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Abstract 

This thesis uses a multidisciplinary approach to investigate several aspects of 
host-parasite relationships, using the European common shrew (Sore-x araneus) as a 

model host. Common shrews are known to harbour a variety of micro and 

macroparasites, but few studies have investigated their blood parasite fauna. To this end, 
bacteriological and molecular methods were used here to detect haemoparasites in S. 

araneus, and to compare recovered parasite gene sequences with those previously 

reported from shrews and other species. The results suggest that common shrews 
harbour a previously undescribed trypanosome, and share other blood parasites with 

rodents inhabiting their environment. 
Given the resource-limited physiology of common shrews and the species 

richness of their parasite fauna, infection may be more detrimental to S. araneus than to 

other mammalian species. A thorough histological examination conducted here revealed 

that shrews suffer diverse parasite-mediated pathology, but are capable of mounting 
immune reactions against infectious agents. Through application of immunohistology, 

adult S. araneus were found to exhibit some signs of exhaustion in their lymphatic 

tissues, which may affect their ability to mount immune responses. The results from 

immunchistology also strongly suggested that the 'pancreas of Aselli', a lymphatic 

organ unique to shrews, functions as a large lymph node draining the gut. 
Although helminth parasites are often associated with decreases in host food 

uptake, few studies of wild vertebrates have found effects of these parasites on host life- 

history traits. Here, experimental manipulation of helminth burdens provided no 

evidence for an impact of these parasites on common shrew foraging activity, while 

treatment with anthelmintics in the field resulted in greater male body mass during the 

breeding season, and possibly an initial increase in host survival. 
Several previous studies have found relationships between host life-history traits 

and species richness of metazoan parasite assemblages. Here, comparative analysis 

across the family Soricidae found that larger host species harbour more coccidian 

parasites, perhaps as a result of increased rates of colonization associated with greater 

food intake. 
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Tbrough integration of several specialist techniques, the research presented here 

provides a broader understanding of the relationships between shrews and their 

parasites. It is hoped that this work will promote the further application of a 

multidisciplinary approach to the study of host-parasite systems. 
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Chapter 1. Introduction 

1.1 Parasitism - an overview 
Parasitism is characterized by the requirement of one organism (the parasite) to 

live in or on another (the host) for at least part of its life cycle, benefiting from the 

association at the host's expense (Matthews, 1998). Parasitic lifestyles have evolved 
independently in almost every major taxon (Cheng, 1986), such that parasites cannot be 

placed into any single monophyletic group. On the basis of their size and life-history 

strategies, parasites can be usefully divided into two broad categories: the 

'microparasites' and 'macroparasites' (Anderson & May, 1979). The microparasites 
include viruses, bacteria and protozoans, and are characterized by their small size, short 

generation times and high rates of reproduction in the host. The macroparasites comprise 

the ectoparasitic arthropods (including ticks, fleas and mites) that live upon the host's 

surface, and the parasitic helminths. In addition to being larger than the microparasites, 

these metazoan organisms also have longer generation times and direct reproduction 

within the host is usually absent (Anderson & May, 1979; Anderson, 1982). 

The parasitic helminths are contained within three phyla of 'worm-like' creatures: 

the Platyhelminthes (including the Monogenea, Digenea and Cestoda), Nematoda and 

the Acanthocephala. Monogeneans are typically ectoparasites of fish, adhering to the 

skin or gills via a posterior attachment organ known as the haptor or opisthaptor. Adults 

are hermaphrodites, with cross-fertilization resulting in eggs which develop into 

oncomiracidia: juvenile stages which swim to new hosts on which to attach and develop 

(Matthews, 1998). Digeneans are endoparasites of vertebrates, attaching to the host via 

suckers (usually one at the mouth and one on the ventral surface; Matthews, 1998). 

Unlike monogeneans, the life cycle of digeneans is indirect, requiring development in at 
least one intermediate host (usually a snail) before developing as adults in vertebrate 
hosts (Whitfield, 1982; Matthews, 1998). 

Cestodes (or 'tapeworms') typically inhabit the guts of vertebrates, attaching to the 

intestine via suckers and hooks on the anterior scolex (Whitfield, 1982; Matthews, 

1998). Nutrients are absorbed through the tegument of the stobila; a long, flattened 

section connected to the scolex, comprising many individual sections (proglottids) each 
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of which contains a hermaphrodite reproductive system (Dunn, 1978; Whitfield, 1982). 
Eggs are produced through fertilization between worms, proglottids, and possibly within 
proglottids, and leave the host through the faeces (Whitfield, 1982). Those produced by 

members of the order Pseudophyllidea develop into free-swimming larva and require 
two intermediate hosts (typically an arthropod which is then predated upon by a fish), 

prior to the development of stages infectious to the definitive host. Cyclophyllidian 

cestodes require just one vertebrate or invertebrate intermediate host, infecting the 
definitive host through predation (Matthews, 1998). 

Nematodes are pseudocoelornic 'roundworms, of which there are over half a 

million species, most of them free-living or parasites of plants, although some are 
important parasites of vertebrates and man (Dunn, 1978; Whitfield, 1982). Most species 
have separate sexes, with eggs hatching and undergoing four larval stages before 

becoming adults. Transmission can be direct or require intermediate hosts (Whitfield, 

1982). Acanthocephalans are pseuocoelomate and also have separate sexes, but are 

exclusively parasitic. They are also distinguished by the presence of an anterior spiny 

proboscis used to attach to the intestine of their definitive vertebrate hosts. Life cycles of 

acanthocephlans are indirect, with arthropod intermediate hosts. If the intermediate host 

is consumed by a vertebrate in which full development cannot take place, this animal 
becomes a paratenic host, the parasite being transferred to its definitive host via 

predation (Matthews, 1998). 

1.2 Parasite species richness 
There exists considerable variation in the number of parasite species reported 

from different host species (Price & Clancy, 1983). In part, this may be a consequence 

of sampling effort (Walther et aL, 1995): since many parasites occur at low prevalence 
(Poulin, 1998a), as more hosts arc examined, more rare species will be discovered 

(Poulin & Morand, 2000). However, important ecological processes may also influence 

the species richness of parasite faunas (the total number of parasite species reported 
from one host species; Poulin, 1997). In particular, as hosts originally inherit their 

parasite faunas from their ancestors, parasite species riclýness will be partially 
determined by host phylogeny (Poulin, 1997; Vickery & Poulin, 1998). Over time, 
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parasite faunas can lose parasite species through extinction, and gain them through 

speciation and colonization from other host species (Poulin, 1997). Factors influencing 

rates of colonization, extinction and speciation may therefore be important processes in 

shaping parasite species richness (Poulin & Morand, 2000). Parasite species richness is 

predicted to increase with host population density, as parasites which require high 

transmission rates to persist may only occur in hosts living at high densities (May & 

Anderson, 1979; Poulin & Morand, 2000; Arneberg, 2002). If larger hosts are colonized 
by higher numbers of ingested transmission stages as a result of greater food intake, then 

parasite species richness should also increase with host body mass (Arneberg, 2002). 

Larger hosts may also more provide more space and a greater array of niches for 

parasites to occupy (Poulin, 1999). 

Comparative analyses of helminth parasite faunas, which control for both 

sampling effort and host phylogeny, have not always found evidence of proposed 

relationships with host traits. In a study of directly transmitted nematode parasites of 

mammals, Arneberg (2002) found parasite species richness to be positively related to 

both host population density and body mass. A similar investigation in terrestrial 

mammals which included cestodes, digeneans and nematodes found an effect of host 

population density, but not body mass, on helminth species richness (Morand & Poulin, 

1998), while a study restricted to Iberian rodents also found no relationship between 

helminth species richness and host body mass (Feliu et A, 1997). Simulation studies 

suggest parasite extinction or colonization must be frequent events and/or strongly 
linked to host ecology for relationships to be detectable statistically (Vickery & Poulin, 

1998). 

Characteristics of parasites themselves may also affect species richness, through 

rates of speciation, colonization and extinction. Those which remain in or on their hosts 

throughout their lives have little opportunity to colonize new host species. Phylogenies 

of such parasites might therefore be expected to mirror more closely those of their hosts. 

Cospeciation of hosts and parasites appears to be common in lice of seabirds (Paterson 

& Banks, 2001), and pocket gophers of the rodent family Geomyidae (Hafner & Page, 

1995), but not rock-wallabies of the superfamily Macropodidea (Barker, 1991 but see 
Page et aL, 1996). In contrast, parasites which rely on free-living stages for 
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transmission, such as helminths with indirect life-cycles, may be more likely to colonize 

new host species through accidental ingestion (Barker, 1991). Parasites with higher rates 

of transmission may also be more likely to encounter and adapt to new host species 
(Arneberg, 2002). These hypotheses need to be further developed, as understanding the 

processes which constrain parasites to their hosts, and those which allow colonization 

and switching between host species, may be particularly important in predicting and 

controlling the spread of zoonotic diseases (Ambroise-Thomas, 2000). 

1.3 Parasite-mediated pathoIogy and the host immune response 
Parasite-mediated pathology occurs when the activities of the parasite, host, or 

both result in tissue damage and disease (Slauson & Cooper, 1982). Pathological effects 

of microparasites include direct damage to cellular metabolism through viral replication 
(Slauson & Cooper, 1982; Lichtenburg, 1984) and production of bacterial toxins which 
damage cells and interfere with their vital functions (Lichtenburg, 1984; Taussig, 1984). 

Due to their comparatively large size, helminths can cause physical and mechanical 
damage by attaching, feeding and migrating through host tissues (Lichtenburg, 1984; 

Castro, 1990; McLaren, 1990; Wilson, 1990; Matthews, 1998). The host's main defence 

in fighting and controlling parasitic infections is the immune system, which in j awed 

vertebrates comprises interactions between many different cell types and mediators 
(Kasahara et al., 2004). The first line of defence against successfully invading pathogens 
is innate immunity. Briefly, in order to mount an immune response, the host must first 

be able to recognise the parasite as being 'foreign' (Medzhitov & Janeway, 2002). 

Microbes can then be internalized by phagocytic cells and destroyed (Aderern & 

Underhill, 1999), and virus-infected cells lYsed by natural killer cells (Biron et al, 
1999). Both host cell types also secrete cytokines, which stimulate the recruitment and 

activation of leukocytes at the site of infection (Biron et aL, 1999; Underhill & Ozinsky, 

2002). 

As well as forming the most rapid response against pathogens, innate immunity 

also activates and influences the nature of pathogen-specific adaptive immunity (Fearson 

& Lockslcy, 1996). This process begins by macrophagcs presenting n-&robc-dcrived 
peptides to host T lymphocytes (Germain, 1994), which then in turn activate B cells 
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within follicles of the spleen and lymph nodes to mature into antibody-producing plasma 

cells (Parker, 1993). Once antibodies have been produced, they can initiate the effector 

mechanisms of humoral immunity against extracellular microbes. These include 

neutralizing microbes by binding to microbial cell receptors, enhancing phagocytosis of 

antibody-coated microbes, destruction of microbes by antibody-dependent cell-mediated 

cytotoxicity and activation of the complement pathway, resulting in the formation of the 

membrane attack complex and cell lysis (Abbas et aL, 2000). 

Reactions to intracellular microbes are effected via cell-mediated immunity. In 

delayed-type hypersensitivity, CD4+ Thl cells and CD8+ T cells activate phagocytes to 

kill ingested microbes (Oxenius et aL, 1998). Other nucleated cells containing foreign 

antigen in their cystol are destroyed by CD8+ cytotoxic T cells (KAgi et aL, 1996). 

