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ABSTRACT 

Miracidia exhibit observable host-finding behaviors, and the ir  sym patric snai ls have 

attributes that either permit or prohibit infection. This study was designed to assess the factors 

invo lved in inte rmediate host finding a nd host-parasite com patibi lity in the deer  l iver fl uke 

(Fascio/oides magna). The main a im was to determine the extent to which the parasite a nd/or 

the intermediate host a re invo lved in  host-pa rasite compatib i l ity. A secondary goa l was to 

dete rmine what facto rs may lead to miracidial transformation. The study used a pa ne l  of fou r  

sym patric snai ls (Lymnaea caperata, Lymnaea palustris, Lymnaea exilis, a nd Physa sp. )  that 

display a ra nge of susceptibil ity to the trematode from L. caperata which is the natura l  
\ 
I 

i ntermediate host, to experimenta l ly susceptib le L. palustris, to resistant L. exilis a nd Physa sp. 

Miracidia l host finding behaviors were examined to determine the extent of the ro le of the 

mlracidium in initiating infection. This was tested by observing s ingle miracidium infect ions for 

30 minute t ime periods to record number  of contacts, attachment time, infect ion success, a nd 

w�ether the r'niracidium was ha rmed. Miracidia attached to susceptible L. caperata more often 

(x 2 = 6.6561, p = 0.0359) and for longer periods ohime (x 2 = 8.5290, p = 0.0141)  than to 

resistant L. exilis or Physa sp. Miracidia exposed to a physid sna i l  were ha rmed more often than 

those exposed to the lym naeids (x 2 = 5.4000, p = 0.0251). To assess the role of primary ba rriers 

of sna i l  immunity in  host-pa rasite compatibility, miracidia were exposed to sna i l  m ucus in vitro 

to assess snail toxicity. Fo l lowing the pattern seen with intact snai ls, m ucus from Physa sp. was 

100% cytotoxic to miracidia at 1:3 a nd 1 :30 dil utions. M ucus from L. caperata, L. palustris, and L. 

exilis showed no difference from control for up  to 4 hours. This demonstrated a n  overa l l  species 

effect (F3,32 = 23.59; p<0.0001). M ucus did not significa ntly stim u late transformation in a ny 

species at a ny dil ution. To assess the ro le of interna l  snail products on  com patib i l ity a nd 

mi racidia l tra nsformation, m i racidia were exposed to tissue homogenate from L. caperata, L. 
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palustris, L. exilis, a nd Physa sp. in protein dil utions of 0.5, 0.05, a nd 0.005 mg/ml. Tissue 

homogenate from the natura l  host, L. caperata stim u lated transformation more frequently than 

a ny other  species (F3,77 = 4.43; p = 0.0063) pa rticu la rly at the 0.5 mg/m l di l ution (F2,78 = 25. 19; 

p<0.0001).  To examine in vivo snail immune response, single snails of L. caperata, L. palustris, 

a nd L. exilis were subjected to mass exposures of F. magna miracidia then fixed at 1 h, 2 h, 3 h, 4 

h, a nd 7 h. Specimens were seria l sectioned a nd examined for in vivo sna i l  immune response. 

I nfection progressed fa rthest in L. caperata, but no significa nt hemocyte accum u lation was 

observed in a ny species. This study showed that miracidia play an act ive ro le in locating a nd 

attacking a preferred host. Snai ls may avoid infection due to toxins in m ucus o r  tissue 

homogenate. 
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INTRODUCTION 

Paras itism is l i ke ly the most common l ife strategy on  the p la net. Virtua l ly every 

orga nism is pa rasitized, a nd often by mu lt ip le species. However, many requ i rements m ust be 

met to fac i l itate host-pa rasite compat ib i l ity, ma king the phenomenon of com patib i l ity ra re . 

Trematodes a re a h ighly evo lved c lass of flatworms that ut i l ize pa rasit ism as a way of 

l ife . The subclass Digenea has a comp l icated, mu lti-step l ife cycle that typica l ly uses 

i nvertebrates as  i ntermediate hosts a nd vertebrates as defin it ive hosts. Often l a rva l fl ukes 

(m i racidia )  fi nd a nd bu rrow into sna i l s .  Adu lt fl ukes inhabit many sites in the ir  hosts, inc l uding 

the circulato ry system a nd the digestive, respiratory, u rinary, a nd reproductive tracts. 

There a re three ma in  factors that determ ine host-pa rasite compat ib i l ity at the leve l of 

the intermediate host: host fi nding, penetration, a nd sna i l  immun ity. In the case of the sna i l

trematode re lationsh ip, host-fi nding refers to the behavior of the m i racidium i n  its attempt to 

locate a su ita b le intermediate host. I n  order for infect ion to be in it iated once pa rasites fi nd a 

host, they must navigate the externa l ba rriers of sna i ls; i nfect ion is contingent upon successfu l 

penetrat ion of the epithe l ium (whether by penetration o r  i ngestion ) .  Once a trematode 

penetrates a sna i l, it then m ust survive a ny immune response e l icited by its presence. Different 

taxa of sna i l s  wi l l  have va rying leve ls  of immun ity to a given trematode l arva, which impacts 

the ir  resistance to infection by pa rticu l a r  taxa of trematodes. Concurrently, specific taxa of 

trematodes a re adept at .evading the immune responses of specific taxa of sna i l s .  

The ab i l ity of the m i racidium to find its host is  the fi rst step i n  i n it iat ing a successfu l 

i nfect ion .  Ma ny researchers have looked at environmenta l effects on m i racidia l  behavior 

(Ca m pbe l l  a nd Todd 1955a; Chemin 1970; Wade a nd No l len  1982; No l len  a nd Ma rt 1983; 

Ma rkum a nd No l len  1996; Ford et al. 1998; Munoz-Anto l i  a nd Tre l i s  2003) .  There a re many 
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i ntr insic a nd extr insic factors that influence whether a host is found a nd penetration  is ach ieved. 

Chemin (1970) ca l led these factors m i raxones, referring to a ny stimu lus that ca uses a 

m i racidi um to respond. Others researched the effect of sna i l  products on  m i racidia l  behavior 

(Swa les 1935; Ca m pbel l  1961; Sh iff a nd Krie l 1970; Prechel  et al. 1976; Munoz-Anto l i  a nd Tre l i s  

2003; McGrie r a nd Lau rsen 2008}. I n  these studies, va rious sna i l  products attracted or  repel led 

m i racidia, i ndicating the ir  ro le in  influencing m i racidia l  behavior. 

The second factor is the ro le of the host in  preventing the infect ion before it occu rs . I n  

cases where incom patib le  infect ions a re attempted, resea rchers have indicated that certa i n  

sna i l  products such  as  p lasma (Sapp a nd Loker 2000) a nd m ucus (Coyne et al. I n-press} can harm 

m i racidia . This indicates that certa in  taxa may have primary ba rrie rs to infect ion that prevent 

penetration .  

The last factor i s  the  a bi l ity of  the  sna i l  to  e l im inate infect ion after i t  has occu rred. Sna i ls  

have a surpris ingly adva nced a nd efficient immune system ( Bayne a nd Yosh ino 1989; H u m phries 

a nd Yosh ino 2003; Zha ng et al. 2004; Hann ington et al. 2012) .  They a re capab le  of c learing a 

mu ltitude of a ntigens ( Bayne a nd Yosh ino 1989}, a nd there is even evidence for immune 

molecu le diversificat ion a na logous to  adaptive immun ity (Zhang et al. 2004; Hann ington et  al. 

2012}. I nterna l sna i l  products a lso work to c lear infections that have reached the 

sporocyst/redia stage (Sa pp a nd Loker 2000}. 

This study focused on these three ma in  factors in the Fascioloides magna-sna i l  

re lat ionsh ip using F. magna miracidia a nd four  sna i l  species: lymnaea caperata, l. palustris, l. 

exilis, a nd Physa sp .  Mi racidia l  host-fi nding behavior was examined to determ ine the degree to 

which host specificity re l ies on  the m i racidium's ab i l ity to fi nd its host. The effect of sna i l  

products (m ucus a nd tissue homogenate} on m i racidia in  vitro was a lso ana lyzed. Lastly, sna i l  
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i nterna l  response was eva luated us ing h istotechn ique a nd m icroscopy to eva luate what happens 

in vivo that leads to successfu l or  unsuccessfu l infection of the snai l  host during the first severa l 

hours of exposure .  

Fascioloides magna - Life Cycle, Range, Hosts 

Fascioloides magna, the l a rge American deer l iver fl uke, was first described by Bassi i n  

1875 ( P rice 1953) .  Th i s  pa rasite was identified in  a n  American e l k  l ivi ng in  a n  Ita l i an  zoo. 

However, it is native to America, a nd on ly from the export of American ruminants to Europe has 

it spread overseas (P rice 1953 ) .  It has been found in  some pa rts of Europe a nd Czechoslovakia 

(Chroustova 1979 ) .  In America, it has been found in  Arka nsas, Ca l ifornia, Co lorado, F lorida, 

I l l i nois, Iowa, Ka nsas, Louis iana, Mich iga n, Minnesota, Montana, New York, Ok lahoma, Oregon, 

Texas, a nd Washington (P rice 1953 ) .  It has a l so been found in  Canada, specifica l ly in Brit ish 

Co l um bia, A lberta, a nd Onta rio (Price 1953 ) .  Though the l ife cycle is  consistent everywhere, 

there may be defin itive a nd i ntermediate host differences depending on geography. 

The l ife cycle uti l izes a mo l l usca n i ntermediate host, a Lymnaeid sna i l, a nd a vertebrate 

defi n itive host, usua l ly the wh ite-ta i led deer  (Odocoileus virginianus). S in its in ( 1933)  fi rst 

proposed a n  exam ple of the intermediate host. Swa les ( 1935)  fi rst documented the l ife cycle 

a nd Pybus (2001) reviewed it .  Adu lt fl ukes l ive in  the l iver parenchyma of the defin itive host a nd 

deposit eggs into the l iver tissues.  Eggs then jo in  b i le  and a re passed through b i le  ducts i nto the 

sma l l  i ntest ine to be expel led in feces. Eggs embryonate in  water, mirac id ia  hatch from them, 

a nd th is  moti le larval stage sea rches for a n  i ntermediate snai l  host.  Mi racidia then burrow i nto 

sna i l s  and begin l a rva l a m pl ificat ion (asexua l  reproduction ) .  Fi rst, they transform i nto mother 

sporocysts fol lowed by da ughter sporocysts. These produce rediae from germ bal ls which yield 

six to ten da ughter rediae .  Da ughter rediae give r ise to cerca riae .  This second, free-l ivi ng, moti le 
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stage spontaneously emerges from the sna i l  a nd swims through the water unt i l  it encysts on a 

piece of vegetation a nd becomes a metacerca ria . White-ta i led deer  then eat th is vegetation a nd 

metacerca ria excyst to become juven i le  fl ukes. These m igrate to the l iver, fi nd at least one other 

fl uke, then encapsu late i n  order to atta in  matu rity together a nd reproduce . As hermaphrodites, 

it is assumed they can mate with other fl ukes or with themse lves whi le  encapsu lated. 

