) Remainifg
parvainfested sites in 2014 since the initiation of eradication program in 20@5red
circles are confirmed and yellow circles were suspected siteB.fgarva presence
(which were found to be negatiMe&SBNNSS 2015
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1.3 The Rosette AgentSphaerothecum destruens

Sphaerothecundestruengpreviously known ashe rosette agents an animal fungal

like obligate intracellular fish parasjtevith asexual reproductiofArkush et al. 2008
Sphaerothecurdestruensvas first discovered as a cause of disease in Chinook salmon
Oncorhynchustshawytschain Washington, USA, where it resulted in over 80 %
mortality in 3yearold fish(Harrell et al. 198% S. destruenwas later reported to cause
chronic mortality in sukadult Atlantic salmonSalmo salarin a Northern California
farm (Hedrick et al. 198P The third reported occurrence for the parasite in the USA
was in winterrun Chinook salmorO. tshawytschéheld at Bodega marine laboratory,
where 40.1 % fish were found heavily parasitized vthdestrueng(Arkush et al.

1998.

Figure 1.4. Atlantic salmon Salmo salarinfected with Sphaerothecum destruens
through intraperitoneal injection. The parasite results in white nodules oartheesof
the liver (arrow) and haemorrhaging in the pyloric caéPadey et al. 201)2

Sphaerothecurdestruensvas first recorded in the UK in 2005 following cohabitation
studies ofP. parva and Leucaspiusdelineatus,during which the later was found to
emaciate,ceasereproduction and shoalingand cause67 % mortality (Figure 1.5;
Gozlan et al. 2005). Histological examination of the emaciatatklineatugevealed a
parasite similar t&s. destruenand was named the roselitee agent.A wide range of
susceptible salmonid and cyprinid fish hosts havenbglentified forS. destruens

through experimental infectionshinook salmonOncorhynchus tshawytschapho
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salmonOncorhynchuskisutch rainbow troutOncorhynchusmykiss brown troutSalmo

trutta, and brook trouSalvelinus fontinaligArkush et al. 1998 breamAbramis brama

carpC. carpioand roachRutilus rutilus(Andreou et al. 201)2

Figure 1.5. Healthy (top) and emaciated (bottorhpucaspius delineatefollowing
cohabitation withPseudorasbora parveSphaerothecum destruengs detected in 67

% of the emaciated fistGozlan et al. 2005

Phylogenetic studies using the 18S rRNA gene and the ribosomal internal transcribed

spacer (ITS 1) gene idefed the rosette like agent &destruengGozlan et al. 2009

Specifically, using the ITS 1 and 2, the UK and US isolates were identiied a

geographically isolated Figure 1(6ozlan et al. 2009 Due to absence &. destruens

samples fronP.parvd s nati ve

confirmed and the isolate has been designat&idestruengUK).
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Figure 1.6. Phylogenetic tree showing geographically distinct cladeSpbiaerothecum
destruensn Europe and North America (USA) based on ribosomal ITS 1 (ferman
et al. 201%. RA1-3, RA31 — RA3-3 isolates are from US, RA#- RA4-3 isolates are

from the UK and RAT isolate is from Turkey.
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Shaerothecundestruenshas also been reported fraifme Netherlands, where it was
found with a prevalence of 74 % P. parvapopulations without any clinical signs in
the host(Spikmans et al. 20)3and later in Turkeynd FrancéCharrier et al. 2016
where it has been found associated Withparvaand infect endemic freshwater fishes
in Turkey (Figure 1.6;Ercan et al. 2005 Figure 1.7summarises the known range&f
destruensTheS. destruensolate from Turkey was determinedlie closely related to
the UK isolate but was not identical (see Figure Ei8an et al. 2015 Thereforeif S.
destruendas been introduced tauEbpe withP. parvg more than one isolate has been

introduced.
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Figure 1.7. Sphaerothecum destruepsevalence across the Glol&. destruensvas detected i®ncorhynchus tshawytschisom Washington State
(Harrell et al. 198pand inSalmo Salarand Oncorhynchus tshawytsceom California (Hedrick et al. 1989Arkush et & 1998, in Leucaspius
delineatusin the UK (Gozlan et al. 2005 in Pseudorasbora parviiom the Netherlandand Franceand in Centrarchids from Turké$pikmans et al.
2013 Ercan et al. 201,%Charrier et al. 2006(Abbreviations: USUnited states of America, UKnited Kingdom, NLthe Netherlands=R-Franceand

T-Turkey).
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1.4 Life history traits of Sphaerothecum destruens

The life cycle ofS. destruensonsists ofwo distinct morphological types of spherical
intracytoplasmic spore stages that ard gm and 46 um in diameter Figure 1.8
(Arkush et al. 2008 Spores replicate asexually through fission and can infect epithelial,
mesenchymal and hematopoietic sekventually causing cell death. Once the spores
are released they can infect further tissues or be excreted through bodily fluids e.g. bile,
urine, gut epithelium, and seminal and ovarian fl{iikush et al. 2008 Further fish
infection can occuthrough either ingestion or gut penetration or through skin and gills
attachment(Arkush et al. 2008 Incubation in freshwatetriggers the release of a
minimum of 5 motile uniflagellate zoospores p8r destruenspore (Figure 1.8).
Zoospores havan average body diameter and flagellum length of 2 pm and 10 pm
respectively(Arkush et al. 2008and have been shown to have a wide temperature
tolerance4 to 30 °C (Andreou et al. 2009 The cell wall ofS. destruengs made up of

three defined layers; an external layer of membranous structure, a central electron dense
layer and an iternal electrolucent layer. Theell cytoplasm cosists of peripherally
orientedmitochondria and both membrabeund and nomembranebound vacuoles

and a relativelyndistinct nucleus (Figure 1.®${arrell et al. 198%

Figure 1.8. Proposed life cycle aphaerothecum destrueadapted fromArkush et al.
(2003. (A) S. destruensspores infect host cells and divide asaky (B) spores
releasedthrough cell disruption (C) spores can propagate to zoospores following
incubation in distilled water (D) released spores can infect new host fish through
ingestion or gill atichment. Infection through zoospores is proposechasihot been
demonstratedE) the nfected host can release spores through bodily fluids.
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Figure 1.9. Transmission electron microscopy section of sunbldaucaspis
delineatusrenal tissue infected witlsphaerothecum destruenshe cell wall ofS.
destruensis comprised of three layers (indicated by arrows) (1) an outer layer with
membranous structure; (2) a middle electron dense layer and (3) an innereeatrol

| ayer . Sc a(Ploto boartesy of@r. SteppemW. Feist).

Pathological studiesf S.destruensnfection in salmonidsO. tshawytschandS. salar

have been carried out byrkush et al. (1998and Hedrick et al. (1989 and in the
cyprinid L. delineatusby Andreou et al. (2011 Two types of microscopic lesions were
observed in the parasitized fijsiodular and disseminatéérkush et al. 1998 In the
nodular form of the disease the lesions exhibit a stronger host cell response evident
from the granuloma formation in visceral organs such as kidney, liver and spleen. The
granulomas contained numerous single parasites or multiple rosettes, replaced the
normal parenchyma of the testis and the liver and were characterized by cellular debris,
inflammation and numerous macrophag@sdreou et al. 2011 In the disseminated

form of disease, the parasite was widely dispersed in host wgtirr@nce in variety of

cell types: hematopoietic, epithelial and mesenchymal cells and a reduced host cell
responsgArkush et al. 1998 The two distinct morphotypes &. destruens2-4 um

and 46 um in diameterwere found in both types of disea@gkush et al. 1998 Both

types of lesions were reported for delineatusnfection whereonly the smaller spore
morphotype (2 to 4 um) was observed &dlestruenspores were also present within
giant cells(Andreou et al. 2011 The ultrastructural characteristics®fdestruens L.
delineatuswere found similar to those reported in salmonid infectiGhkush et al.

1998 Andreou et al. 2011
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The S. destruenspores stained with haematoxylin and eosin (H & E) appear deeply
eosinophilic(Figure 1.10), where primary dye hemalum stains the chromatin material
(nuclei) blue and a counter stain eosin dyes the eosinophilic bodikgling cytoplasm

and extracellular proteins; various shades of red, pink and orange. $hdestruens
Gram-positive and retains the primary crystlet staindue to the presence athick
peptidoglycan layer in its cell wall, which appears purple coloured when obsersed
microscope (Figure 1.1Arkush et al. 2003Andreou et al. 2011Paley et al. 2012

‘\‘\‘ ,‘,’,‘T ‘\_-:\\_- “
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Figure 1.10. Graruloma in the testis ofeucaspius delineatusThe ganuloma is
surrounded by a thin fibroblast layer (white arrow) and numerous rosette agent spores
are found within (Black arrows). H & E stain, Bar = 50 um

Figure 1.11. Liver lesionin Salmo salarshowing granular Gram positive staining of
cellular constituents ddphaerothecum destrueeslls. Gram stain, Bar = 50 um
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1.5 Classification history of Sphaerothecum destruens

The rosette agent was classified &phaerothecum degens based on its two
distinguishing features from its closely related genera Dermocystidium and
Rhinosporidium (i) host granulomatous response induced by parasitic spore;gigges
and differentiation of mature spores into multiple flagellated zoospEArkush et al.
2003. The genera Dermocystidium and Rhinosporidium belong to the
Rhinosporideacae family within the Mesomycetozoa class which is found at the-animal
fungal boundary(Mendoza et al. 2001 With the advancemesitin the taxonomical
information based onultrastructural and moleculaphylogenetic studies, species
classification in the Rhinosporideacaefamily has undergone many changes.
Phylogenetic analgs based on smadlubunit rRNA gene sequencédentified a group

of eukaryotic protists that sits at the basal branch of the Matazamed as DRIPs
clade. The clade was comprised of tBermocystidium sppthe Rosette Agent,
Ichthyophonus hoferand Psorospermium haeckelljRagan et al. 1996 With the
addition ofRhinosporidium seebera human and animal pathogen, the acronym DRIP
was replaced with the Class Mesomycetozoa to reflect their position within the Eukarya
(Herr et al. 199%. The class Mesomycetozoa consisted of two orders: Dermocystida and
Icthyophonida(CavalierSmith et al. 1998 Within the DermocystidaS. destruens
Dermocystidiumspp and R. seebri were grouped in the Rhinosporideaceae family
(Mendoza et al. 20Q1Amphibiocystidium range frog pathogen was recently added to

family Rhinosporideaceg®ereira et al. 2005

Under the new proposed classification system for protists, published by the Society of
ProtozoologistsS. destruenstands in the supgroup Opisthokonta (Mesomycetozoa:
Ichthyosporea: Rhinosporideaca¢pdl et al. 200% More recently, based on
phylogenomic studieS. destruensvas placed in a new clade termed‘as er et ospor
comprised of Ichthyosporea ar@orallochytrium limacisporumand the group was

found to be the earliest Holozoan divergence followed by Filasterea and

Choanoflagellatea (Figure 1.1Porruella et al. 2016
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Capsaspora owczarzaki

Icthyophonida

Teretosporea
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Figure 1.12. Phylogenetic relationships among Opisthokonts (Holozoa and
Holomycota) based on phylogenomic data usftagellum and chitin synthases
characters, adapted frohorruella et al. (2016

1.6 Current Sphaerohecum destruensletection techniques

Current detection methods for the paraSitelestruens its host are performed through
microscopic examination of the histologic sections of visceral organs (Arkush et al.
1998) and molecular detection through thephfication of the 18S rRNA gene
(Mendonca and Arkush 20R4The histological examination of sections can give
insights into the host pathology amlde potentialimpact of the parasite in the host.
However, it has a low sensitivity of detection in particular for hosts where the
disseminated form of the disease is most prevalent. This applied to many parasites and
as a result detection of the parasite DNA through the use of the Polymerase Chain
Reaction (PCR) amplification is often us@aui et al. 2011
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Thus, the desiged PCRbased detection is a more powerful diagnostic tool Sor
destruengletection especially in sub clinically infected fish such as its reservoir Rost
parva(Mendonca and Arkush 20R4The molecular detection uses a nested PCR which
amplifies a 434 bp fragment of th&. destruend8S rRNA gene, with a reported
detection limit of 1 pg for purifieds. destruemgenomic DNA. The method was also
found to be specific aS. destruenspecific primers did not result in amplification for
the related salmonid parasiteshthyophonus hoferand Dermocystidium salmonisf

the Class Mesomycetozoa, in singteind and nded PCR assayéMendonca and
Arkush 2004. However, the PCR detection sensitivity is also affected by the DNA
extraction efficiency. Thes. destruenspores have thick cell wall which is resistant to
many DNA extraction methoddlendonca and Arkush 20p4potentially limiting the
detection of the parasite in lowly infected hosts and increasing the probability of false
negatives i.e. individuals are falsely identified as not carrier of the parasite. This is
particularly relevantwvhen using molecular metheébr screening?. parvapopulations

for the presence @. destruendetection sensitivity in fish tissues could be improved
by amplifying mitochondrialDNA regionsdue to the presence of multiple mitochondria
in the cell compred to a single nucleu@vise 2000Q. Furthermore, therate of
nucleotide substitution is higher in mitochondrial gem®mpared to nuclear genes
making it a potentially important phylogenetic mark@rown et al. 1979Avise 2000).

In addition, epidemiological studies of the parasite would benefit from an
environmental DNA detection method which can be used teim@sively screen

water bodiesideni f i ed as ‘at risk’” from the par a:

1.7 Environmental DNA as a detection tool

Environmental DNA (eDNA) is a new emerging technique that involves the study of
DNA from environmental samples e.g. soil, water and sediments. The DNA source in
these bodiesan be through the release of faeces, saliva, urine, skin cells, and body
secretions of inhabiting speci€Rees et al. 2034 The eDNA technique involves the
collection of environmental samples (e.g. water or soil), DNA extraction and PCR
amplification of DNA of thetarget orgaism through specific primerg&pplication of
eDNA is important in the detection of multiple or single species at a particular location.
eDNA detection has gained much popularity in the fields of ecology and conservation

biology (Ficetola et al. 2008 as biodiversity studies, ecological managemaini
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conservation programs all require an @ént detection method for rargvasive or
endangered speci€Bicetola et al. 2008Jerde et al. 20)1In addition, eDNA based
detection are less time consuming and in some cases more sensitive compared to the
traditional survey methodgBejafereira et al. 2009 The technique has been
successfully employed across variety of habitats from terrestrial and aquatic
sedimentsjncluding ice, solil, fresh water and sea wateith different appoaches of
sample collection methods and volumes, preservation methods and DNA extraction

methods reviewed iRees et al. (2034Thomsen and Willerslev (2015

The use of BNA from water boéks for species detection was first employed to detect
the American BullfrodRana catesbeiangricetola et al. 2008 This is a highlyinvasive
species which has spread around the gl@laustein ad Kiesecker 20Q02Kats and
Ferrer 2003 The technique was efficient in detecting the species at selected positive
sites from previous survey§icetola et al. 2007a&2007h even at very low densities
(Ficetola et al. 2008 eDNA has since been used to detect a vast range of aquatic
species including amphibiar{&oldberg et al. 2011Dejean et al. 201 2Pilliod et al.

2013 2014, fishes(Dejean et al. 201 Uerde et al. 201 Minamoto et al. 201,2Jerde et

al. 2013 Mahon et al. 2013 arthropods(Thomsen et al. 20)2and gastropods
(Goldberg et al. 2(3).

eDNA can be a useful tool for detecting and quantifying parasites and their hosts in
water samples. One of the emerging fungal diseases of amphibians is Chytridiomycosis.
The causative agent of the diseasBasrachochytrium dendrobatidisvhoseinfectious
zoospores affect the epidermis of adult amphibians and mouth parts of anuran larvae
(Garner et al. 2005Earlier surveillance strategies of amphibians involved the detection
of zoosporangia in the hbamphibians through microscopic or molecular techniques
(Berger et al. 1998Garner et al. 2005 Later, the pathogenwas discovered outside its

host and persisteid the environment for weeks to mont@3ohnson and Speare 2005
raises the need of parasite detection tool in environment. eDNA has been found as an
effective tool inB. dendrobatidigletection in environmental samples from Spain. The
detection of this intracellular parasite outside its host eliminates theof&dling live

hosts for pathogedetection(Walker et al. 200}/ Additional parasites for which eDNA

detection has been applied include the aetiological agent of crayfish plague
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Aphanomges astacwhich also releases zoospores in the wésérand et al. 2004 a
number of viruses such as Cyprinid Herpesviruses and Rhabdo\iMisasnoto et al.
2015 and a trematodRibeiroia ondatragHuver et al. 2016

In freshwater ecosystems, short DNA fragments can be detectable up to one month of
their release in the environme(Dejean et al. 2001 However, experimental studies
show that DNA degradation increases at high temperatures, high &hd reutral pH
(Strickler et al. 201p This indicates that eDNA persistence can vary greatly based on
the environmental conditions of the aquatic halfftickler et al. 201f increasing the
probability of false negative results due to low quantities of DNAomsen et al.
2012. This can be overcome by increasing field samples and multiple PCRs per sample
(Ficetola et al. 2008 A more reliable method employed is quantitative PCR (QPCR)
which quantifies the spé&s DNA in real time and a sample is considered positive even

if one PCR replicate surpasses the fluorescence threShetdharaet al. 2013. Other
factors that can influence the detection include the sample processing techniques and the
amount of template DNA used. For example, freezing and thawing of the samples prior
to filtration and larger volume of DNA template solutionubfor the PCR tend to have
lower detection rates compared to ffoseen samples and smaller starting DNA
volumes (e.g. 2 plfTakahara et al. 20)5eDNA amplification can also be inhibited by
humic substances esxtracted with eDNA which inhibit the functionality of Taqg DNA
polymerase enzym@icKee et al. 201p The postreatment of the eDNA samples with
10-fold dilution or spincolumn purifi@tion are effective in reducing inhibitors effects

but can also affect the assay sensitiykjcKee et al. 2016 The generation of both

false negatives and positives can have consequences for the monitoring and
conservation programes (Thomsen and Willerslev 2015 Despite the potential
limitations associated with eDNA detection, an eDNA methodbfatestruendetection

can help in the development of epidemiological maps for the parmasitea quick

screening of fish consignments before their introduction to different water bodies.

1.8 Mitochondrial DNA and its evolutionary trends

Mitochondria are double membrabeund organelles commonly known as powerhouse

of the cells whose origin withithe eukaryotic cells is an important and still debated
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evolutionary event.The widely accepted hypothesis explaining the origin of
mitochondria in cel | s whichsuggbsethat appnodimately &b i o
billion years ago mitochondria ev@d only once from bacteria that were in an
endosymbiotic relationship with their unicellular ho§&ray et al. 1999Dyall et al.

2009. Extensive biochemical and phylogenetic $sd have demonstrated that
mitochondria did originate from a single alppioteobacterial ancestdGray et al.

1999 from within the order Rickettsiales living inside the host ¢@ang and Wu

2015.

Mitochondrial DNA (mtDNA) in multicellular animals is usually described as a small,
circular molecule with compactly arrangedron-less genes. Howevestudies carried

out over the lastlecade have considerably changed this view. Variations to the standard
mitochondrial genome (rgenome) size and content were observed particularly in non
bilaterian animals. These variations ranged from remarkable diversity-gemoime
architecture gingle to multiple linear and circular chromosomegresence of extra
genes &tp9 polB and tatC), different number of encoded tRNAK0-25),

presence/absence of introns to a large range of genomélsixesv and Pett 2016

Mt-genome diversity was observed in samples from Choanoflagellate, Ichthyosporea
and Filasterea. These close unicellular relatiielsletazoa termed as Choanozoa have
large mtgenomes (50 kbR00 kbp), are spacious with long intergenic regions (greater
than 100 bp) or repeat sequences, and are-mEmeUnique migenome architecture
was found in these organisms which ranged from sitigearchromosome to multiple
linearchromosome and single circianromosomgBurger et al. 2003d.avrov and

Lang 2014. These expansionary trends in-genomes of protists led to the hypothesis
of mitochondrial evolution from a common Holozoan (Metazoa and their unicellular
relatives) ancestor aig three different routg8urger et al. 2003aFirst route includes

(i) the Ichthyosporea lineadevhich includesS. destruens The only currently available
mt-genome fromthe Ichthypsporeabelongs toAmoebidium parasiticumwvhose mt
genome underwent fragmentation anathpant expansion through the accumulation of
repeat sequencégBurger et al. 2003aThe secondary route involves the expansion of
mt-genome through the accumulation of long stretches of intergenic regions in

Choanoflagellate lineag®lpnosiga brevicollis The thirdmetazoan lineage underwent
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extensive gendoss coupled with genome contractigngure 1.13Burger et al. 2003a
The compaction and geihess of the migenome was attributed to the twaim events
in animal evolution, the emergence of multicellularitynd bilateral synmetry.
However, there is no evidence if these changes in thgemime architecture €o
occurred with the morphological tratisns in animals (Figure 1.18avrov 2007.

38



Choanozoa

Metazoa
Bilateria Non-Bilateria Choanoflagellate  Filasterea Ichthyosporea Fungi
N~
3
_ﬁ;
§
2
Bilateria: N
Loss of genes Choanoflagellate: § |
D-loop in tRNA(S) Mt-genome expansion- §3
Changes in genetic code accumulation of S
Degeneration of RNA intergenic regions O
Loss of genes

genes
Metazoa:

Loss of genes
R11-Y24 pair in tRNA(W)
Compactization of mtDNA
Indels in protein coding
genes Ministeria vibrans:
Short stretches of
intergenic regions

Amoebidium parasiticum

Icthyophonida/
Capsaspora owczarzaki:

Mt-genome expansion-
accumulation of repeat
sequences

Figure 1.13. Mitochondrial evolution in the Holozoa (Metazoa + Choanozoa). The above figure illustrates the events involved in miDiidA.evo
along three main evolutionary rout@urger et al. 2003awith respect to the two main trsitional events in animal evolution i.e. the emergence of
cellularity and bilateral symmetradapted front.avrov (2007. Data for Filasterea obtained fnrd_avrov and Lang (2004
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There had been a general assumption that animals have compact mitochondrial genomes
compared to unicellular protists and fungal mtDNA. This notion was challenged with
the discovery ofarge mitochondrial genomes ranging from 32 K3okbp in the basal

animal phylum Placozo&Signorovitch et al. 2007 Based on this discoveryt was
hypothesized that the ancestral animal mitochondrion was a largesongracted
molecule. Due to the intermediate -ggnome sizes between animals and unicellular
protists, it was proposed that the-ggnome compaction occurred secondarily after th
emergence of metazoarBased on phylogenetic analysis using mitochondrial derived
amino acid sequences, tplylum Placozoa was determined as the earliest offshoot
from the metazoan lineage. However, the recent multigene studies have assigned
Porifera & the earliest Metazoan divergence followed by Placozoa and Cnidaria
(Torruella et al. 201,2Torruellaet al. 201%, which challenges the above hypothesis.

The phylogenetic relationships in basal animals and their unicellular relatives are
subject to changes depending on the extensive taxonomic sampling and the set of genes
studied for the analysi®Ruiz-Trillo et al. 2008 ShalchiarTabrizi et al. 2008Torruella

et al. 201%.

Shaerothecundestruensis a unicellular pathogen from Order Dermocystida (Class
Mesomycetozoa) which sits @he animalfungal boundary. To date$. destruerts
phylogeny has not been determined based on itdNtDrhe presence of large mt
genome (> 200 kbp) iA. parasiticum which is comprised of several of hundreds of
linear chromosomes (Class Ichthyosporea: Order Icthyophonida) raises the question if
the same expansionary trends and peculiagenbme architgure is spread across the
Class Ichthyosporea. Moreover, the sequenced mtDNA from Choaozery limited

with only four sequence@rganisms to date. Ichthyosporea is considered as an earliest
Holozoan divergence (Figure 1.1Porruella et al.2015 and mtDNA genomic data

from this group can provide valuable insights into the understanding of mittcab

evolution.

1.9 Aims and objectives

The increasing occurrence $f destruens) Europe following its initial record in 2005

in addition to its generalist natyrkighlight the need to establish the origin of this
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parasite to Europe (i.e. native monnative) as this can have important implications for
its monitoring and management. Thus, this PhD thesis aimed at:

1. Developing new PCR detection methods with phylogenetically informative DNA
markers to investigate the phylogenetic relationshipsS.oflestruensfrom various
geographic locations (Chapter 2).

2. InvestigatingS. destruerispotential nomative status through the detection Sif
destruensn P. parvaacross its native and narative range (Chapter 3).

3. Creating a detailed epidemiolodicaap for S. destruengresence in England and
Wales (Chapter 4).

4. Developing and applying an eDNA detection techniqué&fatestruens/hich can be
used to assess its presence in freshwater samples as well as act as a prevention tool for
S. destruenspread between waterbodies.

5. Investigating S. destruensphylogeny baed on its mitochondrial genome and

analysing its mgenome architecture.

1.10 Overview of the chapters

Chapter 2: Testing the specificity and sensitivity of two new DNA markers for the

detection of Sphaerothecum destruerns fishes

In this chapter, two new DNA markers (ribosomal ITS 1 and mtklyor improved
detection ofS. destrueng its source hosP. parvawere tested for their specificity and

sensitivity. These markers were thendigeChaptes 3 and 4.

Chapter 3: Global distribution of the Sphaerothecum destruengeveals its non

native status for Europe.

Chapter 3 investigated the global distributionSofdestruendy screening 2P. parva
populations across its native and itai ve range in order to d

origin in Europe.
Chapter 4: Epidemiology of Sphaerothecum destrueris Britain

In this chapter, the first epidemiological mapSfdestruens Britain was created and
the risk of disease transfer totina fish species was assesdtbugh histopathology

and molecular detection.
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Chapter 5: Development and application of environmental DNA detection assay

for Sphaerothecum destruens

A fast and coseffective eDNA detection method f@&@. destruensvas developd and
applied in this chapter and provided important insights in disease persistence in native

freshwater communities.

Chapter 6: Sphaerothecum destruendaxonomy and mitochondrial genome

organisation

The phylogenetic position d. destruensvas investgiated using its mgjenome data

with unique insights into the mtDNgenomeevolution.
Chapter 7: Discussion

This chapter synthesisethe main findings and makes recommendation the

management db. destruens Britain and other European countries.
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Chapter 2

Testing the specificity and sensitivity of two new DNA markers for the
detection of Sphaerothecum destruerin fishes
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2.1 Introduction

The polymerase chain reaction (PCR) and other nucleic acid based assays are
increasingly used for the detectiaf parasiteinfections, epidemiology anddisease
prevention(Weiss 1995 Mohammed et al. 20}5Their increasing use is due to the
techniques beindgast and more sensitive and spéici compared to conventional
diagnostic methods such as hisgy (Andree et al. 1998Gonzalez et al. 2003PCR

can be particularly effective indetecting and cksifying intracellular parasite

(Mendonca and Arkush 20P4In most cases, it is difficult to phkically remoe

intracellular parasites from host tissuee sul t i ng 1 n bemgpregeam a s i t
a ‘pool’ of ho s tits dhanfratidnWhen ihfection isl low, suthias g
inthecase of a reservoir host, the parasite

detection limit leading tofalse negativeéTaberlet et al. 1996

Prior to using PCR as a detection methiidis important to determine thes say '’ s
detection sensitivityor limit of detection LoD) and specificityin order to both validate

the assay and correctlgterpret detection resul{furns and Valdivia 2008 Both the
sensitivity and specificity of the PCR assay dependa namber of factors inchling

target genes, primer sequendgpe of PCR techniquand DNA extraction procedures
(Yamamoto 200R PCR sensitivity can be determahéhrough amplification of serial
dilutions of parasite DNA in the presence and absence of host, BRéreas PCR
specificity can be determined by testing for cross amplification of closely related

parasite species and host DNA.

In addition to parasiteletection, the generated sequences obtained through PCR can
also be used in phylogenetic studigsubetsky et al. 2014Pawardhan et al. 2034
Phylogenetic studies often use genes such as the nuclear ribosomal genes (16S rRNA,
18S rRNAandribosomal ITS) and mitochondrial genes (COYt-b andcontrol region)
depending on the level of phylogenetic resolution requiatwardhan et al. 2014
Mitochondrial DNA markers are often used in population level studies due to them
being haploid, unipareally inherited,can have regions that are highly variahled

easily amplifiedHajibabaei et al. 20Q Dupuis et al. 2012
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The current detection methods f@&@phaerothecum destruens its hosts involve
histology and DNAbased methodqPCR) (Mendonca and Arkush 2004 The
developed 18S rRNA PCR assay can effectively detect low I1€@lg) of S.destruens

in its healthy hosPseudorasbora parvaut cannot be used in population differentiation
studies due to low genetic variabilifcpikmans et al. 2013Ercan et al. 2016
Phylogenetic studies have been carried out Sndestruensusing the ternal
Transcribed Spacer (IT$) gene(Gozlan et al. 2009which is ahighly polymorphic,
non-coding region that separates the 18S and 5.8S nuclear ribosomal RNA genes and is
widely used forphylogenetic and population analysis in fur{§vhite et al. 1990
Schoch et al. 2032The published ITS assay foiS. destruengvolved amplification

of the gme from a single individual ofeucaspiusdelineatus(a highly susceptible

host) and its sensitivity and specificity was not determi(@dzlan et al. 2009

In order to address the objectives of Chapters 3 anéecti¢8 19), there was a need to
develop detection assays for phylogenetically informative DNA markers thdd cou
detectS. destruenfrom its healthy hosP. parva.Thus, the objectives for this chapter
wereto: 1) determine the sensiity and specificity of the ITS marker and redesign
primers to improve these if necessary; 2) develop a detection assay for the
mitochondrial DNA fragment spanning the Cytochrome &) and integenic region
betweenCyt-b andthe cytochrome ¢ oxidasedxl) gene(hereafter referred to as Gyt

b) and 3) compare the LoD of tmewly developed ITS 1 and Citdetection assay

with the gold standard fo®. destruen®NA detection,the amplification of 18S rRNA
region(Mendonca and Arkush 20p4

2.2 Materials and methods

A 2-step PCRor nested PCR) is often used to detect low quantities of DNA. iata®

PCR the amplified product is subjected to a second round of PCR with a set of nested
primers | ocated i nt er n\Wdiss199Tabenlet etflil®yt PC
Nested PCR can in some cases improve sensitivity by 1000 times compared to standard
PCR (Yamamoto 2002 However, this carincrease theisk of contamination and

detection of false positiveslt is thus necessary to use separate areas for PCR
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preparations and amplified products, as wekhdding appropriatpositive and ngative
PCR controlgKwok and Higuchi 1989

In response to this, all DNA extractions from host tissues were performed in a lab
dedicated to DNA extraction. PCR assays were performed in-areMated PCR hood

and amplified products were handled in amea set out exclusively for gel
electrophoresis. Appropriateegative controlsvere used throughout and included:

1) DNA extraction controls where the DNA extraction protocol was performed in the
absence of host tissue (these were subjected to PCRieatiolh to detect any possible
crosscontamination during DNA extraction);

2) PCR negative controls, where water instead of DNA was amplified in order to
determine crossontamination during the PCR and;

3) PCR positive controls where 10 ng of pBe destruensDNA was amplified to

ensure that the amplification was successful.

2.2.1 18S iibosomal RNA (rRNA)

The routine PCR used f@&. destruengletection in its host is 18S rRN/Mendonca and
Arkush 2004. This already developed PCR was used as a reference PCR to compare
the newly developed assays. In the 18S rRNA P&R34 bp fragment is amplified
using nested PCR.hE sequence of the forward (8dF) and reverse (StR) primers

wa s- CBA CTT TTCGGA AGG GAT GTATT- 3"’ a-A@T CEC AAA CTC
GAC GCA CAC T3 ’'respectively. The first round of amplification yielded a 550 bp
long amplicon. Thesecond round assay am@ifi a 434 bp segment of the 18S rRNA
gene; using théorward primer (SeR F ) -CCGTCG GTT TCT TGG TGA TTC ATA
ATA ACT-3 ‘and reverse primer (821 R) “:CTGGTC GGG GCAAAC ACCT& '’

The reaction conditions for both PERere identical except for the stiag template. In

the first round PCR, the starting template DNA concentration wasn80Whereas in

the second round gl of the first PCR product was used. The reaction conditions were
as follows; a reaction of 30l contained 1X Promega Flexi buffer].5 mM MgCl, 0.2

mM dNTPs (Bioline), 0.3uM forward and reverse primemd 0.5U Taqg polymerase

(Promega). The cycling conditions included an initial denaturation cycle at 95°C for 5
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minutesfollowed by 35cycles of 45 seconds at 98, 45 seconds at 6 and 45
seconds at 72C. A final elongation step at PZ was performed for 7 minutes.

2.2.2 Internal transcribed spacer 1 (ITS 1) reaction conditions

The ITS1 and ITS2 markers foiS. destruendeveloped byGozlan et al. (200%ailed

to amplify S. destruensTS 1 aml ITS2 fromP. parvadue to strong cros®action with

P. parvaDNA. Thus, a new detection method was developed. The regions flanking the
ribosomal internal transcribed spacer 1 (IT)Sgene are 18S and 5.8S, which serve as
good positions for primers. lorder to develop primers specific $ destruensl8S and
5.8S gene sequences wembtained from GeBank for the fishesSalmo trutta
(DQO009482), O. mykiss (FJ710873.1), S. salar (AJ427629.1) andC. carpio
(FJ710826.1). The sequences were manually aligridd 18S and 5.8S rRNA gene
sequences of deposit&l destruenstrains(FN996945.1, AY267345.1, AY267344.1,
AY388645.1 and~J440702.1)n BioEdit, and primers for single round and nested PCR
were carefully designed to avoid similar/conserved regions keetwissh andS.
destruens The designed primers were then tested against whole ge&ordiestruens
andP. parvaDNA in PCR tests.

A list of primer combinations, PCR conditions and their outfhat weretested in the
development of this assay are prase in Table 2.1. The optimized primers for the 2

step PCR employed for amplification of the ribosomal ITS 1 were the forward primer
Sdes2F of -G CEGAOANAGGC(CETGTAG ' ), coupled wit
rever se pr iTmeGTT NI T ,CCTICEG CT3) in first stepPCR. The

second round of PCR produced a 7)) ampliconusing the same forward primer
Sdes2F and a reverse primer-80 S RCGATGCACGAGCCAAGAG3 '’

The reaction conditions were as follavtke reaction volume was 3@ and 50l for

first and second round of PCR respectively. The PCR reaction constitutedXof 1
Promega Flexi buffer, 1.5nM MgCk, 0.2 mM dNTPs, 0.3uM forward and reverse
primer and 0.3J Tag polymerase (Promega). The optimized cycling conditions were as

follows; for the first round of PCR, an initial denaturation at %@ for 3 minutes
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followed by 35 cycles of 30 sendsat 95°C, 45 seandsat 60°C and 90 semdsat 62
°C. A final extension step at 62°C for 7 mties For the second step PCR, an initial
denatwation at 95°C for 5 min followed by 35 cycles of 30 saedsat 95°C, 45
seondsat 59°C and 90 sandsat 62°C and a final extension step at 82 for 7

minutes

To confirm if the 700 bp amplicon which was present # destruensamplesspiked
with P. parvaDNA is purely fromS. destruensr a mixture of S. destruensnd P.
parva DNA; the 700 bpband was gel extracted and purified (Qiaquick Gel extraction
kit, Qiagen). The purified bands from both 189 and 10hg S. destruen®NA spiked
with P. pava DNA weresent for sequencing (Beckman coulter genomitise BLAST
tool in theGenBanknucleotide database (NCBI) was used to confirm their identity.