Helminth infection presents a unique set of problems for the immune system, as 

these parasites arc generally too large to be cngulfcd by phagocytic cells (Mccusen, 

1999). Immune responses against hclminths are characterized by activation of Th2 cclls, 

resulting in IgE antibody production and eosinophil activation (Abbas et aL, 2000). The 

role of eosinophils in hclminth immunity is not completely understood, but is believed to 

involve antibody or complcment-induccd release of toxic proteins and reactive oxygen 
intermediates (Klion & Nutman, 2004). Eosinophils and mast cells also release 

mediators causing physiological changes, including vasodilation, mucus secretion and 

smooth muscle contraction, (Meeusen, 1999) all of which may aid in the ejection of the 

parasite from the host (Matthews, 1998). 

Although immune responses may be effective in controlling parasitic infections, 

they are not without cost. The mechanisms employed by the immune system to destroy 

parasites may also incur damage upon host tissues, resulting in immunopathology 

(Abbas et aL, 2000). This may be especially true for helminths, which as a consequence 

of their large size are only affected by particularly toxic mechanisms (Meeusen, 1999). 

In addition to damaging host tissues directly, metabolic and nutritional costs are incurred 

in order to support the up-regulation of the immune system (Lochmiller & Deerenberg, 

2000). Immunologic challenge with keyhole limpet haernocyanin was found to induce a 

30% increase in resting metabolic rate of laboratory n-&e (Demas et al., 1997), while 

similar increases are observed in humans during sepsis (Kreymann et aL, 1993; Carlson 
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et al., 1997), young lambs injected with bacterial pyrogen (Fewell et al., 199 1) and in 

sparrows (Passer domesticus) injected with phytohaemagglutin (Martin et al., 2003). 

Costs associated with immune activation may impact upon both survival and 

reproduction in the field: bumblebees (Bombus terrestis) challenged under starvation 

suffered reduction in survival compared to controls (Moret & Schmid-Hempel, 2000), 

while breeding female sparrows (P. domesticus) injected with lipopolysaccaride suffered 
higher morality of nestlings when brood sizes were artificially increased (Bonneaud et 

al., 2003). Similarly, pied flycatchers (Ficedula hypoleuca) injected with diptheria- 

tetnus vaccine had lower reproductive output (in terms of both fledgling quality and 

number) than controls injected with saline (Ilmonen et al., 2000). In humans, results of a 

meta-analysis of male infertility patients treated with antibiotics suggest immune 

responses mounted against infections may damage sperm and result in lower ejaculate 

quality (Skau & Folstad, 2003). 

The mounting of immune responses may also reduce attractiveness to potential 

mates through changes in expression of secondary sex traits (the immunocompetence 

handicap; Hamilton & Zuk, 1982; Folstad & Karter, 1992). For example carotenoids, 

yellow-red pigments required for expression of ornamental traits such as bill colouration 

which must be obtained from food, also function as antioxidants and immunostimulants 

(Bendich, 1989; Mortensen et aL, 1997; Olson & Owens, 1998). Recent experiments 
have demonstrated that blackbirds (Turdus merula) challenged with sheep erythrocytes 

exhibited less brightly coloured beaks (Faivre et aL, 2003), while zebra finches 

(Taeniopygia guttata) fed carotenoids in drinking water were more attractive to females 

(Blount et aL, 2003). These results suggest a trade-off may exist between using 

carotenoids as part of an immune response, and advertising to potential mates. 
Given that parasite pathology and immune reactions may be costly, the host must 

therefore balance the detrimental effects of infection with those of mounting an immune 

response (Behnke et aL, 1992; Raberg et aL, 1998). This may result in less virulent 

parasites being tolerated by the host rather than being removed completely. As a 

consequence of the various costs associated with immunity, hosts may be less able to 

defend themselves against parasites at energetically stressful times in their life history, 

particularly during reproduction. For example, male Drosophilia melanogaster exposed 
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to higher numbers of females were found to be less able to respond to bacterial infection 

(McKean & Nunney, 2001), while artificial increases in brood size led to decreases in 

antibody production in zebra finches (Taeniopygia guttata; Deerenberg et aL, 1997). 

Such decreases in immunocompetence associated with reproduction may increase 

chances of host mortality through a rise in infection intensity. For example, increasing 

reproductive effort of female collared flycatchers (Ficedula albicollis) has been found to 

result in increased intensity of Haemoproteus sp. infections, which in turn were 

associated with higher host mortality (Nordling et aL, 1998). More dramatically, stress 

related to intense breeding in male dasyurid marsupials Antechinus swainsonii and 
Antechinus stuartii has been found to result in involution of lymphatic tissues, 

presumably mediated through increased levels of glucocorticoids (Poskitt et A, 1984). 

Males die shortly after their first breeding season, probably as a consequence of 

observed exacerbation of latent Listeria sp. and Babesia sp. infections (Barker et aL, 
1978; Poskitt et aL, 1984). 

Animals may also be less able to respond to infections later in life as a 

consequence of age-related changes in lymphatic tissues, a process described as 

'immunosenescence' (Franceschi et aL, 2000). Although immunosenescence, and its 

implications for determining health status in old age, has attracted considerable attention 
in humans (Franceschi et aL, 2000), few authors have attempted to study this process in 

wild animals. Cichon (2003) found older female collared flycatchers (F. albicollis) 

produced lower humoral responses when challenged with sheep erythrocytes, while 
Saino (2003) reported an age-related decline in antibody responses in barn swallows 
(Hirundo rustica). Both of these studies measured only one aspect of the immune 

response, namely levels of serum antibodies. Clearly, more work is needed to understand 

the processes of immunosenescence and it implications for wild animals. 

1.4 Anorexia, helminth parasites and vertebrate life-histories 

In addition to damage associated with direct pathology, and the costs associated 

with mounting immune responses, one of the most important detrimental effects of 
infection is the associated decrease in host food intake (Lochmiller & Deerenberg, 

2000). Loss of appetite and temporary anorexia are characteristic of many bacterial, viral 
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and parasitic diseases, but the reasons for this response are not well understood. 
Kyriazakis et aL (1998) suggests reduction in food intake might increase the 

effectiveness of the immune response, or allow hosts to become more selective in their 

diet to avoid further infection. Anorexia appears particularly paradoxical in response to 

infection by helminth parasites that impose an increased metabolic and nutritional 
demand on the host (Kyriazakis et aL, 1998), either through their own feeding or 

reductions in digestive efficiency. For example, in white-footed mice (Peromyscus 

leucopus), infection with Hymenolepis citelli led to a 2% reduction in digestive 

efficiency, possibly as a consequence of nutrient loss to parasitism or damage to the gut 

wall (Munger & Karasov, 1989), while Bailey (1975) reported 1% of host energy 

appropriated by cestodes infecting rats. However, Sykes (1994) suggests the I or 2% 

decrease in dry matter digestibility caused by endoparasites may be much less 

detrimental than the associated 30-60% decrease in host food intake (Poppi et aL, 1990; 

Kyriazakis et aL, 1998). 

By affecting host nutritional status, helminth parasites may impact upon host 

traits requiring investment of resources. In particular, several studies have demonstrated 

reductions in body mass and growth rates associated with helminth infection. Laboratory 

rats Rattus norvegicus infected with Nippostrongylus brasiliensis were found to lose 

weight more quickly than uninfected rats (Crompton et al., 198 1), most likely as a 

consequence of reduced food uptake (Crompton et aL, 1981; Ovington, 1985). Captive 

red grouse hens (Lagopus scoticus) infected with the nematode Trichostrongy1us tenuis 

have been found to gain less weight than uninfected controls prior to laying, again most 

like as a result of reduced food intake (Shaw & Moss, 1990). A similar effect has been 

found in cattle: reduction of trichostrongylid infection in calves was found to result in a 

22% increase in weight gain in the first season, and a 50-60% increase in the second 

(Somers et aL, 1987). In humans, increases in appetite and growth rate have been found 

as a result of treatment against hookworm, Ascaris lumbricoides and Trichuris trichiura 

in Indonesian school boys (Hadju et aL, 1996), and against treatment for hookwonn, 

A. lumbricoides and T trichiura in Kenyan school children (Stephenson et aL, 1989; 

Stephenson et aL, 1993a; Stephenson et aL, 1993b; Adams et aL, 1994). 
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Helminth parasites may also impact upon vertebrate reproduction. Studies using 
kestrels (Falco sparverius) found infection with Trichinellapseudospiralis infection 
delayed egg laying and number of hatchlings produced (Saumier et al., 1986). Similarly, 

captive red grouse (L. scoticus) infected with T tenuis started to lay later in spring and 
produced fewer eggs at a slower rate than uninfected hens (Shaw & Moss, 1990). 
Experiments on lab mice (Mus musculus) found mothers infected with Heligmosomoides 

polygyrus produced smaller female pups, although there was no similar effect on male 
offspring (Kristan, 2002). However, wild mice (M. musculus) infected with the same 
parasite produced more pups, and had slightly larger offspring after control for effects of 
litter size (Kristan, 2004). This may represent a shift towards current reproduction in 
infected wild mice, perhaps to allow the host to produce as many offspring as possible 
before parasitism prevents further reproduction (Kristan, 2004). 

Effects of helminth infection on host traits can be most clearly demonstrated by 

experimental manipulation of parasite burdens. Hosts can be treated with anthelmintics, 

or artificially infected, and changes in host traits compared between treatment groups. 
Unfortunately, it is much more difficult to perform such studies in the wild than in 

captivity: anthelmintic drugs are developed primarily for domesticated animals, and 

there may be no way of knowing whether a certain treatment protocol will prove 

effective prior to a study. As a consequence, most studies of effects of helminths on wild 
hosts are observational or correlational rather than relying on direct manipulation of 

parasite burdens (Grenfell & Gulland, 1995; Gulland, 1995). Observational studies of 

parasite pathology are generally carried out through necropsy of recovered carcasses 
(Gulland, 1995), often when parasite epidemics are implicated in depletion of wild 

populations (for example, wading birds and waterfowl, Wiese et aL, 1977; Spalding et 

aL, 1993; Spalding & Forrester, 1993; Work et aL, 2004). While integral to 

understanding how parasites may kill hosts, and thereby impact upon threatened 

populations, such studies cannot reveal the more subtle costs of parasitism to infected 

but apparently 'healthy' hosts. 

Correlational studies may go further in investigating relationships between host 

characteristics and parasite burdens, and reveal interesting epidemiological patterns in 

the process. By dissecting animals of different ages (as assessed by dry lens weight) 
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Gregory et aL (1992) found a convex relationship between age of wood mice (Apodemus 

sylvaticus) and intensity of H. polygyr-us infection. The decline in parasite numbers with 

age in older animals may have several explanations, including parasite-induced host 

mortality, such that the animals with the most intense infections die and are removed 
from the sampled population (Anderson & Gordon, 1982). Studies of captive 

populations of wood mice suggest infection with H. polygyrus can reduce host survival 
(Gregory, 1991). However, convex host age - parasite intensity curves can also be 

generated by acquired immunity reducing intensities in older animals (Gregory et aL, 
1990). 