The most common defin it ive host is the wh ite-ta i led deer, but there have been reports 

of F. magna being found in  aberra nt hosts such as  sheep (Ovis aries) ( Foreyt 1990), l l ama (llama 

glama) (Con boy et al. 1988), pig (Sus scrufa) (Miga ki et al. 1971),  a nd cattle (Bos taurus) 

(Sch i l l horn va n Veen 1987) .  According to Price ( 1953 ), they have a lso been  found in hosts such 

as  the wapiti (Cercus canadensis), moose (Alces alces americanus), coast deer  (Odocoi/eus 

columbianus), m u le deer (O. hemionus), goat (Capra hircus), bison (Bison bison), cattle-bison 

hybrids (Bos taurus x Bison bison), yak (Bos grunniens), a nd horse (Equus cabal/us). Different 

leve ls of patho logy a re associated with each aberra nt host. 

Of the potentia l hosts, the parasite is not pa rticu la rly ha rmfu l to its p referred hosts, 

cervids. Mu lvey a nd Aho ( 1992) found that F. magna reduced body size a nd tota l number  of 

a nt ler  points, pa rt icu la rly for individua ls  in younger age c lasses, but did not cause death or a 

decrease in  overa l l  condition .  When the pa ras ite finds itse lf i n  a n  a berrant host, its l ife cycle is 

i nterrupted, a nd it is unab le to pass eggs through the bi le ducts a nd out through feces (Swa les 

1936) .  In these cases, the fluke may ca use considerable tissue damage while m igrat ing through 

the l iver, especia l ly in  the case of sheep (Swa les 1936, Foreyt 1990) . In bovids, the fl uke is often 

ca ught i n  a necrotic cyst in  l iver tissues before it can do a n  extreme amount of damage (Swa les 

1936) .  
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As with the defin itive host, there a re natura l  intermediate hosts of sna i l s  that a re 

susceptib le to infection .  Kru l l  ( 1933) l i sted Fossaria modicella, F. modicella rustica, a nd 

Pseudosuccinea columella as a rtificia l ly infected species in  the USA. S in its in ( 1933) l isted Galbo 

bulimoides techel/a as a n  intermediate host in  Texas .  Swa les ( 1935)  named Fossaria parva a nd 

Stagnicola palustris nuttalliana (Lymnaea palustris) as natura l  i ntermediate hosts in  Canada . 

G riffiths ( 1959) found that S. (Lymnaea) caperata was a natura l  host in  Minnesota . Chroustova 

( 1979) found that Lymnaea palustris was a viab le intermediate host in Czechoslova kia . With in  

th is su ite of hosts, some sna i l s  a re more suscept ib le than others .  

Snai l  susceptib i l ity to trematode l a rvae is known to be age dependent.  Kenda l l  ( 1950) 

reported that L. stagnalis, L. palustris, a nd L. glabra were susceptib le  to i nfection with Fascia/a 

hepatica on ly through the fi rst few days of the ir  l ives. Additiona l ly, he found that L. auricularia 

was completely resista nt, and L. truncatula could be infected at a ny age. This fi nding was 

supported by Smith a nd Crom bie ( 1982 ) .  

The  su ite o f  Lymnaeid sna i l s  prone to  infection by  F. magna a l so displays differentia l 

i nfect ion ca pa b i l it ies based on geogra phy. Foreyt a nd Todd ( 1978) demonstrated this by 

experimenta l ly i nfecting a su ite of lym naeid sna i l s  from Wiscons in with F. magna miracidia from 

Texas .  I n  th is study, L. caperata, though competent, was a less su ita b le host than L. bulimoides, 

a natura l  host in  Texas .  

The cu rrent study uti l izes m i racidia a nd sna i l s  co l lected from Minnesota to m in im ize 

regiona l  differences in order to com pa re intr insic sna i l  factors influencing susceptib i l ity. 
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Environmental Effects on Miracidial Behavior 

The first ba rri�r to snai l infection is the miracidium's ability to find its host. Host-finding 

behavior has been documented across a wide range of trematodes, sta rting with physio logica l 

properties of the eggs from which they hatch. Hatching must occur  in a n  aquatic environment. It 

is important for the eggs of some species to be exposed to light. Eggs of Echinostoma caproni 

hatched more reC)dily in a l ab  setting when exposed to higher light intensities than lower  

intensities, a nd eggs did not hatch to  a ny apprecia b le degree in  complete da rkness (Markum 

a nd Nol len 1996). Once miracidia hatch from the egg, there a re many intrinsic a nd extrinsic 

factors that influence whether a successfu l snai l  penetration is achieved. Chern in termed these 

factors miraxones ( 1970). Additiona l ly, eggs that ta ke longer to embryonate may produce 

miracidia that a re more sensitive to these environmenta l cues (Cam pbel l  a nd Todd 1955a).  

Miracidia do not active ly feed; their on ly energy source is the g lycogen reserves that 

they hatch with. Once these stores a re depleted, the miracidia become exhausted a nd a re less 

like ly to be infective (Campbel l  a nd Todd 1955a; M unoz-Antoli a nd Tre lis 2003; Ford et al. 1998). 

Ford et al. ( 1998) a lso found that miracidia of Echinostoma caproni live longer at lower 

temperatures, between 5 and 10 °C, than at tem peratures a bove 15 °C a nd died within a n  hour  

at 45°C. They concluded that  s lower moving miracidia depleted less  of  their g lycogen reserves 

over time. They a lso found some evidence that miracidia may be a b le to a bsorb nutrients 

through their tegument, as  they noted an increase in activity with the addition of g lucose to the 

swimming medium. N utrient upta ke was a lso found by Wade a nd No l len  ( 1982 ) when they 

exposed Schistosoma mansoni to medium (without bacteria ) in which Bacillus sphaericus a nd 8. 

moratai were cu ltu red. Ford et al. ( 1998) a lso examined the effect of high a nd low pH in the 

swimming medium on miracidia l viab i lity a nd found that the longevity of E. caproni increased at 

pH  9 a nd pH 5. They found that sa line sol utions decreased the longevity a nd swimming 
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capa b i l ity of these m i rac idia . No l len  a nd Ma rt ( 1983) a lso found that the hydrogen ion 

concentrat ion e l ic ited a strong response from Megalodiscus temperatus miracidia, resu lt ing in 

both vertica l movement i n  the water co l umn  a nd a n  attachment response. 

Snail Products and Miracidial Behavior 

Preche l  et al. ( 1976) found that sia l i c  acid from sna i l-conditioned water was a n  effective 

attracta nt for M. temperatus miracidia .  However, the experiment did not differentiate between 

free a nd bound s ia l i c  acid. Thus, it was poss ib le that the chemica l  could have been bound to a 

glycoprote in  o r  glyco l ipid - common com ponents in  sna i l  m ucus.  They concluded that the free 

a m ino acid make up of a potentia l host is probably not a v iab le tool in the host finding process. 

The identification of molecu les, however, such as  sma l l  peptides, g lycopeptides, or 

o l igosaccha rides that may be un ique to different species of sna i l s  may provide m uch more 

information to m i racidia ( Prechel  et al. 1976 ) .  

Severa l researchers have found sign ificant responses to  sna i l  conditioned water (Sew) 

on trematode l a rvae .  Schistosoma haematobium miracidia were found to respond, a nd be 

attracted to, some sort of water-so lub le  compound produced by sna i l  metabol ism (Sh iff a nd 

Kriel 1970) . Preche l  a nd No l len ( 1979) tracked m i racidia l movement by taking a three second 

exposure picture of M. temperatus miracidia .  There was a h igh leve l of reaction to sew from the 

preferred host for up  to 6 h fo l lowed by a drop off. The photographs showed the tra nsit ion of 

m i racidia l paths from genera l ly l inear to very erratic with many turns fo l lowing inocu lat ion with 

sew. 

Munoz-Anto l i  a nd Tre l i s  (2003 ) investigated the decoy effect us ing two species of 

pa rasites a nd a su ite of host sna i ls .  Their experiments determ ined that host sna i l s  ( HS) a nd non

host snai ls  (N HS) do not need to be together, or  even in close proxim ity, in  o rder to produce a 
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decoy effect. I n  both systems (Echinostoma friedi a nd Euparyphium albuferensis), there was a 

marked decoy effect that occu rred upon introduction of either non-host sna i l  o r  non-host sna i l  

sew. The most sign ificant effect of the non-host sna i l  was that it ca used mi racidia to increase 

host-finding behavior a nd attem pt penetration .  They found that unsuccessfu l penetration 

attem pts resu lted in  da mage a nd exha ustion, ma king it harder to infect the host sna i l .  

Additiona l ly, unsuccessfu l attempts caused them to shed penetration gla nds, a lso making 

i nfect ion harder. They found that m i racidia l  infect ion rates of host snai ls went down when the 

media was inocu lated with sew. Th is cou ld be because the sew conta ined a toxic substance 

re leased by the N HS that stimu lated a HS regu latory response. They found that with E. friedi, if 

sew of the NHS was added to media with a HS, host finding behaviors of m i rac idia increased. 

This caused an increase in meta bol ic demand, decreased selectivity, a nd u lt imately decreased 

m i racidia l  fitness due to exhaust ion of glycogen reserves or  a berrant attachment attempts. They 

proposed th is  decoy effect as a behaviora l  reason for the low preva lence of i nfections in host 

sna i l s  in a reas where defin itive host popu lat ions a re infected with a h igh preva lence a nd there is 

h igh sna i l  diversity. 

In the specific case of F. magna miracidia l  behavior, not m uch work has been done.  

