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1. SUMMARY

Crayfish plague is an extremely- virulent fungal disease of European. crayfish species, the white
clavied or stone crayfish of Western Europe Austropotamoblus,pall|Pes, the Noble craxflsh of
northern Europe Astacus astacus and the narrow clawed crayfish ot Eastern Europe, Astacus
IePtodactyI_us. The white claw crayfish A. pallipes is the indigénous native crayfish of the British
Isles. Until the early 1980s there'were extensive healthy poi)ulatlons of this Crayfish in almost
all suitable alkaling river and lake environments in En%_and and. Wales as far north as
Northumberland.  The conservation importance of this native_crayfish is widel r_eco_?msed.
After some delay in 1986 it was Protected In Britain under Schedule 5 of the 'Wildlife and
Countryside Act 1981, It is also listed in_Annexes Il and V of the EU Habitat and Species
Directive (1992) with a requirement that Special Areas of Conservation should be set up to
protect it It is_additionally classified as globally threatened by IUCN/WCMC, is listed in
AJ)pend|x_ 1l of the Bern” Convention rgthe Red List) and now appears as a species of
conservation priority on the UK Government’s Biodiversity Action Plan.

Crayfish Plague caused by the Qomycete fungus A. astaci first appeared in _Eurorl)e in the third
quarter of the 19th century and spread remorselessly throughout Europe. Within 100 years only
Norway, the British Isles, Greece and T_urker w(?re free ?f the disease. Infection reached the
British Isles in about 1980 in signal crayfish, Pacifastacus [eniusculus that had been imported as
part of attempts to create a commercial crayfish farming industry. The signal crayfish is a N,
American species which is resistant to crayfish plague {which i$ itself of N. American origin)
and freguently acts as an as%/mptor_nanc carrier. . SO severe is the impact of crayfish glague in
susceptible Edropean crayfish that infection eliminates entire populations and in over 100"years
no evidence of resistance has appeared. Since the arrival of crayfish Ia(T;ue In the British’lsles
somie twenty years ago populations of native crayfish have been severely affected.

This report provides a general review of the literature of crayfish plague, including an overview
of Its ?Pread through the British Isles from CEFAS records.” Information on currént diagnostic
methods from the Office International des Epizooties (OIE) Acluatm Disease. Manual is provided.
Information on the taxonomy, moiphology and physiology of the patho?en IS reviewed, together
with the pathogenicity and pathology of tfie disease and cUrrent means of prevention and coftrol.

In the second part of this report the risks of the disease ereading further are considered,
particularly in relation to stocking movements of fish. The Prohibition”of Keeping of Live Fish
(Crayfish)” Order, 1996, now controls keeping of exotic crayfish so that the primary risk of
transter of infection to new areas is believed to lie with movements of contaminated eq#mment
and transport of fish temporanl;r contaminated by A. astacl. That this is a practical risk has been
demonstrated both experimentally and anecdotally in the field.

The Environment Agency has statutory powers under Section 30 SFFA in regard to introductions
of fish into inland ‘waters and responsibilities, for conservation under the Environment Act
English Nature has statutory powers to prevent introductions of fish from sites containing signal
crayfish into waters designated for the white clawed crayfish. The Environment Agency and
English Nature have commissioned this report to provide them with an up to_ date review of the
literature of crayfish plague and In P_a_rncular to assist them exercising their statutory
responsibilities by providing a good scientific background to support their decision making.

Recommendations are made on actions that may be taken to mmFate the risks of such transfers,
on research needs to improve ability to diagnose infection particularly of carrier state. Molecular
methods. have major advantages, out need full validation before they can be implemented as
diagnostic tools. The need for a suitable fungicide to use to aid in mitigation of transfer risks is
emphasised and the limitations on the t,)goe of product that can be used is discussed in relation to
veterinary medicines legislation is considered. “Research needs to support this use are outlined.
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2. INTRODUCTION

Crayfish plague is a highly infectious disease of all crayfish (Decapoda; Astacidae, Cambandaeg
of non-North American origin. The aetiological agent Is an Oomycete fungus, Aphanomyce
astacl, which is now W|deeread in Europe as well"as in North America. Thé European crajfish
species, the Noble crayfisn Astacus astacus of north-west Europe, the white claw crayfish
Austropotamobius pallipes of south-west and west Europe, the related Austropotamobius
torrentium ‘mountaln streams of south-west Europe) and the slender clawed or Turkish crayfish
Astacus leptodactylus of eastern Eurgpe and Asia Minor are all _h|_ghIK susceptible. The onI%/
other crustacean Known to be susceptible to infection by A. astaci 1S the Chinese mitten cra
(Eriocheir sinensis) and this only under laboratory condifions.

The disease first occurred in Europe in the third quarter of the 19th century in the Franco-
German border region. From there region a steady spread of infection occurred, principally in
two directions - down the Danube into the Balkans and towards the Black Sea, and across the
North German plain into Russia and from there south to the Black Sea and north-west to Finland
and finally, in 1907, to Sweden. In the 1960s the first outbreaks in Spain were reported and in the
1980s further spread of infection to the British Isles, Turkey, Greece and Norway was reported

(Alderman, 1996).

The reservoir for the original infections in the 19th centur}/]was never established, but the post-
19608 extensions are largely linked to movements of North American crayfish introduced more
recently for puEposes ofcrayflfh farming. These species (Pacifastacus leniusculus [the Signal
crayfish] and Procambarus clarkil [the Louisiana swamp crayfish]) can act as Iarg_ely or
completely asymptomatic carriers, but can be killed bgon' astacl under adverse con

, itions.
Transmission 15 also believed to have resulted from Contaminated crayfish traps and other
contaminated equipment.

Clinically, infected crayfish may present a wide ran%e of gross signs of infection or none at all.
Focal whitening of local areas of musculature beneath tranSparent areas of thin cuticle, especially
of the ventral abdomen and in the periopod (limb) jaints, often accompanied by even more
localised brown melanisation, is the most consisterit sign. In the terminal stages of infection,
animals show a limited range of behavioural signs, principally a loss of the normal aversion to
bright light (th % are seen In open water in daylight) later accompanied by a loss of limb co-
ordination, whic Produce_s an effect that has beer described as ‘walking on stilts’. Eventually,
moribund animals lose their balance and fall onto their backs before dying:

Diagnosis requires isolation and identification of the Pathogen by microscopic morphology; no
molecular, biochemical or serological methods that have heen adequately validated exist.
RAPD-PCR methods (Random Amplification of Polymorphic DNA - Polymerase Chain
Reaction) have been deveIoPed that have provided useful information about origin and strains of
A. astacl. Before such methods can be used to support an¥ enforcement action the necessary
formal validation of the methods is essential. The first saﬁes of validation are now being
empIO){ed, but further development will be needed before these methods can be applied to

clinical cases.

Control of the Sf)_read of infection once a watershed is infected is in practical terms impossible.
Prevention of all introductions of crayfish to natural waters and into enclosed waters from which
they may escape to natural waters can be effective, although movement of fish can result in the
movement of infected water between watersheds and can transmit infection, as can contaminated
equipment such as boots and fishing gear. Sodium hypochlorite and_iodophores are effective for
disinfection of contaminated equipnient. Thorough”drying of equipment é>24 hours) is also
effective (as is freezing or cooking) since the Oomycetes are not resistant to desiccation.
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3. HISTORICAL OVERVIEW

Crayfish plague first reached Europe in the 19th Century and spread rapidly across the continent.
There are numerous aspects of the spread of the disease in its earliest years that need to be taken
Into account In assessm% risks and outcomes of the disease in England and Wales. A full
account of the spread of the disease in Europe between the 1870 and 1945 is gwen in Appendix
1. The present section describes the spread of the disease in Europe since 1945 and in England
and Wales since the first recorded outbreak in 1981,

3.1 Crayfish Plague in Europe post 1945

Inevitably the outbreak of World War Il reduced the number of easily traceable reports of
crayfish ‘plague, dthough at least one further outbreak was noted in 1943 in Latvia, in L.
Shvimiltis (Tzukerzis, 1964) and, post war, the series of outbreaks in the Baltic region continued
e.g. Lakes Galstas and Zapsis in 1951, Lakes Ungris, Gavis,_Shlavinas, Sutrinas and Shiakshtias
in"Latvia in 1960-63 and In Lithuania L, Sgl)lndzms and the Trakai district of Lithuania in 1967
(Mazghs and Grigelis, 1979). However in 1956, for the first time since the advance into Sweden
In 1907, a completely new area of Europe was infected, the Iberian peninsula (,Fu%ure 2), where
the first outbreaks aﬁpearto have occurred in the R. Duero in the Valdolidad region (Cu6Llar and
Coll 19842_. A further Iarrge mortality of crayfish occurred in Spain in 1965, in the R. Ucero in
the Soria district.  This, infection may have spread from Astacu _IeptodactYIus introduced from
(GFe_rman), although Aphanomyces Was never positively identified (Cueflar and Coll) 1984)
igure 3).

A further and perhaps inevitable extension occurred in 1971 when for the first time crayfish
plague was identified in Norway in two rivers, bath having their sources in Norway but flowing
across the border into Sweden. In the Vrangselven infection was detected very close to the
border in August (Hastein and Unestam, 1971); from where it s?read upstream, degfnte attempts
to prevent this usm? electric fences (Hastein and Unestam, 1971; Hastein and Gladhaug, 1974).
The R. Veska was also affected.

The first positive identification of Aphangmyces astaci in Spain was made in 1978 from crayfish
from the R. Riaza. Infection was believed to have originated from illegally imported A.
leptodactylus. Disease then spread to the R. Guadiana in Cliidad Real and to other rivers in the
region. Cuellar and Coll (1984) record the continuing spread in Spain, in 1979 to the R,
C4dagua and Bairax y Ayuga In"Alava_in June, in July and August the rivers Ega, Cidacos,
Araquil, Leitzaran, Elorza, Salazar and Erro y Larrain in Navarre, the Guadalaviar and Jiloca y
Alfambra in Teruel and the Pisuerga in Valdolidad were affected. In August and September
Aphanomyces was identified in the Ebro and tributaries in Zaragoza and the Iregua in Logrono.
Spanish cra){flsh mortalities continued in May 1980 the R. Jucar (Albacete prov.), Guadina

uidad Real) and Guadarrama (Toledo) and later in the Duero (in Zamora), Carridn (Valencia),

emesga (Leon), Beme%ga (Leon), Eresema and Esqueva (Valladolidad), Omecillo and Ayuga
(Alava, Ega, Cidacos and Erro (Navarre), Irequa (Logrong), Riaza and Diraton (Segovia), Riaza
and Esguéva (Burgos), Jalon (Zaragoza) and Ucero (Soria).

Crayfish mortalities still continue to occur in the “old” infected areas such as Finland where
Westman and Nylund (19792 reported on the spread of infection in the Pihlajavesi waterway,
which provided a good case study.

Further new extensions of crayfish plague. continued with the first suspected crayfish plag%ue
mortalities in England being investigated in 1981 (Figure 4). The first outbreak of crayfish
plague in Greece was detected in August 1982 (Theoc arjf, 1986g, initially in the R. Kalamas
Immediately adjacent to the site at which 1000 juvenile Pacitastacus leniusculus imported from a
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Figure 2 Post World War Il extension of crayfish plague to the Iberi&n Peninsula
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Swedish hatchery had been introduced in July. In 1983 a further outbreak was noted in the
nearby R. Louros.

In late 1984 the fishermen of Lake Civiril, 200km east of Izmir in Turkey reported abnormalities
on crayfish cau?_ht in the lake and in the 1985 season were only able to catch 1-5% of the usual
quantity of crayTish (Rahe, 1987) (Figure 5). . Fishermen from this lake were left with alternative
of surrendering newly bou?ht craY ish fishing equipment or of moving to lakes with healthy
stocks. Rahe E11987) reports that they clearly”did both so that by late autumn 1985 two other
|akes 100km to the east were also showing disease. By the 1986 season the most |mﬁortant |akes
E%ndw, Sapanca, Manyas, Uluabat and Hirfanli werg found to be affected and the failure of
catches showed that 80% of the Turkish crayfish stocks were already affected. The presence of
crayfish processm? plants. on the most jmportant lakes, Egridir, Uluabat which together
represented 50% of production was regarded as one major reaso for the rapid spread of diSease,
together with the free movement of fishermen between the lakes and the use of wooden transport
crates without any disinfectant measures. The original route by which crayfish plague arrived in
Turkey remained undetermined (Rane, 1987).

Some of the crayfish populations of the midland lakes of Ireland formed a new focus of cra)(fish
plague (Reynolds, 1988). The route by which the infection reached Ireland could not be
estabth%hed,f nfected angling equipment was suspect. No further spread in Ireland has been
reported so far.

Although no specific earlier report of crayfish plague in Switzerland has been found, since every
country surroundmgi the country has been infectéd, reports in the 19805 are to be regarded a5
recrudescences of old infections rather than representing new infections. Similarly few Teports of
crayfish plague from France have heen published in recent years, but plague mortalities still
coritinue "in"the Seine watershed despite a feeling by sonmie workers that the disease had
disappeared from France many years Pre,vjously Machino and Dieguez-Urebeondo, 1998).
Alternately the Swiss and French mortalities may represent new signal cranlsh assoclated
Entlrod)ucnons as with the recent reported outbreaks’in Germany (Oidtniann et al., 1999 and see
elow).

In 1990 crayfish plague returned to Norway. Although previously been found in two cross
Swedish border rivers. Attempts to control spread of infection by disinfection and use of electric
fences failed (Hastein and Gladhaug, .1974)." However in 1990t was the R Glomma, the most
extensive river s¥_stem in Norway, which was infected so that simple and drastic disinfection was
not a possible option.

This final invasion of Norway completes the long history of the spread of crakfish plague in
which, finally, every country in Europe west of the Urals has become infected by A. astaci.
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Figure 3 Continues to spread in Spain in 1970s
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Figure 4 First reports in England, 1981
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Figure 5 By 1995 infects UK, Greece and Turkey
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3.2 Crayfish Plague in England and Wales

This section of this report describes the steadg_ spread.of crayfish plag%ue through populations, of
the_native white claw crayfish, Austropotamobius pallipes Lereboullet (the solé' crayfish species
native to the rivers of England and Wales, see Holdich & Reeve, 1992) in the years since' 1980,
It does not seek to answer the question as to whether these outbreaks of crayfish plague in
Britain represent first occurrence of the disease in the British Isles or a recrudescence of a
disease which had arrived in Britain early. in the 20th century, as part of its early spread througih
most of Europe. Although this question” is one that can never be properly settled, the available
evidence, namely the lack of any description of a plague-like mortality in"native crayfish stocks
In_contrast to_the_ 'torrent' of publications from continental EuroR_e, plus the presence prior to
1980 of crayfish in every watershed in England and Wales in which there were environmental
conditionsfavourable to their occurrence however, argues stro_n%Iy against the presence of
crayfish plague in the British Isles before the mid 1970's at the earliest:

The outbreaks of crayfish plaﬂ]ue described helow have_largely been detected by biolo%sts, and
fisheries staff of what were then Water. Authority regions and then divisions “of the National
Rivers Authority. When crag_lsh mortalities were observed, material was collected and E)as_sed
to the ([t_hen) AFF Fish, Diseases Laboratory in We%mouth, for diagnosis. ~ Pathological
examination tofqether with isolation and culture of the pa oge_n, A hanom;r/]ces astaci Schikora
\t/)vas cdarnedbog tgconﬂrm diagnosis of crayfish plague. Defails of the methods employed have
een described above.

The first outbreaks of crayfish glfégue apFear to have started more or less simultaneously in two
river systems in southern”England”  In the summer of 1980 craKﬂsh mortalities were ‘reported
from the River Lee at Ware Lock and in the Sherston branch of the Bristol Avon at Easton Grey
(Polglase & Alderman, 1984). Both rivers had large populations of native crayfish and thé
effects were dramatic with the riverbeds being strewn with dead and dying crayfish (Figure 73.
In the R. Leg, S|?nal crayfish were found having escaped from a nearby farm introduction an

although not at the first detected crayfish plague sife, several populations of escapee signal
crayfish. have been found in the Bristol Avon. “No crayfish survived below the sites of initil
mortalities and in the_following months mortalities “spread relatively slowly upstream in
tributaries such as_the Tetoury branch of the Bristol Avon and the Rib”and Beane in the Lea
system, 16\84?stam was isolated from crayfish in these cases (Alderman, Polglase, Frayling &

0gger, 1934).

In the summer of 1983 further crayfish mortalities occurred in the Thames basin,  Such
mortalities are essentially ephemeral since even exoskeletal remains will survive for only a few
weeks even at winter water temperatures. Delayed recognition of the disappearance of crayfish
from the R. Blackwater in Surrey in the summer of 1982 (SFlgure 8) left no remains which could
be investigated, but the mortality in the ne_arb?/ R. Wey in September 1983 was reported at a very
early stage, allowing dead and dying animals to be ‘obtained and isolation of A. astaci to be
achieved, confirming that crayfish™ plague was responsible (Figure 9).  This mortality
commenced in the upper reaches of the river and within 2 weeks, no live cra¥f|sh were to be
found from Alton downstream to the R. Thames. The Blackwater and Wey catchments are not
directly linked, but local riparian owners on the Wey reported that the onlg known introduction
was a fish stocking from the Blackwater. This led t0 the investigation of the Blackwater, where
on the previous sUrvey, native crayfish had been common. I the Blackwater, aIthouHh no
surviving native crayfish could be found, escapee sn{;nal crayfish were widespread, [t was
Inferred “that, had the fish stocking taken Place at The timé of a plague outbreak on the
Blackwater, this could have been responsible for a transfer of infection to the R. Wey.

In March 1984, a mortality was reported from the upper. Hamﬁshire Avon, between Ameshury
and Salishury, and was corifirmed to be crayfish plague (Figure 10). Within three weeks no
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Figure 7 Bristol Avon and Rib (red)

crayfish were left alive in 60km of river downstream of that site and more crayfish were dying as
a zone of mortality began to move up the major tributaries from their confluence with the main
rIver,

A paint of interest in this mort_alitg is that although large numbers of dying crayfish were
I|,tter|r}g the bed of the river (admittedly in highly coloured winter river) throuigh the centre of the
city of Salisbury, they were not observed or Teported by the public. A small crayfish cultivation
unit using signal cra¥f|sh was jdentified in the headwaters of the Hampshire Avon in Pewse){.
The dlsagpearance of crayfish from the R Kennet recognised later that summer was completely
unohserved ang aIthou?,h the only probable cause was plague, proof is lacking (Holgger, pers,
comm.). - Similarly, native crayfish had also apparently disappeared from the Dorset Frome and
Stour. “In the case of the Kennét, escapee sqgal crayfish were found later and the crayfish site at
Pewsey was only a short distance from the Kennetand Avon Canal (F|Pure 11). The R. Stour
headwaters were the site of the major crayfish importer to the British Isfes where signal crayfish
were held in small ponds above and only‘a few metres from the river with no form 0f protection
against escape. Signal crayfish have been found in the Stour.

Plague was next confirmed in tributaries of the R. Colne, to the west of London including the
Missboume in 1985 and then there was a 8ap in further reported mortalities untjl a further case
was confirmed in the south-east in the R. Darenth in 1988 (Lowery, pers comm.). A previously
unconfirmed _mortaht)( In the Sevenoaks region reported to Weymauth in 1986 may have been dn
earlier case in gravel pits associated with this river system.” Although not confirmed, signal
crayfish may have heen introduced into these gravel pits.
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Figure 8 Confirmed and extended in Bristol Avon and Lee, R. Blackwater probable (purple)

These outbreaks of crayfish plague and disappearances of crayfish had all been in the Thames
and Wessex areas, but in the autumn of 1988, a small stream (the Dowles Brook) in the Forest of
Wyre, well away from the infected waters of southern England was found to be infected. Signal
crayfish were found in a pond within the area, which was within a nature reserve. This
effectively exposed any crayfish in the lower Severn watershed to crayfish plague (Figure 12).

No new cases were reported in 1989, but 1990 saw several major extensions of infection. In the
spring, several tributaries of the Bristol Avon in which native crayfish had survived despite the
infection of the main river since 1981 were affected. These included the By Brook to the north
and the Somerset Frome and its tributary, the Mells River to the south of the Avon. Field
investigations showed that the mortality in the R. Mells was clearly one which had started in the
headwaters of the river rather than extending upstream from the main river, since the animals in
all parts of the river died over a very short timescale. A few side streams still contain surviving
populations (Frayling, pers. comm., 1992, 2001).

In the East Midlands mortalities from the R. Ise, a tributary of the R. Nene, were confirmed to be
plague in July and in August, the R. Camlad a tributary of the upper Severn was found to be

infected. In July reports of crayfish deaths in side streams of the R. Wye (Herefordshire) could
not be confirmed, but samples collected from the R. Arrow, a tributary in the Wye catchment, in
September were found to be crayfish plague figure 13). The mortality in the R. Arrow
appeared to have commenced in the vicinity of a fin fish farm where signal crayfish were
reported to have been introduced (NiChallanian, pers. comm.), but no examination of these
animals has been possible. Rumours of signal crayfish being introduced into the vicinity of the
R. Camlad could not be confirmed.