Although correlational studies may demonstrate associations between parasite 
burdens and host characteristics, only manipulative studies can ascertain the causation of 

such relationships (Lehmann, 1993). The small number of studies which have used a 

manipulative approach in the field have thus far produced conflicting results. The two 

key findings so far have been the effect of experimental reduction of nematodes on 
breeding success and winter survival of red grouse (L. scoticus; Hudson, 1986; Hudson 

et al., 1992), and increased daily survival rate in ewes and male lambs (0. aries; 
Gulland, 1992). However, no effect of anthelmintic treatment was found on number of 
bruslitail possums (Trichosurus caninus) giving birth, or survival of young to emergence 
(Viggers et aL, 1998). Similarly, treatment against Hymenolepis citelli had no effect on 

survival or the length of time white-footed mice (P. leucopus) remained reproductively 

active (Munger & Karasov, 199 1), despite the 2% drop in dry matter digestibility 

associated with infection in the laboratory (Munger & Karasov, 1989). No effect of 

treatment was found on body mass or reproduction of showshoe hares (Lepus 

americanus) in Canada (Murray et aL, 1998) or Wisconsin (Bloomer et aL, 1995), while 

release of the nematode Capillaria hepatica had a minimal effect on survival and 

reproduction of wild mouse (Mus domesticus) populations in Australia (Singleton & 

Chambers, 1996). 

There may be several reasons why not all studies have found effects of helminth 

parasites on host traits. Firstly, abundance and pathogenicity of helminths will 

undoubtedly vary between study systems. However, few studies of wild vertebrates have 

attempted to investigate parasite-mediated pathology in parallel with experiments 

20 



exploring wider effects of infection in the field. Gulland (1992) examined pathological 
lesions associated with nematode infection (Ostertagia circumcincta) at the same time as 

conducting treatment experiments on Soay sheep (Ovis aries). The presence of 

pathological lesions indicated nematodes contributed to mortality in malnourished hosts, 

which might explain the increase in daily survival associated with anthelmintic 

treatment. Effects of parasitism may also be disguised if wild hosts increase food 

acquisition or use bodily reserves to compensate for reductions in their nutritional status 
(Murray et aL, 1998). Experiments that investigate effects of helminths on both host 

nutritional status and life-history traits, such as those conducted on white-footed mice 

outlined above (Munger & Karasov, 1989; Munger & Karasov, 1991), may be 

particularly useful in understanding the full effects of parasites on wild animals. 

1.5 Aim of thesis 

The aim of this thesis is to explore several aspects of host-parasite interactions 

using a variety of specialist techniques. It is hoped that this approach will provide a 
broader understanding of the relationships between parasite and host than studies 

confined to any one particular discipline. The majority of the research is conducted 

using one host organism, the European common shrew Sorex araneus. 

1.6 Energetic strategies of the Soricidae 

All shrews belong to the family Soricidae (order: Insectivora) comprising two 

sub-families: the Soricinae ('red-toothed' shrews, so called because of reddish-brown 
iron deposits on their teeth, Churchfield, 1990) and the Crocidurinae (or 'white-toothed 

shrews'). Shrews occur over a range of habitats world wide (Innes, 1994), and feed 

mainly on small invertebrates (Aitchison, 1987). They are characterized by their long 

snouts and short legs, otherwise appearing superficially similar to small mice 
(Churchfield, 1990). Their small size has important consequences for their physiology: 

small animals have fast metabolic rates (French et aL, 1976; Genoud, 1988), yet store 
less energy in the form of bodily reserves (Calder, 1984; Genoud, 1988). Shrews 

therefore have a low endurance to starvation (Lindstedt & Boyce, 1985). The two sub- 
families differ in the relationships between their body sizes and metabolic rates: the 
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Crocidurinae exhibit basal metabolic rates similar to or slightly higher than predicted 
from their body weights, while those of the Soricinae are much higher (Genoud, 1988). 

The fast metabolic rate of Soricinae shrews may be an adaptation to the cold or seasonal 

climates in which they live, permitting homeostasis during exposure to low 

temperatures, while the Crocidurinae are generally found in warmer climates, where 
faster metabolic rates and higher body temperatures might result in overheating in hot 

weather (Genoud, 1988). The faster metabolisms of the Sorcinae appears to permit a 
higher rate of biosynthesis: for example, shrews of the genus Crocidura (members of the 

Crocidurinae) usually have less than five offspring per litter, compared to litter sizes 

greater than five produced by Sorex shrews (Innes, 1994). A faster metabolic rate also 

requires a higher energy budget, which may be difficult to balance during winter when 
temperatures are lowest and invertebrate prey is scarce. However, if these seasonal 

variations are predictable, Soricinae shrews can reduce energy expenditure through a 

reduction in body mass (Dehnel's phenomenon, Pucek, 1970). 

1.7 The European common shrew, Sorex araneus 
The three species of shrew found in mainland Britain, Sorex araneus, or common 

shrew, Sorax minutus (the 'pygmy shrew') and Neomysfodiens ('water shrew') are all 

members of the Soricinae. Xfodiens is most often encountered in aquatic habitats, while 
the common and pygmy shrews often occur sympatrically in more terrestrial 

environments (Churchfield, 1984), with the common shrew generally the more abundant 
(Michielsen, 1966; Butterfield et aL, 198 1) and arguably the most well studied. The 

energetic physiology of S. araneus is typical of that of the Soricinae, with oxygen 

consumption almost 270% higher than would be predicted from body mass (8.3 4: 1.6n-A 

02 X g" x h" at 20*C; Nagel, 1994). Common shrews also store very little fat, less than 

10% of their body weight (Churchfield, 198 1). As a consequence of their metabolic rate 

and limited fat stores, conu-non shrews must forage constantly, being neither nocturnal 

nor diurnal but alternating between roughly hour-long periods of foraging and sleeping 
(Saarikko & Hanski, 1990). Foraging takes place either on the soil surface orjust 
beneath it (Churchfield, 1980b) with carthwon-ns, beetles, insect larvae and gastropods 

comprising the majority of the common shrew's invertebrate diet (Pernetta, 1976; 
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Churchfield, 1994). Studies in captivity suggest S. araneus employs random search 

patterns, rather than olfactory and tactile senses, to locate prey beneath the soil surface 
(Churchfield, 1980b; Pierce, 1987). 

The life cycle of S. araneus takes fourteen to sixteen months to complete with only 

one breeding season in the second year of life (Shillito, 1963; Michielsen, 1966; 

Pernetta, 1977). The first young are born, in mid-May, weighing around 0.4g (Middleton, 

1931; Brambell, 1935; Michielsen, 1966; Innes, 1994). Shrews are weaned at around 
23d when they disperse from the nest weighing approximately 7.5g (Innes, 1994). 

Capture-mark-recapture studies suggest the period of dispersal is one of high mortality. 
Michielsen (1966) reported 42% morality of individuals bom in May and June by 

September, while Churchf ield (I 980a) recorded 50% mortality within two months of 
birth. Survival appears to be dependent on the establishment of territories after leaving 

the nest (Michielsen, 1966; Pernetta, 1977), with a minimum size of approximately 90 

mý calculated from field experiments (Michielsen, 1991). Once territories have been 

established, mortality rates level offi by reserving an area over which to forage, shrews 

may be guaranteeing enough food to survi. ve the winter as sub-adults (Michielsen, 

1966). 

Common shrews do not hibernate, instead conserving energy over winter by 

reducing the energy required for maintenance via a decrease in body mass of around 
10% (Shillito, 1963; Michielsen, 1966; Pucek, 1970). Both sexes increase in weight with 

the onset of sexual maturation, occurring earlier in males than females, usually during 

March or April (Brambell, 1935; Shillito, 1963; Skar6n, 1973; Pernetta, 1977). Mature 

males also exhibit fully developed flank glands and a visible increase in testis mass 
(Middleton, 193 1; Michielsen, 1966; Searle, 1985). Females initially increase in weight 

at a slower rate than males, but become larger upon reaching maturity at the end of April 

(Skar6n, 1973). 

The territorial system of S. araneus changes with the onset of breeding. Most 

females maintain their original territories, the area of which may alter over the breeding 

season (Shillito, 1963; Michielsen, 1966; Buckner, 1969). Mature males adapt two 

distinct strategies (Shillito, 1963; Michielsen, 1966; Buckner, 1969; Stockley et aL, 
1994). Those which mature relatively early establish large ranges, overlapping those of 
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several females with which they mate. Males maturing later retain the ranges occupied 
as sub-adults, making long distance visits to more widely dispersed females (Stockley et 
aL, 1994). Genetic analysis reveals a high level of multiple paternity in common shrew 
litters (Searle, 1990; Tegelstr6rn et aL, 1991; Stockley et aL, 1993) consistent with 
females mating with several males during their short (two hour) period of oestrus 
(Dehnel, 1952; Stockley et aL, 1993; Stockley et aL, 1996). Paternity analysis also 
suggests the 'overlapping' male strategy to be the more successful, as judged by mean 
number of offspring fathered (Stockley et aL, 1994). 

Gestation lasts 20d in common shrews (Innes, 1994), with females having up to 
three litters and males playing no part in raising offspring (Middleton, 193 1; Brambell, 

1935). Average litter size is 6.7 offspring at birth (Innes, 1994), although captive studies 
suggest fewer survive to weaning (mean number 5.5 offspring; Mercer & Searle, 1994). 

Although a short gestation period allows females to avoid carrying a large litter into late 

gestation, an early parturition leads to an increase in energy requirements, as lactation is 

more energetically expensive than pregnancy in common shrews (Genoud & Vogel, 

1990; Stockley & Macdonald, 1998). Almost all adults die prior to winter, such that 

there is little overlap between generations (Adams, 1910; Michielsen, 1966; Buckner, 

1969; Pernetta, 1977; Churchfield, 1980a) 

1.8 Parasites of common shrews 

Common shrews are host to a wide variety of both micro and macroparasites, of 
which heln-ýinths have received the most attention. In the UK, common shrews have been 
found to harbour more species of helminth than rodents sharing the same habitat 
(Sharpe, 1964; Lewis, 1968; Roots et al., 1994). This is undoubtedly due to their 
insectivorous nature (Sharpe, 1964; Lewis, 1968): intermediate stages of several of these 

parasites have been found in invertebrates preyed upon by S. araneus (Kisielewska, 

1963; Roots et al., 1994). In the most recent comprehensive survey (Roots, 1992), ten 

nematode species, ten cestode species, three digenean species and one acanthocephalan 

species were reported from common shrews in the UK. The cestodes comprised two 

members of the family Dilepididae, one of which is found in the gut (Choanotaenia 

crassiscolex), the other in the bile duct (Choanotaenia hepatica), and eight members of 
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the Hymenolepididae, all Hymenolepis species inhabiting the gut (Roots, 1992; Roots et 

aL, 1994; Table 1.1). 