Swa les ( 1935),  Cam bpe l l  a nd Todd ( 195Sa; 195Sb), Cam pbel l  ( 1961) ,  a nd McGrier a nd La ursen 

(2008) have done the majority of inqu i ry into the subject. Cam pbel l  a nd Todd ( 195Sa ) 

summarized the resea rch to that point, saying that l ittle  or no chemotaxis had been found to be 

at play with respect to the host finding behavior of F. magna. The m i racidia were frequently 

seen swimming nea r a su itab le host without trying to attach, though at times it a ppea red they 

were attracted to a m ucus tra i l .  I n  their  experiments, they described evidence of chemotaxis 

when they observed the miracidia attacking the sna i l  Fossaria modicella rustica more freq uently 

than Stagnicola reflexa. They asserted that perhaps eggs that took longer to embryonate were 
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more ca pable of responding to chemotaxis. Additiona l ly, they found that the age of F. magna 

mirac idia is a factor  of infectivity. Very young (< 1 h )  m i racidia a nd very old (> 8 h) m i rac idia 

were less infective than those that were 1.5 to 2 h o ld, a nd younger m i racidia were more 

effective attackers than o lder m i racidia .  Lastly, more m i racidia attempted attachment during 

the fi rst 15 m in  of exposure than du ring the succeeding 55 m in .  Campbe l l  ( 1961)  later rea l ized 

that he cou ld not ru le out chemotaxis because the design of the previous experiment may have 

a l l owed for diffus ion of sna i l  products i nto the sma l l  vo lume of water in which the sna i l s  were 

located. He tried a different experiment where he p laced a piece of fi lte r paper with Stagnicola 

reflexa (Lymnaea exilis} sna i l  t issue homogenate in  a petri dish with thousa nds of m i racidia .  

When he left the fi lte r paper  in  the water, the m i rac idia became hyperactive, but d id not  swa rm 

a round the pa per. However, when he touched the paper to the bottom of the petri dish a nd 

removed it, the m i racidia swa rmed a round the spot where the tissue homogenate was .  From 

th is, he concluded that F.  magna miracidia were a ble to recogn ize chemica l  cues (Ca m pbe l l  

1961 ) .  McGrie r a nd La u rsen (2008) found that  F. magna miracidia were a b le to  find a s ingle host 

re l ia b ly i n  up  to 1 L of water with rates dropping at 10 L. They a lso found that Lymnaea spp.  

decoy sna i l s  tended to decrease experimenta l i nfection rates of L.  caperata. 

Miracidial Penetration and Transformation 

Once a m i racidium finds its host sna i l, it must penetrate a nd transform to a mother 

sporocyst. I n  many species, it is  sti l l  not understood what ca uses these phenomena to occur. It 

may be that sna i l  components such as mucus a nd hemolym ph provide chemica l  cues to 

stimu late penetration a nd transformation .  At a m in imum, these products m ust not damage the 

m i rac idium during the process. 
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Coi l  ( 1981) described the process of m i racidia l  penetrat ion a nd tra nsformation in F. 

magna by fo l lowing transformation at fixed t ime interva ls .  Mirac idia lost the ir  c i l ia  ea rly, after 

contact with the sna i l .  Next, the ir  epithe l i a l  ce l l s  e ither detached, or  were ca rried into the sna i l  

body. At  th i s  point, the  a pica l g land a nd ves icu lated g land ce l l s  of  the  pa ras ite re leased vesicles 

that lost their outer coating in  the sna i l  t issue where sna i l  col lagen fibers were concomitantly 

destroyed. At the end of this process, m i racidia were considered transformed i nto mother 

sporocysts. 

Not a l l  trematode systems funct ion in  this way, however. In some, the eggs a re eaten, 

hatch in  the sna i l 's i ntestine, a nd the m i racidia penetrate the intest ine .  In others, the whole 

m i racidi um penetrates the sna i l .  There is sti l l  much to be lea rned a bout the process of m i racidia l  

transformation .  Specifica l ly, the behaviora l strategies a nd morpho logica l changes associated 

with attachment; the ro le of g landu la r  secretion in  the process of penetration; the process of 

exc i l iat ion a nd shedding of ep iderma l  p lates; a nd the ro le of the a pica l o rga n in breach ing the 

sna i l  epithe l i um fi rst proposed by Coi l  ( 1981)  a re sti l l  app l icab le today. 

Studies that have produced mi racidia l  transformation in vitro have he lped to further 

understand some of these concepts. The most studied trematode is the human  b lood flu ke 

(Schistosoma mansoni). However, 5. mansoni ca n tra nsform sponta neously i nto sporocysts in 

vitro i n  Chernin's Ba lanced Sa l ine Solut ion without sna i l  products (Yosh ino and  Lau rsen 1995), so 

th is q uestion has never been of intense study in that system .  

I t  i s  difficu lt  t o  force tra nsformation in  Fascioloides magna. However, Cam pbel l  a nd 

Todd ( 195Sb) were ab le  to make F. magna miracidia transform to sporocysts in vitro by s imply 

exposing severa l m i rac id ia to a sna i l  whose she l l  had been pee led back.  The m i racidia attached 

to the sna i l ,  shed the ir  c i l ia  a nd ep ithe l i a l  p lates, tra nsformed, then detached from the sna i l .  
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Cam pbe l l  a nd Todd ( 1955b) could not expla i n  why th is occurred, nor  cou ld they recreate the 

resu lts re l i ab ly. La u rsen a nd Yoshino ( 1998) were a b le to make m i racidia tra nsform i nto 

sporocysts by bathing them in a condit ioned medium from a sna i l  ce l l  l i ne  ( BGE  ce l ls )  derived 

from embryonic  ce l l s  of Biomphalaria glabrata. They were a ble to recreate the resu lts severa l 

t imes, a nd found that a pp lying heat a nd prote inase K to the system stopped tra nsformation .  

They concl uded that  some sort of  prote in  was  responsib le for the  shedding of  c i l i a  a nd 

ep iderma l  p lates a nd u lt imate ly, transformation .  

Snail Immune Response and Host-Parasite Compatibility 

After penetration a nd tra nsformation occur, the trematode m ust be a b le to survive 

with in  the host. In o rder for a l a rva l trematode to successfu l ly infect a sna i l, the orga nisms must 

be physio logica l ly com patib le on severa l leve ls ( Bayne a nd Yosh ino 1989 ) .  The sna i l  must be 

suscept ib le and the pa ras ite m ust be su itab ly infective . Bayne a nd Yosh ino ( 1989) fe lt that host

pa rasite com patib i l ity is such a ra re c ircumsta nce that resistance shou ld be considered the rule, 

whi le suscept ib i l ity is considered the exception .  They make th is  c la im based on  two facts. Fi rst, 

there is usua l ly low preva lence of infected sna i ls even in hyperendemic  a reas.  Second, the sna i l  

immune system has the a bi l ity to c lear many fore ign substances by hemocyte attachment a nd 

encapsulat ion ( Bayne a nd Yosh ino 1989, Humphries a nd Yosh ino 2003) .  However, hemocyte 

enca psu lation a nd subsequent k i l l ing tends not to occur in com pat ib le i nfect ions.  

Snai l  immun ity is mediated by hemocytes which attach to a nd encapsu late foreign 

mo lecules .  They perform severa l specia l ized functions, but dea l ma in ly in  immun ity a nd self

preservation .  Hemocytes a re present in  hemolymph, the non-ce l l u l a r, molecu le-rich fl u id that 

comprises the snai l  c i rcu latory system .  Though it has traditiona l ly been thought that mol l uscs 

have a rather s imp l ist ic immune system, the work of H u m phries a nd Yosh ino (2003 ) suggests 
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that perhaps there is more homology with vertebrate immune systems than previously thought. 

They found that hemolymph is not on ly ca pab le of m icrob ia l  phagocytosis, m u ltice l l u l a r  

encapsu lat ion, a nd ce l l-mediated cytotoxicity, but  is a lso a b le to  b ind  fore ign l igands to 

hemocyte receptors. In fact, they found va rious hemocyte-associated receptors that were 

ca pab le of b inding specific carbohydrates, extrace l l u l a r  matrix prote ins, growth factors a nd 

(::ytokines.  

More recently, a fam i ly of lect ins ca l led FREPs (fibr i nogen re lated prote ins)  has been 

imp l icated as  having a la rge ro le in  sna i l  immun ity (Hann ington et al. 2012, Zhang et al. 2004) .  

FREPs have one to two immunoglobu l i n  doma ins as  we l l  as  a fibr inogen doma in, a nd they have 

the ab i l ity to c lea r a la rge a rray of fore ign a ntigens .  They have a lso been shown to undergo 

diversification by means of point m utation a nd gene convers ion (Zhang et al. 2004) .  I n  8. 

glabrata, the sna i l  hosts for sch istosomes, the knockdown of the FREP3 gene by sma l l  

i nterfering RNA ca used some resistant individua ls  to  lose the i r  resista nce (Hann ington et  al. 

2012 ) .  This study a lso verified that FREP3 is diversified in  different hemocytic ce l ls .  This 

information provides evidence for the presence of a snai l  immune system that has much more 

specificity i n  its ab i l ity to c lear a ntigens than previously rea l ized. 

It is probab le  that severa l factors work together to produce com patib i l ity. Bayne a nd 

Yosh ino ( 1989) proposed that one or  more of the fo l lowing phenomena may be occurring. 

Mother sporocysts may avoid being recogn ized by the sna i l  immune system via molecu lar  

m im icry, acq u isit ion of  host molecu les, or  prevention of  opson ization .  Alternative ly, they may 

be a ble to resist the toxic components of the host, o r  interfere with host hemocyte function .  

I n  a n  experiment performed by Sapp a nd Loker (2000) where five sna i l  species ( a l l  

p lanorbids or  lymnaeids) were exposed to  four  digenean species, it was  found that  each  pa rasite 

2 1  



species produced patent infections in  its known host, but not in  the others .  They a lso found that 

m i racidia were less l i ke ly to attach to/penetrate an unsu itab le host, a lthough many specimens 

sti l l  tried. The researchers went on to test the effects of p lasma from different species of sna i l s  

on  the different species of sporocysts/redia. They found that p lasma was not ha rmfu l to 

com pat ib le species, but that it was ha rmfu l to incompatib le species - specifica l ly, lymnaeid 

p lasma was very ha rmfu l to the species that infect p lanorbids a nd vice versa . 

I n  addition to these intrinsic differences in  suscept ib i l ity between species, there a re 

other factors that p lay a ro le i n  infectivity. For exa mple, i n  l ab  a nd fie ld experiments with avian  

schistosomes, infect ion intensity was directly corre lated with sna i l  size (Graham 2003) .  As 

mentioned a bove, susceptib i l ity patterns have been found to va ry with sna i l  age; young 

individua ls  of otherwise resista nt species may exh ib it reduced res istance ( Kenda l l  1950, Smith 

a nd Crombie 1982 ) .  