The effect of these extensions of 1990 meant that all major crayfish bearing river systems south
of the Trent were infected by crayfish plague. A further major northwards extension is believed
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to have occurred in March 1991 with crayfish martalities in_the R. Wye (Derbyshire) below
Buxton, with further mortalities being réported in the main R. Deriwent above the Wye
confluence in the foIIowmq August (Figure 14).. Unfortunately no samples were collected so
that the cause of these mortalitiés remained unconfirmed as craytish plague (NRA, Severn-Trent
Division, pers. comm.) until samples from a small tributary (the R. Bradford) were found to be
positive In the following year.

On the Welsh borders a further crayfish mortality in the R, Clun, a tributary of the R Teme,
which joins the R. Severn below Worcester, was confirmed as crayfish plague in the autumn.
This completed the spread of infection to all of the major tributarfes draning into the Severn

from the west.

Figure 9 R Wey infected

Certainly in the early 1990's, some smaller southern river catchments and the upper Thames still
retained crayéflsh populations, but contlnum% erosion of these surviving 8opulat|ons, as occurred
in narthern Europe, durm? the 19305 and 1940s (Schaperclaus, 1935, "1954), is to be expected .
Significant popufations of escapee signal crayfish are now widely established in the catchment.
AN example of this occurred in'January 1992 when the small Thames tributary catchment of the
High Wycombe Wye and Wycombe Dyke was infected.

By the early 1990s the present author commented that only craEfish populations in
Northumbria, the Pennines, the. Yorkshire Dales together with the Vale of Eden and the rivers of
eastern Lakeland apparently uninvaded. It should Be noted however that CEFAS Weymouth has
received reports of a number of additional crayfish mortalities where data had been nsufficient
and no suitable samples had been available to Confirm cause. Sites involved included the Blythe
In Northumberland, the Ure and the Weare in N. Yorkshire and the Eden in Cumbria.
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Figure 10 Hampshire Avon

From 1992 no new regorts of crayfish mortalities were received for several years. Possibly the
Introduction of strict controls on’crayfish movement and introductions introduced at that time
may have had almost immediate effet. E(iually, lack of observations and interest may have led
to Some cases of extension of crayfish plagug to have remained unreported. Unréported to
MAFF [ CEFAS a number of mortalities in the Great Quse system may have occurred un_n? the
19905 and a report of crayfish plague apparently confirmed by PCR _{Aldrldﬁ]e, 2000), exists for
the Rivers Rhee and_ Shep in_ Cambridgeshire: ~ Confirmed extension to fhe R. Ribble with
isolation of A. astaci in 2000 was viewed serlousl¥ and EA took action fo try. to. save
representatives of the local crayfish qene pool by transferring animals to an isolated site in the
hope that restocking would eventudlly be possible figure™16). Reports suggested that the
crayfish platlzue infection. might have been associated with ‘a fish™ stocking™ transfer from
Yorkshire. Tn the fQIIowm% year, 2001, reports were received of mortalities on the Ure but,
although the description of the m,ortalltY a?rees with crayfish plague, confirmation has not so far
been 'Dossmlek the reader is reminded that previous reports of crayfish mortalities in that Tiver
had also remained unconfirmed.

It wil| be recalled that the R. Darenth in Kent had been affected by crayfish pIaPue in 1988, 50
that the author was somewhat surprised to receive a reFort of a crayfish morta |t¥ in the main
river in summer 2001, Samples were obtained by local EA staff and confirmed to be crayfish
plague in A. pallipes. After some discussion with EA staff, the. case seems to be tgplcal of that
reported from plague areas in Europe. The outbreak in the main river appears to e associated
with stock from a small side tributary. Some distance above its confluence with the main river
this tributary p_asses_throu?h a culvért some 100m long that could act as a harrier to crayfish
movement. "It is believed that crayfish above this culvert were isolated and not affected by the
first outbreak in 1988 and eventlally r_epop_ulated the stream and then the main river at its
confluence.  Clearly crayfish plagué is still present in the watershed and eventually the
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repopulated stock became infected and a mortality sufficient to be observed took place. 1t is to
be hoped that the culvert will again act to isolate and protect remnant crayfish populations, but a
continuing cycle of repopulation and disease may be expected.

Figure 11 Kennet, Dorset Stour and Dorset Frome probable

Figure 12 Forest of Wyre and Upper Severn, R. Darenth, Kent
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Figure 13 R. Arrow. R. Ise and R. Clun confirmed

Figure 14 Probable plague mortality in Derwent, new mortalities in Bristol Frome
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Figure 15 Derwent area confirmed

Figure 16 R. Rhee and Shep, Cambs, R. Ribble, new outbreak in 2001 in R. Darenth
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Figure 17 Summary of other unconfirmed crayfish mortalities 1981-2001 (green)
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4. ROUTES OF TRANSMISSION

4.1 Crayfish as carriers

As Unestam (1969, 1970, 1975a) _surq?ested, the marked resistance of N. American crayfish
species to A, astaci and the susceptibility of non N. American species, strongly suggests that A,
astacl 1S aN. American organism in orl?ln_. A. astaci and N, American crayfish appear to have a
reasonably balanced host-pathogen refationship in which drastic epizootics are rare. This
contrasts, strongly with the_uibalanced, destruction wrought by A. astaci in Europe. This would
suggest that A, “astaci was introduced into Eurgpe in thé mid nineteenth century, presumably on
infected, carrier N. American crayfish, although evidence is lacking. An alternative suggestion
of import in ballast water could also be possible, but equally lacks proof.

Whether the crayfish mortality reported from the Po basin in the 1860’s was crayfish pIa(];ue or
not, the main focus from which crayfish plague spread to the rest of Europe was clearly the
French / German border area in Alsace Lorraine and no record exists that might indicate how A
astaci arrived in an area that drains into France, BeI%(mm and Germarly. The arrival of
contaminated hallast water in such an area is of course unlikely.

Schikora %‘1922) discussed the role of commercial movements of crayfish in some detail in his
review entitled 50 years of crayfish plague” and was in no doubt that it was predominantly the
wholesale crayfish trade which brought cr%flsh plague to Berlin in the north'and to Munich in
the south of Germany from the original Alsace Lorraine focus and then continued to import
infected crayfish both for stocking and for table purposes.

Some German crayfish wholesalers had dev_eIoPed sufficient expertise to_recognise_infected
stocks and to play  role in attempting to restrict the spread of infection (Schikora, 19262J others
were much less careful. | The problems of lack of sufficient disease free stocks to satisfy the
German market was evident, without imports the wholesalers were unable to contingle in
business, yet continued imports brought the certainty that some of the imports would be infected
and would continue to “top up™ infections in German waters.  The economic returns for
indiscriminate imports of crayfish were clearly attractive, Cases of illegal imports of crayfish
Into Germany were reported in which, indiscriminate purchases were broght in in rucksacks or
as hand |ug aqe and then “sent on inland as postal packets as stocking crayfish™ (Schikora,
1926). Paralléls with modem illegal movements of cold water ornamental fish can only too

easily be drawn.

The most popular American crayfish species for culture in Europe in modem times is the sign,al
crayfish Pacifastacus leniusculys which Unestam and Weiss (1970) have shown to be infected in
its ‘native environment and which Persson and Soderhall {1984) have demonstrated to be a
resistant carrier of crayfish plague. P. leniusculus, however, was not introduced into Euroge
until the mid twentieth” century in a bid to replace populations of Astacus astacus destroyed by
crayfish plague. Thus, although it has been shown to be a vector in recent crayfish pIa?_ue
epizoqtics in Europe (Alderman et al., 1990 and in cases described above) the signal crayfish
was clearly not associated with the original introduction of crayfish plague well over 120 years
ago. . Another N. American crayfish, Orconectes limosus, the spiny cheeked. crayfish, had
cértainly been introduced into Etrope by 1890 and is now long naturalised in French and
German waters (Vivier, 1951), buf thi$ first recorded introduction is well after the first
indisputable outbreaks of crayfish plague. The rainbow trout, Oncorhynchus mykiss (Walk.),
another N. American sBemes Introducéd for aquaculture, ma})y be a potential carrier of crayfish
Blague SAIderman and Polglase, 1984; Hall and Unestam, 1981) was not introduced into Europe
efore 1879, a few years before the first cases of crayfish plagte in Europe. Some of the more
recent outbreaks in"Spain may relate to the introduction of another N. American crayfish, the
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I(_Fquisianla8)swamp crayfish Procambarus clarkii which is now extensively naturalised in Spain
igure 18).

Because the presence of crayfish plague in the British Isles prior to the 1980°s was not
established scientifically, its absence, a negative, equally cannot be established beyond doubt
parUcuIarIM to the satisfaction of those who felt accused of introducing the infection in the mid
1970's.  Nevertheless, it is clear that prior, to 1980 the British Isles had good stocks of native
crayfish and from 1981 onwards a series of confirmed plague outbreaks has occurred. Equally, it
I5 Clear that, the first 5|?n|f|cant introduction of exotic crayfish into the British Isles was of the
5|fgnal crayfish, Pacifastacus leniusculus (Dana), in the period from 1976 onward, unlike much
of the rest of Europe where Orconectes limosus (Rafinesque) has been established since before

900. In Sweden'and Finland, the_signal crayfish is recognised as a carrier of crayfish plague
and is associated with plague mortalitiés in susceptible native crayfish,

Similarly in most cases of crayfish plague in England and Wales since 1981, the presence of
signal cra?/ﬁsh, Pacifastacus léniusculus, in close™proximity to the outbreak is notable.  The
evidence for the presence of the signal crayfish has not always been f|rml¥ established, but only
in one or two cases is there no discerniblé link between the’ disease and the presence of signal

crayfish.

It also must he made clear that, Cflepart from two cases, it has not been possible to obtain samples
of susp_ect sqnal crayfish to determine presence or ansence of the carrier status in those
opulations. 'In ong, “signal crayfish obtained from commercial sources held in tanks at the
niversity of Nottingham transmitted infection to native crayfish held there. Examination
proved thiese signal crayfish to be carriers of A. astaci (Alderman, Holdich & Reeve, 1990) by
isolation_of the pathogen, into culture. The Nottingham crayfish had been obtained from the
British Crayfish Marketing Association (BCMA), a now " defunct organisation created bg
importers of signal crayfish to market the cralyflsh produced by members. The BCMA operate
a central sales System where crayfish from alf producers were mixed together, so that the source
of the plague positive Nottingham signal crayfish could not be traced. IearI){ however, at least
onlel_o the BCMA producers was distributing infected signal crayfish capabile of infecting A.
pallipes.

In the second case, si?nal crayfish from gravel pits near Rinﬂwood, Dorset have also been found
to be carriers of crayfish plag\lue (Alderman, unpubllsheda these latter were reportedly imported
and introduced directly from N. America and not from BCMA or any European source.

In some cases naturalised populations of signal crayfish are clearly not carriers of plague, since
they have coexisted in the same waters as native crayfish for more than five years without any
evidence of plague in the susceptible stock (e.g. the By Brook and St. Catharinés Brooks in Avon
(Frayling, pers. comm.).

Although the majority of stocks imported into Britain came from Swedish crayfish hatchery
sources where precautions %\?amst disease transmission were practised, some a Ieast are_known
to have come directly from N. America. Lac_km? any check on health status of crayfish imports
into the Britain, the possibility that farmed signa cra%flsh were responsible for the introduction
of plague info the British Isles could not be CFroyen at the time of the original qutbreaks, aIthou%h
the temporal relationship between the introduction of signal crayfish farming in EnPIand and the
commencement of plague outbreaks was clear and as indicated above, some at [feast of those
commercial stocks are infected and infectious.

In the last few years work by the Uppsala group to develop molecylar methods have yielded
valuable information about the origin of different outbreaks of crayfish plague. Huang” et al.
(1994) athed RAPD PCR to a range of isolates of A. astaci from a range of Sources, _prmmpa_llﬁ
northern’ Europe but also Turkey and N. America. RAPD fmgegiprints were obtained whic

clearly divided into two groups that clearly related to the source”host species and geographical
origin. One group was from noble crayfish populations and were interpreted as representative of
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the “old” crayfish plague established in_Europe for many years and some had been isolated as
early as 1962, The second group came from both native Swedish noble crayfish and from signal
crayfish. Signal crayfish were first introduced into Sweden for large scale Stocking in 1969 and
Huang et al.”(1994) interpreted their results as |nd|cat|n% that signal crayfish werg vectors of a
new strain of A. astaci which transferred into susceptible native crayfish.  The isolate from
Turkey fell into the same RAPD %rou as did the “olq established” crayfish plague strains from
Swedén. This sug?ested that the 1980’s outbreaks in Turkey did not dérive from importation of
signal crayfish, but instead represented a new spread of the original disease strain. The authors
postulate that until the introduction of signal crayfish in the late 1960’ only a single genotype of
A. astaci had been present in Europe.

A further study by the Uppsala group included a strain from the UK. (Lille¥ etal, 1997?1. This
isolate had béen”supplied front the Weymouth A. astaci collection to the first author for
comparison with A. invadens from Epizodtic Ulcerative Disease. (see below) and was from the
outbreak on the R. Arrow in Herefordshire. The authors found it'to fall int0 the “recent” signal
crayfish associated RAPD PCR group of A. astaci, supporting the view that recent UK outbréaks
related to |mP_ort _ofmgnal_crayflsh or farming. In fact the R. Arrow outbreak was one in which
a signal cra?; Ish introduction onto a nearby fish farm was known so that the link was tentatively

already established.

Further wark by the same group gDie%ez-Urebeondo et al, 1995; Oidtmann et al., 1999) led to
the recognition of two more A. astaci RAPD PCR groups, each represented. by a single ‘isolate,
one from signal crayfish in Canada and the other from Procambarus clarkii in“Spain. ~Strains of
A. astaci dre now referred to as beIongmB to Grquh)s A (“old est,abhshed’?, (“recent signal
crayfish associated”, C (Canadian) an (SpanlsE?. erman isolates from recent plague
outbreaks were studied and found to belong to Group B.

The German plague outbreaks were reported (Qidtmann et al., 1999) as being at two sites 80km
apart with no kiown or traceable jntroductions of crayfish for at least 16 years in one case.
Procambarus clarkii have however been introduced in the area.

The tw,enE/-one years from 1980 to 2001 have, seen the destruction of the majontP/ of crayfish
stocks in England and Wales south of the Pennines with several undetermined morfalities t0 the
east of the Pennines and one very. recent qutbreak confirmed to the west in the Ribble. The
presence of signal crayfish in the vicinity of many of these disease outhreaks suggests that these
exotic crayfish may well have been carfiers of the disease and therefore have [éen responsible
for the rapid spread of crayfish plague. Indeed, as described above, PCR data links at least one
UK plague outbreak to Group B A. astaci which is believed to have been introduced into Europe

through Sweden with signal crayfish imports since 1969,

It is also clear that there have been manY introductions of signal crayfish into fish farms_and
would be ‘crayfish farm' sites throughout England and Wales and from most of these signal
crayfish have “escaped to the wild Tesulting in the establishment of naturalised populations
(Holdich & Reeve, 1992). Prior to 1983 deliberate release of such exatic crayfish to the wild
was not prevented by legislation since controls that had been established on_transfer of
crustaceans were estafilished under the Sea Fisheries Act and thus did not appl¥. Some of the
naturalised populations result from ear_lg/ direct releases to the wild, which, whilst not illegal at
the time, cannot be regarded as responsible actions.
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Figure 18 Probable routes of transfer of crayfish plague from N. America. Solid lines indicate recorded introductions, dotted lines indicate unrecorded possible introductions



The evidence from the R. Darenth in 2001 confirms that as seen over many years in Europe, that
once A. astaci reaches a watershed, plague epizootics occur rapidly, but Temnant susceptible
crayfish populations may re-establish Feven quite W|dely)bt0 the point'at which further eﬁ|zoot|cs
occur.  Major crayfish mortalities, have not always Deen observed in England when th.eK
occurred, so that Jow level mortalities in remnant populations can easily be overlooked. Wit

low crayfish oFuIatlons, transfer of infection will be Slower, fewer sporés will result in a longer
time from infection to death.

In theory, once crayfish have been eliminated from a bod>f of by A. astacl, the pa_thoqen will not
persist for long (3 months has been estimated by Soderhall). This may occur in simple bodies of
Water, but in any natural river system some animals at least may be éxpected to be protected by
distance - either by weirs or culverts et or by low crayfish population densities. This will slow
down the spread of infection, but if sufficient animals Survive a chronic mortality situation will
arise. This may mean a series of crayfish population recoveries followed by aCute population
crashes, or alternatively that population densities never recover. Where signal (or other N.
American species). are present, then if these animals are infected, a continuing reservoir of A.
astacl will remain'in the river system for the foreseeable future.

4.2 Non Crayfish Routes of Transmission

4.2.1 Equipment: angling gear, nets, rods and hoots

It has been clearly demonstrated that infected crayfish, whether of susceptible or resistant species
will transmit crayfish ﬁ,la?ue iIf moved into_new watersheds. However there is considerable
evidence to show'tnat this s not the only possible route ot transmission.

As mentioned in the description of the history of crayfish plague in Appendix I of this re?ort
much of the information on the spread of crayfish plague, particularly in the period 1880 to 192(
IS accompanied by comments about the role played b{ commercial crayfish trappers and
wholesalers in thé spread of the disease. ~ Schikora ( 922f) was in no ‘doubt that it was
predominantly the wholesale_crayfish trade that brought crayfish plague to Germany from the
original Plateau de Langres. The ‘spread of plague eastwards from Germany has been attributed
to introduction of infected crayfishing gear from Germany and the activities of mabile_crayfish
catchers (Arnold, 1900; Tzukerzis, 1904) moving from rivr to lake to river in Russia. Certainly
an examination of the developm% railway system of eastern Europe makes it clear that by the

890 reasonable transport systems then “existed that could transfer an essent|all¥ hilghly
perishable product such as live crayfish to German and other western European markets froni the

great rivers of Russia.

More recently, the spread of craYﬁSh pl%gue to Ireland has also been attributed to infected (non-
crayfish) fishing gear, rods, boofs etc. ( eXnoIds, 198_8?] and rumours of illegal introductions of
crayfish”are dismissed. Taugbol et al., (1993) published a detailed consideration of how A.
astacl may have reached and infected rivers in Norway. Despite the close proximity of long
infected waters_in Sweden and cross border rivers, Norway had remained plague free for more
than 60 years. The first infections in the cross border Veska / Vrangselva river systems occurred
in 1971-4. These rivers rise in Norway and drain into Sweden and infection entered the country
form downstream. Attempts were mdde to control upstream spread of infection using electric
fences were unsuccessful and crayfish appeared to have gone from the system below & concrete
weir byrl974. Some repopulation, both natural and fisherman aided appears to have occurred
since. The much more Important Glomma river system (the longest in Norway) was found to be
infected in 1987, but many side, streams have remained uninfected, perhaps as a results of
protection from weirs and’ crayfish free sections of river etc. Lake Store Le and Halden
watersheds further south on the Swedish border were first recorded with crayfish plague in 1986-
9. Norwegian authorities could find no proof of the origin of infection; but speculated that
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known crayfish plague epizoqtics in Sweden qnly a few hours by road from the Glomma could
have allowgd transfer by tourists and their equipment. There is no evidence of illegal movement
of signal crayfish into Norway. The Store Le system is another cross border river system so that
again plague” could have entéred from Sweden by natural movements of infected crayfish. At
one point the Store Le and Halden are only a short distance apart, movements of boatS between
the two were prohibited once infection was known to be in the Halden, but Taugbol et al (1993)
acknowledge that the enforcement was difficult and may not have been effective.

Recommendations for the disinfection of equipment have been made.

4.2.2  Transmission on other animals.

In the UK, there is ?stronﬁ)] circumstantial evidence that fish movements were associated with
transfer of infection from the R. Blackwater to the R, Wey and the recent Ribble outbreak has
heen suggested to have similar origin. In the case of the Wey, the fish movement took place at a
time of (presumed) acute crayfish mortality on the Blackwater where considerable numbers of
escapee 5|%nal crayfish were present. The risks of such transmission are discussed more fully in
Part 1l of this report where means to prevent such fish movement transmission are considered.

Transmission of crayfish plague by movements of animals other than crayfish and fish is a risk
that is often mentioried dining disCussion of the disease, but there is no evidence, circumstantial
or otherwise that would show that this has ever occurred. Possible mechanisms are on the feet
and feathers of birds and on the feet and. fur of wild mammals. Although both would feed on
dead and moribund crayfish, qut transmission can be ruled out. Mammalian and avian body
temperatures are too high for A”astacl to survive passage.

When the first plague mortality was observed on the Sherston branch of the Bristol Avon the
numbers of dead cra%ﬂsh were sufficient to attract carrion feeders and crayfish had been pulled
out onto the bank. Birds were observed to be attracted (Frayling pers. comm.) and mammals
such as foxes, mink, etc would also obviously be attracted in the n(T;ht circumstances. \Whilst
birds could contaminate feet and feathers withi A. astaci and ﬂY sutficiently rapidly between
watersheds to transfer viable A. astacl spores to a new river site, mammal$ would appear to
represent an unlikely .route of transmission between watersheds.  Except in  unusual
circumstances feet and fur would not remam infectious over the time taken for mammals to

move hetween two watersheds. However a role in upstream spread above weirs and other
physical obstructions cannot be ruled out.

