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Abstract 

A new gregarine, Ascogregarina gkzbra n. sp. is described from the dimentary 

canal of d l  stages of Genis buenoi (Hemiptera: Gemdae) and placed in the famih 

Lecudinidae Kamm (hpicomplexa: Eugregarinida). This gregaxine was also collected 

fiom G. pingreensis, and G. cornatus in central Alberta, Canada, but was most preva- 
lent in populations of G. buenoi, 

Garnetocysts developed and released oocysts within the host 's alirnentary canal, 
however, au toinfection did not occur. This gregarine apparent ly is not transmit t ed 

vertically, nor is it transmitted directly through the water column or by direct con- 

tact with conspecifics. Evidence is presented that suggests A. glabm is transmitted 

through an aquatic prey item transporting infective oocysts. 

No pathogenic or beneficial dects  of A. glabm were detected on C. buenoi adult 

size, juvenile development t h e  or fecundity. A weak trend suggests that high g r e  

garine loads inhibit initiation of flight in males, however further investigation is re- 

quired to c o & m  this. Within the scope of this study, A. glabm is a benign symbiont 

and is not likely an important selective agent acting on its primary water stnder host , 
G. buenoi. 
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Chapter 1 

Introduction 

1.1 Gregarines 

The class Gregarinia is the most primitive and largest group in the phylum Api- 

complexa wi t h 1624 species, 23 1 genera, 40 families (Levine, 1988). Gregarines col* 

nize the alimentary canals and body cavities of invertebrates, most commonly arthro- 
pods and annelids (Tanada snd Kaya 1993). 

Most eugregarines (Eugregarinorids) dosely foliow a generdised Me cyde (Tanada 
and Kaya, 1993) but la& asexual reproductive stage, or merogeny, which occurs in 

the related neogregarines. The life cycle indudies five distinct Me stages: oocyst, 

sporozoite, trophozoite, gamont, gametocyst (d terminology as per Levine, [1971]). 

The infective oocyst is ingested by the host. Once in the gut environment oocysts are 

triggered to release sporozoites, which emerge and attôch to, or enter epithelial gut 

cells. 'Pmphozoites sbsorb nutrients from the lumen, or from the host cell until either 
the host cell is sloughed from the epithelium, or the trophozoite is fully-grown and 

removes its mucron fiom the c d  to become a gamont. Two of these mature gamonts 

undergo syygy within the host to form a gametocyst with a protective hyaline coat 
within which oocysts form. Male and fernale gametes are released and combine to 

form zygotes, which then secrete a thick membrane to form an oocyst (Tanada snd 
Kaya., 1993). The zygotes undergo meiosis and then mitosis to form (usually 8) 

haploid sporozoites within the walls of the oocyst. When the gametocyst is ready to 
dehîsce, a radical change in the permeability of the outer gametocyst wall permits a 
large amount of liquid to enter. This increases the pressure within the gametocyst 

ruphiring it at the weakest point to release oocysts. In some fRmilies oocysts are 

released in long chains through special pores (sporoducts); in other famities oocysts 

emerge through tears in the gametocyst 4. 
Three of the above gregarine stages Iive within the ho& (sporozoite, trophozoite 



and gamont). The gregarine is expelled into the environment, usually as gametocysts 

(but sometimes as oocysts), which develop and release the infective oocyst stage. 

Gregarines generdy tolerate a narrow range of host species; in fact many species 

are restncted to one host genus (Levine, 1985). There are also reports of gregarines 

being specific to one species of host and even one insect host stadium (Abro, 1976; 

Clopton et al., 1992). However, the generalisation thst gregarines are mostly stenoxe- 

nous is largely derïved from circllm~tantial evidence rather than experimentation. 

Crossinfection experiments between sister ho& species show that g r e g a ~ e s  may in- 

fect a number of closely related species but do show differential infection rates and 

differential parasite development (Clopton and Gold, 1996; Lien and Levine 1980; 

Munstemann and Wesson, 1990). 

Some gregarines may use a second species t O act as a carnier of the infective oocyst . 
Only one such case has been verified ( h o ,  1976) but this is a possible transmission 

route, particularly for predacious hosts. In these cases, the gregarine is still considerd 

to be homoxenous, using only one host, as it does not develop in or parasitise the 

carrier. 

The mode of transmission of infective gregarine oocysts has been describeci for 

several groups of insects, in which the host ingests the infective oocyst directly from 

its environment (Beier and Hanis, 1983; Clopton and Gold, 1996). Predatory hosts 
ingesting oocysts dong with their prey (Abro, 1976) and vertically transmit ted gre- 

garines (Wu and Tsh, 1989) are scarce in the literature. 

The pathology of eugregarines is generaily much weaker than for neogregarines, 

however, eugregarines can cause death in some cases, though this usudy occurs in 

non-target hosts (Walsh and Oison, 1976) or in thme already weakened (Dunkel and 

Bousch, 1968). The primary insdt occurs through the destruction of epithelial tissues, 

blockage of food passage and interference with absorption (Abro, 1971; Harry, 1967; 

Lips, 1967), although some gregarines aIso bresch the alimentary canal and expose 

the host to lethal bacterial infections (Tanada and Kaya, 1993). 

1.2 G e d s  buenoi Kirkaldy 

Gerris buenoi Kirkaldy (Hemiptera: Gerrïdae) is a common waterstrider with a 

large range in North Arnerica (Andersen, 1993). This species is a habitat generalist 



but occurs most fkequently on temporary ponds (Spence and Scudder, 1980). G. 

beunoi adults are strong mers, and make significant prereproductive and prediapause 

migrations (Spence, 1981). Like other gerrids, G. beunoi individuals are predator- 

scavengers that feed on a wide range of aquatic prey, emerping insects, conspecifics 

and terrestrial insects caught in the water tension (Rowe and Scudder, 1988; Spence 

and Andersen, 1994). 

G. buenoi is partidy bivoltine in central Alberta, meaning that some individu& 
complete juvenile development and breed directly in the same season. OvercRintering 

adults are exc1usively winged and emerge from diapause in the spring as the spring 

breeding generation. These gerrids then produce the second or " s ~ ~ l l ~ ~ l e r "  generation, 

most individuals of which reproduce only after diapause (Spence, 1989). A srnaIl 
percentage of these summer generation adults breed directly and die More winter; 

some of these are apterous (Spence, 1989). 

1.3 Protozoan parasites of Gerridae 

Gemds harbour several protozoaa parasites. Trypanosomatids (Zoomastigina: 

Tkypanosomatidae) are highly prevalent in populations studied around the world 

(Patton, 1908; Porter, 1909, Becker, 1923; Tieszen and MoIyneux, 1989; Wallace, 

1966). Arnqvist and Maki (1990) found that trypanosomes reduced the overd vigour 

of Gemk adults but increased mortality only in food stressed hosts. Trypanosome 
prevalence is drasticdy lower in Ge+ spp. populations in central Alberta, Canada 

(Khgenberg et al., 1997). However, there is a unique report of an as yet unde- 

saibed gregarine, which reaches high prevalences, but is apparently non-pathogenic 

t O juvenile development of the host (Klingenberg et al., 1997). 

1.4 Thesis objectives 

Gregarines are an extremely rich and diverse group, which colonize a broad taxo- 

nomic and ecological range of hosts, and most of which remain undescribeci or un& 

covered (Levine, 1988). More  one can ask interesting evolutionary questions about 

gregarines much descriptive work must be done. In this thesis 1 provide the basic d* 

scriptive work for an undescribeci gregarine inhabiting the h e n t a r y  canal of @ds 



in western Canada and probe seiected aspects of the host-gregarine relationship. 

A description of the gregarine Me cycle and of each life stage is necessary for 

taxonomie identification, but dso to understand the role of the symbiont within the 

host. These points, as well as the timing of the gregarine life cycle are addressed in 

chapter two. 

The transmission mechitILiSm of this obligate symbiont is criticai in understanding 

the f!ull life cycle of a gregarine species, but even more so in grasping how biotic and 

abiotic forces might impact the host-symbiont system. Chapter three addresses the 

development and release of the infective oocyst stage, and experimentally considers 

vertical, horizontal, and autoinfection. 

In chapter four the pathogenic effects of the gregarine on G. buenui aze addressed 

by examining infecteci alimentary tracts, and statistically, by meôsuring the host 

growth and fecundity and the ability of individu& to take flight. 

The final chapter is a summary and discussion of my important hdinp. In 

addit ion, 1 recommend directions for Wher research int O t his host-symbiont system. 

1.5 Statement of Interest 

G. buenoi were k t  examineci for parasites to explain a growth pattern that 

contradicted the established Me history theory, that there is a tradeoff between 
developrnent time and adult size (Roff, 1992). Klingenberg and Spence (1997) found 

a negative, instead of a pcstive correlation between development t h e  and adult size. 
A pathogenic parasite may explain these findings by incressing the development time 

and suppressing the adult size in highly infected individu&. 
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Chapter 2 

Ascogregalvina glabra n. sp. 

(Apicomplexa: Gregarinida: Lecudinidae) 

from the alimentary canal of three species 

of G e ~ r i s  Kirkaldy (Hemiptera: Gerridae) 

SYNOPSIS 

A new aseptate eugregarine Ascogregarina glabm n. sp. (Apicomplexa: Eu- 
gregarinida) is described from the aümentary canal of all stages of GemP buenoi 

(Herniptenr: Gerridae) collecteci in central Alberta, Canada. The gregarine was 
also found in G. pin~reensb and G. comatus but not in c+occurring populations 

of the gerrid Limnoporw dàssortis or the mesovelid Mesovelia multisanti (Hemiptera: 
Mesovelüdae) . 

The gregarine is placed as a new species in the Family Lecudinidae Kamm, 1922, 
Genus Asco~regurinu Wsrd, Levine, and Craig, 1982. Tiophozoites with smaü mu- 

cron, embedded into midgut epithelial cells. Gamonts solitary, loose in gut lumen; 

length 889.0 & 369.15 pm and width 89.3 f 4 6 . 4 7 ~ .  Gamont nucleus spherical 

with no £ixed location, with visible nucleosis. Association of garnonts not o b s e d ,  
8ssmed very late. Gametocysts spherical; diameter 383.8 f 54.52 p; hyaline coat 

a p p r h a t e l y  20 p in mature gametocysts. Gametocysts dehisce by simple rupture. 

Oocysts irregdarly shaped; diameter 10.7 I 1.02 Fm. Evidence supporthg in vivo 

sporulation, but not autotransmission within the host is presented. The gregarine 
takes approximately 16-20 days to develop within its host. 



INTRODUCTION 

There is a large amount of variation and diversity wit hin the Class Gregarinia. The 

taxonomy is presently based on meaçurements and morphology of the different stages, 

the mode of oocyst dehiscence, and host taxonomy (Clopton and Lucarotti, 1997). 

Some uncertainty has been shed upon the "speues" designation of gregarines, as there 

is evidence that different strains of gregarines differentidy infect hoûts (Clopton and 

Gold, 1996). These problerm will Uely require a genetic approach to make h d  

discriminations between species (McManus and Bowles, 1996). 

Gregarines infect h g  the family Gerridae (Hemipt ers) have never been discussed. 

Poisson (1967) bt reported them in passing kom a European GemP sp. and Klin- 
genberg et al. (1997) first reported gregarines in North America (Alberta, Canada) 
from G. buenoi at oui study site, however it has not yet b e n  describeci. 

Xn this work I describe and document the life stages and the Me cycle of the 

gregarine (Apicomplexa: Gregarinida) infecting Ger* buenoi Kirkaldy (Heteroptera: 

Gemdae) in Alberta, Canada 

2.3 METHODS 

2.3.1 Dissections of potential hosts 

Gregarines were obtained fÎom dissections of Genis spp. hosts coilected from 

Meadow pond and George Lake, at the George Lake field site (114" 06' W, 53' 57' N, 
90 km NW of Edmonton, Alberta). The gerrids were stored alive at approximately 

4°C until dissected. 
For dissection, the insects were decapitated thereby largely removing the foregut 

from the examination. The specimen was placed ventral side up and cut from the k t  

thoracic segment to the 7Lh abdominal segment. The alimentary canal was immersed 

in Ringer's solution by filling the entire haemocoelic cavity. The entire remaining 

length of the alimentary canal was removed and placed on a slide in a drop of Eünger's 

solution for examination under a dissecting microscope (Wild M5). The hentary  
canal was then opened up dong its entire length, covered with a cover slip and 

examineci under a compound microsmpe (CeXtz). 
In initial dissections (n=50), the gonads, fat t h e  and alhentary canal were 



examined under a dissecting and compound microscope for evidence of parasitisation. 

In subsequent dissections all tissues were examined under a dissecting scope; only 

aümentary tissues were examined under the compound light microscope. 

2.3.2 Host Range 

Samples (n=5O) of all Ge* spp. found in Alberta (G. buenoi, G. pingreensis, 

G. cornatus) as well as Limnopomus dissortLP Drake and Hémis and the mesovelid, 

Mesovelia multisanti (Hemiptera: Mesoveliidae) were collected fkom Meadow Pond 
and/or George Lake. These samples were examined for gregarines. 

2.3.3 Gregarines 

AU stages of the gregarine life cycle were exmineci and measured using a corn- 

pound light microscope (Leitz) fitted with an eyepiece micrometer. Garnonts, tropho- 

zoites, gametocysts and crescentic structures were present in the host gut and mea- 
sured directly: gamonts (length, width), trophozoites (length, width) , gametocysts 

(the longest and shortest axes a, b)) and crescentic structures (length). 
To obtain gametocysts fkom gerrid, addt G. buenoi were placed in mali petri- 

dishes on black paper and left for 24 hours. 

To obtain oocysts and sporozoites, gametocysts were removed fkom the host gut 
and submerged in figer's mixeci with fluid fkom the alimentary canal of the host 

( a p p r h a t e l y  1:l) on well slides. The weli slides were placed inside moist chambers 
consisting of petri dishes lined with saturated tissues to maintain a high humidity. 
The gametocysts were dlowed to mature, releasing oocysts and then sporozoites for 

examination. 

AU preparations were photographed in colour on a Polyvar dinerentid interfer- 

ence contra& microscope. Images were later converted to black and white p ~ t s  for 

publication. 

