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ABSTRACT 

Transmission is a key point in puasitic life cycles and should be accurate for 

specific hos ts if parasites are particular in their host requkements. Occasionally 

breadth of hos t range is correlated with mode of transmission: many parasites 

are disceminating in their transmission and have narrow host ranges, while some 

with indis ceminate transmission have broad host ranges, reflecting relaxed ho s t  

requirements or a similarity between hosts. This thesis investigates the mode of 

aruismission and hos t range of parasite Pserrdodeetphk ohgoco~ (Nematoda: 

Dracunculoidea) because it poses a problem: P. o.hgoco&- infects nine fkh speues 

but only completes development in two - Apodichth_r~fz?uidu.s and Gobiesox 

meandnk.r. Presumablv, the seven other fishes s e h g  as unusual hosts are 

inappropïiate for parasite development due to some physiological reason, yet the 

two successfd host speties seem very different 1 propose that P. ohigocom's mode 

of transmission accounts for this pattern. To determine the M e  cycle and host 

range of P. ohgocofh; 1 surcreyed 24 coastal fish species from nine British Columbia 

Iocalities for prevalence and kitensisr of infection, stages of parasite 

develo pment, and their dismbuuon in hos t tissues. Pdode tph t j  ohgoc~~ infects 

n ine species of coastal marine fishes. It infects A . ~ v i d u s  at the highest rate and 

intensity: prevalence of infection was as high as 80°/o, and mean intensity was as 

high as 19 Worms per infected host at certain localities. Subadult and adult P. 

ohgocorn' occuned in the body cavity of all nine fish hosts. Lanrigerous P. oligoco&2' 

were only recovered Erom A.@n'du.r and one specknen of G. meandn'cus, where 

they occurred in the hepatic sinus. Infecûve hrst-stage larvae were recovered 

fiom gds and associated tissues of A.fl?Mdr.r. Histology and scanning electron 

microscopy confïrmed that larvae breach the gdls to gain access to the extemal 

environment 1 experimentally infected potential intemediate host Tt$yiopt/s 

californinls with larvae fiom larvigerous P. obgoco~, recording mortality rates due 



to infection and larval development. Up to 57.1 O/O of the copepods became 

infected with an average 1.26 worms per infected host Larvae developed to the 

thkd-stage (infective to fish) in 14 to 15 days at 15 - 24.4'C. Copepod mortality 

did no t increase as a result of infection. Intermediate hos ts containing third-stage 

lamae were fed to uninfected A.@m'dlus. Infections were established in m o  of 

the 10 specimens. Resultç demonstrate that P. o h g o c o ~  is transmitted between 

fishes by ingestion of infected fiee-living copepods. Fishes that P. ooligoco~ infects 

share habitat with A.jkuidu~ and many ingest fkee-living copepods. To examlie 

whether ecological association between hosts predicts how far P. ohgocotti 

develops in those hosts - an indication of host suitabiliq - 1 characterîzed 

fishes by their diets, rnicrohabitats, and tavonomy kom literature sources. Hosts 

that are more ecologically s d a r  to A.fividt/s support more advanced stages of 

P. o b g o c o ~  than tho se that are phylogeneticdy- related. This suggesa that 

opportunis. for infection detemiines parasite host range. 
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C W T E R  1: GENERAL INTROD UCTION 

Introduction 

One of the key points in a parasite's life cyde that deretmines its reproductive 

success is the transmission of its progeny to the next host This may occur by 

way of an intennediate hosq vector, or Ecee-living stages. Assuming that parasites 

have partidar host requirements and that all hosts are not equal, natural 

selection should act to make transmission as accurate as possible. Howwer, for 

those parasites that depend on intermediate hosts and their iogestion by hoal 

hosts for transmission, there is little opportunity to choose the hnal host. 

Transmission and host ecology play important roles in creating a parasite's host 

range (Adamson and Caira 1994). Parasites' ability to develop in a range of hosts 

detennines potentid ways in which parasites may speciate: by cospeciation wirh 

hosts, or by c a p h g  unusual hosts (Chabaud 1959, Holmes and Pr ie  1980). 

Any organism in (on) which a parasite lives for all or part of its life cyde is a bon: 

Impliat in the use of this tenn is that the parasite as a species meets certain 

developmental requirements in a host and/or is s u c c e s s ~ y  transmitted by that 

host. However, for practical reasons, the fate of a parasite cannot always be 

ascertaïned, and host often refm to any organism idected by a parasite, 

regardless of that parasite's fate. Some parasites require multiple hosts to 

complete one reproductive cyde. The host in uhich sexual reproduction occurs 

is called the dèjnihve or final host, while hos ts in which younger or n o n - s e d y  

reproducing stages occur are referred to as itztemediate hosb if they are required 

for the parasite's con-tinuing development. Ven'ors are a special subset of hosts: 

they acàvdy transport parasites between (other species oq hos ts (Dogiel et al. 

1964). In this study, distinction is drawn between h a 1  hosts that the parasite 



merely infects without developing to rnatutxt-y, and those that it infects and 

develops to maturity in regularly: I refer to them as unwual @nar) hostandpiin@aI 

fina9 hostrespectively. When a parasite completes its development in an unusual 

host while retaiaing its normal morphology, Chabaud (1959) refers to it as 

pararite &anfer. If that parasite then becomes isolated in the newly acquired 

unusual host and subsequently speüates, host capture is said to have taken place 

(Chabaud 1959). 

Method of transmission and host ecological relationship with oùler potentid 

hosts are occasionally correlated with parasite host range. The number of hosts 

and their taxa that makes up a parasite's host range is used to indicate a parasite's 

hos t specificity. Ho~l speczjscity is dehned as the "degree to which a parasite is able 

to mature in more &an one host speaes" (Roberts md Janovy Jr. 1996). iV1 

parasites show host spe&city, but the degree varies. iMany parasites are highly 

host spedc:  ~Monogenea, whose transmission between fish hosts is restected 

(direct contact between hosts is often necessq), are renowned for their high 

degree of host specifiutg m o d e  1979). There are a t  least two exceptions, both 

Hawaüan monogeneans. One species infects seven families of fish hosts, while 

ùle other infects 11 families of fish hosts. In both cases, host species live 

sympamcally in diverse coral reef systems (Rhode 1979). Host specifiuty of 

monogeneans may result fiom smct requirements to match host physiology or 

simply restected opportunities for parasite exposure to multiple hosts. C d  

pinwomis of hurans  have broad host ranges when there are many sympamc 

hosts available (Adamson and Caira 1994, data fiam Adamson 1981). However, 

these pinwoms are in fact speafic to certain host types (tadpoles) that do not 

group together by conventional taxonomy but may nonetheless be alike 

physiologicdy and are defitely ecologically associated. 



This thesis examines the previously unknown life cycle and host range of an 

endoparasitic nematode of marine fishes, P d u d e 4 b U  o h g o c o ~  (Dramdoidea: 

Guyanemidae), which although hrst desuibed fiom tidepool sculpin, Ollgocomu 

man/Ibsus, was never observed to develop into mature stages in this host 

(Adamson and Roth 1990). It is not unusual for a parasite to hequently infect 

hosts that are essentidy dead ends for the parasite. Of 20 metazoan salmonid 

parasites investigated by Leong and Holmes (1 98l), 10 of these infected hosts in 

other fish families in addition to Salmonidae, but only 2 parasite species reached 

matunty in these 0th- fish hosts. ho the r  study reports that sockeye salmon are 

fiequently infected by 3 main species of parasitic helminths only one of which 

can mature in sockeye: the other 2 parasites corne from other fish hosts in the 

Iake (Bennett, Adamson, and Maxgolis 1998). 

Clearly within a parasite's host range as we percéive it, hosts v q  in their 

suitability. Holmes (1976) observes using data collected by Leong (1975) that a 

parasite's host range comrnonly kicludes multiple hosts of variable suitability in 

which development may or may not proceed, wiùi one ideal host that is most 

commonly infected in nature. 

In Chapter 2 1 characterize P. ohigocortZs host range by examlikg its abundance, 

frequency of infection, and development in various hosts. 1 identiQ its p r h q  

host as that in which P. okgocotd completes its development. In hosts that it 

infects but does not complete development in (such as type host Oligocottw 

mamhsxij 1 record where dong its developmental sequence P. ohgocotz? eventually 

fails. Since P. oligconr's degree of developmental success is variable and reflecn 

variation in host suitabrlity, in Chapter 5 I explore the question: what qualities do 

more suitable hosts share? 

P.wdode&%s obgocoHs host distribution rnay reflect its method of transmission. 

Typical of dracunculoids, which occupy sites in their hosts other than the 



intestine, Pseudode4hLr ohgogoco~ lives in the blood of dehitive fish hosts. Members 

of the Dracunculoidea use very different transmission saategies, involving 

vectors or hee-living intermediate hosts: certain speâes are transmitted between 

fish hosts by blood-sucking aahropods (Tikhomirova 1975), while speaes like 

the renowned Guinea womi (Drumtzctll~s medinenni) deposit larvae directly into 

the water where £tee-living copepods ingest them, to in tum be ingested by the 

next vertebrate host (Moorthy 1938). In Chapter 3 , I  demonstrate that P. obgoco~ 

is aansmitted between fish hosts by a free-living harpacticoid copepod, a 

common food item for m a q  small nearshore fishes inhabithg eelgrass (Zo&era 

marimi) beds and rocky in tdda l  zones where P. o h g ~ c o ~  is found (Miller et al. 

1980). Larvae extracted from larvigerous fernale nematodes living in the hepatic 

skius of penpoint gunnel, Apodicbtbysfiuidtl, were fed to lab-dmed splashpool 

harpacticoid copepods Tt'0pzt.r cahjr0fl;lini.s. Ingestion of parasitic nematode l m a e  

b y a copepod is described for the hrs t the .  Pseudode@his o/goco&s 

morphogenesis to the 5sh-infective third-stage in T. cahiomims is formally 

described, and is indicative of T. cakjrorninrr' suitability as an kitennediate host. 

By protectiag parasites from adverse enWomental conditions and packaging 

them in an attractive (to final hosts) manner, intermediate hosts extend a 

parasite's distribution in space and time relative to that of Eree-living or direcùy 

transmitced nematodes (Chabaud 1957, Inglis 1965, in Anderson 1984). This 

may have been an important adaptation on the part of the parasite for 

transmission in the highly dispersive aquatic environment (Inglis 197 1). In 

Chapter 3, intermediate host T. cabjr0nùn.r mortality due to infection b y P. olgocom' 

is invesügated because premature death of the intermediate host limits a 

parasite's avdability to infect h a 1  hosts. 

Dracundoids occupy extra-intestinal sites (such as blood, skin, e t  cetera) in the 

vertebrate debitive host (Adamson l986), sites from which they must gain 



access to the extemal environment when the t h e  cornes to transmit Blood- 

dwelling dracunculoids access the extemal environment either by active 

migration of the lamigerous f d e s  to peripheral arteries, or by the intervention 

of haematophagous vectors. Pzeudode4hLr ohgocotti does neither. In Chapter 4,1 

demonstrate the unique nature among zooparasitic nematodes of P. ohgocott2s 

method of transmission £rom the vertebrate hos t B y observing P. ohgocottts 

dismbution within the host by stage of development, the tissue sites occupied by 

lanigerous f d e  parasites and hrst-stage copepod-infective larvae indicate that 

it is the lamae themselves ~vhîch breach the gills and gain access to the extemal 

environment. It has already been suggested that we look for this mode of host 

egress among certain blood-dwelling nematodes whose life cycles are as yet 

unknown (Appy et al. 1985). 

In s u m . ,  in this thesis 1 present the life cyde of a parasite with a broad host 

distribution. Upon determining P. ohgoco&s life qcle, I have discovered that it 

amsrnits to fish final hosts by ingesuon of fiee-living copepods, which acquire 

the parasites by ingesting larvae that actively breach the fish host's @S. This 

goes far in expla-g the diversitg of fish species infected by P. ohgocotti, many of 

which eat copepods. However, furrher Me cyde observations indicate that many 

of these hosts are unsuitable. In the h a l  chapter 1 demonstrate that the most 

suitable of these alternate hosts are the most similar in diet and habitat but not 

necessdy related in form, phylogeny, or presumably physiology. This essentially 

correlates a host's rate of exposure to a parasite with that host's suitability in 

ternis of parasite development. The ability to develop in hosts that are 

ecologically associated but not necessdy phylogeneticdy related is essential for 

an important mode of parasite speciation, that by host capture (Chabaud 1959). 



CHAPTER 2: PSEUDODELPHIS OUGOCO??ir DISTRIBUTION IN COASTAL 
A&UUiYE E'ISHES 

Introduction 

P m d o d e 4 b i i  ohgocotri (Nematoda: Dracunculoidea) occurs in at least 9 speaes of 

coastal marine fishes. Although P. obgocod was k s t  desuibed f5om tidepool 

sculpin (Olgocottus mamh~us) captued at Popham Island, Stanley Park, 

Vancouver, and B d e l d  Marine Station, Bamtield, British Columbia, H y  

mature stages (lamgerous fernales) of the parasite were not found in the 344 fish 

examlied (Adamson and Roth 1990). Under the suspicion thar 0. manr/osus is 

not in fact the phcipal host for P. olgocotri, I surveyed fishes at various localities 

around the southem British Columbia Coast to detemine P. oligocota's host 

distribution and iden* its plimary host(s). In this chapter 1 examine P. olgoco&'s 

abundance in different hosts at diffkrent localities. 1 chart its development in 

various hosts and by doing so identify P. olgocoziYs p r i r n q  host and determine 

where it fâils in 0th- hosts. 

Mthough parasites Vary in their host range (Rhode 1979), which may depend on 

a number of historical and ecological factors (Adamson and Caira 1994), most 

parasites are host specific to some degee according to the number of taxa or 

types of hosts they infect (Holmes and Pnce 1980, Adamson and Caka 1994). 

Even when a parasite's host range indudes multiple hosts, often there is a 

particular host in which it grows more quickly, grows larger, produces more 

progeny, and is present more fiequently and in greater abundance. In other 

hosts, parasites may occur less fkequendy, and growth and development may be 

retarded, even halted at an eady stage (Dogiel et al. 1964; data hom Leong 1975, 

cited in Holmes 1976). Because hosts vary in their suitabiliq, one might expect 

P. oligocootn' to vary in its abundance, growth and development in differe~t host 

G 



species. The host (or hosts) in which it regularly completes development is the 

principal host conmbuting to P. ohgocoHs propagation in nature. The frequency 

with which P. oligocoom' infects various hosts and its abundance in those hosts 

reflects the principal host's ecological and/o r p hy siological relationship with 

other fishes. We might expect this relationship to vary geographicdy, since 

different habitats rnay be more or less supportive of P. oligcoorri Numerous sites 

are surveyed for P. okgoconS and diaracterized by fish host communi~, wave 

exposure, and types of subseate to determine parasite geographic range and 

suitable habitat. 

The definitive host fish for P. ohgoco~!  transmits parasite l m e  into an aquatic 

environment, and we expea these larvae to go through an intemiediate host 

before they are infective to another fish (as do all other members of the 

superfamdy Dracunculoidea, see Anderson 1992 for review). Not all parasites 

make it back into an approptiate fish host 1 descebe the fate of parasites in 

unusual hosts wherein they do not complete development These unusual hosts 

Vary in some respect, since there is vaàaàon in the point at whidi a parasite's 

development is halted (see Chapter 5). A parasite is said to tranfler to an unusual 

host when its development reaches completion in that host (Chabaud 1959). 

The point dong a parasite's developmend sequence where it is intempted is 

vaeable in P. ohgocoz5 depending on the host species, and may kidicate variation 

in host qdt ies .  The doser a parasite gets to completkg its development in a 

host, the fewer the chance modikations necessary before successfd transfer to 

that host occurs. In host environments that are most unsuitable, the parasite 

never establishes, dying immediately after ingestion. Hosts that are more suitable 

may provide appropriate chemical mes for the parasite to proceed furrher dong 

the sequence of generalized developmental steps: exsheathment, penetration, 

migration, growth, or hnally, transmission (MacInnis 1976). 



The goal of this chapter is to determine P. olrgocoHs primarg definitive ho s t(s) . 

This requires examining the parasite's development, abundance and kequency of 

infection in a range of hosts at different localities. P. ohgocottt's development in 

vatious hosts will be characterized by whether development is completed, and if 

not, where dong the developmental sequence the parasite fails. 

Methods 

Field Collections 

Fish were captured from coastal British Columbia mainly by one of two 

methods: dragging a pole seine (length 2m, height 1.5m, diagonal mesh size 11 

mm) through subtidal eelgrass (Zostem man'nus) beds, and ovemirnlig rocks in 

rocky kitertidal flats adjacent to eelgrass beds. Seining sessions consisted of 10 

ha&, ranging in length koom 10-90 seconds. Sarnples therefore covered areas 

ranging fiom approximately 16-136 m2 (assuming constant sekiing rate of 

0.8m/s). H$poghssoidees ehsodon (flathead sole) from Barkley Sound were 

collected by another method, using a 2H bottom trawl towed at 82 to 167 meta 

depths by the W.E. Ricker (Department of Fishees and Oceans vessel) in 

conjunction with a federal survey of west coast Vancouver Island in iMay 1998. 

rV1 collection sites occurred throughout the coastal mainland of British 

Columbia to West coast Vancouver Island, British Columbia Fable 2.1). Many of 

these sites were sampled only once to detemine the parasite's geographic range. 

However, 1 sampled p h a r y  collection sites Lumberman's Arch/Figurehead 

Point, Point Roberts and Roberts Bank more frequently. Lumbemian's Arch and 

Figurehead point were sampled on spring tides from: spring to mid-winter in 

1991,1992, and 1975; throughout the year in 199 3 and 1994; sporadically in 

spring, summer, and id 1996-1977; and s p h g  1998. Point Roberts and Roberts 

Bank were sampled on spring tides, twice in the spring of 1993, throughout the 

year in 1974, and sporadically from 1995 to 1997. 



Once captured, fish wexe usually placed in a salt water holding tank and 

processed within 5 days of capture. Fish were idenaed to species, measured in 

total length and sexed (usually upon dissection except in the case of the sexually 

dimorphic Syngnathm @torbynch), in addition to being dissected for parasites. 

Dissections 

Dissections generated data on Pseudode&is olgocooftls prevalence (percentage of 

individu& infected, Margohs et al. 1982), intensity (mean number of worms per 

kifected individual, Margolis et al. 1982) and development for each fish speties 

and locality. Fish intended for dissections were held in a temporary salt water 

holding tank at the Deparment of Zoology. Dissections were completed usudy 

within 72 hours - infection kom other fish during this tirne is higbly unlikely 

since the transmission cycle of other dracunculoids takes on the order of months 

and requires an inicxmcdiate host (see Anderson 1992 for review) . Before 

dissecàng them, 1 anaesthetized fish in mcaine methanesulfonate (MS222) at  a 

concentration of approximately 0.0065g/l-seawater/cm total length of fish. 

After motion had ceased (approlomately 4 min) fish were placed on a dissecüng 

tray and measured for total length (head to tip of tail). 1 removed the head with a 

scalpel and set it aside for examination of gdls and collection of otoliths. 1 made 

an incision at the base of the tail and took a blood sample using a standard 

hematocrit tube. With a dissecüng microscope, 1 examlied the blood sample for 

circulating stages of P. ohgo~o~ .  I then made a v e n d  incision hom anus to the 

juncture of pectoral fins, and pkined the fish open for examination of body 

cav*. 1 removed worms and placed them in 0.67% sodium chloride (NaCl) 

solution for sorting by stage and sex. When dead Worms were found, some of 

them encapsulated within host tissue, they were enurnerated and s tored in a 

solution of 70% ethanol, 5% glycerkie, to which a few crystals of phenol per litre 

had been added. Gonads were removed and placed on slides for examinauon for 

worms. The intestine was saved in 70% ethanol, 5% glycerhe with a few crystals 



of phenol per litre added, for future examination of stornach contents. 1 then 

examlied the liver, mainly the hepatic sinus, and pericardium for nematodes. 1 

removed any nematodes, liver ( a h  initial examination) and heart, and examined 

the common cardinal vein which branches dorsally from the pericardiut11, 

collecting any nematodes found therein. 1 set the liver and heart aside for 

histological examination. 1 then returned to the head, rernoving the @s hrst by- 

making a ventral incision to expose the buccal cavitg, then severed the anterior 

and posteeor connections rïght and lefi side in turn to extract the &II set of four 

gdl arches together. The right set was placed on a slide where the gill arches were 

separated as gently as possible and laid anterior side up. 1 placed another slide on 

top and examined each gdl arch for nematode larvae trapped in the meniscus 

formed between the two slides. The left set of gdl arches was placed in 10% 

buffered formalin for histological or scanning electron microscope (SE?d) 

examkation at a later date. 