Most o f  t he  work on the  ro le o f  sna i l  immun ity ha s  been done on Schistostomatidae 

a nd Ech inostomatidae .  A nove l system with in  Ech inostomatidae, such as the one provided by F. 

magna, wi l l  he lp  to a nswer funda menta l questions a bout sna i l  host specificity of digenean 

trematodes. Recently, Coyne et al. ( I n-press) found that Helisoma trivolvis m ucus served as a 

barrie r to infect ion by F. magna. The mucus was extremely cytotoxic to F. magna miracidia due 

to a prote inaceous component.  However, mucus from compatib le Lymnaea palustris did not 

display a ny cytotoxicity to F. magna miracidia .  Although Helisoma trivolvis is ub iquitous across 

much of North America, it is of interest to observe the host-pa rasite re lationsh ip in  sympatric 

sna i l  species. 

In th is project, I tested mi racidia l  cho ice behavior in  rega rds to the a bi l ity of F. magna 

miracidia to fi nd, attach to, a nd penetrate a su ite of sympatric sna i l  hosts inc l uding Lymnaea 

22 



caperata, l. pa/ustris, l. exilis, a nd Physa spp.  Lymnaea caperata has been identified as the 

natura l  i ntermediate host in  MN (G riffiths 1962 ) .  Lymnaea palustris has a lso been identified as  a 

natura l  host (Swa les 1935) .  Mea nwhi le, l. exilis a nd Physa spp. ,  sna i l s  that often share the same 

pond, a re resista nt to infect ion by F. magna. I a lso tested the effect of snai l  products (mucus a nd 

tissue homogenate) from this su ite of species on F. magna miracidia .  Lastly, I a na lyzed 

h isto logica l sam ples to determine a ny in vivo diffe rences between susceptib le  a nd resista nt 

species in  the fi rst fou r  hours of infect ion .  

Th i s  study exam ined mu lt ip le species of  Lymnaea, some res ista nt a nd some suscept ib le, 

a nd an outside resista nt genus (Physa). By studying sna i l s  common ly found in the same ponds 

in MN, I was a ble to compa re patterns natura l ly affecting host fi nding a nd trematode resista nce 

in  this system .  

METHODOLOGY 

Snails - collection and lab cultures 

Four  sna i l  species (Lymnaea caperata, l. exilis, l. palustris, a nd Physa sp . )  were co l lected 

in Minnesota between 2010 and 2011 with in  the ra nge of F. magna. The princ ipa l  co l lection 

s ites were Ca rlos Avery Wi ldl ife Ma nagement Area in  Anoka County, MN a nd St.  Croix State Pa rk 

in H inckley ( P ine Cou nty), MN.  Sna i l s  were brought back to the l ab  a nd rea red in 10 ga l a nd 1 ga l 

aquaria in  a rtific ia l  spring water ( U lmer 1970) .  They were fed frozen lettuce a nd fish fla kes ad 

libitum. Only the offspring were used for experimentation, to avo id a ny confounding factors of 

preexist ing infect ions.  Sna i l s  used for experimentation were mature un less otherwise noted. 
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Miracidia - collection and lab maintenance 

Trematode eggs were co l lected from with in  St. Croix State Pa rk, during yea rly deer  

popu lation contro l  hunts in  the fa l l  of  2011 a nd aga in  the fa l l  of  2012 . H unters provided deer  

l ivers at the check stat ion upon  exit ing the pa rk. Livers were dissected a nd eggs were co l lected 

from with in  l iver ca psules or re leased from adult fl ukes. Eggs were sed imented a nd c leaned i n  

the  fie ld then  brought back to  the  l ab  to  embryonate a t  room tem perature for 3-4 weeks. 

Activated charcoa l was p laced in  the conta iners i n  o rder to m in im ize mold growth .  Once 

m i racidia were observed, eggs were moved to the refrigerator a nd stored at 1 .5°C - 4°C where 

they rema ined via b le for upwards of a yea r. Mass hatches were performed for experiments by 

p lac ing m i rac idia in  test tubes fi l led with water at room tem perature for 1-4 h .  

Miracidial Behavior 

To eva l uate the ro le of the m i racidium in the infection process, I exposed three species 

of sna i l s  {L. caperata, L. exilis, a nd Physa sp.) to a single m i racidium .  For each 30 min trial , a 

sna i l  was adhered shel l  down to the bottom of a we l l  i n  a 24 wel l  plate using double sided tape. 

The well was fi l led with enough D I  water to completely submerge the sna i l .  A s ingle m i racidium 

was  added to  the  wel l  a nd observed through a dissection m icroscope . The fo l lowing pa rameters 

were eva l uated: the number, locat.ion (she l l, body, or mucus), and  duration of contacts with the 

sna i l; the n u m ber  a nd duration of attachment attempts; successfu l attachments (defined by 

presence of m i racidium on snai l  epithe l i um after 2 h) ;  a nd damage to the m i rac idum (defined by 

observation under a com pound m icroscope or  obvious behaviora l com ponents such as  ceasing 

to swim or swimming a bnorma l it ies) . 
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The number, location, duration, a nd freq uency of attachment attem pts were ana lyzed 

using a non-pa rametric, one-way ch i-sq uare protoco l with a Kruska l-Wa l l i s  post-hoc test. The 

durat ion of attachment attempts was ana lyzed us ing an ANOVA. 

Snail Response 

The ro le of sna i l  products in  compat ib i l ity was eva luated by test ing the effect of mucus 

a nd snai l  t issue homogenate on m i racidia in vitro. 

Sna i l  Mucus:  

Mucus was harvested from the head-foot from a su ite of snai ls  (L. caperata, l.  palustris, l.  exilis, 

a nd Physa sp . )  us ing a head-foot retraction method. Fi rst the sna i l  was wiped off with a paper 

towe l then, us ing a p ipette, the sna i l  was gent ly pushed back into its shel l  a nd its epithe l ium was 

massaged with the pipette t ip to stimu late m ucus excretion .  Mucus was p ipetted from the snai l  

i nto a 1 .5  µL m icrotube a nd stored in  the refrigerator ( 1 . 5°C - 4°C) unt i l  used (usua l ly the same 

day, never more than 1 day) . Mucus was di l uted ( 1 : 3, 1 :30, 1 :300, and  1 :3000) in  Chern in's 

Ba lanced Sa l ine  Solut ion (CBSS) (Chemin 1963 ) .  Mucus for a s ingle assay often came from more 

than one sna i l .  Miracidia were then exposed to 40 µI of the m ucus solut ions o r  CBSS contro l  a nd 

p laced on a s l ide that was covers l ipped using petro leum je l ly a round the edges .  Observations 

were made at 1 h, 4 h, a nd 6 h .  At each t ime period, m i rac id ia l  condition was determ ined using 

the fo l lowing categories: swimming, sett led, transforming, transformed, damaged, dead, or in 

the petro leum je l ly .  For ana lysis, observations were grouped into three ma in  categories: 

da maged, transform ing, a nd intact. Damaged (grouping of dead a nd da maged) was defined as 

a nywhere from dead to an obvious sp l itt ing of the ep ithe l i um a nd b lebb ing out of i nterna l  

structures (fig. 1 ) .  Transforming (group ing of  transformed a nd tra nsform ing) was  defined as  

a nywhere from the in it ia l  stages of losing c i l ia  a nd epithe l i a l  p lates to com plete transformation 
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to mother sporocyst stage (fig. 2 ) .  I ntact (com binat ion of swimming a nd settled) was defined as  

m i racidia sti l l  having a l l  epithe l i a l  plates intact a nd beating c i l ia  - these m i racidia cou ld have 

been swimming or sett led on the bottom of the wel l  (fig. 3 ) .  

Heat  treated Physa sp .  m ucus was  used in  one assay to  assess whether effector 

mo lecu les were heat- lab i le, as typ ica l of prote ins .  Mucus was heated (65°C i n  a hot water bath 

for 30 m in )  a nd then a l lowed to coo l  to room temperature prior to exposure to m i racidia .  

Sna i l  Tissue Homogenate : 

Sna i l  she l l s  were removed, a nd the head foot was excised, patted dry with a paper 

towel, a nd homogen ized using a p lastic mictrotu be t issue homogen izer. The homogenate was 

centrifuged at 1,000 rpr:n for 1 min.  The supernatant was then removed a nd the prote in  

concentrat ion was determined us ing a BCA protoco l .  A di l ution series (0 .5  mg/m l, 0.05 mg/m l 

a nd 0.005 mg/m l prote in  concentrations) was set up  in  96 we l l  p lates. Between  10 a nd 200 

m i racidia were then added to tissue homogenate solution from a s ingle sna i l  on a s l ide to make 

a fi na l  vo lume of 80 µl of the test concentrat ion .  Observations were made at 1 h, 2 h, a nd 24 h 

a nd m i racidia l outcomes were measured as in  the m ucus assay. The observation t ime was 24 h 

i n  th is  assay to assess if m i racidia transformed com plete ly in  homogenate. I n  two sepa rate tria ls, 

a l l  homogenate sa m ples were exposed to heat treatment to eva l uate the ro le of prote ins as 

effector mo lecules .  Microtubes of di l uted homogenate were p laced in a hot water bath at 65°C 

for 30 m inutes. They were then centrifuged for 2 m in  at 10,000 RPM a nd a l l owed to coo l to 

room tem perature .  

Mucus a nd homogenate assays were ana lyzed us ing a Repeated Measures Ana lysis of  

Var iance.  A l l  proport ion
,
s were a rcsin  transformed prior to ana lysis. U ntransformed data were 

gra phed for ease of visua l i zation .  
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Histology 

Histologic examination was used to assess snail immune response in vivo. Lymnaea 

caperata, l. exifis, l. palustris, and Physa sp. were isolated and exposed individually to many 

miracidia (hundreds-thousands) for predetermined time intervals of 1 h, 2 h, 3 h, and 4 h. A 

single snail of each species was exposed for each of the time periods. After exposure, snail shells 

were physically removed and the head foot was isolated and placed in AFA (9 parts 70% ethanol, 

0.5 part commercial formalin, 0.5 part glacial acetic acid) for 2-14 days. Specimens were then 

stored in 70% ethanol until processed. They were dehydrated using a graded tert

butanol/ethanol series and embedded in paraffin (56° C melting point) (Johansen 1940). All 

snails were cut into 10 µm serial cross sections using a rotary microtome. Sections were 

attached to slides using Haupt's adhesive. They were stained using eosin (lg/L in 70% ethanol 

with 5 ml glacial acetic acid) and hematoxylin (0.5% aqueous) (Sanderson 1994). Sections were 

dehydrated in a graded ethanol series, cleared with limonene, and mounted with Permount. 