2.2.3 Cytochromeb (Cyt-b)

Mitochondrial DNA is considered a suitableption when genetically exploringew
species inthe wild (Galtier et al. 200p The sequence variation i8. destruens
mitochondrial DNA is unknown, howey, noncoding regios are highly likely to
produce variable regiongZuccarello et al. 1999 Accordingly, the Cyt-b-cox1l
intergenic region (IGR) was targeted when designing the mitochondrial DNA @ssay.
cytochromeb sequence was obtained f&. destruendy employing the universal
primers cobF424 5GGWTAYGTWYTWCCWTGRGGWCARAT)and cobR876
GCRTAWGCRAWARRAARTAYCAYTCWGG)  (Burger et al. 2007
Sphaerothecundestruensspecific primers were then designed for single round and
nested PCR. The primevgere placed in positianthatallowed the amplification othe
Cyt-b gene fragment an@yt-b-cox1 IGR. The primers employed for amplification of
mt Cyt-b gene fragment (63p) plus IGR (60 bp) were N{CytB-F1 (5
ATGAGTTTATGGGGAGCG) coupled with NCytB-R1 (5
GCTCCAGCCAACACAGGTAAGGATAATAAQC) in the first stepPCR. The second
round PCR produced ~700 bp fragment; employing primer MNEytB-F2: (5
GGAGGGTTTAGTGTGGATAATGC) coupled with NCytB-R1: (5
TCATCGTCAAATCCAACTCACC).
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The reaction conditions includedraaction volume of 3@l and 50pl for first and
second round of PCR respectively. The PCR reaction constitute ¢frbmega Flexi
buffer, 1.5mM MgCl, 0.2mM dNTPs, 0.3uM forward and reverse primer and 0J5
Tag polymerase (Promega). The optimizedliogcconditions were as follows; for first
round of PCR, For first round of PCR, an initial denaturation &9®r 2minutes 35
X [95 € for 40 seconds 56 °C for 40seconds 72 °C for 60 second$ and a final
extension step at 7& for 5 min, for thesecond step PCR, & for 2 miutes 35
cycles [95°C for 40seconds 58°C for 40seconds 72°C for 60second$ and a final
extension step at PZ for 5 mirutes

To confirm if the amplifiedproductwasthe targeted Cyb region, the fragmentsere
sent for sequencing (Beckma&oulter genomics). The obtained sequences were blasted
againstGenBanknucleotide database to confirm their identity.

2.2.4 Determining specificity and sensitivity of the develope&phaerothecum

destruensspecific assay$or ITS 1 and Cyt-b

In the current study, improved methods with higher sensitivity and specificity were
required forimproved detection ofS. destruensn its healthy hostP. parva The
specificity of the developed markersastestedby running PCR tests witB. deuens
DNA and pure host fishP. parva DNA. The assay sensitivity was determinieg
amplifying serial dilutions of pure genomi8. destruen®NA and pure genomié&.
destruen®DNA spiked withP. parvaDNA. Specifically,to determine and compare the
detection limits of S. destruenspecific nested PCR, genonfc destruen®NA at 50
ng/ul was serially diluted to 0.00%g/ul for ITS 1 and 0.00005 ng/ul fa@@yt-b marker

in sterile U\tirradiated water. In the first PCR rouripl of each dilution was used as
starting template giving a range of 166/ul to 0.01ng/ul for ITS 1 and 10&g/ulto 10
fg/ul for Cyt-b, of pureS. destruengenomic DNA All amplifications were performed
in duplicate. Nested PCR was performed both in absence and preseRceari/a
geromic DNA (300ng) to detect the specificity of PCR f&: destruen®NA in fish

tissue.
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2.2.5 Cross reactivity with other susceptible host fish species

In order to avoid false positive results (a false positive would mean that PCR yielded a
positive result inthe absence of parasite DN hipps et al. 2006 the specificity of

the Cyt-b primers was tested by carrying out t@gt-b PCR using a number @.
destruenssusceptible host fish species. The fish species tested forasrpéification

were carpC. carpio, roachRutilus rutilus minnow Pimephales promelascommon
breamAbramis brama chub Squalius cephaluand barbeBarbus barbus PCR tests

were carried out with pure fish DNA (3@@). The cycling conditions were as descdbe

in section 2.2.3.

2.2.6 Comparison of limit of detection in light of DNA extraction efficiency

The efficiency of the DNA extraction technique can affect the sensitivity of the PCR
diagnostic techniquéGhosh and Weiss 20R9The DNA extraction efficiency fof.
destruensspores inthe presence and absence of fish tissi ihg C. carpio kidney)

was determined to b800 spores and 50 spores respectively utiedONeasy Bbod

and Tissue kit (Qiagen¥ee Table 2.4Andreou 201D The detection limits ofS.
destruensspecific 18S rRNA PCR were determined to be 10 pg and 1 pg in the
presence and abseno&C. carpio DNA respectively. Accordingly, in the absence of

fish tissue, 53. destruenspores were considetequivalent to 1 pg of genomic DNA

and likewise in the presence of fish tissue, 500 spores were considered equivalent to 10

pg of genomic DNA.
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Table2.1. List of primers, polymerase chain reaction (PCR)d#ions and their output employed in the development of Internal Transcribed Spacer 1

marker

Aim Primer combinations PCR conditions Results

Testing Sdes2F:(5-CTT CGG ATT GGC 95 °C-3 min 35x (95 °C for 30 s, 56 °C for 45 s, 62 No amplification.
conditions CCT GTAC) °C for 90 s) 62 °C for 7 min Optimized annealing
published in NC 13R: (5-GCT GCG TTC TTC ATC temperature. At 52 °C
Gozlan et al. GAT) annealing temperature,
(2009 multiple bands were

obtained.

The sequence reads
indicated mixed
amplification possibly
due to cross reaction
with fish DNA.

Development of
nested PCR

Nested PCR 12 Sdes2F /NC13R
Nested PCR 22 Sdes2F/SBEITS-R1
SD-ITS-R1:

(5-CGA TGC ACG AGC CAA GAG3)

95 °C-3 min 35x (95 °C for 30 s, 52 °C for 45 s, 62

°C for 90 s) 62 °C for 7 min

95 °C-3 min 35x (95 °C for 30 s, 59 °C for 45 s, 62

°C for 90 s) 62 °C for 7 min

Amplified S. destruens
DNA in
Oxynoemacheilusp.
(Ercan et al. 20D5out
did not produce
amplification forS.
destruensn P. parva

Nested PCR 12: SDITS-4F/SDITS-4R

Nested PCR 22: SD-ITS-5F/SDITS-RA

95 °C-5 min 35x (95 °C for 45 s, 57 °C for 45 s, 62 Amplification produced

°C for 45 s) 62 °C for 7 min

95 °C-3 min 35x (95 °C for 45 s, 5% for 45 s, 62

°C for 90 s) 62 °C for 7 min

but sequencing showed
mixed read (indicating
probability of fish DNA
amplification).
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Specificity to
parasite DNA

Nested PCR 12: Sdes2F/ SBITS-R1
Nested PCR 22: SD-ITS-5F/ SDITS-R1
SD-ITS-5F:
(5-AGTGAGGCTGCCGAAAAGTT)

95 °C-5 min 35x (95 °C for 45 s, 59 °C for 45 s, 62 Amplification was

°C for 45 s) 62 °C for 7 min observed for botpure

95 °C-3 min 35x (95 °C for 45 s, 52 °C, 54 °C, 56 ¢ P. parvaandS.

58 °C for 45 s, 62 °C for 90 s) 62 °C for 7 min destruenDNA at all
gradient temperatures.

Nested PCR 12: Sdes2F/ SBITS-R1
Nested PCR 22: SD-ITS-4F/ SDITS-R1
SD-ITS-4F: (5-
GATTGGCCCTGTACCGCTG

95 °C-5 min 35x (95 °C for 45 s, 59 °C for 45 s, 62 Amplification was

°C for 45 s) 62 °C for 7 min observed for both pure

95 °C-3 min 35x (95 °C for 45 s, 52 °C, 54 °C, 56 ¢ P. parvaandS.

58 °C for 45 s, 62 °C for 90 s) 62 °C for 7 min destruenDNA at all
gradient temperatures

Nested PCR 12: Sdes2F/NC2:
(55TTAGTT TCT TTT CCTCCG CT)
Nested PCR 22: Sdes2F/SBITS-R1

95 °C-3 min 35x (95 °C for 45s, 52 °C, 54 °C, 56 ° At 60 °C the

58 °C for 45 s, 62 °C for 90 s) 62 °C for 7 min amplification praluct at

95 °C-5 min 35x (95 °C for 45 s, 59 °C for 45 s, 62 around 700bp foS.

°C for 45 s) 62 °C for 7 min destruen©NA and at
500bp forP. parva
DNA, indicates cross
amplification withP.
parvaDNA
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2.3 Results
2.3.1 Development of new detection methods fdsphaerothecum destruens

Internal Transcribed Spacer1

The published ITS 1 conditis{Gozlan et al. 2009devdoped for the detection d.
destruensDNA in L. delineatuswere found to croseeact with P. parva DNA.
Consequently, the ITS 1 conditions wereopimized forS. destruengresence irP.

parva(Table 2.1).

The primer pair found successful in anfging S. destruen®NA in its reservoir host
was Sdes2F coupled with NC2 time first round of PCR. The second round employed
Sdes2F and SIDIS-R1. It was impossible to amplify onlg. destruen®NA in the
presence of fish DNA due to cross amplificatiorthwiish DNA. However, using an
annealing temperature of 8C for primer pair Sdes2F and NC2time first round, the
size of amplified products obtainéar theITS 1 gengin second roundjvere different
for S. destruen®NA (700 bp) andP. parvaDNA (500 bp) (Figure 2.1), allowing for

the S. destruenspecificampliconto be gel extracted and sequenced.
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Figure2.1. PCR amplification of ITSL gene by primer pair Sdes2F and NC2 in first
round gradienPCR and Sdes2F and SDS-R1 in second round of PCR tested with
pure Sphaerothecum destrueasd Pseudorasbora parv®NA. Second round PCR
products were migrated on geane M: 1 Kb DNA ladder, Lane 1, 2, 5, 6, 9, 10, 13,

14, 17, 18: second round PCRogucts fromS. destruen®NA at 52 °C, 54 °C, 56

°C, 58 °C and 60 °C. Lane 3, 4, 7, 8, 11, 12, 15, 16, 19, 20: second round PCR
products fromP. parvaDNA at 52 °C, 54 °C, 56 °C, 58 °C and 60 °C. Duplicate
samples were loaded sequentially.

2.3.2 Detection limits of developed markers forS. destruen®NA in presence and

absence of fish DNAP. parva
2.3.2.1Internal Transcribed Spacer1

In order to determine and compare the efficiencyp oflestruenspecific ITS1 nested
PCR, the reaction was performed onfaldl serid dilution of genomicS. destruens
DNA in presence and absenceRofparvagenomic DNA. Using 1@old serial dilutions
of S. destruengenomic DNA, the amplification limit of nested PCR was 1ng of t6tal
destruensDNA. With the addition of 300ng of totd P. parvagenomic DNA, no
inhibition of S. destruenspecific ITS amplification (70®p) was found. Additionally,
very light bands appeared at & of S. destruen®NA spiked withP. parvagenomic
DNA (300 ng). Some nosspecific amplification was foundith P. parvaDNA (~500
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bp long) across several dilutions (&ig2.2). The 700 bp bands were identified as pure

S. destruenbl'S sequence.

by GaE e R RS BRI 21314 .15 16 17

Figure 2.2. Detection limit of Sphaerothecum destruesgeciic nested internal
transcribed spacer (IT3) gene PCR of pures. destruenggenomic DNA and in
presence oPseudorasbora parvgenomic DNA. Lane M (1 Kb DNA ladder); Lane 1
10: second round PCR products fra®0 ng, 10 ng, 1 ng, 0.1 ng, 0.01 ng spiked with
300 ngP. parvagenomic DNA. Duplicates were loaded next to one another. Lane 12
20, second round PCR products from 100 ng, 10 ng, 1 ng, 0.1 ng, 001degtruens
total genomic DNA.

2.3.2.2Cytochromeb

In order to determine the detection limit 8f destwensspecific Cyt-b marker, the
reaction was performed in £6ld serial dilution ofS. destruengenomic DNA only in
the absence dP. parvaDNA, as the primers were not found to crosact with fish
DNA (Figure 2.5). The detection limit was 0dg of tdal S. destruen®NA (Fig 2.3).
The sequences were identified as parelestruenmitochondrialCyt-b fragmentWith
the addition of 300 ng oP. parva genomic DNA, there was no inhibition &.
destruen<Cyt-b amplification up to 1 pg concentration fdestruenggenomic DNA.

However, at 0.1 pg there was positive amplification for only one replicate (Figure 2.4).
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Figure 2.3. Detection limit ofSphaerothecum destrueggecific nested Cytochrome b
(Cyt-b) gene PCR o8. destruensotal genomic DNA. Lane M (1 Kb DNA ladder);
Lane 116: second round PCR products from 100 ng, 10 ng, 1 ng, 0.1 ng, 10 pg, 1 pg,
0.1 pg and 10 fg 0. destruensotal genomic DNA. Lane 17: negative PCR control.
Duplicates werdoaded sequentially.

9 10 11 12 13 14

Figure 2.4. Detection limit ofSphaerothecum destrueggecific nested Cytochrome b
gene PCR in the presenceRgeudorasbora parvgenomic DNA. Lane M (1 Kb DNA
ladder); Lane 413: second round PCR products from 100 ng, 10 ng, 1 ng, 0.1 ng, 10 pg,
1 pg, 0.1 pg of Sdestruendotal genomic DNA spiked with 300 ng. parvaDNA.

Lane 15: negative PCR control. Duplicates were loaded next to one another.

2.3.3 Crossreactivity with fish DNA

The Cyt-b primers did not crosseact with any of the tested fish species DNA (e
2.5). The specificity of Cytb assay makes it suitable to det8ctestruenfom various
host fish.
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Figure 2.5. Cross-reactivity of Sphaerothecum destruespecific nested Cytochrome b
gene marker with fish DNA. Lane M: 1 Kb DNA ladgdéane 17: second round PCR
products from cargCyprinus carpi¢ chub Squalius cephalysbarbelBarbus barbus
roach Rutilus rutilus minnow Pimephales promelasbream Abramis bramaand
topmouth gudgeoRseudorasbhorgarva Lane 8: positive PCR control.

2.3.4 Limit of detection comparison

The Cytb assay had the best LoD, with the assay detecting up to 0.1 pg of DNA in the
presence of host DNAollowed by the 18S rRNA assay with a LoD of 1 pg and the ITS
1 with an LoD of 1 ng (Table 2.2).
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Table2.2. Comparison of the detection limit (LoD) of the developed markers ITS 1 and
Cyt-b in comparson with the already developed 18S maifkdendonca and Arkush
2009 in the absence and presence of fish DNA.

S.destruens Markers detection limit

Whole Spores 18S ITS1 Cyt-b
genomic equivalent

DNA Absence Presence Absence Presence Absence Presence

1ng 50,000 \ \Y V V V V
0.1 ng 5000 \/ V - - V V
10 pg 500 \% \% - - \% \%

1 pg 50 Vv Vv - - \% \%
0.1 pg 5 - - - - \% \

2.4 Discussion

In this Chapterfwo new assays foB. destruensvere developedh orderto be used in

Chapters 3 and 4. Th€yt-b was the most sensitive and specific assay Wi

detection ofS. destruenBNA at 0.1pg compared to 1 pg for tH8S rRNA(Mendonca

and Arkush 200gandat 1ng for ITS lTable 2.2) As expected th€yt-b assay was the

most €nsitive and this is most probably due to the presence of muttqpes of

mitochondria within ars. destruensell leading to multiple copies of thargeted DNA

region(Avise 2000Q. The assay was also highly specifimo crossreaction with any of

the fish species DNA tested. The low detection in the ITS 1 assay was nooably

due to the strong crossaction withP. parvaDNA. Due to the limited DNA region

suitablefor primer desigr{100bp in 18S and 5Bp in 5.8S peripheral region$ ITS 1),

a limited number oprimerscould be designed and the described assay wdmettd¢hat

could be developedith the avaihble information.The sensitivity of the ITS assay

from Gozlan et al. (2009was not determine@due to only DNA from infected host

being available in that study), arduld not be compared with the sensitivity reported

here.Due to the low detection sensitivity bfS 1 PCR and the inconsistency of @yt

PCR amplification at 0.1 pg concentration, a multiple tube approach could be applied

where each positive sample (through 18S rRNA PCR) can be independently amplified
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three times for the ITS 1 and Ghtregion. Thisincreases the probability of
amplification and is often used in ancient or highly degraded DNA sar(igéasdi et
al. 1992 Taberlet et al. 1996

Even though the detection 8f destruen®BNA was improved by 10 fold using the €yt

b assay Q.1 pg of pure genomic DNA)the detection ability of assay is still limited by
the extraction efficiencyof S. destruenspaes which is limited tdb00 sporesn the
presence of fish tissuAndreou 201D These extraction efficiencies are relatively
comparable to 100 conidia, which are physiologically similg®.tdestruenspores cell
wall, for fungi Geomyces destructanmer 2 mg wing tissué€Lorch et al. 201p and
inferior to 10 zoospores foBatrachochytrium dendrobatidigAnnis et al. 20041
Mendonca and Arkush (20P4ould extract DNA from up to 1@. destruenspores but

this value was not consistently reproducible for their own work. The possible
explanation for this could be the thick cell wallS. destruenspores that is resistant to
many DNA extraction method®/endonca and Arkush 20P4Resultantlythe number

of spores that release DNA in the extraction process may account for a fraction of total

number of spores initially enumerat@dendonca and Arkush 20p4

For S. destruensPCR is still a more sensitive method of detection, especially where
host infection is in the disseminated form, which involves low numbers of spores with
no histopathological respomsby the host decreasing the probability of detection
through histology. However, the available PCR assaysSfodestruensare not as
sensitive as compared to the detection limits in the similar studiddiéoosporidium
seriolae (0.01 pg), Ichthyophonushoferi (10° parasite spores) andseomyces
destructang5 fg) (Bell et al. 1999Whipps et al. 2008_orch et al. 201Pwhich limits

the detection efficiency. Thus, when the assays are used in epidemiological work, it is
highly likely that the determined prevalence will be an underestimate of the true
prevalenceof the parasite due to false negatives. This is particularly relevant to
epidemiological studies using reservoir hosts such. gsarvawhich harbour very low
infections, increasing the probability of false negatives. This will be problematie. for
parva populations, which test aS. destruensegative. In this case, it would be
advisable to: a) increase the number of fish tested; b) revisit the site at different times,

asS. destruensfections can vary seasonally with highest prevalence observed in th
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spring(Ercan et al. 2015and; c) ifaccess to live fish is possible, cohabit Eheparva
individuals with highly susceptible hogiSozlan et al. 208).

2.5 Summary

In this study, two novel phylogenetic markers ITS 1 and-ICyiere developed and
optimized for the detection db. destruensn its healthy hostP. parva The Cytb
marker was the mosensitive (0.1 pg) anspecific forS. destruendetetion compared
to the already developed 18S rRNA markérpg) byMendonca and Arkush (20p4
The ITS 1 marker was improved for its specificity ®r destruen®NA in P. parvabut
its sensitivity was very low (1 ng) compared to the other two markers. The iié&ker
could be effectively applied fd@. destruendetection in highly infected host fish.
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Chapter 3

Global distribution of the Sphaerothecum destruengveals its non
native status for Europe

61



3.1 Introduction

The international trade of contaminated animal stocks, environmental changes and
ecological disturbances have contributechumanmediated disease outbregk&yles

et al. 2014 In particular, the trade of domestic, cu#éd and wild animals has
trandocatedthousandsof species across the globe that has resulted in a concurrent
translocation of their pathogens leading to the global emergence of infectious diseases, a
large proportion of these being caused by fungi and fulige®rganismgFisher et al.

2012. Notable examples include the chgitriungus that is the causal agent for
Chytridiomycosisthat has led to the decline of over 200 amphibian spéSie=ratt et

al. 2007 and the whitenose syndrome in baBlehert et al. 2009

Species translocations can introduce novel pathogens to new geographic areas which
can lead to disease emergence in native sp@diszak et al. 2001 Fishes comprise

the biggest group among the introduced aquatic animals with an estimated 624
freshwater fishes established outside their natural range at the end aegiry
(Gozlan et al. 201Qbandover one billion ornamental fish from over 100 countries are
internationally traded each ye@Whittington and Chong 2007In Europe, the rise in

the introduction of an-nativefish speciess mainly foraquaculture, recreational fishing

and the aquarist trad@eeler et al. 20)1Therewere at least 38 nenative freshwater

fishes introduced to England and Wales by 2(Britton et al. 201D

Non-native fish species introduced to Europe for aquacuitwleded the Japanese eel
Anguilla japonicas which led to the introduction of the parasitic nematode
Anguillicoloidescrassusthat has contributed to the decline of Europeanfewjuilla
anguilla populations(Koops and Hartmann 198¥irk 2003). The inport of fathead
minnows Pimephalegpromelasto France from the USA has resulted in rainbow trout
Oncorhynchus mykissuffering from the enteric red mouth disease caused by bacterium
Yersinaruckeri (Michel et al. 198% Notably one of the worl
the topmouthgudgeon,Pseudorasbora pam has been accidentaligtroduced through

the trade ofChinese carpgCtenopharyngodon idella, Hypophthalmichthys moljtrix
(Gozlan et al. 2002and has potentially actexs the source of the emergent fish parasite
Sphaerothecum destruef@Gozlan et al. 2005
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Shaerothecundestru@s commonly known as the Rosette agaesta novel obligate
intracellular eukaryotic parasite which sits at an#fa@igal boundarySphaerothecum
destruendgs a multithost parasite that has resulted in steady chronic mortalities across
salmonidgHarrell et al. 1986Hedrick et al. 1989Arkush et al. 200Bandcentrarchids
(Ercan et al. 2005 The first reported discovery & destruenwas in the USA where

it was associatedith high mortalities in Chinolo salmonOncorhynchugshawytscha
(Harrell et al. 198pand Atlantic salmoisalmo salaHedrick et al. 198P The parasite

was first reported in UK in 200%ssociated with increased mortalities and spawning
inhibition in the cyprinid sunbleak. delineatus(Gozlan et al. 2005 Phylogenetic
analysis of ribosomal Internal Transcribed Spacer 1 (ITS 1) gene identified ti#® UK
destruengsolate as geographibadistinct from the USA isolate@Gozlan et al. 2009

Since 2005, the parasite has been reported from the Netherlands with a high prevalence
(74 %) inP. parva(Spikmans et al. 20)&nd Turkey where it was detectedinparva

ard bassDicentrarchuslabrax, and has resulted in high mortalities in centrarchid
speciesSqualius fellowesii, Oxynoemacheils and Petroleuciscus smyrnae(E&rcan

et al. 201% The ITS 1 gene was only sequencedHygan et al. (2005and has
identified that the Turkish isdia is closely related to and groups with the UK isolate.

A pathogen’s origin and phylogenetic hi
understanding the drivers of disease emergence and can be used to develop effective
control strategiegEskew and Todd 20)3Two hypotheses are often proposed for
explaining a disease outbreak: (i) the novel pathogen hypothesis postulates that the
disease outbreak is the result of a novel pathagenduction to new geographic areas

and (ii) the endemic pathogdaypothesis postulates thdisease emergence is driven by
environmental changes resulting in increased pathogerfiRiaghowicz et al. 2005

Both hypotheses could apply to the caseSofdestruensand in this study the novel
pathogen hypothesis was tested by screeninB.2darvapopulations across its native

and nonnative range for the psence ofS.destruens This was achieved by: (i) testing

the origin of S. destruenaising phylogenetic analysis with three markers; the 18S
rRNA, ribosomal ITS 1 and mitochondrial Glgtgene ors. destruengolates obtained
across the globe; (ii) deternmiy potential associations between specPic parva
haplotypes and the presence ®f destruensand (iii) examining the demographic
changes irS. destruenand its hosP. parvapopulations through mismatch distribution

analysis.
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3.2Material and Methods
3.2.1 Fish Dissection

Pseudorasborgarva obtained fom different parts of the worldlerecollected in July
August 2011 and werkxed in 100 %ethanol(Table 3.1). FoiS. destruengrevalence

20 P. parvafrom each site were dissecteddtheir kidneys vwerecollected androzen at

-20 °C until further testingThe fish were dissected by cutting the skin from anal fin
along the belly of fish to the operculufollowed by removal of operculum and pectoral

fin. Skin was cut from above the exposed gills ggwogteriorlyalong the side of the

fish and then down to the anal fin. After the removal of skin, internal organs were
exposed which were carefully removed and kidney were collected from the back of the
fish. The dissection tools were sterilized with IMBdustrial Methylated Spirit) after

every dissection to avoid any cressntamination.

3.2.2 DNA Extraction

DNA was extracted using the rodent tail protocol of the Qidgleasy 96 Blood and

tissue kit Qiagen, Germany). All steps were performed accondg t o manuf ac
guidelines with an overnight incubation at 86 and elution volume of 20Qul.
ExtractedDNA from fish tissue was quantified by Nanodra@00 (Thermoscientific).

Negative DNA extraction contrglsvhere no tissue was addedre also inluded.

3.2.3Sphaerothecum destruergetection using PCR

Shaerothecundestruensvas detected using nested P@Rich amplified a segment of
the 18S rRNA gene 08. destruensising the oligonucleotide primers published in
Mendonca and Arkush (20P4and as explained in Sectio2.2.1 The PCR was
performed ina PCR cabinet which was decontaminatechgsJV irradiation for 15
minutes prior and after each assay preparatitggative PCR controls were inserted
during PCR steps to detect crasmtamination. Due tthe low detection sensitivities of
the markers and low concentration of parasite DNAthe reservoir host, three

independent PCRs were performed for each molecular marker.
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All' S. destruenpositive sampleghrough 18S rRNA PCRwere also amplified for the

ITS 1 and Cytb regions with PCR and cycling conditions as described in Sections 2.2.3
and 2.2.4.The products of ITSL nested PCR was excised from the agarose gel and
purified by Qiagen Gel Extraction kit. Purified fragments were cloned using TOPO TA
cloning kit (Invitrogen, Life TechnologiesPaisley, United Kingdomand sequenced
with M13F and M13R priners (Beckman Coulter genomic@Il amplified products
were run on 1 % agarose gels stained with S®¥Bfafe DNA gel stain at 70 V for 40
min. The gel was viewed under UV transilluminator SAFE Imager (Invitrogen).
order to confirm tha6. destruensspecific DNA was amplified gllamplified products
were sent for Sanger DNA sequencing (Beckman coulter genomics).

3.2.4Amplification of Pseudorasbora parvenitochondrial cytochrome b gene

PCR amplification of the cytochromb genewas carriedout on P. parvaindividuals

that hadtested positive fos. destruensising the primer$15267 (5AAT GAC TTG

AAG AACCACCGT3’') and HGHBHICGATR CEGTSTTC GTG TA3 ' )
developed byBriolay et al. (1998 resulted in mplified product of app. 600bp he
reaction conditions were as followseaction volume of 5Qu | consisted
template(100 ng) 1 X Promega Flexi buffer, 2n1M MgChk, 0.2mM dN T P s , 0. 3
forward and reversprimer and 0.3J Taq polymerase. The cycling conditions were as
follows: an initial denaturation at 9% for 15min followed by 35cyclesof 30 se@nds

at 95°C, 90semndsat 60°C and 6Gemndsat 72°C, with a final elongation step at 72
°C for 15 min.All amplified products were sent for Sanger DNA sequencing (Beckman

coulter genomics).

3.2.5Phylogenetic analysis

The obtained sequees forS. destruensvere searchedagainstGenBanknucleotide
database to confirm their identitysing the BLAST tool All the sequences for the
different markes (18S rRNA, ribosomal ITS 1 and Cigt gene) were aligned using
Clustal W in BioEdit ver.5.09 (Hall 1999 and examined by eyé¢o eliminate
ambiguities and to chedir polymorphic sitesThe haplotype diversity was calculated

using DnaSP 5.1(Librado and Rzas 200Pand was mapped by calculating network
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through median joining by NETWORK(Bandelt et al. 1999 available at
http://www.fluxusengineeering.cojm

A phylogenetic tree was drawn 8t destruenasing the ITS 1 marker using Mr Bayes
(Ronquist et al. 2002using the sequences generated in the present andithose
published inGozlan et al. (2009and Ercan et al. (2015 F}4407071, FJ440708.1,
FJ4407091, FJ440702.1, FJ440703.1, FJ440704.1, KT3616(Blddeltest v2.1.4
(Darriba et al. 202) was used to determine the best model fitting the data.

The Cyt-b seqencesfor P. parvathat had tested positive f&. destruensere grouped
together withP. parvaCyt-b sequences acrop®pulations inits native range (China)
and invasive rargy (Europe)(Simon et al. 2011 These populatios included the
populations tested fd8. destrueng this study.The sequences wealigned by Clustal
W in BioEdit (Hall 1999. Haplotypic diversity was aculated in DnaSP A
phylogeretic tree was constructed to identify tRe parvahaplotypesassociated with
the presence d.destruensThe phylogenetic analysissing Maximum likelihoodvas
performed usingMr Bayes (Ronquist et al. 20)2and posterior probabilities were
obtained after 2,500,000 generations with a barof 25 %.The tree was calculated
using Hasegaw#ishino-Yano model with Gamma distribution KY+G) model
(Hasegawa et al. 198%letermined withiModeltest v2.1.4 (Darriba et al. 2012 The
Cyt-b gene sequences frofotiobus bubalus (JF799443.), Hypenteliumnigricans
(JF799441.}), andDaniorerio (JN234%6.1) were used as outgroups.

3.2.6 Population demographic analysis

To infer the demographic history &. destruensind its hostP. parvapopulations in

China, the mismatch distribution analysis was carriedhenl8S rRNA gene forS.
destruensand Cytb gene forP. parva This analysis plots the distribution of nucleotide
differences between each pair of sequences and compares it to the expected values for a
model of population expansion. A unimodal distribution is indicative of a population
expansionin the recent past whereas a bimodal/multimodal distribution indicates a

population that is at demographic equilibriun{Rogers and Harpending 1992
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Demographic changes were analysed by <ca
(Hr) which quantifies the smoothness of the observed mismatch distribution
(Harpending et al. 199&nd the sum of squared deviations (SSD) between the observed
and expected mismatch for the nucleotide differe8ebneider and Excoffier 199

Arlequin version 3.§Excoffier and Lischer 2010

Three tests were used to ttésr population expansion d?. parva FsutéstgFu

1997, Tajimds D test (Tajima 1989 and RamoOn s i ns &R t&(Ramas’
Onsins and Rozas 2002 he latter was performed in Dna@iRbrado and Rozas 2009

and FatdsTajima's D test wer e c(Bxeoffierad o ut
Lischer 2010.Onl y t he T a] Rmteatwareetformed 6. destruensas

theF u Fsstest is not suitable for small sample si@@amosOnsins and Rozas 2002

For T aD) andfes, Psvalues were calculated based artoalescent simulation
algorithm and for thd?; test theP-values were based on parametric bootstrapping with

coalescence simulations.

3.3 Results

3.3.1 Sphaerothecum destruendetection and its prevalence across the sampled

populations

A total of 420P. parvafish representing 21 populations froamsrossEurasia (10 in
China, 8 in Europeandone populationeachfrom Morocco, Iran, and Japawere
screened for the presence 8f destruengFigure 3.1). Out of the 10 Chinese
populations, 9 were found positive for presencé&oflestruengTable 3.1 and Figure
3.1). The prevalence of the parasite in the Chinese populations ranged betmeld:® 0

%. The overall prevalence & destruenacross all sampled Chinese populations was 6
% (12/200).S. destruensvas only found in two European populations; Spain and the
United Kingdom (Figure 3.1 and Table 3.1), with a prevalence of 5 % in both
populdions. The overall prevalence in Europe was 1.4 % (2/148))destruens/asnot

detected in samples from Morocco, Iran or Japan.
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Table 3.1. Sampled populations oPseudorasbora parvaand the distribution of
Sphaerothecum destruems P. parva using molecular detection acro8s parvd s
native and nomative range. TickK) indicates positive and hyphenr) (ndicates no
amplification with the particular marker.

Population Code Geographical Sample Name of Genetic Marker
size the amplified
Coordinates Positive
individuals
X Y 18S Cyt-b ITS1
Chinese site S1 1155 37.55 20 S1-15 P P -
1 6
S1-7 P - -
Chinese site S2  117.1 34.81 20 S2-1 P - -
2 2
Chinese site S3 1185 33.19 20 S316 P P P
3 9
Chinese ke S7 110.3 25.27 20 0
7 2
Chinese site S9 113.1 29.15 20 S913 P - -
9 1
Chinese site S11 110.9 34.62 20 S1120 P P -
11 9
Chinese site S12 117 38.7 20 S1210 P P -
12
S1219 P - -
Chinese site S13 122.5 40.10 20 S1316 P P -
13 2
Chinese site S14 124.9 45.03 20 S1413 P - -
14 9
S1419 P - -
Chinese site S16 118.2 40.90 20 S1619 P - -
16 7
Austria A 14.72 48.19 20 0
Bulgaria BG 43 26 20 0
France F -1.73 47.10 20 0
Iran IR 5478 37.05 20 0
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Italy IT 10 44 20 0
Japan JP 1394 35.67 20 0
3

Morocco M 32.11 2.89 20 0

Spain SE 0.86 40.7 20 SE7 P - -
Turkey T 30.04 40.91 20 0

United UK 1 51 20 UK-1 P P -
Kingdom

Hungary H 18 46 20 0

3.3.3 Phylogenetic analysis ddphaerothecum destruenssing the 18S rRNA,ITS 1

and Cytochrome b sequences

A 397 bp fragment of 18S rRNA was obtained forS.4lestruensndividuals from 11

different populations (Table 3.1) and aligned with the published sequieooeArkush

et al. (2003 andPaley et al. (2012 The overall haplotype diversityas calculated to

be 0.29 and four haplotypes were identified. Only three individ&@alsalar(USA) and

two P. parva(China)haddifferent haplotypes (Figure 3.2).
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range (Europe, North Africa and the Middle East). The red sites indisdatsvith S. destruenpositive P. parvaand black sitesepresent sites
without S. destruengositive individualsusing the 18S rRNA detection method. Abbreviations: Eur@peAustria; BG: Bulgaria; F: France; H:
Hungary, IT: Italy; SP: Spain; T: Turkey and UK: United Kingdom. North Afrida Morocco. Middle eastl: Iran. Asia China (S1, S2, S3, S7, S9,

S11, S12, S13, S14, S16); JP: Japan.
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Pseudorasbora parva, Salmo salar,
Haplotype 6 USA

H_3. H—ZO

mvie’

Pseudorasbora parva,
Haplotype 6
Pseudorasbora parva i d i
Leucaspius delineatus H_1 2 =
Oncorhynchus tshawytscha

[ Europe (UK) I China

2| North America (USA)

| Europe (Turkey) l Europe (Spain)

Figure 3.2. Minimum spanning network based on 18S rRNA segment (397 bp) of
Sphaerothecum destruesisains from China and Spain togetiwith already deposited

S. destruenssequences. The colour code indicates destruensndividuals from
different locales; the size of the circle represents the number of individuals saaring
particularhaplotype. Brown: UK (n=2)Green USA (n=3), Redn=11): China,Light
blue: Turkey (n=1), Yellow: Spain (n=1)Haplotype 1: UKFN996945.1 USA-
AY267344.1, AY267345.1; Haplotype 2: USAY267346.1and Turkey)

Due to the low sensitivity of the ITS 1 ass&@g¢tion 2.3.2.1)only a single individual

from the Chinese site Jiad DNA that hadamplified with this marker.The 623 bp
fragment of the ITS 1 region obtained from Chimas comparedvith the published
sequences from Europe (UBnd Turkey) and NorttAmerica (USA) (Figure3.3
(Gozlan et al. 20Q9Ercan et al. 2015 Two main clades were present, with all the
samples from the USA grouping together and samples from Europe grouping with the
sample from Chinalndividuals originating from the UK and China clustered together,
and theTurkish sampleswvere more closely related to the UK and China samples

compared to the USA samples (Figurd)3
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The S. destruen€yt-b was amplifiedfrom six populations (5 from China and 1 from
UK). Interestingly, no variation was found between the Chinaseé the UKS.

destruensamples Appendix1).