Nematodes typicdy undergo five developmental stages £rom lama to adulthood: 

the third to fifth (adult) stages ocm in the &al, in ùiis case fish, host; the fist  

stage is transmitted from gravid adults in the hnal host to intermediate hosts 

(Anderson 1992). First-stage may also be found in the final host, on th& way 

out. Second-stage larvae develop in the copepod intermediate host With the aid 

of a microscope, 1 staged nematodes as hrst stage, ùiird or fourth stage (as one 

category), hfth stage, gravid females with developing embryos, or gravid fernales 

with hrst-stage larvae (larvigerous). First-stage larvae were distinctive with a 

dorsal cephalic s w e h g  and little cellular differentiation. Combined third- or 

fourth-stage was assigned if gonads were undeveloped, or, if developed, 

nematodes did not possess a patent (open and functioning) vulva (in the case of 

a female) or a coiled tail (in the case of a male). Fifth, adult stage was assigned if 

either the vulva was patent (in the case of a female) or the tail was coiled (in the 

case of a male) (Adamson and Roth 1990). Larger females were examined to 



detemiine whether the utenis contained either developing embryos or hrst-stage 

Iarvae. Female nematodes whose utems contained kst-stage larvae 1 u s d y  set 

aside for experimental infections of copepods (Chapter 3). All other nematodes 

were fked in a heated solution of 70% ethanol5% glycerïne, to which a few 

crystals of phenol per litre had been added, labeled by fish hosq tissue site in the 

host, sexy and stage, and stored for future examination. 

Results 

1 colleaed 1386 marine fish belonging to 24 species Fable 2.2, Table 2.3) £rom 

11 British Columbia localities between 1991 and 1998. Nematodes were 

recovered from the body cavity, ova.ries, heart, pericardium, hepatic sinus and 

gills of fish hosts, and identified as Pseudode4hir oligcoom'based on the reduced 

buccal capsule, long, divided oesophagus, shape of the uteniç in females, and the 

males' simple conical tale (Adamson and Roth 1 990). P. olgocoth' was present in 9 

fish species (426 individuals, Table 2.3) but was most prevalent over all sites 

(excluding species only caught and examined once) in the pholid P h o h  hefa (%'/a 

infected, Table 2.3). Pholids Phoh omata and Apodichthyfin'dus, and Gobiesox 

meand~ms (Gobiesocidae) were also infected at  a high rate over all sites (again> 

excluding those 5sh caught and examined only once). Apodicbthy~fividus was the 

only fish to consistendy produce mature parasites (womis with infective kst-  

stage lamae in ufem) . One specimen out of 1 5 Gobiesox meandAks also contained 

larvigerous females Fable 2.3). Pholid A p o d i c b t ~ ~ ~ v i d ~ s  showed the highest 

rate of infection at any one site (exduding speües caught only once) - 80% at 

Figurehead Point (Table 2.4). Figurehead Point is a rocky intertidal zone adjacent 

to the eelgzass beds of Lumberman's Arch and together they consthte the main 

study site. At main study site Lumbemian's Arch/Figurehead Point, in addition 

to high infection rates in the three pholids (Phoh luetu, P. ornata and Apodichtbys 

f%?vd~s), P~eseudode&his olgocotti was prevalent in Syngathus hptorhynchu~ (24% 



infected) and Gobiesox meandn'ms (46% kifected, Table 2.5). Lepocothcr armaas was 

infected at a rate of 15%. At this site P. o l i g o ~ o ~  was also recovered fiom 

Gmte~0~;teu.r amhatw, Arfedzir hterah, and O h g o c o z ~ ~  mamhsu.r, but sample sizes for 

these species are too small to generate reliable prevalences (Table 2.5). 

Prevalence of Psedode/phlr olgucotd in all fishes varied between sites Fable 2.4). P. 

ohgocorn occurred in fishes £rom G of the 9 sites sunreyed (where Lumbe.rmsinis 

Ardi and Figurehead Point are considered a single site, see above, and exduding 

Popham IsIand, which was primarily surveyed by another snidy, Adamson and 

Roth 1990). Refer to Table 2.1 for a list of sites surveyed and Table 2.4 for 

infected sites. Apodicht&.rfiuiMdw was one of the infected species at five of these 

six infected sites (Figure 2.1). Although A. f i u i d k  was found at all sites infected 

with P. ohiocotri, at  one of these sites @.O berts Bank) P. oh@mfa' only occurred in 

other fish speües Fable 2.4). Thee  sites did not suppoa P. ohgococot Porpoise 

Bay, Barkley Sound, and Sidney Spit 0 E  the three uninfected sites, specimens of 

A. ~ut'dzcs were only recovered kom Sidney Spit (Figure 2.1 : sites with 

uninfected A. fividtls are marked with an empty pie; sites where no A.fiMdur 

were caught are marked with an asterix). The five sites supporthg infected A. 

fiuidu~ have sandy beaches with eelgrass beds adjacent to extensive cobble 

(extending from supralittoral to sub tidd) . Wave exposure is moderate. Roberts 

Bank, where other fish species beside A. fim'du.~ axe infected, is a shallow man- 

made embayment sheltered from wave action, with an extensive eelgrass bed on 

a silty substrate. The dosest rodcy intertidal zone may be at Point Roberts. 

Sidney Spit, where fish including A . f i v i d .  were uninfected, is also a shallow 

unexposed embayment with a sihy bottom and extensive eelgrass beds. At 

uninfected site Porpoise Bay, where no A.jhuidd~ was coIlected, eelgrass beds 

were deeper than other sites, and there was no adjacent rocky intertidal zone. 

Sites sampled in and around uninfected site Baxkley Sound were distant from 

rocky shorelkies at depths 82 to 167 meters and covered a varietg of substrates. 



Infected site Piper's Lagoon was exposed to some wave action and supported 

eelgrass beds on a sandy substrate. Infected site T o h o  Harbout Crab Dock was 

more sheltered but also supported eelgrass beds on a sandy substrate. 

As reported above, at 5 of the 6 sites where fish were infected wiùi P. ohgocorn; A. 

Jkuidus was also infecteci (Table 2.4, Figure 2.1). At one infected site, Point 

Roberts, however, A.fiuid's were infected at a very low rate ( g o )  while another 

pholid species (Phoh omata) was infected at a prevalence of 25%. Roberts Bank 

supported A.fiznd7u.r that were infection-free (68 Rfiuiidus sampled), but other 

hosts were ulfected with P. ohgocotn' at low prevalences (Syngnathm leptodynthw at 

2%, Phoh omata at 14%, and Pholis heta at 20°/0). 

Stanley Park's Lumberman's h c h  and the adjacent Figurehead Point were the 

pritnaq--, most fkequently sweyed sites. At these sites, intensity was highest in A. 

jLm'dzc.r, with a mean of 19 worms per infected fish (Table 2.5). This is 3 t h e s  

greater than worm burdens in the next most intensely infected hosts, Syngnathus 

4torbynchtl.r (mean intensity of 5.5 worms), and the single speQmen of the type 

host Ohgoco~~s mamhsw (6 worms) that 1 caught Phoh spp. bore the next highest 

worm burdens, at 3.9 and 4.7 woms per infected fish (Table 2.5). 

Thkd-stage lmae through to M-stage adults of P. o~5goco~ were recovered 

kom the body cavity of all infected hosts. However, mature forms of P. o&goco&? 

(females gravid with hrst-stage larvae) were recovered from only 2 of the 9 

infected fish species: penpoint gunnel (A.fividus) and northem clin@sh 

(Gobiesox meandtimcr) (Table 2.3). From the fornier hos t individuals sampled at 

main study sites Lumberman's &ch and Figurehead Point, 14.4% of all P. 

ol~goco~ were females containing infective fïrst-stage larvae Fable 2.5). Nthough 

1 of the 7 P. o l i g ~ o ~  recovered from 7 infected G. meandn'ms was lrtrvigerous, the 

host specimen was recovered from Piper's Lagoon, not Lurnbemian's 

Arch/Figurehead Point, and is hence not hcluded in Table 2.5. Fernale 



nematodes gravid with lamae were recovered fiom the hepatic sinus, the 

pMcardial sac, and the common cardinal vein of A-fizidm. The larvigerous 

femaie P. o h g o c ~ ~  collected fiorn G. meandrinrs was found in the hepatic sinus. 

Other organs of this host specimen were not examined for hrst-stage larvae. In 

A . ~ u i d u ~ ,  fmt-stage b e  were recovaed from between the @ fdaments. The 

hepatic sinus is the h a 1  tissue site occupied by P. ohgocodb. From here iarvigerous 

P. oligocom' release hrst-stage lamae into the host's blood Stream: lmae are carried 

to the gills, which they breach to gain access to the extemal enWonment 

(Chapter 4). 

Parasites in an advanced stage of developrnent (fernale nematodes with 

developing embryos that were not yet larvae in utem) were supported by Phoh 

heta (crescent gunnel), Oligocoftus ntanhstcs (tidepool sculpin), and $ngnathu.r 

réptorbyfzchus @ay pipefis h) (Table 2.5). In P h o h  heta and Syngnatkm &todyncbzi.r, 

fernale woms containing developing embryos occuned in the body cavity, 

sometimes pericardium, and occasiondy ovaq but never in the hepatic sinus. In 

Olgocottu~ mawhsus2 f d e s  with developing embryos were recovered only fiom 

the body cavity (L4damson and Roth 1990). 

The remaining 4 infected host species, P h o h  ornata, the stickleback Gara~mstezis 

actcleatti~, and sculpins Lqltocotlus armatus and Attediw kzterah, never supported P. 

oligocom individuals with developing embryos or hrst-stage larvae in utem - 

development did not advance beyond the W-stage adult Because most 

infected individuals of species such as Apodichth/lsf->dt/~ contain multiple stages 

of P. olgocoom' at once (Chapter 4), it is likely that mature stages would have been 

recovered from infected individuals if they could develop in that species. 

Nonetheless, the extremely low sample sizes of Gmtemstem acuhattls and Attedim 

hteruh (each represented by one infected individual), gives me less confidence ki 

conduding that these two speàes never produce mature stages. In all4 species 



parasites were found exdusively in the body cavïty =cePt for the occasional 

w o m  recovered in the pericardium of Phoh omata. One specimen of Pbob  omata 

that was held in captivity at the Vancouver Aquarium with kifected Rjhuiddw for 

34 months did contain larvigerous females in the hepatic sinus. 

The abundance of larval stages (third or fourth) of Pseudodefpbis ohgoco~ in 

unusual hosts S. Lptorhynchus and P. ornota peaks two to three moncbs after peaks 

in abundarice of lanrigerous females in A-fiuidir (Figure 2.2). Third or fouah 

stage lama1 abundance peaks in A-jLzzidu at the same t h e  of year as lamal 

abundance in unusual hosts. Based on developmental experïments in Chapter 3, 

1 expect a minimum delay of 17 to 18 days &ex the transmission of fmt-stage 

larvae from fish definitive host before third-stage larvae are infective to the next 

fish host via copepod intermediate hosts. Once in the fish host, larvae may 

spend 61 days in the third and fourth h a 1  stages (Chapter 4). 

Discussion 

Infection of nine coastal marine fish species by P. ohgoco~ suggests that it has a 

broad host range. Other dracunculoid nematodes infect up to 4 h a 1  host 

species (Anderson 1992). However, in light of P. oligocom's development in 

addition to its high prevalmce and intensity in A._flavd~us, this is the principal 

host that contributes to P. olgocooftls  ansm mission. Other hosts vaty in percent 

infected, intens* of infection and degree of development of P. ohgocottz~ Five 

other species from this study, in addition to Olgocotrrs macuhsus from whidn P. 

oligocootn'was hrst described (Adamson and Roth 1990), are regularly hfected 

(Go biesox meandn'cus, P b u h  hetay Sq.gnathzu &.ptorhynch~~s, and P. ornatta) , but only 

one (G. meandtinrs) ever contalied lanrigerous Pre~dodelphis ohgoco~ in the hepaàc 

sinus. O l i g c o ~ s  macuhszis (as reported by Adamson and Roth IWO), Pboh heta 

and Syngnathus hp to thynh~  all support an advanced stage of Psezidodelphir oligocofn: 

gravid females with developing embryos. Phoh omata are Erequently infected but 
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P. olgoocoom' was never observed to advance beyond the subgravid adult 0 in 

dd-caught fish. However, in one specimen held captive for 34 months with 

infected R jhuidm, a larvigerous P. ohgocorn' fernale was found in the hepatic 

sinus. It is not unusual for a parasite's host range (which kidudes hosts suitable 

for development) in nature to differ from its host range in a laboratory setüng 

(Solter and Maddox 1998). The captive spechen of P h o h  oznata rnay have 

acquired its advanced infection because it was held in dose quarters with 

infected A.fz?uiidur and therefore was exposed to more opportunities for 

infection, via copepo d intemiediate ho sts. Vancouver Aquarium staff stocked 

tanks in which these fishes were held local sand and coral - potential 

intemiediate copepod hosts may have been introduced into the water. Dkea 

transmission (directly from fish to fish, bypassing an intemiediate host) is 

unlikely and without precedence in the dracunculoids. Neither copepods nor 

paxasites c m  move between taaks because all seawater is passed through a 2-foot 

thick, #16 mesh sand gravitp filter before recirculating (John Rawle, Director of 

Seawater Systems, Vancouver Public Aquarium, personal communication). 

Pse~dode&hLr origocotfi was desuibed fiom type host O ü g o c o ~  macuIo.stl.r (Adamson 

and Roth 1990). Adamson and Roth (1 990) report a low mean intensity and 

prevalence (1.7 and 22%, respectively) in O. macthur compaxed to that in A. 

fividz/s. Nor did the researchers ever recover female worms containlig fmt-stage 

larvae from 76 infected fish out of 344 examined (Adamson and Roth 1990). 

Specimens of Pmdode@dtj sp. fouad in this study agree morphologically with the 

description of P. olgocotd Given the broad host distribution 1 have reported as 

well as d e  high number of host species that do not produce infective stages, it is 

not surprishg that P. o/igcotti has been described from a type host that may be 

kiappropliate fiom ùie point of view of the parasite. 



Psetcdodelphtj ohgocofn's occurrence in so many species of fish hosts may be 

atmbutable to its method of transmission. Many Dramculoids transmit by way 

of copepod intermediate hosts (Anderson 1992). Psesrdode4hLr olgocofh transmits 

between fish hosts in a hee-living harpacticoid copepod (Chapter 3). 

Harpacticoid copepods are part of the diet of many fishes that live in the edgrass 

beds and/or nearby rocky tidal zones &Wer et al. 1980). Coastal waters are used 

as feedlig and nmery grounds for the young of many marine fish species, and 

breeding/spawnlig grounds for the adults of many speaes (Jones 1962), makkig 

coastal communities particularly diverse. Habitats that support many sympamc 

host speües that are ecologically sImi1.a~ have been conelated with broad host 

ranges in parasites (Adamson and Caira 1994). Pinworns (Nematoda: Oxy-wida) 

generdy have a limited range of transmission (see Anderson 1992 for review). 

Pinwonn host specifïity ofien reflects the degree of ecological isolation of th& 

hosts: the pinwom Gyniicoh batracbiensü infects 7 species O f tadpoles h-om three 

different anuran families, where tadpoles congregate together in shallow water 

and feed iridiscnminately, often on pinworm eggs (Adamson 1980, Adamson 

198 1). Where most fish monogeneans are resaicred to a single species, genus, or 

family of host, again because of resmcted transmission, two speaes of Hawaiian 

monogeneans £kom coral reef systerns infect fishes £rom 7 to 11 different 

families (Rhode 1979). 

Psetcdode@lr olgocottls abundance is almosr as vaeable among locations as it is 

between host speues at a single location (Figure 2.1, Table 2.4). However, all 

locations examined in this study that support P. ohgo~o~ had A . ~ u i d t ~ . r ,  and this 

host was always infected with one exception: Roberts Bank. The three localities 

that did not support P. ohgocorn' either had no A.@uidtc~ (Porpoise Bay and 

Barkley Sound), or were silt/mud bottomed (Sidney Spit) . Apodicht~s&vidtls may 

be absent fiom Porpoise Bay because there were no nearby rocky intertidal areas 

in which A. &vz'd~.s likes to breed. Apodicbthysfividtl~ may be absent fiom Baddey 



Sound collections because samphg occurred at depths greater than A. fiuidm 

occurs: A.&uid' does occupy shdower regions of Barkley Sound (Hart 1973, J. 

D. McPhail, University of British Columbia, personal communication). 

Adamson and Roth (1 9 70) report Pseudode&bir olagocotttttt in Olgocothrs r n a c u h ~ ~  

specimens recovered Ecom sites that induded Barnfield Marine Station, Barkley 

Sound. Similar to Sidney Spit, Roberts Bank dso has a sik/mud bottom, but 

although its A. fiuidur were uninfected, other fishes were infected at a low rate. 

These fishes may have acquired th& infection from other nearby sites, such as 

Point Roberts. Localities with siky or muddy bottoms, without nearby rocky 

interüdal zones, may be poor habitat for P. ohgocotn'because they are poor 

habitats for A. jkil'us, which breeds under cobble, and possibly the intermediate 

host(s). For example, the splashpool copepod Ttgioptis ca@mict/.s, an 

intermediate host for P. olgocottiunder laboratory conditions (Chapter 3), 

inhabits tide pools rather than tidal flats. That certain intertidal populations of 

fis hes do no t have P. olgoco~* rnay simply be a result O f random chance rather 

than differences in habitat Little exdiange occurs between membas of different 

intertidal populations, because of the restrîcted movements of intertidal fish 

lanrae, the stage at which fishes would nomially disperse (MvIarliave 1986, Hom 

and Gibson 1988). 

Psezidode@htS ohgoco~ establishes and develops to adulthood in nine out of 24 fish 

spedes sunreyed, but shows vanation in extent of developrnent depending on 

the host In all fishes where it is found, P. ~(igoco~migrates to the body cavïty 

and develops to the fifth adult stage. However, in four of these speaes (Phoh 

ontata, G~amstets acz~hatrss, ~ t o c o t z ~  ornatus, and Arfedm hter~h) no later stages 

were ever observed in nature. Only in one species, P b o h  omata, did these mature 

fomis migrate beyond the body c2vi17, occasionally appearing in the 

pericardium, which is adjacent to the hepatic sinus of the liver but still isolated 

from the blood sueam. On ly  once, under a r t i f i d  conditions, did a fully mature 



parasite appear in the hepatic sinus. In the nomial host, the hepatic sinus is the 

h a 1  tissue site. P. oligocob tcansrnits larvae to the extemal environment by 

releasing them into the blood upstream of the f ls ,  which lmae  then breach 

(Chapter 4). Thus although cues may be present in P h o h  omata to induce parasite 

migration towards the h a 1  tissue site, development does not proceed undex 

natural conditions. In h e e  fish speties (Jyngnathza Z ~ t o r ~ ~ c h u s ,  Phoh heta, and 

O h g o c o r n  mumb~~.s), development proceeds to the formaàon of embryos in the 

u tms  of f a a l e  wonns (data on 0. muculiis~~ cornes fiom Adamson and Roth 

1990). Presumably parasites mate in the body cavity. However, in Oligocootn 

mamhszu, migration never ensues, ovigerous f d e s  appemhg in the body cavity 

alone (Adamson and Roth 1990). Hence development proceeds to a ceaal.i 

extent even without the preceding event of migration. In P h o h  hetu ovigerous 

females appear in the pe&zardium; m e s  are presumably present to induce 

migration towards the final tissue site be fore transmission. Development 

proceeds fbxther than in the h s t  group of fish hosts, but does not proceed to 

completion. In Syngnathzis hptorhyn~bz4.r~ subgavid ad& (L5) stages occur in the 

perïcardium and hepatic sinus in addition to the body cavity, indicating that P. 

ohgocufa sometimes migrates to the h a 1  tissue site. Female wonns with 

developing embryos in utem have been found in the host's body cavity, o v q  and 

pericardium, kidicating that development proceeds to a certain extent regardless 

of tissue site. 