Pictures were taken using an OptixCam digital camera. They were uniformly adjusted in 

Photoshop for level, contrast, and color. Images were then examined for qualitative differences 

in immune response between species. 

RESULTS 

Role of Miracidial Behavior in Host Finding 

The host finding behavior of Physa sp. (n = 10), l. exilis (n = 8), and l. caperata (n = 12) 

was examined to determine the role of the miracidium in initiating an infection. No interspecies 

differences were found with regard to the number, site (shell, body, mucus), or duration of 

contacts with the snail by the miracidium. Miracidia were found to attach to l. caperata 

significantly more often (4 did not attach, 7 attached 1 time, 1 attached 4 times) than l. exilis (6 
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did not attach, 2 attached 1 time) or Physa. sp (9 did not attach, 1 attached 9 times), but no 

significant difference was found between L. exi/is and Physa sp. (x 2 = 6.6561, p = 0.0359, df = 2) 

-

(fig. 4). Miracidia also attached for a significantly longer period of time to L. caperata ( x = 

-

604.1 s) than to Physa sp. ( x = 20.2 s), but there was no significant difference between L. 

caperata and L. exilis ( x = 167.4 s) nor L. exilis and Physa sp. (F = 4.03, p = 0.0294, df = 2,27) 

(fig. 5). There were no significant interspecies differences for successful attachments. When 

miracidia were exposed to whole snails, they were damaged more frequently by Physa sp. than 

expected (x 2 = 6.6000, df = 2, p = 0.0330). Only 25% of miracidia were damaged after exposure 

to L. caperata while 50% were damaged after exposure to L. exilis, and 80% were damaged after 

exposure to Physa sp. (fig. 6). 

Role of Snail Mucus in Compatibility 

The effect of snail mucus on miracidial condition was measured to assess the role of this 

primary barrier in compatibility. There was an overall species effect on the ability of mucus to 

cause damage to miracidia (df = 3,32; F3,32 = 23.59; p<0.0001). Physa sp. was the most lethal 

snail species, particularly at the 1:3 and 1:30 dilution (fig. 7) where it killed 100% of the exposed 

miracidia. There was no overall dilution effect at dilutions out to 1:300 (df = 2, 33; F2,33 = 0.19; p 

= 0.8315), but there was an interaction between species and dilution (df = 11, 24; F11,24 = 9.62; 

p<0.0001) (Appendix.1). In all three models, time had a significant effect (A.l), but there were 

no interactions with time. Over time, all species except Physa sp. trended toward higher rates of 

damage in the 1:3 and 1:30 dilutions (fig. 7). Any effect of mucus on miracidia disappeared at 

the 1:3000 dilution. 
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In a single trial, there was a complete negation of the toxic effect of the mucus after 

heat treatment. When miracidia were exposed to Physa sp. heat-treated mucus, all miracidia 
• 

were still swimming after four hours. 

There was no difference in the ability of mucus to stimulate transformation based on 

snail species, dilution, o.r the interaction between species and dilution (A.2). The only variable 

that was able to explain any of the variation in transformation rates was time in all three models 

(A.2). It should be noted here that all miracidia that started to transform, but died in the 

process, were moved to the damaged category. This can large Transformation was more likely to 

occur by 4 to 6 h (fig. 8). Lymnaea caperata had some stimulatory effects at the highest 

concentrations, but it was not statistically greater than other species. Approximately 22% of the 

miracidia exposed to l. caperata mucus at the 1:3 dilution transformed after 4 h. This effect 

decreased to about 5% at the 1:30 dilution and was completely gone at the 1:300 dilution. Physa 

sp. had some stimulatory effects after mucus was diluted past cytotoxicity (approximately 5% at 

1:30 versus "'30% at 1:3000). l. palustris and l. exilis were variable (fig. 8). 

Role of Tissue Homogenate in Compatibility 

Snails were exposed to snail tissue homogenate to test the effect of internal snail 

products on miracidiaJ condition. There was an overall species (df = 3, 77; F3,77 = 6.76; p = 

0.0004) and dilution (df = 2, 78; F2,78 = 18.21; p<0.0001) effect on the damaging potential of 

tissue homogenate from the different snails (A.3). In all analyses, the amount of time that the 

miracidia were exposed to the homogenate had an effect (A.3). All models showed interactions 

between time, dilution; and species were significant (A.3). Homogenate from Physa sp. caused 

the most damage and mortality at the 0.5 mg/ml dilution after 1 h (68%) and 4 h (85%) (fig. 9). 

This effect decreased at 0.05 mg/ml, damaging 19% of miracidia after 4 h and was no different 
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from control at 0.005 mg/ml (fig. 9). At the 0.5 mg/ml dilution after 4 h, L. caperata (34%) and 

�- exilis (25%) were both more damaging to miracidia than the control. At 0.005 mg/ml, all were 

equivalent to the control. After heat treatment, damage rates were equivalent to the control 

(fig. 10). 

Tissue homogenate was also analyzed for its ability to stimulate transformation. There 

was an overall species (df = 3, 77; F3,77 = 4.91; p = 0.036) and dilution (df = 2, 78; F2,78 = 20.36; 

p<0.0001) effect on transformation initiation (A.4). The amount of time that the miracidia were 

exposed to the homogenate also had an effect (A.4). It should be noted here that all miracidia 

that started to transform, but died in the process, were moved to the damaged category. All 

models including interactions between snail species, time, and dilution were significant. 

Lymnaea caperata stimulated the most transformation at the 0.5 mg/ml dilution (57%), but any 

effect was gone by 0.005 mg/ml (fig. 11). L. exi/is also stimulated transformation significantly 

more than control (19%) at 0.5 mg/ml after 1 h. All effects were abrogated after heat treatment 

(fig. 12). 

Histological Examination for in vivo Snail Response 

Miracidia attached to all three snail species, but only successfully transformed in L. 

caperata. No hemocyte attraction was observed in early attachment of F. magna miracidia to L. 

palustris (fig. 13c). Miracidia were not seen attached to L. palustris after 2 h or 3 h of exposure. 

Likewise, there was no hemocyte activity in the early stages of attachment to L. exilis (fig. 13a). 

As the miracidia burrowed deeper into L. exilis, there was some hemocyte accumulation, but no 

attachment or encapsulation (fig. 14a, fig. 15a, fig. 16b). Lymnaea caperata did not show any 

significant immune response, as measured by hemocyte accumulation or encapsulation (fig. 

13b, fig. 14b, fig. 15b, fig. 16b). In early attachments, hemocyte attraction was not observed (fig. 
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13b, fig. 14b). In cases where transformation and penetration occurred, there was no hemocyte 

attachment or encapsulation (fig. lSb, fig. 16b). The only hemocyte accumulation observed was 

in l. palustris once partial penetration of the miracidium had occurred (fig. 16c). It was also 

observed that full penetration only occurred in l. caperata after 4 h (fig. 16b) indicating that 

miracidia penetrated l. caperata at a greater rate than l. exilis or l. pa/ustris. 

DISCUSSION 

My main goal was to determine whether host-parasite compatibility is primarily 

controlled by the intermediate host or by the parasite in the Fascioloides magna system. Results 

indicated that both parties are active participants in the arms race. Miracidia exhibit observable 

host-finding behaviors, and their sympatric snails had attributes that either permitted or 

prohibited infection. 

While F. magna miracidia made indiscriminate contact with all the species, they 

attached more often and for longer periods of time to a suitable host. The host-finding process 

had a species-level specificity as evidenced by the higher number of total attachments to its 

natural intermediate host, l. caperata, than to the resistant l. exilis. This implies that miracidial 

attachment and penetration is not a random process. Miracidia may make random contact with 

potential hosts, but when they find a suitable host they invest more energy and time into 

initiating infection. This evidence is contrary to the notion that the initiation of infection is the 

result of chance (Campbell and Todd 195Sa). Instead, this supports the idea that F. magna 

miracidia must use some chemical and/or physical cues to seek out hosts and initiate infection. 

Previous research has identified free amino acids, the hydrogen ion, Mg++, tissue 

homogenate, and other molecules in snail conditioned water (SCW) to have stimulatory or 

attractant effects on miracidia ( Prechel et al. 1976, Nollen and Mart 1983, Campbell 1961). This 
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study supports the idea that these cues exist on a species level. It is likely that one Lymnaeid 

species has unique molecular markers that stimulate attachment and transformation that 

another species in the same genus does not possess. It could be argued that in my experimental 

design, the miracidia and snails were sharing such a small space that they had no choice but to 

make contact, but in many trials the miracidium never touched the snail. Miracidia were able to 

initiate contact or avoid contact with objects near them. 

Of the miracidia exposed to live Physa sp., 80% were damaged after the 30 min trial 

while only 25% were damaged after exposure to L. caperata and 50% by L. exilis. This indicates 

that Physa sp. has some sort of physical/chemical barrier to infection that Lymnaea caperata 

does not. Lymnaea exilis may have some cytotoxic effect, but miracidia tried to attach 

unsuccessfully which may have decreased miracidial fitness (Munoz-Antoli and Trelis 2003). The 

cytotoxic effect in Physa sp. was strong enough that simply making contact or even being in the 

same water resulted in a high likelihood of damage or death. 

Extended behavioral observations showed that the Lymnaeids used grooming behaviors 

to avoid infection. In many trials where miracidia attached and then detached, the snail was 

responsible for causing the detachment. Depending on where the miracidium attached, the snail 

was able to use its antennae or its head-foot to physically remove it from its epithelium. This 

behavior may be of particular importance to the Lymnaeids that do not possess the same 

discrete physical/chemical barrier to infection that Physids do. 

In addition to miracidial behavior, I also looked at the effect of snail tissue homogenate 

and mucus on the viability of F. magna miracidia. Most significantly, mucus of the resistant 

Physa sp. was extremely cytotoxic to miracidia, and tissue homogenate of the natural 

intermediate host, L. caperata, was able to stimulate transformation. Physa sp. mucus, at 1:3 
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and 1 :30 dilutions, was 100% lethal to all miracidia exposed. This, along with observational data 

from the behavior experiment, indicates that snail mucus can serve as an anti-parasitic barrier 

toward digenean flatworm miracidia. All of the snails used were collected from the same habitat 

and would therefore all be exposed to the same parasites in the wild. Given the strength of this 

miracidial toxin, it is likely that it helps keep F. magna from penetrating Physa sp. in the field. 