2.3.4 Estimations of Timing of Gregarine infections 

Samples of instars 2-5 of G. buenoi were coUected fiom Meadow Pond on August 
9,1994 when the gregarine prevalence in the adult population was dose to 100%. The 

earliest appearance of 4 different gregarine stages (trophozoite: small and medium, 



garnont, gametocyst) was recorded. Assuming an average of 5 days between G. buenoi 

moults under field conditions at this time (unpublished data), and instantaneous 

transmission of infective oocysts to new hosts, the rate of gregarine development was 

estimateci. 

RESULTS 

2.4.1 Gregarine host and tissue range 

All stages of a gregarine, diagnosed as be loneg to the genus Asco~regurina, were 

found in G. buenoi, G. cumatw and G. pingreensis. No evidence of gregarine infection 

was found in either Limnoporow dissortis or Mesovelia multisanti. Gregarines were 

present in aU C. buenoi exanùned but prevalence was much lower in the other Ge+ 

spp. (Table 2.1). 

Gregarines appeared exclusively in the alimentary canal attached directly to e g  

ithelial cells and extending into the gut lumen; the family Gerridm does not develop a 

periotrophic membrane (Werner et al., 1991). There was no evidence of parasitisation 

in the reproductive organs, haemocoel or fat tissue. 

2.4.2 Descript ion of gregarine stages 

Note: Please refer to Table 2.2 for measurements of a l l  gregarine stages. 

Young trophozoites are broadly oval and attached directly to the gut epithelium 

with a rounded mucron (Figure 2.2a-c) . No intracellular stage was observed. As the 

trophozoite develops it becomes more elongate with a tapered posterior end resem- 

bling the gamont (Figure 2.2~). The trophozoites retain a much larger 1ength:width 

ratio thm the gamont. 

'Ikophozoites attach to host epithelium throughout the midgut ( k t ,  second, third 
ventricles), but are most abundant in the first ventricle (Figure 2.1). When trophe 

zoites are disturbed during dissedion the lrrrger ones fkequently detach the host 

epithelium. The host ce11 is ruptureci in this process and a part of the host epithelid 

ceU remab attached to the mucron to form a %oodn. 



Gsmonts are aseptate, straight and elongate. The mucron is retained by the 

gamont but is much reduced fkom that of the trophozoite. The gamont mucron is 

much smder  and knoblike, with a rounded end (Figure 2.2d). The gamont is long 

and narrow, tapering to a f e l y  sharp point at the posterior end. The cytoplasm has 
a coarse granular appearance. The gsmont nucleus is sphe.rical and appears at any 

position within these orgaaisms. A large spherical nucleolus is visible in tiophozoites 

and mature gamonts (Figure 2.2a, d). Gamonts are minimally contractile and move 

by a simple gliding motion. 

Gamonts are without exception solitary; no bbassociative stage was observed. 

Gametogony does, however, occur as evidenced by the bi-lobed appearance of imma- 

ture gametocysts. Syzygy was not observed once in over 2000 dissections, suggesting 

that syzygy is a very rapid transition from two individual gamonts to the formation 

of a gametocyst. 

Gamonts appear in al1 regions of the midgut, but in largest numbers in the k t  

ventride. There is a severe constriction at the posterior end of the fkst ventride 

that appears to prevent the gamonts fiom being pushed d o m  the gut by peristaIsis 

(Figure 2.1). As a result, large aggregates of gamonts are caught in the first ventride. 

When in large numbers, they align longitudinally and completely fiil and distend the 

first ventricle. Few individuals were found in the second ventricle and fewer stU in 

the third, except in very severe infections. 

Gametocysts 

Gametocysts are large and spherical (ratio of longest and shortest axes is 0.98 I 0.07pm). 

The gelatinous hyaline coat surrounding the gametocysts is very thin (approximately 

2 0 ~ ) .  Occasionally, the hyaline coat is bright red or pink. Material in the G. buenoi 
gut is often brightly coloured due to pigments found within its prey (personal obser- 

vation); these observations suggest that some material used to construct the hyaiine 

layer is taken directly fkom the gnt lumen. 

When fmt f o d ,  garnetocysts have a transpazent sheath through which a clear 

division c m  be seen between the two gamonts (Figure 2.3a). As the gametocyst 

matures, this division disappears and a hyaline sheath is formed. The gametocyst 

appesrs white and opaque under reflected light and dark grey and granular under 



transmit ted light (Figure 2.3b). Occrrsiondy, malformeci gametocysts are observed; 

these cysts axe very small and misshapen and probably the result of an unpaired 

gamont attempting to encyst (Hoshide and Todd 1993). 
As the gametocyst nears rupture, an inner membrane withdraws fiom the outer 

hyaline sheath. Initially oocysts are released through one opening or polar plug 

(Figure 2 . 3 ~ ) ~  however, once gametocysts are mature any disturbance, (e.g., gentle 

touch with a probe) causes them to rupture, discharging oocysts violently in all 
directions. This was observeci in gametocysts matured in moist chambers a s  well as 

in samples taken directly from the host gut in dissection implying that the entire 

maturation process does occur within the host . In completely dehisced gametocysts, 

the hyaline sheath deflated and collapsed. 

Gametocysts occur throughout the midgut and in the hindgut; gametocysts are 

m a t  often clumped just before the sphincter between the h t  and second ventncle, 

or accumulate in the hindgut. Muscular peristalsis by the host gut might propel them 

out of the host, however, no gametocysts were found emerging fkom live hosts. 

The gametocysts of these gregarines are extremely conspicuous in the gut. The 
gametocysts are larger in diameter than the second ventride, so that when passing 

through this section, they distend the gut wall. Distension of the gut wall was also 

observed with large numbers of gametocysts in other parts of the midgut (Figure 2.1). 

Loads of up to 60 gametocysts were found within a single ho& 

Oocysts and Sporozoites 

Oocysts were ob t aineci from dehiscing gametocysts. Gametocysts and oocysts 

were obsemed to sink in both Ringer's solution and freshwater. 

Oocysts axe irregulsrly shaped, but have severe angles (Figure 2.3d). No oocysts 

were observed loose within the aümentary canal. 
Groups of oocysts emerge from dehiscing gametocysts in "clumpsn enshrouded 

in a gelôtinous substance (Figure 2.3~). The oocysts are not attached to each other 

as they emerge fiom the gametocyst, as in spodating gametocysts of some other 

gregarines. These clumps of oocysts are slightly Usticky" and adhere loosdy to the 

bottom of the well slide. When oocysts dry out, they adhere to the substrate SUt£&ce 

until rehydrated (as observed by HoShide and Todd, 1993). 



Mature oocysts ready to release sporozoites ''jump" around in a haphazard fash- 

ion. This is due to eight sporozoites moving independently within the oocyst case. 
Sporozoites emerge one at a time from ragged t e m  in the oocyst walL Emerged 

sporozoites exhibit a vigorous thrashing motion (similar to that of nematodes whose 

rnovement is caused soleiy by longitudinal musdes). Sporozoites are long and slender 

and taper to a point at both ends. 

Crescentic structures 

Dissections of the host gut revealed crescent-shaped structures. The crescentic 

structures curved to appravimately 45 degrees (Figure 2.3e). They are slightly thick- 
e n d  in the middle and tapered to a sharp point at either end. These structures 

appear completely inert both within the host and without. 

The crescentic structures were regularly observed within the alimentary cand of 

hosts, in particular those with gregazine infections consisting of mature gametocysts. 

They appeéued densely clustered in a gelatinous matrix, often at the junction of 

the k t  and second ventricle where the gut narrows to less than the diameter of a 

gametocyst (Figure 2.1). 

The association of crescentic structures with gametocysts was observed after ga- 
metocysts were t r d e r r e d  from the host gut to glas slides. Gametocysts that burst 

during handling were examined under s compound micrmope. Once a gametocyst 

was partidy ruptured, the tightly woven network of crescentic structures embedded 
in the gelatinous layer was detectable. The ssme was obeenred in gametocysts that 

matured and released oocysts in weil slides. Once oocysts were rdeased onto the 

slide they remained embedded in a combination of dispersed gelatinous matrix and 

crescentic structures. 

2.4.3 Estimations of timing of gregarine infections 

Gregsrines were found in all stages of the host C. buenoi (except eggs). In Sam- 

ples of k t  instar G. buenoi, the ma& admced gregarine stage was a very s m d  

trophozoite attached to the midgut epithelium. These trophozoites ranged from the 

very early demiopmental stage which were afmost sphericd, to süghtly elongated oval 

trophozoites. The second instars hsd laiger trophozoites that were sti l l  attached to 



the host cells. Gamonts (detacheci trophozoites) were fint observed in third instar 

larvae. The fourth instars were the earliest larme to harbour gametocysts. FiRh 

instar nymphs had all gregarine stages and the largest proportion of gametocysts. 

Using an average time of 5 days (unpublished data) between G. buenoi moults in 

late August, the number of days required for the gregsrine to reach each developmen- 

ta1 stage can be estimated. All these estimates are minima as they are reflected by 
the gregarine's first appearance in this population: earliest infecteci host and fast est 

developing gregarines. The gametocysts would take apprmhately 16-20 days to form 

in the host . Adding 72 hours that it takes for gametocysts to develop, release oocysts 

and then release active sporozoites (unpublished data, see chapter 3), it would take an 

estimated 19-23 days for this gregarine to complete one full life cycle. This estimate 

does not indude t h e  required for transmission of mature oocysts to a new host, or 
au toinfection. 

2.5 DISCUSSION 

2.5.1 'I'axonomical placement 

This gregarine is plaoed in the Order Eugregarinorida Leger, 1900 as merogeny is 

absent, while gsmetogeny and sporogeny are present in the He cycle. The gamont 
is composed of a single cornpartment with no protomerite or deutomerite, placing 

it in the Sub Order Aseptatorina Chakravafty, 1960. This gregarine is placed in the 

F d y  h d i n i d a e  Kamm, 1922: gsmonts are elongate, with forward gliding motion. 

It could not be placed in other f d e s  based on gamont motion, morphology of 

gamonts, gsmetocysts, and oocysts. 

This gregarine is placed into the Genus Ascogmgarina Ward, Levine, and Craig, 

1982: simple mucron present , gamonts spatulate, gametocysts spherical, and occurs 

in an insect. AU the species in this genus, except for one (found in Coleopterorida) 

are parasites of Diptersns, and predorninantly mosquitoes (Levine, 1988). However, 

the gregsrine here descrîbed kom gerrids is not congruent with any of the specific 
descriptions within this genus, therefore a new species is proposed. 

The species epithet gkrbm, rneaning smooth or bald was chosen to d&be this 

gregarine because it has very smooth lines, has Iittle shape dong its iength, and has 
a very maIl and inconspicuous mucron lacking barbs or hooks. 



2.5.2 Host specificity 

Asmgregurina glabm n. sp. was restricted to the Genus Gerris in Alberta. The 

ascogregarine was able to complete syzygy in all three Ge& spp., however, a very 

high prevatence within G. buenoi contrasted low prevalences in the other G e k  spp. 

Therefore G. buenoi appears to be the primary host. 

There is no description of the gregarine in Gerridae mentioned by Poisson (1937), 

therefore no cornparison can be made. 

Biological limitations that define a gregarine's host range can occur at several 

junctures in the gregarine He cycle. Some component of the host gut (pH, enzyme, 

or combination) triggers ingested oocysts to release active sporozoites once ingested 

by a receptive host (Tanada and Kaya, 1993). This response has been elicited in the 

laboratory by using homogenized host gut tissue (Hoshide et al., 1993; Clopton and 

Gold, 1996) and by using weakly acidic solutions of pepsin (Abro, 1976). 

The second host-parasite compatibility test is when the emerged sporozoites at- 

tempt to penetrate a host cd. Greg~rine blatturum sporozoites emerged in gut ho- 

mogenates of all examineci cockroach species (j), but were only able to establish in- 

fections in one cockroach species (Clopton and Gold, 1996). Walsh end Olson (1976) 

found that Lankesteria culicis gregarines emerged within but could not penetrate the 
penotrophic membrane of some Culex spp. Finally, infections can establish within 

non-ideal hosts, but may exhibit lower predence within the host population, or be 

unable to complete their life cycle (e.g. gametogeny) (Lien and Levine, 1980). 

2.5.3 Crescentic structures 

Crescentic structures ( ''sickle shaped bodies") have been reported before Eom 

neogregarines, however, they were thought to be sporozoites released kom oocysts, 
and therefore proof of autoinfection (Finlayson, 1950; criticism in Zizka,, 1972). The 

crescentic structures presented in this study are uniqudy reported fkom aa eugregarine 
and are clearly not reproductive in nature. They are completely inactive in all media, 
and in the host gut, whereas sporozoites emerghg fiom oocysts are extremely active. 
Furthemore, the crescentic structures are over three times the length of the oocysts, 

and therefore could not be packagecl in groups of eight within one oocyst: thus 1 
conclude that the crescentic structures are a structural component of the gametocyst 



2.5.4 Ascogregarina glabra life cycle 

The Me cycle of A. glahru n. sp. requires a p p r h a t e l y  1820 days to develop 

with its host, and 1423 days to cornplete its Me cycle. These estimateci rates may 

vary with environmental conditions, however, the life cycle is sufficiently rapid to allow 
many generations within one season. This enables the parasite to rapidly magnify its 

prevslence within the host population within one season. Fhthermore, infections were 
found in fint instar lamie (CS days old) implying an extremely efficient transmission 

rate; this suggests that the earlier assumption of instsntaneous transmission is not so 

unreasonsble. 

The gemd provides a stable and continuous environment for this g r eghe .  The 

life history of some gregarine hosts necessitate coordination of gregarine development 
with that of the host (Beier and Craig, 1985). This is not the case for A. globm as 

the gemd hosts do not undergo holometably, both larme and adults utilise the same 

habitat, and the length of the gregarine's reproductive cycle is short in cornparison 
to that of its host (<O3 times). 
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Table 2.1 Gregarine Prevalence in Gemdae of Alberta, August 09, 1994. 

Prevalence (n) Gamonts Gametocysts 

G. buenoi 1.00 (50) + 

G. comatzis 0.07 (44) + 

G. pingreensis O. 16 (30) + 

L. dissortis 0.00 (30) 

+ means present, - means absent 

Table 2.2 Meanirements of gregarine stages taken fiom G. buenoi 

Sample Size LeWh (w) W idth (pm) Ratio (L:W) 
Mean (S.D.) Mean (S.D.) Mean (S.D.) 