It is not dear exactly why P. ohgocotti f d s  to develop to a stage capable of 

transmission in mmy of the hosts it infects, some of which are infected 

Erequently. Failure to develop usually indicates that tissue sites lack the 

appropriate cue(s). Presumably appropriate tissue sites possess essential numents 

for or act as inducers of parasite development (Madnnis 1976, Read and 

Skorping 1995). Parasites rnay use any of a multitude of cues to fhd sites and 

develop within the host. The livex: fluke Fanioh htpatica has six different 



behavioural phases in the vertebrate host, each in a different host tissue where 

specZc chernical cues induce spe&c responses (Sukhdeo I99O). Tissue 

specificity in parasites c m  be smcter than host specificity, and may even underlie 

most of the host-spe&c relationships between hosts and parasites (Adamson 

and Caira 1994). Farcioh hpah'ca infects herbivores: its emergence ki the host 

intestine is stimulated by bile salts foimed by herbivores but not by carnivores 

(Sukhdeo and Metmck 19 8 6). 



Table 2.1 Locations surveyed and number of times each was s w e y e d  for 
P.reudode@bir olgocotti and its ho sts. 

Number 
Sampling Site Location Latitude Longitude of visits 

1991-98 

Lumberman's k c h '  

Figurehead point' 

Point Roberts 

Roberts Bank 

Sidney Spit 

Stanley Park, Vancouver 

Stanley Park, Vancouver 

Washington, U.S.A. 

Deka 

Southern Gulf Islands 

Tohno Harbour Crab 
Dock 

New Brighton Beach 

Popham 1sland2 

Piper's Lagoon 

Porpoise Bay 

Barkley Sound 

To h o ,  wes tcoas t 
Vancouver Island 

East Vancouver 

Howe Sound 

Nanaimo 

Sunshine Coast 

westcoast Vancouver Isl. 

1 Main study sites: adjacent but different in habitat 

Sampled only once in dYs smdy, but surveyed extensively in another snidy by Adamson 
and Roth 1990 

' Multiple sites sarnpled by boat and bottom trawl in conjunction with DFO snidy. 



Table 2.2 List of fish species caught and examined for P~ez~dodelphlr oligcottL 
Fish taxonomy follows Hart (1973). 

BarraChoidiformes 
B atrachoididae 

Gobiesoafotrxles 
Go biesocidae 

Gasterosteiformes 
Au10 rfiynchidae 
S y ngnathidae 
Gas tero steidae 

Perciformes 
Embio tocidae 
Süchaeîdae 
S uchaeidae 
S tichaeidae 
Pholidae 
P holidae 
Pholidae 

Scorpaenifonnes 
H-agrammidae 
Hexagrammidae 
Cottidae 
Cottidae 
Cottidae 
Co ttidae 
Corüdae 
Cottidae 

Pleuronectiformes 
Pleuronectidae 
Pleuro nec tidae 

Sahoniformes 
Salmonidae 

Rajifonnes 
Kaiidae 

plainfm midshipman 

tubesnout 
bay pipefish 
three-spined stickleback 

shuler p e r d  
high cockscomb 
rock prickleback 
Pacifïc snake prickleback 
gunnel, penpoint 
gunnel, crescent 
gunnel, saddleback 

whirespotted greeniing 
kelp greenling 
P a d c  s taghorn s culpin 
padded sculpin 
smoorh-headed sculpin 
tidepool s d p i n  
b uffalo sculpin 
silver spotted sculpin 

s t a q  flounder 
flathead sole 

sockeye sahon 

bb skate 
I J D 

1 Used in Chapter 5 to refer to species. 



Table 2.3 Number of each fish species examined for P1ez1dode4hi.r oLigoconi, number 
infected, prevalence bercent infected) and numbers that contained mature forms 
of the parasite. Blanks in the last 2 columns indicate that no individuals contained 

these forms. 

No. conminhg No. 

h a l e s  with containing 
No. No- Prevalence developing Ianrigerous 

exarnined' infectedl (O/o infecte4 embryos fernales 

-- - - - - - -  

1 Indudes only fish examined shortly after b e y  were caught. Numbers in brackets indude 
those held in captivity or otherwise manipulated. 

' Fish recovered fiom Piper's Lagoon. 
3 FTsh held in captiviv for 34 months, see text for explanation. 
4 Includes 344 individuals kom Adamson and Roth (1990) study: 76 were hfected; an 

unknown number contained female Worms with developing ernbryos. 



Table 2.4 Proportion of fish infected with P.rezidude&hLr oh&ocoh5 for each 
infected speües at each locality positive for P. ot;r$pcutti. Sample size for each 
species caight b y site follows inparentheses. sites o ccur throughout coastal 

British Columbia. 

Lumberman's Figure- New Point Roberts Piper's T o h o  Popham 

h c h l  head ~ t '  Brighton Roberts Bank Lagoon Harbour 1sland2 

I Sites lie adjacent to each other and together are considered main study site. Fish communities diflkr 
because Ji% consists of eelgrass beds & ET of rocky inter- to subndal zones. 

' Data fian Adamson and Roth (1990). Indudes occasional specïmens fiom Staaley Park, Vancouver, 
and Bamfield hIaHne Station, Bamfield, British Columbia 



Table 2.5 S u m m a r y  of infection of fishes at main study sites (Lumbemian's Arch and 
Figurehead Point) : percent infected with PsezïdodelphLr olrgcotri, mean number of 

parasites per infected fish, variance to mean intensity ratio, and percentage of womis 
that reach maturiq. 

Variance: Percent of Percent of 
b h m b a  Percent Mean 

Mean woms with W O ~ S  with 
examinedl infected intensig 

intensity -bryos2 Imae '  

1 
Note 'Wumber examinedu differs h m  Table 2.3 because sites di&: th is rable focuses on$ on 

the main study sites. 
9 

- Female worms contaking developing embryos in utero 
3 Female w o m s  containing hrs t-stage laxvae in utero 





Crescent 

Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Date 

figure 2.2 Seasonal relationship between to ta1 number of larvigerous P.seudode@hù okgoco&- 
recovered from A ~ o d i c h f ~ s ~ ~ r t ' a ' . ~  caught at pamcular t h e  of year and total 
number of l m a l  stages of P. oLgocotti (L3 or L4) in A. ~ V C ~ U I ,  b ay pipefish 
(Syngnarhm leptorhyzrhus), saddleback gunnel (Phoh omata), and crescent gunnel 
(Phoh heta) caught at a particular t h e  of year. Vemcal bars represent number of 
worms (sale bar in fm agbt corner applies to al1 categories). Lines represent 
robust (3 iteraüons) estimates of ead i  point using the nearest 0.1625 points of the 
data set to generate the estimate (lowess function, Mathsoft 1998). 



CKPiPTER 3: DEVELOPMENT O F  PSEUDODELPHIS OLiGOCOTZ7 
(NELLLATODA: DMCUNCULOIDEA) IN THE INTERMEDIATE HOST, A 

HARPACTICOID COPEPOD 

Introduction 

Dracunculoid Pseudodetphis oZzgocoh5 is a member of the f d y  Guyanemidae. 

Other members of the Guyanemidae infect fieshwater fishes (Petter 1974, Petter 

1987, Petter and Dlouhy 1985, Costa et al. 1991), and none of th& life cydes 

has been described This study is the hrst effort to establish the manner of use 

and identity of the kitennediate host for a member of this f d y .  Life cydes 

have been invesàgated for closely related families, but these have been in 

freshwater systerns (Anderson 1992). Thus, this species offered an opportunity 

to undertake the hrst study of transmission of a maine dramculoid. 

Dracunculoids typically aansmit by way of Ecee-living copepods or aahropod 

vectors according to th& site of infection in the h a l  host Some dracunculoids 

that live in the blood of the hnal host (members of the genera SkyabiGkznus and 

Molnaniz) deposit their larvae into the blood Stream. Lmae are then ingested by a 

haematophagous arrhropod vector and evenhially reintroduced kit0 another host 

(Tikhomirova 1971, Tikhomirova 1975, Tikhomirova 1980, see Adamson 1986 

and Anderson 1992 for reviews). Another dracunculoid that lives in the blood 

(Pbihmetra obttlrans) acctiely breaches gdl artescies: gravid females deposit lmae  

directly ïnto the water, where larvae are ingested by fiee-living copepods 

Gtolnar 1976, ~Mohar 1980, Moravec 1978, Moravec and Dykova 1978). Many 

dracunculoids, such as the infamous Guinea w o m  DramncttGus meahenai-, occupy 

subcutzneous sites in the h a l  host: gravid fernales break through the skin to 

release their lmae into the water. These lmae  are also ingested by Gee-living 

copepods (Moorthy 1938, Fedchenko 1871, see Anderson 1992 for review). 
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Psetldode&his oligocoom' lives in the blood of its fis h hnal host, Apodicht~~fiz?~'du.r. 

Gravid parasites presumably rdease larvae into the blood upstream kom the gills 

(Chapter 4). In this chapter 1 examine whether Tignopus cakimi~~s c m  s m e  as 

intermediate host for P. oligomttztr This requires a description of larval 

morphogenesis in the intermediate host. 

Within the intemiediate host, parasites are protected fkom adverse 

environmental conditions and are packaged more attratively to the h a 1  host 

Thus intemediate hosts extend the Me of parasitic lamae in space and b e  

relative to that of fkee-living or directly transmitted nematodes (Chabaud 1957, 

Inglis 1965, in Anderson 1984). Prermture mortality of the intermediate host 

also curtails the parasite's life. However, few studies have looked dosely at 

mortality rates in the intermediate host due to infedon. Some authors report on 

days pos t-infection at whïch 50% of the kifected copepods have survived (iSo 

and Adams 1969). In addition to exanünlig P. oligocottls ability to infect a kee- 

living intermediate host, and its rnorphogenesis in that host, 1 also examine 

intermediate host rnortality due to infection by P. ohgocconi 

Methods 

Experimentally infected copepods were derived fiom two sources: lab-reared 

d e  copepods, T&n'~pus cah$mim.s, and mulapie species of wild-caught marine 

copepods other than T. c+mim.r from Lumberman's hch ,  British Columbia. I 

used marine copepod T. cabzmim in this study because it is widespread in the 

intertïdal zone and hence not an &ely candidate for the transmission of 

P.retldude&hLr ohgocotki to A. jihvz'dus in nature. Fmtheirnore, cultures of T&n'opus 

cabzntins were readily available: it is a robust species, tolerant to a range of 

salinities and temperatures (Lewis et al. 1 998). 



Lab rearuig 

Alan D. Lewis (Ed and Ocean Sciences, Universitg of British Columbia) 

s upplied source T. cdzj5mict/s fiom his lab d tures  started in the late 1 7 60's with 

organisms hom Barkley Sound, British Columbia. I rnsintained T. caU:jcomictu 

colonies in 1 -litre Erlenmeyer flasks, feeding them a pinch of Wardey's basic 

tropical fish M e s  every few months. This built up algae and bacteria in the 

water - the real sustenance of the colony. I left temperature to vary with that o f  

the room (range 17.4 - 24.4OC). Windows provided naturd light for better al& 

growth. Seawater used in all copepod rearing and experimentation was collected 

fiom Georgia Strait, British Columbia, filtered through 54 micron rnesh, heated 

on maximum power for 10 minutes by microwave ki 1 hter volumes for 

sterilization, and allowed to cool to room temperature. Brand of microwave used 

was Sharp model no. R-W7K, which ran at I20V and GOOW. The seawater was 

heated to 50°C by this procedure. 1 did not boil the seawater, as this c m  cause 

the precipitation O E non-living organic matter. 1 assumed that microwaves killed 

living material. Colonies kep t in s t d z e d  hltered seawater never suffered 

massive die-offs, as did earlier colonies kept in seawater d&ved kom 

commerual mixes. 

Field collections 

1 collected copepods at Lumbennan's &ch, Vancouver, British Columbia and 

the adjacent Figurehead Point (4g01 SN, 123°07'W), fkom habitats where A. 

&vz'dt~.~ occurs and may ingest them. To target planktonic copepods, 1 swept a 

hne mesh (64 microns, 1 1 inch diameter openingj plankton trawl several &es at 

mid-depth through O. 6m deep water at low tide. 1 uprooted and scraped eelgrass 

samples of their epiphytic invertebrates. 1 collected tidepool water samples in 50- 

ml jars from rocky Figurehead Point Collections were made seven times 

throughout May, June, and July of 1994, and once in May 1997. I obtained 16 



different copepod species from these three sources. Wild-caught copepod 

species were stored in jars of sterilized hltered natural seawater in a cold room at 

11 OC. 

Transmission experiments 

Ushg a 253-micron Nitex@ nylon mesh strainer, 1 isolated equal numbers of 

lab-reared adult copepods randomly, without regard to gender, into fkger bowls 

(8.3-an diameter, 3-an depth). Numbers of copepods per dish ranged from 

approximately 10 to 50 but was held constant within a mal. A Mal is an 

experiment that uses the same 6sh host as a source of woms. For each mal, 1 to 

5 replicate experimental dishes were txeated with equal doses of infective larvae: 

1 diçh was not treated wiùl infective lsrvae, as a control. Controls were used in 

mals of August 10,1995, iMav 1,1996, Apr.17 and 28,1997 only. To elicit 

appetïte, in later mals 1 waited 3 to 5 days after isola- copepods in s t d e  

seawater before attemptïng to infect them. Table 3.1 summarizes aansmission 

experïments. 

1 obtained addt h a l e  Pseudode@hts o/gocotti gravid with ht-stage larvae frorn 

the hepatic sinus of A.Jkvtdu~ oligïnating kom Lumbennan's &ch or 

Figurehead Point. 1 placed gravid female nematodes in 0.67% sodium chloride 

(NaCl) and burst them with fine probes. The released larvae were pipetted into 

the copepod-bearing hnger bowls. 1 used fiom one to three larvigerous f d e  

nematodes, a.U fkom the same fish host, as sources in a given mal. Nurnber of 

source females represents the dose of wonns applied in a given mal (Table 3. l), 

assumuig number of females is correlated with total number of larvae. 1 divided 

larvae equdy between 1 to 5 experimental replicate dishes of copepods. 

Copepods £iom untreated control dishes were miuiipulated in a skn i lar  manna 

to the expexknentally infected copepods (see below) . Using a dissecting 



microscope, I observed h a 1  behaviour and copepod feeding behaviour upon 

release of hrst-stage larvae into the feeding chamber. 

Inspection of copepods for infection and nematode development 

The duration of copepod exposure to infective larvae varied between trials and 

depended on the activity level of lamae that remained uneaten. I generdy 

dowed from two to fout days to pass before removing lmae  and transfening 

infected copepods to a fiesh dish. To check copepods for infection, I pipetted 

them individually onto a slide along with a drop of seawater medium. 1 placed 

two smps of mois tened No. 10 WhatrnanO filter paper along either side of the 

drop to cushion a cover slip. In this way the copepod was held in position but 

not harrned. 1 examined copepods under 40X power with a compound 

microscope for approximately 30 seconds. If the copepod was infected I placed 

it in a fresh diçh of seawater labeled for intensity of infection. I discarded 

uninfected copepods. Cont~ols were similady placed on slides, compressed by 

cover slips and illuminated under 40X microscopy for approlamately 30 seconds 

then returned to a Lcesh control dish. Temperature at which 1 stored copepods 

varied between mals kom uncontrolled room temperature (19.4 - 24.4OC) to the 

constant 15OC of an environment chamber- 

The process of mounting copepods on slides and examLiLig hem sometlnes 

resulted in a fatal accident. For ùiiç reason, copepods were examined for 

parasitic nematode development only every second day, as per the initial 

inspections described above. Nthough the slide's cover slip pinned down the 

copepods, their nematode parasites continued to writhe around quite actively. 

Nonetheless, with each inspection 1 estimated relative size of the nematode with 

respect to its host (proportion of length and width), nematode activity level 

scored kom zero to 1 (O indicating death, 1 being most active), and signs of 



rnolting @est seen as loose mtide at head or tail)). Every nematode molt marks 

itç transition to the next stage of development Nematode larvae initially fed to 

copepods were at the hrst stage of development, LI. 

Development in inter mediate host 

Occasionally 1 killed a n  infected copepod to examine its nematode(s) for 

developmental studies. 1 hxed nematodes from dead infected copepods in a 

soluoon of 70% ethanol, 5% glycerine, to which a few crystals of phenol per litre 

had been added, before mouting them on slides for examination. Because of 

s m d  sample sizes, 1 was limited in the number of worms available for detailed 

morphological examinations and measurements. Thus the number at each stage 

of development v&es. 1 measured womis by hrs t  drawing hem with a camefa 

Lucida (drawing tube) attached to a compound microscope. 1 then measured 

~ e n s i o n s  of the drawing with a length of unwaxed Johnson & Johnson's 

dental floss laid dong the worrn's length at the center of the drawing, and 

marked off organs of interest (anterior end, nerve ring, oesophagus, intestine, 

genital primordium, anus, posteor end). 1 converted measurements to microns 

with the aid of a drawing of the micrometer for scale. Because larvae from this 

f d y  of nematodes have never been described before, 1 had to stage larvae 

based on the morphological differences 1 observed and the days on which 1 

observed morphological types relative to days I observed molts, using hst-stage 

larvae e x  ufem as a refaence point 

Intermediate host mortality 

Mortality rate was assessed in 3 mals, based on August 10, 1995, May 1,1996, 

and April28,1997 experimental infeCaons (Table 3.1). The hrst and last mals 

were conducted at room temperature, while the second mal was conducted at 

15OC. Infected copepods used for mortality measurements were the results of 

transmission e x p e e n t s  . Since experimental infection rates were usually much 



lower than 50% Fable 3. l), numbers of copepods per dish, replicate dishes and 

level of treatment (intensity of iafection) were limited. In mal 1 1 isolated 11 and 

12 skigly infected copepods randomly into two separate dishes. 1 manipulated 50 

uninfected copepods, held in a contxol dish, in an identical manner, so as to 

measure mortality in experimental dish(es) due to infection alone. 1 monitored 

these diree dishes for mortaliq of copepods, recording the proportion dead in 

each dish e v q  day for up to 16 days. In mal 2 1 isolated into 4 separate dishes 

according to level of infection: 28 singly infected copepods, 12 copepods 

kifected with 2 larvae each, 2 copepods infected with 3 l m a e  each, and 1 

copepod infected with 4 larvae. For up to 12 days, 1 checked these and a control 

dish of 34 uninfected copepods daïly for proportion dead. Finally, in mal 3 1 

isolated 11 singly hfected copepods, 1 copepod infected with 2 larvae, 1 

copepod infected with 3 larvae, and 18 d e c t e d  copepods into 4 separate 

dishes accorchg to level of infection. 1 assessed daily proportion of dead 

copepods per dish as a function of days post-infection and worm burden. I used 

cubic splines to interpolate the data, which smoothed the data with locdy  

weighted regressions based on approxhately 0.5 to 3% of the data at a time QL 

= 0.005 to 0.029 depending on the sample size with a particdar infection load, at 

3 degrees of freedom) (Mathsofi 1998). 