423 Effects of weirs on transmission ofA. astaci.

Weirs have heen noted to act as a significant and permanent barrier to upstream migration of
crayfish plague. One example is the vieirs on the Sherston branch of the Bristol Avon“at Easton
Grey, another (discussed elsewhere) a culvert on a tributary to the R. Darenth in Kent. Even
when a mag)or pla%ue mortality IS underway, the main route of upstream m|(r1rat|on of Infection
a‘)pears to De by the movement of crayfish rather than of spores or on fish. Indeed the effect of
plague on crayfish behaviour may enhance movement of crayfish.

Weirs of sufficient height may not be passable by infected crayfish and significant stretches of
stream unsuitable for crayfish(culvert or water typet) may thus act as a barrier. . No weir should
however be regarded as”offering an Huarantee of breaking ypstream m,qranon of infection.
AIthou%h Easton Grey weirs protected the upper Sherston branch of the Bristol Avon, an equally
substantial weir on the Tetbury branch of the same river did not.
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5. DISINFECTION AND CONTROL

Contro] of crayfish plague has two aspects - attempts to prevent and control human actions that
\é\ull bring abolt transfer and extension and attempts to prevent and control natural spread of the
ISease.

Human actjons include movement of equipment, including protective clothing and fishing E,ear
and secondly transfers of aquatic animals, whether crayfish for “farming” of fish for stocking
purposes. Alderman et al. ( 987'), demonstrated that (admittegly heavily) contaminated fish nets
could transmit crayfish plague f( igure 19 and see belowg and similar hazards will be associated
with crayfish traps, waterproo cIothmt}; and boots. Indeed it was stronﬂ]ly believed that such
equ_men_t,was responsible for_s?rea_do infection in Russia at the turn of the 19th Century. The
Brac icability of adequate disinfection of hoots and gear was demonstrated by Alderman &
olglase (1985a,h), who demopnstrated that standard fisheries disinfectants are éffective. They
showed that sodium hypachlorite at 10Oppm available chlorine would kill A. astaci in less than
30 seconds and that Todophores (such as Wescodyne) at I0Oppm available iodine was also
effective, but that the latter had less enetratlnq poiver so that it should only be used on clean
surfaces and not where mud might protect The pathogen from its action.  Although not
specifically investigated, proper drying of equipment and nets may also, be exRected to be
effective In disinfeCting equipment from A, astaci. The same workeérs, mindful that Hall and
Unestam (19802 had demonstrated that A. astaci can grow on detached fish scales also examined

the efficacy of the traditional fisheries fungicide malachite green against A. astaci.

A further potential route of transmission that also must be considered for completeness, is the
risk of transfer %y cross watershed movement of a&uatm diseases such as crayfish plague by
pumped water and also by canal (g.g. the Kennet and Avon Canal)

To investigate the ways in which cranish plague mi?ht be_transmitted by commercial fish
movements and contaminated equipment, Alderman et . ?1987) infected a tank of crayfish and
then introduced rainbow trout Introduced into the tank for 24 h. Twenty of the trout were
transferred dwectlY (aftera 20 s dralnlnﬂ period fo ensure the transfer of minimal amounts of
water) to a 300 Ltank contamm% 20 healthy crayfish.  Two further groups of 20 trout, each in
100 T of water from the mortality tank, were transterred to two fish” transport tanks on a road
vehicle which was then driven on a circular 60 min ‘journey' to simulate commercial transfer of
fish from one fish farming site to another. ~ During ‘the last 30 min of the journey, one of the
tanks of fish was treated with 1 ppm malachite 0gr_een oxalate. Both fish and water from transport
tanks were then transferred into two further 300 litre tanks, each with 20 clean crayfish. Finally,
one 26x26x30-cm fine mesh net was placed in the tank of dying crayfish for 1h then removed.
allowed to drain for 2 h in a dry, empty bucket at ambient temperature (15°C) before being
placed in another tank of 20 clean Crayfish:

Transmission of infection was most rapidly and efﬂmentl}q transmitted by combined movement
of water and trout, which produced results as effective as those from introduction of zoospares at
moderate-challenge doses (Figure 19).. Movement of fish alone and the use of the contaminated
fish nets also, transmitted the infection, but with a prolonged time to first mortality of 58 and 61
days, respectively. Interestmgly,_deswte the prolonged inCubation time before the Tirst death, the
ensuing mortality rates were rapid, the mortality curves for both the net and fish only challenges
being Very steep §F|gure 19), The first animals to die showed some marked signs of crayfish
plagle, in contrast to the latter mortalities from these challenges which showeéd the miriimal

0ross signs of the disease.
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Days

Figure 19 Transmission of crayfish plague on fish and on nets

No mortalities occurred in any of the control tanks of crayfish, which were provided for all
experiments, nor were there any mortalities in the crayfish éxposed to trout and transport water
treated with malachite green.

Alderman et al. (1987) interpreted the results of their transmission experiment, to indicate that
zoosporulation occurred on the first animals to die (both in the net and In the fish only
transmission experiments) produced secondarY infections which resulted in @ much-accelerated
mortality pattern for the late survivors. In those laboratory experiments, in conformity with
welfare needs, dead animals were removed from the experimental tanks immediately on death.
This will have tended to reduce. the number of zoospores, which could Produce secondary
infections. _ Under natural conditions, such zoospores would be available to produce further
infection. These results demonstrate that the concept of an LDs, i not practicable with an
organism such as A, astaci. The 100% mortahtﬁ of all experimentally-exposed animals indicates
thé pathogenic_ability of A astaci and also shows why’ resistance to crayfish plague has not
devel_op]e In Européan crayfish populations. The transmission experiments, showedhow easily
crayfish plague may be transferred from one river system to another by fish movement or by
contaminated hoots or gear.

These studies also showed that the use of a suitable fungicide such as malachite green could
prevent such transmission on fish, Malachite green had thé advantage that it bigaccumulates but
IS n0 longer acceptable as a fungicide in fisheries use. Since the plrpose would be to disinfect
fish belng transferred from a potentially plague infected water to a non infected water, it could be
argued that this use of malachite green Would be as a disinfectant and not as a veterinary
medicine. This argument would however not he acceptable.in terms of residues of malachite
green present in the stocked fish. Directive 96/23/EC requires that European Member States
Operate a monitoring programme for |IIe%aI vete_rma(rjy medicines and malachite green is
specifically listed as an illegal substance to be monitored for in this programme which has now
been in place for a number of years. Malachite green as a residue is now known to accumulate
rapidly in fish tissues, but to deplete sIowI?/, several thousand degree days may be required for
residues to be completely eliminated after a single treatment. Since malachite “green is
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considered. to_be a potential carcinogen and since stocking fish could in theory at least be caught
for food within a very short ﬂeI‘IOd after stocking, the effective withdrawal period would be zero
time. Effective though it is therefore malachite green cannot be used.

The question therefore arises “is there any other comPound that could be used legally to prevent
transmission of crayfish plagu_e on fish?”.” The most likely possible compounds are formalin and
the new fungicide Pyceze being developed by Novartis Animal Vaccines, but specific data is
Ia(:km%i These possibilities, together with consideration of the scale of the risk of transfer of
cra fl?thplague r\é\”th movements of fish will be considered further in the second, forward look
part of this report.

The transfer of crayfish plague on crayfish themselves, particularly the N American species, P.
leniusculys, the signal crayfish and P."clarkii, the Louisiana swamp crayfish, Is a clear hazard,
As mentioned above, MAFF had imposed controls on introductions 0f fish, molluscs and
crustaceans for some considerable time. When the first attempts to introduce signal crayfish for
crayfish farming were made in the late 1970’s, the available legislation was examined. Legal
advice at the time was that the Disease of Fish Act 1937, could not aBpIy since crayfish were not
therein reﬁarded as fish and that the Crustacean controls could not be employed in fresh water
because they had been introduced under the Sea Fisheries Act. There was therefore no means
available to"control these introductions. 1t was recognised that crayfish plague could well be
Introduced by these imports and that any initial damage would be well advanced before any new

legislation could be introduced.

Some protection was afforded by The Wildlife and Countryside Act, 1981, which made it an
offence to release or allow to escape into the wild any animal of a kind not ordinarily resident in
Great Britain jn a wild state (unless a licence has been issued by MAFF under the ACt). Persons
farming crayfish needed to make sure that t,heY hag taken reasonable steps to ensure that stock
could not escape into the wild and, in particular, into ponds or adjoining river systems. The
native crayfish was subsequently given pratection under schedule” 5 of"the Act, which then
prohibited "the taking of any riative crayfish for any purpose, except as licensed by the
appropriate national nature conservation body. S|%nal crayfish were placed on schedule 9 of the
Act prohibiting further release even though populations existed that were “normally resident”.

The Diseases of Fish Act 1983 which replaced the earlier 1937 Act also. included shellfish and
introduced, registration of fish farming enterprises which required that fish and shellfish farms
should register their business (at no charge to the producer) with the appropriate Departments in
England, Wales and Scotland, A full listing of crayfish farms was thus created for Departmental
usé in relation to the Act, but the data protection requirements of the Act meant that the

information was not publicly available.

It should be noted that in 1991 European legislation had been introduced (Directive 91/67/EEC)
which established a general framework for aquatic animal health and disease control within the
Commumg. The original Directive 91/67/EEC was accomﬂamed by legislation (Commission
Decision 92/532/EEC) which laid down the rules and methods which member states had to
follow in develgping é)lans for carrying out Samﬁh%} and diagnoses for detection and
confirmation of fish and shellfish disedses listed in the Annex to the Directive. Action to be
taken on identification of listed diseases was then defined in Council Directive 93/53/EEC.

The general_principles of Directive 91/67 were summarised in the Ereamble to the Directive as
follows. “To contribute to the completion of the internal market, avoiding the spread of
contagious diseases, takln? into account that the animal_ health situation for aguaculture animals
I not'the_ same throu?hou the terntoq_ of the Community, to introduce the concept of approved
zones which are free for one or more diseases. . To define the conceprt of appréved farms situated
outside free zones and enjoying a special animal health status. To define the trade patterns
between approved zones, approved farms and non approved zones.”

Directive 91/67 (and amendments) covers the following:
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aquaculture animals

o fish

*  Crustaceans

* molluscs

aquaculture products

» for reproduction: eg?_s, gametes

o forhumanconsumption , S

The Directive groups aquatic animal diseases into three lists defined as follows:

List | diseases ) .

» (diseases which are exotic to the Community

* Wwhichare exgected_to result in serious economic impact

» and for which eradication measures must be implemented (Directive 93/53/EEC)
List Il diseases . . o

» which are expected to result in serious economic impact

* Which are present in the Communit _ o
» for which approved (free) zones and farms,(in non aé)/groved Z0nes) cap be identified
» for which control measures are defined (Directive 93/53/EEC)

List il diseases | ) .
* (liseases from which a Member State is free or has an accepted control programme against

that disease in force

Within this framework - movement patterns for live fish, molluscs, crustaceans, eggs and
gametes were defined.

Crayfish plague is. a List 1l disease. Because of the difficulty of implementing a control
pro%ramme Or a disease already widely spread, when consideration was given to control of the
problems created b;{ the introduction and farming of sgn_al crayfish, the approach empIoKed was
designed towards the, control of further spread and. introdlctions of exotic (and therefore
potential disease carrying) crayfish, rather than on crayfish plague per se.

Thus after the “new” crayfish farming industry had been in existence for 10 years and had only
achieved farmed productions of less than 10 tonnes per Year (clata collected urider the Diseases of
Fish Act 1983 confirming this), whilst crayfish plague had simultaneously appeared and spread
and many signal crayfish had esclqped, it was a(f1ree that enough evidence’ had now accumulated
that new’legislation to attempt further spread of the problem could be justified. The Prohibition
of Keeping of Live Fish (Crayfish) Order, 1996 (England and Wales) came into force in
February 1996. Its object was to control the holding of exotic crayfish in those areas of Great
Britain Where there were still good stocks of native crayfish or, as in Scotland where there were
no crayfish rE)resent. It defineS a number of areas based on watersheds, particularly in southern
and central ngland in which it would continue to be permitted to keep (in any water from gir_avel
pit sized pond to aquarlumr)] any crayfish other than our native Austropdtamobius pallipes
without a licence. In all other dreas 0f England and Wales the keeping of such cra}/flsh are

P_rohibited_without a licence_issued under this order and there is a general presumption that such
icences will not be issued. The only exceptions to this were:-

J Existing Crayfish Farms Registered under the Diseases of Fish Act 1983 within
permitted areas.

J Existing crayfish farms outsicde the permitted areas registered under the above Act
which were issued with a licence of right to maintain their existing operations.

J Restaurants and direct suppliers of restaurants

J Restaurants and wholesalers supplying restaurants with crayfish for direct
consumption.
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A Code of Practice. for such bodies was pr,eﬁared and distributed widely. A_ similar The
Prohibition of Keeping of Live Fish (Crayfish) Orger, 1996 &Scotland) came into force in
February 1996 and completely prohibited ‘the keeping of exotic crayfish in any waters in
Scotland, again with the exception of restaurants and wholesalers supplying restaurants for direct

consumption.

Permitted and Prohibited Areas were defined as the areas in which the keeping of exotic crayfish
are permitted and those in which it is prohibited. The areas concerned were Gefined in terms of
Postcode Areas and Postcode Districts, since it was felt that this provided the least amblguou,s
definitions and since it was felt that would be crayfish farmers could not claim !?norance of their
Bostcode. Since the introduction of the Order, the view of what sites are permitted as farms has

een considerably . tightened.  The Crayfish Order now gives reasonable protection from
deliberate crayfish intfoductions and movements.

Flnalhr, aI_thouc%h the present situation in the UK is such that little further natural spread is
unlikely, since there are few unaffected natural populations left, some consideration needs to be
?lven into the way and the rate at which crayfish pla%ue can spread once introduced. Evidence
rom both UK and the rest of Europe (e.g. Finland (Westman and Nylund, 1979))nsuggest,s that
craytish plague s&reads downstream from point of Introduction at the speed of the river itself.
UpStream spread has been seen at rates of 2 to 4km per year. This is believed. to be a combined
result of mlgiratory and erratic movements of infected crayfish between infection and death and
perhaps includesa small element from the motility of zoospores that exhibit a positive
chemotaxis to crayfish,

Attempts to stop crayfish migration were attempted unsuccessfully in Norway (Taugbel et al.,
1993) using electrified fences or barriers, Natural or man made barriers such as waterfalls or
weirs do have effect (e.0. In Norway and in UK on the Sherston branch of the Bristol Avon), so

that creation of an artificial barrier could be effective.

Rantamaki et al. (1992), building on previous understanding of requirements for zoosporulation
of A. astacl demonstrated  thataddition of MgCfc at coricentrations_above 20mM prevents
sporulation and concentrations above 200mM Tprevent all growth. The 20mM inhibition of
zoosporulation 1s temporary and when replaced with normal Water zoosporulation resumes. In a
laboratory challenge. it was found, that @ more than>90% regluction in infection rate could be
achieved when crayfish were held in 100m M I,\/I?Cfc and crayfish survived for longer. Since the
effect is fungistatic rather than fungicidal, this information has little practical application,

The practical effect of introduction of A, astaci into any watershed with susceptible crayfish
populations is that infection will spread downstream ve_rr rapidly and upstream at up to 4km a
year. Only crayfish proof barriers, artificial or natural will stop this up river spread.
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6. ATTEMPTSTO RESTOCKPLAGUE AFFECTED WATERS

In the early years of the spread of crayfish plague Europe restocking attempts were tried a
number of times, sometimes with short-term success. Crayfish releaSed into the Main were
thriving in 1892 (ScherPf, 1892). In contrast infection was still present in 1893 in the Altmuhl
(Anon, 1893), with introduced animals dylngr rapidly and in 1894 in Lake Boethin where
crayfish had e?\lun to repopulate naturally, a further mortality occurred (Schaperclaus, 1979).
Similarly in the Numberg area, the R. Selbe a re-established population was again destroyed.

Schikora (1926) reported that Italy had made “energetic” attempts to restock the rivers of
Lombardy( (deSZroyg(? by plague i?q the 1860') Whlgc were haifted %y World War | and
“subsequent economic weakness”. The same author reported that a French “Commission for the
repopulation of the rivers in the rava%ed areas” was established in the Rhineland had approached
a Berlin wholesaler for 100,000 restocking crayfish, a request which was refused, apparently
artl%/ from “patriotic” g_he Saarland was occumedJ,an artly from commercial reasons.
hether disease free crayfish could have been obtained in such numbers for such a puipose from

Berlin is uncertain.

With the development of programmes to farm and ?agam? to restock waters with crayfish in the
mid 20th century a new phase of commercial transfers of crayfish be{ggn with the spread of the
signal, Pacifastacus leniusculus and the swamp crayfish “Procambarus clarkil. — Sweden
uridertook extensive investigations to find a surtable plaque resistant crayfish that could be
introduced to replace plague destroyed populations of noble crayfish (Ackefors and Lindqvist,
1994). Good populations of this introduced species now exist in Southern Sweden, presumably
filling the ecalogical piche of the plague des_tro¥ed natlve,sPeues. . However in Eyropean terms
this mtroduction has been little short"of a disaster, The introduction of the signal crayfish has
been clearly linked with several of the most recent extensions of infection incliiding Greece the

UK and Spain, plus what are clearly new disease introductions in Germany.

During the main series of outbreaks of crayfish plague in continental Europe in the last quarter of
the 19th Century, crayfish containing waters were “bypassed”’ by infection and survived, some
until thgy were later infected, others until the present day. ~ Similar “chance survivals' may be
expected to occur in Britain, particularly with enclosed waters, such as isolated reservoirs, gravel
pits and other similar Sites. Also during the main series of European plague outbreaks, Some
populations of crayfish appeared to récover, largely as a result of expansion of Isolated
populations which “had escaped the initial outbreak into areas from which crayfish had

disappeared.

The R. Darenth in Kent is a specific case of repopulation from isolated surviving populations.
Discussed more fully elsewhere, this is the case of a population of white clawed crayfish
%ppa,rentl Isolated from the onﬂlnal plague outbreak in the main river by a 100 metre culvert.
he isolated population eventually expanded downstream and repo?ulate the main river until a
surviving source of infection from elsewhere on the catchment resulted in a new mortality.

Deliberate rePopuIat_ion of affected waters is also possible and the practicality of this has already
been demonstrated in Britain in the upper reaches of the Tetbury branch 0f the Bristol Avop
where reintroductions have resulted in the establishment of a population which is now well
established (Fra)(_llng, pers. comm. 1992). This, together with the proposal to establish ‘reserve’
aregs for A pallipes, will mean that the total disappearance of the British native cra¥fls_h IS
unlikely (Holdich'& Reeve, 1992). The large number of naturalised signal crayfish po,ou ations
some of which at least, are infected with A. astaci, will however mean that crayfish paﬁue wil
continue to prevent the possibility that A pallipes will permanently repopulate niany of the areas
that have been affected. Repeated outhreaks of plague occurrm% If surviving susceptible
crayfish populations reach thresholds sufficient for acute outhreaks is the most likely prognosis.
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1. DIAGNOSIS

7.1 Diagnostic Procedures

The text of this Section of this report is based on a draft prei)ared for the_Ch%Jter on crayfish
R/IIague diagnosis of the 2002 edition. of the Office International des Epizooties (OIE) Dlagnostlc
anual of Aguatic Diseases, replacing the current edition Eubh,shed in 2000 (OIE, 2000), As
such it describes the diagnostic. methods approved by the OIE which Is the world veterinary body
with authority on matters of animal disease.
Diagnosis of crayfish plague strictly requires. the isolation and characterisation of the pathogen,
A t%1sta1C|, _u3|r(1y|5|mBIe9m cpoli)q){calq{rg)%%laIfolrtltfled_wﬂT ﬂtl?lottlcs 0 cont;ollpbb%ctgerlal
contaminaion (Alderman and Polglase, 1986). Isolation is only likely to pe stccessful before. or
V\?It ?n 12 hours ofd ﬁw geat of m?ected Cra f)ISh. However, t gr_e 1S r¥0 otﬁer &_sease or ol?utlon

effect that can 8ause ?]uch,total_mortahtyo rayfish while | avmg all other animals in the ﬁam_e
water unhﬁrme , S0 that isolation of the pathogen is desirable b t_n?t essential Partlful_ary In
regions where further sgread,of infection’ 1s kiiown to be a potential hazard. Clinical signs of
cra fﬁh Plagu_e include behavioural chan %s and a range of visible exiernal lesions. The r?nn%e of
these leslons 1s so large that, except forthe experienced eye, such clinical signs are of limited

diagnostic value.

7.1 Standard screening methods for Crayfish Plague: Isolation ofA. astaci

Isolation methods are as described by Alderman & Polglase, (1986). An _aﬁar medium (isolation
medium) is used that contains yeast extract and glucosein river water with antimicrobial agents
(penicillin G and oxolinic acid)'to prevent the growth of most bacteria and enable easy and rapid

ISolation of the pathogen.

Isolation medium (IM): 12.0 g agar; 1.0 g yeast extract: 5.0 g glucose; 10 mg oxolinic acid; 1000
m,? rIver water, argd )1.0 g,p%ni%?llln Gg@/terlle) aclded a(t)tegrgautoclavmg a%(? cooling to 40°C.
River water = any natural Tiver or lake water as opposed to demineralised water.