Table 1.1 Recent reports of acanthocephalan and cestode parasites in UK Sore-x araneus 
Parasite species Location within S. araneus 

Acanthocephalans 

Centrorhynchus sp. 
1,2 

Cestodes 

Choanotaenia crassiColeX2,3 
Choanotaenia hepatica 2,3 

Hymenolepis diaphana 2,3 

Hymenolepisfurcata 2,3 

Hymenolepis infirma 2.3 

HymenolepisjacutensiS2'3 

Hymenolepis prolifer2,3 
Hymenolepis schaldybini 2,3 

Hymenolepis scutigera 2,3 

Small intestine 

Bile duct 

Intestine 

Intestine 

Intestine 

Intestine 

Intestine 

Intestine 

Intestine 

Hymenolepis singulariS2'3 Intestine 

1. Possibly Centrorhynchus (= Gordiorhynchus) aluconis 
(Ewald et aL, 199 1; Roots el aL, 1994) 

2. Roots, 1992; 3. Roots et d, 1994 

Adult nematodes were recovered from several organs, including the oesophagus, 

stomach, gut, bladder and liver (Roots, 1992, Table 1.2). L4 larvae of the nematode 
Porrocaecum sp. were found encapsulated under the skin and within the body cavity 
(Roots, 1992, Table 1.2). This parasite may be Porrocaecum spirale, which occurs as an 

adult in tawny owls (Strix aluco, Roots, 1992). If this is the case, the parasite 

presumably uses S. araneus as a paratenic host. Juvenile stages of the acanthocephalan 
Centrorhynchus sp. also occur encysted in the body cavity of Sorex araneus (Ewald et 

aL, 1991, Table 1.1). Lewis (1968) listed Centrorhynchus aluconis as a parasite from 

shrews in Wales, without evidence as to how the identification was made. Adult C 

Encysted in body cavity 
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aluconis are found in tawny owls (S. aluco) across the UK, and it has been suggested 
that shrews serve as paratenic hosts for this parasite, being transmitted to the final host 

via predation (Ewald et A, 1991). How the parasite infects S. araneus is unknown, but 

presumably it is carried within an intermediate invertebrate host. 

Table 1.2 Recent reports of digenean and nematode parasites in UK Sore-x araneus 
(Roots, 1992) 

Parasite species Location within S. araneus 
Digeneans 

Brachylaemusfulvus 

Dicrocoelium soricis 
Opisthoglyphe sobelevi 
Nematodes 

Eucoleus kutori 

Eucoleus oesophagicola 
Liniscus incrassatus 

Longistriata didas 

Longistriata depressa 

Longistriata thomasi 

Longistriata trus 

Parastrongyloides winchesi 

Porrocaecum sp. 1 

Stammerinema soricis 

Oesophagus, and stomach 
Gall bladder and bile duct 

Intestine 

Stomach lumen 

Mucous membrane of oesophagus 
Urinary bladder 

Intestine 

Intestine 

Intestine 

Intestine 

Intestinal mucosa 
Encapulated in intrascapular 

adipose tissue and body cavity 

Stomach wall 
1. Possibly Porracaccum spirale (Roots, 1992) 

Several species of flea are found on UK shrews. Doratopsylla dasycnema and 

Palaeopsylla soricis are the most common species found on S. araneus, but 

Ctenophthalmus nobilis, usually associated with mice and voles, and the mole flea 

Hystrichopsylla talpae have also been reported (Smit, 1957; Churchfield, 1990). Two 

species of tick occur on S. araneus in the UK; Ixodes trianguliceps and Ixodes ricinus 
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(Randolph, 1975; Churchfield, 1990), along with three reported species of mite: 
Euryparasitus emarginalus, Haemogamasus horridus and Labidophorus soricis 
(Churchfield, 1990). 

Several authors have reported finding microparasites in common shrews. Studies 
from Finland have found a high prevalence of Pneumocystis carinii in S. araneus (70% 

infected; Laakkonen et aL, 1993), and have also recovered unidentified protozoan cysts 
from the kidneys (Soveri et aL, 1994). Coccidia have also been reported from S. araneus 
in Europe, normally through examination of oocysts in faeces (Levine & Ivens, 1979; 

Hertel & Duszynski, 1987). As a consequence, almost nothing is known about the life 

cycles of these parasites within the host. 

Blood parasites of S. araneus have received less attention, probably because of 
difficulties in capturing live animals from which to take samples. Anaplasma 

phagocytophilum has been reported from one S. araneus from Switzerland (Liz et aL, 
2000), and Grahamella spp. (since reclassified and included in the Bartonella, Birtles et 

aL, 1995) has been described from S. araneus in several European countries (Hoyte, 

1956; Laakkonen et aL, 1998; Holmberg et A, 2003). Early reports also suggest shrews 

may carry Babesia sp. and tick-borne encephalitis (Stunkard et A, 1975). 

Despite the large nwnber of parasite species associated with S. araneus, very 
little is known about the effects these parasites have upon their host. Given the high 

metabolic rate and limited energy reserves of common shrews, parasites invoking 

anorexia or reductions in digestive efficiency or nutrient absorption may be particularly 
detrimental to this host species (Haukisalmi et aL, 1994). Parasitism has even been 

suggested as a possible cause of the annual mortality of common shrews after the 

breeding season (Michielsen, 1966; Buckner, 1969; Pernetta, 1977). In addition, very 
little work has been done to examine the extent of parasite mediated-pathology in 

common shrews. Vaucher (197 1) provided pictures of cestodes attached to the gut wall, 

and suggested they did little damage to the surface of the intestine. Sovcri et A (1994) 

described histopathological. changes in the liver, intestines, lungs, heart and brain, but 

did not provide photographs. 
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1.9 Thesis overview 
This thesis examines several aspects of host-parasite interactions in the common 

shrew. The first data chapter (Chapter 2) uses bacteriological and molecular techniques 

to determine the presence or absence of blood parasites in wild-caught common shrews. 
DNA sequencing is then employed to compare recovered parasite gene sequences with 

those previously reported from shrews and other species, including rodents sharing the 

same habitat. This may reveal the extent to which common shrew haernoparasites have 

been constrained by the phylogeny of their host, or can be transmitted to distantly related 

species sharing the same environment. 
Chapter 3 investigates the extent of parasite-mediated pathology in shrews using 

histological techniques. This is followed by an immunohistological study of the 

lymphatic tissues of shrews of different ages in Chapter 4. Together, these chapters 

explore the degree of tissue damage caused by parasites and associated host immune 

reactions, and the extent to which shrews undergo changes in their capacity to mount 
immune responses with age. The following two chapters consider the effects of helminth 

parasitism on shrew behaviour and life-history traits. While most species will undergo 

temporary anorexia whilst fighting parasitic infections, shrews may have to increase 

foraging effort in order to replace resources lost as a consequence of infection or face 

starvation. This hypothesis is tested by treating sub-adult shrews with anthelmintic drugs 

and comparing their foraging activity to those receiving a water control (Chapter 5). A 

similar protocol is used to investigate possible effects of helminth parasitism on shrew 
life-history traits in the field (Chapter 6). Given the resource limited nature of their 

physiology, costs of helminth parasitism may be more apparent in common shrews than 

in other host species. 
The final data chapter (Chapter 7) extends the study of host-parasite 

relationships across the family Soricidae. A comparative analysis is used to investigate 

whether species richness of coccidian parasite faunas is related to host body mass and 

other life-history traits. A general discussion of the preceding six chapters is presented in 

Chapter 8. 
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Chapter 2. Haemoparasites of Sorex araneus 

2.1 Introduction 

Infection by haemoparasites can impact upon several important aspects of host 

biology. Even in the absence of obvious pathology, blood parasites can influence host 

behaviour (Moore, 2002), reproductive success (Feore et aL, 1997; Merino et aL, 2000), 

and population dynamics, the latter a product of decreased host survivorship and altered 

patterns of fecundity (Grenfell & Gulland, 1995). In the UK, rodent populations have 

received particular attention as model hosts for the study of wildlife diseases. Rodents 

harbour a number of important pathogens, many of which can be transmitted to humans 

or livestock (Webster & Macdonald, 1995; Ogden et A, 1998; Kerkhoff et A, 1999; 

Homer et aL, 2000; Wolfs et A, 2002). Several studies have examined the diversity of 
UK rodent haernoparasites (Healing, 1981; Turner, 1986; Birtles et aL, 1994; Noyes et 
A, 2002) and are continuing to investigate their ecology, transmission and effects upon 
host populations (Feore et aL, 1997; Begon et aL, 1999; Hazel et aL, 2000; Birtles et A, 

2001; Bown et A, 2003). In contrast, blood-bome pathogens of shrews have been 

studied only sporadically and in much lesser detail (but see Hoyte, 1956; Stunkard et aL, 
1975; Birtles et aL, 1994; Laakkonen et aL, 1998; Holmberg et aL, 2003). In part, this 

may be due to the difficulty in catching and adequately provisioning for live shrews in 

the field in order to obtain fresh blood samples for analysis. 
Common shrews share the same microhabitat as woodland rodents and are 

believed to come into contact with several rodent species by travelling through their 

tunnels (Churchfield, 1980b). In addition, shrews and rodents share ectoparasites which 
have been implicated as vectors for blood-borne pathogens, in particular ticks 

(Randolph, 1975) and fleas (Smit, 1957). Transmission of haemoparasites might 

therefore occur between common shrews and rodents, such that Sore'x araneus may 

represent an important but largely neglected element of rodent - disease ecology. A 

detailed study of common shrew haernoparasites could aid in our understanding of the 

rodent host-pathogen model, and highlight the extent to which haernoparasites are 

constrained by the phylogeny of their host (in which case, shrews and rodents will have 
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evolved distinct blood parasite faunas) or can be transmitted and maintained by distantly 

related species. 
This preliminary investigation focuses on three potential shrew parasites more 

commonly associated with rodents, namely Anaplasma phagocytophilum, trypanosomes 

and Bartonella species. A. phagocytophilum (formerly Ehrlichia phagocytophilum, 
Ehrlichia equi and the agent of human granulocytic ehrlichiosis [HGE]; Dun-der et A, 

2001) is a tick-transrnýitted, obligate intracellular bacterium associated with both human 

and veterinary diseases, including tick-bome fever in ruminants (Massung et A, 1998; 

Ogden et A, 1998). A. phagocytophilum has been reported from a wide range of 

vertebrate hosts, including rodents (Ogden et aL, 1998) and one S. araneus from 

Switzerland (Liz et aL, 2000). The catholic feeding behaviour of its tick vectors, Ixodes 

ricinus, and to a lesser extent Ixodes trianguliceps, allows A. phagocytophilum to be 

spread between host species, with the potential for zoonotic transmission from wild 

animal reservoirs to domesticated animals and humans (Ogden et aL, 1998). 

The genus Trypanosoma comprises unicellular flagellated protozoa parasitizing 

all classes of vertebrates worldwide (Haag et aL, 1998). Host-to-host transmission is 

carried out by blood-feeding arthropod or leech vectors, entering the vertebrate's blood 

stream via the vector's saliva during feeding (salivarian transmission) or by ingestion of 

the vector or its faeces (stercorarian transmission; Stevens et aL, 1999a). Trypanosomes 

have been reported from shrews in Canada and North America (Sorex vagrans, Sorex 

cinereus, Sorexfumeus and Blarina brevicauda; Laakkonen et al., 1998) and from 

former Czechoslovakia (Sorex alpinus and Crocidura suaveolens; Laakkonen et al., 
1998). Trypanosomes from S. vagrans, S. alpinus and B. brevicauda have all been 

named as Trypanosoma soricis (Laakkonen et al., 1998), although no phylogenetic 

studies have been conducted to investigate whether these parasites are indeed the same 

species, whether they are unique to shrews, or if shrews are simply hosts to 

trypanosomes reported from other small mammals. 