——@RrA 13 UsA)

100

70 RA 3-3 (USA)

98

@ ra32(UsA)

L@ ra31UsA)

i . RA 4-1 (UK)

@ ra 43 (UK)

@ r: 44 (UK)

95

100

@ RA- China
O RA- Turkey

0.002

Figure 3.3. Phylogenetic tree resulting from maximum likelihood method based on
Hasegaw&ishino-Yano model(Hasegawa et al. 198analysis of the ribosomal ITS 1
sequences ddphaerothecum destruerisolate origin and GenBank accession numbers
are: RA 1-3 (FJ44070.1), RA 4 (FJ440708.1), RA -2 (FJ440709.1), RA -3
(FJ440710.1), RA4 (FJ440702.1), RA-8 (FJ440703.1), RA-4 (FJ440704.1), RA
Turkey(KT361608.) and RAChina (to be deposited).

3.3.4 Amplification of Pseudorasbora parvenitochondrial cytochrome b gene

A total of 91 haplotypes from 94B. parvaindividuals were identified in the dataset of
Cyt-b sequences dP. pana populations (62) across the world. The most abundant
haplotypes across the world were Hap_1, Hap 2, Hap_ 3, Hap_45Hb&ap 6,
Hap_12 and Hap_17 with occurrence in more than one country (Figuré&i8elCyt-b
haplotype inP. parvawere found associated with the presenc&.ofiestruengHap 1,
Hap_ 4, Hap 6, Hap_Hap_12and Hap_55Figure 34). The highest number d?.
parvaindividuals (i=7) found positive folS. destruenbad Cyt-b haplotypeHap 6. The

remaining haplotypes had oRe parvaindividual positive forS. destruens
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Figure 3.4. Molecular phylogenetic atysis of cytochrome b haplotypes of
Pseudorasbora parvgpopulations across the globe. The tree was inferred from
maximum likelihood m#hod based on the HasegaWishino-Yano model (HKY)
(Hasegawa et al. 198%vith gamma distribution in Mr BayefRonquist et al. 2012

The coloured circles indicate the countries that each haplotype has been found in and
the coloured stars indicatephaerothecum destruepssitive P. parva haplotypes in

that country.
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3.3.5 Demographic analysis dPseudorasbora parvand Sphaerothecum destruens

The demographic analysis of the hd3t,parvaand parasiteS. destruenssupported a
potential recent population expansion. The sum of squared differences (SSD) and
Harpendi ng’ s Had gaead sigeificant for hoth speciegddicating the

data is relatively good fit for population expansion (Figure 3.5). Both species also had
significant negat i vé®, testafurthez suppdricng populaten T a |
expansionPseudorasborg a r vpepalaion expansion was further supportedttoy

R> test. TheR, test however was not significant for tBe destruenpopulation which

was i n contr ast D negative valueh &d thea gnimodal ' ngsmatch
distribution.

The observed mismatch diktution for P. parva when all the populations are
considered (Figure 3.5 B) is bimoddhe bimodality of the mismatch distribution for

P. parvacould be due to the presence of different haplogréMpadtagliati et al. 201

In China there aréwo established haplogroups A and B (Figure 3.4) despite the
statisti@l tests indicating that the population as a whole has undergone a recent
population expansionWhen the data was split by haplogroups, the mismatch
distribution was unimodal (Figure 3.5 C,,Dlirther supporting that both haplogroups

have undergone recent population expansion.
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Figure 3.5. Frequency distribution of number of pairwise mismatch nucleotide
differences between: (A) 18S rRNA sequenceSmtiaerothecum destruepspulations

in China; (B) cytochrome b sequencesRskeudorasbora parvaopulations in China;

(C) P. parva haplogroup A, and (DP. parvahaplogroup B. The solid line is the
theoretical distribution under the hypothesis of population expansion. Sum of squared
di fferences (SSD), Har pigndiFag 'ssTap aglg &€ d n e
RamosOnsins & Ra a B»’statistics are listed next to each dataset. Ftvalues for

each statistical test can be found in parenthesis. Significance was sBtvalluee of

0.05 except foFswhich was se#t 0.01.

75



3.4 Discussion

In this study the novel pathogen hypotheswas investigated for the emergest
destruensparasite that has been closely associated with the invasivaator P.

parva. In the hosts native range, Chin&. destruensvas detected in 9 out of the 10
testedP. parvapopulations with a maximumrgvalence of 10 %. I® . p @nony a o
native rangeof Eurasia, S. destruenswas detected in 2 populations out of 11
populations (in the UK and Spain wih maximum prevalence of 5 %jurther to the
presence o8. destruendeing confirmed in China for thirst time, the phylogenetic
analysis and demographic analysis of both the host and the parasite support the
hypothesis thatS. destruensias been introduced to Europe through the accidental

introduction of its reservoir ho§t. parva

The phylogeneti@nalysis using the ITS 1 marker was performed on the only positive
sample (due tdhe techniquedow detection sensitivity). Th®. parvapopulationin
which the parasite was found (sBg is located north to the River Yangtze in China.
Phylogenetic anasis has indicated that in the UK the most prevalentparva
haplotypes are the same as those fomadth of the River Yangtze which can explain
the similarity between the Chinese and W destruengsolates. The Turkisls.
destruensisolate although moe closely related to other European isolateas still
different andgrouped on its own with the overdl European and China clagEigure
3.3). This could be explained by the phylogeaéhistory of the host species, Bs
parva in Turkey was introducedrom Bulgaria and has haplotypes wtiiare often
found in thesouth of the River Yangtzgimon et al. 2011 In Europe,P. parvawas
intially introducedin the River Danube, Romanjiand successively to Germany and in
southern partsfdJK, whereS. destruenwas orginally discoverenh the UK (Simon et
al. 2011, Gozlan et al. 2005).

The wide distribution of th®. parvapopulations infected b$. destruenacross China
suggests that the parasite could be coexisting withiP.itpana reservoir host. The
distance between the most southerly and north8rlydestruengositive P. parva
populations is ~ 18, 000 kilometres which is 7 tingesaterthan the distance between

its European populations (Turkey to UK;~55Q0 kilometres). The eengence and
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association of fungal parasites with reservoir hosts over a long evolutionary history has
been recently demonstrated for the chytrid funBagachochytrium salamandrivorans
(Martel et al. 2013 This pathogen has likely originated and coexisted with its reservoir
hosts for millions of years in Asia before being introduced across the world with the
trait of its reservoir hosts. Similarltp B. salamandrivoras, the data presented here
suggesthat S. destruenshasbeen introduced to Europe via the accidental introduction

of its reservoir host.

The demographic analgs of P. parvaand S. destruengartially suggesthat both
species have undergone a recent population expansion. A recent popwpHosien

for P. parvais supported with all testdHowever for S. destruensthis is supported
using SSD, Hi val ues anD test aut moiby the R> test. The partial
congruence between the demographic history of the two species is suprisingligspec
in light of the true generalist nature 8f detruensand its ability to use a number of
different hosts. Recent warkowever, has indicated that following the establishment of
a generalist parasite in a communitg population dynamics are driveta intrahost
transmission rather than inthost transmissiofFenton et al. 2005 This could explain

the observed similarity in the population demographic history of the two species.

The mitochondrial studies dP. parvahave identifiedthat Haplogroup Ais prevalent
north ofthe River Yangke an areawith a temperate climatédaplogroup Bis mostly
found to the south wih tropical climatic conditions Most S. detruenspositive
individuals ha haplotypes belonging to haplogroup A (Figure 3.5udi&s onS.
destruenshave identified that lowemperatures of 4 °C and 15 °C are correlated with
higher spore and zoospore survigampared to higher temperatures of25and 30 °C
(Andreou et al. 2009 suggesting thathe parasite could be more adapted to temperate

climates.

Currently, there are 14 known susceptible specieS. tdestruensincluding valuable
aguacultue species (salmon, carp ahdss;(Andreou et al. 201,2Paley et al. 2012
Ercan et al. 2005and endemic §hes to Europe that are of high conservation value

(Gozlan et al. 200%Ercan et al. 2015 The close association of the reservoir hést,
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parva with aquaculture facilities (due its accidental introduction along with carp from
China; (Gozlan et al. 201Qaand the predicted ability of the parasite to establish in
online adjacent freshwater communities within a year of its introduction in an
aquaculture facility(Al-Shorbaji et al. 2016increases the risk of disease tative
fishes.

This study represents a first screening of native and inv&siyarvapopulations for

the presence @. destruendt is important to note that the prevalence values recorded
in positive populations are very likely to be underestimates of tkepevalence of this
parasite, as only the kidney was sampl8ddestrueninfects multiple organs and it
does so unequally. This lack of infection localisation can lead to an underestimate of its
prevalence. Thus, populations detected as negativ& festruensn this study must be
treated with caution as it cannot be excluded that the parasite might be present in these
and other populations in the country. For example, the Turkish population sampled in
this study was found to be negative f6r destnenswhereas the parasite has been
detected in anothd?. parvapopulation in TurkeyErcan et al. 2005 Thus, in countries
whereP. parvais presat, an extensive sampling of its established populations would be

necessary to determine whetl®rdestruenbas been cintroduced.

In the last 20 years, aquaculture production has increased exponentially to support
economic growth with its expansidoeing highly reliant on nonative specie¢Peder

et al. 201} The introduction of nomative species can be detrimental both to
ecosystem services andtive communities through direct competition and disease
introduction (Pelicice et al. 2014 Here, we have documented the intrctin of an
emergent generalist pathogen through the accidental introduction of its highly invasive
host. The potential threats associated with aquaculture production and the resultant fish
movements highlight the importance of risk assessments to identéygent parasites.
Horizon scanning for potential emergent diseases will be critical in informing strict

biosecurity controls in order to prevent disease introduction.
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3.5Summary

The present study provided the first evidencetlud possible introdation of S.
destruengo Europe through accidental introduction of its Hesparvafrom Asia. The
hypothesis was supported from the two nuclear (18S rRNA and ribosomal ITS 1) and
one mitochondrial (Cyb) marker that the two isolates i.e. from UK andr@hare not
geographically distinct. It alsaonfirmed the presence &. destruensn China and
expanded the confirmed range&fdestruentd more locations in Europe (Spain). The
demographic analysis showed tl&atdestruenand its hosP. parvapopuldions have
potentially undergone similar demographic expansion in its native range (China)
providing support for the hypothesis that these two species have been historically
closely associated. The evidence of imaive status ofS. destruensn Europe wii

have management implications Brdestuensin the UK.
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Chapter 4

Epidemiological studies ofSphaerothecum destruens the UK
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4.1 Introduction

The UK is the first European country whe&edestruenkas been identified iR. parva
populatins (Gozlan et al. 2005 Pseudorasborgarvawas firstrecorded in the UK in

an aquaculture facility in southeEngland in 1996Domaniewski and Wheeler 1906
and has rapidly spread and colonized up to 23 UK water b{8iigson et al. 2008a

Most P. parva populations in the UK have been associated with aquaculture or
recreational fisheriesvith no recordecestablished populations in wild habitats such as
streams, rivers or lakes. In response to the potential threats poBe@ddya(Britton et

al. 2007 a national programme of eradication fBr parva has been designeand
administeredBritton et al. 201D The programme aimed at complete eradicatioR.of
parvafrom high risk sites (wh high risk sitesdentified based on the conservation and
fishery value of the adjacent water body) or containment in case of medium risk sites
(Britton et al. 2008p By 2014, 15 out of 23 confirme®. parva sites had been
eradicated, wh a further 6 sites to be eradicated in England by Z@tifton et al.
2010 GBNNSS 201k

DespiteP. parvahaving no wild populations in the Ulg,number ofsites invaded by.
parva have water effluents which flow into wild freshwater habitats. This can have
i mportant i mplicat i on s, asfepidemidlogieal nodeling ast e '
indicated thatS. destruenscan spread and establisio connected downstream
communities through environmental transmission of their infective spores and
zoospores within one yegost introductionof infected P. parva (Al-Shorbaji et al.
2016. Furthermore, the same work has indicated $hatestruensan establish in new
hosts andmaintain its transmission in the absence of the initial reservoir-hoghis
caseP. parva(Al-Shorbaji et al. 2006 As S. destruenss a true generalist, it is thus
highly probable that adjacent downstream communities to establiBhedarva
populationspositive forS. destrues have established infectiorféndreou and Gozlan
2016.

In Chapter 3, China was identified as the origirSofdestruens; Europe and the UK.

The work indicated thatlue to the low detection in reservoir hobecause ofow S.
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destruensinfection, the prevalence dd. destruensn its European range was most
probably underestimated. In addition, the lack of histopathological evidence of
infection, due to the samplesibg preserved in ethanol, has prevented an evaluation of
the potential impact of the parasite for the fish host.

Thus, the objectives of this chapter were toD@terminethe distribution and presence

S. destruengathology in the UKP. parvapopuldions acrossa wide geographical
range.Sphaerothecurdestruensepidemiology has never beepterminedon this scale
before. TheP. parvapopulations were screened 8r destruenghrough PCR methods
(Chapter 2) followed by histopathology; (i) Assess tisk of disease transfer to
adjacent native fish communities by sampling fish species that have been in close
proximity to reservoir hoP. parvapopulationsand(iii) Infer the demographic history

of S. destruensand its hostP. parvathrough the mismah distribution analysis and
check for congruenca orderto test the hypothesis th&t destruenbas spreathrough

the movement oP. parvain the UK

4.2 Material and Methods

4.2.1 Populations screened foSphaerothecundestruens

Seven extanP. parvapopuations were sampled from England and Wales prior to their
eradication in 201-2015 by the Environment Agen¢ifigure 4.1)and were euthanized
following the Home Office (HO) guidelines. The fish were dissected and liver and
kidney were sampled, with halhé organ fixed in 100 % ethanol for molecular
detection and the remaining half in 10 % neutral buffered formalin for histopathology.
The sampled water bodies included six enclosed still water fisheries and two fisheries
with outlets to streams (Figure 4Table 4.1). Samples from freshwater fishBaltho

trutta, Rutilus rutilus, Squalius cephalusnd Leuciscus leuciscyisrom the Tadburn

Lake stream adjacent to Site 1la were also collected by electrofishing and euthanized

following HO guidelines (Table 4.1)
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Figure 4.1. Distribution of sampledPseudorasbora parvaopulations acrosthe UK.
Population la is the hypothesised fiBt parva population in UKto have been
introducedin mid-80s (Domaniewski and Wheeler 1996Details of each sampled
population can be found in Table 4.1. The red and green numbering for each population
represents the two genetically different metapopulatidrine hostP. parvain the UK

(Blake et al. unpublished). The 18S rRNA haplotyp@sS. destruenare represented

on the left of the circle, the Gyt haplotypes are on the right of the circle. The different
colours represent different haplotypes
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Table4.1. Geographical location arihaerothecum destruepsevalence for all fish populations screened using two DNA mark&8S rRNA and

Cyt-b.
S Water type Sampling Geographical Sampled Fish Sample Positive Fish  Prevalenceof Genetic marker of S.
= year Coordinates species size species forS. S. destruens destruens
S destruens
s (%) 18S Cyt-b
o rRNA
la Disused P. parva 30 P. parva 3.33 (1/30) P P
aquaculture (Hap_1) (Hap_1)
facility, online
to river
River adjacent S. trutta 3 S. trutta 33.3(1/3) P -
to site Xpart B S. cephalus 4 (Hap_1)
(slower flowing 2013 R. rutilus 2 S. cephalus P P
section of river L. leuciscus 5 50 (2/4) (Hap_4)  (Hap_1)
adjacent to site NGR: SU3822 S. cephalus P P
1b 1a) S. England (Hap_1) (Hap_1)
R. rutilus P P
100 (2/2) (Hap_1) (Hap_1)
R. rutilus P P
(Hap_1) (Hap_3)
L. leuciscus P -
(Hap_1)
L. leuciscus 60 (3/5) P -
(Hap_6)
L. leuciscus P -
(Hap_5)
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1c River adjacent . trutta 30 - 0
to site Ipart A
(high flowing
stream directly
linked to site 1a
2 Enclosed still 2013 NGR: SO7657 . parva 30 - 0
water fishery Midlands
. rutilus 5 R. rutilus 20 (1/5) P
(Hap_1)
3 Ornamental 2013 NGR: SY0786 . rutilus 10 - 0
pond with outlet SE England
to stream
4 Enclosed still 2014 NGR: SK7425 . parva P P
water fishery Midlands 30 P. parva 6.66 (2/30) (Hap_3) (Hap_1)
P P
(Hap_1) (Hap_2)
5 Reservoir 2014 NGR: SN5104 . parva 30 - 0
S. Wales
6 Enclosed still 2014 . parva P -
water fisheryl 30 P. parva 6.66 (2/30) (H?DIO_l)
. (Hap_1)
Enclosed still 2015 NGR: SJ2487 . parva 30 - 0
water fishery?2
7 Enclosed still 2014 NGR:SU3922 . parva 30 - 0

water fishery
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4.2.2 Sphaerothecum destruerdetection through PCRand histopathology

Kidney and liver DNA was extracted from freshwater fishes to investigate the presence
of S. destruengn those tissuesas the parasite is usually in high prevalence in these
organs(Andreou et al. 2001 The liver and kidney samples of each fish were pooled
together prior to DNA extractionsing the rodent tail protocol of the Qiagen DNeasy
Blood and tissue kit Qiagen, Germany). All steps were performed according to
manuf act ur e ExtractedyDINA floen Ilfish tissus was quantified by Nanodrop
2000 (Thermoscientific) and 300 ng DNA warged in subsequent PCR analysis. The
extracted DNA was stored &0 °C until further testing

The S. destruenspecific nested PCR was performed for the amplification of a segment
of 18S rRNA using specific primers published Mendonca and Arkush (20D4as
described in SectioB.2.1 In order to carry out phylogenetic analysl the positive
samples for 18S rRNA, were also amplified for the ITS 1 andiCyggions with PCR

and cycling conditions as described in Sections 2.2.2 and 2.2.3. There was a lafy time
6 monthsbetween the application of 18S rRNA and -®yinarker on the DNA samples.

All ' S. destruenspositive fish samplesvere investigated usinghistopathological
analysis.Tissue kidney and liver) were fixeth 10 % neutral buffered formalin (NBF)

for 24 hours before transfamg to 70 % industrial methylated spirit (IMSEamples

were infiltrated with paraffin under vacuum using standard proto@@dscroft et al.

1996. Sections were cut to a thickness eb 31 m, mounted onto gl
stained with haemat oxylsistin. kivedrangerse istained H & E
sections were analysed by light microscopy (Nikon Eclipse E800); digital images and
measurements were obtained using the Luc
UK).

4.2.3 Amplification of Pseudorasbora parvanitochondrial cytochrome b gene

PCR amplification of theCyt-b geneof P. parvaindividuals tested positive fos.

destruensvas carried out as explained in Sectia.6.
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4.2.4 Phylogenetic analysis

The sequences generated for 18S rRNA andbQyene forS. destruensvere algned
using Clustal W in BioEdit ver5.0.9 (Hall 1999 and visually checked to eliminate
ambiguities and identify polymorphic sited. phylogenetic network was generated
usingDnaSP version 5.1QLibrado and Rozas 20pandNetwork Publishe{Bandelt et

al. 1999; available ahttp://www.fluxusengineeering.cojn Thesequencesased are the
onesgenerated in the present stualyd from Chapter 3, as well as all the published
sequences available fothe 18S rRNA marker (AY267344.1, AY267345.1,
AY267346.1, FN996945.(Arkush et al. 2003Paley et al. 2012

The Cytb sequences obtained fBr parvawere alignedwith the sequences obtained
for P. parvapopulations in the UK (Blake et al. unpublished), using Clustal W in
BioEdit ver. 5.0.9 (Hall 1999. A phylogeretic tree was constructed to identify the
haplaypesof P. parvaindividuals positive forS. destruensThe phylogenetic analysis
using maximum likelihoodvas performedn MEGA 7 (Kumar et al. 2016 The tree
was calculated usingdasegaw&ishino-Yano model(Hasegawa et al. 1985with
10,000 bootstrag. The Cytb gene sequences fromstiobus bubalus (JF799443.),
Hypentelium nigricans(JF799441.1 and Danio rerio (JN234356.1 were usedas

outgroups.

To analyse the demographic historySfdestruenandP. parvapopulations in the UK,

the mismatch distribution analysis was carried outtierl8S rRNA and Cyb genes as
described inSection 3.2.6The expected values for a model of population expansion
were calculated and plotted against the observed values. Demographic changes were
analysed by calcul at i ng Hh@arpesding et algl99 r ag
and the sum of squared deviations (SEEghneider and Excoffier 199%arried out in

Arlequin version 3.5(Excoffier and Lischer 20)0 To test for the hypothesis of
population expansion i destruensand its hostP. parva only RamosOnsins &

R o z a stést (RRmosOnsins and Rozas 2002which is a powerful test for small
sample sizes, was germed forS. destruensForP. parva t hr e e (Ru &¥®} s : F
Fs, and Tajima B (Tajima 1989 test by Arlequinand Rame8nsi ns & teRoz as'’
(RamosOnsins and Rozas 2008y DnaSP(Librado and Rozas 20p%vere conducted.
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For t h e DTamdjFs tests,Pvalues were calculated based the coalescent
simulation algorithm. Th&. testP-values were based on parametric bootstrapping (10,

000) with coalescence sinations.

4.3 Results

4.3.1 Sphaerothecumdestruengrevalence in UK water bodies

Shaerothecundestruensvas detected using molecular tools in 14 individuals out of
the 269 sampled across 7 locations (Table 4.1, Fig 4.1). Fifty percent Bf ffaeva

sites testegbositive forS. destruenwith the prevalence ranging from 3 to 6 %wo of

the 3 populations were from enclosed still water fisheries (populatiand @, with 6.7

% prevalencéFigure 4.1) The thirdS. destruengositive P. parvapopulation was la
which represented the first acciderfalparvaintroduction in 1996 and tested positive

for S. destruensvith a prevalence of 3 % (Figure 4.1). This population was from a
disused aquaculture facility whose effluents are dischargte adjacent Tadburn lak
stream (populations 1b and c) which connects with the River Test in Hampshire. A
number of native species were sampled from this stream (Table 4.1) and tested positive
for S. destruens These includedchub Squaius cephalus dacelLeuciscus leuciscus
brown trout Salmo truttaand roachRutilus rutilus (population 1b) with a overall
prevalenceacross all speciasf 57 %. In population 2, botR. parvaandR. rutiluswere

sampled withS. destruenbeing present iRR. rutiluswith a prevalencef 20 %

Thehistopathology of the fish samples tested positiveSfadestruenthrough PCR did
not showanysigns of disease.

4.3.2 Phylogenetic analysis oSphaerothecum destruenssing the 18S rRNAand

cytochrome b sequences

Five S. destruenshaplotypes were detectddr the 18S rRNA gene in 14 individuals
from 5 UK water bodiesNine variable sites were recorded on the 18S rRNA Haplotype
1 (Figure 4.2 A)that wasalsothe most abundant with 10 individuals from this study
and 3 individuals from previous studieavingthis haplotye (Arkush et al. 2003Paley

et al. 2012 All of the isolates obtained from the UK water bodiesugex withthe
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already deposited 18S rRNA sequences except for four isolates. Haplotype 3 was found
in P. parvafrom site 4, Haplotype 4 was found $ cephalusnd Haplotype 5, 6 were

found inL. leuciscusall from site 1b (Figure 4.1).

Salmo salar,
A USA

Squalius cephalus,

Ha@® UK site 1b

Salmo frutta
Squalius cephalus
Rutilus rutilus

Leuciscus leuciscus 2 .
H6
Pseudorasboraparva H_1 -
Leucaspius delineatus -
Oncorhynchus tshawytscha \
\.‘1 ™~ Leuciscus leuciscus,
\\ \. UK site 1b
')\ Hb5
Hs@
Pseudorasbora parva,
UK site 4

I UK water bodies  [] Europe (Turkey) I North America (USA)

Pseudorasboraparva Salmo salar

B H_SQ H2 ’
\ y,

n4@ Pseudorasboraparva

Salmo trutta
Squalius cephalus
Rutilus rutilus

Leuciscus leuciscus H—S. Squalius cephalus,

Pseudorasboraparva UK site 1b

Leucaspius delineatus

Oncorlynchus tshawytscha— HH_HT ®
H_5\. He Leuciscus leuciscus,

Pseudorasbora parva, UK site 1b
UK site 4
I Europe (UK) B China I North America (USA)
[ Europe (Turkey) [ Europe (Spain)

Figure 4.2. Minimum spanning network based on 18S rRNA sequences (397 bp) of
Sphaerothecum destrueisslated from (A) UK water bodies (n=14); (B) across world;
n= 14(Chapter 3) and UK water bodies n= 14 (this Chapter), togetheiSwitlestruens
sequencesHaplotype 1 UK-FN996945.1 USA-AY267344.1, AY267345.1Haplotype

2: USA- AY267346.1and Turkey).
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In the sequence alignment 8f destruenssolates from this stydtogether with the
sequences obtained acréss p anativeaafidsinvasive range (Chapter 3), 12 variable
sites were recorded with one parsimony site. Apart from Haplotype 1, none of the 18S
rRNA haplotypes in the samples from UK were shared wamplesfrom China
(Figure 4.B).

None of the 18S rRNAS. destruengositive individuals amplified witl&. destruens
specific ITS 1 PCR. Seven out 4 18S rRNAS. destruengpositive individuals were
amplified for the Cyb. The Cytb PCR was performed 6 mdnst after the 18S rRNA
PCR with the extracted DNA having been stored2&t °C. This could explain the
discrepancy in amplification success using the-lCgene despite both the 18S rRNA
and Cytb markers having similar detection efficiencies (Chapter Bjed haplotypes
were detected for Cy (700 bp) in six individuals with a total of 22 variable sites
(Figure 4.3).The S. destruenLyt-b sequences obtained fro@hineseP. parva
populationsshowed ndDNA polymorphism These sequencesereidentical to tle ones
found inUK water bodieqsite 1a, 1c and site €xcept fortwo isolates fronP. parva

at site4 andfrom R. rutilussite 1b.

Rutilus rutilus,
UK site 1b

Bl Europe (UK)
Ha@
/ B China
Pseudorc_zsbora?arva 3 Pseudorasboraparva,
Lem—caspms— delineatus UK site 4
Rurzfujs rutilus H1 18 H_Q.
Squalius cephalus

Figure 4.3. Minimum spanning network basedn omitochondrial cytochrome b
sequences oBphaerothecum destruebtained fromPseudorasbora parvdChina;
n=5 and UK water bodies; n=8).

4.3.3 Amplification of Pseudorasbora parvenitochondrial cytochrome b gene

The genotyping ofP. parvahost populationsnithe UK identified a total of 4 haplotypes
(Haplotype 13, 4 and 6Figure 4.5. The P. parvapopulations fronthe UK grouped
with populations across its nativend invasive range (Chapter Btardouin et al.

submitted and clustered withP. parvaHaplotypes1, 3, 4 and 6 (Figure 4), with
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Haplotype4 and 6being positive forS. destruenpresence. Thaighest number of.

parva individuals positive forS. destruenshad P. parva Cyt-b Haplotype 4.
Interestingly, this haplotype is present across sampies Europe and Japan but absent

in samples from China. Moreover, this haplotype is positivéSfatestrueng samples
across two European countrig& and Spain. This indicates that the parvasamping

in China failed to captur®. parva population(s) with Cyt-b Haplotype 4 which is the

most common in the species invasive range. Another interesting observation is the
unique Cytb Haplotype 2 foIS. destruenfrom the UK site 4 (Figure 4.3which was

also obtained froma P. parvapopulation with Cytb Hagdotype 4.

4.3.4 Demographic analysis oPseudorasbora parvand Sphaerothecum destruens

The mismatchdistributions for theS. destruen48S rRNA and Cyb haplotypes were
multimodal (Figure 4.6)which can indicate that the population is either at demographi
equilibrium or experiencing decreasing population si{gegyers and Harpending 1992
The observed distribution dewgl significantly from the expected distribution curve for
both 18S rRNA and Cyb gene. For the Cyb sequences two distinct peaks were
observed ( Fi gur BnodAsigdificant pdshive value fprilBrRINA and
RamosOnsi ns & nBesigrdicanit value for Cytb indicate that there was no

demographic expansion in the 8 destruenpopulation.

The mismatch distribution plot for tHe. parvaUK populations also had a multimodal
distribution (Figure 4.4 C) which can be interpreted asgaasure of populations at
demographic equilibriunor decline The SSD and raggedness index values were
statistically significant, indicating the data does not fit the model of population
expansi on. Drpogtive Vaue isuggestssthat either balagcselection or
decrease in population size could have occufiféchler 2002 but was statistically net
significant. TheFs andR> values were also statistically nsignificant rejecting the
demographic expansion hypothesis and supporting that the population is at demographic

equilibrium.
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Figure 4.5. Cyt-b Haplotypes ofPseudorasbora parvacross sampled UK sites (Blake etwapublishedl The tree was built using the
Maximum Likelihood method based on the Haseg#ushino-Yano modelHasegawa et al. 198%ith Gamma distribution analysis of
mitochondria mitochondrial cytochrome b geneRseudorasbora parvin MEGA 7 (Kumar et al. 2016 Danio rerio (JN234356.1)
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haplotype is indicated for each population. The number of asterisks on each site specifies the nBmtvafndividuals positive for
ShaerothecundestruensAll S. destruenpositiveP. parvahad Cytb haplotypes 1 and 2.
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Figure 4.6. Frequency distributions of the number of pairwise nucleotide differences
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4.4 Discussion

In this study, the first epidemiological survey f@&. destruens the UK was carried out
through the screening of its reservoir hgstpulations ofP. parva Sphaerothecum
destruenswas detected in 50 % of theP. parvapopulations sampledvith a wide
geograpical distribution with similar prevalence per population as in Chir&a0(86).
This finding provides additional support to the hypothesis Ehgparvacan act as a
reservoir host oB. destruensThis is the firstconfirmedrecord ofS. destruen P.
parva from the UK. Concomitant work suggestthat there were at least two
independenP. parvaintroductions to the UKBlake et alunpublishedl, with the tested
populations in this study spannipgpulations for both fish sourcéSroup 1: sites 1, 3,
4,6 and 7; Group 2: sites 2, 5)opulations from both introduction groups have been

found positive forS. destruens

In addition to determining the epidemiology $fdestruensthis study also aimed at
determining whether disease transfer has occuteednative fishes in adjacent
communities. This was achieved by monitoring the adjacent river communities to the
first recorded introduction of. parvato the UK (Site 1 Figure 4.1). The work has
indicated thaS. destruenwas present in a number of neifish species adjacent to site

1 and these included salmonid ruttg and cyprinids R. rutilus S. cephalusndL.
leuciscu¥. This finding supports the concerns raisedAyShorbaji et al. (2006and
Andreou and Gozlan (20)16egarding the potential of parasite transfer to adjacent
communities The 18S rRNA and Cyb analysis of thes. destruengpositive fishes at

site 1 suggest the potential of a radiation ofgheasite to new hostS. cephalusndL.
leuciscushave 3 new haplotypes for the 18S rRNA gene (Haplotype 6, 7 and 8) and
new Cytb haplotype (Haplotype 3) fdR. rutilus The Fenton et al(2015 studyon
generalist parasites has indicated that once transmission to a new host occurs, parasite
dynamics would be driven through intspecies transmission rather than irgpecies
transmission. This was independently shownSodestruenthrough disease ndelling

which has indicated tha®. destruensgdynamics were driven through intspecies
transmission following an initial intespecies transmissiofAl-Shorbaji et al. 2016

Thus, the news. destruenbaplotypes associated with these new host species could be
the result of ceewolution with new hosts. However, equally they could represent the

original S. destruendiversity in theP. parva population in site 1P. parva was
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eradicated from Site 1 in July 201pefsonal communication Dr RdBritton), and
future work should includeevisiting these native populations and testing for the
presence 08. destrueng order to confirm that they can indeed sustirdestruens

the absence &. parva

The phylogenetic analysis betweBndestruensbtained across its native and aswe
range and UK water bodies identified 8 unique haplotypes of 18S rRNA gene in 27
individuals. Haplotype 1 was the most abundant with 11 individual from China, 1
individual from Spain and Turkey, 10 individuals from UK waterbodies (this study) and
3 individuals from previous studiggrkush et al. 2003Paley et al. 2012

This work was also able to test timt Cyt-b marker developed f&. destruenfChapter

2) for its phylogenetic resolution. The comparison of the-lCgequences of the two
unique haplotypes o8. destruenssolates (Haplotype 1 and 2) showed tweinip
nucleotide differences in 689 bp regioThis suggests that the marker can be
phylogenetic informative at the population level. However, this can only be confirmed

by testing this marker witB. destruenstrairs from North America and Turkey.