Simple aseptic excision of infected tissues, which are then placed as small pieces (I-*mm?2 on
%he surfac_%of isolation medjum plates, will nor_maIIQ/ result in successful isolation of A. astacl
from moripund or recently dead (<24 hours) animalS. Depending on a range of factors, foci of
mfe?non in crayfish mag bF easily seen by the naked e){e or mag/ not bé discernible de&plte
careful examination. Such foci ca lf_est be s_een_under% OW POWET Stereo microscope and are
most commonly reco%_nlsable bT_ localised whitening of the muscle beneatn the cuticle. [n some

cases a brown coloration of cuficle and muscle may occur and in others, hyphae are visible in
m?ected cuticle In tﬁe form of fing brown ‘melan){seg) tracks In the Cutlg|% |tse?f. Sites for

particular examination include the interstemal soft ventral cuticle of the abdomen and tail, the
cuticle of the perianal region, the cuticle between the carapace and fail, the joints of the
pereiopods (walking legs), particularly the proximal joint and finally the gills.

Provided  that. care is taken in excising infected tissues for isolation, contaminants need not
present significant problems. Small piéces of cuticle and muscle may be transferred to a petri
dish of stérile distilled water and there further cut into small pieces with sterile instruments for
transfer to IM isolation medium. Suitable instruments for such work are cataract knives and fine
electron microscope or instrument grade forceps and scissors.

|dentification of A. astaci

On IM agar, growth of new isolates of A. astaci is almost entirely within the agar except at
temperatures below 7°C, when some superficial growth occurs, Colonies are colourless.
Dimensions and appearance of hyphae are much the same In crayfish tissue and in agar culture,
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Vegetative hyphae are aseptate and (5)7-9(10) fiim in width (i.e. normal range 7-9 [am, but
observations have ranged between ? and 10 ]XTIP. Youn%,_ actlveIY grome hyphae_are %ensely
packed with coarsely granular cytoplasm with numerous fignly re ractll,e%obules. Older hyphae
are Iargel}/ vacuolate ‘with the c¥toplasm largely restricted 0 the periphery leaving only" thin
strands” of protoplasm bridging the large central vacuole. The oldest hyphae are” appdrently
devoid of Contents. Hyphag branch Rrofuselz, with vegetatlve branches™ often tending to be
somewhat narrower than the main hyphae for the first 20-30 fim of growth.

When actively growing thalli or portions of thalli from broth or agar culture are transferred to
distilled watef, Sporangia form readllg in 20-30 hours at 16°C and 12-15 hours at 20°C. Thalli
transferred from' broth” culture may be washed with sterile distilled water in a sterile stainless
steel sieve, before transfer into fresh sterile djstilled water for induction of sporulation. Thalli in
agar should be transferred by cutting out a thin surface sliver of agar contamm? the fungus so
that a minimum amount of nutrient containing a?ar IS transferred. Always use a farge volime of
ster|I? distilled water relative to the amouni of Tunqus beln% fransferre 0(100:1). porangia are
myceloid, terminal or Intercalary, developing Trom undifrerentiated vegetative hyphae.
Sporangial form is v?rlable: terminial s%oran ia are simple, eveIoRln? from new extramatrical
hyphae, while |nt?rca ary sloorang|a can e_% [te complex in form. Inte cala_rg/ sgoran la develog
by the growth of a new lateral”extramatrical branch, which forms the discharge tube of th

sgr)oranglum. The %ytoplasm of such de_\_/_elopmag discharge tubes |s_not|ﬁea lX deénse, and these
branchés are sligrtly” wider (10-12 jjin) than ordindry vegetative hypnae. Sporangia are
delimited b iism%!e basal_ septum in thie case of terminal Sporangia an?b septa %t either end of
the sporangia seﬁ;_ ent In intercalary s%orangla. Such septa are markedly thicker than the hyphal
wall and have a qh reLractlve ingex. Lifcesswe S%CI'[IOH of vegetative hypha may develop into
sporangla, and most of the vegetative thallus Is capanle of developing into sBorangla.

Within developing sporangia the cytoplasm cleaves into a series of elongate units (10-25 x 8
m) that are initially linked by strands ofprotopla?m. Although the ends of these 8yto lasmic
nits become rounded, they remain elongate until and during d|scharqe. Spore aischarge. is
achlyoid, that is, the first spore stage is an aplanospore which encysts at the sporangial orifice
and ‘probably represents the suppréssed saprolegniaceous primary”zoospore. No evidence has
been observed for the existence of a flagellated primary spore, thus, in this desc,rlﬁ)tlon the terms
sporangium’ not ‘zoosporangium’ and~“primary spore’ not primary zoospore’ have been used,
Discharge s fairly rapid (<5 minutes) and the individual primary “spores (=cytoplasmic unltsg
p?ss thr(iugh_the tlg of the apg_ranglum and accumulate around the sporan§|al orjfice, The spee

of cytoplasmic cleavage and'dischiarge is temperature dependent. At'release, each primary spore
retains Its elongate irrégularly amoeboid shape briefly before encystment occurs.

Encystment. is marked by a gradual rounding up_followed by the development of a cyst wall,
which 1s evidenced by a‘change in the refractive index of the' cell. The duration from rélease to
encystment is 2-5 minutes. Some spores may. drift away from the spore mass at the sporangial
tip and encyst separately. Formation of the primary cyst wall is rapid, and once encystment has
taken place’the spores remain together as a coherent group and adhere well to the sporangial tip
so that marked physical disturbanice is required to break up the spore mass.

Encysted grlmarg spores are spherical, (8)9-11(15) jim in diameter, and are relatively few in
nuniner, (3)15-30(40 R,m per sporangium’in comparison with other Aphanomyces ﬂop.. Spores
remain encysted for 8-12 hours. Optimum temperatures for sporangilal formation and discharge
are between 16 and 24°C, but the discharge of secondary zoospores from the primary cysts peaks
at 20°C and does not occyr at 24°C. In néw jsolates of A. astacl, it js normal for the majority of
Frlmary spore cysts to discharge as secondary zoospores, although this varies with staling in
orhg-term laboratory culture. “Sporangial formation and discharge occurs down to 4°C.
Apnanomyces astacl does not survive at=5°C and below for more than 24h.
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In many cases, some of the primary spores are not discharged from the sporangiym and many
sporangia do not discharge at all. Instead, the primary spores appear to en,cxst IV situ within the
sRorangmm, often develop a spherical rather than elongate form'and certairily undergo, the same
changes in refractive index that mark the encystment of spores outside the sporaigium. This
within-sporangial encystment has been observed on crayfish. Spores encysted in this situation
appear to be capable of germinating to produce further hyphal growth.

Release of secondary zoospores is papillate, the _papllla_developmﬁ shortly before dlschar%_e. The
spore cytoplasm eme(r]ges slowly in ?n amoeboid fashion through a narfow %ore at the Tip of a
papilla, rounds up andbegins a %en_terockln motion asafla?ellar extrusion begins and spore
Shape changes gradually from sg erical to renitorm. Flagellar attachment is latera, zooipores are

pical sap ole%maceous secondary Zoospores measuring 8x12 !un,. Active motility takes some

-20 minutes to develop (dependent on temperature) and, at first, zoospores are slow and
uncoordinated. At temperatures between 16 and 20°C, zoospores may continue to swim for at

|east 48hours.

1.12  Presumptive Diagnostic Methods for Crayfish Plague

The first sign of a crayfish plague mortality may the presence of numbers of crayfish at large
durmg da |Jr%]h'[ %c,rayflsh are normagy no,iturnﬂ), some of hlcq)mﬁz show eviden |oss of %
rdindtjor’ 1n_their ‘movements, ana”easily fall over on their backS and are upable to ngt
themselves. Often, however, unless waters'are carefully observed, the first recoPmtlon that there

is a problem will be the presence of large numbers of déad crayfish in a river or fake.

In susceptible species where sufficient numbers of crayfish are present to allow infection to
sPread rapi Ig, epartlcularl% at summer water temperatures, infection will fs read. quickly and
stretches of over 50km may loose all their crayfish in under 21 days from first observed
mortality. Cragflsh pIa(I;ue Has unparalleled severity of effect, infected susceptible crayfish do
not survive - 100% mor allt%/ Is the norm. Resistant North American species suvive mfec(s!o_n n
many cases and then act a$ largely asymptomatic carriers, although under adverse conditions

(streSs, concurrent infections), mortality'may occur.

|t must be emphasised, however, that presence of Iar%e numbers of dea? cragflsh, even in
crayfish plague affected watersheds 1s not on its own sufficient. The general condition of other
aquatic fauna must be assessed. Mortality_or disappearance of other aguatic crustaceans as well
as crayfish, even though fish survive, may indicate pollution (.. insecticides).

1.3 Confirmatory Diagnostic Methods for Crayfish Plague

Strictly, the identification of Oomycetes to genus depends on sporangial morPhoI_og and to
species on the morphology of the “sexual reproductive stages (oogonla and an herldlgs. Such
sexual stages are apsent in A. astaci so th%t identification Is hased on general morphology. of
Isolates from crayfish Involved In an outoreak of crayfish Flague. Since no other crgyflsh
dls%?se produces Such swift and drastic mortalities this normally presents no practical diagnostic
problem.

Exposing susceptible crayfish ,ﬁe.g. A I,eptodactYIu_s or A palhpes}, to zoospores Broduced by
susloe_ct isolates (see above) will Tesult in characteristic rapid mortality and with subsequent re-
Isofation of the fungus, givé firm confirmation of crayfish plague. However, susceptible crayfish
species should only be used for confirmation of diagnosis In exceptional circumstances Since
some are endangeréd species (Berne Convention) and populations may be protected under

1.14  Molecular biological diagnostic methods for Crayfish Plague: status

As discussed in the next Section, A. astaci is an Qomycete, a member of the Oomycotina and not
directly related to the true fungi, the Eumycota. Qomycetes are widely distributed in fresh
waters'and Aphanomyces spp. are common Wwith more than 30 recognised”species. There are a
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number of reports ofrsolatron of fun ,ﬂ' other than A. astaci from crayfish, Some (e.g. Alderman
and Polglase 1984) such as Fusariu are members of the Eumycotd, whilst Dreguez -Uribeondo
et ?952 re orted isolation of Aphanomyces sw) other’ than A, F taci“from cragtrsh
?resum bly as opportunist |nvaders of damaged cray sh trssues or simply as isolates % Win
rom water contamination. Saprol egnra %ogo rapid Yesta lish in lesions onglague infected an
morrbund cra}/frsh and Soderhall ef al report the recoveryofS parasitica from crayfish

1
during a crayfish par}ue mortalit |nA lep tddat lUs In TurkeY In the author’s experience no
Eg%hloelrgrgnhaasspgeen ound in strngurshrng befween A astaci and perthotrophs such as

onventronal |soI%tron a]d morphology does drtteren a well between A, astac zind other
un 1, Including ofher ganomy ess% preferabl bac up b confirmation of virylence in a
challenge trial wrth susceptible crayfish, but does require srgnr |cant experience and technical

skill.

Immunological and moIecuIar brologrcal dia 3nostrc teohnrques requrre their own specific skrIIs
but these are skills that are ess ?]pecra list an may r%)re to a wid erantTreo organrs< f

are not organism specific. In the absence ofspecr ic'mycological and pa hologrcal skills an
experience” therefore, these more general methods offer major” advantages for diagnosis of A
astal.

Although valuable deveIopments in use of moIecuIar techniques to |dent|fy A ast acr had been
made over a number of years, first by Soderhall’s group in Uppsala (Huang et al., 1994) and
more recentlgb Ordtmann in Munic 1%99 2002); none of the methods o meth s ha een
adequatelyvlr ated for cross reactron ith other species of Aphanomyces. The ro em of ac
of valjdation of t?se Pproac eSS now being addresse Or tmann eta 5200 ave recent
published the resu tso a study |n which theg attempted to characterise the DNA of A. astacl
usrn nmers developed t mpr LYMOSO se mento the 28 S rDNA regron This was
g h a number of other fungl, most of which are either known parasit Ts of freshwater

|sh cutrcIe 0r can be found |n therr naturaI envrronment Several species of Aphanomyces
were mcIuded in the study. Then the a r%rconé 0 tarne were digested with the restnctron
enzymesAuI Hindlll and Aval. With this method A. astaci DNA Was distinguishaole from the
DNA of ot er fungal spehcres tested. . Unfortunatel 1‘y as indicated aove theré are well over 30
recoanrse species of Aphangmyces in the scientific literature and ong anout six of these are
avar able from culture collectioris.  This therefore does create some pro lems for validation and

Partrcular the absence, of A. invadens from_Qidtmann et (2000)'s validation set in
reg ettable. A, invadens, is the causative agent of Epizootic Ulcerative Necrosis, a disease that
has devastated production of farmed tropical fresh water fish in the Asia Pacific region. The
Pathogen 15 also associated with serious mortalities of estuaring species in the warmer waters of
he E"coast of the USA and has been shown to be capable of mtectrng Rainbow troyt.  An
diagnostic method must be  capable of drstrngurshrng hetween A. astaci and A, invadens and
between these and opportunist Perthotrophs In udrn? other Aphanomyces spp The addition of
A. invadens to the validation set would notbedrffrcutand |f astacl and |nva ens prove to

e distinguishable by the method (or a further devel oRment thereof), the limited range of
Aphanom ces spp. tested should not present a problem in the use ofthe method.

To summarise the current status of molecular methods for diagnosis of A. astaci infections:

L1 There are four key papers on the use of molecular technrgues to detect and drscnmrnate
etween the causative a%;ent of cr &/trsh pla ue A. astacl ang the wide ra ,?3 ofo er fungi
that have been rerl)orte rom crayfi Huan tal, 1994), Dieguez-Uribeorido et al. (1995),
Oidtmann etal. (1999) and Oidtmann et al. 2002)

2. The Ba ers of 1994, 1995 and 1999 describe the useara]ndoml amplified po (ﬁ) ?/m r[)]hrc DNA
to distinguish between a large number of isolates from diseased cfayfish and the
assrgnment offour A. astaci genogroups (named after the host from which they are isolated
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or associated). Astacus strain (group A), Pacifastacus strain I (group B), Pacifastacus strain
I (group C) and Procambarus Strain (group D).

3. Most recently, Oidtmann et al. 20022 have explojted the sequence differences between the
A. astac 1solates, other Aphanomyces and non-related fungi at the. 285 rRNA gene level to
develop a PCR-based to detect the crayfish plague fungus. _

The P RBrlmers,igre based on A. astaCi sequenice genérated by Oidtmann et al. and were

shown to e specific for the Qomycetes, generating the appropriately sized amplification

products for both the Aphanomyces species and. Saprolegnia species tested, with a sensitivity
of Ifg §184 genomic equivalents). Products derived fronf A. astaci were differentiated on the

basis 0 Lhe bsence ofanAIv_I e_ndonuclgase restncHon site.. o

The work of Otdtmann 1 preliminary and as the author admits in the discussion further

validation s required befare this technique can be usefully a?_pl_led to clinical samples..

The areas that need attention are 1‘)nThe _speC|f|C|_¥fand sensitivity of the ermer set in the

%resenceofcrayflsh tissue 2) and the ability to differentiate A. astaci in the presence of other

omycetes. Presence ofan und|g(fsted PCR product together with the expected digestion

Prodets ﬂfIL\ lagvis or A, nelicojdes could indicate either a partiall dlgested ofthe A

aevis/A. helicoices amplicon or the presence of A. astacl in‘a mixed mfection. ,

From the paper jt is also not clear ifthe grlme_rs (Pl and P2) have, bg%n evaluated a(falnst

regresentanve_s from each of the four A. astaci genogroups identified by Huang et al.

(1994),and Dieguez-Uribeondo et al. (1995).

4. Nonetheless, the putative. 283 rRNA gene sequence dafa has been submitted to Genbank and
It shoufd %e posglbfe with Sflm_lted _esource% to produce a modified Protocol sultaple tor
routine screen r&g for low, #evel infection of A. astacl in cra%flsh. Initia Iay tr? sensitivity of

ng the number amplitication cycles

the assa¥ could™be significantly improved by Increasi

from 3010 40, and the sgjecmcn could be enhanced bg_lncreasmg the annealin tem;r)erature
sllghtly. Using, the sequence data it should also be posSible tg eagnasecon? (ﬁrlm,e set for
use 1na second round or. nested PCR assay. The sensitivity of the assay can also be increased
by targeting the A. astaci RNA that is more abundant rather than the genomic DNA.

These results therefore represent a major development towards a practical molecular biological
glaqno_su? metth for A, astacl, but have not yet reached the stage at which they can be applied
0 clinical samples.
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8. TAXONOMY, MORPHOLOGY AND PHYSIOLOGY OFA ASTACI

8.1 Saprolegniaceae

Taxonomy has long heen a problem in the Saprolegniaceae.  This family, prominent in the
Oomycotina and consmtmg of some 12- 15 generaand 125-150 specieS, was first studied
serlo_usly in the 1?th Gen uré/_. Today the Comycotina and thus the éaﬁ]roleﬁ;nlac_eae, are
considered better placed in €ither the "Kingdom Protoctista or the Kln? om Chromista and,
regardless of which, are not con?dered to be closely related d;o the “frue Tungi”, the Eumgcot?.
They are gerhaps more correct zv_to be regar%ied a5 gseu o_fun%l. This” has considerable
relevance to any work carried out with potential fungicides. Agricultral fungiciaes are designed
to have effecAs on biochemical &athways of relevant Eumycota. The taxonomic gulf betiveen
Eumycota ana Oomycotina is such that few shared pathways exist.

The Saprolegniaceae Swater moulds}\‘are,a family of filamentous, coenocgtlc organlsms living in
fresh water Rabitats or In wet soils. Nytritionally they live as saprobes, pérthotr ghs, or Haras_lt%s
or (in some cases) as all three, depending on circumstances, A number of species that one mignt
nominall con?_ld,er as saErobe_s can live as Eerthot_rophs gelv_en suitable (jiead cells or tissyes on
the bodiés of living, prospective hosts. There is little question that under the rl%ht conaitions
some of these erthotroRhs invade the living tissyes of the host and thus become Trug parasites.
Some are important and effective pathogens (e.g. Aphanomyces astacl ang Aphanomyces
. Invagens) of aguatic_animals and others “are plant gathogens. The taxonomicall |m5)o tant
fee}}ures of the developmental cycle are descrlbe(f_ elow and illustrated in Figure 20. An
understanding of this much of the morﬁ 0Iog¥ and life cycle of the Saprolegniacede is essential
0 nﬂerstan mgfthe limitations of methods 0T jdentification of members of eSaﬁ),roIegnlaceae
andt erefore OT the constraints under which identifications including those In this report are
made.

Asexual reproduction in the Saprolegniales is accomplished by means of unicellular, bn‘la%ellate
zoospores (planonts) produced in “(usually) terminal sporangia separated from the yEJhaI
f|_I%ments b}llv_basal Septa. Zoosﬁorfs_are usua Ig_ hoth diplanetic and dlmorphlc, L.e., there aré two
different swimming stages involving two (itferent kinds of zoospores: E)yrlform primar

zoospores and reniform Secondary zoospores.. Each type of zoospore not only has a differen

shape hut also a dlffer%nt oint of fIa%eIIar mserélon. Furthermore, either or'both of the tw

swi mlngz stages may De suppressed. t varylnF egrees In some genera in the family. Bot

Zqospore P[ es encyst, in some cases immediate Z i others after swimming for varaym% eriods
of time. Primary zagspore cysts germinate to reléase secondary zoospores. "Seconddry osgore
cysts may bear"hooked. hairs on"their surfaces. However few genera in the family”have neen
examined by transmission electron microscopy to ascertain the nature of the surface of their
secondary zoospore cysts.

Sexual reproduction is by means of %ame,tanglal contact which leads to_fusion of haploid
oosrphgres eggs()J roduced in lateral or terminal fgmale gametan Ia (go onl_a? with sB%rm nuclei
carried to thé"o gfonla by antheridial branches and to thé oospheres 3{ ertilisation tubes. Bot
gametangial types (oogania and anther|d|a2 are separated from hyphal filaments by septa. The
7ygotes may under?o a resting period but In time they usually” germinate to produce hyphal
filaments that soon form terminal zoosporangia and zoospores.

8.1.1 ldentification to genus

Taxonomic_all}/, genera in the Saﬁ)role?niaceae are delimited (and therefore identified) by the
morphological and developmental features of the zoosporangia and the manner of zooSpore
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formation and escape (or failure to escape) from the zoosporangia. Despite its inadequacies this
persists as a primary character for separating genera.

Thus in Saprolegnia spp., zoospore discharge results in the release of motile primary zoospores
from a zogsporgngiunepwhlc% pIS w?der thgn ve(T]etatlve hyphae. In Achlyapspp eprlpmary

zoospore is suppressed and discharge aplanonts encyst” at the mouth of the sporangiym
subsgquently sm%mln_g as secon&ary oos_Bores. In Aphanomyces, discharge IS AcR?ym . but

the sporangia are no witler than the vegetative hyphae.

8.1.2 ldentification at species level

Traditional morphology also glives the criteria for delimiting species within the grou?. These are
0

?ased Iar%ely on the” morph or%]g and develogment of the_ooggoma and their c?n ents.  Such
eatures as dogonial size, presence and types of ornamentations on oogonial walls, presence of
pits (thin spots). in oogonial walls, numberand size of oospores in oggonia, or visual differences
In stored lipid-like %Io ul%s are all important n this regard. The origins of antherldl? are %I_so of
some importance here; whether they arise from the same hypha as the oogonia or from distant
hyphae is an important character, Various of these taxonomically important features and some of
their relationships to one another are illustrated In Figure” 20 which shows the general
zoosporangial morphology and stages in zoospore release™for six characteristic genera’in the
Sagrole niaceae, The SIX |genera_fhown ?Iso serve to illustrate the complete rangé of z os?ore
release patterns found in tfie family (see legend, Figure 20). Included in the gro Dp are the four
|

genera most commonly found on fishes: Saprolegnid, Achlya, Aphanomyces, and Dictyuchus.