Complete negation of the effect by heating argues that the responsible molecule may be a 

protein(s) or glycoprotein(s), which are common in snail mucus. Many types of molecules from 

mucus that have been shown to have positive, or stimulatory, effects on miracidia are generally 

unaffected by heat (Ford et al. 1998; Nollen and Mart 1983 ) , so the attractant and cytotoxic 

molecules in this study are likely different. However, it is possible that resistant snails share 

some of the same attractant or stimulatory molecules as susceptible snails. Campbell ( 1961 ) 

illustrated this when he found F. magna miracidia to be stimulated by tissue homogenate from 

L. exilis. I also observed hyperactivity when miracidia were exposed to heat treated snail 

products from Physa sp. This decoy effect may have far-reaching implications in the wild. 

The mucus from L. caperata, L. exilis, and L. palustris was not significantly more 

cytotoxic to miracidia than CBSS control and there were no differences between these species. 

Apparently the effector molecule(s) causing the cytotoxic effect seen in Physa sp. are not found 

in these three lymnaeids. It is likely that there is an internal barrier that is different between 

susceptible L. caperata and L. palustris, and non-susceptible L. exilis. Furthermore, resistance 

mechanisms seem to differ between nonsusceptible L. exilis and resistant non-lymnaeids. 

The toxic effect of mucus has been observed by other researchers. Coyne et al. (In

press) demonstrated that Helisoma sp. mucus was toxic to F. magna as well. Perhaps there is a 

protein or complex of proteins that can be identified as creating this primary barrier to parasitic 
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infection. Not only would this be of great interest to parasitology, as it would help to better 

understand the mechanisms underlying host specificity, but it may have ecological implications 

as well. 

There was no significant overall species-specific effect on the ability of mucus to 

stimulate transformation. However, I did identify a trend. As the cytotoxicity of Physa sp. mucus 

decreased, the transforming stimulus increased. By the 1:3000 dilution, nearly 30% of miracidia 

were transforming. This implies that there may be a common molecule or set of molecules that 

has different effects at different concentrations. Perhaps the responsible molecule(s) creates a 

general stimulation that at high levels is fatal, but at low levels is stimulatory. It is possible that 

even higher dilutions could result in greater transformative stimulation. Coyne et al. ( In-press) 

found some evidence for highly diluted mucus of Helisoma sp. stimulating F. magna 

transformation as well. This study supports those results, but there was no time frame or 

dilution in which mucus was significantly more effective at stimulating transformation than the 

CBSS control. Time was a significant model for explaining the variation. This was probably due 

to the fact that individuals that started to transform, but died in the process, were moved from 

the transforming category to the damaged category. 

Tissue homogenate from Physa sp. was also harmful to F. magna miracidia. In the 

protocol, I tried to remove as much of the mucus from the head-foot as possible, but I cannot 

definitively say if this effect was the result of the homogenate itself or mucus in the 

homogenate preparation. Some mucus from the surface was likely incorporated when the 

homogenate was prepared. It is possible that mucus-secreting glands in the snail tissue were 

stimulated to produce mucus during the preparation. If the effect was from the homogenate 

itself, then there is support for Physa sp. having some internal defense system against F. magna 
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in addition to the external mucus barrier. This coincides with research done by Sapp and Loker 

(2000) which found that plasma from planorbid snails was extremely harmful to lymnaeid

infective sporocysts. Physa sp. could not be infected with F. magna miracidia due to mucus 

cytotoxicity, but that does not preclude additional internal immunity. In nature, F. magna 

miracidia would not see the inside of a snail. Therefore, transformed sporocysts from F. magna 

need to be exposed to mucus-free snail tissue homogenate, hemolymph, or plasma from these 

snails to better understand the mechanisms underlying internal snail host immunity of Physa sp. 

to F. magna. This would help determine if F. magna is capable of infecting Physa sp. once past 

the mucus barrier. Unfortunately, at this time, there is no reliable method to produce newly 

transformed mother sporocysts of F. magna in vitro in the numbers required to complete such a 

study. 

Tissue homogenates from L. caperata and L. exilis were able to stimulate transformation 

at high concentration. Lymnaea caperata was more effective than L. exilis, but L. exilis 

stimulated more transformation than L. palustris or Physa sp. at the highest concentration. 

These effects were most clearly seen 1 h after exposure. This makes sense as penetration and 

transformation take at least 2 h (Coil 1981). By 4 h in vivo, miracidia should be completely 

transformed and penetrated. However, in this study, many miracidia died during the 

transformation process in vitro and were counted as dead and not transformed at the 4 h time 

frame. The homogenates from L. palustris and Physa sp. did not have this same transformative 

effect. Any effect was almost completely negated after heat treatment of the homogenate. 

Once again, this suggests that the responsible molecule(s) is a protein. 

It was not surprising that tissue homogenate from L. caperata would stimulate 

transformation, as it is known to be the natural intermediate host in Minnesota. Mucus from L. 
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caperata did not stimulate transformation, so apparently there must be effector molecule(s) 

within the snail epithelium or underlying tissues that stimulate transformation when the apical 

papillae makes contact. Even though transformation was initiated, very few specimens 

transformed completely. Almost all of those that did transform completely died within 24 h, and 

many died before the 4 h mark. With the loss of epithelial plates and the extensive membrane 

rearrangement taking place during transformation, it is possible that F. magna requires the 

internal environment of the host to complete the process. Even the lowest dilution of 1:3 for 

protein concentration represented a very different osmotic environment than what exists in the 

mantle or head-foot of an intact snail. It is also possible that necessary nutrients or molecules 

are concentrated in miracidial entry points, but when homogenized become too dilute to 

support transformation. 

While it was expected that L. caperata would stimulate transformation, it was surprising 

that L. exilis did so as well, supporting nearly 20% transformation at O.Smg/ml. Lymnaea exilis is 

a non-susceptible snail that miracidia only infrequently attached to, but did not exhibit 

cytotoxicity in its mucus or tissue homogenate. Therefore, either an internal barrier likely 

prevents sporocyst development in live L. exilis if miracidia do attach. 

To date, it has not been possible to complete the life cycle of F. magna, or any other 

digenetic trematode in vitro, which limits its use as a model in research. Laursen and Yoshino 

(1999) were able to get the miracidia to transform into mother sporocysts using BG E cell 

supernates and into daughter sporocysts in co-culture with BG E cells. Unfortunately, it has been 

difficult and labor intensive to reproduce these results. While the homogenate assay in my study 

was not designed to stimulate miracidia to transform into sporocysts, it does provide an 

interesting pathway toward a reproducible method for doing so. Fascioloides magna miracidia 
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shed their epithelial plates as they burrow into the snail's epithelium. It would be useful, from a 

research standpoint, to reliably and easily transform miracidia into sporocysts in vitro. The 

reaction of the hemolymph and plasma with sporocysts could then be analyzed. If a protein, 

glycoprotein, or complex of either could be isolated, it could help us better understand the 

mechanisms that trigger transformation in F. magna and other digeneans. 

Bayne and Yoshino (1989} proposed three factors that could lead to successful infection 

by a miracidium: 1) mother sporocyst is capable of resisting cytotoxic effects of snail immune 

system; 2) mother sporocyst is capable of evading an immune response by molecular mimicry, 

acquisition of host molecules, or prevention of opsonization; 3) mother sporocyst disrupts 

hemocyte function. To see if any of these factors were at play, snails that were experimentally 

infected with F. magna miracidia were sectioned to observe the early effects of snail immunity 

in vivo. Lymnaea caperata, the natural host in Minnesota, showed little to no immune response 

from early attachment through complete penetration. There was very little hemocyte activity 

surrounding any penetrating miracidia, and encapsulation was not observed. Thus, after 

transformation, the mother sporocyst likely relied on the second or third factor, as evidenced by 

the minimal hemocytic attraction to the parasite (fig. 13b, fig. 14b, fig. 15b, fig. 16b}. It is 

possible that the mother sporocyst had similar molecular markers to snail cells, or acquired host 

molecules during the penetration phase of infection. Since hemocytes were not observed to 

accumulate near the mother sporocyst, their ability to locate or attach to the parasite may have 

been disrupted. 

There was some evidence of hemocyte accumulation around the site of penetration In L. 

palustris (fig. 13c, fig. 16c}. However, I did not observe any appreciable hemocyte attachment, 

and there was no encapsulation. It appears that the presence of hemocytes was dependent on 
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the penetration site, since surrounding tissues had similar concentrations of hemocytes. 

Lymnaea palustris has been identified as a natural host in Czechoslovakia (Chroustova 1979) and 

in the lab in the USA. As a competent host, it is unsurprising that the immune response is low. 

Fascioloides magna miracidia did not completely penetrate l. palustris in the given time frame. 

In contrast, they were able to penetrate and transform in l. caperata within 3 h. This may simply 

be a result of no variation in the sample since only one snail was sectioned for each infection 

time. 

In the resistant snail, l. exilis, there was also a very weak immune response. There was 

some hemocyte accumulation at the penetration sites (fig. 14a, fig. 16a), but the concentration 

was similar in surrounding tissues. Once again, there was no definite hemocyte attachment or 

encapsulation. Complete penetration and transformation to mother sporocysts was not 

observed. While my sample size was small, it is possible that although l. exilis is a suitable host 

for miracidia, to the point of permitting attachment, there is some internal barrier that causes 

them to fall off of the snail. As was seen with l. palustris, miracidia were not able to progress 

through the infection process in the same time frame as in l. caperata. Though there was not an 

obvious barrier in mucus, tissue homogenate, or early snail immunity, l. exilis does not readily 

harbor F. magna infections. The barrier to infection in l. exilis is unclear at this point. 

Snail age may explain some of the differences seen in my study, as snails of different 

ages were used for analysis. Mature individuals were used for l. caperata and younger 

individuals were used for l. palustris and l. exilis, but their ages were inconsistent. Given that 

snail age corresponds to differences in susceptibility (Foreyt and Todd 1978, Swales 1935, 

Soulsby 1982), some of the observed variation is likely explained by age differences. 
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Digenean-snail compatibility depends on the interplay of behavioral and physiological 

properties of parasite and host. When a miracidium finds a suitable host, infections may be 

successful or not depending on its abiiity to discriminate the snail as such and the immune 

response of the snail. My research elucidated some general patterns in the F. magna system. In 

all parasite-host relationships, the first step is host-finding. In the lab, F. magna demonstrated 

the capability to differentiate between host genera and even host species in order to initiate a 

potentially successful infection. In the field there are decoy effects, predation, and variable 

environmental conditions that may decrease the utility of this ability. Even with many miracidia 

in an aquatic system, these factors can make it unlikely that a miracidium will find a suitable 

host, contributing to the over dispersed nature of parasitic infection in snails and parasites in 

general. 