Members of the genus Bartonella are Gram-negative cocco-bacillary 

proteobacteria, obligate parasites inhabiting the erythrocytes of a wide range of 

mammalian hosts (Birtles et al., 2001). Several species are emerging as agents of human 

disease (Daly et al., 1993; Ellis et al., 1999; Kerkhoff et aL, 1999; Welch et aL, 1999; 
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Roux et al., 2000; Kosoy et A, 2003; Fabbi et A, 2004). Grahamella (since reclassified 

and included in the Bartonella, Birtlcs et aL, 1995) has been described from S. araneus 
in several European countries (Hoytc, 1956; Laakkoncn et al., 1998; Holmberg et al., 
2003) and from S. vagrans, S. cinereus, S. fumeus and B. brevicauda from North 

America (Laakkonen et al., 1998). To my knowledge, no study has isolated Bartonella 
from S. araneus in the UK, although it has been cultured from the water shrew Neomys 
fodiens (Birtlcs et aL, 1994). 

Here, molecular and bacterial culturing techniques are used to determine the 

presence or absence of these haernoparasites in a sample of wild common shrews. To 

aid our understanding of the evolutionary relationships between haernoparasites of 
S. araneus and those of other host species, recovered parasite gene sequences are 

compared with those reported from other hosts and phylogenetic trees are constructed. In 

addition, effects of host sex and age on parasite prevalence are explored as a first step to 

investigating the transmission and ecology of haernoparasites in S. araneus. 

2.2 Materials and Methods 

2.2.1 Host sampling 
Wild shrews were captured from areas of grassy wasteland in the vicinity of 

Leahurst field station, Cheshire, England (OS grid reference 331558,377486) between 

February 2001 and July 2003. Shrews were caught using Longworth traps baited with 
fly pupae, previously frozen to prevent eclosion. Traps in which shrews (or other small 

mammals) had been caught were washed thoroughly prior to being reused. 
At culling, cardiac blood samples were taken from 76 animals using a sterile 

syringe and transferred to an Eppendorf tube. Samples were spun in a centrifuge for 

I Omin at 1 00OOg to separate serum from pellet and the serum removed using a 

micropipette. Serum and pellet were frozen separately at -18*C until use. 

2.2.2 Extraction of DNA for PCR. 

DNA was extracted from pellets by alkaline digest prior to detection of 

trypanosomes and A. phagocytophilum by PCR (Bown et A, 2003). Each pellet was 

dissolved in 500gl 1.25% NH3 solution, transferred to a sure-lock Eppendorf and spun 
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briefly at high speed in a centrifuge. Eppendorfs were heated with lids closed at IOOT 

for 20min in a heating block, centrifuged again and returned to the heating block with 
lids open for approximately 25min, or until half the liquid in each tube had evaporated. 
The remaining solution was diluted 1: 5 and used as template in subsequent PCR 

reactions. 

2.2.3 Detection and characterization of A. phagocytophilum by molecular methods 
Infection with A. phagocytophilum was detected using a semi-nested PCR 

targeting an 16S rRNA encoding gene fragment (Massung et aL, 1998). First round 

reactions comprised 2[d 2x PCR master mix (Abgene, Surrey) containing 1.5mmol 

MgC12,20pmol primer ge3a (5'CACATGCAAGTCGAACGGATTATTC), 20pmol 

primer gelOr (5'TTCCGTTAAGAAGGATCTAATCTCC) and 5pl of DNA template 

made up to 50ttl in total with sterile water. Second stage reactions comprised 4til PCR 

Reddymix (Abgene, Surrey) containing 1.5mmol MgC12,20pmol primer ge2 
(5'GGCAGTAT'FAAAAGCAGCTCCAGG), 20pmol primer ge9f 
(5'AACGGATTATTCTTTATAGCTTGCT) and I pl of first round product made up to 

50ttl in total with sterile water. Tubes containing distilled water in place of extracted 

DNA were used as negative controls throughout to wam of potential contamination 
between samples. Known positive controls were also included in each run as 

confirmation that reactions had been performed correctly. Cycling conditions for both 

rounds were as follows: 

1. Initial denaturation at 95*C (2min) 

2. Thirty cycles of denaturation at 94*C (30s), annealing at 55*C (30s) and 

extension at 72*C (Imin) 

3. Extension at 72*C (5min) 

Second stage products were visualized on 1% agarose gels containing ethidiurn bromide 

and photographed under UV light. Amplicons from PCR positive second stage reactions 

were cleaned using a Nuclcospin kit (Abgenc, Surrey) and sent for automated 

sequencing using the same primers as for the second round of amplification. 
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2.2.4 Detection and characterization of trypanosomes by molecular methods 
Determination of presence/absence of trypanosome DNA was carried out using a 

semi-nested PCR targeting an 18S rRNA encoding gene fragment (Noyes et aL, 2002). 

First and second stage reactions were prepared as for A. phagocytophilum (Section 

2.2.3) but for using the following trypanosome-specific primers. First round: TRY927F 

(5'GAAACAAGAAACACGGGAG) and TRY927R 

(5' CTACTGGGCAGCTTGGA), second round: SSU561 F 

(S'TGGGATAACAAAGGAGCA) and SSU561R 

(5' CTGAGACTGTAACCTCAAAGC). PCR was carried out under cycling conditions 

outlined in Section 2.2.3 with appropriate positive and negative controls and second 

round products visualized on agarose gels and photographed as described above. PCR 

products from three positive samples were cleaned using the Nucleospin kit and sent for 

automated sequencing using the same primers as for the second round of amplification. 

2.2.5 Growth of Bartonella spp. and characterization of isolates by molecular methods 

Five microlitres of each blood pellet was streaked onto 10% horse blood agar 

plates and incubated at 35*C in an aerobic atmosphere containing 5% carbon dioxide. 

Plates were grown for up to one month and colonies passaged onto new plates three to 

four times before harvesting. Crude DNA extracts from colonies were used as templates 

for two separate PCR reactions. The first targeted a citrate synthase gene (gItA) fragment 

using primers CS443f (5' GCTATGTCTGCATTCTATCA) and CS I 137r (5' 

AATGCAAAAAGAACAGTAAACA) (Birtles & Raoult, 1996). Each reaction 

contained 151d 2x master mix, 20pmol of each primer and I pI colony solution made up 

to 50pl with sterile water. Appropriate positive and negative samples were included for 

quality control, with cycling conditions and visualization of products as described for A. 

phagocytophilum in Section 2.2.3. DNA from five positive samples was cleaned using 

the Nucleospin kit and sent for automated sequencing using the same primers used for 

amplification. 
The second PCR targeted the 16S-23S rRNA intergenic spacer region (IGSR; 

Birtles et aL, 2000). This region is too variable to infer relationships between Baronella 

species, but is useful in assessing diversity within species (Birtles et aL, 2000). Primers 
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used were big-F (5' TTGATAAGCGTGAGGTC) and big-R (5' 

TTGATAAGCGTGAGGTC), with reactions carried out as described for gItA with 

appropriate positive and negative controls. Amplicons were resolved on 3% agarose gels 

under UV light. Five positive samples were cleaned and sent for sequencing using the 

primers described above. 

2.2.6 Data analysis 
2261 Parasite prevalence 

Differences in parasite prevalence between males and females or sub-adult and 

adult hosts may reveal possible biases in the mechanics of transmission (Holmberg et 

aL, 2003). Here, generalized linear models with binomial errors and logit link functions 

(Crawley, 1993) were used to investigate potential effects of host sex, age class and year 

of collection on the prevalence of shrew haemoparasites. A model was constructed for 

each parasite genus investigated, with parasite prevalence entered as the dependent 

variable. Each model contained the following independent variables: host sex (two-level 

categorical variable, male or female), host age (two-level categorical variable, sub-adult 

or adult) and year of collection (three-level categorical variable, 2001,2002 or 2003). 

Year of collection was included to assess (and control for) potential differences in 

parasite prevalence between years. To arrive at a minimal model, terms were removed 
from the maximal model by stepwise deletion, and their significance assessed by 

comparing the residual deviance of models with and without those terms by)? tests 

(Wilson & Grenfell, 1997a and crratum. Wilson & Grenfell, 1997b) in Genstat 5 (Genstat 

5 Conirnittee, 1987). As a final check, terms not included in the minimal model were 

added and deleted from it individually, and changes in deviance again assessed by Xý 

tests. 
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22.62 Analysis ofA. phagocytophilum sequence data 

A complete 16S rRNA encoding gene fragment sequence recovered from the one 

shrew found to be PCR positive was assembled by first aligning sequences generated by 

both primers using Align Plus version 4 (Sci Ed Software, North Carolina, USA), and 

then deleting primer sequences and ambiguous base pairs. The complete sequence was 

then compared with other published Anaplasma species 16S rRNA encoding gene 
fragment sequences using version 1.81 of the Clustal X multiple alignment program 
(Thompson et aL, 1997). 

2.2 63 Analysis of trypanosome sequence data and construction ofphylogenetic trees 

Complete trypanosome 18S rRNA gene encoding fragment sequences recovered 
from each shrew were assembled using the same methodology as described above 

(Section 2.2.6.2). Recovered sequences were compared with each other, and with 

trypanosome 18S rRNA encoding gene fragment sequences published on Genbank 

(Table 2.1) using Clustal X. Where necessary, gaps in the alignment were removed, and 

100 bootstrap samples created from the alignment using Seqboot in Phylip version 3.5c 

(Felsenstein, 1989). Phylogenetic trees were then created by neighbour joining, 

maximum parsimony and maximum likelihood methods, all using the Phylip suite of 

programs (DNAdist and neighbor, DNApars and DNAmI respectively). Consensus trees 

for each phylogeny were produced using Consense in Phylip and displayed using 

Treeview (Page, 1996). 

2.2.64 Analysis ofBartonella sp. sequence data and construction ofphylogenetic trees 

Complete Bartonella sp. 16S-23S rRNA IGSRs recovered from each shrew were 

assembled and compared using the same methodology as described above (Section 

2.2.6.3) The same protocol was used to compare complete sequences of recovered gItA 

fragments, and to create phylogenies based on an alignment of these sequences and 

those from other recognized Bartonella species published on Genbank (Table 2.2). 
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Table 2.1 Species used to construct phylogenetic trees for Trypanosoma species with 
hosts and Genbank accession numbers 

Protozoan species Host species Accession No. 

Bodo caudatus' Free living' X539101 

Trypanoplasma borreli"' Leech2 L148402 

Trypanosoma avium Aquila pomarina 3 AF4165593 

Trypanosoma bennetti Falco sparverius4 AJ223562 4 

Trypanosoma brucei 

rhodesiense Homo sapienS5 AJO091425 

Trypanosoma cruzi Homo sapiens5 AJO091475 

Trypanosoma dionisii Pipistrellus pipistrellu? AJO0915 15 

Trypanosoma evotomys Clethrionomys glareolus 6 AY043356 6 

Trypanosoma grayi Glossina gambiensis 4 AJ223565 4 

Trypanosoma grosi Apodemus sylvaticus 6 AY043355 6 

Trypanosoma lewisi Rattus norvegicus 4 AJ223566 4 

Trypanosoma mega Bufo regulari? AJO09157 5 

Trypanosoma microti Microtus agrestiS5 AJO091585 

Trypanosoma musculi MUS MUSCUIUS 
4 AJ223568 4 

Trypanosoma rangeli Rhodnius prolixus 7 AJO12414 7 

Trypanosoma sp. WM2 Apodemus sylvaticus 6 AY043353 6 

Trypanosoma sp. H25 Macropus giganteUS5 AJO091685 

Trypanosoma theileri Bos taurus5 AJO091635 

1. Fernandes et aL, 1993; 2. Maslov et A, 1994; 3. Votypka et aL, 2002; 

4. Haag et aL, 1998; 5. Stevens & Gibson, 1999; 6. Noyes et A, 2002; 

7. Stevens et aL, 1999b 

'Included as outgroup for tree rooting 
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Table 2.2 Bartonella species used to construct phylogenetic trees with 
hosts and Genbank accession numbers 

Bartonella species Host species Accession No. 