Therefore, to identify a member of the Saprolegniaceae to the generic level, asexual reproductive
struciures are required, followed, for 5peC|at|0n, the sexual stfxges. Zoosporangia gre foymed
readily in nature and may eastly be induced.. Tn'contrast sexual Stages require several weeks to
form and are often su[ppressed, Jazgtlcularly in those members of the Family, which are animal
parasites such as A. astaci, A. Invadens andS. parasitica.

8.2 Aphanomyces astaci morphology

Much ofthe detail that is r(fa%uwed_ for the |dfe_nt|f|ﬁat|on of A. astacl has aIread% been presented in
the precede section on. |%n03|s ofcraY |sh%ague. It remains onlg to emphasise that apart
from the earliest description by Rennerfelt (1936) and Schaperclaus (1935), no-one has reported
as$xual staﬁe_ for A. astaci. “The latter reportel from crayfish tissue that was unlikely to be
unifungal. Ttis the author’s opinion that Rennerfelt’s description was also erroneous and'that A.
astacl Is entirely asexual.

The other aquatic animal pathogen in the genus Aphanomyces, A. invadens is the aetiologic agent
of Epizootic Ulcerative Necrosis (EUS% a highly invasive pathogen. of freshwater™ fish in
Australasia and SE Asia. No sexual stages are kiiown for this pathogen either.

Further supPort for the ahsence of sexual stages inthe A. astaci life cycle comes from the results
of Huan%e al. (1994) who investigating g wide ranqe of strains of ‘A, astaci by RAPD. PCR.
The factthat the Turkish isolate of A. astacl was clearly closely related to old Swedish strains led
to the view that this represented a very old introduction of A, astacl, probably direct descendants
of the original introductign, They noted that the degree of genetic Variation was lower than in
other fungi ang suggested that the virtually unchanged genotype over considerable temporal and
geographical distanice supported the absence ofa sexual cycle.
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Figure 20 Sporangia] types and zoospore escape patterns in six genera of the Saprolegniaceae.

A) Saprolegnia, characterised by clavate zoosporangia and diplanetic zoospores; primary
z,?os ores (Al) swim away from thf s#oritn%lum on release, B) l[e tolegnla has, parfow,
filamentous zoosporang[;a but a Saprolegnia-like diplanetism, Cg_ Achlya, zodsporangial shape
resemples a%role nia but primary zoospores encyst (C2) immediately on exltln% the “sporangial
tip, D) Apnanomyces has narrow filamentous, sporanﬁ;la gas in Leptolegnia) but a zoospore
escapé pattern like Achlya, E). Dictyuchus possesses clavate sporangla,_as " Saprolegnia, but
primary, zoospores encyst within the' zoosporangium. and do not escape, instead forming a net of
cells within thie sporangium and germinating to Telease secondary zoospores ‘E3) singly through
papillae in the sporanglal walls, F) Thrausiotheca, zoosporangiadisintegrate to releade” encysted
primaty zoospores (F2) which then germinate to release typical renifofm secondary zoospores.
Al) primary “zoospore, A2) primary zoospore ¢ Stt A3) secondary zoospore, A? secondary

N
7003001 Yst AS erm|nat|P9iS%e?2\r}gearr¥lﬁaﬁtéS oS 4).D’ & E, are the genera most commonly

Implicated 1n Saprolegniasis o

8.3 A astaci physiology

Comments here relate mainly to the temperature range at which A. astaci will grow, sporulate.
and_survive. These factors relate strongly to the Batho enicity of A. astaci and to the pattern of
clinical disease that results see_Pat_hO?emcny, elow), The temperature / growth curve for
mycelial growth of a typical British isolate of A. astacl is shown in Figure 21. Sporulation
temgeratures are more restricted, in Ahls |soIa|e gee}km at 22°C and ce?snﬁ,at 25°C, Dmgvuez-
Urebeondo, J. et al., (1995). reported that isolates from Procambarus clarkli in Spain showed a
hlgher thermotolerance than N. European jsolates. This may represent selection for Spanish
frésh water temperatures or could mean that some Spanish"A. astacl isolates. derive” from
Introduced Louisiana crayfish and represent a warmer adapted N. American A. astac strain.
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Ability of stages of the life cycle of A. astaci to survive freezing and cooking temperatures are of
obvious interest to those countries that remain free of crayfish plague such as Australia and a
brief description is presented here of some studies carried out on behalf of AQIS (now
Biosecurity Australia) to determine whether A. astaci mycelium or spores or A. astaci in

infected crayfish would remain viable after cooking or freezing.

The effects of temperature on viability were tested using a modification of the methods
employed for testing candidate fungicides (Alderman 1982). The method used for testing of
fungicidal compounds is shown diagrammatically in Figure 22, and was modified from
Alderman (1982) in that, instead of exposure to different fungicidal compounds, the mycelial
discs of A. astaci isolate FDL 457 and supporting membrane filters were exposed to different
temperatures for varying time periods (from 5 minutes to 14 days exposure to test temperatures).

Figure 21 Temperature /growth curve for typical British isolate of A. astaci

Standard 90mm plastic petri dishes containing RGY agar were inoculated by placing inverted
4mm diameter plugs of actively growing culture of A. astaci at their centres. These plates were
incubated at 15°C until the new colony had a diameter of between 40 and 60mm. At this time,
using a sterile punch the whole growing surface of the culture plate was “converted” to fresh

plugs of inoculum.

Polycarbonate membrane filters, Nuclepore and Whatman were employed. These polycarbonate
membrane filters are strong and have considerable wet strength with extremely low retention,
unlike paper, precipitated or woven filter media. They autoclave well and, being packed with
interleaving papers, could easily be picked up with fine forceps. Batches of 50 to 100 (as
appropriate) were placed in glass petri dishes and packed in sterilisation bags and autoclaved at

121°C for 15 minutes.
When needed, packs of sterile membrane filters were opened and, using aseptic techniques, the

filters were transferred to the surface of new plates of RGY agar. Up to seven 25mm filters
could be accommodated on the surface of a standard 90mm petri dish. Newly cut A. astaci agar
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Plugs_ were inverted F}colony surface down) at the centre of each membrane filter. Plates were
then incubated until the A. astaei colonises the surface of the membranes. Some manipulation of
incubation temperature was used to ensure that the time taken to cover the filter surface was
appropriate to the time need to start the temperature exposure.

When the membrane supported colonies were 25mm in diameter, a pair of hot flamed curve
tipped forceps were used to excise the original inoculum pIu% from the centre of the colony to
leave a largely naked fungal colony on the membrane filter surace.

Petri dishes contamln? 10ml of sterile demineralised water were prepared in advance and placed
in lab freezer room / freezer / refrigerator / cooled incubator / incubator / oven as appropriate to
the test temperature concerned. These were given time to adapt to the test temperature (time
predetermined by tests with a logging thermometer system).

When ready the membrane filter supported A. astaci colonies were transferred aseptically to the
petri dishes and left for the appropriate length of time,

Incubate Aphanomyces Incubate culture plugs on Remove plug and transfe r ~ Transfer to new
astaci on RGY agar, cut membrane filters to producs membrane filter to water it~ agar plate and
out culture plugs colony discs test temperature incubate

Place colony Place colony
side down side down

Figure 22 Diagrammatic representation of filter disc procedure

At the predetermined intervals, dishes were removed from the test temperature and the
membrane filter supported colonies were transferred to new RGY plates by inverting them
colony down on the agar surface.

These plates were be incubated at 15°C for 24 h. Any new 8rqwth from the edqe of the colony
were measured as increase in colony diameter at 2 points at 90 intervals, using electronic digital
calipers to the nearest 0.5mm. After a further 24h incubation, growth was measured again. The
intention was to determine both any inhibition of growth and any delay in recommencement of

growth,

At least 5x 4 colonies were tested (diameters at 90? for each time / temperature combination,

iving 160 growth data points for each time temperature combination. Similar colonies passed
t rough the same physical movements, but incubated (exposed to) at a temperature of 15°C were
provided for each time / temperature combination.

A. astaci survived well at those intermediate temperatures which are at or near its normal growth
range (0 to 10°C). At 24 hours after the return of the fungal colony to its normal culture
temperature of 15°C, no new growth had occurred from colonies exposed to temperatures of -
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20°C and -15°C for more than 10 minutes. At -10°C, exposure for more than 20 minutes
prevented further growth at 24 hours as did exposure to -5°C for than 24 hours. At the opposite
end of the exposure temperature scale, no new growth had developed in 24 hours from colonies
exposed for 5 minutes or more to +60°C or +70°C.

Aphanomyces astaci, Disk method, Growth at 48 h post exposure

Exposure Period (hours)

Exposure Temperature C

Figure 23 A, astaci Growth after exposure to high or low temperatures

That A. astaci is able to recover from limited exposure to “abnormal temperatures” was
demonstrated in colonies at 48 hours after return to normal 15°C culture temperature. Some
limited survival was seen at 20 minutes exposure to -20°C and at -10°C, whilst at -5°C, growth
was possible after 3 days exposure.

The culture plates from the -20, -15 and -10°C 12 hour exposures were maintained for a further
4 days at 15°C (a total of 6 days post exposure to those temperatures) and no new growth of A
astaci was recorded. At +60°C and +70°C no new growth occurred from colonies exposed to
those temperatures for as little as 5 minutes.

When the effects of exposure of zoospores to different temperatures was investigated, the results
obtained were superficially fairly straightforward. When numbers of colonies were counted after
5-8 days incubation at 15°C (Figure 24), the numbers of colonies increased with length of
exposure time to temperatures between 0°C and 15°C. A marked increase in numbers of new
colonies occurred with temperature exposure times in excess of 24 (15°C) to 72 hrs (0°C).
Below 0°C, exposures of up to 12h at -5°C and -10°C did not result in any reduction in the
number of colonies produced on return to incubation at 15°C, but very few propagules survived
24h exposure to these temperatures. None survived to germinate when exposed for 72h. At -
15°C and -20°C a few spores survived to germinate when exposed for 5 or 10 minutes, none
survived 20 minutes at these temperatures.
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Aphanomyces astaci spore counts at 5-8 days
after exposure to different temperatures

Figure 24 A astaci effect of temperature on spore viability

These results indicate that propagules of A. astaci have only limited ability to survive for periods
of exposure to temperatures below 0°C for more than 24h and below -10°C for less than 20
minutes. At and above 60°C, no propagules survive even for 5 minutes. Therefore normal
freezing or cooking procedures will ensure that no viable propagules will be present.

This simple interpretation of the results of this study in relation to commercial transfer hazards
disguises a number of other scientifically interesting and difficult to interpret aspects of the
results.

Oomycete zoospores react to fairly small physical shocks by encysting. At 15°C the spores will
have received two such shocks in quick succession (5 to 20 minutes interval) when they were
pipetted into the 6 well dishes and then out and onto the incubation plates. At a temperature at
which the spores are active, the resulting poor survival should not be regarded as unexpected.
When the transfer shocks were separated by 12h or more survival improved.

Although some suggestions can be made, the very interesting increase in numbers of surviving
propagules which occurs after exposures of between 12 h and 72h at temperatures between 15°C
and 0°C is much more difficult to explain. The result would seem to be linked to metabolic or
physiological factors since the effect is delayed as exposure temperature is lower.

The short (5 to 10 minutes) period of survival at -15°C and -20°C reflects the difficulties of
cooling the spore suspension down rapidly and it is unlikely that these results represent true
temperature exposures for the full time. The survival of spores for up to 24h at -5°C and -10°C
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is however a little unexpected. Oomycetes are known to contain high molecular weight su%_ars n
vacuoles in the cytoplasm. These have been suggested to offer possible limited cryoprotection to
the cells for at least short periods. Certainly, A. astaci must normally be able to survive low
water temperatures for periods in crayfish in"Norway and in Sweden, but these temperatures are

lower than would be expected in nature beneath ice.

Most interestingly the Ien(?th of exposure at which low temperatures (-5°C and -10°C) result in
a sudden fall in‘survival o pro19agule_s IS veg much the same at that at which there is an increase
in survival at 0°C and above. This gives added confidence in the results obtained both above and

The results suggest that some delaged %ermination or growth effect is occurring, the length of the
lag period for which is affected ¥ the temperature of exposure, increasing with reduction in
temﬁerature to 0°C. Below 0°C instead of increased numbers of colonies forming, all propagules

are killed.

Published and unpublished observations on A. astaci indicate that under normal temperature
conditions, germination will take place fairly ra;%ldly (24h) and visible germlings can. be
observed on'the agar surface in this time at 15°C. These observations refer t0 spores deposited
direcdy onto RGY agar and incubated immediately at 15°C. In the present study, spores were
held in distilled water at the test temperature. In both cases the spores were produced from
mycelial culture that had been washed several times in sterile distilled water before incubating in
dlStIltlﬁd v]yaterI to induce zoosporulation. Availability of nutrients in the spore containing water
was therefore low.

Encysted spores of Oomycetes can germinate under low nutrient conditions to produce
gﬁrmlmgs or they may excyst directly to produce another motile zoospore. Such germlmgs are
short lengths of narrow vegzetanve mycehum which, as reported, can then Rro uce a small
spherical terminal cyst structure capable of releasing a single zoospore. This has been termed
“repeated emergence” by Willoughby. Whilst there'is no specific report of repeated emergence
occurring in A. ‘astaci, germlings are produced in distilled water and these may hecome septate.
The possibility exists that such septate germlings may be fragmented during transfer and thus act
as more than one propagule |vm(t; a possible explanation for the increase in colonies noted after
24 to 72h exposure at 15°C down to 0°C.

This mterPretatmn leads to the_suqﬁestmn that the colonies appearing after short exposures
represent largel zoos?]ores, which have not encysted and have remained motile and able to
germinate rapi IY_. Those growing after the longer exposures could thus represent encysted
spores and germlings. Few zoospores (or encysted spores or %ermlmgs) were able to survive
exposures t0-5°C or-10°C for 12h and none for exposures of 24h
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9. PATHOGENICITY

Until the studies of Alderman et al. (1987) information on the severity of the effects of crayfish
Plagu_e on susceptible crayfish populations relied almost exclusively on information collected in
hefield or in commercial crayfish stock-holding facilities, for example, Schikora (1906) and
Schaperclaus (51928) and such field studies were hamEered by the very varied nature of gross
signs of the disease. It was established early (Schikora 1922) that Aphanomyces astacl, is
h|%hly pathogemc to native European crayfish species, whilst American species are resistant.
Schikora (1906), using a small group of infected animals as an initial challenge, successfully
transmitted the infection from one crayfish to another 15 times over a 4-month period. He was,
however, unable to control his experimental condltlons._Havm%_cultured A. astaci, Nybelin
(1936) was able to use zoospores to initiate infection but limited his experiments to two or three
animals at a time. Unestam, in his investigations into crayfish plague, carried out a number of
laboratory infection experiments with different crayfish species FUnestam 1969, 1972; Unestam
& Weiss"1970). In particular, Unestam & Weiss (1970) compared the susceptibility of Astacus
astacus and Pacifastacus leniusculus to different concentrations of zoospores and estimated the
LD50 f°rd. astacus to be 3 zoospores/ml, slightly higher than the lowest concentration of 2.5

zoospores/ml tested. In that experiment, three of seven crayfish died with a mean time to death
of 14 days at 16.5°C but, in a footnote, the authors indicated that the final mortality in the
experiment was 100%, with one animal dying at 28 days and three at 36 days Bo_st-challenge, all
showing slight signs of fungal infection. “These authors therefore did not establish an LDso5the

lowest dose that they employed was higher than the LDioo-

The only mvestlﬁ?tor,s to develop a laboratory challenge model for crayfish plague and then use
It to investigate the disease under controlled conditions were Alderman et al. (1987) who studied
a range of factors affecting the ﬁathogemmty of A. astaci under controlled Iaborato%y conditions
and compared their results with results obtained from natural field challenges.  Their studies
provided experimental explanation for many of the observed patterns in natural outbreaks
crayfish plague. which had caused confusion in investigators e.g. “Krankheitstoild mit so
unglaublich variablem ngptomenkom lex zu Stande kommt, wie s keiner andern bekannten
Epizootie der Fall ist" (Schikora, 19225) (a clinical picture with such an unbelievably variable
symptom complex unlike anything produced for any other known epizootic disease).

The authors' field challenges were carried out at a time when a major natural epizootic was
taking place in the River Avon (Au%ust to November 1983).  Healthy stocks of
Austropotamobiuspallipes obtained from a then plagiue free river were placed in a plastic-coated
metal-mesh cage (0 75 x 0.75 x 0.75 m) moored on the river bottom.  [n the laboratory infection
trials, experimental animals included bath A. pallipes and Astacus leptodactylus. The latter were
then readily available being imported from Turkey for restaurant sale via the Rungis in Paris to
Billingsgate fish market in London.

Zoospores for experimental challenge were produced from mycelium transferred from broth
cultures to sterile river water which was then used as an experimental challenge to crayfish,
either at full concentration or at selected dilutions. Numbers of zoospores were determined by
counting germlings from plated aliquots.

Zoospores were added to tanks of crayfish, temperature controlled water was re supplied 12 -
14h after the introduction of the zoospore challenge. Dead and dying animals were removed for
detailed examination and randomly selected animals used to re-isolate A. astaci to confirm its
presenlce in the tissues of the dying animals.  All experiments were accompanied by appropriate
controls,
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Crayfish plague, natural challenge, epizootic peak, Tetbury Avon, Summer 1983, Mid outbreak, 1B°C

Days

Figure 25 Crayfish plague, natural challenge, epizootic peak, Tetbury Avon, Summer 1983, Mid outbreak,
18°C

Days

Figure 26 Crayfish plague, natural challenge Oct - Nov 1983, by the end of the outbreak, water temperatures
had fallen from 9°C to 6°C
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The A pallipes exposed to the natural challenge in August 1983 at the height of a natural
crayfish plague mortality in the river (when many crayfish were dqu_ n surroundmg waters),
were rapidly infected. During the first 7 days no behavioural abnormalities were noted. At the
end of an unav0|dable_8-da¥ lapse in observations, all but one animal was found to be dead
(F|?ur_e 25}. Examination of these animals showed the simpler gros_s,3||gns of crayfish plague,
Including localised-to-extensive patches of muscle necrosis and a visible surface patterning of
soft exoskeletal areas due to the presence of extra-matrical fungal hyphae. The surviving animals
showed both gross and behavioural signs of crayfish plague and died within 24 h. The water
temperature was then 20°C.

A further experiment was conducted at the same site, commencing in late September 1983. At
this time, no live craIflsh could be found surviving in the immediate vicinity of the experimental
site which was only 4 km from the source of the stream. Water temperature was 12°C at this time
and maintained 9°C for most of October, finally falling to 6°C by mid-November, The resultant
mortality rate was much lower (Figure Zf), with behavioural abnormalities occurring for up to 3
datys prior to_death with the last cra¥ Ish surviving for 55 days before succumbing to the
infection.. This prolonged, low mortality rate was accompanied By an increased range of gross
signs visible on the infected animal, including limb autotomy,” extensive melanisation plus
blackening due to secondary bacterial infection.

Incubate Aphanomyces

astaoi on RGY agar, cut

out culture plugs
Decant
mycelial
colonies into
sterile sieve

Transfer
washed
colonies
from sieve
into sterile
river water
to incubate

Incubate culture plugs on in
RGY broth in flask to
produce mycelial colonies

Figure 27 Procedure for production of zoospores of Aphanomyces astaci

To Qroduce zoospores for laboratory challenges standard 90mm plastic petri dishes containing
RGY agar were inoculated b1y placing inverted 4mm diameter plugs of actively growing culture
ofA astaci at their centres. These plates were then incubated at 15°C until the new colony had a
diameter of between 40 and 60mm. At this time, using a sterile punch the whole growmg
surface of the culture plate was “converted” to fresh plugs of inoculum. Such plugs were seede
into 250ml of RGY broth in 1 litre conical flasks (10 plugs per flask) and incubated at 15°C for 5
to 7 days (Figure 27).
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The mycelial colonies so Rroduced were then harvested by decanting the flasks into sterile
stainless steel sieves through which 500 ml of sterile river water was then flushed to wash away
remaining nutrients, The washed mYcellum was then dispensed using aseptic techniques into
petri dishes of sterile river water and 1eft overnight to sporulate. Zoospore c_ontalnln% water was
then added to the chaIIenPe tanks, either at full strength or diluted. Aliquots é mR of the
challenge dose were sampled, plated on RGY agar and”incubated for 48h at 15°C. Resultant
colonies were then counted to determine challenge dose used.

Crayfish pfague, A pallipes, Laborafoiy Ctefenge* 5 zoospcresrimt 1S°C

Cteys

Figure 28 Crayfish plague, A. pallipes, Laboratory Challenge, 5 zoospores/ml, 15°C.

The majority of the laboratory challenge experiments were made using A. leptodactylus since,
with crayfish pla(%ue present in the UK, A. pallipes populations were regarded as under threat. A
single experiment (

Figure 28) with A. pallipes was carried out to demonstrate the pathogenicity of A. astaci under
controlled conditions. At 5 zoospores/ml at 15°C, A. pallipes was Confirmed to be extremelg
susceptible, with the first mortalities occurring at 6 days post-challenge and reaching 100% at

days post-challenge.