In an outbred population, it is unlikely that all individuals in a species will be equally 

susceptible, or that some species will be definitely and irreversibly resistant. In the F. magna 

system, I found that the sympatric genus, Physa, was able to avoid infection due to the 

cytotoxicity of its mucus. This primary barrier to infection not only prohibited miracidial 

penetration, but it significantly reduoed miracidial survival. In the field, these factors may play a 
I 

role in down-regulating F. magna infection in suitable hosts, also contributing to overdispersion. 

In the event that a miracidium does find a snail to which it can attach without being 

harmed, it must be physically capable of penetrating the host and surviving its immune 

response. The three lymnaeid species tested did not exhibit any cytotoxic properties in their 

mucus, but only two of them regularly support infection; L. caperata and L. palustris. Still, F. 

magna miracidia attached and attempted to initiate infection in all lymnaeid species. There are 

many examples of parasites with extremely high fecundity that rely heavily on opportunism as a 

39 



life strategy. It may be the case with F. magna that unsuccessful attempts at penetration are 

superior to being too discriminating and entirely missing an attempt at infection. 

The effect of decoy snails and miracidial toxicity may have fa r-reaching ecological 

impacts. When a miracidium attempts to attach to an incompatible host, its likelihood of then 

finding and attaching to a compatible host is reduced. This may be due to a decrease in fitness 

because of cytotoxicity or an unnecessary expenditure of energy reserves during an attempted 

attachment (Campbell and Todd 1955a; Ford et al. 1998; Munoz-Antoli and Trelis 2003). Either 

way, these cytotoxic or incompatible snails may serve to regulate parasite populations by 

decreasing their likelihood of initiating a successful infection. Without decoy snails in an 

ecosystem, it is likely that parasitic infection would be more prevalent. 

Host-parasite compatibility in digeneans is clearly, as Bayne and Yoshino (1989) found, 

an exception to the rule of resistance. It is also a dynamic process. Host-parasite relationships 

can change over time. Though they have some discriminating capabilities, miracidia still 

opportunistically attempt to penetrate non-susceptible hosts. Eventually, an evolutionary 

pioneer will have a mutation that allows infection in a non-susceptible host and non

susceptibility will immediately be compromised. For animals that utilize parasitism as a way of 

life, it is beneficial for a population to overcome strict host-parasite specificity, even if it is a 

dead end for many individuals that try. 
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F IGU RES 

( a }  ( b }  

( c }  ( d }  

F igure 1 :  A series of p ictu res d isp laying m i rac id ia  inc luded i n  the catego ry of  "damaged" . This 

category ra nges from da maged (a,  b, c}, where the m i rac id i u m  d isp lays a ruptu red epithe l i um  

and  b lebb ing out o f  i nterna l structu res to  com p lete ly dead  ( d } .  
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( a )  ( b )  

F igu re 2 :  A series of p ictu res d isp laying m i rac id ia  inc l uded i n  the category of "transforming" . I t  i s  

made  u p  of t ransfo rm i ng and  tra nsfo rmed . Tra nsform ing is cha racte rized by  the shedd ing of  

ep ithe l i a l  p lates ( a ) .  Tra nsfo rmed is cha racte rized by  a loss of ep iderm a l  p lates and  a l a ck  of  c i l i a  

( b ) .  

•, 

F igu re 3 :  A pictu re d isp laying m i rac id ia  inc l uded i n  the category of " intact" . These m i rac id ia  have 

i ntact ep iderm a l  p lates and  act ive ly beat ing c i l i a . They may be swim m ing th ro ughout the water 

co l u m n  o r  sett led o n  the bottom of the we l l .  
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F igu re 4: I nfl uence of sna i l  species on m i rac id i a l  cho ice in i n it iat ing attachment attem pts.  

H i stogra m com pa ring the n u m ber  of attach[l\ents to L. caperata (n = 12 ) , L. exilis ( n  = 8), and  

Physa sp .  ( n  = 10 ) .  Non-para m etric a na lysis revea led that m i rac id ia  attached to  L. caperata 

s ign ifica ntly more often than  to L. exilis o r  Physa sp, but there was no sign ificant d ifference 

found  between L. exilis and Physa sp .  (x2 
= 6 .6561, p = .0359, df = 2) .  O n ly 10% of m i rac id ia  

attem pted to attach to Physa sp .  wh i le  66 .7% of m i rac id ia attem pted to attach to L.  caperata. 
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F igu re 5 :  I nfl uence of sna i l  species on  le ngth of attachment attem pt.  Mean attachment t ime (+/-

SE )  M i rac id ia  attached for a s ign ifica ntly longer period of t ime to L. caperata ( x = 604 . 1  s)  than  

to Physa sp .  ( x = 20 .2  s ) ,  though there was no sign ifica nt d ifference between  L .  caperata a n d  L. 

exilis ( x = 167.4 s) nor  L. exilis a nd Physa sp .  ( Fcrit = 3 .51, F = 4.03, p = 0.0294, df = 2 ) .  
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F igu re 7: Ro le of sna i l  m ucus in m i rac id i a l  toxic ity.  The mean proport ion of dead or damaged 

m i rac id ia  (+/- SE )  ove r time (1 h, 4 h, 6 h) after exposure to d i l ut ions of sna i l  m ucus (control, n = 

12;  Physa sp . ,  1 : 3000, n = 2; a l l  othe rs, n=3 ) .  The contro l t reatment is the sa me thro ughout the 

expe r iment ( n=12) ,  but graph ica l ly repeated to ease visua l  com pa rison with in  each d i l ut ion .  

The re was a n  overa l l  species effect o n  t h e  a b i l ity o f  m ucus t o  ca use damage t o  m i rac id ia  ( d f  = 

3 ,32;  F = 23 .59; p<0.0001 ) .  Physa sp .  was s ign ifica ntly more cytotoxic ( 100%) at both the 1 : 3  a nd 

1 :30  d i l ut ions, but  the effect was gone by 1 :3000 d i l ution .  The re was no ove ra l l  d i l ut ion effect 

(df = 2, 33 ;  F = 0 . 19; p = 0 .83 15),  but there was an i nteract ion between  species and  d i l ut ion (df = 

11, 24; F = 9 .62; p<0.0001)  (A. 1 ) .  I n  a l l  t h ree mode ls, t ime had a s ign ificant effect (A. 1 ), but there 

were no  i nte ractions  with time .  
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F igu re 8: Ro le of m ucus in stim u lat ing m i rac id i a l  tra nsformation .  The mean  pro port ion of 

t ransformed or transforming m i rac id ia  (+/- SE )  over time after exposure to m ucus from 4 sna i l  

species (contro l ,  n = 12 ;  Physa sp . ,  1 : 3000, n = 2; a l l  others, n=3 ) .  The  contro l  t reatment is the  

sa me th ro ughout the expe riment ( n=12) ,  but graph ica l ly repeated to ease  visua l  com pa rison 

with in  each d i l ut io n .  There was no sign ificant d iffe rence i n  the a b i l ity of m ucus to stim u late 

transfo rmat ion based on sna i l  species, d i l ut ion, o r  the interaction  between  species a nd d i l ut ion 

(A. 2 ) .  Time was the o n ly va ri ab le  that was ab le  to exp la i n  a ny of the va riation  i n  tra nsfo rmat ion 

rates i n  a l l  t h ree mode ls (A. 2 ) .  Tra nsfo rmat ion was more l i ke ly to be occu rring i n  the 4 h o r  6 h 

t ime frame i n  a l l  species .  M ucus from L. caperata and  L. exilis d isp layed some sti m u lato ry 

effects, but was o n ly s ign ifica ntly d iffe rent from Physa sp .  M ucus from Physa sp .  k i l l ed  m i rac id ia  

at the h ighest concentrations, but had some st imu latory effects after d i l ut io n .  Effects of m ucus 

from L. palustris and L. exilis were var ia b le .  
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Figu re 9: Ro le of sna i l  homogenate on m i rac id ia  cond ition .  Mean  proport ion of dead o r  

damaged m i rac id ia  (+/- SE )  ove r t ime  afte r exposure to  d i l ut ions of sna i l  t issue homogenate (L .  

palustris, n = 3;  a l l  othe rs, n = 8) .  The contro l  treatment is  the same th ro ughout the exper iment 

(n= 12) ,  but  g raph ica l ly repeated to ease visua l  com pa rison with in  each d i l ution .  There was a 

s ign ificant effect of species (df = 3, 77; F = 6 .76; p = 0.0004), d i l ut ion (df = 2, 78; F = 18 .21; 

p<0.0001) ,  and  t ime (A.3 ) .  A l l  mode ls  showing i nteract ions between t ime, d i l ut ion,  a nd species 

were sign ifica nt (A. 3 ) .  Homogenate from Physa sp .  caused sign ifica ntly more damage and  

morta l ity at the 0 .5  mg/m l d i l ut ion after  1 h a nd 4 h (fig. 9 ) .  Th i s  effect decreased at 0.05 

mg/m l, and after 4 h there was no d ifference from contro l at 0 .005 mg/m l (fig. 9) .  Lymnaea 

caperata and  L. exilis homogenates were both more da maging to m i rac id ia  tha n contro l ,  but 

on ly at the 0.5 mg/m l d i l ut ion afte r 4 h. No  species was a ny more damaging than contro l  at 

0 .005 mg/m l. 
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F igu re 10: Effect of heat treatment on sna i l  homogenate i nd uced m i rac id i a l  toxic ity. The 

proport ion of dead or damaged m i rac id ia  (+/- SE )  across a l l  d i l ut ions at 1 h and  4 h after heat 

treatment of t issue homogenate ( n  = 2) .  The damaging effects that were seen i n  Physa sp ., L. 

caperata, a nd L. exilis were a lmost com pletely negated by heat treatment.  M i n ima l  damage was 

o bserved by Physa sp .  at the 0.05 mg/m l a nd 0 .005 mg/m l d i l ut ions .  
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F igu re 11 :  Effect of sna i l  homogenates on m i racid i a l  tra nsfo rmat ion .  Proport ion of tra nsformed 

o r  tra nsfo rm i ng m i rac id ia  (+/- SE )  across a l l  d i l ut ions 1 h and  4 h afte r exposu re to sna i l  t issue 

homogenate (L .  palustris, n = 3; a l l  othe rs, n = 8) .  The contro l  t reatment is the same thro ughout 

the expe r iment ( n=12 ) ,  but graph ica l ly  repeated to ease visua l com pa rison with in  each d i l ut io n .  