The 18S rRNA and Cyb markers were more dia in the UK compared to China
(Chapter 3). This is despite the geographical distance between the most northerly and
southerly positiveP. parva populations in China being approximately 18,000 km
compared to the UK sites 1b and 4 (~257 km apart) which esthakae highest variation

in 18S rRNA and Cyb sequences. Most of the variation could be driven by different
hosts ofS. destruenat UK site 3 and 8 but could also be the result of a high mixing of
P. parvathat has occurred in its continental Europeamgeaprior to its introduction to
the UK from GermanyGozlan et al. 201Qaln addition, since th@®. parvasampling
was not exhaustive, the UK. destruengliversity would suggest that not all the
potential sources @®. parvato Europe were capturdds also supported by the P. parva
Cyt-b haplotype data)However, the lack of amplification of the ITS 1 geneSof

dedruensisolates obtained in the present study limits these conclusions as this is the
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only gene that has been used previously to indicate geographical isolation ®f the

destruenssolates(Gozlan et al. 2009

In the UK, no population expansion was observedSfodestruenandits hostP. parva
whereas in its native rangeChina, the P. parva showed evidence of population
expansion(Chapter 3) Mismatch analysis showes multimodal distribution for both
18S rRNA and Cyb genes forS. destruensand for its healthy hosP. parva
populations in the UK. Multimodal/bimodal distributions could be due to: a) recent
population declines, which suggest ti&atdestruenitially had a bigger population
that suddenly contracted or b) balancing selection equally acting on two ditinct
destruenssolates resulting in bimodal distributiofigure 4.4 B). The introduceB.
parvapopulations in the UK had multimodal distribution suggesting the UK parva
population is either at long term stability or has gone through population boktlenec
(Rogers and Harpending 1992 A posi t Dwaue imdicates maecrease in
population sizg(Pichler 2002, but for the UKP. parvapopulations it is statistically
nonsignificant, suggesting that the population is at equilibrivvhen populations are

at equilibrium, the theoretical curves are free of waves as in Figur@Régers and
Harpending 1992 TheFs and R> values were also statistically ngrgnificantwhich is

consistent with the suggestion that population is at demographic equilibrium.

S. destruensssociated histopathology was not detected in any ofSthdestruens
positive fishes (through molealar detection) Thus, there was no evidence that the
presence of the parasite has any detrimental effects for the infected fishes. However, it
is important to note that histopathology is a far less sensitive detection method as it only
looks at a small mportion of the whole organ. For parasites sucls.adestruenghat

can infect multiple organs this can lead to limited detection. As the studychy et al.

(2015 has indicated, the best methibg which a population impact can be detected is
through close monitoring of populatiasite coupled with disease testing affected
populations. This is due to the chronic pattern of mortality associatedswitbstruens

which is difficult to detect wit single point samplingAndreou et al. 2011
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The increaing number of hosts identified in the wild confirms the ability Sf
destriens to use a broader phylogenetic range of hosts and resultantly maximise its
survival and range expansion even in the absence of its reservo{Knastov et al.

2008 Andreou andsozlan 201§ Fish populations with low prevalence $f destruens

can become reservoirs for infection themsellReeler et al. 20)Jand can result ithe
re-emergence of the disease if multiple reservoir host populations cross the epidemic
threshold-i.e. thelevel above whicls. destruensan gread significantly and cause an
epidemic. The results from the present study provide valuable insights into the
distribution ofS. destruensn UK waters that can contribute in formulating management
options for the parasite. It is evident that multiBleparvapopulations must be sampled

to determine the presence 9f destruensnd that native fish communities associated
with anyP. parvapopulations must be monitored for the presencs.afestruensrhis

is particularly relevant to multiple Europeanuntries whereP. parvahas sprad to

river catchments such &omania, Hungary, Ukraine, Slovakia, Germany, Austria and
France(Gozlan et al. 201Qa Monitoring needs to include host popidat estimates
coupled withS. destruenprevalence on a yearly basis agncan et al. (2015

4.5 Summary

The present studgas provided valuable insights into the distributiorsodestruensn

the UK with important management implications. The detectiors oflestruenn P.

parva populations emphasizes the monitoring of the adjacent native fish communities.
Furthermore, thavork has identified new potential fish hosts r destruensn the

wild. The transfer ofhe parasite to new hosts stresses the implementation of effective
measures to contr@. detruens$ further spread in the UK. The Gt marker analysis
identified two distinct haplotypes fo6. destruenswith one haplotype similar t&.
destruendrom China and the other one unique to the UK. The demographic analysis
showed that botls. destruensand its hostP. parvapopulations are at demographic
equilibrium in UK. This congruence betweéh destruenand its host further supports

the hypothesis thd. parvaact asS. destruens reservdiost in the UK.
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Chapter 5

Environmental DNA detection of Sphaerothecum destruenssing real
time PCR
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5.1 Introduction

Parasite detection using environmental DNA (eDNA) is a powerful tool in disease
ecology and epidemiology as it allows fast detec{dfalker et al. 2007Huver et al.
2015. It is particularly powerful when monitoring intracellular parasites, where
traditional detection techniques involve the sacrifice of the h8shaerothecum
destruensis an intracellular parasite that has been identified as a potential threat to
freshwater fish biodiversity{Gozlan et al. 2005 with the recommendation that its
prevalence should be closely monitoi@adreou and Gozlan 20L6Furthermore, the
parasite has beedentified as a nenative parasite to Europe (Chapter 3), having been
introduced with the highly invasive fidhseudorasbora parygotentially increasing its
impact to naive fish communities (Chapter 4). An extensive eradication progrdm for
parvahas been designed and executed since 2005 in théBu#on and Brazier 2006

Theoretical workhas indicated that eradication of the host, in this €aggarva does

not prevent the establishment®f destruens adjacent fish communitigg\l-Shorbaji

et al. 2016 due to the environmental transmission of the paraSite. d e sspores e n s 0
infect host cells in which they utiply asexually eventually causing cell death in the
host. Following cell death, the spores can infect new cells and/or be released in the
environment through bodily fluids such as urine, bile or reproductive fldidaish et

al. 2003. In the enwonment S. destruenspores dividereleasing up to 5 flagellated
zoospores per spof@rkush et al. 2008 The ability of this parasite to persist in the
environment(Andreou et al. 2009and its indirect transmission through contact with
spores or zoospores present in its surroungdingeeases the probability of transmission

to new geographic aredas indicated in Chaer 4). In order to reduce the risk of
disease spread, it is thus important to create epidemiological m&ysdetruengsee
Chapter 4 Figure 4.1 for the epidemiological map for the UK) and fish movements

should bescreened for the presenceSfdestnens

eDNA detection offers a versatile detection tool that can be used to construct
epidemiological maps for the parasits well asto establish presence/absence in fish
consignmentsFor example all water bodies where&. destruenss detected thnagh
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eDNA will have to be confirmed as positive using the traditional method of detection
which involves DNAbased detection and microscopic examination of host tissue
(Andreou et al. 2001 Here, an eDNA tool was developadd validated in ordeto
monitor S. destruergpresencan boththe wild andin fish consigments The specific
objectiveswereto: (i) develop and validatan eDNA detection assay f&. destruens
using a controlled experimental sgi and environmental sampjesnd (ii) use the
eDNA detection assayo monitor the effectiveness dahe P. parva eradication
programmaen also eradicating. destruensThis was achieved using tbeginal site of
introduction ofP. parvaandS. destruens the UK.

5.2 Material and methods
5.2.1 Sporecollection

The S destruensisolate used in this study was originalgoiated from sunbleak.
delineatus(Paley et al. 2012 Sphaerothecuntestruenswvas cultured inEpithelioma
papulosum cyprin(EPC) cells incubatedt 15 °C in minimal essential medium eagle
(MEM) with sodium bicarbonate supplemented with 10 % foetal bovine serum (FBS),
penicillin 100 1U/ml, streptomycin 1D pg/ml, gentamycin 50 pg/ml and 2 mM- L
glutamine(Paleyet al. 2012.

Twenty days following the last passage cell associated spores were collected from the
infected cell monolayer. Prior to collection, the cell monolayer was washed with 5 ml
MEM medium to remove any cell free spores. The infected ol lvas scraped with

a cell scraper and suspended in 10 ml of MEM and transferred to 50 ml sterile tubes.
The cells were centrifuged at 1,200 x g for 10 minutes and the supernatant was
decanted. The cells were-saspended in 10ml autoclaved distilled weadad vortexed
vigorously to release spores from host cells. The released spores were washed twice
with sterile water and centrifuged at 1,200 x g for 5 minutes between each wash step.
The supernatant was discarded between steps and the spore pellespessiesd in

sterile water. The spores were enumerated using haemocytometer (Sigma). Cell
associated spores were prepared in sterile distilled water at concentrations of $28 x 10

spores/ml and 9.28 x 48pores/ml and were used for subsequent spiking iexgets.
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5.2.1.1Experimental Design

To determine the detection limifor S. destruens three spore concentrations
representing High (500 spores/ml), Medium (150 spores/ml) and Low (50 spores/ml)
were spiked in two water conditionglistilled water and turbid wer. The turbid water
treatment was created to represent natural conditions and included 10 g of un
autoclaved soil, 200 ml of aquarium water irBAD ml of distilled water. The
experiment was set in 3 L plastic tubs which were covered with cling filmheies for

air circulation. Each treatment was trgalited and both water treatments were
maintained at 18 °C for 20 daySntreated controls consisted of distilled waged

were include for each sampling paint

5.2.1.2Water collection and filtration in the experimental setup

Water was sampled from both water treatments at three time points: 6, 13 and 20 days
post incubation. At each sampling point, 100 ml of water was collected (Figure 5.1) and
was filtered through a 0.45 um cellulose nitrate filter memb¢avieatman™). Prior to

the sample collection, water was disturbed (to disperse thesypwith a glass pipette
movedfive times lengthways and sideway#&h water samples being collected from the

centre of the tub. The centre of each tub was marked ayuthiele of each tub.

5.2.1.3Disinfection procedure for filter housing

Sodium hypochlorite (NaOL is an effective disinfectant andan denaturenucleic
acids After every filtration, thefiltration setup was immersed in 0% sodium
hypochlorite solution fob minutes All components were then washed and flushed with
tap waterfollowed by two washes with distilled watéZontrols which includedistilled
water wereusedbetweendilutions and were run through the filtration systendetect
crosscontaminationThe filter papes were then removedsing sterile forcepandwere

subjected to DNA extraction.
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Collection of water samples (100ml) from each treatment

| =

Filtration

1 e

-

DNA extraction from filter papers | © 1
(MO BIO Power water DNA isolation kit)

Conventional PCR
(Specie-specific primer
targeting 18S rRNA gene)

!

Post PCR analysis
(Gel electrophoresis)

Figure5.1. An overview of environmental DNA (eDNA) workflow fd8phaerothecum

A @

Real-time PCR
(Specie-specific primer
targeting 18S rRINA gene)

destruengletection in the ladratory setting.

5.2.1.4DNA extraction

The DNA was extracted from filter papers usiagwerWaterDNA Isolation Kit (MO

BIO, Inc). Following filtration, each filter membrane was placed into a power bead tube

(Figure 5.1).All the steps were performed accorglito

manufact uraad ’

DNA was eluted in 100 pl elution buffer. DNA was stored2t °Cuntil further use

The extracted DNA was screened for destruer@DNA presence using the retmne

PCR developed in this study. As a control, allerxmental samples were also amplified

103

S

g



using the standard nested PCR for the detectiorS.oflestruengSection 2.2.1
Mendonca and Arkush 20P4as the amplified product from this PCR can be sequenced

to confirm theparasiteidentity.

5.2.2 Reattime PCR
5.2.2.1Design of realtime PCR primers and probe

Sequencesfrom 18S rRNA gene ofS destruens (AY267344.1, AY267345.1,
AY267346.1, and FN996945.1and of fish specieSalmo trutta(DQ009482.1),R.
rutilus (AY770580.1),0ncorhynchus mykiggJ710874.1) an€. carpio (FJ710827.1
wereretrieved from theGenBanksequence database and were aligned with Clustal W
in BioEdit (Hall 1999). The primers and probe specific $o destruend8S rRNA gene
segmentwere designed with the Primer Express 2.0 software (Applied Biosystems).
The Tagman MGB probe was | abelled with
end and a nofluorescentquencher MG B Nénd) The tunlalbelieeé PCR'

primers and Tagman probe were purchased from Applied Biosystems.

Table5.1. Real time PCR primers anuobe

Primer Sequence ( 5NjY3N)j Melting

/probe temperature (°C)
Forward ACTTTGCGAATCGTATGACATTTTGTC  62.11

primer

Reverse CCACTACCTTACCATCGAAAGTTGA 61.68

primer

Probe ACGATGATTCATTCAAATTTC 72.31

5.2.2.2Reaktime PCR reaction conditions

The TagMan® Gene Expression Master MilDG was used for this assay (Invitrage

The reaction conditions consisted of 20 pl reaction volumes containing TégMan®
Gene Expression Master MDG, 1 pl assay mix (primers and probe) and 2 pl of
DNA template (undiluted). All reactions were performed in the StepOne real time PCR
machne (Applied Biosystem$ and analysed by StepOne software v 2.0. In all the

analysis,the software defined baseline was automaticallyted.02, and ROX was
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selected as a passive referer@gcling conditions consisted of a hold stage at 50 °C

for 2 mn to allow UDG enzymatic activity and initial denaturation at 95 °C for 10 min
followed by 40 cycles of denaturation at 95 °C for 15 seconds and annealing at 60 °C
for 1 min. The extraction blank controls from the DNA extraction were included along
with the no DNA template PCR controls.

5.2.2.3Limits of detection

In order to quantify the genomi8. destruen®NA in samples and to determine the
sensitivity of the assay, a calibration curve was generated using genomic DNA extracted
from S destruensspores. Thecurve was obtained by plotting DNA concentration
(ng/ul) against cycle threshold {Cvalues. A terfold serial dilution ofS. destruens
genomic DNA was prepared in Uifadiated sterile water to give a template
concentration ofl0 ngpl to 1 fg/pl. The sandards were run in triplicate in order to test

the repeatability of the quantification using the @@k PCR assay. Negative controls
used in this assay consisted of sterile walére detection limit was defined as the
lowest genomicS. destruen®NA concentration detected at least%®5of the times by
theRT-PCRassay

5.2.2.4Reaktime PCR assay specificity

The S. destruenspecific 18S rRNA assay was tested for cnesgctivity with pure fish
DNA. The fish species tested for crassctivity were carpCyprinus carpiq roach
Rutilus rutilus minnow Pimephales promelagommon breanfbramis brama chub
Squalius cephalysdarbelBarbus barbusandtopmouth gudgeo®seudorasbora parva
The realtime PCR primers specificity was also tested using a PCR amplified
Dermocystidium salmonis8S rDNA section inserted pGEM&I (Promega)provided

by Dr Richard Paley (CEFAS laboratory, Weymouth, UK)serial dilution of all the
tested fishes DNA an®. salmonisDNA was created in sterile UV irradiated water
ranging from5 ng/ ul to 0.0005 ng/ulTwo microliter of each dilution was used as a

starting material for real time PCR giving a total genomic DNA range of 10 ng to 0.01

ng.
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5.2.3 Assessment of the eDNA detection technique in the field

For the detection 08. destruensn environmental samples, three independent water
bodies in the UK were targeted (Table 5.2): (a) a decommissioned ornamental fish farm
(referred as section 1la, SU3862) whereparvahas been present since riifi80s, and

S. destruensias been detected imarapled fish (Chapter 4); (b) the stream above the
decommi ssioned fish farm (referred as ‘' s
decommissioned fish farm (referred to'as ect i on 1b’ and S Sect
destruengositive fish have been daited;Figure 5.2 (c) the Bourne stream (9879)

and (d) the River Teme (SO833507237).

(a, b) Sampling the decommissioned ornamental fish farm and the adjacent stream

P. parvawas first recorded in the UK in the outflow stream of this ornamentafdisn

in 1996 (Domaniewski and Wheeler 1996I'he site was considered aigh-risk site

based on the conservation and fishery value of the adjacent waters and complete
eradication ofP. parvawas initiated in summer 2014. Following rotenone application,
the eradiation programme was completed in March 2(d&rsonal communication Dr

Rob Britton). The ornamental fish farm consists of numerous artificial ponds that were
used to breed golden orfeeuciscus idusThe fishery has an outflomto the Tadburn

Lake streamwhich flows into the River Test approximately 6 km downstream of the
fishery. Water sampling at this location occurred prior and poglarvd s er adi cat
The P. parvasampled from this fish farm (section 1a) and native fish species (Chub
Squalius cephlus Dace leuciscus leuciscyusbrown trout Salmo trutta and Roach
Rutilus rutilug from the adjacent streams (section 1b ang Figure 5.2 in 2013

confirmedsS. destruenpresence (Chapter 4, Table 4.1).

() Sampling of the decommissioned ornamentafish farm pre-P. parva

eradication

The site was first sampled in 2013, whilst parvawas present in the fishery. Within
the ornamental fishafm section 1a, two pond®nd 12(P 12)and Pond 14P 14)and
the overflow pond (OF) were sampldéigure 5.2. All ponds were populated witR.
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parva at varying densities Table 5.2ixSL L samples were collected from each pond
(P12, P14,0F), from sampling points spread equidistantly around the pond edge
(approximately 15n apart in B2 andP14, and 20n apart inOF).

(i) Sampling of the decommissioned ornamental fish farm posP. parva

eradication

In order to monitor the effectiveness thie eradication programme in controlling.
destruenswater samples were collected in 2016 from multiple locations asedawith

the decommissioned ornamental fish farm. These included the stream feeding the
ornamental fish farm (section 1d, Figure 5.2); the fishery (Pond 1, section la, Figure
5.2) and the Tadburn Lake stream (sections 1b and 1c, Figure 5.2). Detadsveateh
sampled are in Table 5.Dne litrewater samplesvere collected from section 1c and
section 1d at three sampling points and from section 1b at six sampling (s@ats
Table 5.2. The water samples were immediately stored on ice and were filkéttad

24 hours.

(c, d) Sampling the Bourne stream and River Teme

In order to test the specificity of the technique &r destruensletection in natural
conditions, water samples were collected from Bourne stream and River Teme (Table
5.2). These twavater bodies have no known introduction or sightingsoflestrueris
healthy hosP. parva One Itre water samples were collected from the Bourne stream at
three points approximately 356 m apart and were stored on ice and filtered within 24
hours One lire water samples were also collected from two locations at Knightwick
and below Powick weir in River Teme (Table 5d2)d were stored on ice and filtered

within 24 hours

(i) Fish sampling from downstream of decmmissioned ornamental fish

farm.

The native fish species sampled from thelmevnstream sections in 2013 gPe parva

eradication were found positive f@&. destruenghrough PCR (Chapter 4). Electric
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fishing, using a backnounted SmittRoot LR-24 Backpack, wagerformedpost P.
parva eradicaion in 2016 to sample fish from downstream of the fish farm referred as
“section 1b” aespectivélys The fish sampletl avére stone loach
Noemacheilus barbatulusbullhead Cottus gobio and sticklebacksGasterosteus
aculeatuqTable 5.2). All tle brown trout were returned to the water without processing
due to permision restriction by the Environmemigency. The sampled fish were
euthanized through anaesthetic overdose orfdltaving Home Office guidelineand
weretransferredo thelaboratay on ice.

In the laboratory, all the fish were preserved in 100 % ethanol until further processing.
The fish were dissected and kidneys were collected as explairgetiion3.2.1 The

DNA extraction was performed using Qiagen DNeasy Blood and tiss(@iagen) and
screened folS. destruenpresence through nested @yIPCR as presented $ection
2.2.3.

5.2.3.1Collection and filtering of environmental samples

The water samples were collected in 1 L sterile plastic bottles attached to rods and the
bottles were submerged in a way that a vertical column of water was collected. The
sampling equipment was changed between each sampling point and disposable gloves
were used for every site. Two negative controls were inserted during field sampling
(one at the sirt and one at the end). Field negative samples consisted of 1 L sterile
plastic bottles filled with sterile water which were treated in the field in the exact
manner as sample collection bottlés.the lab, he water was préltered using a 200

um filter to remove coarse material. An-800 ml subsample was further filtered using

a 0.45pum cellulose nitrate filter membrane (Whatm¥hwhich was then subjected to

DNA extraction(Section 5.2.2.3) and RPCR Section 5.2.3.2
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Table5.2. Field sampling for the validation of the environmental DNA (eDNA) techniqu&gpdraerothecum destruens

Site Ponds Sampling points Geographical Fish composition Volume Fish samplel
/stream coordinates of water (number)
filtered
(ml)
Decommissioned ornamental fish farm
(i) Pre-eradication oP. Section la Six 1 L samples Low density ofP.
parva(2013) Pond 12 (12-1-12-6) parva
52mx7m) around the pon
edge app. 15 n
apart
Section 1a Six 1 Lsamples High density of P. -
Pond 14 (14-7-14-12) parva, Stickleback
(52 mx 7 m) around the pond SU3862 Gasterosteus 80
edge app. 15 m aculeatusand Signal
apart Crayfish
Pacifastacus
leniusculus

Section la Over
Flow Pond (pond
running eastvest, to

south of fishey pond

row).

(65 mx 15 m)

Five 1 L samples
(OF13-OF17)
around the pond
edge app. 20 m
apart

Intermediate density
of P. parva C.
cyprio, L. idus T.
tinca, G. aculeatus
andP. leniusculus
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(i) Water sampling post Section 1d Three 1 L sample: SU3932 -
eradication of P. parva (60 m stretch to inlet tc app. 20 m apart
(2016) fishery)
Section 1a Two 1 L samples SU3862 Carp Cyprinus -
Pond 1 (la-1b) from two carpio)
52mx7m) extremes of the
pond.
- 500
Section 1b Three 1 L sample: SU3862
(122 m downstream of (1bl- 1b3 along the
fishery) stream stretch apy
40 m apart
Section 1b Three 1 L sample: SuU3848 Stone loach Stone loach
(360 m downstream of (1b41b6) along the Noemacheilus Noemacheilus
fishery) stretch app. 50 n barbatulus bullhead barbatulus(3),
apart Cottus gobig bullheadCottus
sticklebackG. gobio(5),
aculeatus Signal sticklebackG.
crayfish, sea lampre’ aculeatug9)
Petromyzon marinus
Section 1c Three 1 L samples SuU3842 BullheadC.
(500 m downstream of (1c1-1c3) gobio(2)
fishery)
Bourne stream Site 1 (stagnant water) -
Site 2
(Fast flowing water) 1 L water sample: SZ0689 RuddScardinius -
at each site erythrophthalmusC. 1000

Site 3 (this site

carpio, Minnow
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was further SZ0679 Phoxinus phoxinys
downstream to sité & G. aculeatusandS.
site 2) cephalus

River Teme Powick below 1 L water samples S08335 S. cephalusbarbel 1000
Knightwick S07237 Barbus barbusshad

Alosa fallax P.
marinus
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Section 1d

Section 1a

Section 1c

Figure 5.2. An oveniew of the decommissioned ornamental fish farm ponds (section 1a) and Tadburn Lake stream (blue). Water samples wer
collected from four ponds from Section 1a; picture indéaond 1 (P1), Pond 12 (P12), Pond(P44) and Overflow pond (OFAfter the eradation

ofP.parvaf rom t his fish farm, water samples were collected ftrioom thde” ,Ta
the Tadburn Lake stream section receivVving dftdr éhe facdity iowards the Badburrultakel o w
stream’s end “ SecY) iuwicateflan’ directiBnl The redalines cepraesent connection between the Tadburn Lake stream and the

decommissioned ornamental fish farm with continuous lige¥ epresenting above ground connecti@msl discontinuous lines-{) representing
below ground connections.
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5.3 Results

5.3.1 Validation of the eDNA detection method ofSphaerothecum destruenssing
real-time PCR.

Using tenfold serial dilution ofS. destruengenomic DNA the limit of detection of
Tagman assay was 1 pg/[¥able 5.3. The G-values wih standard genomic DNA
dilutions in the late cycle (36) which corresponded to 0.1 pg/ul were unreliable as the
probability of detection was < 95 ¥Burns and Valdivia 2008 Therefore, the €
values >36.55 were scored as negative or below the detection limit, in line with other
studies in development of eDNA method for pdeadetection(Kirshtein et al. 2007
Huver et al. 201p In the assay, PCR negatives had nee@dings. The R"-PCR was

also highly specific t&. destruenwith all tested fishes and. salmonisyielding no G
values fdlowing amplification with the RTPCR primers.

In the experimental validation sap, S. destruenspecific DNA was detected by real
time PCR in both natural and turbid water conditionsl 6, 13 and 20 dayacross all
spore concentrations (Table b.4The reakime assay was further checked by
amplifying all the samples in the experimental validation experiment withSthe
destruensnested PCRMendonca and Arkush 20P4The realtime assay detecteS.
destruensspecific DNA at day 20 in the low spore concentrations whereas the nested
PCR only detecte®. destruen®NA in the lowest concentration treatment aty b
(Table 5.5and AppendixX).
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Table5.3. C; values and percentage (%) detection for thefddhserial dilution of
Sphaerothecum destrueD®A using the reatime PCR assay

Standards  Mean G- % detection®  DNA (ng/ul)¢  ng DNA (2 pl)
/dilutions @ values (n=3) in RT-PCR®
1/10 20.67 100 5 10

2/10% 23.7 100 5x 10t 1

3/10° 27.30 100 5x 102 1x 10?
4/10° 31.53 100 5x 103 1x 102
5/10* 36.55 100 5x 10% 1x 10°
6/10° 38.34 66.6 5x 10° 1x 10%
7/10° 38.43 33.3 5x 10° 1x 10°
8/107 Undetected 0 5x107 1x10°

2A total of 7 diluted standards were made from aftdah dilution series of DNA stock
with a measured concentration of 5 ng genomic DNA/ul.

®Mean G-values ae based on the RPCR replicates of each standard.

“The percentage of RIPCR replicates yielding positive replicates (detection) for each
standard.

4 Theoretical content of DNA in ng/ul for each standard calculated from concentration
assigned to the DNAtack (5 ng/ul).

®Quantity of template DNA in each RFCR replicate.

Table 5.4. Detection limit of Sphaerothecum destrue@mNA in distilled and turbid
water over 20 days using reacthe PCR. Results ardisplayedas number of positive

replicate/total number of replicates for each treatment.

Spore count 1,500,000/L 150,000/L 50,000/L
(High) (Medium) (Low)

Incubation  Sterile  Turbidity Sterile  Turbidity  Sterile  Turbidity

point water water water

Day 6 3/3 3/3 3/3 3/3 2/3 3/3

Day 13 2/3 1/3 2/3 1/3 3/3 1/3

Day 20 3/3 1/3 3/3 1/3 3/3 2/3
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Table5.5. Comparison of detection limit &@phaerothecum destrueBHNA in distilled
and turbid water over the course of @ys by conventional and re@he PCR. Black
and red arrows indicate conventional and-teaé PCR respectively.

Spore 1,500,000/L 150,000/L 50,000/L
count (High) (Medium) (Low)

Incubation  Sterile  Turbidity  Sterile  Turbidity Sterile  Turbidity

point water water water

Day 6 Vv V|V V vV Vv \% V vV Vv \% \%
Day 13 Vv V|V \% vV Vv - \% vV Vv - \%
Day 20 Vv V|V \% vV Vv V \% vV Vv - \%

5.3.2 Assessment of the eDNA technique using environmental samples
(i) Decommissioned ornamental fish farm

A) Sampling of the decommissioned ornamwal fish farm pre-P. parva

eradication

Three ponds with varying densities d®. parva were investigated fofS. destruens
presence Sphaerothecundestruenswas not detected in extractions of water samples
from Pond 12. HowevelS. destruensvas amplifiedfrom water samples collected in
Pond 14 and the overflow pond. Pond 14 had lewalies with comparatively higher
Ci-values for the overflow pond which corresponds to high and low levelS. of

destruengpresence respectively4ble5.6; Figure 5.3).
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Figure 5.3. Amplification plots of DNA extractions from the decomsiened
ornamental fish farm prBseudorasboraparva eradication (2013). Changén
fluorescence (ARN) S pl ot t e dvaluaspy alhen s t
SphaerothecundestruensDNA standards (10 ng, 1 ng, 0.1 ng, 10 pg and 1 pg) are
labelled on the graph (please note each DNA standard was duplicated). Extractions
correspondig to positive samples from Pond Igtgen) and th@verflow pond blue)

and negative samples fronoid 12 (ed) are displayed

B) Sampling of the decommissioned ornamental fish farnpost P. parva

eradication

S. destruenBNA was amplified from the upieam section of the Tadburn Lake stream
(section 1d Figure 5.2) with highCi-values ranging from 34.® 36.5 that indicates.

destruengpresence at low concentrations (Table 5.6, Figure 5.4).
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Figure 5.4. Amplification plots of DNA extractions from decommissioned ornamental
fish farm postPseudorasboraparva eradication (2016), Section -llal. Change in
fluorescence (ARN) S pl ot t e dvaluaspy alhen s t
ShaerothecundestruensDNA standards (10 ng, 1ng, 0.1 ng, 10 pg and 1 pg) are
labelled on the graph (please note each DNA standard was duplicated). The negative
control (FN, filtration negative; EN, extraction negativeled and extractions
corresponding to water samples fromt&at 1d (1d 13)- blue, section 1b (1b-3)-
mustard, section 1b (1b&)- purple and section 1c (1e3)- brown are displayed.

The G-values for the samples obtained from outflow of the decommissioned ornamental
fish farm intoTadburn Lake strearfsecton 1bFigure 5.2) indicated the presenceSof
destruen®DNA. Specifically, G-values ranged from 3518 36.7 for sampling points-1

3 (closest to the decommissioned fishery) and 38133.4 at sampling points-@
(approximately 36@n away from thalecomnmissioned fishery) (Table 5.63. destruens
DNA was also detected in 2 out of 3 samples from section 1c (500 m away from the
decommissioned Fishefigure 5.2) with €values 33.20 34.4.
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C) Fish sampling from downstream of decomissioned ornamentéa fish

farm.

None of the ifh samples screened 8r destruenpresence tested positive witlested
Cyt-b PCR (Table 5.6).
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Table 5.6. Validation of the eDNA techniqudor Sphaerothecum destruensing
environmental samples.

Site Pond Samples Mean G- RT-PCR S. destruens
values S. status
(n=2) destruens Cyt-b
status
Decommissioned
ornamental fish
farm
(i) pre-eradication Section la P121to Undetected -
of P. parva Pond 12 12-6
Section 1la P147 31.21 \Y
Pond 14 P148 31.01 Vv
P149 31.37 Vv
P1410 31.52 Vv
P1411 29.12 Vv
P1412 31.03 Vv
Section la OF13 34.34 \Y
Overflow OF14 32.82 \Y
Pond OF15 34.43 \Y
OF16 34.84 \%
OF17 34.19 Vv
(ii) post Section la Pla Undetected -
eradication oP. Pond 1 P1b 35.8 \%
parva Section 1d 1d-1 35.95 \%
1d-2 34.3 \%
1d-3 36.2 \%
Section1b 1b1 36.71 -
1b-2 36.6 -
1b-3 35.3 \% )
1b-4 334 \% (0/17)
1b5 335 \%
1b-6 33.11 \%
Section 1c 1c1 34.4 \% -
1c2 38.46 - (0/2)
1c-3 33.2 \%
Bourne Site 1 Sl1 Undetected -
stream S1-2 37.15 -
Site 2 S21 37.25 -
S22 Undetected -
Site 3 S31 37.39 -
S32 Undetected -
River Tene Knightwick K Undetected -
Powick PB Undetected -
below
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(i) Bourne Stream and River Teme

No amplification for S. destruen®NA was detected in the Bourne stream and River
Teme as the mean-@alues were >36.5 (Table 5.6 and Figure 5.5).

25

negative
—P14-11

——R.Bourne
S1-1

——R.Boume
S1-2
——R. Bourne
82-1

——R. Bourne
$3-1

= Knightwick

15 4

Powick
below

ARn

0.5 4

Figure 5.5. Amplification plots of DNA extractions from Bourne stream and River
Te me. Change in fluorescence (ARnNn) +is
values).The Sphaerothecum destrueD®IA standardé (10 ng, 1 ng, 0.1 ng, 10 pg and 1
pg) are labelled,he negative control (NTC) arektractions corresponding to a positive
sample (PS)or S. destruengrom decommissioned ornamental fish farm (HAl4
purple) and negative samples (NS) from the Bourneast (Sil- S1-3) and River
Teme (Knightwick blue and Powick belowgreen). The multiple curves indicate
duplicates for standards.

(iif) Negative controls

All the negative controls used during field sampling, filtration, DNA extraction and
PCR were negate for S. destruen®NA (Ci-value = undetectedindicating that there

was noS. destruensarry-over at any step of the process.
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5.4 Discussion

In this study,an eDNA detection method f&. destruensvas successfully developed

and validated both in thalloratoryand in thefield. In the lab,S. destruen®NA could

be detected using the rdahe assay post inoculation both in the presence of sterile
water and turbid water conditions acroSs destruensconcentrations from 1,500
spores/ml to 50 spores/mh the turbid water conditionsS. destruen®NA was not
detected in all replicates as eDNA can get adsorbed to soil particles as it settles where it
is subjected to slow degradation processes affecting its detect@hilityer et al. 2016

In addition ultraviolet irradiation levels and pH levels can influence the speed of DNA
degradatior{Pilliod et al. 2014 Strickler et al. 201preducing itsdetectability in natural
systems.

The realtime PCR assay had a detection limit of 1 pg (equivalent to 500 spores,
explained in 8ction 2.3.4, Table 2.2yhich was slightly inferior to efficiencies
reported for gPCR for chytrid funguBatrachochytriumdendrobatidis(0.1 zoospore)

and trematod®ibeiroia ondatrag14 fg) (Walker et al. 200,7/Huver et al. 2016 The
assay was specific t8. destruensas it did not crosseact with any of the tested fishes
and the closely related. salmonisin addition, water from water bodies where b&th
destruensand its resemir hostP. parvahave never been reported (e.g. the Bourne
stream and River Teme) tested negativeSodestruen®NA. In contrastS. destruens
DNA was detected from the decommissioned ornamental fish farm whexas
detected irP. parvatissues (Chager 4 Table 4.1).

Water samples were collected from the decommissioned ornamental fish farm prior to
the eradication oP. parvaand 2 years post its eradication. Whistparvawas present,

S. destruen®NA was detected from ponds with medium andhhy parvadensities

and was not detected in the pond with Id®v parva density The S destruens
prevalence irP. parvain the facility was approximately 3 % (referred to as UK site 1a

in Chapter 4; Table 4.1). Transmission&fdestruensan be densitgependent, with
higher transmission rates and prevalence in denser popul@b8$orbaji et al. 20105

which can explain the detection and loweiv&lues in the high. parvadensity ponds.
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ShaerothecuntdestruendDNA was detected in water samples from Traglburn Lake
streamboth upstrem and downstream of the decommissioned ornamental fish farm two
years posP. parvaeradication. Whilst theatility was active, water was diverted form
upstream througthe facility. Fish movement between the facility and the upstream was
not possible due¢o the flow and the restriction of the fishery fishes in ponds. The
presence ofS. destruensn the upstream could thus hgotentiallydue t o ott
movement between the fishery and the stream for their food or movement of brown
trout Salmo truttafrom lower stretches of the Tadburn Lake stream. Interestingh.the
destruendDNA was in higher concentration in water samples collected downstream of
the fishery. In particularS. destruen®NA concentration was highest in the samples
further downstream (s&on 1b, samples 1b4Lb6) versus the samples collected closer
to the fishery (section 1b, samples 1b3). This could be due to higher abundance of
fish in downstream stretch (section 1b; 1446) and in section 1c (sample 1e31
Additionally, thenative fishesS. truttg S. cephalusR. rutilug andL. leuciscussampled

from section 1b in 2013 showed high prevalence133 %) ofS. destruens the fish

tissue (referred as UK site 1b in Chapter 4; Table 4.1). Sampling in 2016 was
unsuccessful inapturingS. cephalusR. rutilus andL. leuciscusn the Tadburn Lake
stream Although presens. truttacould not be sampled due to permission restriction set
by the Environment Agency. Additional potential host species sampled (StoneéNloach
barbatulus bullheadC. gobio and sticklebaclG. aculeatus were all negative when
tested for the presence $fdestruensising nested PCR. Therefore, future work should
include a comprehensive survey of the stream, including invertebrates, in order to

determine th potential reservoirs f@. destruens

The detection 0%. destruenBNA two years posP. parvaeradication suggests that the
parasite has established in the fish community of Tadburn stream, as it is highly
unlikely thatS. destruenspore DNA woull persist for 2 years in the environment in the
absence of its reservoir hdBt parva Sphaerothecuntdestruenspores zoosporulate in

the presence of freshwater with a maximum survival of 7 @faydreou et al. 2009 In

natural field conditions, zoospores are more prone to cell disruption and ultimately
DNA degradation(Strickler et al. 201p In the experimental setup, ti& destruens
eDNA persistence was up to 20 days which is within the established eDNA persistence
rateof 14-60 days in freshwater ecosyste(@oldberg et al. 2015 It should be noted

that these figureare for macroorganisni®ejean et al. 201 Pilliod et al. 2013 which
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have higher abundaas and can shed more DNA into waterbodies compared to
microbes(Thomsen etal. 2012 Pilliod et al. 2013 The present resuliould support

the theoretical prediction that the parasite can maintain transmission in other fish
species even in trebsence of its reservoir HpPB. parva(Al-Shorbaji et B 2016.