Using A. leptodactylus, a simple variation in spore challenge produced a marked difference in
mortality pattern (Figure 29). With a high challenge (13 zoospores/ml, 20°C), crayfish died
uickly {mortalities from 5 to 12 days post-challenge) but with one-tenth the number of spores
(1.3 zoospores/ml, 20°C) the mortality was delayed, commencing at day 11 and continuing
slowly until day 40. The effect of challenge size was further investigated in exgerlmen_ts to
demonstrate the influence of temperature on' the pathogenicity to crayfish (Figure 30 & Figure
31). With a reIatw_eIK high spore challenge (12 zoospores/ml), decreasing water temperature
produced only a slight increase in host survival time. With & lower zoospore challenge (1.4
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Combined effect of water temperature and zoospore challenge

Figure 32 Comparison of effects of challenge dose and water temperature

Irrespective of the challenge dose, the mortality pattern of crayfish plague is consistent. After
exposure there is a long post-challenge incubation period during which the behaviour of the
infected animals remains normal, followed by a short period of abnormal behaviour and death.
The duration of the two phases is altered by temperature and challenge sizes, but the overall
pattern is not. At the highest challenge doses reported, the incubation period from challenge to
first mortality is 5-8 days, followed by a rapid onset of mortality with 90% or more animals
dying within the following 48 h. With challenge of this severity, the effects of temperature
between 10 and 20°C on the duration of the mortality phase are limited. Moderate or low-dose
challenges result in a markedly extended incubation period, extended duration of abnormal
behaviour, and a greater spread in time of death. Under those conditions, water temperature
then plays a major role in the spread of the incubation and mortality phases of the infection, so
that identical challenges produce widely different mortality duration.

These mortality patterns may be used to give some explanation of the results obtained from the
field trials. In August, with an active natural mortality providing a high spore challenge, and
with higher water temperatures, a typical short incubation prior to rapid mortality resulted, whilst
in October, with only a few surviving crayfish dying in the river, a presumed low-spore
challenge and low water temperatures produced an extended survival phase and a much
prolonged mortality.

In the laboratory challenge experiments described above, no mortalities occurred in any of the
experimental control tanks, even in the 3 months of the transmission experiment. In each
experiment, all challenged animals died eventually, although low-challenge doses presented the
most variable mortality pattern with an extended incubation phase followed by anything between
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an extended mortality phase and a rapid mortality phase. Reasons for_this var|ab|I|t¥_ can be
sought in secondary infection, from A. astaci sporulating on infected animals. Sporulation may
vary from a few zoospores developing on a localised infection on one animal, to many spores
from a number of lightly-infected animals or to many spores from one heavily-infected, dying
animal.  On this variation will depend the pattern of subsequent mortality produced by the
secondary infections. Results obtained by Unestam & Weiss ( 9_702 with an’initial challerige of
2.5 zoospores/ml are thus readily explicable. Severe gnmary infections produced the seven
mortalities within 14 days mean time to death whilst the 28-day and 36-day mortalities will have
been due either to light, primary infections or to secondary infections “derived from animals
dying earlier in the same tank,

R&D TECHNICAL REPORT W2-064 : Page 56



Anjmals Subject to intermediate levels of chaIIenqe can exhibit clearly visible "trails" of brown
melanisation'which trackthe presence ofhyphae oTA. astacl in the interstemal and articular soft
%uncle, and in the connective tissues |mmed_|atfl%/ below. This is rarely observed in crayfish
rom natural epizootics, but Is not uncommon In faboratory experiments.

The areas of the crayfish body affected include the interstemal soft cuticle of the abdominal
region and of the joints of the' pereiopods, particularly in the proximal joint, that between the
basipodite and coxopodite (Figure 34). Infection of pereiopods was occaSionally associated with
autotomy of the affected limb, but this rarely appeared to improve the outcome of the infecion.
Additionally, many infections were associated with the soft cuticle of the perianal region (Figure

39), these often seeming to be th? morf chronic jn whi

|§h severe pathology was assoc,latefl with a
slow death. Other areas vulnerable include the gills and eyes (F|gure353. In most animals, these

gross signs appeared largely to be confined to ofe, often limited, area ot the body.

10.3 Microscopical observations on fresh preparations

In addition to low_power examination of intact ross_sloeumens of crayfish plague infected
crayfish, the examination of fresh preparations ot cuticle and of muscle from such animals
provided further information on the process of infection and acted as a valuable tool to aid to
give a ﬂresumptlve diagnosis of plague and also aided in the selection of suitable tissues from
which the isolation and tulture ofthe“pathogen could be attempted.

Soft interstemal or interarticular cuticle from above the site of whitening necrotic muscle was
carefully excised and mounted in water op a slide, Small excised_blocks of muscle and Iengﬁhs
of ventral nerve cord, were also bf examined In thﬁ same way. The cuticular mount normally
consisted of the, cuticle itself, plus the epidermal and connective tissues with which 1t IS
intimately associated. Infect%d areas of such cuticle und?r brlght field or has% contrﬁst
mm_roscogy showed fungal hyphae ramifying th[ou%h epithelial and Connective tissyes below the
cuticle. Stages of host re%)onse couI? be séen in the form of haemocytes aggregatln% along the
hyghae and the_development of melanisation and encapsulation gFgure g Although this
encapsulation affected significant lengths of hyphae, containment was riot achieved and normaII%/
the hg/phae coyld be observed growing on beyond the area ?f encapsulation, unaffected by it
Numérous hyphae unarfected by any “host response were also present. In many speciniens,
hyphae could be observed_grov_vmg out throggh the CéJtICle to sporulate on the surface Sélch
typical narrow ,zoospor?ngl with “clumps of “encyste %nmary spores at their tips provided
resumptive evidence ofthe presence ofA. astaci (Figure 36).

Animals from laboratory exFer_lments tended to be much cleaner in appearance microscopically
than those from natural mortalities where a wide range of epibiotic foullnﬁ organisms includin
bacteria, other fungi, protozoans and algae were intermingled with the hyphae, zoosporangia an
spores of the pathogen on the cuticular Surface.

10.4 Histopathology

The variability of Igross pathological signs in crayfish plague infections was foun to be reflected
in the consicerable range of histopatiiology encountered even in moribund animals. As with
?ross SI?HS, in animals Qying and newly dead from a high zoospore challenge at warmer water
emperatures, It was often ditficult or impossible to find gvidence of hyphae of A. astaci in the
tisses and evidence of host response was equally sparse, whilst in animals with chronic lesions
hyphae were locally abundant and tissues were heavily infiltrated with haemocytes accompanied
by varying development of melanisation and encapsuldtion.
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10.PATHOLOGY

The comments in this section derive from a manuscript in preparation (Alderman and Poiglase)
on the detailed pathology of crayfish plague

10.1 Behavioural Effects

Crayfish infected with Aphanomyces astaci show two different behavioural abnormalities.
Clinically infected animals can be found in open water in full daylight and their movement is
sta9 erli and_uncciordmated and h?s been ‘described as “walking” on stilts" (Schaperclaus,
1979). Both evidently reflect a loss of normal co-ordination.

Observation of both natural crayfish plague epizoatics and experimental laboratory infections
supports the view that these hehavioural Signs of infection reported i the iterature are a normal
occurre,nc? in infected crayfish in the last 2 hli_efore death. Animals wander in.open water in an
mireasm, rXdlsorlente a%/, c0-0rdination of |m8 Movements Is Ii),st, the.pereio ?ds tend to be
hedstralgg ter, rather than Curved in under the body which is thus lifted higher oft the substrate
hence “walking on stilts". Animals,_loose halance and fall onto their backs. Thff_crustacean "ta)

flip® is lost, Once overturned crayfish rapidly deteriorate, with uncoordinated limb movements
until death intervenes,

In natural mortalities most animals died in the open, the mﬁioritg did so, and d¥in%crayfish_are
soon predated upon by other aquatic animals and In particular By birds. This Torms apossible
route of transmission Via contaminated feathers and feet.

10.2 Gross Pathology

%ros 5|%n_s fcrt?yflsh p_Ia(h]u_e have I_on? heen reé)orted to be h',%hl}q variable, so much so that
they havé Indyced confusion In nvestigatars to the extent that some have t ou%htt_hat more than
ong disease. might be involved. The déscription presented here is confined to the sq_ns observed
Fn sgsceptlble crayfish, both A. g)aIIHJes In natural and. eererlmentaI_e izootics and A
eptodactylns In experimental ones and_dogs not consider resistant N. American Species such as
P, Ienl_uscuI%Js. The conmderalile variability of gross Joathologgf was interpreted ﬁs a direct
reflection of the effects of ch Ien%e severjty and water temperature d|s?use In the author's
previous publication on the pathogenicity of A. astacl (Alderman & Polglase, 198x). -Animals
subée?ted {0 a hlgh _challewle dose at warmer water tem'oeratures werF there noted as d mg
quickly and presénting few” gross signs whilst conversely a range of clearly evident gros

pathological signs resuﬂed from low challenges and lower temperatures.

At the hlgh challenge, warmer temperature en| of éhe ga][h%lotglcal range, a careful external low
power stéreo microscope examination of moribund crayTis equentl? fail to find evidence of
Infection. At most, areas of muscle can be seen through the soft interstemal and articular cuticle
In which a whitening and increased opacity of the” normal greyish translucency of muscle
indicates localised muscle necrosis associated with the invasion of fungal hyphae (Figure 33).

With few A. astaci spores and at lower water temperature, moribund animals presented with
major_areas of gross whitened muscle necrosis, associated with brown to™ brown black
melanisation, hoth focal and general in the tissues. “Again, gross lesions are only readily visible
below the soft interstemal cuticle. The external surface of the cuticle in such regions has a rough
or "fluffy" a Pearan%e %ngre ?7) resulting from the Presence of num%rous_ extramaérlcal hyphae
growing” out through the “cuticle. ~Secondary bacterial attack of such lesions produces d dark
Necrosis different t0 the brown colour of melnisation.
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The hyphae of A. astaci are thin walled and were found to be very difficult to discern in crayfish
tissues with routine histological stains such as haematoxylin eosin. EquaII%,. the normal couinter
stain, light green, employed with fungal silver stains such as Grocott, which would stain the
hyphae clearly, did not provide adequate differentiation of the surrounding crayfish tissues.

erefore a combined Grocott silver with haematoxylin and eosin as counter stain was employed
which gave good definition of the A. astaci hyphae and of the detail of the crayfish tissues
(Figure 43, Figure 47).

Even with a stain which could readily demonstrate the presence of A. astaci hyphae in tissues,
when areas for examination were selected on the basis of the presence of gross éxternal signs, A.
astaci proved difficult to detect in histological sections of infected animals. Except in moribund
animals and those subject to_chronic infections, the distribution of h)ﬁ)hae_ proved to be very
limited.  After careful’ examination of an extensive range of infected animals, the principal
tissues which were found to be invaded were

) peripheral connective tissue between the exoskeleton and the body musculature

i) connective tissue around the ventral nerve cord with little or no penetration into the nerve
cord itself. (Figure 43)

iii)  connective tissues surrounding blood vessels and blood sinuses including the dorsal
aorta, followed by invasion of the vessels and sinuses themselves.

iv)  external surfaces of muscle blocks with a few hyphae penetrating between segments of
those blocks along the connective tissue sheaths.

In acute infections in the primary area of infection, a few h;ﬂOhae could be observed penetrating
w%o artljdf_causmg significant lysis of muscle, with the smaller peripheral muscle blocks being
affected first
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Figure 33 White muscle necrosis, natural infection

Figure 34 Infected proximal periopod joints

Figure 35 Melanisation and extramatrical hyphae

Figure 36 A. astaci primary spores on exoskeletal surface
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Figure 37 Melanisation and “fluffy” surface

Figure 38 Infected right eye

Figure 39 Perianal region infected

Figure 40 Encapsulation of A. astaci hypha in soft
cuticle
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Figure 41 Isolation of A. astaci from ventral nerve cord

Tt
——

Figure 43 Hyphae in connective tissue around nerve cord Figure 47 Hyphae in connective tissue

Figure 44 Severe chronic pathology, animal still living. Figure 48 A astaci Lesion on Signal crayfish
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11. OTHER DISEASES

Although crayfish plague is the most important disease of crayfish in Europe, there are a number of other
disease%_an yparasﬁ)teg known from Briﬁsh Wwaters that wil?ybe descri%edp %rlteﬁy with an indication of

distribution, prevalence and severity

11.1 Other fungi

11.1.1 Aphanomyces spp.

Other members of the gl_enus Aphanomyces other than A. astaci have been found associated with crayfish,
particularly”, laevis. “The presence and isolation of a member of the %enus Is not therefore diagnostic of
crayfish plague and of A, astaci. Most suich isolates, even from suspect plague cases can be perduaded to
produce sexual stag?s tha(s allow identification to species, The onI%/ AEhanom,yces species for which
sexual stages are so far undescribed 1S A. invadens the aetiologic agent of Epizootic Ulcerative Necrosis a
h|§thy Invasive and virulent path_o?_en of tropical freshwater Tish known from J?Ean, Australfism and SE
Asia.” It IS a common characteristic of Oomycetes parasitic on aquatic animals that sexual stages are

absent or suppressed.

11.1.2 Saprolegniasp.

Saprolegnia spp. are very common in freshwater environments in the UK. Best known for infestation of

salmonid eggs in fish farm h?tcherles and of sressed and |mmunosuFresi]ed adult salmonjds (mamlay
males), Saprolegnia spp are also associated with crayfish. In particular t e;B are frequently found) S
[

secondary Invaders in crayfish dying from primary crayfish plague. The much broader hyphae (20fim) of
Saproleg%ia spp are un?ik ly to 8/e c%m‘useéJ with %ose);x. asPamg 9-1011.m). yonee |

11.1.3 Fusariumspp.

The %enus Fusarium comprises %er,o-aquatlc hP/phom,ycetes and that are the imperfect (asexual) st ges ?f
members of the Ascomycota. Their hyphae arg hyaline and sepatate and produce large numbers of Small,
generaIIX banana _ shaped fsepiz\ate conidia.  This widesprea genus is well ,r% ognised as producmg
infections i marine and freshwater crustaceans, Including lobster and crayfish. ~They appear to b

opportunist wound invaders rather than primary pathogens.

Onge infection is_established, host respanse produces a grossly evident melanised encap_sulfltlon that
limits the extent of the Infection (Fl(gure b3). However encapsulated penetrations into subcuticular tissues
can,lorevent molting and thus be lethal over long periods. The appearan,c% of Fusarium,_ lesions is ve

similar to that inglu %db A. astacj In plague resistant N. American crayfish. In Jhe maring environmen
most cases reported nave been attributed to Fusarium solani, but F. tabacinum and F. melanchlorum have
been reported from freshwater crayfish (Alderman D.J. & Polglase J.L., 1984; Vey, 1978). Identification
of isolates to species (Figure 54) réquires experience and is best left to experts in the genus (e.g. IMI).

11.2 Porcelain disease

A microsparidian, T_helfhania conte{eani _ . _ _
si)ores. nfected animals present with a “hright” whitening of the musculature (Figure 49, Figure 52),

clearly visible through the thin uncalcified intersegmental cuticle of the abdomen and in advanCed cases
through the calcified exoskeleton as well.

Distribution world wide, present in most crayfish waters in the UK. Foci of high levels of infection have
been observed in rivers. “ Transmission pot Studied, but thought to be oral. Believed to be lethal over a
period of months, infected animals should therefore be culled” The white appearance of infected crayfish
muscle can.be mistaken for the effects of crayfish plague by the uninitiated, but porcelain disease réally
does result in a “bright” white coloration which is not easily confused once seen.
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11.3 Psorospermium haekeli

P. haekeli (Figure 51)is, like T. contejeani widely distributed in crayfish in Europe and has been reported
from as far afield as Australia and in‘most crayfish sloemes European, N. American and Australian. "It has
been observed in occasional specimens in the UK. It has long been regarded as an organism of uncertain
taxonomic affinity. Authors, without good basis have referred to it as a “fungus” and a nematode which
are clearly inappropriate. The protists Anurofeca, Ichthyophonus, and Psorospermium, are now _regiarded
as helonging taxonomically near the ammal-fungial divergence. These last two genera have been included,
together with Dermocysfidium, in the newly described DRIPS (Dermoc¥st|d|um, rosette agent,
Ichthyophonus, and Psorospermium) clade, recently named Mesomycetozoa. The clade constitutes the
most"basal branch of the metazoa; or in some analyses that incorporate less well-aligned sequence
reglons, an alternative topology it diverges immediately before the animal-fungal dichotomy Ragan et al,
(1996), Figueras et al., (2000).

11.4 Branchiobdellids

The Branchiobdellids figure 50) are a round worm like but distinct Phylum essentiallg confined to
crayfish. They have beenobserved in the UK in partlcularlﬁ on A pallipes in the Thames. Some are true
parasites browsing on the gills within the gill chambers of their hosts.
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Figure 49 Porcelain disease, left animal infected, right Figure 52 Porcelain disease
animal normal

Figure 53 Fusarium infection of gills
Figure SO Branchiobdellids in gill chamber of A. pailipes

. . .. Figure 54 Fusarium tabacinum
Figure 51 Psorospermium haekeli in A. leptodactylus g
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12.BACKGROUND

The literature of crag/flsh A{)Iague has been extensively reviewed in the first part of this report. It
s clear that the Eath en A, astacl is an aggresswe pathogen that has been ﬁresent In continental
Europe since the last quarter ofthe 19t Century. It's also clear that the pathogen was Introduced
from N. America at that time and that 20th Céntu |mBorts 0‘ the__sur;nal crayfish Pacifastacus
eniusculus and the Louisiana Swamp crayfish, Pracambarus clarkii for farming and restocking
have led to further introductions of new’ strains of A. astacl. In the UK introductions of P.
eniusculus which commenced In or agout 1978 have been responsible for introduction .of
crayfish plague into the waters, of England and Wales where large populations of the native white
claw crayfish were long established and highly susceptible.

Both experimental and field evidence shows that N American crayfish are highly resistant to A,
astaci and it is theorised that this developed in N America as the host species ?nd_patho%en Co-
existed together over many years. Resistant N American cra¥flsh can carry infection and under
multiple stresses can become susceptible to clinical disease. The introduction of crayfish plague
Into naive PoP_u_Iatmns of Euro;t)e(?,n crag/flsh had the inevitable result that always h_g ens,
massive mortalities. Unlike most diseaseS the virulence of A. astaci to susceptible Crayfish has
been such th%t no survivors have been recorded and it has been _suggeste that one single
200Spore ¢an pe a minimum infective ofsewnh the final outcome of jnféCtion em(I; death. The
outcome has been the disappearance of susceptible European crayfish from most waters that

have become infected.

High infective doses_produce rapid mortalities and high populations of susceptible cra¥_f|sh will
of course produce high doses of spores to_infect théir neighbours, In resistant cra |?h little
funga gro i) c?n occur and mo%t B hea%ny enca[)s&uated bg host resp_oqse. elat e¥ |IF|%
sporulation and tew spores may therefore be’ expected. Introduction of intected signal crayfis
may therefore take_some time f0 Rroduce evident effect even if introduced into areas with ﬂood
populations of native species. In some cases a lag period of 2 to 4 years appears to have
separated introduction and outbreak of mass plague mortalities.

When acrfatyflsh glaague outhreak is over, A. astaci will not normal%survwe for more than a few
months after the disappearance of Its host.  However exPerl_ ental Infections have heen
everformed in Iatioragor _ condglons. In the, real _Tnvwonmen, rivers, lakes, ponds and other

aters are complex bodies and not all crayfish will have been in a situation fo be exposed to
heavy infection, some may have onll been reflch?d by a few s?ores, others ma escape infection
completely and start to repopulate. Low level nfection is I|ke¥_to remain and. eventually these
regenerating populations will aqam be exposed to infection. [T introduced resistant s?emes are
Present and most [populatlo_ns introduced for farming, purposes have resulted in a lot 0

|

escapees
ollowed by estah

shment in the wild, then a continding reservoir of infection will be present.

The Prohibition of Keeping of Live Fish (Crayfish) Order 1996 has provided the apility to
prevent_further importations and further introductions of signal or other exotic crayfish into new
sites.  The would be “crayfish farming mdustrY” has now lost momentum, so that the major
cause of spread of infection can now be controlled, unfortunately rather later than would have
been desirable. England and Wales now is in the situation of having a heavily decreased number
of populations of & highly susceptible native crayfish species and & number of known locations
of In eCtIVIt){ associated with past or recent crayfish plague mortalities. There are however a
number of ather potential sources of infection such as populations of signal crayfish of unknown
dls?]ase hlstorly. _Exc%)t for those S|ganal crayfish Bopulatlons that have successfully co-existed
witn native_crayfisn for at least 5 years, all must be regarded as probable sources 0f infection.
Such crayfish can no longer be maved, but if they are infected they must be regarded as

presenting a risk as sources of contamination for furthér spread of infection.
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fTrhe major sources of risk of further transfers of crayfish plague can therefore be listed as
ollows:

1) InN American crayfish by deliberate transfer for farming
InN American crayfish by release e.g. from restaurant, wholesaler, pet shop or pet owner.,

On contaminated equipment - professional EA or other workers

2)
3)
4) On contaminated equipment - anglers, canoes etc
9)

By fish transfers in the transport water and tanks from waters in which potentially infected
signal crayfish are present

6) By fish transfers on, fish scale (attached or loose), mucus or skin from waters in which
potentially infected signal crayfish are present

7) By inter-regional transfer pumping of water from waters in which potentially infected signal
crayfish are present

Table 1 attempts to place these risks in or?_erofseveri . Routes Land 2 are controlled by the
Prohibition of Keeping of Live Fish (Crayfish) Orcler arid as far as practicable have been closed.
Risks 3 ang 4 can also he completely controlled. Routine disinfection _|s(aStandar Os)eratlnﬂ

|
Procedure for all CEFAS Fish Heal% Inspectors ana researchers as it is (or %houl be) for a
Environment Agency and English Nature etc. staff. Bodies such as these should ensure that

proli)er disinfection is not only practised by biology and fisheries staff, but by engineers etc as
well,

It shou]d be bone in mind that another quite significant source of risk may come from academic
resea[cl]e_rs an_J every opportunity s ou(ig e tgﬂen {0 emphasise goo'cp 313|npe]ctlon practice 10
aquatic biologists, ecologists etc.