- -  - 

Trophozoites n=183 4M.l (147.9) 1 17.3 (165.7) 8.4 (8.0) 

Gamonts n=159 889.0 (369.1) 89.3 (46.5) 10.7 (4.5) 

Ooc ysts n40 10.7 (1 .O) 

Crescents n= 10 34.7 (1.7) 

a Axis (w) p Axis (w) Ratio (a: p) 
- -- - -- - p. - - -- - - 

Game tocysts n=39 383.8 (54.52) 3 93.4 (63.97) 0.98 (0.070) 



Figure 2.1 Alimentary canal of Gemk buenoi. Midgut is cornposed of three distinct 
ventricles (v 1, v2, v3); constriction between vl ,  v2, c; Malpighian tubules, mt; 
Hindgut, hg; Rectum, r; Rounded edge of gregarine gametocyst (g) in v 1. 
40 X Magnification. 



Figure 2.2 Gregarine stages: trophozoites, gamont. a) young trophozoite embedded in host epithelial tissue (e); nucleus, nu. 
b) Cluster of trophomites. c) Larger troph~zoites showing mucron (mu) embedded in epithelial tissue. d) Mature gamont in 
gut lumen with retained mucron 



Figure 2.3 Gregarine stages: gametocyst, oocysts, crescents. a) Newly fomed gametocyst with the two formative gamonts 
distinguishablc; division, di. b) Gametocyst fully fomcd. c) Gametocyst releasing oocysts from one ruptured (ru) point. 
d) Oocysts e) Cluster of crescents (cr) from degraded gamcocyst wall 

still 



Chapter 3 

Transmission and life cycle of 

A scogregarina gla bru ( Apicomplexa: 

Gregarinida: Lecudinidae) from the 

alimentary canal of Ger& spp. 

(Hemiptera: Gerridae) 

3.1 SYNOPSIS 

The mode of transmission of the gregarine Ascogregarina glabm (Apicomplexa: 
Gregarinids: Lecudinidae) to its primary host Cemis buenoi (Heteroptera: Gerridae) 

is inwstigated. 
Gametocysts were found to devdop and release oocysts within the host's alimen- 

tary canal, however, autoinfection is iinlikely and not supporteci in this study. 

Experiments in both laboratory and field provide evidence that the gregarine 

infect ive stage (oocyst) is not transmit ted to the host directly fkom the water coiumn, 

from vegetation, direct and indirect contact with conspeafics, or through aerid prey. 

Gemds on food limited reghes showed reduced growth and had larger gregarine 
infections under field conditions, as measured by the number of gametocysts in tenersl 

adults. 

Gregarine infection is mbject to extremely strong spatial efkcts within one water 
body (Meadow Pond). This observation suggests that transmission is effected through 

an aquatic prey item transporting infective oocysts. 



INTRODUCTION 

The mode and resulting efficacy of a parasite's transmission have enormous im- 

plications in the evolution of host-parasite relationships. Hat-parasite systems are 

often in terms of tradeofk, the moût commonly cited being between transmission 

and vinilence of the parasite (Rank, 1996). Unlike freeliving organisms, parasites 

are constrained by their extenid environment and additionally by the life history of 

t hW hosts. Therefore, many parasites, particularly those that are highly host-specific 

adapt very closely to the host 's life history. 

The mode of gregarine infection is well established for a number of gregarinehmt 

relationships. There are no reports of transowrial vertical transmission in gregarines, 
although, there is a report of vertical transmission through surfacecontaminated 

eggs (Wu and Tesh, 1989). Rather, almoçt d reports show direct infection through 

accidental ingestion of oocysts by the hmt. The concept is simple for scavenging or 

herbivorous hosts with chewing mouth parts and has been described in both terrestrial 

and aquatic hosts (Abro, 1976; Beier and Harris, 1983; Beier and Craig, 1983). This 
has been verified in both terrestrial and aquatic infection regixnes and subsequently 
emulated in the laboratory ( Clopton et al., 1992; Beier and Craig, 1983; Clopton 

and Gold 1996). 

The rate of successful development by the reproductive stage of a parasite is 

an important factor in transmission as it determines the number of infective stages 

at large (Mackinnon and Read, 1999). In gregarines, this stage is the gametocyst. 

Gametocyst development is sensitive to both humidity and temperature (Patil et al., 

1983). Temperature optima for spodation and dehiscence varies among species, but 

generally lie between 3û-40 O C (Patil et al., 1983). Different species are charactensed 

also by dinerent temperature ranges within which they can develop; reported minima 

range fkom 15 to 2s0C (Abro, 1990; Patil et al., 1983). Humidity requirements môy 

be more flexible than temperature, as a 50% dehiscing success rate has been observed 

at all humidity levels except 0% and 100% (at which none dehisced) (Kohoff, 1958). 

Exceptions to this occw in gregarine species in which gametocysts develop within 

the host and exit into the environment as oocysts. A clear understanding of the 

environmentai limitations for p d t e  development are crucial for testing mirious 

hypotheses about transmisa * 
on. 

' h n s m k i o n  rate will ultimately depend on kequency of encounter between host 



and infective gregarine stage (Janovy and Kutish, 1988); therefore, there is usudy 

some mechsnism at play to increase the local density of the infective stage (Keymer 

and Anderson, 1979). Three mechanisms are described in the literature. In terrestriai 

systems, hosts oRen excrete waste during or shortly after feeding resulting in high 

oocyst density at host ffeeding sites (Clopton et al., 1992; Clopton and Gold, 1996). 

Second, in aquatic systems, gregarine populations appear to prosper best in small 
volume water bodies where high oocyst concentrations are more easily maintained 

(Beier and Cmig, 1985; hbro, 1987). Third, oocysts can be transmitted to preda- 

tory hosts via their prey, which act as an oocyst concentrating mechanism; however, 

there are few wd-established examples of this (Abro, 1976). Infection regimes for 

gregarinehost systems involving predatory hosts are more diffidt to resolve due to 

their complexity and the difficulty of oocyst detection in the evironment (Abro, 1976). 

The life history of the gregarine host therefore beomes essential in piecing together 

the details of the gregarine life cycle. 

Gemds (Hemiptera: Gemdae) are hemimetabolous, and all stages use a similar 

ecologicd niche (Anderson, 1982) thereby providing a moreor-les continuous envi- 

ronment for parasites. However, gemd life history presents several constraints for the 

transmission and development of this gregarhe. The uptake of oocysts is constrained 

by their semi-aquatic life style and especially by the fsct that g 6 d s  feed through a 

nmow proboscis. Rirther, temperate gerrids undergo diapause as adults (Anderson, 

1982; Spence, 1989) and thus a dormant period for the symbiont is required, either 

within or without the host. In this work, 1 investigate the transmission of the As- 
cogregurina glabm and its life cycle in relation to the life history details of both the 

gregarine and the pond skater G. buenoi Kirkaldy. 

3.3 METHODS 

3.3.1 Retrieving gametocysts 

In order to retrieve gametocysts for use in later e x p d e n t s ,  30 adult gerrids 

were collected from Meadow Pond where gregarine prevalence was hown to be high, 

and msintained in the laboratory in covered petridishes. Each petridish was placed 

on a piece of black psper and examineci under a dissecting microscope for evacuated 

gametocysts daily, for two weeks. 



3.3.2 Factors afFecting gametocyst maturation 

An experiment was run to assess whether or not gametocysts could complete the 

life cycle within the host, and therefore have the ability to autoinfecc the host, and 

secondly to determine whether gametocysts mature faster in the host gut, or in a 

fresh water environment. 

Thirty-five gametocysts were obtsined through dissection from one individual ger- 

nd. The infection in this individual appeared to be the r d t  of one infection event: it 

consisted solely of gametocysts in which the two fùshg gamonts were just discernible 

as separate entities within the cyst. The gametocysts used in this experiment ail 

developed within one host and therefore under similar conditions (e-g. nutrient a d -  

abiiity, general chexnicd environment). 

Ten gametocysts were submerged in each of three (3) treatment media on well- 

slides placed inside moist chambers. The first treatment consisted of freshwater (fkom 

Meadow Pond) simdating gametocyst release directly into the pond. The second 

treatment was Ringer's solution and the third was Ringer's solution with host gut 

tissue added, simulating the host gut lumen. For treatments 1 and 2 the gametocysts 

were washed in their medium s e w d  times to remove any gut residue. AU treatments 

were maintained at room temperature (170C) and immersed in the respective medium 

for the remainder of the experiment. 

In the process of setting up this experiment,(during the trander fkom host gut to 

the treatment slide) alI gametocysts were exposeci to ambient axygen which could be 

a signal to the p h t e  that it has left the host. 

Every 24 hours (for 72 hours), each trestment slide was placed under a dissecting 

microscope and examined for release of oocysts. Once gametocysts began dehiscing, 
samples of the released oocysts were examined under a compound microscope for 

oocyst activity and the release of sporozoites. Results were recorded every 24 hous 

and development was classSed into four stages: 1) Immature: cyst wall formed but 

two gamonts are stiü clearly visible, 2) Mature: cyst wall filled out, gamonts no longer 

visible; no evidence of cyst w d l  breach, 3) Dehiscing: qst waU breached in at Ieast 

one place and oocysts being released, 4) Oocysts active and releasing sporozoites. 



3.3.3 Laboratory infection attempts with viable oocysts 

Gametocysts fiom dissections of gerrid adults were placed in rnoist chambers until 

oocysts were released. Samples of oocysts were removed and exposed to host gut 

extract to test for viabüity (release of sporozoites) ; the remainder of the oocysts were 

placed in the water of live gemd cultures. 

Gemd nymphs (instars 1-3) and adults were taken from laboratory cultures (not 

înfected with gregarines) and placed in mass cultures (n=20) in shallow 1.8L contain- 

ers (to maximise oocyst density). Gerrids were fed labraiseci flesh fies (Sumphaga 

bullata Parker). Viable oocysts from five gametocysts were placed in the water of each 

culture, which was aerated with minimal disturbance to the water d a c e .  Rough 

counts of oocysts give a conservative estimate of 500 oocysts per gametocyst giving a 

concentration of 1.4 oocysts per ml. It is unlikely that natural oocyst concentrations 

in open water could exceed that of this laboratory trial. The gemds were left on the 

treated water for one week snd then examineci for gregarine infection. 

3.3.4 Laboratory infection attempts by habitat variation 

A pilot experiment attempting to infect gerrids in the laboratory was conducted. 

Uninfectecl (lab reared) first instar gerrids were individually reared under four dif" 

ferent treatments in the laboratory. The control gemds were held on tap water and 

fed laboratory-bred Ees (S. bullata). Treatment gerrids were raiseci on pond water 

(Meadow pond), or with a leaf of Potomogeton sp. (from Meadow Pond), or were fed 

insects caught in a light trap (primarily consisting of green midges). 
The background gregarine prevalence at the tirne of set up (July 30, 1994) was 

0.86 in 2nd instars (n=28) and 0.92 in 3d instars (n=38). Each gemd was assessed 

for gregarine infection within 24 hours of its imagina1 moult. At the approximate 

t h e  of dissection (August 26, 1994) the background gregarine prevalence was 1.0 in 

fifth instars (n=24) and 0.88 in teneral adults (n=34). 

3.3.5 Vertical transmission 

To investigate the possibüity of vertical transmission, the reproductive tracts of 

fernale duit gemds were &ed for evidence of oocysts. M e r ,  ten laboratory 

hatched oftbpring from each of ten infkcted fernales were teared to the third instar 



(approzcimately 15 days old) in the Iaboratory and then examined for gregarine infec- 

tions. 

3.3.6 Transmission in field-varied habitat structures 

Two field experiments were nui contemporaneously to test how gregarine infec- 

tions varied with manipulations of ho& environmental structure. The experiments 
were nui a p p r h a t e l y  6m apart to reduce any interference between the experiments; 

each experiment included an independent control treatment . 
In the b t  experirnent, 1 used treatments designed to increase transmission based 

on a specinc transmission hypothesis. The control gerrids were r a i d  individually and 

fed laboratory-raised fiies daily. Food limited gerrids, fed only every other day, tested 

the hypothesis that nutrient stress weakens the host making it more amenable to the 

initiation or maturation of a parasitic infection. Gemds raiseci in groups of three 

(triplets) tested the hypothesis that genids transmit infections horizontdly through 

direct (touching) and indirect (via frass or food sharing) physical contact between 

conspeafics. The vegetation, in which each gerrid was provided with one Id of 

Potomogetun sp., tested the hypothesis that a resting site is important in parasite 

transmission (Porter, 1909) by keeping oocysts at  the water d a c e  for ingestion. 

The experiment used laboratory-reared first instar summer generation gemd lar- 

vae, which were set up within 24 hours of hatching in the laboratory. These were 

r a i d  under the four dinerent conditions in three adjacent enclosures on Meadow 
Pond (Figure 3.1). AU four treatments were replicated in each enclosure, separated 

by cornpartment walls. Tkeatments were systematically allocated to maximise posi- 

tional variation for each. At set up, each treatment was represented by 60 individu&, 
srcept in the triplet in which there were 180. Each gemd was checked every day and 

fed ad libitum (except food limited treatment). 

All gemds were dissectecl and assesseci for gregarine infection within 24 hours 

of their imagina1 moult. Total gregarine loaà was caicuiated by adàing the number 

of trophozoites, the number of gamonts, and twice the number of gametocysts (as 

each gametocyst is fomed by two gamonts). Gametocyst load wss cdculated by 

doubling the number of gametocysts found in the gerrid; this parameter was used in 

the anslyses as it reflects the long t e m  infection rate: the number of gregarines that 

developed in the host over the previous 1 M O  days, or one half to two thirds of the 



lard development t h e  (unpublished data). 

The total gregarine load data and gametocyst load data were traasforrned (log[x+l]) 

to correct for a skewed distribution and then analysed using a general linear model 

(SAS, 1990 proc GLM for unbalanceci data). This analysis was completed using both 

total gregarine load, and gametocyst load. Planned contrasts (linear comparisons) 

were computed for each treatment mean against the control mean. 
The triplet treatment was tested to see if gregarine infections were randomly 

distnbuted between tubs, within treatment replications. A separate Chi-square test 

was run for each of the three triplet replicates (compartments). Expected d u e s  for 

the number of tubs having each of O, 1,2, and 3 infect& gemds were calculated using 

the gregarine prevalence of each replicate. 