The majority of eDNA studies carried out involve aquatic vertebrates or macro
organisms, with a little focus on microscopic parasfigsss et al. 2005 The eDNA
detection tool foiS. destruenslls this gap and can be used to screen fish consignments
both fom within UK movements and fish imports by simply testing for the presence of
S. destruensDNA in the water. WhereS. destruen®NA is detected, further tests
should include histopathological investigation of a subsample of fishes coupled with
molecular detection in fish tissu@duver et al. 201p Species detection through eDNA

is often verified with independent detection methdqéyman and Collins 2012
Thomsen et al. 20)2

The eDNA tool can be combined with site occupancy mog&demidt et al. 201)3to
develop epidemiological maps f@&. destruensacross its suspected range. This is
particularly important as the parasite can spread through water transfer including
contamin&ed angling equipment. This raises the need of a wider survey for the parasite
prevalence especially in the waters adjacent to the decommissioned ornamental fish
farm and the waterbodies whd?e parvais or has been presefritton et al. 201D To
increase probability of detection, sampling should occur during the spring. as
destruensnfections highest durinthe spring seasoifErcan et al. 2005 It is important

to note that the use of this tool is not limited to the UK, as Chapter 3 has shown that the
parasite is present in at least 3 monerdpean countries (Spain, Netherlands and
Turkey). Thus,a cheap and quick detection method is now available fflan&uropean
survey forS. destruensvhich would inform the future management of this ‘mative

parasite.
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5.5 Summary

A new eDNA method wasedeloped for the detection 8t destruens the wild in the
present study. The method successfully dete&edestruen©NA where expected
(decomissioned ornamental fishfarm and its associated Tadburn Lake stream).
Conparedto the traditional survey mebds, eDNA method is fas§( destruenstatus
can be determined in 2 days) and {mavasive (no fish killing involved). The eDNA
method can be effectively employed in the development of epidemiological ma®s for
destruensacross its suspected rangehis study hasdemonstrated that despite the
eradication of source ho$t. parva it is impossible to edicate the environmentally
transmitted propaguleS( destruenspore$, once it has established in the community.
This emphasizes that preventive measuagainst pathogen expansion should be
implemented, as reactive measures such as eradicatall not be effective The
relevant measures such as, early detectidh oestruensan be achievedsingthe new
eDNA method to initiate rapid aoms to prevenits further dispersal. The newly
developed eDNA method will also serve as a rapid detection tool fjan&uropean
survey forS. destruensvhich would inform the future management of this maive
parasite. In case of positive detection itk eDNA method, it is highly recommended
to couple it with fish dissection to reliably ascertain the parastistribution and its

impact on fish hosts in the suspected waters.
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Chapter 6

Sphaerothecum destruertaxonomy and mitochondrial genome
organisation
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6.1 Introduction

Mitochondria are double membrane organelles ubiquitous to eukaryotes with a few
exceptiongBurger et al. 2003aln addition to their primary role in energy production
through the electron transport chain coupled with oxidative pitarylation,
mitochondria also play role in translation, transcription, RNA processing and protein
import and maturatiofGray 2013. A broad spectrum of biochemical and phylogenetic
studies have supported thabe mitochondria originated from a single alpha
proteobacterial ancestor from within the order Rickettsig®sng and Wu 2015
Animal mtDNA are usually small, circular with invariable genontent and usually
range in size from 13 to 19 kbp, are compactly arranged without intergenic regions
(only a few bp in some cases) and are indems (with a few exceptions where
mitochondrial group | introns were found in some Cnidaria and Plac{iznaov
2007. Relatively large mtDNAs (20 to 43 kbp) have been found in some Cnidaria,
Demospongiae and Placozflaavrov 2007. In animals, the standard set of mtDNA
genes encode for 123 proteins involved in the electron transport chain and oxidative
phosphorylation and 225 structural RNAsincluding small and large subunit rRNA
and RNAs (Anderson et al. 198Bibb et al. 198 1Anderson etl. 1983.

Mitochondrial DNA organization varies in the unicellular relatives of animals
(Choanozoa) and provides insights into the mtDNA evolution. They have additional
MtDNA proteins: the extra respiratory proteins and ribosomal pro{@nay et al.
1999. A great diversitywasobservedn the mitochondrial genonsze and topology of

the Choanozoa, ranges from singl@omosome circular mitochondria Monosiga
brevicollis to linear singlechromosome mitochondria irfMinisteria vibrans and
Capsaspora owczarzakand linear multiplechromosome mitochondria has been
identified for Amoebidium parasiticurwith variable genome sizes range 76 kbp to >
200 kbp(Burger et al. 2003d.avrov and Lang 20104

Previous studies on the animal mtDNA aneithcomparisons with early diverging
animals (sponges) and unicellular relatives (Choanoflagellate and Ichthyosporea) have

highlighted that mtDNA has undergone tremendous transitions from large, spacious
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MtDNA to compactly arrayed. The comparison of mtDig@&nomes of bilateral and
radially symmetrical animals has identified variations in the size and gene content.
Usually, mitochondrial evolution is correlated with two main events in animal evolution

Il.e. the origin of multicellularity and the origin of Bikxia(Lavrov 2007.

The origin of multicellularity is usually linked with the loss of multiple genes and
reduction of norcoding mtDNA as evident from the large fgenomes in the
unicellular relatives of animal with either long repeat sequences ecoting regions

in Choanoflagellate, Filasterea and Ichthyospdi@arger et al. 2003alLavrov and

Lang 2014. The emergence of Bilateria is usually correlated with multiple changes in
genetic code associated with dosf tRNA genes, increased rate of sequence evolution
and emergence of several genetic noveltesch as highly modified structures of

ri bosomal and transfer RNAs and the pres
mMtDNA (Wolstenholme 1992 However, it is not fully established whether these
changes have happened simultaneously with the morphological transitions or if mtDNA

evolved independently in different lineagéswvrov 2007.

The findings from the mtDNA studies ™. brevicollis and A. parasiticumled to the
hypothesis that the last common ancestor of Holozoa (multicellular animals and their
closest unicellular relatives) had gemeh mtDNA. Mitochondrial DNA in the Holozoa
(animals and their unicellular relatives) has been hypothesized to evolve from its
common ancestor, which is assumed to have possessed a large acmimpant
mMtDNA, alongthree main routes: the Ichthyosporea lineage (accumulation of repeat
sequences), the Choanoflagellate lineage (amplified intergenic region) and the
Metazoan lineage (extensive gene loss with size contractiBurger et al. 2003a
Signorovitch et al. 2097 However, this hypothesis is based on limited taxonomic
sampling for mitochondrial analysis with one organism from both Ichthyosporea and

Choanoflagellate lineages.

Sphaerothecum destrueiss an obligate intracellal organismsitting at the animal
fungal boundary. A recent phylogenomic study based on the flagellar and chitin

synthasecharacterdas placed®. destruens n a group termed the
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iIs comprised of the Ichthyosporea daddrallochytrium Imacisporumand is designated

as the earliest Holozoan diverger{@®rruella et al. 2016 This group is interesting

that they are phylogenetically located where animals first diverged tiiefiangi and

can provide important clues into the origin of higher organisms and mtDNA evolution.
The extant organisms from this group are not always easily available and
experimentally amenable

To date, theS. destruenphylogeny has not been evaluated basedhenmtgenome.
Shaerothecundestruensand A. parasiticumbelong to the same Class Ichthyosporea
within Orders Dermocystida andthyophonidarespectively. The presee of peculiar
mt-genome architecture . parasiticum which shows a rampant expansiand
fragmentationof its mtgenome raises the question whether a similar trend is also
present forS. destruensThus the ams of this study were (i) to invegigate the
mitochondrial genome organization and contentSoflestruensthrough its mtDNA
amplification by Long Range PCR and subsequent DNA sequencing (Primer (walk)
to better decipher its taxonomic positigaconstrudbn of the phylogenetic tree based
on amino acid sequences derived from the mtDNA encoded genes amtit{@lly
evaluate how theS. destruensmtDNA structure and organization contributes to

knowledge about mitochondrial evolution in unicellular animals.

6.2 Material and methods

6.2.1 DNA extraction of Sphaerothecum destruergpores
Shaerothecundestruenswhole DNA was extractedrom its sporesusing DNeasy
Blood and tissue kit (Qiagenll the steps were performed accordimgt ma nuf act ur

guidelinesand DNA was eluted in 100 pl elutiomuffer and quantifiedusing the

Nanodrop (Thermofisher).
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6.22 Ampl i fication of O6anchor regionsd of

A numberof universal mtDNA primers for Metazoa and degenerate primers specific for
Cnidarians were used to amplify short gene fragsefS. destruensntDNA. The
primers tested and their outputs are listed in Table 6.1.

6.2.3 Designing ofSphaerothecum destruerspecific long PCR primers

Thesequences obtainddm themtDNA gene fragments coxl1, cob and nad5 were used
to manually desigiong PCR primers specific t8. destruensPrimers had a length of
26-30 nt,a GC content of 40 %60 % and were checked for primer dimer and hairpin
formation using OligoAnalyzer 3.1hitps://www.idtdna.com/calc/analyzerVarious
combinations of lond®CR primers were tested as it was uncertain which primers face

each other on the genome and if they were separated by an appropriate distance.

6.2.3.1 Long-PCR based genomsequencingprotocol

The mitochondrial fragments spanninige cob-cox1 and coxl-nad5 were apiified by
using two long PCR kits; Long range PCR kit (Thermofisher) and LA PCR Kkit
(TAKARA, Clontech). The successful primer combinations for each fragment, PCR

cycling conditions and their output are presented in Table 6.2.

6.2.3.2Step-out long PCR

The perpheral regions of the mitochondrial genome were amplified with an alternative
approach “oadi faip{Bdrgesdtah @07) The stepout primers (Table
6.1) were coupled with specispecific primers LReobR2 and LRnad5R4 to amplify

the peripheral regions. The successful stap primers that produced an amplified
product with speciespecific primer are listed in Tib6.4.The PCR cychig conditions
were as follows94 °C-1 min, 1x (94 °C for 20s; 30°C for 2 min; 68 °C for 8 min),
Pause to add speespecific primers, 1& (94 °C for 20s; 65°C (decrement= 0.3C

per cycle) for 20s; 68°C for 8 min), 19x [94 °C for 20s, 60°C for 20s, 68°C for 8

min (increment= 1% per cycle)] ,68C 12min.
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6.2.3.3 Gel electrophoresis andsequencing

The amplified products were run on 1 % agarose gel stained with SYBR safe DNA gel
stain at 80 V for 1 hour. The products were senmtf@f direct sequencing for small
fragments up to 1,500 bp. The long fragmemksch were 12,986 bp and 7,048 bp in
lengthwere sequenced by primer walk servi@s=ckman coulter genomics).

Primer walkis a sequencing technique to sequence long DNArfeags which cannot

be sequenced in a single sequence read using the chain termination method. The set of
primer pairs were initially used to amplify the PCR produaetd were also used to
sequence approximately 1,000 bp from the two extremities of thefehgiagment.

This generated sequence was then used to design new set of primers pair (20 bp in
length) and sequenced further into the amplified fragment. The process was continued
until the sequences met in the middle. The short sequence fragmentsteg:veere

then assembled to generate a consensus sequence of the long amplified fragment.

6.2.4 Gene annotation and phylogenetic analysis

Gene annotatiof mitochondrial genome o0$. destruensvas performedusing the
automated  annotation  tool MFannot (http://megasun.bch.umontreal.ca‘cgi
bin/mfannot/mfannotinterface Jplfollowed by manual inspectiomhe 22 tRNA genes
were further scanned and secondary structures were gehettitdhe tRNA scarSE
program(Lowe and Eddy 1997 The predicted secondary structures of small (rns) and
large (rnl) subunits ribosomal RNA &f destruensntDNA were generated ithe RNA

fold program of Vienna RNA packag6&ruber et al. 2008
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Table6.1. Universal primers for animal and @airians mitochondrial DNAsedin this study. The primer sequences and their output for

Sphaerothecum destrueare listed.

mt DNA genes and respective primes (5 NjY 3 Nj) Amplification  Sequence Species DNA Reference
amplified

coxl HCO: TAAACTTCAGGGTGACCAAAAAATCA Vv Y, S. destruens (Folmer et al.
LCO: GGTCAACAAATCATAAAGATATTGG (410 bp) 1994

cob CobF424: GGWTAYGTWYTWCCWTGRGGWCARAT Vv Vv S. destruens (Boore and
CobR876: GCRTAWGCRAAWARRAARTAYCAYTCWGG (440 bp) Brown 2000

rnl 16Sar: CGCCTGTTATCAAAAACAT VvV \ Fish (Palumbi
16Sbr: CCGGTCTGAACTCAGATCACGT 1996

rns 12Sai: AAACTAGGATTAGATACCCTATTAT Vv Vv Fish (Kocher et al.
12Sbh: GAGGGTGACGGGCGGTGTGT 1989

cox2 Cox2F1: AAGCWAATWGGNCATCARTGRTATTG Vv Vv Fish (Burger et al.
Cox2R1: CTCCRCATATTTCNGARCATTGNCC 2007

cox3 Cox3F: TGGTGGCABGATGTKKTNCGNGA Multiple bands - - (Burger et al.
Cox3R: ACWACGTCKACGAAGTGTCARTATCA obtained 2007

nad4 Nad4F: CCKAARGCYCAYGTKGARSCYCC - (Shao et al.
Nad4R: GARGAWCAKAWWCCRTGAGCAATYAT 2009

nad5 Nad5F: TWYTATTAGGKTGAGATGGKYTNGG Vv \% Mixed read (Lavrov et al.
Nad5R: TARAAKCCWGMTARAAAWGGKAWWCC contaminated 2004

rnl 16S 1471: CCTGTTTANCAAAAACAT Vv Vv Fish (Schubart et
16S1472: AGATAGAAACCAACCTGG al. 1999

Universal mt DNA primers for Cnidarians

cox2 diplo-cox2-f1: AAGCWATWGGRCATCARTGRTATTG (Lavrov et al.
diplo-cox2rl: CWATWGGCATAAANGARTGATTNGC 2008

rnl diplo-rnl-f1: TCGACTGTTTACCAAAAACATAGC \% \% Fish (Lavrov et al.

diplo-rnl-r1: AATTCAACATCGAGGTSGGAAAC

2008
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nadl

spongnadtrl: AATGGTRCTCKATTNGTTTCNGC
spongenadtfl: CTATTMGRGCAGCRGCHCAAATG

Multiple bands which
faint at after 52°C

(Lavrov et al.

2009

nad2

spongenad2fl: TGRGCNCCAGATGTNTATGADGG
spongenad2rl: TTACTTAAAAAYCCNGCTAARGG

Very faint multiple bands

(Lavrov et al.

2009

nad4

diplo-nad4fl: TATTTGARGGNRTATTRATHCCANTG
diplo-nad4rl: CCATRTGNGCCACHGAAGAATARGC

(Lavrov et al.

2009

nad5

spongenad5fl: TGGGAGGGWGTWGGNTTATGTTC
spongenad5rl: ACTGGTGTNGGNCCTTCCATWGC

Y, Vv
(320 bp)

S. dstruens

(Lavrov et al.

2009
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Table6.2. Stepout pri mers empl eoywad aipmp r omadi’f iteod s

peripheral regions of th®phaerothecum destruemstochondrial genome.

Primer Sequence ( 5NjY3Nj
Stepout 1 GTCAGTCAGANNNNAGA

Stepout 2 TCAGGAACGATCGTNNNNTCA
Stepout 3 AACAAGCCCACCAAAATTTNNNATA
Stepout 4 TTGTTCGGGTGGTTTTAAANNNTAT

Table6.3. Sphaerothecum destruesgecific long range Polymerase Chain Reaction
(PCR) primers, PCR conditions and the size of theirlifiegh fragment.

Gene Primer combination Cycling conditions Amplified

fragment ( 5 NjY 3 Nj) product
(bp)

cob-coxl  LR-COB-F 94 °G2 min, 10 x (94 °C fc 1,200

ATG AGG AGG GTT 20s,58°Cfor30s, 68 °C*
TAG TGT GGA TAATGC 7 min), 25 x (94 °C for 20
LR-COX1-R 58 °C for 30s, 68 °C for

GCT CCA GCC AAC min (increment 5 s/cycle) |
AGG TAA GGA TAA °C for 10 min

TAAC

coxl-nad5 LR-COX1-R3 94 °G1 min, 16 x (94 °C for 12,986
GTT ATT ATC CTT ACC 20 s, 60 °C for 20 s, 68 °
TGT GTT GGC TGG AGCfor 8 min) 19 x (94 °C fo0
LR-NAD5-R1 S, 60 °C, for 20 s, 68 °C for
CCATTG CAT CTG GCA min) 68 °C for 12 min
ATC AGG TAT GC

Table6.4. Modified Stepout approach for the amplification of peripheral regions of
Sphaerothecum destruemstochondrial DNA.

Gene Primer combination Amplified
fragment ( 5 NjY 3 Nj) product
(bp)
cob-ccmF LR-COB-R2 7,048
TCA ACATGC CCT AAC ATATTC GGA
AC
Stepout3:
AAC AAG CCC ACC AAA ATT TNN NAT
A
nad5-trnL LR-nad5R4: 3,18
TGG GGC AAG ATC CTC ATT TGT
Stepout 3
AAC AAG CCC ACC AAA ATT TNN NAT
A
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6.2.5 Phylogeneticanalysis

Due to S. destruensbeing an earliest offhoot from Holozoa, a higher species
representation was chosen of basal organisms from Holozoa (animals and their
unicellular relatives) and Holomycota (Fungi and their unicellular reitior the
phylogenetic analysis, 28pecies were used in order to have representatives from
Proteobacteria, Jakobid, Fungi, Nucleariidae, Stramenopiles, Rhodophyta,
Choanoflagellate, Filasterea, Ichthyosporea and Metazoa (Table 6.5). A bacterial
outgroup Rickettsiaf r o AProteobacteria thatepresents the closest ancestor to
mitochondria.The eight most conserved protein coding genes-8xbb, nad3, nad4l,

nad5 and atp6 were used in the alignment. The genes nadl, 2, 4 and 6 were excluded as
they havenot been completely sequenced for parasiticumand are not available
online(Burger et al. 2003a

Nucleotide sequences for each of eight protein coding gené&s destruensvere
translated into amino acids using the Mold, Protozoan mitochondrial translatiaicgene
code. The resulting amino acid sequences were then aligned for each gene using Clustal
W with default options (Gap open cost: 15 and Gap extend cost: 6.66). Due to the wide
taxonomic range of species, the Clustal W multiple alignment programs cannot
guarantee uniform results due to sequence length variation, sequence divergence and
rate variation among lineages. To avoid these problems, the most conserved sequence
regions of 8 aligned genes were selected for phylogenetic analysighesingb-based
Gbbocks program with default o p t(Gastresana o f
2000. The final dataset consisted of 1875 aligned amino acidigusifrom eight

conserved proteins.

Phylogenetic analysief the concatenated datasd#tconserved amin@acid sequences
were performed using Bayesian inferemgproach with LG+I+G+F model for amino
acid substitution. The best model for our data wasutatled by ProtTest v 3.4.2
(Darriba et al. 2011 The Bayesian analysis was run in Mr Bagieenquist et al. 2012
and posterior probabilities were obtained after 2,500,000 generations with-an lmirn
25 %.
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Table6.5. The species, taxonomy and GenBank accession numbers for the species used

in the phylogenetic analysis.

Species

Taxonomic group

GenBank accession no.

Rickettsia prowazekii
Reclinomonas americana
Sphaerothecum destruens

Amoebidium parasiticum

Ministeria vibrans
Capsaspora owczarzaki
Monosiga brewollis
Tethya actinia

Oscarella carmela
Geodia neptuni

Iphiteon panicea
Sympagella nux
Trichoplax adhaerens
Sarcophyton glaucum
Metridium senile
Porphyra purpurea
Chondrus crispus
Chrysodidymus synuroideu
Allomyces macrogynus
Podogora anserina
Schizophyllum commune
Rhizopus oryzae

Nuclearia simplex

Proteobacteria
Jakolida

Ichthyosporea
Ichthyosporea

Ministeria/Filasterea
Filasterea
Choanoflagellida
Porifera

Porifera

Porifera

Porifera

Porifera
Placozoa
Cnidaria
Cnidaria
Rhodophyta
Rhodophyta
Stramenopiles
Fungi

Fungi

Fungi

Fungi

Nucleariidae

NC_000963
AF007261

To be deposited
AF53804345, AF53804749,
AF53805152
KC573040
KC573038
AF538053
NC_006991
EF081250
NC_006990
EF537576
EF537577
NC_008151
AF064823, AF063191
NC_000933
NC_002007
NC_001677
NC_002174
NC_001715
NC_001329
NC_003049
NC_006836
NC_020369

6.3 Results

6.3.1 Amplification of Sphaerothecum destruemsitochondrial DNA

The three universal primers for coxl, cand nad5 genes successfully amplified

destruensmitochondrial gene fragments (referred as anchor regions). The sequenced
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fragments of coxl1, cob and nad5 gene were 410 bp, 440 bp and 320 bp in length
respectively. These anchor sequences served for ébgnd of longPCR primers
specific toS. destruensThe wholemitochondrion was amplified in four overlapping
fragments spanning ccrgob (7,048 bp), ceboxl (1,200 bp), coxbad5 (12,986 bp)

and nad&rnL (3,127 bp) Table 6.3 and 6.4.

6.3.2 Gene content ad organization

The mitochondrial genome @&. destruensvas 23,939 bp in size, circular, with an
overall A+T content of 71.26, starting with the ccmF gend list of gene order, gene
length, and intergenic spacer regionsSofdestruensntDNA is given inFigure 6.1

Table 6.6.The nucleotide composition of the entBe destruensntDNA sequences is

40.8 % Thymine, 31 % Adenine, 19.7 % Guanine and 8.5 % Cytosine (detailed
nucleotide composition is listed in Table 6.T).consistedof a total of 47 genes
including proteincoding genes (21), rRNA (2) and tRNA (22) and two unidentified
Open Reading Frames (ORFs), with all genes encoded by the same strand in the same

transcriptional orientation (Figure 6.1).

The standard proteins encoded by mitochondriaudel1l3 energy pathway proteins,
including subunits 6, 8 and 9 of ATP synthase (atp6, 8 and 9), three subunits of
cytochrome oxidase (cox3), NADH dehydrogenase subunitssland 4L (nad®¥6 and

4L), apocytochrome b (cob), small and large subunit rRNAs & rnl). TheS.
destruensmtDNA included genes that are usually absent from standard animal and
fungal mtDNAs such as four ribosomal proteins (small subunit rps13 and 14; large
subunit rpl2 and 16), tatC (twaarginine translocase component C), ccmC acwehF
(cytochrome ¢ maturation protein CcmC and heme lyase). The mitochondrial genome of
S. destruensvas introrrless and compact with a few intergenic regions, a maximum of
357 bp between tatC and nad2 and several neighbouring genes overlappk&i by 1
nudeotides (Table 6.6, Figure 6.1). Table 6.8 provides an overview @&.tdestruens

mitochondrial genes and their biological function.
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Figure 6.1. The complete mitochondrial genome fSphaerothecum desgns All

genes are encoded in the same transcriptional orientation. 22 tRNA genes (pink), 2
rRNA genes (red), 19 protein coding genes (yellow) and 2 open reading frames (ORFs)
(orange) are labelled. 22 transfer RNA genes are desighated with-Isitgteamino

acid code; Aalanine, Ccysteine, Daspartic acid, Hlutamic acid, GGlycine, H
histidine, Fsoleucine, KLysine, L-leucine, Mmethionine, Nasparagine, proline, R
Arginine, SSerine, TFthreonine, Wvaline, Wtryptophan and Myrosine. Three
metHonine (M) and two serine (S) and arginine (R) tRNA genes are labelled along with
their anticodon sequence.
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Table6.6. The mitochondrial genome organizatiorSphaerothecum destruens

Gene Position Size Codons Intergenic
sequence
Start  Finish No. of No. of a¢ Initiatio Termination (bp)
nt n
ccmF 1 1,080 1,080 359 GTG TAG 55
rpsl3 1,136 1,459 324 107 GTG TAA 3
orfl44 1,463 1,897 435 4
trnS2 1,902 1,974 73 - - - 1
trnR1 1,976 2,046 71 - - - 0
trnS1 2,047 2,126 80 - - - 6
nad3 2,133 2,486 354 117 ATG TAG -31
tatC 2,456 3,115 660 219 GTG TAG 357
nad2 3,473 4909 1,437 478 ATG TAG 0
nadé 4,910 5,500 591 196 GTG TAA 13
atp9 5,514 5,738 225 74 ATG TAA 7
trnV 5,746 5,817 72 - - - 3
orfl67 5,821 6,324 504 -1
cob 6,324 7,466 1,143 380 ATG TAG 60
coxl 7,527 9,119 1,593 530 ATG TAA 1
cox2 9,121 9,870 750 249 ATG TTA -1
trnY 9,870 9,944 75 - - - 45
ccmC 9,990 10,622 633 210 ATG TAA 4
rpll6 10,627 11,067 441 146 ATG TAG -11
rpl2 11,057 11,806 750 249 TTG TAA -1
nad4 11,806 13,236 1,431 476 ATG TAG 0
trnW 13,237 13,308 72 - - - 2
trnN 13,311 13,382 72 - - - -46
rnl 13,337 15,828 2,317 - - - -4
trnR2 15,825 15,897 73 - - - 1
trn M3 15,899 15,969 71 - - - 28
trnL 15,998 16,069 72 - - - 1
trnA 16,071 16,142 72 - - - 25
rns 16,168 17,536 1,222 - - - -4
trnH 17,533 17,606 74 - - - 0
trnD 17,607 17,679 73 - - - 3
trnM2 17,683 17,754 71 - - - 0
trnM 17,754 17,824 71 - - - 1
trne 17,826 17,898 73 - - - 6
nadl 17,905 18,912 1,008 335 TTG TAG 3
trnT 18,916 18,987 72 - - - 22
cox3 19,010 19,801 792 264 ATG TAA 2
trnG 19,804 19,877 74 - - - 7
trnP 19,885 19,956 72 - - - 1
rpsl4 19,958 20,200 243 80 ATG TAA -7
nad4L 20,194 20,493 300 99 ATG TAA 0
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nad5 20,494 22,458 1,965 654 GTG TAG -1

trnK 22,458 22,530 73 - - - 1
atp8 22,532 22,867 336 111 ATG TAA 45
atp6 22,913 23,659 747 248 ATG TAA 6
trnC 23,666 23,738 73 - - - 12
trnL 23,751 23,822 72 - - - 117

*Stopcodon not included in AA sequencd = nucleotides, aa = amiracid.

Table 6.7. Nucleotide composition of mitochondrial genome $phaerothecum
destruens

Length A C T G A+T G+C

Nucleotide bp) (%) () (%) (%) (%) (%)
Entire sequence 23,939 31 85 408 19.7 71.8 282
Protein coding sequences 17691 288 80 432 20 72 28
rRNA genes sequences 3,539 379 99 33.2 19.0 71.1 289
Transfer RNA gene sequence 1,601 334 11.3 36.2 19.1 69.5 30.5
Non-coding regions 964 383 7.3 36.2 182 745 255
NCR 1 357 359 11.7 30.8 21.6 66.7 33.3
NCR 2 117 33.3 85 351 231 684 316

6.3.3 Protein coding genes and codon usage

A total of 21 protein coding genes were identified in Sedestruensnt-genome.
Fourteen of these genes (ne®l14L, coxt3, cob, atp6, 8, anfl) encode for proteins
involved in respiration and oxidative phosphorylation. Four ribosomal genes encode for
small and large ribosomal subunits (rpsl3, rpsl4, rpl2 and 16). The longest gene
fragment encodes for nad5 which wasmparable tahe size ofnad genes ofA.
parasiticum M. vibrans and C. owczarzaki Three unusualproteinsto Opisthokonts

were encodedn S. destruensnt-genome: tatC, ccmF and ccmC.

The tatC gene (also known as mttB and ymfl6) is presenM.inbrevicollis
(Choanoflagellate) ah also reported in only onether animal mt genomehat of
Oscarella carmelgHomoscleromorphjBurger et al. 2003aNang ad Lavrov 2007.

This protein, a component of twarginine translocase (Tat) pathway, is involvethia
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transport of fully folded proteins and enzyme complexes across lipid membrane bilayers
and is usually present in prokaryotes, chloroplasts and soitoehondria(Lee et al.

2009. The tatC genan S. destruenss 660 bp in length and utilizes GTG #s
initiation codon. The derived amino acid sequenc8.aflestruen3atCis most similar

to M. brevicollis TatG 21.4 % (Choanoflagellate followed by Reclinomonas
americana 19.2 %(Jakobig andO. carmela15.9 %(Poriferg.

The CcmFprotein also known as yeji® involved in Heme ¢ maturation (protein
maturation) and CcmcCalso known as yejU) plays role in heme delivery (protein
import). The genes for both proteins have been reported in all Jakobids studied to date
(Burger et al. 2013 only R. americanais comparecere,C. owczarzakandRickettsia
prowazekii Among the reported organisms the ccmB.mestruenwasshortest (1,080
bp) canpared toC. owczarzak(2,547 bp),R. prowazeki(2,013 bp) andR. americana
(1,914 bp). The derived amino acid sequenc&.oflestruenscmF gene wad4.9 %,
16.1 % and 18.7 %identical with those ofC. owczarzaki R. prowazekji and R.
americanarespetively. The ccmC gene fragmewasof comparable length with those
of the aforementioned species. The inferred amino acid sequence of ccr8C of
destruenswas 25.1 %, 26.9 % and 22.9 % identical to thoseCofowczarzakiR.

prowazekiiandR. americanaregectively.

Among 21 protein coding gene, 14 genatp§ 8, 9, cob, coxi3, nad24, nad4l, rpsl4
rpll6 andccmC) were inferred to use ATG as initiation codon, 5 gemesl%6, ccmF,
tatC and rpslB8used GTG as a start codon and the remaining rpl2 nigated with
TTG. Eleven proteins were terminated with the stop codon TAA (&t[# cox1, cox3,
nad6, ccmCrps 1314), nine genes used the stop codon TAG (fgddob, tatC, ccmF

and rpl16) and TTA was used in the termination of cox2.
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Table6.8. Genes irbphaerothecum destruemstochondrial DNA and their function

Sr No. Functions Genes
1 Electron transport and oxidative phosphorylation
Complex | (NADH: ubiquinone oxidoreductase) nad16, 4.
Complex Il (ubiquinone: cytochrome c oxidoreductas cob
Complex IV (cytochrome c:02 reductase) cox1-3
Complex V (F1FO ATP synthase) atp6, 8, 9
2 Translation
Ribosomal RNAs rnl, rns
Ribosomal proteins
Small subunit (SB) rpsl3, 14
Large subunit (LSU) rpl2, 16
Transfer RNAs trnA, GE, G
I, K-N, P, R1,
R2,S1,82, T
V,W,Y
3 Protein import
Heme delivery ccmC
Secindependent transporter tatC
4 Protein maturation
Heme c maturation ccmF

6.3.4 Ribosomal RNA and transfer RNA genes

Genes for the small and large subunits for mitochondrial rRNAs (rns and rnl,
respectively)were present. Both genesere separated by four tRNA genes (tmR2
trnM-trnl-trnA-rns). The rns and rnl (1,369 and 2,449 bpl Bizes approximately
similar to those irM. brevicollis (1,596 and 2,878 bp) amil. parasiticum(1,385 and
3,053 bp). These sizegerecomparable to their eubacterial homologs (1,542 and 2,904
bp inEscherichia col. The predicted secondary structurésmall (rns) and large (rnl)

subunits ribosomal RNA @&. destruensitDNA are presented in Figure 6.2.

Twentytwo tRNA genes, ranging in size from-80 bp, were identified i%. destruens
mtDNA and their predicted secondary structures had a clovditeashape (Figure
6.3). Three copies of tRNA M MNethionine CAT) of the same length (7bp) with
overall 6nt differenceswere identified.The tRNA M1was at a distance of 7113 bp

from tRNA M2, whereas tRNA M2 and M®&ere adjacent(Figure 6.1). Additionby,

there were duplicated genes for tRNA S (Serine) and tRNA R (Arginine). The 2 copies,

tRNA S1 (gct) and tRNA S2da) were of 80 bp and 73 bp in length respectively and
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were 73 % identical. The tRNA R1a@ and tRNA R2 {ct) were approximately same
length with 60 %similarity. The tRNA gene duplicatignRNAM, tRNAS andtRNAR,

Is alsopresent inA. parasiticum M. brevicollis C. owczarzakand M. vibransexcept
for only two copies instead of 3 for tRNA M M. vibrans

All the tRNAs secondary statures hada dihydrouridine (DHU) arma pseudouridin
(TWC) arm andcananticodon stem except for tRNA S1(gct) that had an additional short
variable loop. The PC and Dloop is comprised of 7 and 0 nucleotides respectively.
Similar to M. brevicollis and A. parasiticumnone of the mitochondrial tRNA ii$.
destruenshad a truncated D or T loop structure, a feature that is widespread in animal
mitochondrial tRNAs.

6.3.5 Non-coding region

The total length of the nowoding region was 842 bp and was comprised3®f
intergenic sequences ranging in size frofB5Y bp. Only two intergenic regions had
lengths greater than 100 :ba) thenoncoding region 1 NCR -1357 bpwhich was
between the tatC and nad2 genes lanthenoncoding region 2 NCR-2117 bpwhich

was faundtowards the periphery betwetretrnL and ccmF genes (Figure 6.1).
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Figure6.2. Predicted secondary structures of mitochondrial small and large subunit ribosomal RNA (a) rns and @pmakathecum destruens
The secondary structures were predicted using the online tool RNA fold in the Vienna RNA p&ukdgge et al. 2008
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Figure6.3. The predicted secondary structures of 22 tRNASpifaerothecum destruenstochondrial DNA generated in tRNAsc&E (Lowe and

Eddy 1997.