Bartonella alsatica Oryctalagus cuniculus' AFT0427-3 

Bartonella bacilliformis Homo sapiens 2 'KC583"' 

Bartonella birtlesii Woodland rodents 3 AF204272 3 

Bartonella bovis Bos Taurus 4 AF293394 4 

Bartonella capreoli Capreolus capreolUS4 AF293392 4 

Bartonella chome1ii B. taurus5 AY2543085 

Bartonella clarridgeiae Felis domesticus 6 U84386 6 

Bartonella doshiae Woodland rodents 7 Z70017 8 

Bartonella elizabethae Rattus spp. 9 1H. sapienslo Z700098 

Bartonella grahamii Woodland rodents 7 Z70016 8 

Bartonella henselae Felis domesticusIH. sapiens 6 L3898711 

Bartonella koehlerae F. domesticus 12 AF176091 12 

Bartonella quintana H. sapiens 13 Z70014 8 

Bartonella schoenbuchensis C, capreolus 14 AJ278183 14 

Bartonella taylorii Woodland rodents 7 Z70013 8 

Bartonella tribocorum Rattus norvegicus'5 AJO0549415 

B. vinsonii arupensis rodents1H. sapiens 16 AF214557 17 

B. vinsonii berkhofji'i Canis domesticus 18 IH-sapiens'9 AF14344519 

Bartonella vinsonii vinsonii Microtus pennsylvanicus 20 Z70015 8 

Bartonella sp. SA192UP Sorex araneus 21 AF39179021 

1. Heller et al., 1999; 2. Weinman, 1968; 3. Bermond et al., 2000; 

4. Bermond et al., 2002; 5. Maillard et al., 2004; 6. Clarridge et al., 1995; 

7. Birtles et al., 1995; 8. Birtles & Raoult, 1996; 9. Ellis et al., 1999; 10. Daly et al., 
1993; 11. Norman et al., 1995; 12. Droz et al., 1999; 13. Vinson & Fuller, 1961; 14. 

Dehio et aL, 2001; 15. Heller et al., 1998; 16. Welch et al., 1999; 17. Houpikian et al., 
2001; 18 Kordick et al., 1996; 19. Roux et aL, 2000; 20. Baker, 1946; 21. Holmberg et 

al., 2003. 

f Provided by R. Birtles 
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2.3 Results 

2.3.1 A. phagocytophilum 
One of 76 shrews was found to be PCR positive for A. phagocytophilum (Table 

2.3). This individual was a sub-adult female caught in scrubland at the Leahurst field 

station, Cheshire in July 2001, and was carrying eight L trianguliceps tick nymphs at 
dissection. As only one individual was found to be infected, further analysis of effects of 
host age and sex on parasite prevalence could not be carried out. 

The sequence of the recovered PCR product (550bp, Appendix A) was found to 

be identical to a previously elucidated 16S rRNA gene encoding fragment sequence of 

. 4. phagocytophilum isolated from a bank vole (C glareolus) in Northwest England 

(Bown et aL, 2003; Genbank accession number, AY082656) which in turn differed by 

only one base pair to A. phagocytophilum sequences isolated worldwide (e. g. 
AF241532, isolated from a llama (Lama glama) in California, Barlough et aL, 1997). 

Table 2.3 Number of common shrews (both sexes, two age classes) PCR positive for 

three haemoparasites 

Number of hosts PCR positive for: 
Host Number Bartonella 

Sex Host Age of hosts A. Phagocytophilum Trypanosomes SP. 
Male Sub-adult 12 0 1 4 

Adult 25 0 3 4 

Male total 37 0 4 8 

Female Sub-adult 21 1 1 2 

Adult 18 0 4 1 

Female total 39 1 5 3 

Combined total 76 19 11 
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2.3.2 Trypanosomes 

Trypanosome DNA was found in 9/76 shrew blood samples tested (11.8%, 

Table 2.3). No significant effect of host age or host sex was found on trypanosome 

prevalence (Table 2.4). However, there was a suggestion of an effect of year of 

collection, although this was not significant at the P<0.05 level (Table 2.4). 

Each of three 18S rRNA products successfully sequenced were identical over 
503bp (Appendix A), and shared the greatest similarity with T lewisi (Genbank 

assession number: AJ223566,95% similarity). Phylogenies constructed based on a 

multiple alignment of sequences 499bp in length after removal of gaps had variable 
bootstrap support (10- 100%; Figures 2.1 - 2.3) and shared several key features. B. 

caudatus and T borrelli grouped together forming an outgroup, as has been shown by 

previous authors (Maslov et aL, 1994; Stevens & Gibson, 1999). T brucei and T mega 

appeared on two separate branches of the tree, representing the 'T bruceP and 'aquatic' 

trypanosome clades put forward by Stevens and Gibson (1999). T cruzi, T dionisii and 
T rangeli grouped together with T avium, forming a 'T cruzi' clade (Stevens et aL, 
1999a). In all three trees, trypanosomes from rodents grouped together, and the sequence 
isolated here from S. araneus is closely to, but separate from, this rodent cluster. The 

branch separating the shrew sequence from the rodent clade had high bootstrap support, 
between 92% and 100% (Figures 2.1 - 2.3). 

Table 2.4 Effects of host age, host sex and year of collection on trypanosome 

prevalence, as assessed by using a generalized linear model with binomial error 
distribution and logit link function, N= 76 

Change in 

Independent variable df residual deviance' P 

Year of collection 2 5.30 <0.08 

Host sex 1 0.07 NS 

Host age 1 2.00 NS 

Host age by sex interaction 1 0.6 12 NS 

1. When added to and deleted from minimal model 
2. Added and removed from a model containing host age and host sex 
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Figure 2.1 Phylogenetic tree constructed using maximum likelihood 

showing relationships between trypanosome 18S rRNA sequences, 

including those isolated from S. araneus in Cheshire ('Shrew'). 

Bootstrap values (percentages) are shown at nodes, with Genbank 

assession numbers and host species for each sequence listed in Table 

2.1. B. caudatus and T borreli are included as an outgroup for tree 

rooting (Stevens and Gibson, 1999). 
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Figure 2.2 Phylogenetic tree constructed using neighbour joining 

method showing relationships between trypanosome 18s rRNA 

sequences, including those isolated from S. araneus in Cheshire 

('Shrew'). Bootstrap values (percentages) are shown at nodes, with 

Genbank assession numbers and host species for each sequence listed 

in Table 2.1. B. caudatus and T borreli are included as an outgroup 

for tree rooting (Stevens and Gibson, 1999). 
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Figure 2.3 Phylogentic tree constructed using maximum parsimony 

showing relationships between trypanosome 18s rRNA sequences, 

including those isolated from S. araneus in Cheshire ('Shrew'). 

Bootstrap values (percentages) are shown at nodes, with Genbank 

assession numbers and host species for each sequence listed in Table 

2.1. B. caudatus and T borreli are included as an outgroup for tree 

rooting (Stevens and Gibson, 1999). 



2.3.3 Bartonella sp. 
Eleven of 76 shrews (14.5%) were found to be culture positive for Bartonella 

sp., with presence of parasite DNA confirmed by PCR (Table 2.3). No effect of host 

age, host sex or year of collection was found on Bartonella sp. prevalence (Table 2.5). 

Two 16S-23S rRNA intergenic spacer regions were successfully recovered from 

one shrew each, one 307bp in length, the other 305bp (Appendix A). The sequences 

were 94% similar, differing by 16bp. Citrate synthase gene (gItA) fragment sequences 

were obtained from Bartonella sp. recovered from five shrews (Appendix A). 

Comparisons indicated there were two distinct gItA sequences, one of which was shared 
by three isolates (697bp), the other by two isolates (667bp). The two sequences were 

99% similar over the 667bp of the shorter sequence, differing by 6bp. The isolates from 

which different 16S-23S rRNA IGSRS were recovered also differed in their gItA 

sequences. 
Comparisons of gItA sequences recovered here with those from other Bartonefla 

species held in the Genbank database (TabIe 2.2) resulted in an alignment 294bp in 

length after removal of gaps. All three phylogenetic trees constructed had variable 

bootstrap support (22% - 100%), but shared several similarities (Figures 2.4 - 2.6). B. 

bacilliformis is the most outlying species, a feature shared with previously published 

phylogenies (Birtles & Raoult, 1996; Holmberg et aL, 2003). The three B. vinsonii 

subspecies clustered together, and the human pathogen B. elizabethae grouped with two 

species found in rodents, B. grahamii and B. tribocorum. Birtles and Roult (1996) found 

a g1tA sequence isolated from a rat was identical to that of B. elizabethae, and suggested 

the human disease may be the result of a zoonosis. The trees presented here are in 

agreement with this hypothesised relationship. Four species isolated from ruminants also 

grouped together (B. bovis, B. capreoli, B. schoenbuchensis and B. chomelfl), although 

in the neighbour joining tree B. clarridgeiae isolated from a cat was also included in this 

cluster (Figure 2-5) 

In all three trees, the two sequences isolated here from common shrews in 

Cheshire grouped together with sequence SA192UP, isolated from S. araneus in Sweden 

(Holmberg et aL, 2003), and with B. taylorii isolated from Apodemus sp. (Birtles et aL, 

1995). 

43 



B. bacilliformis 

B. clarridgeiae 

B. tribocorum 

B. grahamii 

B. elizabethae 

B. alsatica 

84 

A taylorii 

SA192UP 

WHFI 13 

IUPOO1 

B. vinsonii berkhoffi 

B. vinsonii arupensis 
B. vinsonii vinsonii 

B. doshiaý 

B. birtlesii 

B. quintana 

B. koehlerae 

B. henselae 

B. bovis 

B. capreoli 

B. chomelii 

B. schoenbuchensis 

Figure 2.4 Phylogenetic tree constructed using maximum 

likelihood showing relationships between Bartonella species g1tA 
fragment sequences, including those isolated from S. araneus in 

Cheshire (WHF001 and IUPOOI). Bootstrap values (percentages) 

are shown at nodes, with Genbank assession numbers and host 

species for each sequence listed in Table 2.2. 
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Figure 2.5 Phylogenetic tree constructed using neighbour joining 

method showing relationships between Bartonella species gItA 

fragment 18s rRNA sequences, including those isolated from S. 

araneus in Cheshire (WHFOOI and IUP001). Bootstrap values 

(percentages) are shown at nodes, with Genbank assession 

numbers and host species for each sequence listed in Table 2.2. 
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Figure 2.6. Phylogenetic tree constructed using maximum 

parsimony showing relationships between Bartonella species 

gItA sequences, including those isolated from S. araneus in 

Cheshire (WHFOOI and IUPOOI). Bootstrap values (percentages) 

are shown at nodes, with Genbank assession numbers and host 

species for each sequence listed in Table 2.2. 