In experiment 2, a separate enclosure (Figure 3.1) was designed to detect gregarine 

transmisson through the water column. In this experiment, infectai (gregarine preva- 

lence of 0.93-0.95) gemds collecteci fkom Meadow Pond were used to locally increase 

the density of infective gregarines. Twenty kt-instar gerrids were placed in each 

of four compsrtments within 24 hours of hatching. Two of the compartments were 

maintained as control groups; the other two compartments were augmented with 20 

wild gemds let Ioose within the cornpartment. To prevent direct contact between 

the wild gemdç and those in the individual tubs, aJI tubs (control and highdensity 

treatrnents) were fitted with a mesh lid. 
AU gemds were checked and fed every day. Gemds were a s s d  for gregarine 

infections within 24 h o u  of their imaghal moult. The totd gregsrine loads and 

gameocyst Io& were transfomecl (log[x+l]) to correct for a skewed distribution and 

then analysed using a generd linear model (proc GLM for unbalanceci data). Planned 

linear cornparisons were computed for the treatment mean against the control mean. 

The prevalence of gregarines in the treatments was andysed using Chi-square andysis 

(SAS, proc Reg). 
During the course of these experiments the naturai g r e g a ~ e  prevalence in the 

Meadow Pond Gekd population was monitored for cornparison (n=50; July 30, Aug. 
9, Aug. 25). Samples of 50 adult gerrids were collecteci white travelling once around 
the edge of the pond. 



3.3.7 Exposure t O infect ive elements 

To determine the source of gregarine infection in gemds, host srposure to various 
possible infectious elements was rnanipulated. The hypotheses included direct upt ake 

fkom the water, ingestion of aquatic prey containing oocysts and ingestion of aerial 

prey containhg oocysts. 

Eight treatments were designed to vary exposure to combinations of these ele- 
ments. The treatments were applied in floating tubs (suface area of a p p r h a t e l y  

1.5 rn2 on George Lake). The gregarine prevalence was higher on George Lake (0.10) 

than on Meadow Pond (0.038) at the time; therefore the experiment was completed 

on George Lake. Treatments included al1 combinations of open or coarse-meshed 

top and closed, coarserneshed or fine-meshed bottoms. In addition there were three 

closed-bottom tubs containing tap water and pond water, and one fdled with tap 

water but exposed to &&ce tension contents through meshed dits at water level in 

the tub wall. 
Gemd eggs were collected from field-raised adults. The eggs were hatched on 

aerated tap water in the laboratory. First instar larvae were removed on the day they 

hatched and placed in one of the treatment tubs. Gemds were fed laboratory-reared 

S. bullatu, ad libitum Gerrids were removed within 48 hours of th& Ph instar moult, 
and examined for gregarine infection. 

3.3.8 Potential carrier prey 

Samples (n=30) of bot tom-feeding l a r d  chironomids and larval mosqui toes were 

collected from Meadow Pond and examineci for established gregarine infections. They 
are both abundant as gerrid prey items throughout the season and both have aquatic 

l d  stages with the haginal molt occurring at the water surface. Chironomid 
larvae were collecteci from pond sediments and mosquito lsrvse were collected from 

the pelagic zone with an aquatic net. These two groups were selected because they 

have the grestest potentid to be a carrier of infective oocysts. 



3.4 RESULTS 

3.4.1 Retrievinggametocysts 

No gametocysts were recovered fkom excreta fiom gerrids collected on Meadow 

Pond during high gregarine predence and kept in the laboratory over a two-week 
period. 

3.4.2 Gametocyst development 

Gametocysts were placed in three treatments to assess rate and extent of develop 

ment in fresh water, a Ringer's control and a simulated gut. In dl three treatments, 

gametocysts matured and released oocysts. However, the oocysts become active and 

releaîed sporozoites only in Ringer's with gut extract (Table 3.1). 

The rate of gregarine development varied between the three treatments. Oocysts 

were released within 24 hows in both of the Ringer's treatments and within 48 hours 

in the frgh water treatment (Figure 3.2). Sporozoites were released within 72 hours 

in the gut extract treatment. 
Proportion of gametocysts that released oocysts &O varied between treatments 

(Figure 3.2) ; only in the gut extract treatment did ail ten gametocysts dehisce (Table 

3.1). The gametocysts in the gut extract treatment also commenced oocyst release 

first and had the highest proportion of gametocysts maturing to release oocysts; 

this treatment was the ody one to produce oocysts that became active and released 

sporozoites. 

3.4.3 Water and Vertical transmission 

No infections were incurred by l ame  or adult gerrids raised on water with oocysts, 

nor on water taken from Meadow Pond. Likewise, no gerrids became infected in the 

laboratory habitat variation experiment. Also, one hun&ed of&pring of infected 
fernales, but r a i d  in non-infective conditions failed to become infecteci. 



3.4.4 Tkansmission in field-varied habitat structures 

In both of the two field experiments that tested how environmental stmcture 

& ted gregarine infections, gregarine loads wit hin and between treatments were 

characierised by an extremely high mriability and by a wide range (Table 3.2). 

ln the first experiment, the food limited gemds took significantly longer to develop 

and were significantly smaller than g d d s  in the control treatment (Table 3.3a,b). 

The treatment x enclosure interaction term was significant for both total gregarine 

load (Table 3.4a) and gametocyst load (Table 3.4b), which complicates the interpre- 

tation of significant main effects. Neither the sex of the gerrid nor the enclosure in 

which it was raiseci affected gregarine loads. However, the main effkct of treatment 

was si&cant in both analyses. The treatment linear contrasts were not signincant 

for total gregarine load and thus si@csnce of the main effect may be due to compar- 

isons between experimental treatments, which are not of interest here (Table 3.48). 

Food-limited gemds, however, had a visibly higher prevalence than the control, with 

two out of the three replicates having a prevalence of 1.00 (Table 3.2, Figure 3.5). 

Gemds of the food limited treatment also had signiscantly more gametocysts than 

the control epup at the imagina1 moult (Table 3.4b). 

Load fiquency distributions m e  not afFected by treatments as there are no 

discernible pattern or trends between treatments, controls (Figure 3.3) or between 

treatments and fkequency distributions of infections in simult aneous natural gerrid 
population of Meadow Pond (Figure 3.4). 

Infected gemds within the triplet treatment were randomly docated throughout 

the individual tubs of three gemds in enclosures 2 and 3 (Table 3.6). If gemds 

transmitted gregarines to each other through direct contact, the number of tubs with 

3 infécted gerrids would be higher than expected; this is clearly not the case. In 
enclosure 4, there were more triplet tubs containing one infected gemd and fewer 
triplet tubs containing two infecteci gerrids than expected. This miggests that the 

triplet treatment in enclosure 4 was associated with dispersed infections between 

tubs, for which there is no reasonable biological srplmation. 

In the second experiment, the treatment in which pond-reared gemds were sur- 
rounded by infected gerrids (high density treatment), did not increase total gregsiine 

load or gsmetocyst load (Table 3.5a,b), or gregarine predence (3=0.60, d.f.=l, 
P=0.44, Figure 3.5). 



A strong spatial &ect was seen in gregarine prevalence at a scale of 6m. The 

control in experiment two (enclosure 8) had a gregarine prevalence approximately 
60% lower than that of experiment one (endosures 2,3,4) and the naturd Meadow 

Pond population (Figure 3.5); however, within experiment one, in which enclosures 

were within 75 cm of one another, the main efFect of enciosu~e had no effect on 

gregarine loads (Table 3.4a,b). 

3.4.5 Carrier prey 

No evidence of developing gregarines (trophozoites est ablished on the epithelium) 

was found in dissections of either bottom dweiling chironomid l m  or mosquito 

lame. Oocysts were not seen, but their presence in the guts of chironomid and 

mosquito lama cannot be d e d  out conclusively, as they may have been overlooked 

in the gut matrix. 

3.5 DISCUSSION 

3.5.1 Gametocyst development 

A. glabm sporulated within 24 hours under laboratory conditions at 20°C and 
near 100% humidity. Because the gametocysts were removed fkom the alimentary 

canal of the host rather than obtained immediately after they were fomed, this time 

is a conservative estimate of the t h e  for cornplete gametocyst development: fiom 

formation in the gut to oocyst dehiscence. This temperature is far below optima 

suggested by others. Moreover, the gametocysts spodated relatively rapidly (24 

hrs) in cornparison to other reports, which vary fkom 24 to 110 hours for sportdation 

(Richardson and Jsnovy, 1990; Sengupta and Haldar, 1996 respectively). 

Three lines of evidence strongiy suggest that gametocysts of A. glabro develop 
and dehisce within the gemd host and that oocysts are subsequently released into 

the environment. First, gametocysts in a simulated gut environment matureci, and 

more rapidly than those placed in hesh water (Figure 3.2). Second, no gametocysts 

were excreted with frass by live genids placed in petridishes. Third, m e n t i c  S~IUC- 

tures associated with dehisced gametocysts were reguiarly observed within the hot& 
alimentary canal (unpublished data, see Chapter 2). This is direct evidence that 



gametocysts mature and dehisce within the host gut. 

The release of oocysts within the host gut could greatly improve gregarine re- 

productive success. Gametocysts require high humidity and heat to develop, the 

combination of which may be rare upon exiting a semi-aquatic host as the pond en- 

vironment is exposed and therefore dries rapidly. Within the host nlimentary canal, 
the gametocysts would consistently develop at 100% humidity. Kozloff (1958) found 

that PynBia ctystalligem could not develop at 100% humidity, however,in vivo ga- 

metocyst development does occur in other species (Beier and Craig, 1985; Chen and 
Ching-Hsisng, 1996). Several Asmgreganna spp. undergo gametogeny and sporogeny 

in the Malpighian tubules of their mosquito hosts; the gregarine is excreted a s  oocysts 

shortly d e r  ad& emergence (Beier and Harris 1983; VAvra, 1969). 

The host gut may be the m a t  environmentaDy stable and predictable place for 

gametocys t development in aquatic and semi-aquatic hos ts. If gametocysts large1 y 

sporulate within the host gut, they have retained the ability to do so outside the gut, 

in kesh water as well. 

3.5.2 Autoinfection 

The question of whether or not autoinfection occm is a separate consideration 

fkom whether or not in vivo spodation occurs. Once it is clear that oocysts are 

released within the host gut, one must ask if they mature and release sporozoites in 

a hospitable region of the gut, thereby reinfecting or autoinf'ecting the host. 

Autoinfection increases the number of individu& composing a parasite infection. 

A parasite that autoinfects its host avoids the He cycle bottleneck of extra-hoet 

stage survival as weil as  that of locating and infecting a new host. On the other 

hand, by increasing the size of the infection, autoinfection increues intra-specific 

competition within the host, as well as increasing the pathogeniaty and therefore 

the probabity of destroying the ho& (Rank, 1996). Autoinfection occurs in the 

Order Neogregarhida G d ,  1933 in which gamonts undergo merogeny (Zizka, 1972). 

Consequently neogregarine infections generally have higher incidences and measurable 

pathogenicity (Tanada and Kayg 1993). 

Eugregarine infections are g e n d y  less severe and Iess pathogenic, in part because 

they are not thought to autoinfect their hosts. Eugregarines do not, by definition, 

undergo merogeny (Tanada and Kaya, 1993), so if present, autoinfection wodd occur 



by completion of gamogeny and sporogeny within the epithelialated region of the host 

gut, resulting in production and attachent of new sporozoites. 

With respect to the Ascogregafinl>-Gemk system specifically, maturation of ga- 

metocysts and release of oocysts within the gerrid gut would promote the symbiont. 

Autoinfection would allow the gregarine to maximise use of the current host environ- 

ment. Also because gerrids can be csnnibalistic, though not coprophagous, the release 

of viable oocysts within a host rnay also serve to spread the gregarine throughout the 

population. However, high infections seen in yomg instars of gemds means that 

csnnibalism is not a major route of transmission as weil, most cannibalism occurs 

by adults on young instars (Klingenberg and Spence, 1996). Sieszen and Molyneux 

(1989) have demonstratecl cannibalism as a possible means of transmission for try- 

panosomes in g e d s ,  however, the same limitations would apply to their systern. 

There is some evidence sugggting that autoinfection might occur with A. glabm, 

however, the balance of evidence is against it. First, oocysts in the simulated host 

environment released active sporozoites, thereby cornplethg the reproductive cycle 

in an artificial host environment. This is largely inconclusive as it is pasible that 

exposure to ambient light, a change in pH or ambient mcygen triggered dehiscence of 

gametocysts in all treatments, when this would not occur within the host naturally. 

Subsequently, having been signalleci that it is outside the host and releasing oocysts, 

the gemd gut extract would then trigger the release of sporozoites in the gut extract 

treatment ody. 

Second, gametocysts completed development in all treatments, but most rapidly 

in a simulated gut environment. Rapid development by gametocysts would increase 

the residency t h e  of oocysts within the gut and therefore the likelihood that they 

were able to release sporozoites before passing fkom the epithelialated area of the gut. 

Gametocysts are extremely large in cornparison to the host gut, and often get caught 

in front of constrictions in the gut preventing the host from eliminating them with 

frass. Once the oocysts have been released fkom the gametocysts, they are embedded 
in a highly viscous, gelatinous matrïx which may reside in pockets and fol& in the 

epithelial layer thereby hirther ddaying elimination by the host. Therefore dthough 

oocysts of A. glabm require apprmàmately 48 hours to mature and release sporozoites 

they rnay stay resident in the gut this long. 

Third, large parasite loads and evidence of multiple infection events have been used 



to suggest autoinfection in Odonates (Abro, 1976). A strong bimodal distribution in 

gregarine size is often observed wit hin gerrid adul ts (unpublished data) ; however, 
this distribution pattern dso occurs in larvae that are younger than the predicted 

gregarine generation tirne, and therefme can not be accounted for by autoinfection. 

Fiirthemore, if autoinfection were a signXcant route of infection, one would see a 

strong bimodal effect in the gregarine load frequency distributions: a peak of gemds 

with no infection and another peak with extremely hi& gregarine loads. Instead, the 

distributions are spread faVly smoothly from O to sporadic high loads suggesting a 
hyperbolic ciwe (Figure 3.4). 

Finally, infected gemds removed to a sterile laboratory environment would main- 

tain gregarine iafections by autoinfection, but this does not occur. This sum of evi- 

dence shows, at the Ieast, that autoinfection is not a cornmon or infection-sustaining 

occurrence in gerrids. 