Arginine

(R1; ACG)

Arginine
(R2: ICT)

Tyrosine

(Y)

A®U
ceg
AoU
Gey
=% Jc}
Amy
u uea

Gec
Geu
uey
ues
uea
Amy
u G®C

Tryptophan

W)

Ay
AWy

148



6.3.6 Phylogenetic position ofSphaerothecum destruertsased on mitochondrial

protein sequences

Phylogenetic analysiusing the concatenated amino acid sequefroas eight protein
coding genes revealed a conventional tree for eukaryotic relationships especially for
Holomycota and Metazoa with strong support for almost all inferred clades (Figure 6.4).
The tree supports the sister group association of Choanddieg®. brevicollig with

the Metazoa. In the tre@. owczarzakandM. vibransstrongly groupedogether within

the Filasterea. Interestinglys. destruenshas come up as a sister group to the
Choanoflagellate and the Metazoa group along with the Fi&esteith strong bootstrap
posterior probability (BPP; 1.00)S. destruensand A. parasiticumhave not grouped
together in the same class Ichthyosporea, itharasiticumbeing placed aanearliest

Holozoan divergence with strong branch support (BPP; 1)
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Figure6.4. Phylogeny ofSphaerothecum destruemgerred from 1,875 aligned amino acid positions from 8 concatenated mitochondrial
genes (cob, coxB, nad3, nad4l, nad5 and atp6) using LG+I+G modefofein evolution in Mr BayegRonquist et al. 20)2The branch
support values for each node are shown as Bayesian posteriorilio{fPBP). Rickettsia prowazekivas used as an agtoup.
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6.3.7 Comparison of mitochondrial genomes of two members of the Class

Ichthyosporea

S. destruensand A. parasiticum are members of the order Dermocystida and
Icthyophonida respectively within the Céakhthyosporea. The mitochondrial genome

of A. parasiticumwas investigated bBurger et al. (2003a A. parasiticummt-genome

IS very peculiar compared to its close relatives, as it is larger than >200 kbp and consists
of several hundred linear chronomses. To date, 690 of the mtgenome has been
sequenced. Compared A parasiticum S. destruensnt-genome is 8 times smaller
(23,939 bp) with all the genes encoded by a single circular strand in the same

transcriptional orientation.

There is a remarkde difference in the coding portion of the genomes of both species
with only 20 % of the A. parasiticummitochondrial genome coding for proteins
whereas 93% of the S. destruenamitochondrial genome codes for proteins.
parasiticumgenome is very spaaig, geneaich and is comprised of long regions of
repeat sequences whereasSindestruensnt-genome is very compact, with very little
intergenic regions, no repeat sequences and evenogenap is evident. TheS.
destruenamt-genome is made up of 47 riatrless genes (including two ORFs) while
the A. parasiticumgenome is gene rich comprising of altogether 87 genes out of which
44 genes have been identified (includes approximately 24 ORFs) and is veryrictiron
Burger et al. (2003a

The above conmgrisonillustratesthat mitochondrial genome architecture and content is
very different in both closely related species which could be a possible explanation as to
why the two species did not group together in the phylogenetic tree (Figure 6.4).
However, afew features shared by their mtDNA confirm their close phylogenetic
relationship as evident from the phylogenetic tree constructed from their derived amino
acid sequences (Figure 6.4). Both organi
specify tryptopan. Several tRNA genes are duplicated with a maximum of four copies

as for tRNAM inA. parasiticummt-genome. Unusual structural similarity in tRNAS of

A. parasitcum and M. brevicollis was observed. Similar to that, &. destruens

nucleotide 8 that conees aminoacyl and D stems of tRNAS is missing, and in position
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26 there is pyrimidine (Uracil) instead of purine. However, unfkeparasiticumthe
second nucleotide indbop ofS. destruens Adenine (A) instead of Uracil.
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6.4 Discussion

Due to unique taxonomical position 8f destruensits mtgenome was investigated to
better decipher its phylogeny and investigat&.ifdestruenshares same rgienome
features with other unicellular relatives of animathdanozoa) which will help in
better understating of mtDNA evolution in this important group of eukarydies.
overall coding portion (including two ORFs) 8t destruensnitochondrial genome is
96.4 % and represents the highest amongst the unicellwiastprM. brevicollis (46.9
%), M. vibrans (80.0 %),C. owczarzak{28.6 %) andA. parasiticum(20 %) and even
greater than the protozodakoba bahamiens{®3.0 %) that has had the most primitive
mitochondrial genome and highest gene content reportddteBurger et al. 2003a
Burger et al. 2013 avrov ard Lang 2013

S. destruensntDNA is considerably compact with overlapping genes of up to 31 nt
(between nad3 and tatC), a feature (distinct compaction) that is usually ascribed to more
evolved mtDNA (Metazoan) and to the emergence of a multicelhaldy plan(Lavrov

2007). TheS. destruenmitochondrial genome is three times smaller tharbrevicollis

(76 kbp), two times smaller thaw. vibrans(55.9 kbp), and appximately eight times
smaller than its closely related organigm parasiticum(> 200 kbp) from the sister
group Icthyophonida andC. owczarzaki(200 kbp). Sphaerothecumdestruenshad
extensive gene loss especially for ribosomal proteins compared tefa@a$d. vibrans

and C. owczarzaBi and ChoanoflagellateM. brevicollig, with only four ribosomal
genes left in its mitochondrial genonfanoebidiumparasiticumcannot be compared at

this moment as its whole mitochondria have not been sequencd@urger et al.
20033. The number of tRNAs irS. destruenss reduced to 22 which is the lowest
among the unicellular protists studied so far. The reduced number of 22 tRNAs as
evident in bilaterian animals is usually associated with genetic code changes to utilize a
fewer rumber of mitochondrial tRNAs compared to the translation under the standard

genetic codéMarck and Grosjean 2Q)

The remarkable differences in mitochondrial genomé oflestruendrom its related
unicellular protists could also be attributed to their different lifestyi®s example

parasite genes tend to evolve faster compared to theilivineg relatives(Baldauf et al.
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2013. The mtgenomes of organisms studied so ffam the Choanozoanclude M.
brevicollis (Choanoflagellate); a unicellular frdi@ing heterotroph,A. parasiticum
(Icthyophonida); a symbiont present in external exoskeletonsettsC. owczarzaki-

an endosymbiont of tropical freshwater snail where it acts as a paraSithisfosoma
mansoniandM. vibrans a freeliving protist (Baldauf et al. 2013 Mt-genomes studies

of parasites have shown development of great sityeof gene content, organization

and expression machineriéseagin 200D The parasitic lifestyl®f S. destruensould

have contributed to the observed accelerated mtDNA evolution bueietee growth

rates have also been proposed as a possible explanation for highly derived mtDNAs
(Burger et al. 2003b S. destruenslivides within cells asexually dncan reach high
numbers in less than 20 days in cell cultures within the lab. Therefore, these accelerated
growth rates could also have contributed to the observed accelerated mtDNA evolution.

The phylogenetic analysis revealed conventional relatipesior the Metazoa and the
Holomycota, however it revealed new interrelationships of early branching Metazoans.
The phylogeny ofS. destruendased on mitochondrial data revealed the interesting
grouping ofS. destruenwith the Filasterea and the Metazaaone clade with a strong

BPP value. However, this is in contretibn to a previous mukgenestudy that has
identified S. destruens as one of the earliest Holozoan divergenc€aiftdiochytrium
limacisporum(Torruella et al. 2026 This contradiction could be due to the different set

of genes studied which can be under different evolutionary pressures andesoitldan

more evolved genes for mitochondria compared to flagellar and chitin synthase genes
(which were used by(Torruella et al. 201p Moreover, the highly derived
mitochondrial genome content and the architectur®. afestruensitDNA compared to

A. parasiticumcould be a possible explanation for the 1gvauping of both organisms

into a monophyletic group and thessociation ofS. destruensvith the Filastereathe
Choanoflagellate and the Metazoa group. It is also noteworthy to point out that most of
the multigene phylogenetic studies (except for Torruella et al. 2015), did not inSlude
destruensas a represeative of the Ichthyospore@ang et al. 2002ShalchiarTabrizi

et al. 2008 Torruella et al. 2012

Based on the mfjenome expansion trends in the unicellular relatives of anirivals (

brevicollis and A. parasiticun), due to the accumulation of repeat sequences and
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increased size of intergeniregions, it was proposed that mtDNA reorganization
occurred recently in the Metazoan evolutionary history and was linked with the
emergence of multicellular body plaBurger et al. 2003&5ignorovitch et al. 2007
ShaerothecumdestruensmtDNA in comparison with its unicellular relativeA.
parasiticum, M. vibrans, C. owczarzakndM. brevicollisis very compact and without
any repeat sequences or large -soding regions. Although a few unusual genes
(ccmC, ccmF andatC) are present, it has a cangtively low geneontent;in
particulat there is evidence of loss of larger number of ribosomal genes compared to
other member of the Choanozoa. ThedestruensitDNA indicates that the distinctive
mtDNA compaction haslready started in the unicellular organssas opposed to the
findings in M. brevicollisandA. parasiticum(Burger et al. 2003aThis highlights the
need to increase the quantity of-ggnome of unicellular organisms sequenced
particularly those of the closest rédas of animals (Holozoa) to better understand the
evolution of mitochondrial DNA in this group of eukaryotes.

In conclusion, the study o$. destruenantDNA has challenged the conventional
assumption about the presence of biggemomes in the unicelar relatives of animals
(Choanozoa). The absence of long intergengiores and even a few genes daps
indicates that the mtDNA compaction feature is not strongly linked with the
multicellularity of animal lineage as generally assumed. The presemcenpiaratively
evolved mtDNA in one of the earliest Holozoan organism supports the hypothesis that

evolution of mtDNA occurs in parallel trajectories.

6.5 Summary

The present studhas provided novel data on mtDNA evolution by providing first
evidence that idtinctive mMtDNA compaction has already occurred before the
emergence of a multicellular body plan ithe animal lineage as previously

hypothesized. The presence of a compaeg@mome in the Ichthyosporea supports the
parallel evolution hypothesis for mNA. The compact, introtess and reduced gene

content ofthe S. destruensmt-genome is very unique for the species phylogenetic
position. Based on mitochondrial dag,destruenbas a sister group relationship to the

Filasterea, the Choanoflagellate @ahd Metazoa group.
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Chapter 7

Discussion andConclusion
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7.1 Synthesisof principal results

Sphaerothecum destruemss identified as a potential novel parasite in 2005 after its
discovery in the invasive fish specieseudorasbora parvéGozlan et al. 2005 Since

Its first record in Europe, t heP. ppea asi t
popuations from the Netherland$urkey and FrancgSpikmans et al. 201Ercan et

al. 2015 Charrier et al. 2026 with declines in endemic freshwater species in the later
(Ercan et al. 20)5Duetothe maage ment i mpl i cations asso:
status (i.e. native or nemative parasite) this work aimed at determinihigdestruens

origin and distribution across native and fmative P. parvapopulations (Chapter 3);
investigating its distribubn and potential impact in the UK (Chapter 4) whilst also
developing eDNA detection methods in order to assess the efficady. plarva
eradication as a viable control measureSodestruen§Chapter 5). In order to achieve

the aims in Chapters 3 andadnew phylogenetic marker, the mitochondrial-Bytvas
developed and a nuclear ITS marker was optimized (Chapter 2). The global distribution
of S. destruenfChapter 3) was determined through the examination of its reservoir host

P. parva The work expaned the confirmed range & destruento more locations in

Europe and is the first study to determine its presence in China (Figure 7.1). This study
provided the first evidence to support the novel pathogen hypothesis i.eS.that
destruenshad been intrduced into Europe via the accidental introduction of its
reservoir hosP. parva Therefore,S. destruenss a nonnative parasite to the UK and

continental Europe and should be managesliab

In addition to this parasite potentially being an impatr{gathogen for fished also has

a unique taxonomical position, where animals first diverged from fungi in the tree of
life. Most studies which look at the deep roots of the tree are often limited by the
inability to culture these organisms and thus mimt have good quality DNA to
investigate these relationships using genetic marl@8ptsaerothecundestruenss the

only member of theDermocystida that has been successfully cultured in the lab and
thus this representedstrongopportunity to both undemsihd its mitochondrial evolution

and better decipher its taxonomic position in the tree of life. In Chapter 6, the complete
mitochondrial genome forS. destruenswas sequenced and used to reconstruct
phylogenetic tree based on mitochondrial derived prateqiuences which revealed an

interesting position forS. destruensas a sister group tdhe Filasterea the
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Choanoflagellate anthe Metazoa group (which is contrast to other studi€Borruella

et al. 201%. The sequencing of the mitochondrial DNA has however yielded novel
results in terms of the speciemitochondrial organisation which showed extreme
compaction andelatively low gene content of it mitochondrial DNA compared to its

only sequenced close relatiemoebidium parasiticum.
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Figure 71. Global distribution oSphaerothecum destrueidhe sites labelled red are from piaws reported studidsiarrell et al. 1986Hedrick et al.

1989 Arkush et al. 1998Spikmans et al. 201Ercan et al. 20L5Charrier et al. 200)6and b ue ar e t hi s t hesis’s (Chap
detected positive fo. destruendn its reservoir hosPseudorasbora parwa this study are multiple sites across China, from Spain and the UK.
(Abbreviations: USUnited states of America, UKInited Kingdom, SFSpain, Nl-the Netherlands=R- Franceand TTurkey).

159



In the UK, the risk of all nomative parasitess assessed and their inclusion on the
Environment Agency’ s-naiva pamgte listyis d2terrained and h e
reviewed bya panel of experts using a number of criteria including the evidence for
histopathological impacts on the infected fish. It was thus important to investigate the
distribution and potential threat &. destruenghrough histopathologyn the UK
(Chapter 4) The epidemiological map (Figure 4.1) developed % destrue
prevalence in the UK indicated th&t destruensvas present in 50 % of the sampled
sites. Histopathology of native fishes which were detected positivé.fatestruens
through molecular alysis (i.e. PCR) revealed that chub, dace, roach and brown trout
displayed no sigs of S. destruenselated histopathology (Chapter 4). However, the
study confirmed the increased rangesotdestruensicluding new potential hosts in the

wild. These fishhosts with lowS. destruengrevalence can become reservoirs of

infection themselves and can result in the emergence of the disease.

The phylogeographical analysis using the mt-Eyndicated the presence of two unique

S. destruensaplotypes in the K; one of which was similar to Chinese haplotype
(Chapter 3) and the other was unique to UK. The presence of a uigiestruens
haplotype in UK could indicate th& parvasampling in China was not exhaustive and

that not all possible sources Bf pawva introduction into Europe were captured. This is

also confirmed by the presence Rf parvaCyt-b haplotype that is unique to Europe

and has not been captured in the sampled Chinese native populations. Despite the lack
of histopathology, it is highly reammended tha®. destruenshouldbe considered for

|l i sting on the Environment Agency’ s Cat
association with chronic host mortaliti@Sozlan et al. 2005Andreou et al. 20LErcan

et al. 2015%.

The eDNA detection method developed in Chapter 5 could be used to ihéazit
checksif t he parasite is |listed on t hweativiEnvir
parasite list. The technique has been successfully used to confirprefence of.
destruen8eDNA in the decommissioned ornamental fish farm and Tadburn |aastr

which is a tributary of River Test and has confirmed that despite the eradication of
reservoir hostP. parvg it is practically impossible to eradicate the pathogen

destruensonce it has established in the communi®t-Shorbaji et al. 2006 The
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Tadburn Lake stream which rsinnto River Test, increases the risk $f destruens
expansion. This raises the need of effective measures to be taken to miSimize
destruendurther spread. These relevant measures include its monitoring in suspected
waters and its detection duringHitealth checks undertaken before the fish movements

are carried out (Figure 7.2).

In England andNRW, fish movements and introductions are regulated by the
Environment Agency. During fishealth checks, the EnvironmeAgency requires a
minimum of 30fish to be examined. This sample size is considered sufficient for the
detection of most of the pathogens. The sampled fishes are dissected and are examined
for Category 2 nomative parasites. The fish movements are carried out depending on
the absence/rpsence of the nenative parasites. In order to monit&: destruens
presence it is worthwhile to sample water from the inspected site and che8k for
destruenghrough the eDNA method. Positive water samples can be further confirmed

through the detectioof the parasite in fish tissues (Figure 7.2).

Inspected site

UOTJOOSSI(]
poyew VN2

Category 2 non-native paras1tes ‘ S. destruens status

A

Fish movement Fish movement Fish
prohibited continued examination

Figure 72. A proposed layout for the inclusion oSphaerothecum destruessreening
during fish health checks.
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The mitochondrial DNA study 0. destruensevealed unexmted features of its mt
genome when compared to other organisms that are phylogenetically r€lanegared

to its close relatives Amoebidium parasiticumMinisteria vibrans Capsaspora
owczarzakiandMonosiga brevicolliy S. destruensitDNA is the smaést. This small

size of its genome is due to the scarcity of intergenic nucleotides which accounts for
only 3.5 % of its genome, loss of greater number of ribosomal protein genes and
complete absence of introns from its-ggnome. The&. destruensntDNA ercodes the

same set of proteins involved in oxidative phosphorylation, as other members of
Choanozoa. The extra genes carried by its genome are present in other members such as
tatC inM. brevicollis ccmC and ccmF i€. owczarzakiS. destruensitDNA has he

lowest number of ribosomal protein genes and tRNA genes compared to other holozoan
protists and is the most derived among thegertomes from the Choanozoa reported to
date.

This is the first study wher8. destruenphylogenetic posibon was invesgated based

on the mtgenome. The phylogenetic analysis based on the 8 most conserved mtDNA
protein sequences (coxl cob,nad3, nad4l, nad5 and atp@vealed an interesting
position for S. destruensas a sister group to Filasterea and Choanoflagellate a
Metazoa group. This was in contrast to the previous studies V#hedestruensvas

designated as one of the earliest holozoan divergdinceuella et al. 2016
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Table 71. Risk assessment to determine hbheard risk associated wiBphaerothecum destruebased on findings from previous studies and this
thesis. The risk assessmeuolidws the guidelines bWilliams et al. (2013

Risk query

Rationale

Knowledge from previous reports

Thesiscontribution

A. Value/susceptibility of native resources
1. What is the economic value of susceptible
host(s) to freshwater fisheries?

2. What is the ecological value of susceptible
host(s) to freshwater fishies?

3. Does the parasite infect a host that is
endangered, vulnerable or threatened (yes/no)?

Sphaerothecum destruenis a generalis
parasite with a broad range of hosts of h
economic and ecologic valy@rkush et al.
2003 Andreou et al. 2011Ercan et al.

2015.

None of these fish species are threatened
endangered in England and Wales. It is

scored 1 based on the high susceptibility ¢
L. delineatusvhich is isted as endangered

species in Europe

New potential hosts ofS. destruen
identified in the wild are dac
leuciscus leuciscus chub Squalius
cephalus roach Rutilus rutilus and
brown troutSalmo trutta(Chapter 4)

B. Colonisation potential

4. Based upon climatic conditions of source and
recipient localities (including those expected
through climate change), what is the likelihood tl
the parasite will become established?

5. Based upon lifeycle development and host
specificity of the parasite, what is the likelihood ¢
successful colonisation and spread?

The colonisation potential fd8. destruenss
high based on its wide range of hosts

Detection ofS. destruengn P. parva
in decommissioned ornamental fi

direct life cycle. Broad range of hesfS. farm and in native fish species in |

salar, O. tshawytschaS. truttg O. mykiss
(Hedrick et al. 1989Arkush et al. 1998 A.
bramg C. carpiq L. delineatus/Andreou et
al. 2013. The presence of life stages (spor
zoospore) with wider temperature tolerar
persistenc through its
it transmitted infectious spores. 163

and long avironmental
(Andreou et al. 2009 increases

adjacent water s
stream” in 2013
in 2016 through eDNA metho
(Chapter 5) indicated the colonizatic
success for the parasite and its spr
environmentally



6. How many legal fish movements take place
annually within riskassessment area comprising
susceptible hostg®-10=v. low, 16-50 = low,
50-250= medium, 258500= high, >500 v. high)

3

colonisation potential.

Fish movements are considered high risk for the spredsl adestruensThere are
approximately 450 movements f&r bramarecorde annually in England and Wale
(Williams et al. 2013

C. Potential disease risk

7. What is the likely pathogenicity of the paite to
fish populations based on disease occurrence in
other geographical regions?

8. What is the likely pathogenic importance of th
parasite to fisheries based on pathological
descriptions and st level changes

9. What & the potential disease risk based on the
pathogenicity of congeners of the parasite?

Total

25

Fish losses have been reportedOntshawytschand S. salar(Harrell et al. 1986
Hedrick et al. 198P Population declines have been reported in centrarchid spac
Turkey(Ercan et al. 2015

Previous studies have reported pathology However, it is scored 1 due to no sig
both salmonids and cypriniqé\rkush et al. of disease in the histopathology of fi
1998 Andreou et al. 2011Ercan et al. samples detected positive fosS.
2015. destruenghrough PCR. (Chapter 4).

Amphibiocystidium rangea close relative that has caused high mortalities in f
(Pascolini et al. 20083
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Detection of an alien fish parasite

v 1

MODULE 1 - Hazard Identification

Low Risk M edium Risk Hi gh Risk

. v

Temporary holding period, Is the parasite already covered

R“"n“'l areness and monitor | | \in control pending further by govemment legislation (i.c.
ry for impacts assessment notifiable) or controls for new or

Progress to Module 2 emerging diseases?

|
2 No § y Yes

Is the pathogen specific to fish that Use these legislative controls to
are subject to movement restrictions prevent spread of pathogen.
under non-native species legislation? Monitor status and impact.

Yes) L ¥ No 3

Use these legislative / regulatory Does eradication represent a feasible,
controls to prevent spread and cost-effective and practical option to
minimise impact prevent spread?
4 Nog a ‘ch
Can the pathogen be accurately Attempt eradication of the

detected through current fish pathogen from the infected water

discase examinations and validated body to prevent further spread
diagnostic tools?

J |
S Yes ¢ ¥ No
Could inland waters be effectively Could the necessary tools be developed to
protected from discase risks through fish limit spread and allow detection of
movement controls? infected fish prior to the stocking of
(e.g. can the pathogen spread by birds?) susceptible fisheries?

6 | Yes No | | Yes No
s (3

y

A4
Do fish movement controls provide the No Raise awareness, monitor impacts and
scope 10 protect aquatic resources through f———p- reduce disease risks through
limiting further spread? appropriate fishery management.

‘ Yes

Implement initial management
measures / policies to limit spread.
Progress to Module 2.

Figure 73. Assessment of the management options to control the spread of
Sphaerothecum destruensased on hazard identification (Table 7.1). Rationale
supporting the decisions made each step. 1S. destruenbas been identified as non
native parasite to Europe (Chapter 3) and as high risk based on Hazard scor8.25. 2
destruengs not covered by any legislation in the UK.S3. destruensan infectSalmo
salar, Abramis bramaand Cyprinus carpio The movement of these species is not
restricted under the national exotic fish legislatigmdreou and Gozlan 201.64. The

P. parvaeradication was nobtind effective in terms of control & destruenfChapter

5). 5. The parasite can be detected through histology and molecular mgthddsou

et al. 201). eDNA method was found effective 81 destruendetection outside its host
(Chapter 5). 6. Fish movement restriction could be the only effective methodttolco
the further spread @&. destruenso wild freshwater habitats. The decision diagram has
been adapted froWilliams et al. (2018
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7.2 Future work

The present work demonstrated the introductioi® oflestruenso continental Europe

and the UK along with its reservoir hd3t parva The epidemiology 0%. destruens

the continental Europe needs to be further ingattd in countries especially whefe

parva has spread and colonised river catchmé@szlan et al. 201Qa Due to low
infection lewels in the reservoir hosP. parva the detection is usuallgifficult.
Therefore, the native fish communities living in the vicinity Raf parva populations

must also be examined. The eDNA method developed in the present work (Chapter 5)
can be used fohe initial survey ofS. destruenpresence in continental Europe. In case

of positive detection with eDNA method, it should be coupled with fish examination.
The mt Cytb marker (Chapter 2) can be effectively employedSonlestruenssolates

from Europe o further confirm the invasive status®fdestruens

Shaerothecundestruensvas detected in native fish species at high prevalence (57 %)
living in the Tadburn Lake stream, which receives effluents from a decommissioned
ornamental fish farm which caed P. parva, after one year oP. parva eradication

from the facility. The fact thab. destruenkas persisted in the stream in absence of its
source host exhibits thaeffectivenes®of the eradication programs in terms of control
and spread of thenvronmentally transmitted propagslee. S. destruerssporesand
zoosporesThis emphasizes that all tiie parvaeradicated waterbodies across the UK
with direct connections to the freshwater habitats should be monitor&l @estruens
presence. Thisatessitates that further work should be carried out to examine all the
native fish species that have been in proximit{? gbarvapopulations across the UK. A
minimum of 30 fish should be examined through molecular means (i.e. PCR) and in

case of positiveletection histopathology should be carried out.

The eDNA method can be employed as an initial survey todb fatestruenpresence
in the suspected watershe outputs ofS. destruensletection surveys can be largely
dependent on the timing of the yehey are carried oufThe empirical studies have
identified S. destruensfectionsto behighest during spring seas@Brcan et al. 2005

that ould be the ideal time for water sampling with maximal number of zoospores
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released in inhabiting environment. But it is also important to note that zoospore have

higher survival rates at lower temperatuf&sdreou et al. 2009,

The detection limit of redime PCR assay was 1 pg/ul f&: destruen®NA which
was slightly inferior to the detection assays for other orgas{$Valker et al. 2007
Huver et al. 201p The detection limican be improved further by targeting the region
of mitochondrial DNA ofS. destruensdue to presence of multiple copies per cell
(Avise 2000 and also its whole mtDNA sequence is available now (Chapter 6).

Comparison of the mitochondrial genomes of the unicellular organisms from the
Choanozoa group revea a rich diversity of mtDNA organization in comparison to a
relatively small number of organisms with complete-genomes (n=5). In order to
better understand the mitochondrial evolution in the unicellular relatives of animals,
additional mitochondrial genomes should be obtained from this important group of

eukaryots.

7.3 Conclusions

This thesis has provided new information ®ndestruensvasive status in Europend

its epidemiology in the UK. Novel findings include the introductiorSodestruenso
Europe from China along with its reservoir hddt parva which has important
implications in term of its management as a-native parasite in the UK (Chapter 3).
Identification of new potential hosts 8f destruens the wild and the development of
epidemiological map fos. destrueng the UK (Chapter 4) caplay significant role in

its monitoring and to minimize its further spread to adjacent waters with fisheries of
high economic and conservation values. The development of eDNA method served as a
fast detection tool forS. destruengpresence in the suspectedterbodies and for
monitoring the effectiveness &. parvaeradication programs in terms 8f destruens
control (Chapter 5). The mitochondrial genome studySofdestruensled to the
development of a new phylogenetic informative markerlC¢€hapter?), and revealed

a new phylogenetic position &. destruens the tree of life (Chapter 6). The features

of S. destruensmtDNA- compaction, introfless genes, geress particularly of
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ribosomal protein genes had supported the parallel evolutionaryheg®iof mtDNA
evolution (Chapter 6). Lastly, the risk 8f destruenéTable 7.1, Figure 7.3p the UK

was reevaluated based on the findings from Chapter 4 and 5.
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Figure 1: Cytochrome b sequences Sphaerothecum destruensolates from two
European sampledJK 1. FN996945 and UR2: RA isolate from this study) and 5
samples acss China (sites S1, S3, S11, S12 and S13). The sequences showed no DNA
polymorphism.

Appendix 2

Minimum detection threshold for Sphaerothecum destruenssing nested PCR
Day6

S. destruen®NA was detected in all spore concentrations in distilled watemrlnid

water, all three replicates produced amplification at High spore concentration and two
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replicates were detected positive at medium and low spore concentration (Eijure
Table2.1).

14 15 16 17 18 19 20 21 22

Figure 2.1: Detection limit of conventional nested PCR Spharothecum destruens
spores in turbid and natural water at Day 6 incubation period. L&her-D, 1315:
second round PCR products from turbid water spiked with 100K spores/2L, 300K
spores/2L and 3M spores/2L. Lané 41012, 1618: PCR products from natal water
spiked with 100K spores/2L, 300K spores/2L and 3M spores/2L. Lane 19, 20, 21, 22:
negative controls. Lane 23: PCR +ve control, Lane M: 1Kb DNA ladder.

Dayl13

At Day 13,S. destruenspecific DNA was detected in presence of distilled water in all

3 replicates at High spore concentration and 2/3 for medium spore concentration and 3/3
for low spore concentration of which amplification was very low for one replicate. In
turbid waterS. destruenspecific DNA was detected in only High spore concentnatio

in 2/3 replicates (Figurg.2 Table2.1).
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Figure 2.2: Detection limit of conventional nested PCR Sphaerothecum destruens
spores in turbid and natural water at Day 13 incubation period. Lane M: 1Kb DNA
ladder, Lane 3, 7-9, 1315: second round@®R products from turbid water spiked with
100K spores/2L, 300K spores/2L and 3M spores/2L. Laite 4012, 1618: PCR
products from natural water spiked with 100K spores/2L, 300K spores/2L and 3M
spores/2L. Lane 193: negative controls. Lane 24: PCR -eantrol.

Day20

For distilled water, all the replicates at all the spore concentrations were detected
positive forS. destruenspecific DNA. In the turbidity conditions two replicates were
positive at high spore concentration and one replicate at mediora spncentration.

No S. destruen®NA was detected at low spore concentration in any replicate Figure
5.3. An overview ofS. destruen®NA detection by conventional PCR over the course

of 20 days is summarised in Table 5.1. No positive amplifications alegned from
extractions of filter papers used in filtration equipment jolisinfection, indicating that

there was no carrgver ofS. destruenBNA.
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Figure 2.3: Detection limit of conventional nested PCR Sphaerotheam destruens
spores in turbid and natural water at Day 20 incubation period. L-&pe/9, 1315:
second round PCR products from turbid water spiked with 100K spores/2L, 300K
spores/2L and 3M spores/2L. Lané 41012, 1618: PCR products from natural veat
spiked with 100K spores/2L, 300K spores/2L and 3M spores/2L. Lane 19, 20, 22, 23:
negative controls. Lane 21: PCR +ve control, Lane M: 1Kb DNA ladder.

Table 2.1: Detection limit oSphaerothecum destrue@mNA in distilled and turbid
water over the couesof 20 days by conventional PCR. Results are presented as the
number of positive replicate/total number of replicates for each treatment.