Resdts 

None of the 23 5 individu& fiom 16 different speaes of wild-caught copepods 

were infected with nematodes fiom the wdd. 1 was unsuccess£ul in 

expe.rimentally infecting wild-caught species of copepods: in only 2 of 8 attempts 

did wdd-caught copepods s h e  beyond the hrst day of exposure. In one of the 

two attempts for which wild-caught copepods did survive, ernbryos fiom the 

source nematode were still immature, unfurllig from their coiled positions 

sluggishly or not at all. In the other attempt, copepods simply did not appear to 



engage the lanrae - 1 did not observe any instances of active ingestion of larvae 

by wild-caught copepods. 

Attempts to infect lab cultured T&nopz{s cuh$5micz11 were kequently successful. 

Parasite larvae released from iarvigexous female nematodes sa& quiddy to the 

bottom of the experjmental dishes and writhed about td down. T. caLj5mim.r 

appeared to encounter lamae with their bmsh-like t a s i  Feeding took longer 

than 30 seconds; copepods maneuvered larvae into their mouths and inges ted 

them whole but by s m d  increments. Lamae were unharmed and presumably 

moved into the copepod's haemocoel shordy afier being ingested. I successfully 

infected 147 T. cahfomim~ in 12 of 16 trials. The average number of larvae in 

kifected copepods was 1-26 (minimum 1, maximum 4) but most contained a 

single lama (Figure 3.1). 

Transmission rates to intermediate hosts 

Infection success (Y0 of copepod hosts infected per copepod hosts exposed) 

varied between O and 57.1% Fable 3.1). T d s  were aborted if all hosts died 

withiri the e s t  day of exposure @ cannot tell whether a dead host had had a 

chance to eat before death and therefore been exposed). Infections were 

unsuccessful if female nematodes did not contain enough hrst-stage lmae  in 

  te ri. Fernale nematodes often contained a mix of developkig embryos and hrst- 

stage larvae. The fornier unfded slowly and behaved sluggishly if prematurely 

released. If more than 50% of a fernale nematode's embryos were still 

developing and had not reached hcst-stage, the experiment was aborted. 

Variation in success of infection in T&ioptls cahjcorniixr was, if anyhmg, negatively 

related to the dose of adult womis (where mean of percentage infected in each 

replicate diçhes within a mal is used to represent percent infected for that aial, 

and 'h", the number of mals using T. ca&ij5mimsY is 15: Speman's p = - 0 . 5 2 , ~  = 

0.05 on Freeman Tukey transformed percentages of infected) (Zar 1996). 



Exposure àme had no effect on success of infection. 1 varied exposure from 2 to 

7 days, but at room temperature only an average of 16% (n = 4) of the 

uningested larvae were s a  moWig 2 days post release. At l5OC larvae survived 4 

days post release. 

Intermediate Host Mortality due to Infection Load 

The activity of P. o/gocotfilarvae iaside the copepod host was htgh. Relative to 

the host, larvae grew in width &om 0.25 to 1 times the width of d e  host's lower 

intestine, and in length £kom 0.3 to 1 -2 times the host's body length. 

Nonetheless, mortality rates were no higher in infected copepods than in 

uninfected copepods, regardless of womi burden. Results are based on 2 W s  at 

room temperature and 1 trial at lS°C. Mortaliv rates were similar amongst ail 

three trials regardless of temperature. For each trial, each dish's d a  proportion 

dead was averaged across al l  days. First and third mals, both conducted at 

uncontrolled room temperature, were pooled (variance ratio test F, = 0.1 9, p = 

0.33). Mean daily proportion dead for each dish was not signihcantly different 

between the two expeemental temperatures (Wilcoxon r a d  sum test on 7 

replicates at room temperature and 5 replicates at I j°C;p = 0.25). 1 plotted d d y  

proportion of copepods dead in a kger  bowl by day since exposure and level of 

infection, coding temperature with different symbols, and assessed the data for 

pattern using a cubic spline. Daily proportion of uninfecteds dead was not 

noticeably different from daily proportion of infecteds dead, except that 

mortality rates of copepods with 1 or 2 nernatode larvae kicreased towards the 

end of the experiment (Figure 3.2). Copepods rarely harbowed more than 2 

womis; sample sizes are inadequate to condude whether or not worm burdens 

of 3 and 4 are more harmful than 1 or 2. The single copepod infected with 4 

nematode Iasvae survived und the end of the experiment- 



Nematode Development in the Intermediate Host 

Development of lamae in the copepod intermediate host occws in the host's 

haemocoel. Larvae are expected to molt twice, passing fiom hrst to second-stage 

(LI - L2) and then second to third-stage &2 - L3). iMeasurements are given in 

microns: mean followed by range in parentheses. 

Finf-stage Lmae,  Ex Utero and in Copepods 

The following description in based on 5 hrst-stage larvae collected kom fernale 

worms or fish giUs, 2 h m  copepods held for 2 days post exposure at room 

temperature, and 2 kom copepods held at 15OC for 6 and 7 days. The latter two 

groups' measurements fell ivithin the range of a given measurement for larvae ex 

~ t e m  or fkom g d s  hence 1 consider them together. First stage larvae 588 (450- 

709) long. Width at nerve ring 27 (1 8-47), a t  anus 23 (1 8-35). Cutide fomiç 

tooth-like swelling in dorsal buccal area (Figure 3 - 3 4 .  Nerve ring 83 (65- 1 14) 

fiom anterior end, or 14.8% (12.7-16.5) dong body length. Excretory pore 

posterior to nerve ring, 95 (7G-111) from anterior ext~emiq or 17.8% (16.7-19.3) 

dong body length. Excretory gland ends anterior to oesophageal-intestinal 

junction. Oesophagus undivided, 181 (121 -224) long and 1 1 (6-28) wide at 

anterior exapmity. Larvae from copepods are characterized by marked 

oesophageal-intestinal valve. Intestine 1 87 (1 29-21 6) long; its lumen may be 

narcow or wide. Genital prLnordium not always diçcemible (identified in 3 of 9), 

ventral at 175 (159-1 85) £rom anterior extremity. G e n i d  primordium 29.3 - 

34.6% dong 

(41 -86) long. 

122 (95-144) 

3.3B). 

body length fkom anterior ~ e m i t y ,  and 22 (8-32) long. Rectum 57 

Ratio of intestine and rectum to oesophagus 1.41 (1.04-1.93). Tail 

long and very attenuated, nanowing well before the end (Figure 



FLst to second-stage molting lmae were recovered days 4 - 11 at 15OC (6 

kidividuals) and day 5 at room temperature (1 individual). Length 5 14 (403-631). 

Width at nerve ring 28 (22-43), at anus 21 (1 8-3 1). MolMg cephalic denride 

evident. Excretozy pore posterior to nerve h g  with excretory gland ending 

anterior to oesophageal-intestinal junction. Oesop hagus 156 (102-1 85) long, 9 

(8-1 1) wide at anterior end, not noticeably differentiated into muscular and 

glandular portions except in one specimen: oesophagus musdar  and glandular 

pomons 85 and 87 long respectïvely. Oesophageal-intestinal valve well 

developed. Intestine 21 5 (121 -322) long, cells distinct, lumen variable in width. 

Genital primordium evident in 4 of 7 specimens: 25 (14-49) long, located 

ventrdy, bknodal for longitudinal position: 38 -5% (3 1.4-47.3) along body length 

in 3 speümens, 56.50'0 along body length ki 1 specïmen, well posterior to 

oesophageal-intesthal junction. Bimodality could represent different sexes. 

Rectum 57 (2481) long, lumen often expanded with molting epithelium. Ratio 

of intestine and rectum to oesophagus 1.75 (1.36-2.01). Tail 78 (62-1 12) long. 

First-stage's elongated tail is replaced with a stubby one; in 6 specimens molted 

LI tail extends to 119 (110-134) (Figure 3.3C). 

Seco nd-stage hrvae 

1 recovered second-stage larvae from 2 copepods that had harboured larval 

nematodes for 8 days at room temperature. Both specimens were damaged and 

incomplete. One measurable specinien at least 778 long without tail (missing). 

Head simple, without cephalic swelhg, buccal opening subtriangular (Figure 

3.3D). Oesophagus 11 wide at anterior end. 0th- specimen (anterior pomon 

only) 19 wide at  the nerve ring. Excretory pore 62 and nerve k g  63 fiom 

anterior end. Excretory gland ends near junction between miiscular and 

glandular oesophagus. Muscular and glandular portions of oesophagus bo th 1 19 

long each. Oesophagus 8 wide at anterior end (Figure 3.3E). 



Thidstage hmae 

Lmae  recovered on developmental day 14 at room temperature (1 complete 

specimen, 2 damaged specimens) and 15 to 16 at 15OC (3 specimens) were third- 

stage. Body filifonn, tail conical. Head with two pairs of cephalic papillae and a 

single apical papiUa Lateral aspect of oral opening flanked by cuticle in the folm 

of an invmed ""v7' (Figure 3.3F). Length 1 146 (91 8-1359)). Width at nerve ring 27 

(23-33), at anus 17 (15-21). Nerve ring 96 (84-1 11) £rom the anterior, or 8.5O/0 

(7.1-10) along body length. Excretory pore posterior to nerve ring, at 134 (119- 

160) from anterior, or 1 1.8% (10.8-1 3.4) along body length. Excretory gland 

ends between muscular-glandular oesophageal juncàon and oesophageal- 

intestinal junction. Oesophagus 8 (7-10 wide), well differentiated into muscular 

and glandular pomons 226 (176-295) and 352 (290-462) long respectively. 

Oesophageal-intestinal valve well developed. Intestine 395 (312-454) long. 

Geriltal prirnordium 649 (563-743) kom anterior extrernity, w d  posterior to 

oesophageal-intestinal valve, at 5 8.7% (54.8-6 1.3) along body length in 3 of 4 

specimens, adjacent to oesophageal-intestinal valve, at 51.7% dong body length 

in 1 specimen. Rectum 62 (59-64) long. Ratio of intestine and rectum to 

oesophagus less than previous stages, at 0.839 (0.805-0.927). Tai1 89 ('78-108) 

long (Figure 3 -3G). 

Effect of tenpet-attlre on deveLopment 

There was much variation in rate of development between individuals; hrst-stage 

and molting woms were recovered anywhere from 4 to 11 days at  15OC. At 

least some larvae reach third-stage by day 14 at room temperature and by day 15 

at 15°C. Temperature had no effect on length of resultant L3 infective lamae (2- 

sample t-test on mean lengths at uncontrolled room temperature and 15*C, t, = 

0.39, p = 0.71). To furrher compare rate of larval development at 15OC and room 

temperature, 1 looked for peak frequencies of developmental days on which 



molts were observed (loose cutide indicating a molt). At 15OC the hrst peak, 

presumably the hrst molt, occuned on the 7th day. No second peak in molting 

was observed, although molting was observed steadily und the end of the 

experiment (Figure 3.4). At room temperame (1 9.4 - 24.4"C) the hrst peak was 

observed on the Sh day and another on the 1 2  day (Figure 3.4). Therefore an 

increase of approximately SOC advances the hrst molt by two days but may be 

less important as 

Inter mediate 

the second molt approaches. 

Discussion 

host in nature 

Tign'opns caUjComim s u c c e s s ~ y  serves as intemediate hos t for Pseudode&his 

olgoc~~in the laboratory. 1 do not know whether T. caL$omim serves as an 

intermediate host of P. olgocootti in nature. None of the wild-caught copepod 

species were naturally infected with nematode larvae, but t h i s  is not surprïsing 

considehg the ephemeral nature of this stage of development and the vastness 

of the habitat to swvey. Tzpiapus cahjpomicus is therefore our best lead, but its 

usefulness as an intermediate host for P. olgoco~ in nature would depend on the 

potential for contact between T. cuhij5rnin.r and P. oligocoom' first-stage larvae, and 

between infected T. cahj5rnicu.r and A- JÙuidusS Tign'0pzi.r c a h ~ m i m ~  occurs in rocky 

supralittord splashpools ftom -Alaska to Baja Califomia. Apodicht..r&vidus are 

epibenthic and range in dismibution from shdow subtidal to tidepools above the 

low-tide horizon (Yoshiyama 1981, Yatsu 1981, Hay et al. 1989). The potential 

for contact appears Iow. However, T. califomim may make excursions into 

penpoint habitat: the marine environment regularly inundates some splashpools 

(Metaxas and Scheibling 1993). Laminar flow of splashpool-derived water has 

been observed at nearshore depths withïn a couple of centbeters above the 

sub strate (Jeff ~Martiave, personal observation). Apodichthysfiuidws may also make 

excursions into S. cah$mzincr' habitat: splashpools are known to host the 

40 



occasional fish (Lewis et al. 199 8) - 6sh predation impacts Tignopus cab;fornin.r 

abundance in Washington tidepools (Dethiei: 1 9 80). 

Whether or no t A. fividw encounters Tignom cahjromim O &en, A. fividxs 

obviously encounters P~eudodetphM okgocotn at a sufficient rate to sustain P. 

ohgocorn's life cyde in nature. Psetdodefphts ohioco~ is a probably a generalis t at the 

intermediate host level. I t  is cornmon for a parasite's host range in a laboratory 

setting to diffa fiom its host range in nature since in nature a parasite may not 

encounter the fidl set of hosts it could possibly use (Solter and ~Maddox 1998). 

Non-specificity at the intemediate host level (even when a parasite may be 

specific at the dehnltive, or final, host level) has been observed among many 

parasitic nematodes. AyiBse+pens taiwana (Dracunc-doidea: Dracunculidae) infects 

several genera at both the intermediate and final host level (Wang et ai. 1 983). 

Auimerpens mosgovo~ infects multiple speues of fies hwater copepod intermediate 

hosts and 2 genera of waterbird hnal hosts (Supryaga 1965, Supryaga 1971 in 

~Moravec 1994). Phihmeira ob~urans (Dracundoidea: Philometra) develops in 

several genera of copepods, 2 genera of fish paratenic hosts but only one final 

hos t (Mcravec 1978). Anguiikcob m m a  infects a copepod and an ostxacod 

intemiediate host (Pette et al. 1990). In fact, Anderson (1 992) proposed that 

generalist requirernents at the intermediate host level was necessaq for the 

transfer of terresmal parasitic nematodes fÏom terrestrial to aquatic invertebrates 

and subsequently to other aquatic hosts. 

This is the hrst detailed account of copepods ingesting parasitic nematode larvae 

in a marine system (Janet W. Reid, National Museum of Naturd History, 

Smithsonian, personal communication). BashiruIlah and Ahmed (1 976) observed 

active ingestion of Camalhnnus adamsi larvae on the part of freshwater copepods; 

other authors acknowledge infection of copepods by ingestion but do not 

describe it (see Moravec 1994 and Anderson 1992 for life cyde reviews). First- 



stage P. oligoco~-lanrae siak after release, consistent with mosc other members of 

the Dracunculoidea, whîch cannot rnaintaia thernselves in the water column 

(Anderson 1992, Clark 1 994). Lamae are then iagested whole b y T. cabjcomit~s~ 

T&n'opw ca/ifomincr is a generalist reported to ingest a variety of t h l i g s  (detritus, 

fecal pellets, diatoms, bacteria, organic flocs, protists, small crustaceans) (Lewis 

et al. 1998) all of which are smder than hrst-stage P. olgoocoorti larvae. Elements of 

T. cabjcomi~tl3 oral cone (such as the labnim, labium and mandibles) are armed 

with silica-based teeth and/or spinous projections and setae for the grinding or 

positioning of food (Lewis et al. 1 998). These structures may however lack the 

musculature to break up something as large as a nematode. Gkders  act instead 

like kition pads to move nematodes dong. The gnathobases @arts of the 

rnandible) move in opposition and, in addition to bearing teeth for breakhg or 

holding, bear spinous process that are used to move food or remove, tooth- 

bmsh stgle, food p d e s  from larger ob jects. Gnathobases thus act to move 

food contliuously into the oesophagus (Lewis et al. 1998). 

The average intensity of laboratory copepod infection b y P~e~dode/pbLr ohgocotfi 

does not appear to be as hgh as that of otha members of the Dracunculoidea, 

nor does it reach the same peak intensities. T'n'0ptl.r cdj5rnin.r is a s m d  copepod 

(1 - 1.4 mm in length, Powlik et al. 1997, Ai Lewis, personal communication) : a 

single lama appears to Hi the host's haemocoel. Copepods infected with 

Philomenïl obturanr generally contained 2 -3 w o n  but could range up to 12, 

higher intensities o c d g  in larger speàes of intermediate host copepods 

(Moravec 1978). Larger speties Moravec studied were 1 to 2 mm in length 

(fernales, Ez~cychps spp.) and 2 to 4 mm (fernales, Mmcyclop@scus) in length 

(Wilson 1 93 2). Phihnem oncorhyncbi mean intensity in Cyckp bimpidutm is 2 but 

ranges up to 18 (Ko and Adams 1969). Cycu1p.s stretlutls (only species for which 

measurements were available and are presumably indicative of the genus) ranges 

in length fiom 0.95 to 1.35 mm (fernales) (Wilson 1932). Average intensiq for 



CamaIlanz{~ ahmst is 4 larvae per copepod but ranges up to 7 (BashiniU.ah and 

h e d  1976). For one of the copepod species Bashinillah and Ahmed infected, 

Mesoychps hzlhrtz; measuiements for the genus range fiom 1 to 1.5 mm (Wilson 

1932). In addition, number of larvae in a given size of exposure chamber may 

influence mean intensity of infecàon. Infections by Pbihmetra ovatu vaxied in 

intensity dependhg on size of the exposure chamber: more intense infections 

resulted when copepods were held in doser quarters with infected larvae 

(Moravec 1980). However, by holding constant the number of source 

Psendode@bis o l g o ~ o ~  and volume of the exposure chamber, it is unlikely that 

density of infective lanrae varied enough to detect ia influence. 

Rates of T. cahifornins infection ki the laboratory depended p h a d y  on maturity 

of fernale wonns, and were higher after copepods had been prestarved. In other 

studies, rates of successful infection of copepod intermediate hosts by Pbihmetra 

obhrrans were influenced by number of infective lamae in the exposure chamber 

(&foravec 1978). This did not appear to be the case herein (Table 3.1), although 

the range of variation examiaed was low. Philumena oncorhyncbi infected copepods 

at a higher rate (80-90%) when exposure time was extended fiom 24 to 48 hours 

&O and Adams 19 69). However, exposure time had no affect on transmission 

rates in this study. This is not surprïsing, since 83.3% of kee-swknmLig larvae 

were dead by day 2 of exposure (Table 3.1). Beyond 2 days  ansm mission rate 

must reach a plateau. 

Maturity of adult female nematodes gready innuenced percentage of success hl 

copepod infections by lamae ex utem. Ovoviviparous Pse~dodelphu oligcootti f e d e s  

contain a range of developmental stages koom eggs to hrst-stage larvae. As 

females mature, a greater propomon of developing embryos have matured to 

hrst-stage larvae. Perhaps there is a gradient of developmental readiness amongst 

lmae in utem that is both a function of female age and longitudinal position 



dong the uterus from ovaq to vulva. Even if one manipulates the nurnber of 

f d y  mature fernale source womis, h a 1  numbers would be diluted 

proportiondy with uninfective lamae and, although increasing absolute 

numbers, would not affect the rate at whicb copepods encounter infective larvae. 

Proportion of kifected Tigopm cahjhicu.s dead is not appreuably higher over rhe 

course of developmental days than proportion of d e c t e d s  dead, except 

perhaps at the end of an experiment when proportion dead increases to 

approximately 10°/o dead in singly and doubly infected copepods (Figure 3.2). 