3.5.3 Other infection routes 

Oocysts that are released into the environment must then find a suitable host snd 
estabiish an infection (attaching to the epithelid cells of the alimentary canal). Two 

possibüities remain for the oocysts: they may be vertically transmitted or horizontally 

transmit t ed. 

Vertid transmission 

There was no evidence of A. globm in the reproductive tract of G h  spp.; infec- 

tions were found excllusively in the alimentary canal. Gametocysts of Aswgregarina 
chagasi occasionaUy attach to and develop on the accessory glands of its host, relesf 
ing oocysts into the gland (Warburg and Ostrovska, 1991); oflspring are then infectecl 
through ingestion of their egg case (Wu and Tesh, 1989). The fact that infections 

are not maintainecl between generations in lab cultures suggests that vertical tram- 

mismon does not o c m  in A. glabm h fact, vertical transmission did not occur in 

the lab study in which infecteci A. glubm fernales did not transmit infections to theh 

ofbpring. 



Direct and indirect horizontal transmission 

Direct horizont d transmission, where parasite transmission is effected through 

direct contact between conspecîfics, was tested by rearing individuals to adults in 

groups of thm. This triplet treatment did not increase gregarine load. Neither 

did this treatment increase the chance of an uninfected gemd housed with an in- 

fected bug, becoming infect ed (Table 3.6). Parasite transmission between conspeofics 
rnay occur in hosts with chewing mouthparts through grooming or touching (group 

feeding, defecating, diapause awegation); however, it is unlikely in gerrids because 

of their piercing and sucking mouthparts, and has not been documented in other 

gregaxine-host systems either. M a y  oocysts have cornplex extemal architecture that 

is dearly designed to adhere to animal bodies or vegetation (Abro, 1976), however 

A. glabm, and Asmgmgurina spp oocysts in general appear smooth, except for polar 

plugs (Levine, 1988). 

Indirect horizontal tra.nsmission through accidental ingestion of oocysts fiee in 

the environment is the most cited route of infection, likely because it is the simplest 

and essiest to ver& in aquatic hosts, t h  is through ingestion of oocysts directly 

kom the water or of oocysts attacheci to food (Beier and Craig, 1985). Gerrids do 

ingest water fkom the water column when feeding (Pollard and Spence, unpublished 

observations), and trypanosomes infecting gemds are thought to be taken up directly 
fiom the water column (Tieszen and Molyneux, 1989). However, the gregarine oocysts 

sink in hesh-water (unpublished data) and so they are unlikely to be picked up in this 

way. Waterstriders failed to become infected when held on water containing viable 
oocysts, pond water, or in hi&-density treatments. This suggests that the infection 

mechanism for A. glabm requUes some other component to operate. 
Gregarines must necessarily be excreted fkom the host with frsss at some stage, 

whether as gametocysts or oocysts. Because gemds commonly rest on surface vege- 
tation, it is very likely that gregarines are deposited there. A h ,  SUff'e vegetation 

may serve to retain the gregarines near the water d a c e  rather than sink into the 

pond. Porter (1909) suggests that larvae drkk adult f i a s  from leaf surfaces, thereby 

ingesting trypanosomes . However, in laboratory tests, gemds reared with Potomoge- 
ton sp. leaves f d e d  to become infectai; in the field ~cperiments, gerrids raised with 

Potornopeton sp. leam did not exhibit higher (or lower) gregarine infkction loads 

(Tabie 3.4a,b) or prevdence (Figure 3.5). Thdore the presence of d a c e  aquaic 



vegetation does not seem to fscilitate infection of G e h  spp. with gregarines. 

One possibility not experimentdy considered in this study is that gregarines are 

released as sporozoites in kass droplets which are then relatively quickly consumed by 
younger instars. The vegetation used in these experiments was taken fkom Meadow 

pond and sporozoites on the surface would have dned up and lost the ability to infect. 

This mechanism has been suggested for trypanosome transmission (Porter, 1909) but 
has never before been describeci in a gregarine system. 

Prey vector 

A simple and efncient way for predatory gregarine hosts to become infected by 

gregarines is for them to ingest oocysts with their prey. Because gerrids have piercing 

and sucking mouthparts, any prey-vector must necessarily ingest the oocysts in order 

to transmit them to the gemd host. In this manner, the prey could act as a concen- 

tration mechankm for the gregaxhe as they eat oocysts and accumulate them in their 

guts. This study miggests thst neither vertical trammission nor direct ingestion of 

oocysts fiom water, vegetation, or conspecifics o c m ;  therefore the only remaining 

possibility is that gerrids ingest oocysts while feeding on prey. 

Oocysts deposited or released on the water d a c e  WU sink to the bottom of 
vessels in the laboratory (personal observation). Oocysts of As~~gregurinu species may 

get temporarily caught on vegetation as they sink, however, they have no extemal 
architecture (spines) to keep them in place, therefore, these oocysts likely corne to 
rest near the bottom of the pond. As @ds reside b o s t  aIl the time at the surface 

of the pond, it would requhe mother organism that is a common gerrid prey item to 

bring the infective oocyst back up to the surface where it could infect gerrids. 
Using the life history of the gerrid host, one can define several aspects of the M e  

history of the carrier species. The carrier prey specîes would have to defiver infective 

oocysts within its body (presumabiy the alimentsry canal) to the water surface for 

the genid to ingest. Therefore, the cimier must ingest oocysts at the bottom of the 
pond. These carriers might migrate to the d a c e  for aqgen, to avoid predators or 

for their haginal moult. Either beneath the surface film, or above it, invertebrates 

would be susceptible to predation by gemds (Anderson, 1982). 

Rom data about the prevalence and seasonal patterns of the gregarine infection in 

gerrids (unpublished data), one can define more charz~cteristics of the carrier host. The 



gregarine population is at a low prevalence within the gemd population immediately 

upon gemd emergence from diapause. The prevalence then gradudy climbs over the 

season as new infections are introduced into the gemd population throughout the 

summer. Gregarine prevaiences in gemds on Meadow Pond have approached 100% 

over two out of four yem (unpublished data). Any carrier prey population would, 

therefore, have to be feeding (ingesting oocysts) and emerging over the length of the 

sllmmer, ükely by having multiple generations over the season; otherwise, the &er 

host population could consist of a suite of species that fit these criteria. 

An unexpected and t e lhg  obsemtion was the enormous variation in prevaience 

between gemds raisecl at the same time but in diffixent locations of the pond (Figures 

3.1 and 3.5). Since the gregarine predence in the naturd gemd population was near 

1.00 over the course of these experiments, this observation must rdect a spatial 

phenomenon within the pond, detected by the use of the enclosures. If the carrier 

species is unevenly distributed on the pond bottom, and rises apprcarimately straight 

up for its imagina1 moult, the gregarine load in captive gemds would reflet th& 

local effet. This enormous spatial variation in gregarine prevaîence seems to d e  out 

transmission by water and proves that some second level of structure is required for 

this gregarine's transmission to its host. hrther, this observation corroborates the 

theory of infection by a prey item, one that is unevenly distributed on the bottom of 

the pond and suggests a high specificity of carrier prey rather than a large suite of 

species serving in this capacity. Gemds are generalised predator-scavengers and eat 

both water-trapped aerial prey and aquatic prey (Spence and Andersen, 1994). A. 
glabm is clearly not transmitted to gerricis through terrestrial prey. Laboratory trials 

using light trap caught prey produceci no infections in gerrids. Also, it is unlikely that 

serial prey are the oocyst carriers because insects tend to eïscuate d gut content 

derived from the aquatic system at the îmagind moult, and therefore would not be 

carrying infective gregsrines. Aquatic prey were also invesügated as a possible oocyst 

carrier. This was not tested directIy in the laboratory, and field experiments failed 

to resolve this due to an extremely low background prevalence level at George Lake. 
Unfortunately, no studies have been published on the diet composition of G. 

buenoi. Both notonectids and mosquitoes are abundant at Meadow Pond and have 

been cited as important food sources in other Cerris species (Selvanayagam, 1986). 

Although notonectids are an important food source for some gerrids they can not be 



the primary source of infixtive gregarines as they do not bottom feed at any stage. 

Gemds also feed on mosquitoes, particularly lamal and pupal mosquitoes as teneral 

mosquitoes are harder to detect and catch (NummeIin, 1988; Selvaaayagam, 1986). 

Mosquito l m  would be a good oocyst carrier as species feed throughout the water 

column and migrate near the surface before emerging as addts. Chironomids are an 

equally good candidate as a carrier prey, and are also extfemely abundant in Meadow 

Pond. However, inspections of larvae of both groups yielded no evidence of estab- 

lished gregarine Uifections, nor oocysts, although oocysts are unlikely to be detected 

amongst the lumen matruc. 

3.5.4 Susceptibility of food limit ed hosts 

Food-limited gerrids showed a higher gregarine prevalence and larger numbers of 

gametocysts than g d d s  under control conditions. This group also had a si@cantly 

longer development time and a smder body size (Table 3.3a,b) which indiates that 

these treatment gemds had suboptimal assimilation of food. This could be explained 

by hunger triggering inereasing the rate of infection for example through a behaviourd 
change. More likely though, this obsemation is more directly caused by some change 

in the alimentary canal. Insects naturady have a very rapid turnover rate in the 
epitheüal layer in the alimentary canal, however the regular sloughing of cells also 

reduces the number of protozoan parasites attztched to gut cells (Kunip, 1966). An 

increase in gametocyst predence in food limited gemds is likely a direct result of a 
reduction in the epithelid turnover rate, however the cause of this is not invnediately 

clear. Food ümited gerrids may be unable to mount as effkctive an immune response 
as well, such as by prematurely releasing epithelial cells that have been infécted 

(Tanada and Kaya, 1993). This would d o w  gregarines to establish infections more 

d y ,  and allow a lmger proportion of them to complete th& life. However, the 

observed effect could also be the r d t  of a naturd reduction in the rate of epithelial 
cell shedding due to food stress, which would incidentally result in longer gregarine 

tenancy and therefore a higher prevaience and a larger nurnber of gregarines reaching 

the gametocyst stage. 



3.5.5 Conclusions 

There is good evidence that gametocysts of A. glabra develop within the gemd 

host . Autoinfection thus remains a possibility, as viable oocysts are released wit hin 

the ho&; however, there is insuf3Eicient evidence to prove it OCM and it can not 

be the sole explmation for the levels of prevalence observed. Testing th% hypothesis 

would require careful laboratory work, and probably require the ability to infect hosts 

in the lab. 

There is good evidence that gregarines are tnrnsmitted to g&ds through a prey 

item that canies oocysts up fiom the bottom sediments. The vector, however, remains 

unknown. 

There is cleariy a strong spatial a e c t  in gregarine infection within Meadow Pond 

and this may well provide a hand hold from which to further investigate the tram- 

mission of the G. buenoi - A. glabm system. 
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Table 3.1. The rate and extent of gametocyst developrnent under three adcial treatments. 

-- - -  - 

Treatment Proportion dehisced Oocysts active Sporozoites released 
-. . - - -  -- 

Fresh water 0.7 

Riager's solution 0.8 

RingerS with gut extract 1 .O 
- - 

+ present, - absent 

Table 3 2  Summary stacistics for gregarine Ioads and prevalences of field transmission treaments. 

Treatment Proportion infected: Mean Grega~e  Standard Range: Gregarine 
Weighted mean (replicates) Load (ri) Error Load 

Control 0.86 (1.00,0.82,0.78) 60.1 (51) 10.7 0-297 

Food limited 0.98 (1.00, l.OO,0.94) 79.4 (49) 11.8 0-312 

Triplet 0.74 (0.92,0.67,0.64) 57.8 (175) 7.0 0-494 

Vegetation 0.86 (0.90,0.88,0.78) 49.7 (55) 8 2  0-290 

Control 0.26 (027,025) 63.8 (23) 26.6 û-568 

Wid O. 17 (0.20, O. 14) 42.0 (29) 10.9 0-259 





Table 3Aa. Redi s  of GLM analysis on log-ûansfomied total gregarine load of field 
transmission mtments (food limited, triplet, vegeîation) with marnent contrasts. 

Source df Mean square F P 

Sex 1 0.1 19 0.20 0.66 

Enclosure 2 O. 180 0.30 0.74 

Error 3 17 0.598 

Food limited 1 2.033 3.40 0.07 

Triplet 1 1.327 2.22 O. 14 

Vegention 1 c0.00 1 ~ 0 . 0  1 0.99 

'Gregarine load was calculated by nimming al1 trophoroites, gamonts and twice 
the number of gametocysts. ïhis total was transfonned as log (x+ 1). 

Table 3Ab. Results of GLM anatysis on log-transforrned gametocysÉ load of field transmission 
treatments (starvation, triplet, vegetation) with tearment conaasts. 

Source d.f, Meansquare F P 

Sex 1 0.066 0.15 0.70 

Enclosure - 7 O. 162 0.36 0.70 

Error 3 17 0.447 

Food Iimited 1 2.478 5.54 0.02 

Triplet 1 O. 178 0.40 0.53 

Vegetiition 1 0.264 0.59 0.44 

*Gametucyst load was calculateci by doubling the number of gametocysts in the 
host and then trandormed as log (x+ 1). 



Table 35a. Results of GLM analysis on log nansfonned total gregarine toad* of highdensity treamenr. 

Source df. Meansquare F P 
- 

Sex 1 0.50 1 0.76 0.39 

Treatment 1 0.193 0.29 0.59 

Cornpartment (marnent) 2 0.358 0.55 0.58 

Error 47 0.657 

*Greg-e load was calculared by surnming al1 trophozoites, gamonts and twice the number 
of g&etocysts. This total was ~ansformed as log (x+ 1). 

TabIe 35b. Results of GLM analysis on log tmmfoxmed gmetocyst load* of hi&-density treatment. 

Source d.f. Mean square F P 

Sex 1 0.50 1 0.76 0.39 

Treatment 1 0.193 0.29 0.59 

Cornpartment (marnent) 2 0.358 0.55 0.58 

Error 47 0.657 

*Gametocyst load was calculated by doubhg the number of gametocysts in the host and 
then transformed as log (x+Q 





Figure 3.1. Diagram of enclosure layout. Enclosures 2,3,4 housed treatrnents 
Csontrol, F=food Iirnited, T=triplet, Pvegetation. Enclosure 8 housed 
treatments CD=control, HD=high deasity. 