Table 2.5 Effects of host age, host sex and year of collection on Barlonella sp. 

prevalence, as assessed using a generalized linear model with binomial error distribution 

and logit link function, N= 76 

Changein 

Independent variable df residual deviance' P 

Year of collection 2 1.98 NS 

Host sex 1 3.06 NS 

Host age 1 0.64 NS 

Host age by sex interaction 1 0.06 2 NS 

1. When added to and deleted from minimal model 
2. Added and removed from a model containing host age and host sex 

2.4 Discussion 

Of the 76 shrews examined only one was found to be PCR positive for A. 

phagocytophilum (1.3%). This is only the second time A. phagocytophilum has been 

detected from common shrews using PCR, the only previous report being that of Liz et 

A (2000), who found the parasite in one of five common shrews in Western 

Switzerland. The results presented here suggest prevalence of A. phagocytophilum in 

common shrews is similar or lower to that found in other small mammals in the UK. 

Ogden et aL (1998) found A. phagocytophilum in one of 26 Clethrionomys glareolus and 

zero of 27 Apodemus sylvaticus, while Bown et aL (2003) found A. phagocytophilum in 

11% of C. glareolus and 1.8% of A. sylvaticus. A. phagocytophilum is believed to be 

transmitted between rodents by two species of ixodid tick in the UK, L ricinus and L 

trianguliceps (Ogden el aL, 1998). Both nymph and adult ticks have been shown to be 

PCR positive for A phagocytophilum (Ogden et aL, 1998), although rodents carry very 

few L ricinus nymphs, and almost no L ricinus adults, despite being major hosts for 

larvae (Randolph & Craine, 1995). Both species of tick are known to feed on S. araneus 

(Churchfield, 1990; L tranguliceps nymphs were recovered from the one animal infected 

here), and are likely to be vectors of A. phagocytophilum in common shrews. 

It has been suggested that the higher prevalence of A. phagocytophilum in bank 

voles may be partially explained by a higher encounter rate of mature males with ticks 
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coupled with a longer persistence of A. phagocytophilum infection than occurs in wood 

mice (Apodemus spp.; Bown et A, 2003). Whether either of these factors could explain 

the lower prevalence of A. phagocytophilum reported here from S. araneus is unknown. 
The 16S rRNA sequence elucidated from the PCR positive shrew was identical 

to one previously reported for A. phagocylophilum isolated only from C. glareolus in 

Northwest England (Bown et aL, 2003). Both the presence of ixodid ticks on common 

shrews and the sequence data presented here suggest transmission between rodents and 

shrews may be possible, and that S. araneus may be part of the small mammal reservoir 

of A. phagocytophilum. This would seem likely, given the close proximity shared by 

shrews and wild rodents and the wide host range of A. phagocytophilum, but further 

experiments are needed to demonstrate if transmission between shrews and rodents can 
be facilitated by ticks. A longitudinal study may reveal whether A. phagocytophilum 

prevalence follows the same seasonal pattern in common shrews as it does in rodents 

(Bown et aL, 2003), and whether the disease is maintained all year round in common 

shrews, or if infection only occurs as an occasional by-product of the rodent-tick system. 

The prevalence of trypanosomes in shrews was higher than that reported for. 4. 

phagocytophilum, with 11.8% of shrews PCR positive, which is sin-filar to the 13% 

prevalence of trypanosomes detected in S. cinereus from Pennsylvania by inspection of 

blood smears (Laakkonen et aL, 1998). Similar levels of trypanosome prevalence have 

also been observed in UK bank voles (C glareolus; 11.1%, Healing, 1981; 20%, Turner, 

1986 and 19%, Noyes et aL, 2002), although prevalence in wood mice (A. sylvaticus) 

appears to be lower (I%, Healing, 198 1; 2.2%, Turner, 1986; 8%, Noyes et aL, 2002). In 

the current study, no effect of host gender was found on prevalence, which concurs with 
investigations of trypanosomes in rodents (Healing, 1981; Turner, 1986). However, 

previous authors have produced conflicting reports of effects of age on trypanosome 

prevalence: Healing (198 1) found greater prevalence in immature C glareolus and M. 

agrestis than adults, whilst Turner (1986) suggested 'older' C glareolus were more 

likely to harbour trypanosomes. Here, no significant effect of host age on trypanosome 

prevalence was found. Transmission of trypanosomes to rodents is believed to occur 

when the host eats infected fleas or flea faeces during grooming (Hoare, 1972). The lack 
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of age or sex effects found here suggests sub-adult and adult shrews of both sexes are 

equally likely to contract trypanosome infections, probably via consuming fleas. 

The 519bp 18S rRNA encoding gene fragment sequence isolated using 

trypanosome specific primers was found to share greatest similarity with a homologous 

gene from T lewisi. The 5% difference between the sequence isolated from S. araneus 

and any other published on Genbank suggests it may represent the genotype of a 

previously undescribed Trypanosoma species. To my knowledge, this is the first time a 

trypanosome has been reported from a common shrew. Although similar organisms have 

been identified from both Old World and New World shrews, often named as T soricis 

or described as 'T lewisi-like' (Laakkonen et aL, 1998), no DNA sequence data are 

available from these parasites which would allow phylogenetic comparisons with the 

sequence isolated here. In the three phylogenetic trees produced in the current study, the 

18S rRNA encoding gene fragment sequence isolated from S. araneus groups most 

closely to, but is separate from, a cluster of rodent trypanosomes. The sequence 
described here has never previously been isolated from rodents sharing habitat with S. 

araneus, suggesting it may represent a trypanosome species specific to shrews. The flea 

fauna of common shrews in the UK includes two species rarely found on rodents, 
Doratopsylla dasycnema and Palaeopsylla soricis (Smit, 1957). The trypanosome found 

here might therefore be restricted to shrews by either of these potential flea vectors. 
However, studies of wild bank voles (C glareolus) and wood mice (A. sylvaticus) 

suggest both rodent species are challenged by each other's associated trypanosomes by a 

common flea fauna, yet do not seem to become infected (Noyes et aL, 2002). Previous 

authors have suggested trypanosomes may have co-evolved to a certain extent with their 

hosts (Haag et aL, 1998; Noyes et aL, 2002 but see Maslov et aL, 1996). If so, it would 

not be surprising to find that trypanosome transmission cannot take place between hosts 

belonging to different orders (insectivores and rodents). Further work is needed to 

identify if the trypanosome isolated here is also found in other shrews and whether it 

represents the genotype of T soricis reported by previous authors. 

Bartonella sp. was cultured from 14.5% of shrews examined. This is very close 

to the 15% prevalence found in Swedish S. araneus by PCR (Holmberg et aL, 2003) and 

similar to the 10.4% figure reported from Czechoslovakia (Sebek, 1975), but 

49 



considerably lower than the 27% prevalence found in Norway by inspection of blood 

smears (Hoyte, 1956). No effect of host age or gender was found on Bartonella sp. 

prevalence, which concurs with the earlier observations of Hoyte (1956). It would 

appear from these results that, as for trypanosomes, shrews of both sexes and age classes 

are equally likely to become infected by Bartonella sp., also thought to be transmitted by 

arthropod vectors, probably fleas (Birtles et A, 2001; Stevenson et aL, 2003). 

Two different strains of Bartonella sp. were isolated from shrews during this 

study, exhibiting polymorphisms in both the g1tA sequence and 16S-23S rRNA IGSR. 

Phylogenetic analysis of g1tA sequences placed both strains closest to Bartonella sp. 
SAI 92UP from S. araneus in Sweden (Holmberg et aL, 2003) and B. taylorii isolated 

from Apodemus sp. (Birtles et aL, 1995). Previous studies have suggested low host 

specificity for most Bartonella species of rodents, with the same Bartonella species able 

to infect different hosts, and several Bartonella species occurring in the same host 

species (Birtles et aL, 1994; Birtles & Raoult, 1996). However, the two g1tA sequences 
isolated here have never been reported from rodents, and neither has a similar sequence 
isolated from common shrews in Sweden (Holmberg et aL, 2003). This may suggest a 

high level of host specificity for Bartonella species infecting shrews. As suggested for 

trypanosomes, Bartonella sp. in S. araneus may be transmitted by flea species feeding 

almost exclusively on shrews, such that the strains isolated here and in Sweden may be 

restricted by their arthropod vector. A similar hypothesis has been suggested to explain 

the observed divergence between B. grahamii associated with bank voles and other 

species infecting small mammals (Birtles & Raoult, 1996). The clustering of g1tA 

sequences from common shrews with B. taylorii might suggest a recent host-switching 

event between two host species sharing the same habitat. Clearly, both proposals need 
further investigation to fully understanding the evolution of Bartonella sp. infections in 

shrews. 
In conclusion, common shrews in the UK are infected with parasite genera 

previously associated with rodents and other small mammals. In the case of A. 

phagocytophilum, transmission may occur between shrews and other hosts, while the 

evidence suggests Bartonella sp. and trypanosomes of shrews are host specific. Further 

work is needed to understand the transmission dynamics of shrew haernoparasites, both 
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within common shrews and between other small mammal species, and the effects these 

parasites have upon their host. 
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Chapter 3 Parasite-mediated pathology in Sorex araneus 

3.1 Introduction 

Investigations of wild animal pathology are usually restricted to examination of 

recovered carcases (Gulland, 1995), often to determine the cause of mortality during 

wildlife epidemics (Wiese et A, 1977; Spalding et A, 1993; Spalding & Forrester, 

1993; Work et aL, 2004). In combination with field studies, pathological investigations 

may also aid our understanding of the physiological mechanisms by which parasites 
influence host life-history traits. For example, Gulland (1992) examined pathological 
lesions associated with nematode infection (Ostertagia circumcincta) at the same time as 

conducting treatment experiments on Soay sheep (Ovis aries). The presence of 

pathological lesions indicated nematodes contributed to mortality in malnourished hosts, 

which might explain the increase in daily survival associated with anthelmintic 

treatment. Through examination of histological changes in infected tissue, such studies 

may also provide a broader understanding of host investment in immunity than those 

which rely solely on measuring antibody titres in serum (Owens & Wilson, 1999). In 

addition, examination of histological alterations associated with immune reactions 

provides details of immunopathology, suggested to be one of the ma or costs to the host 

of mounting an immune response (Raberg et A, 1998). 

It is within this wider framework that parasite-mediated pathology of common 

shrews is of particular interest. As discussed in Section 1.8, shrews are known to 

withstand infection by a range of micro and macroparasites, and harbour a greater 

number of helrriinth species than rodents sharing the same habitat (Sharpe, 1964; Lewis, 

1968). Although almost nothing is known about the pathological effects of these 

parasites, age-related increases in helminth infections have been suggested as a possible 

factor in the synchronous mortality of adult shrews after the breeding season (Buckner, 

1969; Pernetta, 1977). The extent to which S. araneus responds immunologically to 

infection also remains virtually unstudied. Given their resource-limited physiology 

(Section 1.7), and the energetic and nutrient costs of mounting an immune response 

(Section 1.3), shrews may have no alternative but to tolerate parasite infestation. 
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As a first step to exploring the effects of parasitism on S. araneus, a thorough 

pathological investigation of wild common shrews is conducted for the first time, with 

all major organs examined using standard histological techniques. In addition, 

quantitative comparisons of helminth abundances are made between host sex and age 

classes, in order investigate the extent to which shrews suffer increasing levels of 

parasitism with age. This investigation is complemented by a detailed study of the 

structure, function and age-related changes in the lymphatic tissues of these animals 

(Chapter 4), which may reveal more about the common shrew's ability to respond to 

parasitic infection through immune reactions. 