1,500,000/L 150,000/L 50,000/L
Spore count (High) (Medium) (Low)
Estimated (150,000 spores) (15,000 spores) (5000 spores)
spores filtered
Incubation Sterile  Turbidity Sterile  Turbidity Sterile  Turbidity
point water water water
Day 6 3/3 3/3 3/3 3/3 3/3 2/3
Day 13 3/3 2/3 2/3 0/3 3/3 0/3
Day 20 3/3 2/3 3/3 1/3 3/3 0/3
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Appendix 3

Sphaerothecum destensmtDNA sequence
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TTACTTTGTATTTATATTGTGAGGTGTGGT TTTTTGGGAGGTGI TCATGTGI TTGT TTCAAAGATAGATTGGTGGGT TTTTAGCATAATATTATTATATT

410 420 430 440 450 460 470 480 490 500
P P T P S o [ O I O P P I
TTATAATAGGGT TGTGT TTGATGT TCAGGT TTTGGAGATATGTGT TAATTAATAGATTATTAGTGAGTAAAGT TTATTTATTATTTTTTGGTGGAGI TTA

510 520 530 540 550 560 570 580 590 600
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TTTATTGATTTATTGGTTGTTGI TTTATTTAATTGTGT TTAAAGT TAACTTAGCGGAGTATTGT TTTATAAATTTGT TTTTTATTTTAGGGT TTCT
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TTGTTGTATCTTTTTGT TAATAATAGT TTTAATGATTTAATACATTTGTATGTGT TTTTATTGATTTTAATTTTATTGTATAGGTATGATCTAGGGTGAG
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P P T P Ot O U [N U I IO [P P |
ATGITTGITTAAGTTT GITGTTTAAGTGT TATTAGTAACATGTATGTGAAGGTATGT TTGT TGAAATTGGATGTATATGAGAATTGT GGAAAATT
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P T O O ot O [ R Il DR [P P |
ATTTAATAGTAATATAGGAGT GTGCTTTAATGAAATTTTTCAAGATATAATAGGGT TAGAGTATCAATTTTATATTGGT GTAACTAAATTAAAACCTATG

910 920 930 940 950 960 970 980 990 1000
P T P O o [ O Il O P P |
GTGATAGTGTTACTGAATGGT TTTGTATTAGTGTCTTTTATAGT AGAGGAAATAGGAAGT CATTTTATAAGATTTGATTTAGTAGTCTCTTTTTTGGTCT
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P T P e S e O O A It I [ I |
TTTGGT TATGATTAATAACATTTTTTCTTGTGT TTTTAGATGAGT TTATATGAATTAAGAGT TGCGATGTGAGT TTATAGGT TTGTATTATTATATTTAA
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e o S e T e e o N I
AAGAGT TCTGGCTATTTTTAGI TAAGTGTATTTTGGT GTATAGAAAAGGAGAT TATTTTGATAAGT TTAAAGGT GT TGGTATTAATAAAGT AAGATTAAT
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e o S e e O I I

GGACGAATTAGGT TTAAATAGGAAATTTTGAGATAGAGATGT GGT TGAAAGAGAGGT TTTAGAATATATAGATTACT TTATGT TAGGT AGAAAAGAT

1310 1320 1330 1340 1350 1360 1370 1380 1390 1400
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ATTAATGAGT GATTAGATATGGAAATAAGT AAAAATATTTCTAAAAAAGT GAAGATTAAAAGT TATCAAGGT ATTAGGTATTCAAAAGGT TATCCTATTT

1410 1420 1430 1440 1450 1460 1470 1480 1490 1500
T e Pt O O e T L I I I A I
ATTGTCAAAATGT GA TAATGGGATAATAGCGAAAAAGT TAAATAATATAAAAT AAGATAT GAGAATAAAAGGT TTAAATAAGT TAGCAGT A

1510 1520 1530 1540 1550 1560 1570 1580 1590 1600
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AATAAGATGTAGTAGAAATAAATATAATGTGAGAAGT TTAATAGT GACCAAGAAT CAAGGT GAGGAT TTAAAAGT TAGAGATTTTTTCTATCCTGT TACT
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o e O Pt P U L I I I I I
AGAAGATGATTAATGACT TCAGCGAACGTAGCT TGAACTAAATGT TTAAGGT GATATTTATTCAAGGACT TGGAGT TTGTAAGCT TGCGT CAATGT GATA

1710 1720 1730 1740 1750 1760 1770 1780 1790 1800
e T e e e e [Pt U IO IR I I I I I I
ATGTGT TACAAA GAGTACA GAATGGTATAGTAGT TAAATCACCTTATCATGAATGTAAAATAGGT GATTATGT TTGAGT GGGTCATAGT CG

1810 1820 1830 1840 1850 1860 1870 1880 1890 1900

O e o S e e e S L I L N I
TCCGTCAATGAATCTTGGGAAATATGAATACT TTTTCAAGCACAATTATGT TGGGGT TAAAGAGATAAATGGT TATGGT TTTTACATAGCTATTTAACCT
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1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

T T T T Tt L o O (I I |
TGGAAAAGT GTCTGAATGGCTAAGGTGTGTATTTTGAAAATACATTTTTATAGGT TCAAATCCTATTTTTTCCGAGTGTCTTTAGT TAAATGGTATAATA

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
B T T T T e N T O I IO IO I
GTATTGTACGAAGATAGAGT TATAAGT TCGAGT CTTAT TAGACACT GGAAATATGACAGAAAGGT TATGT GTTGATTTGCTAAATCAAGATTAATTTCGA

2110 2120 2130 2140 2150 2160 2170 2180 2190 2200
T T S O N e O O P [Pl IO I
TATAGGTTCGAATCCTATTTTTTCCGAGT TGTATGGTAAATTATAGTCAAATTTGT TTTTATCTATTTATAGCAATGGT TGTTTCAGT TATTTTGGT GAT

2210 2220 2230 2240 2250 2260 2270 2280 2290 2300
T T T O T O R o L I I |
GITATCTAAATTTTTATCTGT TAAAGAATTAAATTTAGA GTAGGAGTATATGAGT GCGGGT TTGATCCTTTTGACGATTGTAGACGTCCCTTTAGC
2310 2320 2330 2340 2350 2360 2370 2380 2390 2400

T T T T O e N Pt o IO I IO I I |
ATAAGATTTTTTTTAATAGGAATATTATTTATAGTGT TTGATTTAGAAGT TTTATTTTTGT TCCCGT GGTCTATAATATTAAATATTATAAGT TGAGAAG

2410 2420 2430 2440 2450 2460 2470 2480 2490 2500
B T T S e T e O P I P PP I I
GATACATACGCTATGITTGTGTTTTTAATATTGT TAATTATAGGT TTAGTATATGAGT GAGT AAAAGGAGGT TTAGAATGGT TATAGATTACTTCTTTAAA

2510 2520 2530 2540 2550 2560 2570 2580 2590 2600

T T T T T [ P I I
GAGTTAATATGAAGATTGAAATATGT TTTAGGGTATTGGT TTGTGT TATTTATTTTGTCTTTTTGGTATATTGATGT TTGATTATATTGGGTGTTTAATT

2610 2620 2630 2640 2650 2660 2670 2680 2690 2700
B T T T T N Pt e OO I IO I I
CTTGTGATGTTTCGTTTATTCTTTTAGGGAT TGAAAAAGGTACCTTTTTTAATGTCTTTTTTAGT TTATTAAATTCTTTATTATGATCAATGTGGTATTT

2710 2720 2730 2740 2750 2760 2770 2780 2790 2800

T T e N N P P I P I IO I |
ATTTTTTCAAATTTTTTTAATGGTAAGGGGTGCGT TTTATAGA GAAATGT CAACCGAGATTTTTATTATAGTAGAGATATTGATAGCGATTTTTAGT

2810 2820 2830 2840 2850 2860 2870 2880 2890 2900
T T T T T P I |
TTATATGTATTCACTAAGGGT GCACAATGGGT TATCGT TAATTTACATTTAAATAATACCAATTCTTTAATAGAAAGAGT GGTGTGTATTTGAGATTTGG

2910 2920 2930 2940 2950 2960 2970 2980 2990 3000
T T T T e N O P PP IO I |
TACAATATTTGTATTTGTTTTTAATTTTGT TTCATATTTTGATTTTATTTGCAGTATACAGT TCAAATTTTATAAAATCTAGGAAGT TTATATATTTAGT

3010 3020 3030 3040 3050 3060 3070 3080 3090 3100
B T S e e O T I O I I I [P I I
AATTGGTTTGTTTATGGTCACTTTTATGGT TTGCGATTGAATTGT TTGATTCTTTATTTATATTAGT TTATTTTTTTTTTTGGAGATTATTTATTTTTTA

3110 3120 3130 3140 3150 3160 3170 3180 3190 3200
T T e T T T P I P I I
AGATGT TTAATTTAGCAATAGTI TTGTACCGGTATTAGACTAAATTCTAATACAAAAGATAAGT CAAGCCTAGT AAAAAATTACATTTATGTGATTTTCTT

3210 3220 3230 3240 3250 3260 3270 3280 3290 3300

T T T D T O O PP IO IO |
CGGT GAAGGCT GAGT GCGGGGATCCGGCTAGCCT GAATAAGTATAACTAAGT AAAGAGATCAGGTAATATTTTTTTCAAGGATCTAGAAGT TTTGT

3310 3320 3330 3340 3350 3360 3370 3380 3390 3400
B T T e R A I I I I I (P I I
ATGAGGCTCTGGAAGAGTACTTCGTACT CTGTAAAACGAAATA CTCTACGATCCTGGGCTAAATAGGAATCTAGT TAGGT CTTTAAAGGGGA!

3410 3420 3430 3440 3450 3460 3470 3480 3490 3500
T T T P P I |
GTAATAAGTGAAGGT TAAAAGT TTTCAGT TATAAGGCT TTAATA TGATTAATATAAGATTTATTGATATGATTTTAATGT TGCCTGAGT TGTACT

3510 3520 3530 3540 3550 3560 3570 3580 3590 3600

T T T T T I IO I I |
TAGGTTTTGTAGT TGTTGTGTTTTTGT TTTGGTACGCTTTATTTCAAATTTTTAGT CAAGATAAACACCATAGGAGGATATTTATAAACATATTTCATAT

3610 3620 3630 3640 3650 3660 3670 3680 3690 3700
T T T T O O P TP I [P I I
ACTATTCATGGTTTATTTATATTGI CAAAGTAATCTATTAGGTAGT TGACAAGAGCAGT TAATATTTGGTAATTTGT TTTTTATTTCTGATCTATTGACA

3710 3720 3730 374 3750 3760 3770 3780 3790 3800
T 1 [ e e L [ e e e T e e e L I |
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TTATTTAAATTTATGCTAGGTGGTTTATTGTATGTGT TATTGCTTTTATTTACTTTTGAGATTGTAAAAATCGAAGAGTGAATATTAGTAGT TATATCTT

3810 3820 3830 3840 3850 3860 3870 3880 3890 3900
T T T O Pt S O e P I O [P I I
TTTTAGGGTATTTGATTGCTTTAAGTAGTAATAATTTATTGGTGT TATTTTTAGGT TGAGAACTGGCTTCTATGAGT TTTTATGTATTGGT TACTAATAA

3910 3920 3930 3940 3950 3960 3970 3980 3990 4000
T T T L Pt O O o [Pt IOt I O I I I
AAGATTTAATATATACAGTATTGAGGCTGGT TTAAAATATTTTTTATATGGTGCTTTTTCATCGGGT TTATTCTTGTTAGGT TTATCTTATTTATATGGA

4010 4020 4030 4040 4050 4060 4070 4080 4090 4100
T T e O P [Pt IOt o S [P I |
TTTTCAGGTATGATAGGGT TAAGAGAAATAGGT GTATATATTCAATTTAGTAGCGATATATCTATATCTTTATTGT TAATATTAGTATCTTTTATGATAA

4110 4120 4130 4140 4150 4160 4170 4180 4190 4200
T T P e o [t IOt o S [P I |
AAATAGGT TTATTTCCTTTTCATTATTGAGT TCCAGATGT TTATGAAGGGACTAGT TCATTTATAGTAGGT TTATTGTCTATATTTAGTAAGGT TGTATA

4210 4220 4230 4240 4250 4260 4270 4280 4290 4300
T T T T O O N O O N [P PN [P
CTTAATGITGTTGATCTTTGTGT TTTATTTAAAATTGGGTGTGT TTTTAAATTGAATTGTAATCTATATGT TATGAACGGTGGTCTTTACTGTATTTGTA

4310 4320 4330 4340 4350 4360 4370 4380 4390 4400
T e O S O PSP IO IR R [P I I
GGAATAATTGGTGGCTTTTTACAAGT AAATTTGTATAGGATAGTAGCT TTTAGTGGGT TTGTCCACTTAGGT TTTATGT TAAGTTCCTTTGTATTGTGTA

4410 4420 4430 4440 4450 4460 4470 4480 4490 4500
T T P O O O P Pt o PP IO I I
TGGAGGATGGT TTACAGGTGT TATTGT TTTACATGGCTGI TTATGI TGTGATGATGGT TAATTTTATAGGAATAT TAAAATTGAT TAGACAGCAA

4510 4520 4530 4540 4550 4560 4570 4580 4590 4600
T T T O O e N O N O O P [ P [P
TACGATAATCAAGT TTTTAGGGT TATGGGATTCTAATAGGTATTTATGTGTATCTTTAATTGT TTTGT TGT TTTCGT TGGTAGGAATACCTCCTTTATTA

4610 4620 4630 4640 4650 4660 4670 4680 4690 4700
T e O [ o O O o PP IV IOl S [P I I
GGGTTTGTGAGTAAATTATTCGTACTAAGATCCTTGCTAGAAAATAGT TACTATATATTAAGTATTTATTTGATATCTTTTTCGGTAATTGGTAGT TTAT

4710 4720 4730 4740 4750 4760 4770 4780 4790 4800
T T e O O P e e [ [ P
TTTATCTACGTATAATAGTGGTTATGT TTTTTATAGATAACTATGI TAAGT TTGCATATGCCAGGT TAGT TAGAATTGT GT TGGT AAAT TA( GATAGA

4810 4820 4830 4840 4850 4860 4870 4880 4890 4900

T e O o [Pt IOt o P [P I I
TTGAGTAGCTTCACATGTTATTTCTGTTACTTTTTGATTAATTGT TACTTCTATTATGT TTTCAGACAAATTGTGATTAAGT TTGTTCATTTTAGTAAAT

4910 4920 4930 4940 4950 4960 4970 4980 4990 5000
T o 1 N o [t e o Pt IO I (P
GGGTTATAGGTGCTTCTTTTATTAGATTTATTTTTTGTATTTAATACGT TGTTGGCTTCTTTAATGGT CATTTTAGT TGGAAATCCTGTTTATTCTGTGT

5010 5020 5030 5040 5050 5060 5070 5080 5090 5100
T T e e e e o O (P [
TATATTTAATATTGTGTTTTTTGAATGT TAGI TGTTTGT TTTTTATATTAGGATTAGAATTTGTGAGTATTATGATGCTTATAGT TTATGT GGGT! T

5110 5120 5130 5140 5150 5160 5170 5180 5190 5200
T T S o [Pt IO I S [P I I
AGCTGTTTTATTTTTGTITTGTGATTATGATGT TAGATATTAGATTAGGT GAATTAGAGGATAACTTGT TTAGATTTTTACCTGTGGGGT TGTTGT TTGGA

5210 5220 5230 5240 5250 5260 5270 5280 5290 5300
T T T O Pt O S R Pt e O [P I I
ATTTTGITTTTTGTGGT TATATATGTTTTATTGI TTAGTAGI TTATTGCCTATTAGTAAAGTGCTTACTCAATTTGTTGTCTGATTAGATCTATTAATAG
5310 5320 5330 5340 5350 5360 5370 5380 5390 5400
T T T o O (St T O O R e O o O TP I I |
TTTTAGATAATGT TTCGTTATTAGGT TTGTATTTGT TTAATATGTATTGGT TTGTATTTATAGGT TTAGGGTATTTATTAATGGT TGCTATTATAGGT GT
5410 5420 5430 5440 5450 5460 5470 5480 5490 5500
P T e O [t o [ P I PP IV I I [P I I
TATCATTTTATGTATTGTAAAAATAGGTAAATTACGT AAACAAGATATATATTTTCAAGTAATAAAGGGT TTAAAGACTTCAATTAAAGTGTTGTATTAA
5510 5520 5530 5540 5550 5560 5570 5580 5590 5600
T Tt o O [ O O o [t IOt T O I I |
AATAATAAAGAATATGT TACAAAGT TCAAAAAT GATAGGGGCAGGT TTAGCTACTATAGGT TTAGGT GGTGCAGGAATAGGT GTGGGTCTAGTATTTGCT

BER1N ER2N ER2N ERAN ERRN ERAN ER7N [3-1s) ERON B7nN
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P P P L O S O St P RPRN (U (PO EPRNN [P [P P |
TCTTTGATTAGT TCAACA GAAATCCATCCTTAAAGTCACAATTATTTTCTTATGCTATTTTAGGT TTTAGTATCACAGAGGCTGTGGGATTATTTG

5710 5720 5730 5740 5750 5760 5770 5780 5790 5800
P T T O e O Pt o I A IV IR (U I |
CATTAATGATGCCTTTTTTAATTTTATATGCTTTTTAATTAATAAAGGT GTGTAATTTAATGGTAAAATGT TACTTTTACAAAGTATGAATTAAGGGTTC

5810 5820 5830 5840 5850 5860 5870 5880 5890 5900
P T O e S O O O It I [ A |
GAATCCCTTCACATCTATATATGI TGTATTTAATGGT TATAGAGT TTTTAGGTAAAAAGGGT TCGATTTGGT GTGTGATAATGTATAGTATCTTTTTATA

5910 5920 5930 5940 5950 5960 5970 5980 5990 6000
T T e S e O O A I I [ I |
TTTGCTAGAAATAATAGAGT GATTAGGCGATAGCATATTTGTATGAGAAGT AGGAGGT TTATTTGGGGCTTATCAAGT GTTTAATATAGATAGAGTA

6010 6020 6030 6040 6050 6060 6070 6080 6090 6100

T P T O O e O O ot O O A PPt I [ I |
AGTAAATAT, GT TATACTTTAGGATTATTTATTCATGGTTATTTAAGTGT TTTATGT TGTTAATTTATTTAGGAATGT TTATGTTAATTTGTA

6110 6120 6130 6140 6150 6160 6170 6180 6190 6200
B T T P O S e o S O PPt IR [P I |
GGGTTT TAAAAGGAGTATTAGGT TTTTATTTGT TATGATTAGGGGGT TTATGGGGTATAAATGT TATAGT AAAGAGCGAATTTCTAAGATATATTTT

6210 6220 6230 6240 6250 6260 6270 6280 6290 6300

T T P O S e o O A It IO [ I |
AGTCCTTTTTTATTTAGTACTAGTCTTATATTTTTTAATATTAGGTAAGGATATTGCATTTTTATTAAGT TTGATTACATATTTGTTATTATTCTGGAGT

6310 6320 6330 6340 6350 6360 6370 6380 6390 6400
T T e O O ot O O A I I [P R |
ATTATATATTGAGGT TGGATTTAATGAGATTTGTAAAAAGT AATCAAGT AT TGCAAGGT TTAAGT GGAGT GT TGT TAGAGTATCCTTGT CCCGTGAATAT

6410 6420 6430 6440 6450 6460 6470 6480 6490 6500
T e e e T o P O P T L I I I I I
ATCGTACATGTGAAACTTTGGTTCTTTGI TGGGGATTGTATTAATGGT TCAGT TATTAACAGGAATAT TTTTAGCAATGCATTATGT GCCTAACATA

6510 6520 6530 6540 6550 6560 6570 6580 6590 6600
o T L I I I I I
TTAGCGITTTTTTCAGIGGAGCATATAATGAGGGATGT TTTAAATGGGT GAATATTAAGATACT TTCATGCGAATGGTGCTTCTATGITTTTCATTCTAG

6610 6620 6630 6640 6650 6660 6670 6680 6690 6700
e e T L I I I I
TATATTTGCATATAGGTAGGGGT TTGTATTATGGT TCTTATTTAGCACCTAGAATTTTACCGTGATTTATAGGTGT TGT TATATTCTTAGTAATGATGAT
6710 6720 6730 6740 6750 6760 6770 6780 6790 6800

I |

T e T e O U P TP TP I I I I I I
CACAGCATTTTTAGGT TATGTCTTGCCT TGAGGT CAGATGAGT TTATGGGGAGCGACAGT TATAACCAAT TTAGT ATCGGCAAT TCCTGGAATAGGGACT

6810 6820 6830 6840 6850 6860 6870 6880 6890 6900
o e e O [ T L I I I I
GATATAGTAATATGATTAT GA( GGGTTTAGTGTGGATAATGCAACT TTAAACAGGT TTTTTGTATTACATTTTTTGT TACCTTTTTTATTGATTGTTT

6910 6920 6930 6940 6950 6960 6970 6980 6990 7000
T e e e S e o e T e O I I I
TAGTTGTTTTTCATATAATCTTTTTGCATGATGT TAGAGCAAATAACCCGGT GGGT GTAGAGT CTAATATAGACAATTTGAGATTTAATCCTTATTTTGT

7010 7020 7030 7040 7050 7060 7070 7080 7090 7100
e e O L I I I I
AATAAAAGATT! TTAGTTTTTTTATATTTTTTATATTTTTTAGTTATTTTGTATTTTTTGT TCCGAATATGT TAGGGCATGT TGATAATTATATAGAA

7110 7120 7130 7140 7150 7160 7170 7180 7190 7200

T e P O Il I
CAACAGT TTAGTGACTCCTGT TCATATTCAGCCTGAATGATATTTCCTGT TTGCGTATGCAATATTAAGATCAATTCCAGATAAGTI TATTGGGTGITT

7210 7220 7230 7240 7250 7260 7270 7280 7290 7300
T o O e S R R S I I
TGECTTTACTGTTTAGTGT TTTGATTTTGT TTGTACTACCTTTTATTCATAATATAGAAT TAAGAAGT ACAAGCTTCAGACCTGT TTATAGAGTTCTTTT

7310 7320 7330 7340 7350 7360 7370 7380 7390 7400
e N O [ O P I I I I I I
TTGGTTTTTTGTGTGGAATTTTTTTTTATTAACATGATTGGGT GCAAAGCCGATACAAGAACCT TACATTATAGT TTCTCAATTATCCGGTTTGTTTTAT

7410 7420 7430 7440 7450 7460 7470 7480 7490 7500
| P T O O U O I O R o o A R I I |
TTTTTATTTTTCATGCCTTTTATTGGT TATTTTGAAAAGATATTATTGCAAATCTAGT TTTGAGTATTTATTTTTGTATTTACTTAATATA

TTTTTATAT
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7510 7520 7530 7540 7550 7560 7570 7580 7590 7600
e e O [ T O T e R I I I
AGTAAATTTTTATTTATTTAGT TTCTATGGTGAGT TGGATTTGACGATGATTTTATTCAACGAAT CATAAAGATATAGGGATTTTGTATTTTTTGT TGGG

7610 7620 7630 7640 7650 7660 7670 7680 7690 7700
T T o e Tt O O T O P R I I I I I
TGGATTTTCGGCGATGATA CTGCTTTTTCTGTAATGATTAGATTAGAAT TAAT GGGA GGAGTACAATTTTTTGGAGGAGATATGCAAGCATAT

7710 7720 7730 7740 7750 7760 7770 7780 7790 7800
T P T S e e o O O I I [ I |
AATGTTACTATAACTGCTCATGGAATTATAATGATCTTTTTTTTTGT TATGCCTATATTAATAGGT TCTTTTGGAAACTATTTTGTTCCTTTGATTATTG

7810 7820 7830 7840 7850 7860 7870 7880 7890 7900
T P T P S o O A It I [ P |
GACGCT GATATGGCTTTTCCTAGATTAAATAATTTATCTTTTTGGT TATTGCCACCTTCTTTAATTCTTGTGGT TGTATCTTCATTAGTAGAAGGAGG

7910 7920 7930 7940 7950 7960 7970 7980 7990 8000
P P T O Pt e o O O I I [ A |
TGTAGGTACAGGATGAACATTGTATCCTCCTCTATCTTCTATTCAAGGT CATTCAGGT GGTAGT GTGGACT TAGCAATATTTTCTTTACATTTAGCAGGT

8010 8020 8030 8040 8050 8060 8070 8080 8090 8100
P P T e S o O O It I [ I |
ATTTCTTCGT TATTAGGGGCTATTAATTTTATAGT TACTATTTTAAATATGAGGATACCAGGCATGT CAATGCATCATTTACCTTTGTATGCTTGA

8110 8120 8130 8140 8150 8160 8170 8180 8190 8200
P T T O T S O O O It IO [ T |
TGTTTATTACA TTTTTGTTGTTATTATCCTTACCTGT GT TGGCTGGAGCAATAACTATGT TATTATTGGATAGGAATATAAATACTTCTTTTTTTGA

8210 8220 8230 8240 8250 8260 8270 8280 8290 8300
P S T O O S e O O A It I [ I |
TCCT GGGCGAGATCCTGT TTTATTTCAGCATTTGT TTTGATTTTTCGGT CATCCAGAAGTATATATATTAATCATACCAGGGT TTGGAATCGT T
8310 8320 8330 8340 8350 8360 8370 8380 8390 8400
P T O e O O O A I I [P A |
TCACATATAATGGCCAAGT TTTCTAATAAACCTGTATTTGGTACGATAGGAATGGT GTATGCTATGT TAAGTATAGGTGTATTAGGATTTTTAGTGTGAG

8410 8420 8430 8440 8450 8460 8470 8480 8490 8500
P T T O O e e o o O R It IR [ I |
CTCATCATATGTATACTGT \TGGATGTAGATTCAAGGGCTTATTTCACTGCAGCAACTATGATTATTGCAATTCCTACGGGTGT TAAGATATTTAG

8510 8520 8530 8540 8550 8560 8570 8580 8590 8600

T T O e S O O O O IV IR [ I |
TTGATGTGCAACGATGTAT GGTAGT TTGAAATTAGTGACTCCTATGCTATATGCTATAGGGT TTATTTTTTTGT TTACAATAGGAGGAGT AACT

8610 8620 8630 8640 8650 8660 8670 8680 8690 8700
B T O e O e O O O PP I [ IR |
GITATGTTATCTAGT GITTTAGATATAGGT TTACATGATACATATTACGTAATTGGACATTTTCATTCAGTATTGTCTTTAGGTGCAGTCTTTGCTG

8710 8720 8730 8740 8750 8760 8770 8780 8790 8800
B T T O O e O O It IR [ P I IR (PR A |
TTCTAGGAGGGGTATATTTTT T TGGAAAAATGT CAGGT TATGGGTATGATGAGTATTTAGGT CAAGT TCAGT TTTGATCTATGT TTGTAGGAGT T,

8810 8820 8830 8840 8850 8860 8870 8880 8890 8900
T T e O O O R [P I [ A |
TTTGACATTTATGCCTCATCATTTTTTAGGT TTGTCAGGTTTTCCTCGTAGATATCCAGATTACGCGGATGCGTATTTAGGT TGAAATTTAGITTCTTCT

8910 8920 8930 8940 8950 8960 8970 8980 8990 9000
e e e Pt P IS I I I I I
TTGGGT TCTATGATAACAATAGT TTCAATGI TTTTATTTTTGTATATTTTATACATAATGGTAGT TAGAAAAGAATCTTTATTGGGAGATTATTGAGGTG

9010 9020 9030 9040 9050 9060 9070 9080 9090 9100
e e e o Pt O P T L I I O I I
AAAAGGAGT TTTATTCAGT AGGAGAAGAAAGAATTAATATATGT TTGAGT TGGATACAAAATAGT CCACCTGT GTTTCATACTTATGAAGAATTACCTTA

9110 9120 9130 9140 9150 9160 9170 9180 9190 9200
e e S e T e O O I A I
TTTAAAAGT AATTAAGTAAAATGATAATAAGAGATATAGGCGAAGT GTGACAATTAGGATTTCAAGATCCTGCGT CTTGAATAATGT TAAATATGATTTT

9210 9220 9230 9240 9250 9260 9270 9280 9290 9300
T e Pt O O T e I I I I I
ATTACATGATAAGATTTTTTTTTATATGATAGTGATTTTGACAGGTGT TTTTTGAATATTATCTAGAATTTTGATGAGATTTAGGTCTTCTGTGAGATTG

9310 9320 9330 9340 9350 9360 9370 9380 9390 9400

e e Pt O O IS I I I I T I
ATTTCACATAGATATTTAAATCATGGTACTATGGTAGAAATGGT TTGAACTGTGTTACCAGTGT TAGT TTTAGTAATAATGGCATTTCCCTCTTTTAAGT
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9410 9420 9430 9440 9450 9460 9470 9480 9490 9500
T e e e S O [ P P R I I I I
TATTATATTTAATGGATGAGATAGT TGAGCCAGGGT TAACAGT GAAAGT AATAGGGAGACAATGATAT TGGGT CTATGAATATTCGGAT TATGT AAAT,

9510 9520 9530 9540 9550 9560 9570 9580 9590 9600
e e Pt O T L I I I I I
AGGA GAATCCT TA( TTTGATTCTTATATGATTCCTGTAGAGGATTTGGGATTAGGT GATTTTAGAT TAATGGAGGT GGACAATAGCTTAGTI TGTG

9610 9620 9630 9640 9650 9660 9670 9680 9690 9700
e T O O e P L I I I I
CCAAGGAATGT GCAAATAAGGT TGGT TGT TACAGCAAGT GATGT GATCCATAGT TGAGCAGT TCCTTCTTTAGGGATAAAAT TAGAT GCAATTCCAGGTA

9710 9720 9730 9740 9750 9760 9770 9780 9790 9800
T e T e T O [ O TP TP I I I I I
GATTAAATCAAGTAGGTATGT TGATACCTAGGT TAGGGT TATATTATGGTCTTTGT TCGGAGATATGT GGAACTGGTCATTCTTCTATGCCTATTGT

9810 9820 9830 9840 9850 9860 9870 9880 9890 9900
O T e P T e T L I I I I I
GGTAGAAACTATGGAAAATTATGTATCTTGGGT TTCAAATATGATGGAGGAGT TAGATCAGGAT TAGGT TTAGT GGCAGAGT GGT TATTGCGTGATA

9910 9920 9930 9940 9950 9960 9970 9980 9990 10000
e e e Pt T S L R I O I I
TTGTAAATATTATATTGTTGAGAGT T TTCTTTCCTAAATCATTTGTAGCCT TGTAGGATTAGT TAAGAATGT GGGT TAAATTTAAGATGATTTTAAG

10010 10020 10030 10040 10050 10060 10070 10080 10090 10100
T o St e e O T P T R T I T
TGAATTAAGTGT TTTAGATAGT TATATGTGATTGTITTTTTTTCTTTATGT TTGTCTATTTACAATATATATTAGATGTGAATAATATGT TTCAAGGGAAT

10110 10120 10130 10140 10150 10160 10170 10180 10190 10200
T P e O St e T O T T T e O T
TATATGAGATTATTGTTTGTCCATGTACCTTTAGTGTGATTATCTTTGT TGT TTTATTTATTGT TATTGCCAGGATCTTTTTTTATGATAATTTATAGI T

10210 10220 10230 10240 10250 10260 10270 10280 10290 10300
T T T T T e T [P T
ATTATCTATTGTATTTAATAAATATTGTTTTATCTCTTTTGTACGTAATTGTAACTTTTGTI TTCTATATTAACTGGGAGTATATGAGGCTATGTTGCCTG

10310 10320 10330 10340 10350 10360 10370 10380 10390 10400
P T T T T O o [P R |
GGGTTCTTATTTTGAAATGGATCTAA TAATTACAATGATGGTGATGAATATTAGTGT TTTGTTATATTTATTTTTGT TGTATTTAGGGCAAATTAGA

10410 10420 10430 10440 10450 10460 10470 10480 10490 10500
P S e o o T It O I N
TTGGGGGGT TATTATATGATTTTTATCGGGATAAATTTAATTGTGATCAAGTATTGTATGTATTGATTTTCTAGTATTCATCAGT TTTCTAGTGTTAATA

10510 10520 10530 10540 10550 10560 10570 10580 10590 10600
P S T O T T T o I O [ R |
TAGTTGGTAGCTCTGI TTATTATAGT TATTTATATGI TTTATTTATATCTTTTATTTATTTCATTTGATGTTTAGT TTGGTTATTTAGGT TAATTGTAAA

10610 10620 10630 10640 10650 10660 10670 10680 10690 10700
P S T O o e T O O I O [ R |
GGTAATGGT TGGTAGT TAAGAGTATGT TAAATATAAGT GAGT GAAAGT AT CAAAAGAT GCACAGAGT TAAAAATAAAGGT GGTAATGGT TTAATAGA

10710 10720 10730 10740 10750 10760 10770 10780 10790 10800
P S T e O o T O It U [ N |
TTGTTT. T TGGGGAATCGTAGGAATATATAGT AAAGGT ATGGGTGTGT TGACT TATAGACAAATAAATTGTATTAAGT TTATTATTGATAAAGAATTA

10810 10820 10830 10840 10850 10860 10870 10880 10890 10900
P S T e O T o o O A It IO [ R |
GGAAAAGATAT GT TATGGT TTAGGGT GACACCTAATGAGT CAGT AACT AAGAAACCT! GGATTGCGAAT AAAGGAAAGGGTAAAATA!

10910 10920 10930 10940 10950 10960 10970 10980 10990 11000
P S T e O T o e T O A I IV [ R I
CCTGGCAGGT CAGAATAAGT AAGGGTGTTTTGATATTTGAGT TAGATAGGCAAGGCCCTAT TATGGAAGAAAGT TTATTTTATTCAAAGGT AGAAACTAT

11010 11020 11030 11040 11050 11060 11070 11080 11090 11100
B S T e O o O o T e A o [P T
GTTAAGAATAATAAATTCCAAGT TAGGTATTGAAT TGGGT GTGAAAAGATATGAAAT TGAAT TATAGT GGAGGT AGAAAT AACAGT GGGAAAATTACAGT

11110 11120 11130 11140 11150 11160 11170 11180 11190 11200
B S T e O T T T o A T [P T I
ACGAGGT AAAGGAGGAAGGCAAAAAAGATTGTATAGACAAT TACATAAAAACATTATAGGTATTTTTGAGT TGAAGGAGT TTATGTACCATGCATATGTA
1121 1122 1123 1124 1125 1126 1127 1128 1129 11300
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AACTGT TTTGTGGTTAAGATAAAAAAGGT AGGT GT TATAGATTTATCTAATAGAAATGTATTGT CTGCTAAGGGT GT TCAAATAAAAGATAGAAGTGITT

11310 11320 11330 11340 11350 11360 11370 11380 11390 11400

T o S e Pt o e O I T O T I
ATGATAGGGGT GAAT TGA! AAAAGAGATAAAGACAGGT GATAGAATTTTAGT CCAAAGT TTACGAAT GGGAACGT GAGTATCAAATATTGAGAATGT

11410 11420 11430 11440 11450 11460 11470 11480 11490 11500
o O St e e Pt o O N I L I O
TCCTTTTGATGGAGGAGT TTATTGTAGGT CTGCGGGAACATATGGAGT GATTTTGGGAGATAGACAAAATAAGGT TAGGAT TTATATGATAAGGACAAAG

11510 11520 11530 11540 11550 11560 11570 11580 11590 11600

T o S O Pt o e e I T O T
ATGGT TATATCGGTAAATAAGAATAGTATTTGTACGGT AGGT GT AATGT CTAATGAGGGT TTAGAGAACATGAAAT TTAGT AAGGCT GGT GATAAGAGGA

11610 11620 11630 11640 11650 11660 11670 11680 11690 11700
T o o St e O Pt o e R IR I O T
GAATAGGAATTCGT CCATTAGT AA GCAATGAATGCAGTAGATCATCCTCAT GCAACCA( GGTAAGGAATTACGAACTAAGT G

11710 11720 11730 11740 11750 11760 11770 11780 11790 11800

e o S e e T N IR I I R I
AGGTAAGTTAGCTAAATTT GTACTTCTAATCAAAAAAAGTATAGT GATGGT GCTTTAAAATCGTATATATTTAAGGACAATTTAGATGTGT TTATT
11810 11820 11830 11840 11850 11860 11870 11880 11890 11900

T O O St O Pt o e R I R T R I
AATTAATGGATAAAATATTAGCATTTATTTTTATAGT TCCTTTAATAGGGGCTGTACACGTGT TTTTATTACAAAAAAAAGT GTTAATTAAATTAGTAGG

11910 11920 11930 11940 11950 11960 11970 11980 11990 12000
T e o S e O T I I I T I T I
TTTGTTATATAGTATATTGAGTAGT TTCACTGTGATCATATTAGTATATCAATTTGATTTTTTAGGAACAGGT TTTCAGT TTCTTTGAAGGT TTAGITTG

12010 12020 12030 12040 12050 12060 12070 12080 12090 12100

e o St e e Pt o T T I I O T I
TTAGA TTCGGTTTAACTTGTATATTCGGTATTGATGGATTATCTTTATTATTTTTAGT TTTGACGACATTATTGGT TCCTTTATGTTTAGITTCTA

12110 12120 12130 12140 12150 12160 12170 12180 12190 12200
T o St e T T I T I T I T I
GITGA GTATAAAAAAGTAT! CTTTATGTTATATTGTATTTATTAATGGAGT TTATGT TATATATTGTATTTACAAGT TTAGATTTAATAAT

12210 12220 12230 12240 12250 12260 12270 12280 12290 12300

ATTTTATGTTTTTTATGAAAGTATATTGATACCAATGT TTTTAATTATTGGTATTTGAGGT TTAAGAGAGAATAAAGT TAGTGCAAGT TATTATTTTTTT

12310 12320 12330 12340 12350 12360 12370 12380 12390 12400
T o St e e O T P T I T I T I
TTTTATACTTT! AGGGTCTGTAATGATGCTTTTAGCAATATTGTATATTTATAGT TTGACAGGCTATACTGATATTATTTCATTATTAAATTGTCATT

12410 12420 12430 12440 12450 12460 12470 12480 12490 12500
L St e O P R I I I R I
TATCTTCTGATATTCAATTTTGATTGTGATTAGGGT TTTTCATATCCTTATCCGTGAAGGT TCCTATGT TTCCTTTTCATCTGTGAT TGCCT CA(

12510 12520 12530 12540 12550 12560 12570 12580 12590 12600
TGTGGAAGCACCTGTAGGAGGT TCAGT TATGT TGGCCGGGGT TTTAT TAAAAATGGGT GGT TATGGGT TTATTCGGT TTATTCTGT TACTATTTCCTGAA