Figure 3.2. Proportion of gametocysts (x/10) releasing oocysts over time, under tbree 
different treatments (ringer 's and gut, ringer 's, fiesh water). 
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Figure 33. Frequency distributions of gregarine load in G. buenoi split by treatment. 
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Chapter 4 

Pat hogenicity of A scogrega~ina glabm: 

measuring the effects on G e k s  

Kirkaldy (Hemipt era: Gerridae) 

hist ory. 

buenoi 

li fe 

4.1 SYNOPSIS 

The pathogenicity of Ascogretjarina glabm for Gerris buenoi was investigated un- 

der both field and labotatory conditions in central Alberta A. glabm had no char 

e f k t  on adult size or larval development time of G. buenoi Fùrther, there was no 

si&cant efféct of the gregarine on gerrid weekly f m d i t y  on either direct breeding 

summer generation fernales (1997) or post-diapause fernales (1 998) in ei ther labora- 

tory or field trials. In 1998, however, natural gregarine prevdences were unchsracter- 

i s t i d y  low and thus reducecl the power of the analyses. 

There was a weak trend for diapause-bound males with high gregarine loads to 

take fiight less fiequently than those with lower Ioads. This observation did not hold 

for female gerrids. 

No pathogenic or beneficid impacts of A. glabm on G. buenoi were detected at the 

life history level. Thus despite the large and impressive infections of this gregsrine 

observed in Alberta, there is no evidence that A. glubrn is an important selective 
agent acting on its primary host G. buenoi 



4.2 INTRODUCTION 

The pathogenicity of gregarines has generally been investigated a t  the host Me 

history level and largely with the hopes of using this group in biological control pr* 

grams, particularly as applied to vectors of human diseases (Beier and Craig, 1985). 

Gregarines, and particulariy the eugregarhes, however, are not highly pathogenic in 

their natural hosts (Beier and Craig, 1985; Tanada and Kaya, 1993). 

Pathogenicity by eugregarhes is thought to be derived primarily from physical 

damage to the epithelial cell layer (Abro, 1971; Harry, 1970; Lipa, 1967). Generdy, 

gregarines cause their most severe pathology when they develop intracellularly, or 

cause a breach in the intestinal wall, which can result in secondary bacterial infections 

(Tanada and Kaya, 1993). Several authors have also noted that due simply to the size 

of the infections, gregarines must inhibit absorption and movement of food through 

the slimentary canal (Abro, 1971; Klingenberg et al., 1997; Lipa et al., 1996). 

Low level pathogenicity is harder to detect, but is of great interest in terms of 

the life history, population and evolutionary biology of the host species. Documented 

efkcts of eugregarines on their naturd hosts ranges from mild pathogenicity with 

respect to host growth (Hamy, 1967,1970; McCray et al., 1970; Siegel et al., 1992), 

longevity (Dunkel and Bousch, 1968; W r a y  et al. 1970; Siegel et al., 1992), and 

vigour (Simmons, 1990; Simmons and Zuk, 1992; Zuk, 1987) to positive effects on host 

growth, where the parasite is thought to provide some nutnent to the host (Sumner, 

1933 and 1936 but see critique by Harry 1967). 

Infections of A. glabru in gerrids are very conspicuous (>6W individuals in one 

host) and csn be extremely predent (up to 1.00) (Barrington Leigh, unpublished). 

A. glabm devdops entireiy extrace11ularly (see Chapter 2) and attaches to epithelid 

cells via a srnooth rather thsn hooked mucron (epimerite). The attachment mecha- 
nism is likely similar to that described by Lucarotti (in press). This gregarine does 

rupture its host cell upon reiease and retains its mucron (Chapter 3). 

The Me history components of the hosts are plastic and enable gerrids to adapt 

to features such as continuity of habitat (Kaitala, 1988; Spence, 1989) and food a d -  
ability (Kaitala, 1987) with dinerent reproductive (Blanckenhom, 1991; Rowe and 
Scudder, 1990), dispersal (Spence, 1981), and diapause (Andersen, 1982) strategies. 
By infiuencing the mount of overall resources available to an individual, or a popu- 

lation, a pathogenic parasite may a&ct life history traits (such as growth, fecundity, 



and overall vigour) and therefore play a significant role in population dynamics. In a 

previous study, this gregarine has shown no measurable efFect on growth parameters 

of field-raised gerrids fed ad libitum and I have b e n  unable to demonstrate a herita- 

ble component of mceptibility or resistance to infection among hosts (Khgenberg 

et ai., 1997). 

In order to assess potential impacts of A. glabm on G. bumot, the growth, fecun- 

dity and propensity for Eght were investigated under varying gregegarine loads. The 

4.3 METHODS 

4.3.1 Site description 

AU G h  buenoi in this study were obtain adow Po 

results are discussd in the broder context of host population biology. 

~nd at th  

of Alberta George Lake Field site (114" 06' W, 53" 57' N, 90 km NW of Edmonton, 

Alberta). Ali field experiments were run on Meadow Pond. Meadow pond is a per- 

manent man-made pond that supports a diverse fama, including a large population 

of G. buenoi as weU as several other gerrid species. 

4.3.2 Assessrnent of gregarine infection 

All gerrids were assessed for gregarine infections by dissection. The gerrïds were 

decapitated and dissectecl while submerged in Ringer's solution. The remsining ah- 
mentary canal was removed and placeci on a glas slide in Ringer's solution. The gut 

was examined under a dissecting microscope and then opened dong its length. The 

prepsration was then covered with a glas cover and exarnined under a compound 

miuoscope to asses the number and stage of all gregarines. 

Two messures of infection size were used for analyses. Total gregarine load was 
caldated by totalling the number of trophozoites and gamonts and then adding twice 

the number of gametocysts, as each gametocyst is formed by two mature gamonts. 

Secondly, the number of gametocysts was used and, although a co11sellv~tive measure 
it is a better estimator of the number of feeding gregarines present thughout the 

development of the larvae becsuse esch gametocyst present represents two gamonts 
that fully developed over 16-20 days in the host (Chapter 2). Both total gregaruie 



load and gametocyst load data were log transformeci (log[x+l]) to correct for a skewed 

distribution. 
During dissections of G. bumoi, observations of the general condition of the host 

and its h e n t a r y  canal were made. 

4.3.3 Gregarine impact on G. buenoi growth parameters 

The effect of gregarine infection on two important growth parameters, adult size 

and l a d  development time, were investigated by analysing G. buenoi collecteci fkom 
Meadow Pond and gerrids that were raised in enclosures on Meadow Pond. All 

analyses were conducted separately for males and females given some evidence that 

G. buenoi males and females respond differentidy under stress (Spence, 1986). 

Field reared gerrids 

An experiment was designed to investigate how the gregarine is transmitted (Chap 

ter 3). Individud ih t  instar C. buenoi (n=360) were rsised in mal1 tubs kept in 

three large enclosures, under four treatments: a control, food limitation, a group pro- 

vided with vegetation and a triplet treatment where three gerrids were raised together 

(Chapter 3). The larvae were checked and fed everyday except in the food limitation 

treatment, in which they were fed every other day. Within 24 hours of the imagina1 
moult, individuds were removed to the labomtory. Total body length was measured 
using a pair of vernier d i p e r s  and development t h e  calculated in days. Gemds were 

assessed for gregarine infections in the Iaboratory. 

Gemd size and development time were Iinearly r e g r d  on both measures of 

gregarine load (SAS, proc REG). For the analyses using total gregarine load, the four 

treatments were pooled, as treatment did not explain total gregarine load in an over- 

a,li analysis (Chapter 3). Individu& in the food-limited treatment were removed for 

the analyses of gametocyst load as this treatment showed a significantly higher game- 

tocyst load as well as reduced growth compared with the other tratments (Chapter 

3) 
The host growth parameters were also logist idy r e g r d  (using maximum me- 

lihood estimation; SAS, proc CATMOD) on gregarine prendence and gametocyst 

predence. For this and all subsequent anrilyses, a g d d  was considerd infecteci 



during its l a r d  development if it harboured any stage of gregarine, or the cres 

centic structures derived fÎom the gametocyst (see Chapter 3) which indicate that 

gametocysts were recently present. Individuah from the food-limiteci treatment were 

excluded in the logistic regression of gamet ocyst presence on gowth paramet ers. 

Total gregarine load was Iinearly regressed on both growth psrameters for the 

food-limited treatment done to test for the possibilïty that food stress causes gemds 

to be more susceptible to pathogenic effects of gregsrines. 

Coiiected adult gemds 

Adult gemds (n=5O) were collectecl from Meadow Pond every two weeks between 
July 17 and August 25 in 1994. These collections represent the summer generation, 

as few overwintered gerrids survive past July 15 in the field (John Spence, personal 

communication). Gemds were stored at SOC until measwed, disgected and assessed 

for gregarine infection. 

The data were analyseci both split and pooled by date because a preliminary 

analysis (SAS, proc GLM; Table 4.1) showed that total gregarhe load was sigdicantly 

different across collection dates. 

Adult size was linearly regressed on both total gregarhe load and gametocyst 

load. Adult size was slso logistically regressed on gregarine presence and gametocyst 

presence. 

4.3.4 Gregarine impact on female reproductive efficacy 

The e t  of gregsrine infection on reproductive efficacy was investigated un- 

der both field and laboratory conditions duTing 1997 and 1998. I measured repr* 

ductive effort of gerrids using weekly fecundity and proportion of those eggp that 

hatched (sometimes refmed to as fertility rate). Weekly fecundity was used because 
it responds most dramatically to reduced food levels ( h w e  and Scudder, 1988) and 

because gregarine infections, being transitory, can not be estimated over the repre 

ductive He span of the female. An assessment of g r e g a ~ e  infection load at time t 
is considered a good estimate of the infection the hust has carrieci over the previous 

week (Clweek). 



Direct breeding f e d e s  

Thirty fifth instar females were collecteci h m  Meadow Pond on June 20, 1997 

and fed ad libitum until theh imagina1 moult. Adult females were pa.ired with mdes 

and held in individual tubs on Meadow Pond (missing males were replaced within 

24 hours). Femaleç were checked and fed every other day. Most natural prey was 

excludecl because, as above, the tubs were kept in large, screened enclosures on the 

pond. Esch female was provided with a strip of polystyrene on which to lay eggs. 

One week fiom the commencement of egg Iaying, females were assessed for gregarine 

infection. Number of eggs laid and proportion hatched was assesseci 3 weeks after 

coke t ion. 

Measures of female fecundity and the proportion of eggs hatched were hearly 

regressed on measures of gregarine load and femaie size. These two rneasures of 

reproductive success were also 1ogisticaUy regressed on gregarine presence and game- 

tocyst presence. 

Femde gemds (n=60) were collected from MeMeadow Pond on 27 April, 1998, paired 

with males and set up in individual tubs on Meadow Pond in the same manner as 

above. A parallel group of femaies (n=120) was established up in the laboratory and 

t rea t ed identically. 

To test the hypothesis that gregarine load impacts fernales differently over their 

reproductive life span, goups of fernales were dissected aRer laying for 1, 2, 3, or 4 

weeks. Both the average number of eggs laid per week, and the number of eggs laid 

in the week immediately @or to dissection were used in the analyses. 
Fecundity m e m e s  were logkticdy regressed on gregarine presence. Analyses 

of gregarine load and gametocyst presence could not be conducted because of low 

prevalence. Analyses were done separately for field and laboratory components. 

4.3.5 Gregarine impact on flight propensity 

The hypothesis that gregarines aff& genids' propensity to take flight either di- 

rectly, by adding to the host mas, or indirectly, acting physiologically, was tested. 

In 1997 Hth-instar @ds (n=60) coiiected from Meadow Pond were placed in 



&Id enclosures and fed ad libitum Within 24 hours of the imaginai moult, adults 

were removed to another compaztment during the teneral period to allow for full 

maturation of the fiight muscles (Andersen, 1973). On the eleventh day alter imagina1 

moult, individu& were taken to the l a k a t o r y  and held at SOC before being tested 

for ftight. Gerrids were taken in groups of twenty from 5OC to an enclosure where they 

were placed in individual tubs in direct sunlight. The air temperature ranged fkom 

3436°C. Every two minutes, all genids that had flown out of their containers onto the 

ground or wslls of the enclosure were collected into a container marked for that tw* 

minute interval. This was repeated for 10 twwnhute periods (20 minute total). AU 
gerrids that did not fly during this 20-minute period were considered non-flyers. Body 

Iength and sex were recorded for each individual before it was assessed for gregarine 

infection. The flight musdes of each gerrid were assessed for maturity, prîmarily by 

their size and by cornparison with immature Eght muscles. Time of take-off was 

linearly regressed on both gerrid size and total gregarine load. Presence/absence of 

flight was logistically regressed on total gregarine load 

4.4 RESULTS 

4.4.1 General observations of gregarine infections in gerrids 

There was no obvious extenial indication of gregarine infection in G. buenoi and 

the alimentary canal of infected gerrids exhibited no dinerences in tissue colouration. 

However, when disturbed in dissections, trophozoites detsched fkom their host cells 
and had a %oodn of epithelid c d  tissue attached to the epimerite, constituting proof 

t hat ce& are ruptured by trophozoi te release (Chapter 2). Some dissecteci gerrids had 
large numbers (>100) of Ioose epithelial tells in their aiimentary canal although this 

festure was not limiteci to hosts infeçted by gregarines. 

In severe gregarine infections, the k t  and third gut ventrides were noticeably 

distendeci and misshaped due to the presence of large numbers of gamonts and game- 

tocysts. In many hosts gamonts a p p e d  to upile upn at the juncture between the 

k t  and second ventride and also between the third ventricle and the hind gut. This 

gregarine forms conspicnous inféctions in genids at least partly becsuse the gsmont 
stage is very large, on average more than one tenth of the length of the host. 