Moravec (1 978) observed greater mortality in kifected copepods than in 

uninfecteds. In his study, rnodity rates were greatest at the beginning of the 

experîment Heavily infected copepods (greater than 2 womis) have been 

observed to remain on the bottom more than those with lighter infections 

Foravec 1978, Moorthy 1938). Infected copepods lying on the bottom may 

s u f k  &om kisuffiaent aeration (Moorthy 1938). In this study, hge r  bowls 

provided the optimal shallow envkonment for copepod growth. Thus mortality 

is likely due to direct rather than indirect behavioural effects of infedon. Worms 

in copepods moved around vigorously, o h  jostllig the host's eyespot or 

cornpressing its intestine. 1 suspect them to be more h& as they grow larger, 

although the data presented in this study are insuffiaent to draw this conclusion. 

There was considerable variation in rate of development among individuals, as 

indicated by the occurrence of both hst-stage, and molting woms fiom day 4 

to day 11 at lS°C. Philomena onmrhynchi shows considaable variation in rate of 

development between individu& (Ko and Adams 19 69) ). Nonetheless, 

P~ezidode4hLr ohgocorn' developed more rapidly than Phi/onema oncor&cbi at a given 

temperature (15OC), the former reached ùiird-stage in 15 days whereas the latta 

reached third-stage in a minimum of 21 days. Of the Dracunculoidea, members' 



of the genus D ~ ~ G U M ~ ~ U J  development times are most similar to that of 

Pseudode4hlr ohgocofftfft (Anderson 19 92). 

In P~e~dode@i. ohgocotd an increase of approxhately 5 OC advances the k s t  rnolt 

by two days but may be less important as the second rnolt approaches. However, 

there was considerable variation between individuals. Many dracundoid M e  

cycles have delayed rates of development with decreasing temperature (see 

Anderson 1992 for review). An increase of 5OC almost doubles the rate a t  which 

molting occurs in Phihnema oncor6ynchi (Ko md Adams 19 69) ). More data are 

required to quanti$ the effect of temperature on P. orlgocottls rate of 

development. If a change of 5OC alters the rate of development by 2 days, P. 

oZzgocoHs devdopmental àme in nature is probably longer than approlcimately 15 

days. Given that local seawater temperature is between 9 and ll°C, 17 to 18 days 

may be necessary to develop to the third lamal stage assuming that the effea of 

temperature on development is linear. The higher experimental temperatures 

used in this study may have made it diffidt to recover second-stage larvae. Very 

few second-stage specimens were found relative to the number of k s t  and thixd- 

stages. Perhaps the second stage is very short: the acceleratïng affect of higher 

temperatures wodd d e  th is  stage even less noticeable in copepod sunreys. 

Pse~dode@hLr ohgocorn' latvae are the fïrst to be desuib ed in the f d y  

Guyanemidae. First-stage larvae have a cephalic dorsal s w h g  charact&stic of 

dracundoids. Larvae are most similax in form to those of Phihnema 

agubemamhm and P. ooncorbyncchi (Dracunculoidea: Philometridae) . The hrs t larval 

stage of all three species has a dorsal cephalic sw&g, an elongated cail, and a 

simple undivided oesophagus. 1 did not h d  any cornplete specimens of P. 

ohgoco~ second-stage larvae, but the third lmal  stage of all three species has a 

divided oesophagus with a long multicelluiar glandular portion. Excretory pore 

and gland are in sirnilar positions. Body lengths of larval stages are also simila 



60 and Adams 1969, Vik 1964 for descriptions). 0th- members of the 

Philomemdae do not resemble P. ohgoco~~$ as much. First-stage larvae of Phihmetra 

obdominrh, Pb. obturans, Ph. ovafa all have conical tails and blmt heads, but the 

former two each have a dorsal cephalic swelling similar to P. ohgoco~ whereas the 

latter does not Pbihmetra spp. lamae have a few large oesophageal glands with 

giant nudei at the base of the oesophagus, whi& P. ohgoco does not L m a e  of 

Phibme&a spp. are similar to P. olgocotti in length (Moravec 1977, Moravec 1978, 

and Moravec 19 80). The first larval stage of another philomemd, Ichthyofihrio 

canademir, is more different £iom P. ohgocotz5 than Pbihnem spp. are: it is sheathed, 

with a blunt head and tail, and half the size (Appy et al. 1985). Phihnema spp. 

larvae resemble those of P. ohgocotz5 more than do larvae of dracundoids in the 

families Dracunculidae and Anguùlicolidae. Larvae of Ac01epen.r spp. have 

conical tails similar to those of P. obgocotci, but also have an eutremely long 

oesophagus whose postefior portion consists of three long oesophageal glands 

with prominent nudei. Lengths at third-stage are half the size of P. ohgocoth' 

(Moravec and Scholz 1990, Moravec 1994). First larval stage of dracundoid 

Drammls  medinemir is sirnilar in size, has as a dorsal cephalic swelling and an 

oesophagus of similar proportions to P. olgocotfi, but unlike P. ooligco~ it has a 

tidged cuticle and very attenuated tail (Moorthy 19 3 8). AnguiUtcolid Angzdkcoh 

mmsa larvae are much more stout than those of P. olgocoh5 (Petter et al. 1990). 



Table 3.1 Summary of experimental infections of T&ricps cabjcomicus with k t -  
stage larvae of P~zudodelphM okgocotd £rom A p o d i t h t b y s ~ n ' d ~  originating fkom 

Lumberman's Arch/Figurehead Point, British Columbia. 

Addt Worm Days Total # 
Infection Date DOS=' ~ x ~ o s e d '  Copepod Type Percent 1nfected3 copepods 

May 6, 
~May 21, 

August 17, 

August 18, 
May 27, 

June 6, 

i\pd 17,1997 

A p d  28,1997 

May 27, 1997 ' 
Tulv 22, 1777 

wild-caught spp. O 

F d e  worms pooled and their larvae divîded evenly between replicates if appkable 

hlultiple days of eqosure refer to replicates. 
3 Range and sample çize refer to replicates @en below where applicable) 

' Trial Oeld at 15°C instead of room temperature 

' Copepods withhdd food for 5 days. 

? ~ n  held at 17.5"C instead of room temperature. 

' Copepods withheld food for 3 days. 

Trial held at 10°C instead of room temperame. 



Number of larvae per copepod 

Figure 3.1 Frequency of infections ranging in intensity from zero to 4 lard nematode 
P.seztdode@is olrgoco#z- parasitizhng copepo d Tignopus calrfornim~ as a result of 
e-xperimental infections. 



Figure 3.2 Daily instantaneous mortality rate (proporcion dead) of copepod T. cali;rOmicus 
in fected with Pseudode4hir oligoco#i h a e .  S ymbols code for dishes rnaintained at 
two different temperatmes: open cirdes represent those dishes maintained at 
15"C, and open &angles represent those dishes maintained at unconnolled room 
temperature (19.4 to 24.4OC). Luies are cubic spline models of the data, where 
estimates are based on 0.5 to 3% of the data at a tirne depending on iritensity 
category, with 3 degrees of fieedom. Days are numbered fiom the beginning of 
an expeàmental infection. 



Figure 3.3 Fitst to third stage lanrae of P.reudode&ir okgocotti recovered from experimentally 
infected T.ri0pu.r culfornim~. A. Firs t-s tage lama from day 7 copepod, cep halic 
lateral view, B. First-stage lama fiom day 7 copepod, lateral view, C. Fitst to 
second-stage molt from day 6 ,  D. Second-stage Iarva fÎom day 8 copepod, 
cephalic lateral view, E. Second-stage lama, anterior end fiom day 8 copepod, F. 
Third-stage h a  £rom day 14 copepod, cephalic fateral view, G. Third-stage h a  
from day 14 copepod. 



Days of development 

figure 3.4 Frequency dimibution of developmental days on whîch molts of larval 
Psemiode(phz3 oliigocotti devdoping in live TIgn'opus cali;fomicu.r were observed, at two 
difkent e x p h e n t a 1  temperawes. Data does not indude sauificed copepods 
and their lamae. 



CHAPTER 4: DEVELOPMENT OF PSEUDODELPHIS OL[GOCOTTI 
(NEMATODA: DRACUNCULOIDEA) IN THE FINAL HOST, PENPOINT 

GUNNEL (APODICHTHYS FLA VID US) 

Introduction 

A parasite's reproductive succes s depends on its transmission among hosts, 

which in turn depends on a parasite's ability to release its aansmimng stages into 

the extemal environment. Zooparasitic nematodes solve this problem in a 

variety of ways; those that live in the host's intesane simply pass their eggs or 

larvae out with the host's feces; many tissue d w d a s  have daborate migratory 

phases to reach the extemal environment or may be aansmitted by vectors 

(Adamson 1986, Anderson 1992 for review). Like all dracunculoid nematodes, 

P.ret~dode&hW oligocoh5 (Guyanemidae) lives in an extla-intestinal site in the &al 

host, ApodichtLyq%zvidu.s (Perciformes: Pholidae) and is presented with the 

diffidty of getting its lamal stages to the extemd environment. 

Pse~dodelphù ohgocolfi lives in the blood Stream of its k a 1  host. Other 

dracundoids that live in the host's blood Stream transmit in two different ways: 

M o / k n h  and JkjabiI1iAnu.r spp. (Dracunculoidea: Anguillicolidae) live in the host's 

mesenteries and serosa of various organs; hrst-stage larvae are c d e d  in blood 

to the skin where ectoparasitic brachiurans ingest larvae with their blood meal 

~ikhomirova 1971, Tikhomirova 1980, Tikhomirova 1975, see Adamson 1986 

and Anderson 19 92 for reviews) . Gravid females of Phihme~a obtt/ram d w d  in 

the heart, but migrate koom the ventral aorta to the gdl arteries to gain access to 

the extemal environment; larvae are released direcùy into the water where they 

are ingested b y free-living copepods (Molnar 197 6). Ichthyajh~a spp. live on the 

surface of the liver and in the mesentery; fkst-stage larvae circulate ki the host's 

blood and body fluids, but how they reach the extemal enviconment is unknown 



(Appy et al. 1985). Appy et al. (1985) suggest that larvae may be ingested by 

haernatophagous arthropods or exit the giUs themselves. In Chapter 3 1 

demons trated that a free-living copepod (Tt@.pzis cabj5ntitw) could serve as an 

intermediate host This chapter addresses the problem of how P. okgocotzS get i ~ s  

l a r d  stages into the externa1 envkonment where fkee-living copepods c m  ingest 

them. 

In this chapter I make detailed observations by stage and tissue site of the course 

of Psertdode&hLr o@ocoM infection in penpoint gunnel (Apodz'cbt~~fividt~). 1 report 

on attempts to e x p e h e n d y  infect spe&c parasite-fke J%vid~~ by feeding 

them copepods infected with P. oligocoot This represents the hrst experimental 

infection of a m d e  host with a ckacunculoid. 1 demonstrate that P. okgacotti 

lives in the body cavity and blood system of its fish host; larvigerous females 

release larme into the blood, which canies larvae dire* to the gds. Larvae 

breach the g i l l s  to gain access to the water. Larvae do not enter the fish's general 

circulation, so there is no opporhinity for transmission by haematophagous 

aahropods. Free-living copepods act as intermediate hosts (Chapter 3). 

Methods 

Field collections 

I collected penpoint gunnel, Apdichthysfiuid~~ by dragging a pole seine (length 

21x1, height 1.5m, diagonal mesh size 1 1 mm) through subtidal eelgrass beds, and 

by ovemiming rocks in intertidal zones adjacent to eelgrass beds. 1 sampled 427 

A. f7auid.s over 6 -5 years h m  a varietg of coastal sites on the mainland and 

Vancouver Island, British Columbia (Table 2.1 and Figure 2.1, Chapter 2). 1 

sampled many of these sites only once; others I repeatedly sampled. 

Lumbeman's &ch and Figurehead point were sampled on spgng tides fkom: 

spring to mid-winter in 1991,1992, and 1995; throughout the year in 1993 and 



1994; sporadically in sp&g, summer, and f d  1996-1 997; and sp&g 1998. Point 

Roberts and Roberts Bank were sampled on sprlig tides, twice in the sprhg of 

1993, throughout the year in 1994, and sporadically from 1995 to 1997. The 

latter site was unique in that A.&uidu caught there were not infected with 

Pseudode4hrj ohgoco~ and Roberts Bank served as a source of uninfected hosts for 

experimental infections. 

Once captured, A.J&zuidu.r befd one of three fates: 1 .) I necropsied some dong 

wïth the other fish species for data on the adult Pseudode(Phir obgocoHs prevalence, 

intensity, and development (see Chapter 2), 2.) 1 reserved certain individuals 

from Lumbennan's Arch/Figurehead Point to use as a source of P~etldodetphLr 

orlgocom' for experimental infections. These were held at the Vancouver Public 

Aqu-. 3.) 1 reserved 0th- individuals originaàng kom Roberts Bank u d  I 

was ready to experknentally infect them. These were isolated into separate tanks 

at the Vancouver Public AquSurium. Neither copepods nor parasites c m  move 

between tanks because all seawater is passed through a Zfoot tbck, #16 rnesh 

sand gravity filter before recirdaàng (John Rawle, Director of Seawater 

Systerns, Vancouver Public Aquarium, personal communication). Sand grains 

that make up #16 mesh sand range in diameter from 1.18 mm down to 0.65 mm 

(50-70% f a h g  iri the latter category) (Target Productions Ltd., personal 

communication). Both sources assure me that, in th& experience, nothing as 

large as a hrst-stage lama of P. ohgoocoh? (average 0.027 mm in diameter) would get 

through this hlter. 

Necropsies and staging of Worms 

Before dissection I measured fish total length and approximated the age of A. 

ji2zvidti.s korn length-frequency distebutions for all those caught in a particular 

month (see DevBes and Fne 1996 for standardized methods). 



I necropsied A. j2zuidu.s for Pseudode&Lr o l i g a c o ~  accordkg to the dissection 

protocol given in Chapter 2. With a hematod, 1 took blood samples from base 

of the fish's tail to look for cjrdating stages of P. ohgoeuni 1 broke the contents 

of the hematouit into a pem dish and examined its contents with a dissecting 

scope. Al worms recovered were held in 0.67°/~ sodium chloride (NaCl) und I 

counted, sexed and staged them. P.sezidode&hlr ohgoocoffi develops thtough three 

stages in the fish host, each separated by a molt: third-stage hval  (L3), which is 

the stage acquired from the copepod intermediate host, fourth stage larval(L4), 

and fi& stage (L5), the adult In the case of P.rendode&bii ohgocotri, sexes became 

discemible late in the fourth stage. Sexing adult nematodes can be done with the 

naked eye: males have an obvious coiled tail mith a prominent spicule. Adult 

gravid fernales are grossly edarged and have ovaries that contain developing 

embryos or hst-stage larvae (limigerous). Disthg.ishing subgravid adult 

females fiom later juvenile stages, and stagkig juveniles themselves, requires the 

use of a microscope. The presence of a patent vdva (open to the exteor and 

functional) d s  an adult fernale. A vulva that is prepatent, or dosed, indicates 

that the worm is a fourth stage fernale. Worms with an undifferentiated but 

extensive gonad were sdl  tenned fouah stage but codd not be sexed. The 

occasionally molting fourth to tifth stage womi confkmed how long a fourth 

stage gonad might be. The s d e s t  worms ever found in penpoint were 

considered third-stage; gonads consisted of a few cells. 1 was not always able to 

differentiate between t h d  and fourth stage nematodes with s d ,  

undifferentiated gonads; for the purpose of analysis 1 combined h a 1  stages of 

woms  into a single category - L3/L4.I never observed a tbird to fourth stage 

moltlig nematode. 

Afeer staging and sexing worms, 1 fked most in a heated solution of 70% 

ethanol, 5% glycerine, to which a few crystals of phenol per litre had been 



added; many mature female nematodes that were larvigerous 1 set aside for 

expehental infections of copepods (Chapter 3). 

Tissue location and rate of larval host exit 

During host dissections, 1 made detailed observations as to which tissue sites 

different stages occupied. Presence of laMgerous h a l e s  predominantly in a 

partïcular tissue will be suggestive of the site of egress. The presence of ks t -  

stage larvae e x  utem in a parti& host tissue wiU c o n h  ir Since the gills were 

suspected as the site of egress, for each fish host I examined one set of gills 

under the light microscope with transmitted and incident light The other set of 

gdls I preserved in 10% buffered fornalin and set aside for scanning electron 

microscopy (SELI. 

Occasiondy I reserved some A. fiMdus as sources of infection. 1 wanted to 

know whethes they were aansmimng hrst-stage larvae (to ensure that womis 

were suffiaently mature to infect copepods - see Chapter 3). To ultimately 

measure the rate at which A. jhvidw was shedding larvae, 1 hrst weighed a Cliter 

bucket of sterile Eltered seawater (see Chapter 3 for methods of sterilization and 

hltration), added the fish (rinsed hrst with seawater), re-weighed fish and bucket, 

and subtracted the weight of the bucket to derive the fish weight After a certain 

amount of àme 1 rinsed the fish and transferred it to another bucket of fresh 

s t d e  fdtered seawater. 1 fltered the recently vacated seawater using 54-micron 

mesh and examined the filtrate rnicroscopically for LI larvae. 1 repeated this 

procedure 2 or 3 &es, rinsing the fish between occasions so as to disbdge any 

larvae fiom the previous trial. 

His topathology 

To c o n h  the host tissue distribution of various stages of parasite, and to 

assess host tissue reaction to infection, 1 preserved a sample of host organs in 

10% buffered formalm and set them aside for histological txeatment. Livers for 

56 



histological examination were selected from hosts that were a range of different 

sizes: 1 10 to 285 mm in l e n e .  In total, 1 examined 14 A. fividrn livers 

his tologically b y slide-rnounting cro s s-sections of wax-embedded samples 

stalied with hernatoxylin and eosin. 

Expefimental infections with Pseudodelp6is o~G&~ocota' 

Fish that were not dissected irnmediately after collection were held live at the 

Vancouver Public Aquarium, ia separate tanks according to th& ongui. 

Lumberman's k c h  penpoints served as a source of lamigerous female 

nematodes for experimental infections. Apo&thyfiuidtcs hom Roberts Bank 

was consistently fiee of infection; before each expenmental infection, 1 dissected 

a random subsample of the captive population to conhnn that ùiey had 

rernained so. Seawater filters at the Vancouver Public Aquarium are fine enough 

to elitninate intemediate host and nematode lama movement between tanks 

(John Rawle, Director of Seawater Systems, Vancouver Public Aqu&um, 

personal communication). Aquarium staff fed fish live b k e  shrknp once a day. 

One day pnor to an experimental infection, staff withheld food fkom uninfected 

gunnd so that they would be motivated to eat expaimentally infected copepods. 

Nematode larvae become infective to fish &al hosts at the dard stage of 

development, L3. After I had observed two waves of rnolàng separated by a 

growth phase in the nematode population infecting copepods (Chapter 3), 1 fed 

the surviving copepods to uninfected A.@uidus origkiating fiom Roberts Bank. 

In addition to subsampling captive penpoints to conhm that they were 

infection-free, in later mals I paired each experimentally infected fish with a 

control fish. This was done to ensure that infections were not being acquired 

from the Aqu&um water itself. 



The number of infected T. cahjcomicw remaining alive a k  their nematodes 

developed to the thkd infective stage dktated the number of A.@vidm 

@enpoint gunnel) infected. 1 attempted to give each fish a dose of 2 to 3 

infeaed copepods. I used feeding chambers to isolate experimentalRfividt/.r 

and contain any infected T. cahjtomicm that were not eaten. Feeding chambers 

were large shdow dishes, 11" diameter by 3" deep, with darkened bottoms, lids 

and sides, ioto each of whidi 1 placed a penpoint gunnel5 - 10 minutes before a 

feeding attempt so that it could acclitnatize. 1 used two different methods of 

feeding infected copepods to A.&vidu~. In one, 1 loaded an infected copepod 

into a disposable glass pipette whose Üp had been painted red with nail polish. 