12610 12620 12630 12640 12650 12660 12670 12680 12690 12700
T T T e T T Il O I R |
GCTT CTATTTTAGTCCTTTTATCTATATGTTATCTCTGT TAGGAATATTGTATTGT TCCTTGGT TGT TATTAGACAAATTGATTTGAAAAGAATAG
12710 12720 12730 12740 12750 12760 12770 12780 12790 12800
T S T o o T e I I I N
TGGCTTATTCTTCAGTAGCACATATGTCTTTAGTGATGT TAGGGT TATTTTCATTTAGAAGT GAGGGATTAATTGGT TCTATTTATCTTATGT TTAGTCA
12810 12820 12830 12840 12850 12860 12870 12880 12890 12900
P T T T T I O I N |
TGGGATTGITAGITCT TTATTTATATTGGT TTCTGTCCTATATGACAGATATCACACTAGATTATTAAAATATTATAGAGGT TTATCTTTATTTATG
12910 12920 12930 12940 12950 12960 12970 12980 12990 13000
P S T T O T O o Il U [ R |
CCTATTTATTCTTCTATTTTTTTGATTTTTTCTCTAGCAAATATGTCAATGCCTTTAAGTAGTAGT TTTGT TGGGGAAATTTGTATATTTTTATCTTTGT
13010 13020 13030 13040 13050 13060 13070 13080 13090 13100
P S T O T T T A L [P R
TGAATAAGAGT TTTGCTGTGITATTATTTTCATTGT TAAGTATGGTGT TTTCAGGAGGATACTCAATATTTTTATACGGGAGAATGTGTATGGGT T

12110 12190 12120 12140 121E0 121an 12170 121an 12100 12200
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P P P L O S O St P RPRN (U (PO EPRNN [P [P P |
TAGTGIT TTGATTAAAGGTAAAGCGGT TTAAGAGATATGAGTAGAAAAGAGT TTGTGGTCATATTACCTTTATTAGTGCTTGTAATAATGT TAGGGGT TTAT

13210 13220 13230 13240 13250 13260 13270 13280 13290 13300
P S T e O T o T O T A T [P T |
CCTAGGTTGGTCTTTATGI TTTTAATTGGATAT TAGGAGAAAGT AGCT CAAAGGTAGAGTATTAGT TTTCAAAACTACAAAGTATAGGT TCAAATCCTTT

13310 13320 13330 13340 13350 13360 13370 13380 13390 13400

P S T O T S T T e A o [P T |
TTTTCTTGIGTTTTTTATAGCT TAAAGGT AAAAGCGGT TAGCTGT TAACTAAAAGATATAGGT TCAATTCCTATTAAGAAAGAATTTCAGGATAAGATTA

13410 13420 13430 13440 13450 13460 13470 13480 13490 13500
T S e o o O o O O It IO [ N |
GTAAAAAATTTCATTTTGT GATTGCATTTTTTGATTTTGGACGT TGAAATTAACGAAATTATTTAAATATTAAATAAATTCCTTAAGGAAACTTT

13510 13520 13530 13540 13550 13560 13570 13580 13590 13600

P S T e O T e e T I I N [P T |
AAATAAATAGT GTGAAATGAAACATCTGAGT. CGAAAATAAAT CAATAGAGATTAGGT AAGT AATGGT GAGT GAACATCTAGTAGATTCAGATATAT

13610 13620 13630 13640 13650 13660 13670 13680 13690 13700
T S T O O o e o T A o [P T |
GTGAAAATTCATAGAAAGT TAAACTTGTAGCATATTATAATTAAAAAGTATATGT TATACATAAAATATGGGTGT TATATCCAAATCTAAATTAAAAAAA

13710 13720 13730 13740 13750 13760 13770 13780 13790 13800
T S T O o O O ot O [ A It IV [ R |
ATAGCGATAGT GAAAAGT Al GAGGGAAAATTAATTTAATAAGGAAATTAGAT TGATAAAACAGAAT GGAAAAAGCAAATTAAGTATTTTTTAAATAT

13810 13820 13830 13840 13850 13860 13870 13880 13890 13900
T S T O o O ot o [ T Il IO [ R |
TTGTACCTTTTGTATAATGGGCCAGT GAGT TAAATTGTATGGT TAGT TTAATTTAATAAAGT AGACT GAGGAAACT GGAAAAATCATATAATTTAA

13910 13920 13930 13940 13950 13960 13970 13980 13990 14000
T o S O P o e N I T I O I
ACTCGAAATCAGT CGATCTTACCATGAACAATTTGAAAAGATATAATATATTCT TGGAGGAATGTACTGT TGATTGTAGCAATAATCTCAGATGATTTGT

14010 14020 14030 14040 14050 14060 14070 14080 14090 14100
T o S e O O Pt O P o O T I T
GGTAAGGAGT! GGCTAATCTA GATGATAGCTAGT TTTCTGTGAAAGT TATTTAAGTAATGCGT TATTATTTAGT TTAAAAAAGGTAGAGCTCT

14110 14120 14130 14140 14150 14160 14170 14180 14190 14200
T o o S O T Pt T P T I T T T I
GGTTATGAAAACAGT TTAGTTACTGT TTATAAATAATTAAACT TATGAATTGGT TTAACTAAAGT AATAGT AAGACATAGGGCGT TAAGGT TCTATGT CA

14210 14220 14230 14240 14250 14260 14270 14280 14290 14300
T e e O Pt T T I I I IO I T I
GGATAAGAGT CCAGATTATAAGT TAAAGT TGTTAATTAGGT AATTAAGTGCGTAAAAATGT TTTTTTGTGTCTAAGT TTATGAAGT AGGCT TGGAAG

14310 14320 14330 14340 14350 14360 14370 14380 14390 14400

T o o St e O O Pt o O O I IO I T
GCCTTCTTTTAAA! GAGTAATATCTCAGTAAACTAATAGAAAAGTATTGAAAATTTATGCAACTAAAATCT TAAACT GAAACT GTAGATAGGGAT

14410 14420 14430 14440 14450 14460 14470 14480 14490 14500
e e Pt O P IO I R IR I I R I
TGTGGTAACAGAATATTCTTAAGT TTAAGAAGAAAT TATGCTGGCATGAGT AATAAAAGAAAATATAAATATTTCTGGT TAAAAACTGAAGGT TTTCTAT

1451 14520 14530 14540 14550 14560 14570 14580 14590 14600
ATATTATGAAAAATATAAGAGTATGT CTCTAAGTTAGT TGTAGAACTATGCTGTAATGT TAAATGATGAGATATAGT TTGAAACAGAGATGTATAAT

14610 14620 14630 14640 14650 14660 14670 14680 14690 14700
T o T o St o e O T T T I I I I
CTTGCAAGAAAAAGAACT GCGAATTAACCACACT. CTAACTCAAGTAGGTAAATATAGAATATTAAAACTAAGATTAAATAACACT TAAGGAACTCG

14710 14720 14730 14740 14750 14760 14770 14780 14790 14800
e Tt T T T I I I I R
GCAAATTGT TTTTGTAAGT TCGCGATAAAAAAAGCCT GTAAGGT TTAAGATAACAGGAGGT TCCAACT GTCCACCAGGAACACAGTATTCTGCAAACT TG

14810 14820 14830 14840 14850 14860 14870 14880 14890 14900
T O Tt e O Pt O O T I T I T I T I
TAAAA( GTATAGGATAT GCTTGCCCAATGATAGGGAATAATAAATTATAATAATTTAAAAATACT AATTAAAT GGCTGCAGTAACCATAACTGT
14910 14920 14930 14940 14950 14960 14970 14980 14990 15000

T o O St O T I T I I I T I
CAAAGGTAGCAAAATGCCT TGGCTACTAATTATAGT CTTGCATGAATAGCT TAAT GAGA GITCTCAAGTGTTATATCTATGAAATTGAATTT

200



15010 15020 15030 15040 15050 15060 15070 15080 15090 15100
T O St e T T T I e O T
GT! GATGCTGTATAATTATAGGT AGACGAGAAGACCCTATGCACCT TGACTATAGGT TGT TATTGT GTAAAGT TCGCTTAATTTATAGAATAGAT

15110 15120 15130 15140 15150 15160 15170 15180 15190 15200
T P O St e T T T T I T O T I
AATAAATTATTGGTAATTGAAATTGTAATATTATTACTAGGT TAAAATTACACTAAGGTAGT TTAAATTGAAAGT GACAATCGGGTAGT TTGGCT
15210 15220 15230 15240 15250 15260 15270 15280 15290 15300

P S T T T T e T [P T |
GGCCCT TT, TGGTAA GGAGATTCTTAAGGT TAACAAAATTAACAAGATGT TAGT TGATATCATAATAGATAAAGT TAGCT TAAAAGAT

15310 15320 15330 15340 15350 15360 15370 15380 15390 15400
P S T T T T I o O T |
ATACATTTCTATCTTGTAC GTATGATATAGTGATCGAGT TTTTAATTAATAATTTAGACT CATCAATGAATAAAAGGT ACGCT AGGGATAACA!

15410 15420 15430 15440 15450 15460 15470 15480 15490 15500
P S T o o T A L [P N
TTATAAATATTGAGAGT TCATATCGACATATTTGT TTGGCACCTCGATGT CGACTTGCTTCATCCTCTTGGT GAAATAATTGAGAAGGGT TAGACTGITC

15510 15520 15530 15540 15550 15560 15570 15580 15590 15600
P T e O T T T e A N [P T |
GTCTATTAAA! GTACATGAGT TGGGTTAATTACGT TGT AAGACAGT AAGGATTCTATCTCCTATGATATAATTATCTAAGTTTTTGTTTTTGT TTAGT

15610 15620 15630 15640 15650 15660 15670 15680 15690 15700
P S T e o o T e A o [P R |
CGAAAGGACCAATGAGAATAAGT CTCTGGTACTTCAGT TGT TTTAAAGCATAGCTGAGTAGCTACACTTAATTAGT TAACTATTGAAATCAATTTAAAT

15710 15720 15730 15740 15750 15760 15770 15780 15790 15800
P S T O e o O O It Ve I N |
GGGAAACTAGGAAAATTAAGGTAAAAATTAACAAACAATAGATGATTGT TTTTTAGT TATAAATGTAAGT TTAGTAATAAATTTAGT TATATAATATAAT

15810 15820 15830 15840 15850 15860 15870 15880 15890 15900
P S T O T O O A Il O [ R |
TAATTTAAGGACTAGT TTTATGATACAGCATTAGCT CAAAGGATAGAGCCATATTCTTCTAAAATATAGGT TAAAAGT TCGAATCTTTTATGITGTTATG

15910 15920 15930 15940 15950 15960 15970 15980 15990 16000

T S T e O o O T T e A o [P T |
TAATATAGACTAACGGAAAGT CATTAGGCT CATAATCTAAAGATACGGGT TCAAGT CCTGT TATTACGAAGT TAATATAAAAATTTTAATTAATAATCAA

16010 16020 16030 16040 16050 16060 16070 16080 16090 16100
P S T e O o o O A Il IV [ R
TTTATAGCT! GGATAGAGCCCGCCGGT GATATTGGT TAGATATAGGT TCGAATCCT GT TAAAT TGAAGGGGGACTAGTATAAGGGTAGAATATTTAT

16110 16120 16130 16140 16150 16160 16170 16180 16190 16200
P T O T T T e A T [P T
TTTGCAAA GGTATCAGGT TCAAGTCCTGTGT TCTCCAGTAATTTATATTGAAAAGATATAAAAAT GGGATGAGT TTAATTTTGGCT CAGAAA(

16210 16220 16230 16240 16250 16260 16270 16280 16290 16300

T S T e O T S e T [ T I O PR N |

GGCGTGAATTT CTTATACATGTAAATTTAAATTTTAGTATGAAAAT TGGT GTGCGGGT GCGTAGTATATTATGGTAAATTATCTTATGAGTAATTAA
16310 16320 16330 16340 16350 16360 16370 16380 16390 16400

T S T e O o O T T A o [P T |
ATTAATTGAAGATAAATAAATAAATAGGT GATTAGGTATTAAGT TTTTAGCCAAAGATCATTAACTGGT TTTTTAGGATGTATGGTCACATTTGCAATTA

16410 16420 16430 16440 16450 16460 16470 16480 16490 16500
e o S e e Pt o e O I O I O I
AAGAAGGGCAAGACTCTTTTA GGCAGCAGTATAGAATCTTGAACAATGAATGAAAATTTGATTCAGT TAAATTTGT GTGTGTAATATGGGATATT

16510 16520 16530 16540 16550 16560 16570 16580 16590 16600
T O S O O Pt T O O I O I T I
CTCAATAAATCATAAGAAGT TTATTTATAGT GAAAATAAAT TAAGAAAGGGCT GACAAAGAT CAGT GCCAGAAGT CTCGGT TATACTGACAGCCTGAGTC
16610 16620 16630 16640 16650 16660 16670 16680 16690 16700
O S e P o O T T O e T
TATTTCAGTATTACTAGGT GTAAAGGATGT GTAAATCAGT TAAAATTATATAACACAATTTTAAATTAGAATTTTAAGAGTGAATATAATTTTATCTTTG
16710 16720 16730 16740 16750 16760 16770 16780 16790 16800
O S e P o O O I O I I I
AGTATTTAAAGAATTAATAGAATATTAAAAGAAGT GATAGAATATTATAATATTTAGTAGAAT TTCACAAGCGAAGGCAATTAATTGT TAAATAACTGAC
16810 16820 16830 16840 16850 16860 16870 16880 16890 16900
|

TTTGA CATGAAAGATAAGGT AGCGATATGGATTAGATACCCATGTAGT CTTATCTGTAAACAATGACTAAGAAATATATAGTAGATTTTTAAGATAA

201



16910 16920 16930 16940 16950 16960 16970 16980 16990 17000

T e S o Pt Tt T e O I I T T I
CTTATTATTAGT TCACCT GAAGAGTAAGATCGCAAGGT TTAAATTCAAGAAAT TAGGCTGTATATTGTCCTACTAGT GGAT TATGTGGATTAATTAGACA

17010 17020 17030 17040 17050 17060 17070 17080 17090 17100
T T e P P T T O T T e O T
ATACACTCAAAATCTTACTTATATTTGTATTTAGAGCAAAAACAGGT GT TGCATGGECTGACT TCAATTAGTGTCGTGAGATGT TTGATTAATTTCAATAA

17110 17120 17130 17140 17150 17160 17170 17180 17190 17200

T St T T P o O e o T I

CTAATGAGATTCTAGGT TTTATTTAGGT GTATAGAAT TACTGAGAGT TATAAACT CTAGGAAGAT TAGAATAAAGT CAAGTCCTTATAACCCTTATATAT
17210 17220 17230 17240 17250 17260 17270 17280 17290 17300

T O ot e o Pt T T S T I IO I T I
GGCCTCACATGTAATACAGT GATTAATAGAAAAGAAAACGGT TAAGTAATTAACT GTAAAAGATGTATTTAGTCTAGGTATGGATAAGT TTCTGTAAC

17310 17320 17330 17340 17350 17360 17370 17380 17390 17400
T o e S O Tt T O T e O T
TCGGAATTTTGAA GGAATTAGTAGTAATTTAGAAT TATCAAGT CTAGGT GAAAAT GGCTCCAATGTAAGT ACT TATTGCCCGT CAAGT CA! GG

17410 17420 17430 17440 17450 17460 17470 17480 17490 17500

o T Pt T T o R L I O I
CCTTCATATAAGTATAAATAAATAAAGTATAAAAGT TATTAACT TTATTGTAAGTATAAAAT TGAAAAGAACAAT TCTGATTAAGT CGTAACAAAGT

17510 17520 17530 17540 17550 17560 17570 17580 17590 17600
T o e Pt O T S T I T I T I
TGTCTTATGGGAACAT GAS GGATGATTATGGTAATTATAGT TTAAAAGGTAAAACT TTAATGT GTGATGTTAATAATTAAAGGT TCAAATCCTTTTG

17610 17620 17630 17640 17650 17660 17670 17680 17690 17700

T T s Pt T S R R R I T I
ATTACCGGGATATTAGT TTAAATGGGAGAGTATTGATCTGT CTAATCAAAAGT TGCAGGT TCGAATCCTGTATATCTCGATAGGATCAATAACT TAAAGG

17710 17720 17730 17740 17750 17760 17770 17780 17790 17800
P T T O O T It O [ N
TAAAGTATACA CATAATTGITTAATATAAGT TCGATTCTTGT TTGATCTAGATATTATAGT TTAAAGGTAGAATATCAAGCTCATAATTTGAAGATA

17810 17820 17830 17840 17850 17860 17870 17880 17890 17900
P T T T O It U [ N |
CAGGTTCAATTCCTATTAATATTAAGTCTTTATAATTTAAGAGGT TAGAATATTTGATTTTCATTCAAAATATGCTGGT TCAAGT CCAGT TAAGGAT

17910 17920 17930 17940 17950 17960 17970 17980 17990 18000
P S T T T T I U [ R |
TATGTTGTTATTAAATAGT TTATGAGATATTTTTTTTAATTTAATTAAAGTATTGTATTTAGTTGTTCCTTTAATTTTATCAATTGCTTTTTTAACTTTG

18010 18020 18030 18040 18050 18060 18070 18080 18090 18100
P S T T T T e A o [P R
GCTGAAAGAAAATTGT TAGGT TCTATTCAAATTAGAAAGGGGCCTAATGT GGTAGGT GT TTATGGGATTTTGCAACCTATAATTGATGGT TTAAAACTGT

18110 18120 18130 18140 18150 18160 18170 18180 18190 18200
P S T T T O It T I B
TGTT GAAGTGATTGT GIT GCTAATTTTTTTGTATTTTTTATTTCTCCTATTGITTGTTTTATGT TAGCTTTAGGAAGT TGGGCAGT GAT
18210 18220 18230 18240 18250 18260 18270 18280 18290 18300

P S T e O T S T O O I T P T |
TCCTTTTGGGGAAGCGT TAATATTATCTGATATTAATATAGGAGTGTTATATGTGT TTGCTATTTCGTCTTTAAGTATATATTCAGTATTATGT TCA(

18310 18320 18330 18340 18350 18360 18370 18380 18390 18400
P S T e O T o A o O A It IV [ RV |
TGATCAAGTAATTCAAAATAT TTTTTAGGTTCTTTAAGATCTACTGCTCAAATGATAAGT TATGAAGT TTCAATAGGTTTAGT TTTTATATCAGTTA

18410 18420 18430 18440 18450 18460 18470 18480 18490 18500
P S S e o T e A o [P L I
TTTTAATGAGTGGGTCTTTTAATCTTTTGGT GATAGT CGGGAGT CAAAAATTAGTATGATATATTGTACCCTTATTTCCTAGT TATTTAATGI TTTTCGT

18510 18520 18530 18540 18550 18560 18570 18580 18590 18600
T S T e O T O T O O Il IO [ T |
ATCTGCATTAGCAGAAACAAAT AGA CCTTTTGATTTACCAGAATCTGAATCTGAGCTGGT TTCAGGT TATAATGT TGAGTATTCGAGTATGATGTTT

18610 18620 18630 18640 18650 18660 18670 18680 18690 18700
T S T e O o o T o I N [P T |
GCTATGTTTTTTTTA! GAATATTGTCATATTATATTTATGTCTTTCTTTATTAGT TTGGTGI TTTTAGGCGGATGATTAAGTCCTTTTGAGGATTTGT

1871 1872 1873 1874 1875 1876 1877 1878 1879 18800

202



GITTGATTGGTATTCCTGGGGT TATATGGT TAGT TTTAAAATGT TTGTGTAATTTATTTTTATTTATTTGAATCAGAGCGATTGTACCTCGTATGAGGT T

18810 18820 18830 18840 18850 18860 18870 18880 18890 18900
T o S o O T T e O I I e T I
TGATCAATTGATGTATTTGTGT TGAAAATCATTTTTACCTTTAAGT TTGTCTTATGT TATTGGT TTGT CCGGAGT TATCTGGT TTTTTGATTGGT T
18910 18920 18930 18940 18950 18960 18970 18980 18990 19000

T O S T T T I O O T
GTGICGGTATAGCCTGCCTTAATAGCT TAGAGGTAAAGTATATATTTTGTAAATATAAGAATATTGGT TCAATTCCAATTTAAGGCT TAGCCTAAGGGAG

19010 19020 19030 19040 19050 19060 19070 19080 19090 19100
T O S e P T O T I e o T
GAAATAAAATGTATAATAAATATCATGTATACCATTTAGTAAATCCTTCTCCTTGACCTATATTGGTAGGT TTATCTTTATTAACAAGT GCTGT GGGAG

19110 19120 19130 19140 19150 19160 19170 19180 19190 19200
T O St e T S o e O O T I
TGGCTTTGTGGTTTAATTTTTATGAGT TTGGAGAAAATGT TGT TATTTTAGGT TTAGGT TTTAATTTGT TTTGTGT TATATTATGGT GAAGGGATATTAT

19210 19220 19230 19240 19250 19260 19270 19280 19290 19300

T e e Pt T Tt T e T T I o T
TAGA GGTACTTTTCAGGGACACCATACTAAGGT GGT TCAAAAAGGT TTAGT TTTAGGAATGGT TTTGT TTATAGTTTCTGAAGT TTGITTGTTTGT T

19310 19320 19330 19340 19350 19360 19370 19380 19390 19400
T O o S O Pt T O T O T
TCTTTTTTTTGGACTTATTTTCACGTAAGT TTAATTCCTAGTATTGAAATAGGAGGT GTATGACCT CCTATAGGAATACAGGTGT TTGATCCCTTAAATA

19410 19420 19430 19440 19450 19460 19470 19480 19490 19500
T e S e O O T L I L A N I
TACCCTTATTAAATACGT TAATATTATTAATGT CAGGATGT TCTGTAACT TGAAGT CATAATGAAATAGT GT TAGGGAATAAGCGT GGTACAATTATAAG

19510 19520 19530 19540 19550 19560 19570 19580 19590 19600
T O St O Pt T e O I I I T I
TTTATTGTTAACTTTATTGT TAGGTGTGI TATTTTCATTATGTCAACTATATGAGTATATAGAGGCTACT TATACTATAGCAGATTCTATATATGGATCA

19610 19620 19630 19640 19650 19660 19670 19680 19690 19700
T o St e e T T o o e O T |
GITTTTTATTTAATAACAGGGT TTCATGGATTACATGT TATAGT TGGGACTTTATTTTTAAGTGT TAGT TTTGTAAGAATAATTAACTATCATTTTACAA

19710 19720 19730 19740 19750 19760 19770 19780 19790 19800

AAAAGCATCATTTTGGT TTTGAGGCGGCTATATGATATTGACATTTTGT TGATGTAGTATGGT TATTTGTGTATGTATTTTTATATTGATGAGTATTTTA

19810 19820 19830 19840 19850 19860 19870 19880 19890 19900
T Tt e P Pt T I T O R I T
AATGTATATATAGTTTAATAGGT TAGAACATTTATCTTCCAAATAGAATGT TGTGAGT TCGATTCTCATTATATACAAGT GTTTCAGAAAGTAGT T

19910 19920 19930 19940 19950 19960 19970 19980 19990 20000
T o St e e T P T T T I T I
GGTA CAATTAATTTGGAGT TAAGAGGT TGTAGGT TCGAATCCTATCTTTTTGATATGAAAAT CATAAAAGAACTAAATTATAAAAAATTTAAGTATT

20010 20020 20030 20040 20050 20060 20070 20080 20090 20100
TCTTCTATTCTACAGATCTTTCTTTAAATTATAGGTACAATTTAAGATTAAAGT TAGAAAGTATGAATAATTTTAAAAGATATTGTAATTTGACAAAAAG

20110 20120 20130 20140 20150 20160 20170 20180 20190 20200
T O St e T O T T N I T I
AAAAAGAGGGT TATGTTTTAATTCTTCTTTAAATAGGT TAACATTAAAATCTTTGATTAATAAAGGT TTTACGCCT GGAATAAGTATGT CAAAAT GAT.

20210 20220 20230 20240 20250 20260 20270 20280 20290 20300
T e o St e T O T T o I T I T
ATAATTATTTAATTTTAGGATTATCTGTATTTGTAATAAGTATAATTGGAATATTGCTTAATAGAAAAAATTTAATAATAATGT TAATGTCCCTTGAATT

20310 20320 20330 20340 20350 20360 20370 20380 20390 20400
P S T O T T T It U [ T |
AATGTTATTGGCTATCAATTGTAATTTTTTAAGT TTTTCTGTAATAATAGAAGATATTTTAGGT CAAGTGT TTAGTGTATTCATATTAACT GT TGCA(

20410 20420 20430 20440 20450 20460 20470 20480 20490 20500

P S T o O T o [P N |
GAGTCTGCAATAGGTTTATCTTTAATGATAGI TTATTTTAGAATAACAGGTAACATTTCAATTTTATTTATTGATCTCT TGAAGGGATAAGTGTATT

20510 20520 20530 20540 20550 20560 20570 20580 20590 20600
P S T T T T e e o [P R |
TATTATTAATTAGTATTCCTTTAATATGIGCTTTTGGAGT TTTATTTTTTGGGAGATTTTTAGGTCATTTAGGTGT TATAAGATTTAGTATAATTTTAAT

2ne1N 202N 2NR2N 2NRAN 2NAEN 2NARARN 2NR7TN 2Nnean 2nean 207NN

203



P P P L O S O St P RPRN (U (PO EPRNN [P [P P |
GCGTTAGATATGT TATTAAGT TATTTTGTGI TTTATGAAGTAGGAAT TAACCAAGTGCCTGTGT TTTTAAATGTGT TAGATTGAATAAGCTTTGATATG

20710 20720 20730 20740 20750 20760 20770 20780 20790 20800
P S T e O o O O O It Ve [ N |
ATAATTGTTCAGTGATCTTTACAGT TCGATAGTTTATCTGTCAGTATGT TAATAATAATAATAACAATTTCTTTTTTTGTTCATTTATATTCTGT TGAAT

20810 20820 20830 20840 20850 20860 20870 20880 20890 20900
P S T e O T S T O A It IO [ R |
ATATGGGGCAAGATCCTCATTTGTCTAGGT TTATGGCTTATTTATCGT TGT TTACTTTTTTCATGGTGT TATTAGTAGT TTCGGATAATTATGTGCAATT

20910 20920 20930 20940 20950 20960 20970 20980 20990 21000
T S T e O P T O e ot o O A It IO [ R I
GITTGTTGGT TGAGAAGGTGTAGGT TTATGT TCTTATTTGT TAATTAATTTTTGATACACAAGGT TACAAGCTAATAAAGCGGCTATAAAAGCTATGGTA

21010 21020 21030 21040 21050 21060 21070 21080 21090 21100
P S T o O o e e o T e A o [P T
ATGAATAGAATAGGTGATATAGGT TTAGCTTTAGCTATATTTATGGTGTATGAGTATTATGGT TCTTTAAATTTTTCAGT TTTAATGGT TATAGTAGAAT

21110 21120 21130 21140 21150 21160 21170 21180 21190 21200
P S T e O T e e T T e A T [P T
CATTAAATAATAATGATATATGTGATATTAGT CAGATAGCTGI TATAGTAATTTGT TTATTGGTAGGT GCTTTAGGGAAATCTGCTCAATTTGGTTTGCA

21210 21220 21230 21240 21250 21260 21270 21280 21290 21300
B S T e O T e T T T A T [P T I
TACCTGATT! GATGCAATGGAGGGGCCTACCCCTGTGTCAGCCTTAATTCATGCTGCTACTATGGT GACTGCAGGTATTTTTTTAATGATAAGATCT

21310 21320 21330 21340 21350 21360 21370 21380 21390 21400
T S T e O o e Pt e L T I IO [ N |
AGTATGTTTATTATAAATAGT TTAGGGT TATTTGTAATCACATTACTAGGAGCATTAACTGCATTATTCGGT GCTACAATAGGAATTGTACAAAATG

21410 21420 21430 21440 21450 21460 21470 21480 21490 21500

o T O S e e Pt O e O IR L I O
ATTT GAAGGTAATAGCTTATTCTACATGT TCACAAGTAGGGTATATGT TGT TTTCTTGTGGGCTCGATGAATTTAATGTATCTTTGT TTCATTTAAT

21510 21520 21530 21540 21550 21560 21570 21580 21590 21600
T O S e O Pt o O e I R I T
GAATCATGCGTTTTTTAAGGGGT TGTTATTTTTAAGT GCAGGT TCTATAATTCATGCGGT AATCGATGAGCAAGATATTAGAAAAATGGGT GGT TTAATA

21610 21620 21630 21640 21650 21660 21670 21680 21690 21700
e o S e O Pt o e N I I I T
TTAGTATTACCTTATACTTACAGT GTAATGI TGATAGGT TCGT TATCGT TAATGGGATTTCCCTATTTATCTGGTTTCTTTTCTAAAGATATGATTCTAG

21710 21720 21730 21740 21750 21760 21770 21780 21790 21800

e S e e P e I I I I I N I
AGTTATCTTAT! CATTATGTGTGTGAGAGT TTGT TTTCATATTGATTAGGAGTAGT TTCAGCGAGTATTACTGCTTTTTATTCAATAAGATTATTAAT

21810 21820 21830 21840 21850 21860 21870 21880 21890 21900
T o S e e O P O P T I R T R I
TAGAGTGTTTTTTTTCAATCCTAATATGTGT TTTAGTAAATTCAAAAAAGT TCAAGAAAATAATTATATAATATTTTTTGTTTTATTTGT TTTAAGTATG

21910 21920 21930 21940 21950 21960 21970 21980 21990 22000

T o S e P T e R I T I T I
TTTAGCGTATTTTCCGGT TATTTTCTTAAAGATATGTI TAGT TGGGT TTGGGTCTGEGT TTTTTAACGGATCT TTACGAAGTATTAAATATATTTCAGTAA

22010 22020 22030 22040 22050 22060 22070 22080 22090 22100
ACACTGATGTAGAGT TTTTACCATTATATATAAAATTATTTCCTGT TATATTTAGT TTATTGGGT GCAAGTATTGCATTAGT GGTATATTCTGGGATTGA

22110 22120 22130 22140 22150 22160 22170 22180 22190 22200
T o S e T T S T I T I T I
AGAGATAGGATTTAAAGTAAGATCTTCTTCTCTTGGAATTATAATATTTAAATTTTTATCAAATAGATGATATATAGATTTTATTTATAATTNTTATTTA

22210 22220 22230 22240 22250 22260 22270 22280 22290 22300
T e o St e O O T I T I I I T I
TATCAATTATTGT TCGTAACACATAATTATTTATATAAATTAGT AGATAGAGGT GTATTAGAACT ATGAGGT CCGACAGGTATGGT TAATTTGT TGCGAA

22310 22320 22330 22340 22350 22360 22370 22380 22390 22400
GATATTCTTCTGTGTTAAGTATAAT GTCAGGATTTATCTATCATTATGITCTGTTTATCTTAGTGGGTGTI TTCTTACATTATTTTATGGGAGITTTT

22410 22420 22430 22440 22450 22460 22470 22480 22490 22500

L o TS e e T T I I I L I T I
ACAATTGAATGTTTTTTTAATAGT TATATATTTGT TAACAGT GT TAGCAGGGT TATAGGGATTGTAGCT TAATTGGTAGAGCTAATAACTTTTAATTATT

204



22510 22520 22530 22540 22550 22560 22570 22580 22590 22600
T O St e e O T T e I T I T I
TAAAT, GGTTCAAATCCTTTCAATCCCAAATGCCACAAATTGATATATTAACTTATTTTCCGCAATTTTTTTGATTTATTTTTTCTATGTGTIGITTTG

22610 22620 22630 22640 22650 22660 22670 22680 22690 22700
GTAAATTATATGT TTAACAAGT TTTTACCAAAGATTTCCAAAATATGATATTTTAGAAAGCGT GCTTATAGAAAAGAACT TAAATACAGTAAGTCTTATA

22710 22720 22730 22740 22750 22760 22770 22780 22790 22800
P S T e O T O A o [P N
TTATTGCAAAAATAAAATTTAAAAGAAGT TTTGAATTGCAAGT GCTAAATATGAGGTATAGAGGTATGCCTGTTTCTATGAAGT TTGATTTGCCTAATTC

22810 22820 22830 22840 22850 22860 22870 22880 22890 22900
T T e T e T T Il O I R |
TGATGAATTGTACTTAAATTATGATAATGT TTGATTAAGT TCAAGATTGAACT TGATTGATGT TTAAGT AAGATTAAAAATATATAGAATCTAANATAGT

22910 22920 22930 22940 22950 22960 22970 22980 22990 23000
P S T e Tt T O It IV I R |
AAGATAAATAAAATGT TTTTATTTTCTCCTTTAGAACAGT TTCAAATAATTAAGCTAGT TGAAATAAATGTGTTAGGT TTGATGGACATTTCAATATCTA

23010 23020 23030 23040 23050 23060 23070 23080 23090 23100
P S T Tt T T e A o [P T
ATTCTTCTTTTTATGITTTATTAATTTTAATGTGATTTAAATTGATTGAATTATATGTAACTTATACTATTATTCCTACTAAATGACAGAGTGTAATTGA

23110 23120 23130 23140 23150 23160 23170 23180 23190 23200
P S T e T S T T A T [P R
GCATTTTGI TAATGAAATATTAAAATTATCTAAAGATAACTTAGGTAATAGT TTTCATTTATATTTTCCATTAATATTTAGT TTATTTTTATTAATATTA

23210 23220 23230 23240 23250 23260 23270 23280 23290 23300
P S T e O T o T O T Il O [ T
ACTTTGAACTTGGT T TGATTCCTTATTCATTGGCTGT TACTTCCCATATTGTGGT TACTTTTGGAGTAGCATTGTCATTATTTATTTCAATAACTA

23310 23320 23330 23340 23350 23360 23370 23380 23390 23400

P S T e O T T O I o P R |
TAATAGGGT TTAGAAATATGGTGT TAATTTTTTTAGTATGT TTATGCCTCAAGGAGCTCCTTTTAGTGT TAGGTCCTTTATTAGTGT TTATTGAGATATT

23410 23420 23430 23440 23450 23460 23470 23480 23490 23500
T S e o S e o T e A o [P T I
AAGITATTT! GACCTATATCTTTGGGAGT TAGATTAGCTGCAAATATGACTGCAGGT CATATATTATTAGCTATTATTTCAGGGT TTATTTGATCG

23510 23520 23530 23540 23550 23560 23570 23580 23590 23600

T S T e O T S e T I T I IO P A
TTAGCT, TCAGGGT TGATGGGAATTATAATTAGTGTATTTCCTTTTGTGGT TTTAATTTTAATTATTATGCTAGAATTAGCTGTTTCTTTTATTCAAG

23610 23620 23630 23640 23650 23660 23670 23680 23690 23700
T S T e O o e o T I o [P T |
CTTATGTATTTACATTATTAGTAACTATATTTTTAAATGATTCTATTCATTTACATTAAGATATAGGTATAGTAACATAAAAGGT TAATGCGACTATTTG

23710 23720 23730 23740 23750 23760 23770 23780 23790 23800

P S o O e It IV [ N |

CAAAATAGTAAATGTAGGTT! GGCCTATTTATACCTAACATATAAAATAGAAGT GTGATGAAAAGGTAGACATAATAATGT TAGATATTATTTATATG
23810 23820 23830 23840 23850 23860 23870 23880 23890 23900

P S T O o O o T A o [P T I

GGTTCAATTCCCATCATTTCTATGAAATAAGT TGTGAGAAT TATAAAAAT CACAATTGAAATTGTGATCCTGT TCAAGTATAAGTAGT TGGCCGGGGTTT
23910 23920 23930

B T P e I I P
TATT TGGGTGGT TATGGGT TAATCCCAAATTTTG

205