4.4.2 Gregarine impact on growth 

AU rneasurernents of gregarine infection clearly showed t hat t here was no effect on 

growth of reared gerrids. In field reared gerrids, total g r e g h e  load (trophozoites, 

gamonts plus twice the number of gametocysts) did not predict larval development 

time (Figure 4.la) or adult Qze in fernales (Figure 4.lb). Some males with very 

high gregarine loads had lengthy development times, however, the overall effect was 
not st atisticdy signifiant (Figure 4.la). High total gregarine loads significantly 

depressed male body size, however, the efkt was s m d  and explainecl little of the 

variation (Figure 4.lb). Gametocyst load did not predict either development t h e  
or adult size of gerrids reared in evclosures in Meadow Pond (Figures 4.2qb). Some 

males and females with heavy infections appeared to take longer to develop, however 

this was counterbalanced by a few mildly, or uninfectecl gerrids of both sexes which 

&O developed slowly (Figure 4.2a). Gregarine presence and absence was &O not a 
significant predictor of either development t h e  or adult size (Table 4.2). Even food 

limited gerrids did not exhibit an effect of either total gregarine load or gametocyst 

load on either development time or adult size (Table 4.3). 

For gerrids collected from Meadow Pond, correlation between gregarine infection 

loads at  dissection and the level of the infection during their development period may 

be weak as the time since the imagina1 moult would have an unhown and possibly 

large range. However, the advantsge of sampling from a naturd population is that 

the gerrids have been exposed to cornpetition for resources and the other rigours of 
He in the field. 

In pooled anslyses total g r e g a ~ e  load rangeci fkom O to 631, yet no significant 

predictive relationship was evident between measures of gregarine load and adult size; 

in fact, hdf  of the regression dopes were negative and the remainder positive (Table 

4.4). However, there was one exception. For males fiom July 17, a high gregarine 

load significantly predicted an increase in size (a dope of 0.24) and explaineci 29% 

of the variation in male size (Table 4.4, Figure 4.3). For females fiom August 25 in 

the unpooled analyses it appeared that there was a significant positive relationship, 
however, this result depends solely on two points for infecteci gerrids (Figure 4.4). 

The pooled analyses of body size and gametocyst mggesteci a positive relationship, 

however the relationship was weak (Table 4.4). 

In gend,  gregsrine predence started off Iow in the spring and reached almost 



1.00 by the end of the season (Table 4.5). As a r d t ,  logistic regressions of gregarine 

presence for collections fiom July 17 to August 25 had very low power due to the rarity 

of uninfecteci gerrids in the samples. A similar caution is necessary for the analyses 

of gametocyst presence, as  several collection dates have very low prevalences, in fact, 

some could not be conducted (Tables 4.4, 4.5). In the pooled analysis of gametocyst 

prevalence m g  faales, there was a marghaIly significant, negative effect on size 
(Table 4.6), however, examination of the data shows that the analysis is likely driven 

by one outlier and low numbers of infecteci gerrids (Figure 4.54. In the pooled males, 

size was clesrly not affected by gametocyst load (Table 4.6, Figure 4.5b). Therefore, 

none of the logistic regressions provided a si@cant relationship between gregarine 

presence and adult size (Tables 4.4, 4.5). 

4.4.3 Gregarine impact on reproduction 

Neither fecundity nor hatch rate was aik ted  by total gregarine load or by ga- 

metocyst load in direct breeders during 1997 (Table 4.7a,b, Figure 4.6% b) . Logistic 

regressions of fecundity and hatchability c o h e d  that gregarine presence had no 

a e c t  on fecundity (Table 4.8). These findings were Mher c o b e d  by both the 
field and laboratory experiments with post-diapause breeders during 1998 (Table 4.9). 

Although these findings are consistent with those of the previous season (1997), they 

must be interpreted with extreme caution as the number of gerrids infected with 

gregarines are extremely low. 

4.4.4 Gregarine impact on flight propensity 

Total gregarine load did not significantly decrease the propensity of gemds to take 

fiight (Figure 4.7). However, when füght was treated as a biiary variable, there was a 

suggestion that higher gregsrine loôds inhibited fiight in male gerrids (this is not the 

case in females; see Figure 4.8a). This trend was more pronounced when the outlier 

was removed fkom the lagistic regression analysis (Table 4.10, Figure 4.8b). 

AU individu& in this study exhibited large, mature indirect fiight muscles there 

fore no gerrids were exduded h m  this andysis. Therefore even extremely high 
greegarine loads did not inhibit the metabolidy expensive growth of these muscles. 



4.5 DISCUSSION 

4.5.1 General observations of gregarine in the host: 

Much qualitative evidence suggests that gregarines must be pathogenic to gemds 

either at the tissue (destruction of cells by attachment and detachment), or organ 

(st ret ching of aliment ary tissues, obstmcting food passage and absorption) level. It 

is reasonable to infer that these would weaken the host's physiological system directly 

and increase the host's m a s  thereby reducing overall host vigour. However, 1 have 

been unable to convincingly demonstrate any such efkts. 

Several authors have cited damage to the host alimentary canal, in particular 

to the epithelial layer (Abro, 1971; Harry, 1970; Lipa, 1967), and attributed it to 

gregarine infection. These daims must be interpreted cautiously as a very good 

understmding of the natural state of the hentary  canal is logically important for 

cornparison but is rarely provided. In G. Buenui, the possible evidence of physicsl 

damage to the epithelial layer can not be distinguished from descriptions of the naturd 

state (Kunip, 1966). Large numbers of epithelial cells found in the third ventride 

could be due to a host immune response (Tanada and Kaya, 1993), or result fkom a 

surge of holocrine excretion, which 9s accomplished by a wholesale separation and 

discharge of a section of the epithelium" (Kurup, 1966). This process can also result in 

the appearame of a depleted epithelial layer on one side of a gut crosssection, which 

is sometimes cited as evidence of gregarine damage (e.g. Figure 2b in Abro, 1971). 

The alimentary canal has a very high regenerative capacity with epithelial c d  Me 

expectancies being as short as 4 days in some insects (Tanada and Kaya, 1993); this 

may alleviate or negate some of the impact of the gregarine infections. Therdore, the 

gut condition in G. Luenoi csn not be considered abnormal, or attributed to gregarine 

infkction without W h e r  investigation. 

Nonetheless, infections of A. glabm in gerrids exhibit an imposing presence in the 
alimentary canal. Mature m o n t s  are on average more than one-tenth the length of 

the ho& (Chapter 2); intense infections of over 600 grega.rines in one host have been 

reported; the first ventricle is sometimes obviously distended by the gregarine load 

(Chapter 2); the entrame to the second ventride can be completely blocked by an 

infection and epithelium obscured kom the lurnen content by gregarines. Therefore, 

1 must concur with authors of papers about 0 t h  host-eugregarine systems (Abro, 



1971, Harry, 1970) - it is diaicult indeed to conceive that such gregarine have no 

pathogenic effect on their hosts. 

ILI this investigation, 1 have assumed that significant pathogenicity of A. glabra 

on G. buenoi should produce efEects analogous to those of food lMiting treatments 

because the main source of gregarine pathogenicity would be a decrease in the rate 

and amount of nutrient assimilation in the gut. 

4.5.2 Life history parameters of G. buenoi 

Growth of G. buenoi 

Two measurements of growth were examinecl in G. buenoi Body size is used as 

a central measure in life history theory and it is generdy accepted that a larger size 
results in better muvivai, mating advantages and higher reproductive output (Roff, 
1992). In G. buenoi, size is generaliy uncorrelateci with m e m e s  of fecundity (Klin- 

genberg and Spence, 1997), but adult body size decreases when rai& in food-iimited 

regimes (Chapter 3; EUingenberg et ai., 1997; Spence, l986), and therefore body size 

should be a reasonable measure of pathogenicity of a gut parasite. Shorter devel- 

opment time is thought be an advsntage for l ard  genids as they are vulnerable 

to both predation and cannibalism (Spence, 1986, 1989). Rirthermore, development 

tirne should &O be sensitive to a significant reduction in nutrient avaiiability as it 
inmeases si@cantly in G. buenoi raised in food-limited regimes (Chapter 3; Klin- 

genberg et al. 1997; Spence, 1986). 

In genersl, the analyses strongly support the notion that gregarines have no impact 

on host growth, however, there are some notable exceptions. Negative impacts on 

growth may be statistically obscured by a smd number of iininfected gemds (males 

in Figure 4.la; males and fernales in Figure 4.2a). Finthmore, gregarine 1 0 4  does 

predict a smder adult size of males in one sample (Figure 4.lb). All but one of 

the analyses of the reared gerrids, however, show that there is no significant effect of 

gregarine infection on growth. 

Rom these resalts, one could imagine that gerrids are ody affecteci under specific 

conditions. Several investigators having found no clear impact of gregarines on oth- 
erwise healthy hosts have examineci the impact of gregarines on compromised hosts. 



For example, some hosts show more sensitivity to gregarine infection under food lim- 

ited conditions (Dunkel and Bousch, 1969; Zuk, 1987). However, food limitation was 

not associated with a sipifkant regession of gregarine load (total gregarine load, 

gametocyst load) on either devdopment tirne or adult size. This is strong evidence 

that A. glabm does not have a significant impact on adult size or development time 

under the normal range of conditions experienced by this G. buenoi population. 

There was one case in which high total gregarine load was strongly associated 

with Qgnificantly increased addt size (Table 4.4, Figure 4.3). Because these gerrids 

were collected rather than reared under controlled conditions, one can not assume this 

result to mean that gregarines benefited the gemds nutritionally. This result could 

be a reflection of the amount of food procureci which msy be a strong predictor of 

the number of infective oocysts the gemd is exposed to; therefore, successfkl foragers 

may have higher gregarine loads by virtue of th& success. 

IR order for a parasite to noticeably d e c t  the amount of energy a fernale is able to 

docate to production of eggs, the energy lost to the parasite mu& be greater than that 

provided by the plasticity of other energy sources (e.g., wing muscle histolysis in G. 
thorocicy Kaitda, 1988). Cemis spp. exhibit an interesting trsdeoff between daily 
fecundity and longevity so that females in subideal habitats (low food treatments) 

rnay spread th& reproductive efFort out over both t h e  and space without reducing 
life tirne f-dity (Kaitala, 1987; Rowe and Scudder, 1988; Spence, 1989). Therefore, 

when examining the daily feçundity of infected and iininfected females, we are really 
esking if the parasite deprives the host of suffiCient resouces to push the fecundity- 

longevity trade-off t o m &  lowe. daily fecundity and greater longevity. 

Fernales in this study were fed every other day, constituting a limited food regime 
(Chapter 3). Even though under food stress, the regressiom of fecundity on gregarine 

loads in both 1997 and 1998 clearly show that there is no impact of gregarine load 

on weekly f m d i t y ,  dthough results for 1998 must be interpreted with caution due 

to Iow gregarine prevalences. 



Flight of G. buenoi 

Arguably the most metabolically expensive activity (per unit time) undertaken 

by macropterous gemds, is ftight; therefore füght may be the most sensitive measure 

of pathogenicity of this apparently benign gregarine. However, there was no effect 

of gregarine load on propensity to fiy in G. buenoi (Table 4.10). After removal of 
an outlier, the logistic regession of fliers versus non-mers on gregrine load suggests 

that males with high gregarine Io& are less likely to take fiight (Figure 4.8b). Of 
course, the outlier was a notable exception to this trend, taking füght faidy rapidly 

(6 minutes) and carrying the largest gregarine load of all (>300) and this reduces 
confidence in the generalisation. 

Perhaps a more relevant rneasurement would be flïght endurance as both the abil- 

ity to fly and distance capability influence the effectiveness of dispersal and therefore 

mating and diapause patterns (Kaitala, 1990; Spence, 1989). We can examine the pos- 

sibility that gregarines deter fiight or reduce migration capability in gemds through 

reasoning. Firstly, reduced dispesal in infected individu& would tend to concentrate 

gregarine populations in specsc sites, characterised by factors dowing efficient gre 
garine transmission (se Chapter 3) and one which provides a f&ly stable, permanent 

habitat for G. buenoi In smaller and more temporsry habitats gregarine populations 
would become locally extinct, as infecteci gerrids would be Iess capable of migrating 

out of the site and less likely to recolonize these habitats. This pattern is seen in 

the G. buenoi study population on Meadow Pond as it consistently shows a disprct 
portionally high gregarine prevalence compared to surrounding habitats (Barrington 

Leigh, unpublished). 

Secondly, highly infected gemds would be selected against in poor or unpredictable 

habitats as th& ability to migrate to better habitats when necessary would be com- 

promised; highly infected gemds may not be rneasurably disadvantaged in high qud- 

ity and stable habitats as other Me history traits appear unaffected. 
Thirdly, if high gregarine Ioads affect flight, other measures of vigour such as 

cornpetition for temtory (and therefore food and mates) shouid be compromised 

in proportion to the energy cost of the activity. The samples of gerrids collected 
h m  Meadow Pond have competed for resources and therefore represent a m g e  of 

successfd cornpetitors in each collection. The Qze of these g d d s ,  refiective of the 

level of food procured during development, does not show any consistent relaüonship 



with gregarine load (Tables 4.3). 

Overall, these arguments suggest that there is no marked effect of pegarine load 

on propensity to fly, however, the possibility that gregarines reduce migratory ability 

is intriguing and should not be d e d  out until the &ght endurance of infected gemds 

has been tested. 

4.5.3 Host-parasite t heory 

Conventional host-parasite theory contends that parasites relyhg on their hosts 
for transmission should evolve to be benign, and that only poorly adapted parasites 

are highly vident or pathogenic to theV hosts (Anderson and May, 1982; Bull, 
1994, Ewald, 1983; Klassen, 1992). However Rank (1996) more recently argued that 

Wulence is a tradeoff with the efficiency of transmission, meaning that the more the 

parasite relies on the host for transmision, the l e s  vindence i t will evolve. 

The A. glabm - G. buenoi system seems largely consistent with the classical school 

of thought. These gregarines are not highly dependent on their host for transmission 

as it is not vert idy,  but horizontally transmitted; furthermore, oocysts are a highly 

environmentdy resistant extra-ho& stage that do not rely on the host once released. 

Therefore, the gregarine only ne& 1620 days residence within its host in order 

to propagate (Chapter 3). Competition for resouces within the ho& &O elicits the 

evolution of more d e n t  parssites. There appears to be a fair amount of cornpetition 

for resources within the host given the large gregarine infections although we have 

observed no statisticd interaction between gregarines and other internd symbionts 

(Klingenberg et al, 1997). According to m e n t  models of host-parasite relationships, 

A. glabm should be an extremely Wulent parasite. Yet by dl accounts presented here, 

A. glabm is benign to its primary host G. bueno4 except for the weak trend suggesting 

a negative impact on fight, thus precluding significant coevolution between host snd 

parasite, and suggesting this gregarine is not pathogenic enough to exert a selective 

pressure on the host. 
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Table 4.1. Effect of sex and collecaon date on the tom1 gregarine load in G. buenoi collected from 
Meadow Pond Eight collections of 50 gemds were made betwen May 20 and August 25,1994. 