Tnis was dangled in &ont of the penpoint gunnel. As the 6sh gulped at the red 

pipette tip, 1 injected the copepod into its mouth. Copepods that were not 

swallowed were recaptured for another attempt Captive A.&vidtl.s raised on 

b k e  shemp are occasionally uninterested in ingesting the diminutive T. 

cahzntinrr: amphipods are more similar to brine shnmp in size. If repeated 

attempts using the above method failed, 1 employed a second method. 1 isolated 

and lefi to acclimatize Mekta c~hjcomica amphipods (captive colonies standard 

supply at the Vancouver Public Aquarium). As above, 1 loaded an infected 

copepod into a glass pipette and released it into the amphipod's path. The 

amphipod usually ate it within a few minutes. Uskig a turkey baster, 1 then 

released the amphipod into a feeding chamber with A.f iz idus .  Directing it into 

the penpokit's mouth was unnecessary; fish would ingest the amphipods within 

a few minutes. 

1 recorded the number of successful feeding attempts and the worm burden 

suppoaed by each ingested S. cahjcornins copepod so that experimental A. &kd..r 

womi burden could be predicted. Experimentally infected A. fzlvidi4.r and their 

paired controls were retired to individual aquaria and held for a variable length 



of t h e ,  from 2 to 8 months. 1 atternpted experimental infections of A.fividtls 

four times using a total of 9 experimentally infected individuals. 

Frequencies of lengths ofA.&vidr*r caught in May form a peak with a mode at 

35-3 8 mm; there is an absence of lengths between 61 mm and 80 mm. Hence for 

this samphg period, O to 61 mm is designated the youngest age group, age O 

(Devrîes and Frie 19%). The smallest infected A. jZ2Uidu.r was 80 mm and caught 

in May. It was kifected with a single adult (L5) nematode. The hostJs size for a 

May catch places it in the age 1 group. The next smallest A.&Mdm that was 

infected was 84 mm and caught in July. It too was infected with adult (L5) 

nematodes. It is undear whether an 84-mm fish caught in July is a fast growing 

young of the year (age O) or a slow growing yearling (Figure 4.1). Otoliths were 

not used to age fish due to lack of independent age calibration (Devnes and Frie 

1996). 

The larges t A. j2zvidn.r caught was 322 mm in total length. It was infected with 15 

adult nematodes in the body caviv, 5 adult nematodes in the hepatic sinus of the 

liver dong with 5 larvigerous females also in the hepatic sinus. Large fish always 

contained gravid or larvigerous worms. ~Many large A.fividt/s @ut less than 262 

mm) also supported third and fourth stage larvae of P. ohgogoco~ (Figure 4.2, 

Figure 4.3). Abundance of subgravid adults (L5) was conelated with host length, 

although host length only explained 20% of the vanation in parasite abundance 

(Pearson's correlation coefficient on log-transformed variables r = 0.45, r ' = 

0.20,p = 0.00 at 160 degrees of fieedom). Abundance of larvigerous P. o/igocoz%. 

was also correlated with host length, although host length only accounted for 

34% of the variation in parasite abundance (Pearson's condation coefficient on 

log-aansfomed variables r = 0.59, r' = 0 . 3 4 , ~  = 0.00 at 160 degrees of 

freedom) . 



Smder A-fividus either did not have or had fewa late-stage (L5, gravid with 

developïng embryos, or lanrigerous) nematodes, but had slightly more larval 

stages (L3/L4) than larger fissh (Figure 4.2). The largest individuals did not 

contain larval stages of P. ohgoeuth' (Figure 4.3). Larval stages appeared in hosts 

between 84 and 262 mm. Adult fX& stage (L5) nematodes occuned in the fidl 

range of infected host sizes (80 mm - 322 mm). Gravid female nematodes 

occurred in A. j2zuiid.r between 120 and 322 mm long (Figure 4.4). 

There was liale data collected fiom mid-November to end of Mach, but when 

sarnpling occurred, most stages of nematode were recovered regardless of 

season (Figure 4.5). First stage lanrae (LI) were not surveyed in gius und later in 

the study so their distribution wiùl time of year is incomplete. Late lamal 

(L3/L4) stages showed a shght peak at the end of summer. This appeared to be 

followed by a pulse in adult (L5) stages in late November. Adult stages were also 

abundant fiom May to September. The abundance of ovigerous, and larvigerous 

females was f d y  consistent throughout the sprhg and summer. 

Each stage of Pseudodetpbii o l i g ~ o ~  occurs in a partidar site within the host. 

Tnird and fouah stage nematodes (larvae) were recovered hast exclusively 

(99.6% of all L3 or L4 worms) from the body cavity (Table 4.1). S d a d y ,  adult 

males were largely resmcted to the body cavity (99.4% of adult males). Addt 

females, on the other hand, were dismbuted between the body cavity (24'/0) and 

the hepatic sinus (71 Yo). Of the dead worms recovered (stage unknown), 99% 

were in the body cavity. Ovigerous and larvigerous females were recovered 

almost exdusively from the hepatic sinus of the liver (95% and 97% 

respectively). They were also found overflowing into the amum of the h e m  and 

down the common cardinal vein. The hepatic sinus is connected directly to the 

heart, which is in tuni connected directly to the @s: there axe no other 

intemering tissues. Blood flows directly from heart to gdls to be oxygenated 



(Lagler et aL 1962). First stage larvae (LI) were found pr ï rndy  in the gill region 

(89% of Ll's recovered). In 20 of 54 hosts examined that had larvigerous 

females in the ïiver, hrst-stage larvae were recovered fiom gills; they were seen in 

wet mounts, found in gdl wash, seen in cross-sedon in histologicd preparations, 

and also in SEM of gdl tissue. A total of 132 larvae were recovered in this 

manner. No lm-ae were ever recovered from blood samples taken nom the base 

of the tail. Apodicht~.sf.Iuidu~ infected with larvigerous fernales shed these hst-  

stage larvae at a rate of up to 1 every 4 minutes (Table 4.2). 

His tological examinations and field-emission scanning electron microscop y 

conhrmed that hst-stage larvae recovered fiom between gill filaments or in giU 

was h were originating fiom the blood vessels of the primary giU lamdae 

themselves (Figure 4.6 and 4.7). Apodicht~s~uidzi~ gills are simïlar in structure to 

those of other teleosts: pairs of gdl prîmary lamellae (or hlaments) branch off 

fiom the supporting gdl arch. Each primary lamella has a row of secondq 

larnellae running down fiont and back, perpendicular to the primary larnella (for 

a diagram refer to Yasurake and Wales 1983). Diameter of the blood vessels in 

the prïmary lamellae is 0.036 mm at tip and 0.108 mm at base. First-stage larvae, 

which are on average 0.038 mm in width Fable 4.3), presumably travel to the 

very tip of the prLnary gill lamella. Gills £rom hosts infected with gravid fernale 

nematodes were inhlaated wich more immune cells such as macrophages and 

lymphocytes than uninfected @S. Blood vesse1 w d s  were ihickened, partidarly 

around the lmae  themselves (Figure 4.8). 

Histopathology 

Samples selected for histological examination varied in intensity and stage of 

infection hom uninfected livers to those containing up to 29 adult gravid fernale 

wonns. Specimens of A. f i v i d u  examined for histopathological changes ranged 

in length fcom 110 to 285 mm. 



Uninfected livers (2 specimens, one from an uninfected fish, one from a fish 

with 9 adult nematodes in the body cavity only - a mild kifection) had 

hepatocytes that appear to be organized somewhat concentricdy, presumably 

around blood vessels. Their nudei were uniform, monomolphic and 

monochromatic. The cytoplasm of hepatocytes varied in the amount of glycogen 

o r  lipid. Hepatocytes £rom the mildly kifected fish were glycogen-rich, whereas 

uainfected hepatocytes contained more lipid droplets, indicated by dear bubbles 

in the cytoplasm ( F i i e  49A, Slauson and Cooper 1990). 

Infected livers contained gravid femde nematodes, which lay somewhat coiled 

along the length of the fish hepatic sinus. III heavy infections, the host's hepatic 

sinus was very distended. Infected livers f& into two classes, those with 

larvigerous females, and tho s e with les s- develo p ed females with developing 

embryos in tltem. Livers in the former group demonstrated the most severe 

pathological changes, but within each group the severîty of tissue reaction also 

increased with womi burden. fivers infectecl with 2 - 8 ovigerous females (3 

çpecimens) and 2 - 7 lamïgerous females (4 specünensj showed the least 

reaction. The amount of cellular lipid compared to glycogen in hepatocytes stfl 

appeared variable. Some but not all specimens showed nudear pleomorphism of 

the hepatocytes. There was no inflammation of the hepatic sinus epithelium 

itself, although there was evidence of miid to moderate mulnfocal chronic 

inflammation on the surface of the liver (peritonitis) and around blood vessels 

@erivascularitis). Macrophages were the predorninant inflammatory c d ,  along 

with the occasional plasma cell and lymphocyte. Livers infected with 31 and 38 

ovigerous females (2 speàmens) were moderately to severely inflamed at 

multiple foci. Inflammation was chroric, i.e., macrophages predominated. 

Hepatocyte nuclei in these livers were pleomorphic and showed variable 

sta in l ig .  In one speàmen, worms in the hepatic sinus caused pressure atrophy of 

the sunounding hepatic tissue. Another liver exhibited diffuse infection b y 



encapsulated kst-stage lamae, presumably spilled over fiom laMgerous fernale 

nematodes in the hepatic sinus. Grandomatous lesions had fonned in 

association with these lanrae. Livers infected with 21 - 29 lanngerous f d e s  (3 

specimens) also d b i t e d  mulafocal, çhronic inflammation. Hepatocyte nudei 

were also pleomorphic and the tissue architecture appeared disorganized. I noted 

pressure atrophy of the liver tissue surounding the hepatic sinus. In addition, 2 

specimens had grandomatous lesions (Figure 4.9B-D) . 

Experimental infections 

Of the four attempts to infect captive uninfected A.fivi'dtt.r, two resulted in 

infections. 0r.e fish examined 61 days post infection harboured 2 male fou&- 

stage lamae. Larvae were 5.34 to 5 -37 mm in length Fable 4.3). h o t h e r  

experimental gunnel =amined 33 weeks (231 days) post infection produced 2 

fifth stage wosms (adult males), also in the body caviv. These wormç ranged 

from 15 -64 to 15.9 1 mm in length. Nematodes collected h m  experimentally 

infected fish were of similar dimensions to those collected in the wild of the 

same stage (Table 4.3). 

Discussion 

Observations of Psettdode@bLr ohgogocotn's developrnent fkom neuopsies, as well as 

successful experimental infections indicate that A. fhvidu.r is an appropriate 

dehnitive host, even though P. ohgocorri was originally described ftom type host 

tidepool sculpin, Ohgoco&~~ mamhsus (Adamson and Roth 1990). Gravid stages of 

the parasite were resmcted in dismbution to the hepatic sinus, which is directly 

upstream fkom the @S. First-stage larvae were resteaed mainly to the @S. This 

provides evidence that mature P. ohgocorn' release l m a e  into the blood Stream 

from whence they gain access to the exterior by breaking out of the $S. There 



is no opportuni~ for intervention by a blood-suckkig vector in P. ohgocohs's 

transmis sion. 

Necropsy results yielded a distebution of parasite stages withli the host from 

which 1 deduced the migration and tissue sites of development of P~etldode&hzi 

ohgocotti Ingested third-stage larvae presumably penetrate the intestinal wall and 

migrate into the host's body cavity. Tney  develop through fou& stage to the 

adult hfth stage in the body cavity. The males remain in the body cavity whae 

they presumably mate with fernales. Males and unstaged/unsexed dead woms 

are rarely found outside the body cavity. Adult f d e s  migrate to the hepatic 

skius. Skice males almost never occur there, females must nonndy be mated 

before migrating to this site. Perhaps mating induces migration, although there 

was one excepaonal fish specimen in which a third/fourth stage lama migrated 

to the hepatic skius. Among certain dracmculoids vagkial plugs are in place a h  

females are mated (Crichton and Beverley-Burton 1975). This was no t observed 

in Pseudode4hhrr ohgoconi Dismbution of gravid females @oth larvigerous or with 

develophg embryos) in the hepatic sinus of the liver indicates that this is the 

hnal site from which hrst-stage larvae pass to the exterior. Occasionally, gravid 

females are found in the atrium of the heart and the common cardinal vein. The 

gill region is dire* downsixeam kom the heart, hepatic sinus and common 

cardinal vein. First stage lamae were resmcted to the gill region (1 32 hrst-stage 

larvae recovered from wet mounts) and were never recovered fkom the general 

circulation (all blood samples from the tad were negative). Histological cross- 

sections and scan-g electron microscopy conhrmed that hrst-stage larvae 

break through the blood vessels of the prîmary lamellae of the grll to reach the 

extemal environment. This is the first record of such a method of transmission. 

Similar to P. oh~ocotti; some blood-dwelling dracunculoids (Molnaria and 

Skrjabilhnzis spp.) release first-stage larvae into the blood of the ho st, but in these 

cases lamae are carried to the skin where ectoparasitic brachurans ingest them 



with a blood meal (Tikhomirova 1971, Tikhomirova 1980, Tikhomirova 1975, 

see Adamson 1986 and hderson 1992 for reviews) . Phihmet7a obttrram also lives 

in the blood but gravid fernales migrate ta the giü arteries to release larvae 

directly into the water (Molnar 1976). The method by which P~eudodetphis ohgocoh2 

disseminates its larvae is yet another solution to the problem getting lamal stages 

h o  the extemal environment For some blood-dwelling nematodes the method 

of transmission is ç à U  unkaown. Ichthyojhna spp. ~racunculoidea: 

Philomemdae) live on the surface of the definitive host's liver and in the 

mesentery; &st-stage lanrae circulate in the host's blood and body fiuids, but we 

do not know how they reach the extemal environment (Appy et al. 1985). The 

rnethod of transmission demonstrated for P. olrgocofd sets a new precedent for 

the transmission of blood-dwelling parasites whose life cycle's are yet to be 

completed. 

Wild-caught A. fividtls typicdy become infected by P.mdode@hü. ol2gocota' when 

they are yearlings (age 1); age O are young of the year, and age 1 are yearlings in 

between their hrst and second year of life (Devries and Frie 1996). The smallest 

fish infected was an 80-mm yearling caught ki May, infected with an adult 

nematode. In the f d ,  A. J4hzidu.r migrate fiom eelgrass beds to adjacent rocky 

sub /intertidal zones to spawn, and retum to eelgrass beds in the sprlig. Yearling 

fish are probably infected over th& second winter, when young of the year are 

just emerging. Young of the year may become infected only later in the season 

because that is when they become exposed, or because there is a certain 

minimum size requirement (in th is case, presumably 80 mm) for a nematode to 

establish. 

iMy determination of the 6t-st age dass of A-fiuidus (mode at 35 - 38 mm in the 

spling, and greater that 75 mm in late siimmer, Figure 4.1) roughly agrees with 

Hart (1973) who reports that A . W i s  are 20 to 40 mm in the spring of their 



fkst year, and 100 to 120 mm by the end of the summer of their hrst year. I was 

unable to determine host age with certainty beyond the hrst age dass. Fish 

length kequenaes were examined b y month because time of year may affect age 

composition of samples. A p o d z ' c b f . ~ ~ v i d u s  has a discrete spawning period (Har t  

1973) which makes individuals amenable to Iengch-fiequency aging (Demies and 

Frie 1996). 1 examined length fiequenues of late spring and siunmer samples, 

aber R j h v i d t l s  has returned from its spawning area; sprlig and summer samples 

induded the most complete distribution of age groups. Modeling age kom peaks 

in length kequenaes in a sampling period assumes unbiased sampling of fish age 

groups. This assumption is justified because, for a given h e  of year, the same 

sampling apparatus recovered a fidl range of sizes (accordhg to Hart 1973). 

Modes in length frequencies were only distinct for the smallest sizes. Beyond 

this, variance increases wïth the mem length of the f&, giving rise to 

overlapping annual length frequenq distributions (Devries and Frie i996, Jones 

1962) Figure 4.1). This phenornenon results fiom non-uniforni growth between 

ages . 

Parasite abundance (subgravid adult &5) and larvigerous stages only) increas ed 

with host size (as an index of fish age) probably through the accumulation and 

growth of parasites throughout a host's Me. A. fiuidzcs individuals conthudy 

acquire P. obgocath' throughout th& lives: all parasite stages were present 

concomitandy in a l l  but the largesr oldest fish, which did not harbour L3/L4 

larvae. The restriction of earlier nematode stages to all but the largest hosts may 

be the result of diet shifts as fish age. Fish often vary thek diet with age (Hom 

and Gïbson 1988, Bane and Bane 1971, Yoshiyama 1980). Copepods, 

intermediate hosts of Pseudodefphis oligocotti, may not be considered profitable prey 

to penpoints greater than 262 mm, reçuhg in reduced exposure to P. o l g o ~ o ~  

unless small copepods are acadentally ingested. There is no age-related diet data 

on R j h u i d u s  itself in the Literature. However, captive gunnel seemed to show a 



preference for the larger amphipods over the copepods. Altemativdy, many host 

populations are believed to acquire immunity to parasites with age, exhibiting 

lower intensities and rates of infection in aider rnembers (age at whidi host 

populations acquire irnmunity depends on transmission rates; see Woolhouse 

1998 for review). The absence of gavid nematode stages in young fish may be a 

result of the t h e  it d e s  parasites to mature korn tirne of initial infection. Many 

large gunnel also supported thkd and fouah stage larvae of P.reudode@hZj ohgocotti, 

i n f e g  that they acquire new infections throughout their lives (Figure 4.2). 

Many parasites are adapted to transmit when susceptible hosts are most 

common (Adamson 19 86). This means that many nematodes WU have mual  

transmission cycles synchronized with the spawnhg activities of their hosts. 

Examination of seasonal variation in paxasite stage abundance was somewhat 

hindered by the paucity of data from mid-November to end of Mardi. 

Apodichti5ysjZzuid~s became unavailable during these months because of th& 

habit of moving fiom subtidal eelgrass beds into rodry sub tidal areas to set up 

breeding temtories. These rocky areas were impossible to seine and could only 

be sampled by rock tipping at extreme low tides, whidi are infrequent The 

presence of adult to gravid parasite stages throughout those pms of the year 

sampled does not suggest annual cycles in transmission of P. o b g u c o ~ ~  Gravid 

stages may be relatively long-lived, at leas t long enough for A. fi2idu.r kidividuala 

to acquire new infections that also become gravid: fernale Worms in the hepatic 

sinus were often in different stages of development, from subgravid adult (L5) to 

larvigerous. 

The developrnent of experimentally transmitted third-stage larvae to the fourth 

stage by 61 days, and to adult by 231 days indicates that the life q d e  takes a year 

to complete. Because only 11% of all parasites recovered were fourth stage, this 

stage is probably rdatively transitory. P~ezdodetphU. ohgocorn' spends most of its life 



as an adult (fi&-stage). These nematodes more than likdy becone adults well 

before 231 days. At this rate, P. ohgocom'adults give rise to adult stages in the next 

fish host within a year. Most members of the s u p e r f d y  Dracunculoidea 

typically complete their life cycle in a year: prepatent periods (tirne from 

acquisition of infection to appearance of gravid, transmittïng stages) vaq fiom 

10 months to  2 years (Anderson 1992). 



Table 4.1 Necropsy results showing percent of Pseudodelpbis olgocotd womis by 
stage of development and tissue site in which each stage was recovered h m  

fis h ho s t, Apodicht&~fividu.r. 

Stage/sex: L3 / L4 L5 Dead Gravid Gravid 
(with dev- (with 

Fernale Male un- doping h a e )  

Tissue known embryos) 

Body Ca* 99.7 23.6 99.4 98 99 

Hepatic sinus 0.3 70.8 

Common cardinal 
vehl 

Thymus 

Total number of 
29 1 195 326 929 403 213 402 132 



Table 4.2 Rates at which hrst-stage larvae were shed by Apodichthyjhuidus 
infected with larvigerous females of Pseudode&his o/ïgoco~: 

Fish Number 
Fish Weigh t 

(9) 

No. of 
Larvigefous 

Females 

Shedding liate 
Oarvae/ 
miaute/ 
female) 

Average 
Shedding 

Rate 



Table 4.3 Measurements of Pseudodelphz~ oligocotti fiom wild-caught and 
experimentally infected Apodicht&s@tit'du.s. 