The. outhreak of crayfish Rlague in the Irish midland lakes has heen attributed to contaminated
fishing tackle, Certainly the need for disinfection of fishing tackle, protective clothing etc needs
ho be emPhaS|sed to anglers and other? F}uch 8 canoeists as much as it does for EA Staff. This
as certainly been done in the case of the recent Ribble mortality, although It is probably only
practical to keep public attention for short periods during major mortalities.

Setting aside ri?_k%ass ci_a%ed with long distance pumﬁ)_ing_ofwatgr,_the remaining risks reIat$ 0
movements of fish and fish transport Water from putative infected Sites to presumied disease free

Sites,
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Table 1 Risk matrix for further spread of crayfish plague

From site with From plague From site with signals
From plague . ; . .
current plague ositive site indeterminate  and natives co-existing
Route outbreak P site* for several years
1 To sites with populations of susceptible crayfish [
1) In N American crayfish by deliberate
transfer for farming (or deliberate release with Certain Certain Moderate Slight
the intention of future harvesting)

2) In N American crayfish by release e.g. from . . . . ]
Potentially High since risk level of source cannot be determined or controlled
restaurant, wholesaler, pet shop or pet owner.

3) On contaminated equipment - professional . .
EA or other workers High High Low Low

4) On contaminated equipment - anglers, . .
canoes etc High High Low Low

5) By fish transfers in the transport water and
tanks from waters in which potentially infected High Moderate

Low Low
signal crayfish are present

6) By fish transfers on fish scale (attached or
loose), mucus or skin from waters in which High Moderate Low

Low
potentially infected signal crayfish are present
7) By inter-regional transfer pumping of water
from waters in which potentially infected signal High Moderate Low Low

crayfish are present (includes canals)

*1.e. from a site with no history of plague and no records of presence of susceptible crayfish that might act as indicators of level of risk, but
where signal or other N., American crayfish are known to be present.

Risk levels are defined at the level that would result if no attempt to control or mitigate risk were to be undertaken
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12.1 Can fish movements results in the transfer of crayfish plague?

Crayfish mortalities in the R. Wey and more recenth( in the R, Ribble have been linked
(cirCumstantially) with fish stocking movements. In the case of the R. Wey at |east the
movement is bélieved to have taken place during or shortly after an outbreak of crayfish plague
the circumstances relating to the R. Ribble aré at the moment, less well defined. Hall ‘and
Unestam (1981) demonstrated that A, astaci will grow for at least for a short ﬁerlod on detached
fish scales and' Alderman et al., $1987 bh/ experimentally creating a crayfis gla ue m,ortflhtx,
expos_mg fish tg this and then carrying out a mock transport movement ‘showed that viable A.
astacl propagules would survive "thé transport process and produce infection in a naive
Populatlon of susceptible crayfish. When fish and water were transferred in the water taken from
he plague outbreak tank, rapid acute infection and mortality resulted in the challenged crayfish.
When the fish were n,etteg rom the tank into clean water and transported in that, jnfection was
much slower and the incubation period to the first mortality was extended. Once clinical disease
appeared however, Its Frogress was as acute as with the fish plus water transfer.  Although these
trials, were conducted to represent the “worst case” scenario, it is qune clear from experimental
and from field data that fish movements can and do result in the transfer of crayfish plague if
susceptible crayfish are present in the receiving waters.

AIthou%h the only British isolate of A. astaci that has been examined by RAPD-PCR has been
found to belong to the Group B “strain” associated with the Swedish signal crayfish
introduyctions, there is (anecdotal) evidence that S|gnal crayfish have also been imported diréctl
from the USA into UK waters. It is sur rlsm% that, havi ?develo ed the RAPD PCR met %
the Uppsala group have not so far extended their studies to attempt to_ determine where In the
New Waorld the old Grou_R A crarflsh plague “straip” ma[y have originated With direct and
Indirect (1.e. via Sweden) Introductions of signal crayfish into the UK, the possibility must exist
that more than one “strain” ?f_ A astacl mﬂ/ be présent, in Brjtish waters.. Movements of fish
therefore offer the hazard o mtr_oducmg_ Itferent “strains” of A. astacl into already infected
areas as well as Introducing or re-introducing the pathogen to new waters

Powers exist fo prevent movements from waters in which current or recent cre}ynsh plagfue
outbreaks are known, no matter whether or not the recipient site has crayfish populations or for
that matter, whether plaque 1S aIread% JJresent at the recipient site. Given the %wdence outlined
above and the history ofthe disease, the exercise of such powers to prevent further transfer under
these circumstances cannot reasonably be disputed.

The remamﬂer of this report will therefore concentrate upan the %e[%/ marked low risk cells of
Table 1 These are the, risks of movements from sites of unknowrt (or unconfirmed) disease
history, sites with few signal cr?yflsh or where SUﬁh cra}/_flsh are eographlcally djstant or sites
where evidence suggests that only non carrier signal crayfish may be present. [t'is from stocking
sites In locations such as this that farmers may well fe¢l that there is no hard evidence to show
WhY their businesses ?,h%uld be affec Td. In many cases these may be stocklng farms with a I%n%
history ofsupplrmg ish to potentially susceptible sites with no ‘evidence that any problem na
been Created, either before or after thie arrival of signal crayfish in the neighbourhood of their
farms. In @ few cases the introduced exotic crayfish may e as a result 0f the action of the

farmer, but in many cases the introductions may come from'the actions of a third party.

12.2 Risks of fish movements from sites of uncertain status

Where there are no crayfish in a watershed and for ecological or other reasons never have been,
then there should be no risk from fish from such waterS acting as carriers of crayfish plague
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infection. Where crayfish occur in a watershed from which fish stock producers wish to supply
fish for restocking or on-growing a number of possible scenarios exist:

1. The crayfish may be uninfected signal (or other) crayfish.
2. The crayfish may be infected carrier signal (or other introduced species) crayfish.

3. The crayfish may be susceptible native crayfish undergoing or recovering from a crayfish
plague epizootic.

4. The crayfish may be susceptible native crayfish in healthy condition.

5. The crayfish may be both native and signal (or etc) crayfish.

With scenario 4, there is no_risk of transfer, crayfish plague is absent. However given the
rsumgtlon_ fspread of the disease in the Ia%t two Vears, the health fs_tatus of such crﬁy ish could
canp raP| In fact to scenario Bg and as nas beén d monstrate?l ISh movements from current
and recent plague epizootic sites present SI({HI icant risks of transfer.  Scenario 5 1s very similar
Frow ed that the 3|9nal _craXflsh are well established. Evidence su%]?sts_ that several years fr?]m
ntroduction of carrier signal crayfish may be required before the iifection dynamics reach the
Pomt of induction of acyte disease. . The léngth ?fthe Ia%pen d will be heavil ge endent ?n th
nfection frequency and sever|t¥ in the signal crayfish and the p_opuIaHo ensities of hot
species. Again the same caveat in regardto not making assumptions that the disease status
cannot change.rapidly applies here as much as it does for Rur,e native crayfish populations and
hence for the risks asSoclated with fish movements from such sites.

Scenarios 1and 2 present quite different risks, scenario 1 r?sents no risk of transfer of craxb/ﬁsh
plague, seenario 2 ares,entsa5|%nlflcant rltsk, although much lower, than scenario 3. The problem
15 10 be able to determine whether a fish farm 15 in"scenario 1 or in scenario 2, i.e. to_determine
whether or not po,t%ntlal carrier crayfish axe or are not actual carriers of infection. This is the
central problem with all attempts to Control spread of disease by control of movements of aquatic
animals, particularly where a carrier state is known to exist. “A diagnogtic. method that is both
sensitive, reliable and robust is needed to establish presence or absence of infection.

12.3 Potential diagnostic methods

Three aEproach s are possible, molecular, immunological and traditional isolation and culture.
Each has strengths and'each has weaknesses.

All four ba3|ﬁ metnogs rer]'ugre, validation. of method and sensitivity and with mol.eiular and
Immunological methods validation to confirm lack of cross reactivity IS also essential. These
needs, are Summarised in Table 3 and some further suggestions of how these might be satistied
experimentally are given in Jhe final recommendations on research_needed ak e end of this
re;?or_t. The “canary” method which depends on caging native crayfish with the suspect signal
crayfish, is almost Certainly not worth pursuing further, even if stocks of A. leptodactylus could
be “exploited as “canaries”. This. approach in practice could only be used ‘in the “laboratory
because, if used under field conditions, there would be a significant fisk of escape.

In the medium term it is Ilkel% that molecular methods will replace traditional isolation and
culture. Sensitivities will be higher and the diagnostic skills needed will be less. Once a suitable
diagnostic method has been developed, whilst full validation is underway, it should aIreadY be
Bossm_le 50 exPIon it 10 ald In reducm%transfer risks.  The method descrified b Oldtm?_nne al.,
002 is close to that stage now, but because It still requires isolation and culture as a first stage
cannat be applied to crayfish tissues as yet. By combination of improved diagnostic methgds
and the risk reduction approaches defined below, the risks of transfer of inféction from fish

movement could be reduced to acceptable levels.
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Traditional
isolation

Traditional
canary method

Immunological,

includes ELISA,
MAb

Molecular e.g.
RAPD-PCR

Traditional isolation

Immunological,

includes ELISA, MAb

Molecular e.g. RA
PCR

Table 2 Strengths and weaknesses of available diagnostic tools

Strengths

Verifiable viable pathogen
which can be subjected to a
battery of additional tests
including rival methods

Verifiable viable pathogen
isolable if the canaries die
which can be subjected to a
battery of additional tests
including rival methods

Two main types polyclonal
and monoclonal antibody
based. Polyclonals fairly
straightforward, monoclonals
less easy but can be very
specific and very quick,
possibly usable in field, but
rarely robust enough for this.

Once established, robust and
rapid

Weaknesses
Difficult, requires technical skills.
Can be relatively slow. Good for
presence of pathogen, false

negatives possible

Difficult, requires technical skills and
uses endangered native species.
Very slow. Good for presence of
pathogen, false negatives possible

Does not confirm the presence of
viable pathogen, simply signal that
a component of the pathogen is
present. Even specific monoclonals
may cross react with closely related
pathogens e.g. A astaci and A.
invadens.

Method is robust but specificity less
so, as with immunological methods
simply gives signal that an element
of the pathogen is present and

Table 3 Improvements needed in diagnostic tools

Main improvement needed

Increase sensitivity

demonstrating lack of cross
reactivity difficult
Approach
With signal crayfish try to

develop method to break down
carrier status to clinical disease

Test against a range of
. Oomycetes in vitro, carry out in

Improve or validate . . . -
e vivo trials to determine ratio of

specificity . .
false positive to false negatives

under laboratory conditions
Test against a range of
PD Improve or validate Oomycetes in vitro, carry out in
specificity, use in clinical vivo trials to determine ratio of
cases false positive to false negatives

under laboratory conditions

Once a diagnostic method is established, two further points will require consideration and

decisions,
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The first decision is to define the limit of detection required, In aguatic disease normally a
statistical sampling level is selected. To grvea95/oprobab|ht of detectrngaZ/oprevaIence
level of infection requires, a sample size of 130 animals. Samr]r]) es of 30 animals %rve lower
assurance levels. Assuming RAPD PCR which has_the potential for speed, economy and
robustne?]s can be develope t? %rve an adequately valrdated meth?d that | |§ relrable] in cra fish
tissues, then the rough costs of running PCR on a 30 animal sample would be in the region of
£250 and a 130 anrmal sample, £700 (thiese are CEFAS rates).

The second decision needed relates to test frequency. Should tests be one off, annual or repeated
only wnen there is reason to be?reve that the gituatr%n has chang ed S(hould the frrst test%% ona

large sample and if repeats were requrred could the smaller samPesrze and cost be acceptable?
Ifchar% to the farm the c%sto a PCR would seem aecetfa F ne off test fors?ckrn
farkms Ut repeated tests mignt be affordable even if required for all stocking farms regaraless o
risk,

The situations considered above relate to sites at which crayfish are available in the immediate
nerghbourhoobd that can he uged to establish the sit sr e s disease ftatus In the absence of crayfi h
the situation becomes more difficylt. - Withqut indicator animals, how can the risk be assessed?
The recent case ofthe R Darentth mrhcates thlat |m‘ectron can remain Imta watershed for ten years
or more, presumaply cycling at a low_ level either in sparse po uarons survrv natiy
sFecres orprn popu a?onz ngnal crayfish. Ifsrgnal cra fish cg efoundl no cray |s hrte

r signal) are avarlabeto diagnose presence.of pldgue, levels of viable A astacr ores
must % % y Implementing the rrsﬁ reduction ‘me Hods described In the next se tion,

reductron of any undefrnable risk to acceptable levels should not present a problem. There is
therefore no good reason w Sy movements from crayfish free sites should be subjected to more
than risk reduction procedure
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13.RISKREDUCTION

We haye. to a?cePt th%t an absolute quarantee that an so,%rce fis Larm snf IS ‘ree of all
possibilities of crayfish plague contamination I not possible ang that_total application of
precautlonarg grlnm les ma%/ also not Pe Ie%;al_l or ractlcallg/ possible. The risk will aIv_vaa/s
exist that there are ponds In gardens, farm Trrigation ponds étc. on any watershed with s:]g al
crayfish in them that have notbeen detected. The possibility of new stock|n1g of such ponds, at
any time also exmﬁs re ardl?fs of the legality of suc,mlntroduitlons. herefore W f
stacking source could potentially be or become @ risk without the knowledge or control of the
owners of such farms. With disease as with many scientific é)_roblems, proving the negative,
absence Is almost impossible, grovmg the positive, presence of disease is usually asier, but with
crazflsh lague as described above reljable and robust methods for this are not as Zehavallab e,
Consideration therefore needs to be given to developing risk reduction P_roce_dure that can be
implemented to reduce risk of transferof disease from sites with low infection risk potential.

w
j—

O

13.1 Transport Water

Examining the only experimental fish transmission study so far published, it is clear that a ver}/
simple way in which the risk of transmission of crayfish'plague can be reduced, is to ensure tha
the transgor,t \water does not come from a %otentlally infected river s,ourc% ,Trangoort tanks
should be disinfected with hypochlorite and then rinsed several times with chlorinated tap water
before filling with transport water. The simplest aPproach for transport water will be to Use tap
water, aeratéd or equilibrated overnight fo ensure that chlorine has dispersed before the fish are
Placed in the transpor(s tanks. Some é{ctlon may pe necessary to ensure that the transport water
emperature IS adjusted, ice or warmed water would be appropriate.

“Dilution” sta?es can also be introduced to Brevent transfer of A. astaci. During loading of the
fish transport tanks, each net of fish should be allowed to drain for several seconds and only the
fish and not the net should enter the tank water. The nets of fish should also be briefly hosed
with clean tap water as a further dilution of risk sta(fg_e. At the receiving end, clean nets bélonging
to the recelvmg site should be used to remove the Tish from the tanks; draining time for the net§
of fish should dgain allowed and only fish, not nets should enter the receiving waters. Nets could
also be hosed with clean tap water af this stage before transferring the fish to the receiving water,
Nets should then be disinfected before furthér use on the _recelvm? site. Water should efther be
retained on board and discharged hack at the exporting site or after hypochlorite disinfection if

discharged elsewhere.

13.2 Water and Fish

Hall and Unestam (1981) and Alderman et al. 81987) demonstrated that even in a worse case
situation the use of'an effective fun%l_mde would prevent transmission of crayfish plague when
moying fish. In those stydies malachite green was emplo¥ed._ Malaghite green bioaccumulates
In fish™and results in persistent tissue residues and as a po entlal_carC|no1gen Its use 1S no longer
acceptable. The use ofa fungicidal compound to prevent transmission of crayfish plague on fish
falls.into d;1_dn‘f|cult legal aréa. The r_?blems asso_miited with the I? al constraints on use are
considered in the foIonvln? section whilst the n_nmﬁ_es of using a fungicide to further reduce
the risk from fish stocking transfers are dealt with in this section.

Perhaps the first 8ue,stion should be whﬁt are we tryin% 0 ai)plz the _fun?icid,al, treatment to, what
are We trying to aisintect? It is clear that the use 0f a really éffective Tungicidal compound can
kill all stages of A. astaci on the external surfaces of fish and in their transport water.  This will
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eliminate the risk associated with transfer of fish, even were the fish movement to b? from the
site ofa full blown crayfish plague epizoatic to an SSSI with good populations of A. pallipes.

Perhaps the only_uncertainty in this is whether of not viable A astaci _Propagules can pass
through the gut of fish and e capable of infecting fish afterwards. Malachite %[een could ensure
disinfection 0f water, external fish surfaces and"even of fish gut because it bioaccumulates, is
effective af low concentrations and Is in ﬁa_rt_hei)atlcallg excreted and therefore is present in all
tissues and in the qut contents, Other fungicidal compounds may not be effective szstemlcally,
they offer the possibility of “disinfecting” fransport water and fish external surfaces, but may not

be effective in'the fish gut.

Perhaps the most extreme risk case of this type would be the rather remote passibility that ong of
the fish to be transPort_ed mana%es to catth and eat an infected crayfish lmmedlatela/ before
transport. Even IT free In water Stages of A. astacl do not pass through fish gut and remain
viable, there must be a higher probability that stages in crayfish exoskeleton may survive and

remain Infectious.
fish is that the

H?wever, the standﬁrd proce?ure Wwhen transportln% K be starved prior to transPort,
saimonid quts are short and food has a short transit time within. Therefore a requirement for pre
transport Starvation periods, followed by antifungal disinfection would seem to offer satisfactory
levels of protection against transfer of” A, astaCi on or in fish and fish transport water. Non
salmonids in %eneral will have Ion% - guts and therefore more extended pre transport starvation
periods may Te necessary for such species. Such pre transport starvation should of course
Bvref?ral%lg/ De in a situation L location where there js n ?,ccess 0 cra?/flsh since starve?l fish

ould be mare likely to take a crayfish than well fed fish!  Further reassurance could. be
provided by fairly simple tests to predict the ability of the fungus to Survive gut passage in a

Viable state;

13.3 Use of veterinary medicines

If the use of a fun%mde \vere t0 prevgnt or control a fungal infection in the fish itself the
situation would be Clear, the use would be @ medicinal ong_and would fall under veterinary
medicines _Iegllslatlon_. In the present situation it might be Po_ssLbIe to clajm that the intended usé
was pesticiddl or disinfectant. However in cases siich as this, in %eneral,the, Medicines Act has
been_ ruled to_be prime, and in am/ case, the requirements and monitoring programme for
veterlnarP/ medicing residues make th¢ veterinary medicines route the best to take. At the end of
treatment, the fungicidal treatment will have to e discharged and for this normal EA discharge

approvals process Will be required.

Under veterinaiy medicines legislation, with food animal species, only veterinary medicines with
a Marketing Authorisation for a specific use may be_ used ie.” as a fisheries fungicide.
Exceptions tnder the cascade prescription fgstem are p08f|b|e but have no gractl al relevance in
the_present situation. Trout ?spemes irrelévant) and salmon are regarded as food species b

definition. To protect consumers an appropriate withdrawal period between treatment an

slaughter must_be enforced to ensure thaf, unacceptable residues are not present in the edible
tissties of the fish at slaughter. In fish, edible tissues are defined as muscle and skin in normal
proportions.  The withdrawal period is determined from data generated by the Pharmaceut_lcal
supplier / manufacturer applying for the Marketing Authorisation. In the ¢ase of stocking fish,
the contrallable w*thdra\/(v_al period would be verg short, since in theorg/ ,Hsh cqulg be Ca gEt
within minutes_ot stocking.  The basic requirement in regard to résidues 1S Imposed by
Regulation 2377/90/EEC that requires that no component of @ veterinary medicine for use in
food animal species ma% receive a Marketing Authorisation unless a Maximum Residue Limit
(MRL? has been set. Substances may be entefed in one of four Annexes to the Regulation. Most
Important is Annex |1 that contains those substances that are regarded as safe with no specific
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MRL level set, Annex IV contains substances that must not be used in food species under any
circumstances.