- -  - 

Source d-f. Mean square F P 

Collection date 7 14.267 30.88 c0.01 

Sex 1 0.062 0.13 0.72 

Date*sex 7 0.775 1.68 0.1 1 

Table 4.2. Logistic regressioas of G. buenoi growth and size on gegarine presence for field 
experimenr, 1994. 

Sex Sample size d.f. XZ P 

Total gregarine load f 1 64 1 0.5 1 0.48 

m 159 i 0.07 0.78 

Gametocyst load f 143 1 1.69 0.19 

m L36 1 O. 18 0.67 
- --  

Adult body sire 

Total gregarine load f 163 1 0.04 0.83 

m 156 1 0.1 1 0.73 

Gametocyst load f 141 1 cO.0 1 0.96 

m 133 1 0.12 0.73 

Note: the food limitation treatment was excluded for analyses of gametocyst load 



Table 4.3. Results of linear regressions of G. buenoi g r o d  and size on gregarine loads for food 
Iimited treatment anaiysed by sex. 

Sex Sample sire d.f. F P 

Larval development time 

Total gregarine load f 18 1 0.03 0.86 

m 21 1 0.0 1 0.92 

Gametocyst load f 18 1 O. 12 0.74 

rn 21 1 0.06 0.8 1 

Aduf t body sue 

Total gregarine Ioad f 18 1 c0.0 1 0.98 

m 21 1 cO.0 1 0.99 

Gametocyst Ioad f 18 1 126 0.28 

rn 21 1 2.87 0.1 1 



Table 4.4. Linear regression of G. buenoi size on rneasures of gregarine Ioad for coliections From 
Meadow Pond, 1994- 

Sex (n) Slope (SE-) R2 F P 

Total pgarine load 

Gametocyst load 

0.1 1 (0.16) 

026 (0.1 4) 

-0.1 1 (0.16) 

-0.09 (O. 13) 

0.0s (O. 17) 

0.40 (O. 17) 

0.02 (0.26) 

O. 15 (0.09) 

O. 1 5 (0.08) 

* significant effect; no gametocysts present in fernales h m  August 9 



Table 45. Logistic regressions of G. buenoi size on gregariae prevalence for collections fiom 
Meadow Pond, 1994. 

Collection 
date Sex Prevalence Slope (S.E.) ~2 P 

July 17 f 

m 

July 30 f 

m 

August 9 f 

m 

AugustZS f 

m 
Al1 dates pooled f 

m 

Table 4.6. Logistic regressions of G. buenoi sue on gametocyst prevalence for collections fiom 
Meadow Pond, 1994. 

Collection 
date Sex Prevalence Slope (S.E.) ~2 P 

July 17 f 0.29 - 1 .O5 (1.07) 0.96 0.33 

August 9 f 0.00 

August 25 f 0.07 

Ail dates pooled f 0.16 - 1.87 (0.94) 4.02 0.04* 





Table 4.8, Logislic rcgrcssions of fccundity mcasurcs on grcgsrinc prcsciicc for dircct brccdcrs, 1997, 

Snmplc 
sizc Prcvalcncc Slopc (S.E.) d.T. 1 ~ 2  P 

Total ~rcgarinc nrcscncc; 

First wcck 23 0.9 1 -0.07 (0.08) 1 0.78 0.38 

Proportion hntching 23 0.9 1 9.7 (1 7.10) 1 0.33 0.57 

Gamctocvst prcscncc: 

First wcck 23 0.52 <-0.01 (0.03) 1 0.0 1 0.92 

Proportion Iiatching 23 0.52 -6.68 (6.21) 1 1.16 0.28 

Table 4.9. Logislic rcgrcssions of fccundity mcasurcs on grcgariric prcsciicc for post diiipausc brccdcrs, 1998, 

Sairiplc 
sizc Prcviilcncc Slopc (S.E.) d. f. x2 P 

Laboratory 
Averagc wcckly fccundity 79 0.09 -0.03 (0.04) I 0.65 0.42 

Fccwndity in finnl wcck 79 0.09 <O.OI (0.03) I 0.07 0.80 

Ficld - 
Avcragc wcckly fccundity 56 0.36 0.07 (0.07) I 1 ,O7 0.30 

Fccundiîy in final wcck 56 0.36 0.02 (0.04) 1 0.29 OS9 



Table 4.10. Results of logistic regression of flight on total gregarine load 

Source Sex Slope (SE.) bf. ~2 P 

Gregarine load f 0.34 (0.79) 1 O. 19 0.66 

m 1.23(1.05) 1 1.36 0.34 

Gregarine load* 5.07 (3.06) 1 2.74 0.0980* 

* outstanding outiier removed 



Figure 4.Ia. Relationship between total gregarine load and larval development t h e  of G. buenoi raised 
on Meadow Pond, 1994. Total gametocyst load is calculated by tomiiing aii trophozoites, gamonts, and 
nvice the nwnber of petocysts. For females, the regession equations is Y=0.33X+28.00, P=0.48, 
R2=<0.00 1.  For males Y=0.39X+28.29, -.3 1,  R7=û.007. Where X = log (total gregarine Ioad + 1). 
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Figure 4.lb. Relatioaship between total gregaine toad and adult size of G. buenoi raised on Meadow 
Pond, 1994. Total gametocyst load is calculated by totaliing aii trophozoites, gamonts, and twice the 
number ofgarnetocysts. For females, the regression eqyations is Y= 0.0 IX+8.Z9 M.78, R2=0.0030. For 
males Y= -0.06X+7.45, P=0.03, R2=0.0300. Where X = log (total gregarine Ioad +1). 
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Figure 4.2.. Relatioaship between gametocyst Ioad and larval development time of G. buenoi raised 
on Meadow Pond, 1994. The individuals in the food Iimited treamient were excluded fkom this linear 
analysis. For fernales. the regression equation is Y=0.20X+27.02, W.63 ,  R2=0.0017. 
For males Y=-0.05X+27.94. W . 9  1. R2=0.0001. Whefe X = log (gametocyst +l). 
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Figure 43b. ReIationship betwee!n gametocyst load and adult size of G. buenoi mked on Meadow 
Pond, 1994. The individuals in the food limited treament were exchded h m  this h e m  anaipis. For 
fernales, the regression equatiom is Y=0.0%+833, WJO, R2=0.0079. For males Y=O.OZX+7.45, 
P=O.S5, R2=û.0027. Where X = Iog (gametocyst + 1). 



Total gregarine load 

Figure 43.  Results of a linear regression of gregarine load on aduh body size of male gemds 
collected from Meadow Pond July 17, 1994. Y= 0.24 (log gregarine load +1)  +7.22, F4.67. d.f .4 .  
P4.03 2 1. 

Garnetocyst load 

Fi- 4.4. R e d o  of a Linear regression of gametocyst load on adult size of fernales collected from 
Meadow Pond on August 25,1994. Y= 0.40 (log gametocyst load + 1) + 08.06, F-5.86, d.L= 1, 
EW.0230 
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Figure 4.5a. Distriiution of gametocyst presence in sumrner generation fernales fiom Meadow Pond 
collections in 1994. Gamemyn presence significandy reduces female body size (Table 4.9, however, 
examination of this figure shows that this is Likely an artefact. The legend shows the number value for 
each size of circle. 
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Figure 4 3 .  Distn'bution of gametocyst presence in summer generation males h m  Meadow Pond 
collections in 1994. Gametocyst presence does not affect male body size (Table 4.5). The legend 
shows the number vaIue for each size of circle. 



Gregarine load 
Figure 4.6a. The relation of gregarine load on the number of eggs laid in the fmt week by G. buenoi 
fernates housed on Meadow Pond, 1997. 
The linear regression on total gregarine load is Y= 490X - 1.62(size) + 66.23, P=0.97, R2=0.0082. 
The linear regression on gametocyst load is Y= - 1523X + 1.55 (size) + 11.65. P4.11, R2=0.1786. 
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Figure 4.6b. Relation of pgarine load and proportion of eggs hatched in G. buenoi females housed on 
Meadow Pond, 1997. 
The iinear regression on total gregarine load is Y= -0.0 1X - 0.03(size) + 1.18, W.94 ,  R2=û.ûû40. 
The linear regression on gametocyst load is Y= 0.03X - O.LO(size) + 1.72, W55, RZ=û.12 19. 



Gregarine Load 

Figure 4.7. The relationship between greg"ne load and the t h e  gemds took Right. Gemds that did not 
fly within 20 minutes are denoted by "N" at the top of the Y-axis. One male, comidered an outlier [372. 
61 is denoted by a solid anow and was removed for re-analysis. 
Fernales (open circles): Y= -O.= + 0.20 (size) + 3.06, P4.84, R2=0.0187 
Males (fdled circles): Y= -2.1 LX - 1.13 (ske) + 17.33, W.63,  R2=0.1220; 

outlier excluded: Y= -3.47X - 0.70 (sire) + 15.24, pf0.53, R24.1909. 
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Figure 4.8a. Distribution of gregarine load in flying and non-flying females 
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Figure 48b. Distriiution of gregarine load in flying and non-flying males. One male, considered an outiier 
[371,6] is deaoted by a solid m w  and was removed for re-anaiysis. The box denotes the overlapping zone of 
gregarine load between fiers and non-fliers with the outlier removeé 



Chapter 5 

CONCLUSIONS 

In this thesis, 1 have described a new eugregarine, Asco~regaha ghbm (Api- 

complexa. Eugregarinorida) fkom the nlimentary canal of a G. buenoi population in 

central Alberta., Canada 1 have placed A. glubm in the F d y  Lecudinidae, and 

the Genus Ascugregannu (previously part of Genus Lankesteria) as it has a simple 

mucron, spatulate gamonts, spherical gametocysts, and it occurs in insects (distin- 

guishing feature between Genera Lankesteria and A s c ~ g ~ ~ n n a )  and because it does 

not remotely fit other genenc descxiptions (see Levine, 1988; Ostnwska et al., 1990). 

It is early, considering our knowledge of A. glabm, to contemplate its evolutionaq 

origin; however, one must note that 9 of 16 ascogregarine species occur in mosquito 

species (Levine, 1988), which are extremely common in aquatic systems as larvae, 
and compose a component of gerrid prey (Nummelin, 1988). This host-predator 

relationship provides an obvious passage for an adventitious symbiont. Molecular 

investigations into gregarine phylogeny codd premunably elucidate these relationships 
(McManus and Bowles, 1996). 

Understanding the mode of tnuismission is crucial for a g e n d  understanding 
of host-parasite systems. Furthemore, the means of transmission is considered an 
important factor in modeling the virulence of a parasite (Anderson and May, 1982; 

Rank, 1996). Most wogregazine hosts bemme infected by ingesting oocysts irom the 

water column oocysts, which are deposited by egg-laying fernales (Chen et al., 1997; 

Garcia et al., 1994; Sulaiman, 1992; Wallrer et ai., 1987; Walsh and Olson, 1976). Few 
are v e r t i d y  transmitted (Wu and Teh, 1989) and only one case of trnnrrmisàon via 

a prey species has been documented among gregarines (Abro, 1971). 

1 suggest that A. glabm is trammitteci through aquatic prey, however, this is not 
pmven; rather, most other possibilities have been eliminated: vertical transmiaa 

. .  
on, 



ingestion fkom the water, îiom conçpecifics, or fiom vegetation. Fùrthermore, al- 

though A. glabm released infective oocysts within the host , these did not autoinfect 

the host, but rather passed out into the environment. 

Several reports of eugregarine Xnfections in insects have claimed significant loads 

on the hosts that appear to block food passage, obscure epithelial absorptive surface 

area and, in some cases, damage the epithelial layer (Chapter 4, Abro, 1976; Hamy, 
1967). Detecting this apparent pathogenicity at the orgsniwal level, however, has 
proven very difncult. When no impact is detected on vigorous hosts, both food-limited 

target hosts, and non-target hosts are studied (Dunkel and Bousch, 1969; Walsh and 

OLeq 1976; Zuk, 1987). 

Infections of A. glabm were benign in G. buenoi as measured by growth, fecundity 

and the ability of an individual to take fiight. Gregarine loads did not positively or 

negatively impact l a n d  development tirne, adult size or female fecundity under ad 

libitum or food limited treatments. 

The data do suggest that larger gregarine loads inhibit the initiation of Bight, 

however this effect is subtle. The flight endurance of gemds was not investigated 

in this study, which would be most relevant in amessing the &kct of gregarines on 

their ability to migrate between sites for reproduction and dispersal. If this effixt is 
si&cant, then it will be of great interest as applied to the dispersal dynsmics of G. 
buenoi, and the implications for its population biology (Spence, 1981, 1989). 

Future directions 

The A. glubm-G. bumoi system is fkirly characteristic of eugregarine relation- 

ships, yet it is unique in some respects offering some unique opportunities for further 

work. In particular, the mode of transmission is interesting, as gemds are the first 
semtaquatic, hemipteran insects reported to harbour gregarines. Understanding the 

infection process is the next crucial step in grasping how this system functions. h- 
thermore, this would d o w  gemds to be colonized within the laboratory, opening the 

doors to controlled experiments. 
Gregarines are oRen characteriseci as being highly host specific, often to the lewl of 

species (Levine, 1988). However, growing evidence shows that gregarines often infect 

a suite of hosts, but are more successful and less pathogenic in one particular host, 



referred to as the Utarget" or Uprimary" host (Clopton and Gold, 1996; Lien and 

Levine, 1980; Munsterman and Wesson, 1990). This combination, greater success 

and lower pathogenicity reflect one evolutionary strategy, i.e. for the parasite to 

evolve a benign rdationship with its host. Classicd theory suggests thst parasites 

are more damaging to non-target hosts because they lack this co-evolved relatianship; 

consequently, gregarines have been used in biological control programs focusing on 

th& non-target hosts (Beier and Craig, 1985; Walsh and Olson, 1976). 

The detailed impact of this gregarine on non-target hosts was not investigated in 

this study, and would complete the dehition of this host-symbiont assemblage. A. 

glabnz was able to complete development in both G. comutus and G. pingreensis but 

was far l e s  prevalent. 
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