No. 
Stage spetimens Sex Length (mm) ' Width (mm) ' 
LI' 3 0.553 (0.531, 0.567) 0.027 (0.023,0.030) 

LI' 3 / 5  0.685 (0.663, 0.699) 0.038 (0.01 9,0.052) 

L3 2 unknown 2.33 (l.G,2.99) 0.057 (0.047,0.073) 

L4 2 unknown 5.019 (4.95, 5.08) 0.076 (0.065,0.087) 

L4 1 Fernale 5.691 0.0853 

~4~ 2 Male 5.355 (5.34, 5.37) 0.064 (0.058, 0.070) 

~5~ 2 Male 15.77 (1 5-64, 15.91) 0.122 (0.116, 0.128) 

L5 3 Female 21.18 (19.37,22.79) 0.124 (0.115, 0.132) 
1 ~Measurements are the mean, followed by minimum and maximum in parentheses 

' From uterus of lanrigerous fernale 
3 From host gill region 
4 From experïmentdy infected fish killed at 8.5 and 33 weeks respectively 



June 

August 

Total length (mm) 

Figure 4.1 Frequency histogram of total lcngth (mm) for dl penpoint gunnel (Apodicbrhys 
fividu~) caughr in sanpling peiriods May, June, Jdy,  or Augusr. Disrincr modes in 
a sampling period indicate age groups (Devries and Frie 1996). The hrst agc 
group (young of the year) is indicated in LMay by a dashed line. 
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Figure 4.2 Abundance of various stages of P-seudodetpbir a & g u c o ~ ~  in hosts @enpoint gunnel, 
ApodichfhysfiMdu~) of different lengths. Each subplot referç to a different stage of 
parasite development: 'Z3/L4" indicates thkd or fourth stage larvae, "Subgravid 
L5" indicates non-gravid adults, "Gravid" indicates fernale nematodes with 
devdoping embryos in ufero, and '2arvigerous" indicates f a a l e s  with £kt-stage 
l m a e  in atero. Specimens of A-fkluidus that contain more chan one stage are 
represented by points in the appropriate window. No cornpletely uninfected 
individuals were included, 



O Subgravid L5 

Gravid 

Total length (mm) 

figure 4.3 Size classes of ~ a p o i n t  gunnel (Apoditht~s~vidu.r) and the number of 
P~ezdode@is  ollEpcofFi they host, according to stage of parasite development. Each 
subplo t refus to a different stage of parasite development: 'W /L4" indicates 
third or fourth stage larvae, "Subgravid L5" indicates non-gravid adults, "Gravid" 
indicates fernale nematodes with developing embryos in utem, and ccLarvigerous" 
indicates females with hrst-stage larvae in xtem. Box diagram represents the upper 
and lower extremes of the data (exduding outliers) with whiskers, upper and 
lowef quartiles with box borders, and median with a black dot. Outliers are drawn 
as open a r d e s  and refer to data outside 1 -5 times the interquade range. 
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Figue 4.4 Dismibution of sizes of penpoint gunnel (Apoàichfhy~fividu) infected by each 
stage of P.reudode&hk okgocotti Box diagram represents the upper and lower 
extremes of the data (exduding outliers) with whiskers, upper and lower quades  
with box borders, and median with a black dot. Outliers are drawn as open àrdes 
and refer ro data outside 1.5 times the interquade range. 
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Figure 4.5 Seasonal disuibution of Psezidodetpbir okgocoM in Apodichfbysf im'ds.  Stages are 
plotted on separate lines: '23/L4" indicates rhird or fourth stage larvae, 
"Subgravid L5" indicates non-gravid adults, "Gravid" indicates fernale nematodes 
with developing embryos in gtem, and "Larvïgerous" indicates females with hrst- 
stage larvae i n  Mem. Multiple years have been pooled and data plotted by h e  of 
year, Vemcal bars represent number of wunns. Right-hand s a l e  bar represents 
abundance levels and applies to each row of the plot Lines represent robust (3 
iterations) estimates of each point using the nearest 0.1625 points of the data set 
to generate the estimate (iowess function, Mathsoft 1998) 



Figure 4.6 First-stage (LI) Pseudode&% ohgocotti larva as it leaves the gill primary lam& of 
penpoint gunnel, Apodichthy~flayidu~, fis h hos t- 



Figure 4.7 Closeup of head of hst-s tage (Li) P~eadodefphir oligocotii lama as it leaves the gïll 
primary lameila of penpoint gunnel, Apodichfhy~fiuinus, fish host- Examination of 
head reveals dorsal cephalic swelling (bottom of fiame) diagnostic of the 
s u p e r f d y  Dracunculoidea. 



Figure 4.8 Histological cross-section of giUs from penpoint gunnel, A$odirhdlysf i~ 'du. r ,  
infected with Psexdode~hk oo/gocotCIÏ First-stage larva(e) of P. olgoco#i sit in blood 
vessel(s) of gdl p h a q  lamella (center of photograph). 



Figure 4.9 Cornparison of &ver tissue h m  penp oint gunnel, Apodichtb~sfittfa!us, uninfected 
and uifected wirh nematode P~exdodelpbk ohgocofi A. Liver tissue and hepatic sinus 
(FIS) of an uninfected gunnd. B. Livei: tissue and hepatic sinus iafected with adult 
(P) and h a 1  &) P. olgocotti. Pressure atrophy has occurred in tissue surrounding 
the hepatic sinus. C. h e a  of inflammation of infected liver showing macrophages 
(M), plasma cells (PT), and non-uniforrniy nudeated hepatocytes (H). D. 
Granulomatous lesion (Ls) in infected liver tissue. 



CHAPTER 5: PREDICTORS OF SUITABILITY OF VARIOUS FINAL HOSTS FOR 
PSEUDODELPkLlS OL?GOCOTl7 

Introduction 

P~eztdodeetphik oligocot~? is an endoparasitic nematode inhabiting the body caVq and 

hepatic sinus of certain coastal marine fishes. Although it infects at least nine 

species of fishes, its course of development is vanable and typîcally does not lead 

to transmission in most fish speues. 

Hosts vary in th& suitabdit);. Nutritional requirements of the parasite, the nature 

of the host immune response, and availabillty of hosts all play a role (Kennedy 

1975). Vacation ki host suitability is reflected by vaaation in a patasite's abditv to 

establish, the parasite's rate of development and number of progeny it produces 

depending on the host (Dogiei et al. 1964, Leong and Holmes 1981, Holmes 

1976). Hosts in which parasite development is not actually completed are terrned 

~ntctlal hosts (Dogiel et al. 1964). Parasites vaq in the range of host taxa in which 

they c m  establish and develop. The number of hosts and taxonomic diversity 

that comprise a parasite's host range can indicate a parasite's host spediaty. 

Host spedcity is dehned as the "degree to whidi a parasite is able to mature in 

more than one host species" (Roberts and Janovy Jr. 1996). 

Most parasites have relatively narrow host speaficiq, which often indudes 

phylogenetically related hosts. Related hosts are more likely to have s i d a r  

immune responses and biochenzical make-up, partial detenainants of a parasite's 

success (Wakelin and Apanius 1997), although it is also mie that s o m e h e s  

hosts share an essential element that does not follow taxonomic groupings (plant 

hosts of cabbage butterfly Pieni r a p  in Barbosa 1988; murans infected with 

pinwoms in Inglis 1971). Parasite host range tends to include multiple 



taxonomie groups when rate of encounter of different host species is high: rate 

of host encounter is a function of method of transmission and host ecologicd 

relationship with o tha  potential hosts- Monogeneans in general are highly host 

specific: th& transmission between fish hosts is resmaed to direct contact 

between hosts (Rhode 1979). There are at least two exceptions, both Hawaïian 

species of monogenean. One species infects seven families of fish hosts, while 

the other infects 1 1 families of fish hosts. In both cases, host species live 

sympamcally in diverse coral reef systems (Rhode 1979). Certain pinwomis of 

,4nuans have broad host ranges when there are many s p p a m c  hosts available 

(Adamson and Caita 1994, data fiom Adamson 19 81). Parasites with passive 

(indiscriminate) aansmission ushg food web relationships between hosts, 

particularly in aquatic habitats are often capable of maturing in multiple host taxa 

(Bush et al. l99O). One review condudes that parasites with actively swïmming 

lmae penetrating or attadiing to the host have a nan-ower range of suitable host 

speües than do parasites entering the host ùirough the mouth (Noble et al. 

1989). Yet it is not dear how host rsnge has evolved in response to ecological 

factors: it seems unllrely that parasites are in fact generalists that do not transfer 

to unusual hosts simply because they la& the ecological oppominity. 

Parasites' abat): to develop in a range of hosts determines potential ways in 

whkh parasites may speuate: by cospeciation with hosts, or by c a p h g  unusual 

hosts (Chabaud 1959, Holmes and Price 1980). When a parasite completes its 

development in an unusual host while retaining its normal morphology, Chabaud 

(1 9 5 9) refas to it as parasrSe &anJfet= If that parasite then becomes isolated in the 

newly acquired musual host and subsequently speciates, host caphm is said to 

have occuned (Chabaud 1959). 

P.rez~dodeelpbir ohgocofçi, like many O ther members of the superfamiy 

Dracundoidea, transmit between fish hosts by way of an intermediate 



crustacean host, usually a copepod, that is ingested (Chapter 3 and 4). It is not 

surprishg that it establiçhes in many fish hosts that occur in ee'grass beds and 

adjacent rocky areas, skice so many of these feed on copepods. Coastal waters, 

where the principal £inal hos t Apodichfhy.rfividu.r lives, are parEcularly diverse 

because many marine fishes use such areas as bseedkig/spawning grounds as 

well as feeding and nusery grounds for their Young (Jones 1962). Nonetheless, 

P. ohgocoz%'s actual host range is extremely nanow. 

Pseudodefphzk ohgoco~ appears to be host specific to penpoint gunnel, Apodichbys 

jhuidt~, yet it demonsttates variation in development in other hosts Erom mere 

establishment to stages capable of transmission (Chapter 2). In this chapter 1 

characterize fish hosts by their ecology 2nd taxonomie relatedness using a varies. 

of sources from the literature. I ask whether more appropriate hosts for P. 

olgocoh'i's develo pment are more ecologically associated than taxonomically 

related. This study supports the importance of a parasite's methoc! of 

transmission and host ecology in expansion of host range (Adamson and CaLa 

1994). The results suggest mechanisms by which a host specialist might 

eventually m s f e r  to unusuai hosts, whidi rnay lead to a speüation 

phenomenon u s d y  atmbuted to host generalists, that of host capture. 

Methods 

Nearshore fishes were collected h m  coastal British Columbia by pole seine and 

rock tipping. Collection sites ocnirred throughout the coastal mainland of 

BStish Columbia to West Coast Vancouver Island, British Columbia Fable 2.1). 

Sampling was as fiequent as every extreme low tide, from early spring to f d  of 

1992 to 1996. 

Once captured, fishes were placed in a holding tank and dissected for parasites 

in tum. Dissections follow standard methods detailed in Chapter 2. Nematodes 
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of the species P~eudodeetpbzi ohgocorn. were colleaed and idenaed to stage and sex 

with the aid of a microscope. From parasite data 1 generated percent of worms 

gravid with developing embryos, and with hrst-stage larvae. 1 also coded the 

degree of PseudodelphLr ohgocoth' development within each host with a 1 i f  

P~ettdodelphlr o h g o c o ~  never es tablis hed, 2 if it establis hed and reached adulthood, 

3 if fernale nematodes became gravid with developkig embryos, and 4 if fernales 

became gravid with &s t-s tage laivae. 

Host Information 

Fish were identifïed to species, rneasured in total length and sexed if possible, in 

addition to being diçsected for parasites. Fish species that were caught only once 

and do not n o d y  occur in nearshore waters (that is, Oncorhynchus nerh and 

Raja binonllata from Chapter 2) were omitted fiom the following analysis. To 

determine the degree of ecological similarity between fis hes po tentidy infected 

by P. ohgocorn, data on diet and habitat of each fish speaes was amassed £Ïom the 

literature (Appendix 5.1A). Each speues was represented by multiple citations to 

ensure complete coverage. To overcome inconsistenàes between sources in 

units of measurement, level of detail, samphg effort, and ages of fish examined, 

1 recorded only presence/absence of characteristics reported for a given species. 

Diet and habitat characters were expanded to the minimum level across all 

studies. For example, if a fish reportedly ate àmilid tentades, a placeholder 

record was created for ccpolychaetey' and ccinvertebrate," since for some hosts 

only coarse-grained data were 

represented a fish species and 

available. 1 compiled matrices where each row 

each column represented a diet item or 

microhabitat. Each fish received a 1 if reported to have ingested said dietaxy item 

or oc-ed in said microhabitat, and a zero if a.) no one reported that they ate 

said die- item or occuned in said microhabitat, and b.) if it was reported that 

they did not eat said item or occur in said microhabitat. 1 divided ecological 

similarity matrices into one based on diet (Appendix 5.1B), one based on habitat 
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(Appendix 5K), and one based on both groups of characteristics combined. 1 

generated distance maaices (distance between rows, representing fishes) using 

the binary method, which evaluates the proportion of non-zero fields that two 

rows do not have in common, for every combination of rows (Mathsoft 1998). 

Groups of fishes were then deterrnined uskig the single linkage (connected) 

method of dustering. Clustering methods begin b y assigning each fish to its own 

group, then combkilig the "nearesi' other b h  to fomi larger groups und there 

is a single group. Groups were conneaed b y their doses t points @ence "single 

liakage", Be& et al. 1988). Another study measured percent biomass of each 

diet item and drew similarities between fishes usùlg eudidean distance (root s u .  

of squares clifference) between rows (Edgar and Shaw 1995). They assigned 

groups using the average distance between points to 1Lik dustas. Again, because 

units of measurements used in my analysis were not consistent, this method 

would have been inappropriate. 

Phylogenetic distance between fishes was quantified using established taxonomic 

data (Har t  1973). Although certain fish relatïonships have been studied using 

both ontogeny (Moser et al. 1984, Jamieson 1991) and ribosomal sequences, no 

two fish examined in t h i s  snidy have been compared using the same medods. 

Afcer ordering fishes taxonomically, each fish was assigned 5 nurnbers, each 

number one in a sequence according to its superorder, order, family, genus, and 

speties, respectively. Fish within the same taxonomic group received the same 

number (Appendix 5.2). A distance ma& between rows (fishes) was then 

assembled by hrst weighting the phylogenetic ma& of Appendix 5.2 by 

log(10,OOO) at the superorder level, log(1000) at the order level, log(100) at the 

f d y  level, log(1 O) at the 

effect of pu thg  the most 

removkig the redundancy 

receives a unique nurnber 

genus Ievel, and log(1) at the species level. This has the 

importance on differences in superorder and 

of induding the species level (since each species 

according to species). Afcer weightlig the phylogenetic 



ma&, I used the Manhattan technique ( s u  of the absolute difference between 

rows) to generate the ma& of distances between each speaes (row) 

combination and assigned groupings according to single Ilikage (comected) 

method (Mathsoft 1998). Both the ecological and the phylogenetic distance 

mamices were condensed to vectors of distance relative to A-fiviid~. Using only 

those fish species surveyed for P. ohgoco~more than once, 1 modeled separately 

percentage of worms gravid, and coded response variable 'Maximum stage of 

develo pment" as functions of ecological distance and p hylogenetic dis tance, 

considering separate and cornbined effects. To fulhll assumptions of the general 

linear model of equal variances, variables were aansfomied according to the 

following expressions: maximum stage of development and percent of woms 

gravid trans fomied by d(response va.riable+O.S); d(distance+4) for phylcgeneüc 

distance; and log(distance) for ecological distance. 

Members of an ecological grouping rnay be, but axe frequently not, dose 

phylogenetic relatives (Harvey and Pagel 1991). Since this study could not select 

which fish hosts became infected and to what extent, it was impossible to 

examine fishes of each taxon wiùi suffisent variaüon in ecological traits, 

accordkg to the comparative phylogenetic method (Hamey and Pagel 199 1). To 

make allowances for a correlation between phylogenetic distance and ecological 

distance, a general linear model was proposed for p h a l  correlation of parasite 

development as the dependent variable on both ecological and phylogenetic 

distance fkom A.fiuidtls where the two  independent variables were allowed to 

in teract. 

Results 

Of 1384 individuals from 22 coastal marine fishes surveyed (omitàng 

0ncorhynchu.r nerka and R q i a  binoctlkzq represented by one individual each, 



because they do no t nomally occur in nearshore waters), Pseudode4bLr ohgoco~ 

estabfished and reached adulthood in 9 species Fable 2.3). It was variable in the 

extent of its development beyond adulchood depending on the host speties: in 

two sp ecies (A. $midus and Go biesox meand~ms) , f d e  P. olïgoco~~- developed to 

completion, becoming gravid with hrst-stage larvae; in three other species 

(Syngathxr hptorhynchm, Phoh  heta, and Ohgoco~ mamhszis) , fernale P. ohgocothth 

developed und they were gravid with developing embryos (Chapter 2). Amongst 

fish in which P.setldode4hLr ohgocotti developed to an advanced stage, hosts varied 

in the percent of parasites recovered that were gravid. Other studies (Hohnes 

1976) gauge extent of development by measurlig percent of the parasites that 

were gavid. However, an estimate of percent gravid females was unavailable for 

0hgocottu.r rna~uhszt~ (Adamson and Roth 1 9 90). 1 therefore fo cus on the coding 

varîable, maximum extent of development, in my presentation of the results. 

Ecological opportunity versus phylogenetic predisposition 

When hosts are charactehed according to diet and habitat (Figue 5.1A), their 

groupings based on similaoties are dBerent than the groups fomied when they 

are characterized by taxonomic classification (Figure 5.1B). To examine the 

relative importance of host ecology versus phylogenetic relatedness on parasite 

development, 1 hrst exduded those host species that had been examined only 

once (Table 2.3), reducing the number of hosts in the analy sis to 1 5 (Gobiesox 

meundn'ctfi, 5jmgnatbtt.r @toshyncm, Cymatoga~-ter agregata, AnophrcbArp~pt/nscetzs, 

Ltcnpensn~ sagas, Apodichth_ysPvt'+ Phoh lueta, P. ornata, Hexugrammtl.s 

decagran~mus, Leptocottw amzatw, Arteditlsfènestrah, A. laterah, Ohgocoths mamhszuJ 

E nop hfys bison, H$poglossoidees eh~odon) . Befo re correctkig for interactions b etween 

host ecology and host taxonomy, trends indicate that host ecological association 

with the principal host, A.j&zvidur, is a better prediaor of the maximum extent of 

parasite development in a given host species (Spearman's rank correlation 

coefficient p = -0 .5 ,~  = 0.07, Figure 5-24 than host taxonomic relatedness 



(Spearman's rank correlation coefficient p = 0.22, p = 0.44, Figure 5.2B). 

h a l y  sis exdudes Apodichtbysfiuid. itself because distance of fishes is measured 

£rom A.@uidux it has zero distance. To take into account interactions between 

host ecology and host taxonomy, Mitltimum stage of development was then 

modeled as a lineax function of host ecological distance from A. furMm, host 

phylogenetic distance from A.fiuidm and a temi for their interaction: 

development CC ecological distance + phylogenetic distance + ecological distance 

* p hylogenetic dis tance. Hos t ecological dis tance fiom A. fiuidu~, taking into 

account the po tentially confoundlig influence of phylogenetic relatedness, is 

negatively correlated with extent of parasite development (F,.,, = 5 . 7 , ~  = 0.038, 

where 10 is the degrees of keedom for the residuals: 14 fish - three mode1 ternis 

- 1). Host phylogenetic distance frorn A. fiuidz/s, taking into account the 

influence of ecological relatedness was not conelated with extent of parasite 

development (F,.,, = 1.1, p = 0.32). There was no interaction between host 

phylogenetic distance and host ecological distance (F,.,, = 0 .34 ,~  = 0.57). These 

results were robust to différent variable transformations and different order of 

temrs. To summaize, P~e~dodetphir okgocohS appears to fd later dong the path of 

development in hosts that are more similar ecologically to A.fz?vidm than in 

tho se hosts that are related phylogenetically. 