Regulation 2377/90/EEC was the first stage of regulation of veterinary medicines on the
European scale, the second main component is Directive 96/23/EC which required that all
Member States introduce an expanded veterinary residues monitoring programme to include fish
meat and to ensure consumes were protected from unacceptable residues. Malachite green is
specifically included in that Directive as a substance to be monitored for. In the UK that
programme is operated by the Veterinary Medicines Directorate of DEFRA. In England and
Wales samples are collected on their behalf by the CEFAS Fish Health Inspectorate who would
be obliged to draw to VMD’s attention any use of fungicides on fish; sampling would then result.
Therefore only a substance with MRL and appropriate authorisation can be employed,
particularly in recommendations from official bodies such as EA, DEFRA etc.

Fortunately there are two candidate compounds that fit this regulatory straightjacket. These are
formalin, which although not approved specifically for this type of purpose does not result in a
residue problem and will not encounter regulatory barriers. Its toxicity to fish may however be a
discouragement. Pyceze™ is a new fisheries fungicide that is at an advanced stage of
development by Novartis Animal Vaccines and well down the route in the process of obtaining a
Marketing Authorisation. Although not yet tested on A. astaci it may be expected to be as
effective against A. astaci as it is against Saprolegnia. Novartis is aware of the crayfish plague
problem and may be expected to have a positive approach to investigations into the efficacy of
the product for this market. Because Pyceze™ active has an Annex Il MRL, zero withdrawal
periods present no problem, any residues are regarded as consumer safe.

Finally, it must be emphasised once more that:

1 Any product used to prevent transfer of fungi on fish may be expected to be regarded legally
as being used for a medicinal purpose.

2. Thus only products approved for such a purpose are acceptable.

The costs of generating the data required to gain MRL assessment, not to mention the other
safety and efficacy data requirements for veterinary medicinal use approval in a food animal
species is such [perhaps a minimum of £2 million] that there is no point in considering or
wishing for substances that do not already meet these regulatory standards.
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14. RECOMMENDATIONS: DIAGNOSTIC METHODS

Outline experimental designs of specific research objectives for selecting diagnostic methods to
determine whether signal crayfish populations are carriers of A. astaci. To ensure adequate and
defensible validation of method, wherever possible the principles of Good Laboratory Practice or

Good Clinical Practice should be employed.

1. Obtain signal crayfish stock and infect with range of challenge doses of A. astaci. Use
modifications of the methods described in the first part of this report for this. Initial disease
status of this stock at entry into study is not important. Proper containment will be essential

for such studies.

2. Use RAPD-PCR, isolation, and possibly MAb to culture to determine recovery of infection
from animals that should now all be infected.

3. Attempt to improve isolation sensitivity by use of methods such as injection of a-glucans to

attempt to break carrier status into clinical disease. Soderhall has suggested this approach as
effective, but to the best of the author’s understanding, no quantified data has been published.

4. 1If a-glucans work, incorporate into method since the ability to produce culture is robust
evidence. Current molecular methods rely on isolation and are not yet usable on clinical
cases.

5. Confirm absence of cross-reaction between selected method and other Aphanomyces species
as far as possible. Only about 6 of 30 described species are currently available from culture
collections.

6. Determine sensitivity and robustness of method and set the level of infection and probability
wanted to determine sample size (e.g. a 95% probability of detecting a 2% level of infection
gives a sample size of 130 from a population)

7. Use these results to produce a validated method of determining infection status by mixing
artificially infected and uninfected signal crayfish (presumably obtainable from sites where
signals and natives have cohabited for some time) in a blinded study [double blind if
possible].

8. Then apply the method to a minimum of 5 wild stocks of signal crayfish, including at least
one believed to be healthy and one believed to be carriers [blind this study].
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15. RECOMMENDATIONS: RISKREDUCTION AND FISH
MOVEMENTS

Recommendations and outline experimental design for specific research objectives to develop
methods of risk reduction for fish movements:

To ensure adequate and defensible validation of method, wherever possible the principles of
Good Laboratory Practice or Good Clinical Practice should be employed.

1. Confirm that the legally usable fungicides, formalin and / or Pyceze™ are effective against
all stages of A. astaci (zoospores, spore cysts and mycelium) at concentrations and exposures
that are safe for fish. This would be an in vitro study and can use modifications of the
published methods for fungicide tests described in the first part of this report. Consider the
influence of water temperature on this efficacy at at least 2 temperatures relevant to normal
water temperatures in the U.K. Also examine the effect of water temperature on the toxicity

ofthe test compound to the fish.

2. Develop data to support recommendations for “antifungal disinfection” of fish and water at
transport. Initially studies should be in vitro, but should be confirmed by experimentally
exposing fish to high levels of A. astaci, employing the selected disinfection procedure and
then introducing susceptible crayfish. Develop from the published methods described in the
first part of this report.

3. From these results develop a practical protocol for “disinfecting” fish in transport to provide
a method that is both effective and without harm to the fish. This protocol should form an
expansion of the risk mitigating procedures already defined in this report.

4. Determine whether [and under what conditions] viable A. astaci can pass through salmonid
gut and remain viable as a) naked fungus b) protected fungus [e.g. in agar plugs] c) possibly
in infected crayfish exoskeleton fed to fish. The experimental procedures can again be built
on the published methods described in this report.

5. 1f 3a), b) or c) are viable, determine whether the fungicides are effective on these forms and
determine whether a practical “disinfection” protocol can be developed.
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Appendix 1 Crayfish Plague In
Europe, 1870 to 1945

The chain of spread of crayfish plague mortalities which continues across Europe to this day can
be traced back to the area between Morvan and Lorraine in France in 1874. There is however an
earlier discrete series of crayfish mortalities which may well have also been due to crayfish
eplague. These took place in Lombardy, northern Italy commencing in the summer of 1859,
although earlier mortalities in the Samico region of Italy may also be associated (Comalia,

1860).

In 1859 crayfish began to die in numbers in Lombardy (Figure 56) the summer and the affected
area spread eastwards towards the Veneto reaching Gambara, Isocella and Verona in September
and the provinces of Veronese and Trevigiano by December. (Comalia, 1860). In 1860
mortalities were reported near Brescia. Further extensions in rivers of the Verona region were
reported in the spring of 1861, including the R. Benaco. East of the Adige the waters of Zevio,
Persacco, Palu, Vallese, Raldon, San Giovanni Lupatoto, Buttapietra, Oppeano, Upper Menago
and the Bongiovanni were all affected and in December 1861 the first dead crayfish were found
in Lake Garda (Martinati 1862). To the west of the Adige infection spread to Belfiore Diporcile
and Bionde amongst others and appeared in the Upper Fibbilo, the Antanello, the Fossa Balbi
and spread downstream from the Ferrazze de San Martino. It also appeared in the Dugal
Fontaine, the Sarega, the Lower Tartoro and in the Cerea and Casaleone valleys (Martinati
1862). By 1864 the disease reached the source of the R. Sile in December at Casacorba (Ninni,
1865). In February 1865 infection spread further in the Sile and Botteniga catchments and then
to the rivers Storga, Melma, Limbraga and Magnagola. By April of that year it had spread to the
rivers Musestre, Musestrelle, Pero, Valilo and other lesser waterways (Ninni, 1865). So far
written reports of mortalities have been found only for streams on the north side of the Po, but at
that date the river formed the boundary of Austrian territory before the unification of Italy.
Political boundaries may thus have influenced investigations, reports and therefore the apparent
distribution of mortalities. The severity, extent and rapidity of spread of the mortality indicates
an infectious disease and the only known crayfish disease of such severity is crayfish plague, but
there is no hard evidence to support this hypothesis and this series of outbreaks is separate,
physically and temporally, from the main chain of spread of crayfish plague in Europe. It was
also suggested that these mortalities coincide in time with the widespread introduction of the use
of copper sulphate into viticulture (De Luise, 1989).  Certainly there have been no more
reported crayfish plague mortalities from lItaly, either from the Po valley or elsewhere, but the
way in which the mortality reported by Ninni (1865) spread has all the characters of plague.
Certainly Schikora (1926) was convinced that the Italian mortalities were plague and reported
that Italy had made major efforts to restock the rivers of Lombardy with crayfish “shortly before
her entry into the war (presumably World War 1). It is of interest that Italy is the only western
European country which has apparently not reported crayfish plague mortalities since 1900 and
recent publications indicate good crayfish populations in the headwaters of the Po.

Although Seligo (1895) reported that there were crayfish mortalities in the R. Spree in N.
Germany in 1864, he did not believe that these were due to crayfish plague. Accepting this view
therefore the site of the first epizootic in Europe north of the Alps appears to have been in France
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on the Plateau de Langres between Morvan and Lorraine in 1874-5 (Ravaret-Wattel, 1885,
Vivier, 1951).

The Plateau de Langres is the central watershed between major rivers such as the Meuse, Seine
and Rhine. Crayfish plague first appeared in 1874 on this plateau (Figure 57) in the following
three years nfection appeared at a large number of sites around the plateau, including the
southern Nievre and Jura departments, the northern Meurthe and the Moselle and in tributaries of
the Meuse, Rhine, Seine and Saone (Figure 58). From this focus, a relentless spread of mortality
began which with only temporary remissions has continued to this day.

In 1877, further spread occurred in France to the departments of Aisne, Aurbe, Haute. Marne and
Vosges (R. Vair) (Anon, 1879) and for the first time mortalities were noted in Germany in the
vicinity of Frankfurt-am-Main (Tzukerzis, 1964) (Figure 59). The next year, in France, most of
the Meuse dept apart from the Rivers Vinte and Loiven were infected before March (Figure 60).
In the Marne dept the Seine basin rivers the Vitry le Francois region was affected and the rivers
Marne, Cher, Viere, Bruxenelle, Germenelle, the Mame-Rhine-Seine Canal and all Seine
tributaries except the Amance, Vanne, Landeon, and Brevennes. In addition the Aube, Loing,
Fusin and Lunain, La Bresle and Andelle were also infected and infection had also reached the
Rhone basin in the Dole dept with the La Veyle tributary of the Saone and the Seran (a Rhone

tributary).

In Germany, by March 1877, infection had appeared near Strassburg (Strasbourg) and in Alsace
(Figure 60). In July and August crayfish brought from the R. Hunsbruk and the Eifel to Mainz
all died suggesting that those source rivers were infected (Hofer, 1906). In Hessen-Darmstadt
and Baden crayfish were first infected in the summer of 1878.

Further extensions in 1879 in France included the Coney in the Vosges, all tributaries of the
Seine in the Aisne dept, and the R. Therain in the Oise dept. To the east in Germany in January
plague appeared in the Munich region and in September an outbreak started at Gmunden on Lake
Traun, in the Klambach at Grein and in the Krems and mortalities were reported spreading along
the upper Danube, all in upper Austria (Anon, 1879).

In 1880 in southern Germany, crayfish died in the Altmuhl and its tributaries including the
Wieseth and Sulz whilst in Belgium, Luxembourg and Alsace Lorraine mortalities occurred in
the rivers Moselle, Saar, Ome, Seille and Nied (Seligo, 1895) (Figure 61). The mortalities in the
Danube had spread downstream and into tributaries in the Kulpa region on the Austrian
Yugoslavian border. (Franke, 1894). All of these outbreaks were associated with the original
focus, but by the end of 1880 mortalities were occurring in northern Germany including the
Rorsee, Thuringia, Mecklemburg and Saxony and the Brandenberg Mark (Hofer, 1906,
Schaperclaus, 1927) and began to spread up the Meitzel from the Oder (Van dem Borne, 1883).

The following year (1881), infection reached up the Rhine into Switzerland at Berne. In southern
Germany and upper Austria crayfish mortalities were reported from Weis and in the Eiterbach in
October and November (Roch, 1881) and from the Tauber and tributaries of the Mainz (Seligo,
1895). To the east, Franke (1894) reported further extensions in the Kulpa region advancing in
the next three years into the headwaters of these streams. Once established in northern Germany;
more areas were affected by crayfish plague with new outbreaks in the Bober in Silesia, in the
Kuddow in the Oder region, in the Ferze and Schwarzwasser in the Weichsel region of W.
Prussia and at Angermunde in Brandenberg (Selio, 1895).

In 1893 the R. Altmuhl (Anon, 1893) lost all crayfish and there were further mortalities in the
Kuddow. To the north, the Brahe of Western Prussia was affected as were the waters of the

Kamonica, Zemplona, Widlgartenfluss, Weichsel and Mischkerfleiss (Seligo, 1895). The upland
areas of the Glatz province of Silesia (now the Klodzko district of Poland) were invaded up the

eastern (Glatzer) Neisse Q. (Figure 62).
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Between 1885 and 1890 in N. Yugoslavia, half of the R. Temnica was affected (Franke, 1894) as
was the Ljubljana region and plague started a ten year advance up the R. Gurk and its tributaries
(Figure 63). In W. Prussia the Drewen, Ossa and Liebe (Seligo, 1895) were affected and the
continuing eastward extension of infection led to mortalities in L. Doubuzhis in NE Latvia by

1886 (Tzukerzis, 1964).

The year 1890 saw further mortalities in L. Drewenz and L. Ewing in the Passer region of W.
Prussia and in the next two years major extensions into Russia were reported from the R. Luga in
the Leningrad region, the Volga and Lake Onega basin (Arnold, 1900) (Figure 64). In the
"rushing waters of the Volga", plague covered 3000km to reach the Caspian Sea in the autumn of
1892 (Schikora, 1926). The infections in the Danube the downstream spread reached the Black
Sea and devastated crayfish populations of the coastal provinces. In the Danube tributaries,
information is only available from the Kulpa region where infection had apparently spread
through underground streams to the R. Rinse. The Masuren in W. Prussia was infected as were
the waters around Shialaai in central Latvia (Tzukerzis, 1964).

By 1893, in France, crayfish had completely disappeared from Lorraine. In the Kulpa region of
the Balkans, disease had reached to Atenmarkt. The spread in Russia and the Baltic states
continued on a grand scale with the Dniepr being infected down to rapids at Yekaterinoslav
(Arnold, 1900) where the piles of dead crayfish produced such an unbearable smell that special
efforts had to be made to bury them. In Latvia the lakes and rivers of the Niamunas (Neman)
and Niaris (Vilnia) basins were affected, completely wiping out the animals in the waters of
Ssviachensk, Trakaisk, Utiansk, Birzhaisk and Vamiaisk. This rapid spread in Latvia has been
attributed to introduction of infected crayfishing gear from Germany (Tzukerzis, 1964). By 1894
further extensions in the Baltic states brought infection to Courland (= Kurland, S. Latvia),
Livonia (N. Latvia) and Estonia (Schaperclaus, 1979) (Figure 65). In Russia, the R. Kliasma, a
tributary of the Volga as was the Dvina (Vitebsk district) and lakes in the Vladimir district
(Arnold, 1900). The destruction of crayfish in Russian lakes and rivers continued in 1895 with
losses of stocks in the R. Beresina (Dniepr tributary), the Moscow R., the R. Oka and lakes of the
Suvalki district and in 1896 the Scheksna in the Jaroslav district in Russia and Embach in
Livonia (Arnold, 1900), the Duna in Kurland. In N. Germany the lowland areas of the Glatz

region were affected, twelve years after the uplands.

In 1897 in Russia the Tchemigov and Tver districts, lakes near Novgorod were affected. From
the Volga, plague was also climbing the Kama into the Urals, "from where it was a small matter
for it to reach the Ob via the Tura and there in Siberia to annihilate the easternmost crayfish
colonies of the Russias" (Schikora, 1926) (Figure 66). In Livonia the R. Woo and Lake Werro
through which it flows (Hofer, 1900) were hit and, in the next two years, in Russia the Poltava,
Kharkov and Pskov districts (Arnold, 1900) and the R. Aa, a mortality which had evidently
spread upstream from Latvia. In what are now the Baltic states the R. Dvina and Lake Peipus
(from the Woo) (Arnold, 1900, Hofer, 1900) were infected, but Tzukerzis (1964) reports that
after 1902 new outbreaks in Latvia ceased for some time. In other infected regions, waters that
had previously escaped plague were affected including the Pansdorfer See in Silesia (Schikora,

1906).

In 1903 Shikora (1903, 1906) continuing his investigations reported outbreaks from the
Nariensee (W. Germany), Mecklemburg, and from Volhynia in Russia. In Bavaria numerous
outbreaks occurred including in the R. Aurach (Surbeck, 1903). The following year in Germany,
plague was identified in Zanahauser See and spreading from a new focus in the Neumark (SE of
the Oder and S. of Pomerania, now in Poland) to the Kloppsee and the Muckenburger See in the
following spring.

Finland had been first infected in about 1900 (Figure 67) although few details have been traced,
then in 1907 the disease reached Sweden, from Finland when imported infected crayfish were
found to be moribund on arrival in Stockholm (Figure 68) and were jettisoned into the harbour
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which lies at the entrance to the Malaren (Aim, 1929), so that deaths began next year when the
most productive crayfish waters of Sweden, the Malaren and Halmaren were destroyed. By the
end of 1908, all the crayfish in the Halmaren were dead, the disease spreading between the two
lakes through the R. Eskiltunaa in which the crayfish also died (Aim, 1929). Controls were
imposed which succeeded in confining infection in Svreden to the lakes and rivers of the
Halmaren and Malaren systems (Aim, 1929). During this period however infection spread
steadily though these waters.

Elsewhere large mortalities occurred in the Ukermark region of Germany (1912-1914 and 1923-
25) (Schaperclaus, 1934, 1935) and in 1920, following a period of nearly twenty years in which
there was little or no spread of the disease in Latvia, new outbreaks of plague were reported in
Lake Obiala and Lake Dusia (Tzukerzis, 1964) and in Lithuania (Mazylis and Grigelis, 1979)

A relaxation of controls in Sweden in the late 1920’s resulted in crayfish deaths in 1928 in L.
Addar in Rosengen, the lower reaches of the Dalev, the west and east Gothic ends of the Gota
Canal as well as the majority of confluent lakes and streams (Nybelin, 1931) (Figure 6).
Additionally the Tidem, Osan and Vikem lakes were affected. Infection then in 1929 spread
from the Gota Canal area to the Stang A and L. Asund. Elsewhere in Sweden crayfish deaths
also occurred in Nashulta lake, the Addam in eastern Uppland and lakes and streams in western
Ostergotland. Lake Erken, the most productive crayfish lake in Sweden was devastated by
plague in 1931. These mortalities in Sweden led to major new studies by Nybelin (1931, 1934,
1936) which resulted in the first isolation and culture of the pathogen.
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Figure 55 Europe before crayfish plague
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Figure 56 Possible Italian outbreak in 1860-65
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Figure 57 First proven outbreak on Franco-German border, 1875
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Figure 58 Spread in 1876
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Figure 59 Spread in 1877
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Figure 60 Extent in 1878
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Figure 61 Extent in 1880
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Figure 62 Extent in 1885
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Figure 63 Extent in 1886
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Figure 64 In 1890 into Russia
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Figure 65 In 1892 reaches the Baltic States
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Figure 67 Penetrates Finland in 1900
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Figure 68 First outbreak in Sweden, 1907

R&D TECHNICAL REPORT W2-064 - Page 106



Figure 69 Further spread in Sweden by 1930
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A ppendix 2 C ray fish S pecies

The distribution of the only native British crayfish species, the white claw crayfish, A. pallipes is
indicated in Figure 70 as is the distribution of the signal crayfish, Pacifastacus leniusculus and
Astacus leptodactylus, the Turkish or narrow claw crayfish in England and Wales. Introduced
local populations of the noble crayfish, Astacus astacus and the red claw or red swamp crayfish,
Procambarus clarkii also exist as do two populations of Orconectes limosus, the spiny cheeked

crayfish.

Figure 70 Distribution of crayfish species in Britain (after J. Brickland, Environment Agency)
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Whilst populations of red claw, noble and spiny cheeked crayfish in England and Wales have
remained very restricted in distribution, the narrow claw and the signal crayfish are now widely
distributed. The narrow claw was primarily imported for food purposes although many may
have been transferred from that original purpose to use as bait of for stocking would be crayfish
farms. The narrow claw has proved an effective escapee and coloniser and is present in many
waters, particularly around London. The signal crayfish is also an effective coloniser and was
introduced from Scandinavia for purposes of crayfish farming. Most of such would be farm sites
made only perfunctory attempts to prevent escape and soon most waters in proximity to such
sites contained good populations of signal crayfish. Since signal crayfish are potential non
clinical carriers of crayfish plague this represents a major source of infection to the native white
claw that is highly susceptible to the disease. The spiny cheeked crayfish has also apparently
been introduced into English waters but remains limited in distribution in contrast to the situation
in Europe where after introductions into Germany and France it has now become very widely
distributed throughout much of Europe excluding Scandinavia.

Table 4 Crayfish species present in U.K. waters.

Common Susceptibility U K. Distribution Natural

Species Name to A. astaci distribution
. Alkaline waters of

A:mtrggotamoblus White claw High England and Euroaned w

pallip Wales P
. One population, N and W

Astacus astacus Noble High SW England Europe
Ast Narrow  claw Ponds, canals E Europe to
stacus : High and rivers in SE Urals, Asia

leptodactylus or Turkish .
England Minor

Pacifastacus Widely distributed

. Signal Resistant in ponds and California

leniusculus .

rivers

One or two
Plrockgmbarus Red claw Resistant populations in S iZLrJ]E[?aI USA
clarkil England
O t Spin Two sites eastern Eastem
i rconectes ct?ee)I/(ed Resistant Enaland USA to
imosus g Canada

Figure 71 gives a rough indication of the natural distribution of the three principal European
species of crayfish before the effects of crayfish plague and the widespread introductions of
crayfish took place in the 19th and 20th Centuries.
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