The re was a n  overa l l  effect o f  species ( d f  = 3,77; F = 4 .91; p = 0.036) ,  d i l ut ion ( d f  = 2,78; F = 

20 .36; p<0.0001) ,  a n d  t ime (A.4 ) .  A l l  mode ls  i nc l ud ing i nteractions  between sna i l  species, t ime, 

and  d i l ut ion were s ign ifica nt (A.4) . L. caperata stim u lated sign ifica ntly more transformat ion at 

the 0 .5 mg/m l d i l ut ion (57%) a nd a ny effect was gone by 0.005 mg/m l. L. exilis a lso st i m u lated 

tra nsfo rmat ion s ign ifica ntly more tha n contro l  at 0 .5 mg/m l after 1 h .  
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Figu re 12 :  Effect of heat treatment on sna i l  homogenate- ind uced m i rac id i a l  t ra nsformation .  

Proport ion o f  tra nsfo rmed o r  tra nsforming m i rac id ia  (+/- SE )  across a l l  d i l ut ions 1 h a nd 4 h afte r 

heat t reatment of homogenate ( n  = 2 ) .  M i n ima l  amounts of tra nsfo rmat ion were observed, but 

they d id  not d iffer s ign ificantly from contro l .  
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F igure 13 :  M i rac id ia l attachment to th ree sna i l  species after 1 h exposure :  ( a )  L. exilis, mid  ventra l head-foot. (b )  L. caperata, left do rso latera l 

m a nt le .  (c )  L. palustris, right head-foot, ventro latera l .  Sca le ba rs = 50 µm . 

�--,.--� . .ti.- --.._\-.-.. .....,... _. '.;. _.,,a,,.....,........,_,_.,.�-
F igure 14: M i rac id i a l  attachment to two sna i l  species after 2 h exposure :  ( a )  L. exilis, left latera l  

ma nt le .  ( b )  L .  caperata, left, do rsa l head-foot, between m a nt le  a nd head-foot. Sca le  ba rs = 

50µm . 
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F igure 15 :  M i rac id ia l  attachment a nd penetration  to two sna i l  species after 3 h exposure :  (a ) L. 
exilis, left, dorsa l latera l head-foot. (b ) L . caperata, l ate stage m i rac id i u m, ea rly mother 

sporocysts, com plete ly penetrated e p ithe li um,  loss of c i l i a  and  ep ithe l i a l  p lates, right, ventro

late ra l head-foot. Sca le bars = SOµm . 

� 

('� l ...;;,.'J.T ..a �G\-'W.&.\ • ...-�...-����---= 
F igu re 16:  M i rac id ia l  attachment a n d  penetrat ion to three sna i l  species after 4 h exposure :  (a ) L .  exilis, late-stage penetrat ion, left m a nt le .  ( b ) L. 
caperata, fu l ly penetrated ep ithe l i u m, r ight dorso- latera l ma nt le .  (c ) L . palustris, l ate stage penetration, m id dorso latera l  m a nt le .  Sca le ba rs = 

SOµm . 
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APPENDIX 

A.1 

Ta ble 1: Resu lts of repeated measures ana lysis of the a bi l ity of m ucus co l lected from d ifferent 

species and  admin istered in  1 :3, 1 :30, and  1 :300 d i l ut ions to cause damage or death .  Sources 

conta in iJ1g t ime ( 1, 4, or 6 h) or interact ions with t ime a re with in-subject tests a nd report an F-

test using P i l l a  i's trace.  

Source of va riation DF  F p 

Species*d i l ut ion 1 1, 24 9.62 <0.0001 

Hour  2, 23  4.87 0.0172 

Hour  x species* d i l ut ion 22, 48 0.70 0.8150 

Table 2,,; , Resu lts of repeated measures ana lysis of the a bi l ity of m ucus co l lected from d ifferent 
-� . . ' 

species to cause damage or  death .  Sources conta in ing t ime ( 1, 4, or  6 h )  or  interactions with 

time a re with in-subject tests a nd report an F-test using P i l l a  i 's trace.  

Source of va riation DF F p 

Species 3, 32 23 .59 <0.0001 

Hour  2 ,  31  5 .33 0.0102 

Hour* species 6, 64 0.56 0.7619 
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Table 3 :  Resu lts o f  repeated measures ana lysis o f  t he  ab i l ity o f  m ucus admin istered in  1 :3, 1 :30, 

and  1 :300 d i l ut ions to cause damage or death . Sources conta in ing t ime ( 1, 4, or 6 h) or  

interactions with t ime a re with in-subject tests and  report a n  F-test us ing P i l l a  i ' s  trace . 

Source of va riation D,F F p 

Di l ution 2, 33 0.19 0.8315 

Hour  2, 32 5 .50 0.0088 

Hour  *d i l ut ion 4, 66 LOO 0.4116 
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A.2 

Table 4: Resu lts of repeated measures ana lys is of the ab i l ity of m ucus co l lected from d ifferent 

species and  admin istered in 1 :3, 1 :30, and 1 :300 d i l ut ions to stim u late tra nsformation .  Sources 

conta in ing t ime ( 1, 4, or 6 h) or  interactions with time a re with in-su bject tests a nd report an F

test using P i l l a i's  trace.  

Sou rce of va riation DF  F p 

Di lut ion*species 11, 24 0 .64 0.7738 

Hour  2, 23  5 .12  0.0145 

Hour*d i l ut ion*species 22, 48 0.95 0.5397 

Ta ble 5: Resu lts of repeated measures ana lysis of the ab i l ity of m ucus co l lected from d ifferent 

species to stimu late m i racid ia l  transformation .  Sou rces conta in ing time ( 1, 4, or 6 h) or  

i nteract ions with t ime a re with in-subject tests and  report a n  F-test using P i l l a i's trace.  

Source of va riation DF  F p 

Species 3, 32 0.69 0.5668 

Hour  2 ,  3 1  5 .85 0.0070 

Hour* species 6, 64 1 .68 0. 1402 
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Table 6 :  Resu lts of repeated measures ana lysis of the a bi l ity of m ucus admin istered i n  1 :3, 1 :30, 
. 

and 1 :300 d i l ut ions to stimu late m i racid ia l  transformation .  Sources conta in ing t ime ( 1, 4, or  6 h )  

o r  interactions with t ime a re with in-subject tests and  report a n  F-test us ing  P i l l a  i ' s  trace. 

Sou rce of va riat ion OF F p 

Species 2, 33 0 .61  0.5489 

Hour  2, 32 5 .47 0 .0091 

Hour* species 4, 66 0.42 0.7938 

63 



A.3 

Table 7: Resu lts of repeated measures ana lysis of the ab i l ity of tissue homogenate co l lected 

from d ifferent species a nd admin istered in  0.5, 0.05, 0.005 mg/m l protei n  d i l ut ions to cause 

da mage or  death .  Sources conta i n ing t ime { 1  h r  or  4 h )  or  interact ions with t ime a re with in

subject tests and  report a n  F-test using P i l l a i's  trace . 

Source of va riation DF F p 

Species*d i l ut ion 1 1, 69 18.61 <0.0001 

Hour  1, 69 6 .40 0.0137 

Hour*species*d i l ut ion 11, 69 4.98 <0.0001 

Ta ble 8 :  Resu lts of repeated measures ana lysis of the ab i l ity of tissue homogenate co l lected 

from d ifferent species to cause da mage or  death.  Sources conta in i ng time (1 hr or  4 h) or  

interact ions with t ime a re with in-subject tests and  report a n  F-test using P i l l a i' s  trace.  

Source of va riation DF F p 

Species 3, 77 6 .76 0.0004 

Hour  1, 77  4.37 0 .0398 

Hour* species 3, 77 2 .49 0.0662 
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Table 9: Resu lts of repeated measures a na lysis of the ab i l ity of tissue homogenate admin istered 

0 .5, 0 .05, 0.005 mg/ml prote in  d i l ut ions to ca use da mage or death . Sou rces conta in ing t ime ( 1  

h r  or  4 h )  or  i nteract ions with t ime a re with in-subject tests a nd report a n  F-test us ing P i l l a  i 's 

trace. 

Sou rce of variation OF F p 

Di lut ion 2, 78 18 .21  <0.0001 

Hour  1, 78  8 .3 1 0.0051 

Hour*d i l ut ion 2, 78 5 .47 0 .0060 
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A.4 

Ta ble 10: Resu lts of repeated measures ana lysis of the ab i l ity of tissue homogenate co l lected 

from d ifferent species and  admin istered in 0.5, 0.05, 0.005 mg/m l prote in  d i l ut ions to stimu late 

tra nsformation .  Sources conta in ing time ( lh r  or  4h) or  interactions with time a re with in-su bject 

tests and  report a n  F-test us ing P i l l a i's  trace. 

Source of va riation DF  F p . 

Species*d i l ut ion 11, 69 14.99 <0.0001 

Hour  1 ,  69  40.68 <0.0001 

Hour*species*d i l ut ion 11, 69 4.62 <0.0001 

Ta ble 11: Resu lts of repeated measures ana lysis of the ab i l ity of tissue homogenate col lected 

from d ifferent species to stimu late transformation .  Sou rces conta i n ing time (1 hr o r  4 h )  or 

i nteractions with time a re with in-subject tests and report an F-test using P i l l a i's  trace.  

Source of va riation DF F p 

Species 3, 77 4 .91 0.0036 

Hour  1 ,  77  28 .19 <0.0001 

Hour* species 3, 77 2 .02 0 . 1186 
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Table 12 :  Resu lts of repeated measures ana lysis of the ab i l ity of tissue homogenate 

admin istered in  0.5, 0 .05, 0 .005 mg/m l prote in  d i l ut ions to stimu late tra nsformation .  Sources 

conta i n ing time (1 hr or  4 h)  or  interactions with time a re with in-subject tests a nd report an F-

test using P i l l a  i's trace.  

Sou rce of va riation DF  F p 

Di lut ion 2, 78 20.36 <0.0001 

Hour  1 ,  78 56.55 <0.0001 

Hour* d i l ut ion 2, 78 14.98 <0.0001 
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