Discussion 

Fish parasites commonly infect two or more host families (data fkom Margolis 

and Arthur 1979, reviewed in Holmes and Pnce 1980). Presumably parasites 

acquired rnany of these hosts through ecological associations (Holmes and Pnce 

1980). The results of t h s  study indicate that the stronger the ecological 

association between hosts, the more likely P.rez{dode&is o h g u c o ~  is to reach an 

advanced stage of development in that host. These results suggest mechanisms 



by which musual hosts may be acquired by a parasite through ecoiogical 

associations between bosts. 

The results are counterintuitive. Given that parasites spend the greater part of 

their lives in the host environment meeting numtional demands and countering 

immune defenses, adaptation to the host envkoriment might be expected to 

resuk in a positive conelation between a parasite's developrnental success in an 

unusual host and the latter's taxonomie relatedness. This is not the case for P. 

oligBcoiti, which is a specialist ofA.fividx even members of the same fsimilv as 

the host do not produce mature fcms of the parasite, but P. o h g ~ c o ~  occasionally 

develops to matunty in distantly related fish (Gobiesox meandi+m) of dramatically 

different morp hology that are nonetheless sympaaic with A. fividtls. P~udodetphtj 

okgocoom also reaches an advanced @ut not quite M y  mature) stage of 

development in type host Ohgocolïur mamhsur (Adamson and Roth 1 99O), 

Syngnatbzi~ kptorlynchzi~ and Phoh heta. Gobiesox meand* and 0. mamhsus live in 

rocky iritertidal zones where A. &mà!dur ovenwiters to breed. Qngnathzu 

Lporhynchw lives in eelgrass beds where A. jhuidm also occurs, when not 

breeding. Phoh hetds disoibution also appears to be similx to that of A-JbMdus 

(Har t  1973, Wilkie 1966). 

Parasite developmental success in a host requires the appropriate cues to kiitiate 

phases of development such as tissue migration, growth, or feedlig. A liver fluke 

of herbivorous vertebrates, F'cioh bepatica has six different behavioural phases 

in the vertebrate host, each in a different host tissue where specific chemical mes 

induce speafic responses (Sukhdeo 1990). The presence of a single type of bile 

salt (glycocholic acid) in the host intestine (fomied by herbivores but not 

carnivores) cues excystment and begkis a cascade of other parasite-host tissue 

interactions (Sukhdeo and Metmck 1986). Unusual hosts of P. okgoco~ may 



require one or many chernical modifications to cue P. oligocotfi along its 

developmental path. 

It is not dear why parasite developmental success should be conelated with host 

ecological similariity. Hosts that live in dose ecological association with A.@vid.s 

probably encounter P. okgoco~ ofken. Presumably, P. ohgocorn* and thek potential 

host populations consist of variable genopes. Individual larvae vary in their 

ability to establish and develop in dif£erent potential hosts, which are in turn 

genetically variable in susceptibility to P. o & o c o ~  and suitab* for P. ohgoco~ 

development. If enough attempts at successfd combinations are made, 

eventudy one will atise. When P. oligocotli h a e  are Ecequenùy sampled by 

potential host speàes, eventually a vaxiant lama wiU establish in a host in which it 

can develop. Thus the frequency at which P. ohgocoothreaches advanced stages of 

developrnent in potentïal host species would be higher in those hosts that are 

more ecologicdy sùnilar to A.&Mdus. Secord and Kareïva (1996) suggest that 

genetic heterogeneity in parasite and potential host populations, along with a 

change in ecological circumstances resdting in increased exposure, account for 

the t rans fer of parasite host-speàaliçts to new host groups. Genetic 

heterogeneity in parasite and unusual host populations was demons~ated in the 

trânsfer of fish monogenean Gyrnda~~~dus furnbulk (a taxon renowned for its 

specificiq) to unusual hosts after an introduction had înueased encounter rate 

between potential host and parasite (data fkom Leberg and Vrijenhoek 1994, h 

Secord and Kareiva 1996). 

M f i u a l l y  induced ecological association between an unusual host and the 

prinapal host may have resulted in one captive-held specimen of Phoh ornata 

produàng Iarvigerous female Pdodelphis ohgo~o~ in the hepatic sinus. Wild- 

caught Phoh ornata never contained stages of P~endode4hzi ohg~cu~ beyond 

subgravid adult (63 individual fish examined). Although the specimen of Phol 



ornata may have been infected before entering captiviq, it was held at the 

Vancouver Public Aquarium in a seawater tank with infected Afiuidius for 34 

months, and could have acquired the infection in captiviq. Potential 

intermediate hosts may have been introduced into the water along with sand and 

coral by Aquarium staff- Direct transmission does not occur in this group of 

endoparasitic nematodes (Anderson 1992). However, since the source of 

infection is unknown, 1 cannot disünguish between two alternative explanations: 

1) rates of transmission are artikially high in captivity, and of the greater 

number of attempts thus made by Pseudodetphù oZzgoco~ to success£dly infect 

Phoh ornata, one fïnally resulted in completed development due to the right 

combination of host and parasite genotypes. 2) parasite genotypes that can 

devdop in genotypes of Phoh ornata occur in nature but 1 did not sarnple the- 

possibly because infected Phoh ornata die of advanced infection. In fa- the 

absence of advanced stages of development in many the unusual hosts sampled 

in this study may actually be the result of premature death on the part of the host 

rather than the achiat inability of the parasite to develop. Regardless, parasite 

aansmission, the successful endpoint of developmenq does not occur. Both 

explanations for the results of this study are in keeping with the suggestion that 

ecological associations take advantage of hos t and parasite geno typic 

heterogeneity, leading to host-patasite combinations in which parasite's develop 

andior unusual hosts survive the infection to a point where the parasite can 

transmit- 

Parasite transfer (when a parasite completes development in an unusual host) 

may result in a host capture event when the transferred parasite becomes isolated 

in the new host and undergoes speuation (Chabaud 1959). Host capture explains 

the presence of parasite lineages in very different host groups (Chabaud 1981). 

Isolation of P. O & O C O ~  in Go biesox meand?ims, the ody hos t it appears to have 

transferred to (although transmission fkom this host has not been conhmed) 



would require some subsequent resttktion in transmission, presumably a shift in 

habitat through which transmission occurs, or time of transmiçsion, as a result of 

development in the unusual host For example, sockeye salmon may have 

captured parasitic nematode Phihnema oncorhynci fsom landlocked salmonids 

harboming P. agubemamkmz because transmission, which is timed with host 

spawning (Ko and Adams 19 691, is offset from the parent population by three 

yeas (M. L. Adamson, personal cotnrnunication). 

Use of ecological data fiom a varietg of sources to characterize a fish's niche 

quan-titatively has limitanons. Ideally, cornparison of niche overlap sho uld 

indude proportions of each prey category in the diet, and the proportion of 

individuals, or time spenq in each habitat category (Pianka 1975). These should 

be derived b y  standardized methods on fish of the same age. In addition, 

phylogenetic relationships between Bshes were quanafied using taxonomy, itself 

based on morphological and ontogenetic hndings. These may be confounded 

with habitat use. Modem molecular biology techniques could provide percent 

genomic differences between fishes using neutral portions of the genome that 

are independent of niche (Harvey and Pagel 1991). Finally, Holmes (1976) uses 

percent of parasites that have reached maturity and are ready to transmit to 

quanti9 success of development. Data on percent of Psetidode&hU- ohigco~ 

individuals that contaia developing embryo s, for type host Ohgocotlus man~hsus, 

would complete the data set. 



Figure 5.1 Dendograms representing the ecological (A) and taxonomie (B) relationsiiips of 
the various 6sh hosrs infected by Psendodetpb~ ukgucotri under namal conditions. 
Letters code for the different speaes ('Table 2.2). Fishes marked with "+" are 
those that are lnfected with P. oltgocolti, but in whidi parasites do not advance 
beyond subgravid ad& Those marked with "++" are hshes in which P. o h g o c d  
becomes gravid with developing embryos. Fishes markcd with "+++" are those 
in which P. okgocoth' reaches an advanced state of devdoprnent, becoming gravîd 
witb lamae. 
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Appendix 5.1A List of citations used for collecting ecological data presented in 
Appendix 5.1B and C. Fish species are represented by their alpha codes (see 

Table 2.2 for full name). 

Fis h Citations used to coilecc ecoIogical data. 
species 

Bane and Bane 1971, Barton 1982b, Bmon 1982% Hubbard and Reeder 1965, 
Goodson 1988, Hay et  aL 1989, MiUer et ai. 1980, Yarsu 1981, Yoshiyama 1981, 
Paulson 1998 
Bane and Bane 1971, Barton 1982a, Clemens and Wdby 1961, Hubbard aad 
Reeder 1965, Goodson 1988, Green 1971b, Hay et al. 1989, Lamb and Edgd 
1986, Marliave 1977, Miller et al- 1980, Padson 1998, Yoshiyama 1980, Yoshiyama 
1981 
Bane and Bane 1971, Bartan 1982b, Barton 1982% Goodson 1988, Hay et ai. 1989, 
Lamb and Edgell1986, ~Miller et al. 1980, Schultz and DeLacy 1932, Paulson 1998, 
Yoshiyama and Da&g 1982, Yoshiyama 1981 

Clemens and Wdby 1961, Green 1971b, Hay et a l  1989, Lamb and E d g d  198G, 
,Wer et d. 1980, Paulson 1998 
Carl1964, Clemens and Wdby 1961, Goodson 1988, Hay et aI. 1989, Lamb and 
Edgd 1986, Limbaugh 1962, hiiller et al. 1980, Wang 1986, Marliave 1975, 
Paulson 1998 
Clemens and Wdby 1961, Green 19725, Lamb and Edgell1986, ~Miller e t  al- 1980, 
Paulson 2 998 
Bane and Bane 1971, CIemens and Wdby 1961? Fitch and Lavenberg 1975. Hay et 
ai. 1989, Jones 1962, Lamb and EdgelI 1986, ,Miller et al. 1980, Bane and Robinson 
1970, Boothe 1967, Paulson 1998 

Bane and Bane 1971, Barton 1982a, Clemens and Wdby 1961, Goodson 1988, 
Green 1971b, iMilIer et al- 1980, DeM& 1978, Paulson 1998, Yoshiyama 1981 
Clemens and Wilby 1961, Lamb and Edgell 1986, Niggol 1982, Paulson 1998 
Banc and Bane 1971, Cd 1964, Clemens and Wdbp 1961, Goodson 1988, Hay et  
al. 1989, Lamb and Edgeil1986, Wang 1986 
Bane and Bane 1971, Barton 1982% Car1 1964, Uemens and Wdby 1961, Hay et al. 
1989, Lamb and Edgelll986, Marliave 1977, lMilIer et aL 1980, Schuitz and DeLacy 
1932, Wang 1986, ~ M d a v e  1975, Paulson 2998, Yoshiyama 1981 

Bane and Bane 1971, Barton 1982a, Goodson 1988, Hay et al. 1989, Lamb and 
E d g d  1986, Miller et al. 1980, Wang 1986, Banadough 1967, Frey 1971, 
Gorbunova 1962, Marliave 1975, Padson 1998, Yoshiyama 1981 

lCLiller et al. 1980 
Bane and Bane 1971, Cd 1964, Clemens and Wdby 1961, Fitch and Lavenberg 
1975, Goodson 1988, Green 1971b, Hart 1973, Hay et al. 1989, Jones 1962, Lamb 
and Edgell1986, M.il!er et al, 1980, Paulson 1998 

Gibson 1982, H m  1973, Paulson 1998 
Bane and Bane 1971, Barton 1982a, Cari 1964, Clemens and Wilby 1961, Goodson 
1988, Green 1971% Green 1971b, Hay et al. 1989, Jones 1962, Lamb and Edgell 
1986, bWer et ai. 1980, Nakamura 1976, Wang 1986, Padson 1998, Yoshiyama 
1981 
Barton 1982a, Hay et al. 1589, Lamb and EdgelI 1986, Madiave 1977, ~Miller et al. 
1980, Peden and Hughes 1984, Schda and DeLac: 1932, Paulson 1998, Yatsu 
1981 
Bane and Bane 1971, Carll964, Hay et al. 1989, Jones 1962, Lamb and Edgd 
1986, Wang 1986, Greene 1924, Hubbs 1920, Paulson 1998 

Bane and Bane 1971, Bmon 1982a, Fitch and Lavenberg 1975, Goodson 1988, 
Hay et  al, 1989, Jones 1962, Lamb and EdgelI 1986, Miller et ai. 1980, Peden and 
Hughes 1984, Schultz and DeLacy 1932, Paulson 1998, Yatsu 1981 



Bane and Bane 1971, Clernens and Wdby 1961, Goodson 1988, Hay et ai. 1989, 
Jones 1962, Lamb and E d g d  1986, lLLiller et al 1980, Barraclough 1967, Orcutt 
1950, Porter 1964, Paulson 1998 
Bane and Bane 1971, Bayer 1980, C d  1964, Clemens and Wdby l96l, Goodson 
1988, Howard and Koehn 1985, Jones 1862, Lamb and Edgd 1986, hlillet et al. 
1980, Steffe et al. 1989, Wang 1986, Moyle 1976, Paulson 1998 

XM Bane and Banc 1971, Barton 1982b, Barton 1982% Fitch and Lavenberg 1975, 
Goodson 1988, Hay et al. 1989, MZer et aI. 1980, Paulson 1998, Yoshïyama 1981 
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Appendix 5.2 Ma& of taxonomic codes used to generate the taxonomic 
distances bem-een fishes infected by P~eudode&hU oligocooth' to vaqhg degrees of 

parasite development- 

Superorder: 

Family Species Super Order Farnily Genus Species 
order 

Paracanthop teryg: 
Batrachoidifomies: 

Batrachoididae 
Go biesocïfomies: 

Go biesoadae 
Acanthop terygü: 

Gas tero s teiformes: 
Aulorhynchidae 
S yngnathidae 
Gasterosteidae 

Perciformes: 
Embio tocidae 
S tichacïdae 
S tichaeidae 
Süchaeidae 
Pholidae 
Pholidae 
Pholidae 

Scorpaeniformes: 
Hexagrammidae 
Hexagrammidae 
Cottidae 
Co ttidae 
Cotudae 
Cottidae 
Co ttidae 
Co ttidae 

Pleuronecufomies: 
Pleuronectidae 
Pleuronectidae 



CHAPTER 6: G E N E W  CONCLUSIONS 

In this chapm 1 discuss the salient features of a parasitic life cycle wiùi respect 

to how it influences host range. In doing so, I summ&e the major results of 

each chapter, pokiting out the limitations of this study and how to improve it 

Pseudodetphir ohgocorn. (Dracundoidea: Guyanemidae) is an endopaxasitic 

nematode originally desdbed from Ohgocottt/~ maculosus, although lanrigerous 

parasites were never recovered (Adamson and Roth l!WO). Until this study 

almost noùiing was known beyond P. ohgocoziYs adult morphology and t - y p  host. 

1 found P. ohgocotn'in 9 species of nearshore marine fishes in which it only 

reliably developed in one species, ApodichfbysJ&zuidzis. Its development in the 

other fishes was va5able but only led to completion in two incidences: one 

speàmen of Gobiesox meand&, and one specimen of Phoh omata hdd in 

captivity with infected A.&vidus. This latter ment was never observed in nature: 

wild-caught P h o h  ornata individuals (63 sampled) never contained stages of 

Pzetrdode4hir olgocoth'beyond subgravid adult Although the specimen of P h o h  

ornata may have been infected before entering captivity, it may aIso have acquired 

the infection fkom captive A.fiuidus. Direct transmission does not occur in this 

group of nematodes (Anderson l99Z), but potential intermediate hosts may have 

been introduced into the a q u m  with sand or coral by Vancouver Public 

Aquarium staff. 

Pseudode4hlr ohgocotds pattern of host distribution may in part be due to its 

method of aansrnission. In Chap ter 2 1 showed that P. ohgoco~ is transmitted by 

a free-living copepod intemiediate host, common food item to s m d  interüdal 

and subtidal fishes. Development in experïmentally infected T&Tiopz/s cah~mz'cus 

progressed through three lama1 stages as expected. As the only representative of 

the Guyanemidae whose larvae have been described, P. oligoco~ larvae are most 

similar in general body proportions to members of the genus Phihnema 
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(Dracunculoidea: Philometndae; see desaiptions by Ko and Adams 1969 and 

Vik 1964). Mortality of T. cu~ot72icu.r due to infection was imperceptible. There 

are two alternative intermediate host srpes that transmit other members of 

Dracunculoidea that dwell in the blood: transmission by kee-livkig intermediate 

host versus haematophagous arthropod vector (see Anderson 1992 for review) . 
If P. ohigoo~15 were transmitted by haematophagous axSu:opods, its h a 1  host 

distribution may have been different. Failure to infect wild-caught non-T&iop 

callfomicz/s species of copepods does not provide any information on the identity 

of P. o/gocom's intennediate host in nature because copepods usually died before 

an infection attempt Steps should be taken to improve conditions for wild 

copepod species in captivitg before the question of identiq of the intemediate 

host(s) in nature c m  be addressed. The specific identity of the intennediate 

host(s) of P. ~hjy-o~would provide a more detailed evplanation for its fînd host 

dis ttibutio n- 

Infected T@r~bpus ca&+nin.s were fed to 10 uninfected Apodichtby~~Uidu.r, mu of 

which became infected, conhrming both the roie of a free-living copepod and A. 

fiuiddw in P. oligocom's transmission. Developrnent in R f i v i d u ~  in nature consists 

of certain stages in diffërent tissue sites. The &il tissue site to be occupied by P. 

oligocota' larvigerous fernales is the hepatic sinus. Lamae are released into the 

blood Stream and are sw-ept downstrearn to the gills. They breach the gills and 

enter die water to be ingested by free-living copepods. This is the hrst 

demonstratïon of active gd.l exit by a dracunculoid lama. Other blood-dwelling 

dracunculoids either release larvae into the general ckculation to be ingested by 

blood-sucking aahropods, or gravid females themselves migrate to, and breach, 

the gills (ïikhomirova 1971, Tilihomirova 1975, Tikhomirova 19 80, Molnar 

1976, Molnac 1980, Moravec 1978, Moravec and Dykova 1978, see Anderson 

1992 for reviews). 



Once in the copepod, there is no guarantee that h a e  will h d  themselves back 

into a fish host in which they are capable of maturing. P~eudode@his o(igacoh5 

infects many unusual fish hosts in whïch it follows a variable course of 

development that almost never results in transmission. However, Chapter 5 

demonstrates that development appears to advance W e s t  in those hosts that 

are ecologically s k n i l a r  to A.fiMdw, nnt necessarily taxonomically rehted. 

It is po s tulated that one of the requirements that sets the stage for parasite 

speciation by host capture is a parasite's abili.ty to develop in ecologically 

associated hosts: that is, it must have rdaxed host requirements (Chabaud 1959, 

198 1). Pseudode&bü ohioco&s development to the brink of maturity in ecologically 

associated hosts may require very few modiacations on the part of the parasite 

or host to success fully develop to completion in unusual hosts. Alternative 

genotypes presumably exist in the population of P. oLigoco~% lm-ae, which is 

sampling genetically heterogeneous fis h hos t populations in proportion to their 

ecological relatedness to A.@'du~. Parasite transfer to these musual hosts is a 

requisite step in parasite speciation by host capture (Chabaud 1981). The results 

of ùiis thesis indicate that parasite method of transmission and host ecology play 

an important role in the composition of parasite host range. 
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