3.2 Materials and methods 
3.2.1 Animals and tissue processing 

Forty-three wild common shrews (19 male, 24 female) were live-caught in the 

vicinity of Leahurst field station, Cheshire, England (OS grid reference 331558,377486) 

between September 2001 and June 2003. Animals were caught either for the purpose of 
dissection and examination (five animals), or for use as controls in behavioural trials (17 

animals, Chapter 5) or field experiments (21 animals, Chapter 6). Shrews were 

classified into three age categories: group one consisted of 18 sub-adult animals (eleven 

female, seven male), group two comprised three pubescent individuals undergoing 

sexual maturation (two female, one male) and group three was represented by 22 

sexually mature animals (eleven female and eleven male) caught during or after the 

breeding season. All animals appeared healthy when captured, and were killed using an 

overdose of Fluothane (Schering-Plough Animal Health, Hertfordshire, UK) 

anaesthetic vapour. Full necropsy was performed, and oesophagus, stomach, gut, bladder 

and carcass were examined for endoparasite infestation. Parasites were identified as 

nematodes, cestodes, digeneans or acanthocephalans using appropriate keys (Roots, 

1992) and counted. 

Cardiac blood samples were taken for the detection of haernoparasites 

(Bartonella sp., trypanosomes and Anaplasma phagocytophilum) by bacterial culture 

and PCR (Birtles & Raoult, 1996; Birtles et aL, 2000; Liz et aL, 2002; Noyes et aL, 
2002), as described in Chapter 2. 
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Major organs from all animals were fixed in 4% buffered paraformaldehyde for 
24 - 48h, with tissue samples routinely embedded in paraffin wax. 5pm-thick sections 

were stained with haematoxylin-eosin prior to light microscopy. To facilitate 

identification of cell populations in liver inflammation, sections were stained using 
immunohistochemical methods described fully in Chapter 4. 

3.2.2 Statistical analysis 

Mann-Whitney U-tests were employed to investigate if abundances of gut 
helminths (comprising digeneans, nematodes and cestodes), bladder nematodes, and 
Porrocaecum sp. larvae varied according to shrew sex or age. 

The degree of inflammatory infiltration observed in the liver of each animal was 

assessed as mild, moderate or severe, based on the number of cells and cell layers in 

portal arcas or bctwccn hcpatic cords. Ordinal logistic rcgrcssion was thcn uscd to tcst 

whether severity of inflanunation varied with shrew age class or sex. 

3.3 Results 

3.3.1 Parasitology 

All animals harboured helminths. In those examined in detail (N = 36) both 

nematodes and cestodes were recovered from the digestive tract, while 30/36 (83%) of 

animals were infected with the digenean Brachylaemusfulvus (Roots, 1992), located in 

the oesophagus, stomach or gut. Additionally, digeneans (identified by egg morphology 

as Dicrocoelium soricis; Roots, 1992) were recovered from the gall bladder lumen of 

one sub-adult and one adult common shrew. The nematode Liniscus incrassatus was 
found in the urinary bladder of 29 of 36 animals (8 1 %) and larvae of the nematode 
Porrocaecum sp. were present in the intrascapular adipose tissue of 10 of 19 (53%) 

examined adult animals, reaching a maximum intensity of 68 larvae per shrew, but only 

two of 12 sub-adults (17%; maximum intensity, two) and none of three pubescent 

shrews. Acanthocephalans (most likely Centrorhynchus aluconis; Ewald et aL, 1991) 

were recovered from the liver of one sub-adult, and the body cavity of another. 

Trypanosomes were detected by PCR in blood samples from 6 of 21 (29%) 

adults and one of three (33%) pubescent shrews tested, while all 14 sub-adult animals 

54 



tested were negative. Bartonella sp. was cultured from blood of 3/14 (2 1 %) sub-adults, 
1/3 (33%) pubescent common shrews and 4/21 (19%) adult individuals. A. 

phagocytophilum was not detected in any of the animals examined. 

3.3.2 Effects of shrew age and sex on helminth abundance 

Adults were found to harbour more bladder nematodes, Porrocaecum sp. larvae 

and gut helminths than sub-adults (Table 3.1; Figures 3.1 - 3.3). In addition, males were 

found to harbour more gut helminths than females, but no difference in abundances of 

bladder nematodes or Porrocaecum sp. larvae was found between sexes (Table 3.2). 

Whether an interaction exists between effects of host sex and age on parasite abundances 

could not be formally tested using non-parametric ANOVAs, due to unequal sample 

sizes between host categories. 

3.3.3 Pathohistology 

Complete histological details of each animal examined are presented in 

Appendix B. Here, pathological findings are grouped by organ/tissue and presented in 

alphabetical order. 

3.3.3.1 Adipose tissue 
Porrocaecum sp. larvae were found encapsulated within cell-rich fibrous 

connective tissue in adipose tissue of 12 animals. In the three animals examined 

histologically, infection was not associated with any inflammatory infiltration (Figure 

3.4). In addition, moderate focal granulomatous steatitis was observed in adipose tissue 

of one animal. 

3.3.3.2 Adrenal glands 

Adrenal glands were examined in 36 animals, none of which showed signs of 
histopathological alteration. 
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Figure 3.1 Abundance of bladder nematodes (Liniscus 

incrassatus) in female (open circles) and male (filled circles) 

common shrews of different ages. 
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Figure 3.2 Abundance of Porrocaecum sp. larvae in female 

(open circles) and male (filled circles) common shrews of 
different ages. 
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Figure 3.3 Abundance of gut helminths (comprising nematodes, 

cestodes and digeneans) in female (open circles) and male (filled 

circles) common shrews of different ages. 
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Figure 3.4 Porrocaecum sp. larva (L) surrounded by fibrous 

capsule (C) recovered from intrascapular adipose tissue (A) 

ofS. araneus. 



3.3.3.3 Brain 

Brain tissue was examined in 10 animals, none of which showed signs of 
histopathological alteration. 

3.3.3.4 Gall bladder 

Infestation of the gall bladder by the cligenean Dicrocoelium soricis (as identified 

by egg morphology; Roots, 1992) observed in two individuals resulted in only a mild 

lymphocytic submucosal infiltration in one animal. 

3.3.3.5 Gastrointestinal tract 
Intestines of 10 animals were examined histologically, none of which exhibited 

histological change or inflammatory reaction directly associated with helminths. 

However, five animals exhibited mild to moderate mixed cellular infiltrations in the 

mucosa or submucosa. 

3.3.3.6 Kidneys 

Protozoan cysts were found in kidneys of 21 of 43 (49%) animals from which 

tissue was examined. These were not associated with reaction in most cases (13 animals) 

and most commonly mild granulomatous inflammatory infiltration or occasional slight 

thickening of the affected vessel wall in the remainder (Figure 3.5a). 
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Figure 3.5 Protozoan cysts (arrows) within blood vessel 

r ! 

walls in kidney (a. ) and myocardium (b. ) of S. araneus. 



3.3.3.7 Liver 

The liver of all examined animals exhibited a variable degree of mixed cellular 
(neutrophils, lymphocytes and macrophages) portal inflammatory infiltration 

(Table 3.3). No difference in severity of inflammation was found between sub-adult 

(N = 18) and adult (N = 22) common shrews (Wald = 0.03, df = 1, NS), or between 

males (N = 22) and females (N = 18; Wald <0.01, df = 1, NS). Inflammation often 

occurred together with follicle-like accumulations of lymphocytes, which occasionally 

exhibited germinal centres. Where 'follicles' did not possess germinal centres, 

lymphocytes were identified as B cclls, with strong expression of CD79a and mild to 

moderate staining for CD45R (see Section 4.2.2 for explanation of immunohistology). 

The presence of germinal centres, however, was confirmed by a strong expression of 

CD45R and a faint reaction for CD79a. 

Additional findings included a focal chronic granulornatous inflammation in one 

sub-adult, which contained a central area of necrosis and mineralisation surrounded by 

macrophages, epithelioid and multinucleate giant cells and an outer layer of 

lymphocytes and fibroblasts. Two adults also had a focal necrosuppurative hepatitis, 

another two focal hepatic necrosis with haemorrhage and pyogranulomatous 

inflammation, and a fifth extensive multifocal hepatic necrosis with haemorrhage and 

neutrophil infiltration. The liver of one pubescent shrew also contained helminth 

parasites which were seen within and outside multifocal suppurative hepatitis and 

haemorrhage (Figure 3.6). Two animals had subendothelial protozoan cysts within 

portal arteries, which did not induce any alteration. 

3.3.3.8 Lungs 

Lung tissue was examined from 41 animals, 27 of which exhibited moderate 

hyperaernia surrounded by fibroblasts. Other findings included accumulations of 

lymphocytes (13 animals), haemorrhage (six animals), and granulomas (two animals). 

Four animals showed no pathological alterations. 
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Figure 3.6 One or more helminth parasites in hepatic tissue (a. ) of 

S. araneus, associated with multifocal necrosuppurative 

inflammation (b. ). 



Table 3.3 Severity of liver inflammation in common shrews 
Mild to Moderate 

Mild Moderate Moderate to severe Severe 

Sub-adults 

Females 2 4 4 1 0 

Males 2 1 4 0 0 

Pubesecents 

Females I 1 0 0 0 

Males 0 1 0 0 0 

Adults 

Females 4 2 3 1 1 

Males 3 2 6 0 0 

3.3.3.9 Myocardium 

Of 39 examined animals, 14 harboured protozoan cysts in vessel walls within the 

myocardium (Figure 3.5b), associated with mild granulornatous inflammatory 

infiltration in five animals, and vessel wall thickening in three cases. One shrew 

exhibited mild focal perivascular infiltration without evidence of cysts. The remaining 

animals should no evidence of pathological alteration. 

3.3.3.10 Oesophagus 

Five of seven animals exhibited pathological alterations in the oesophagus. One 

animal exhibited focal hydropic degeneration of epithelial cells, associated with 

attachment of the digenean Brachylaemusfuivus (Roots, 1992). Two animals exhibited 

apparent intracytoplasmic structures within degenerating epithelial cells (Figure 3.7) 

associated with focal epithelial proliferation and hydropic degeneration, and two other 

possessed nematodes between epithelial layers (identified by egg morphology as 
Eucoleus oesophagicold, Roots, 1992), associated with mixed cellar infiltration of the 

mucosa, and in one animal focal hydropic degeneration of the superficial epithelium. 
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3.3.3.11 Pancreas 

Pancreatic tissue was examined in 14 animals, none of which showed signs of 

pathological alteration. 

3.3.3.12 Pancreas ofAselli 
The structure and function of this unique organ is described in detail in Chapter 

4 (Section 4.3.2.2): only pathological alterations are outlined here. Five of the 41 

animals from which tissue were examined had granulomas within the pancreas of Aselli, 

in one case surrounding a nematode. Two adult males exhibited focal neucrosuppurative 
inflammation, again in one case surrounding a nematode, while one adult male and one 

adult female exhibited pyogranulornatous inflammation. Six animals (2 sub-adult 

females, 3 adult females and one adult male) showed signs of fibrosis, and one adult 

female had protozoan cysts without inflammatory reaction. 

3.3.3.13 Skeletal muscle 
In one adult female shrew protozoan cysts with features of Sarcocystis sp. were 

found within skeletal muscle myocytes not causing any reaction. Tissue from the 

remaining 33 examined animals showed no alteration. 

3.3.3.14 Spleen 

Protozoan cysts were found in the red pulp of one animal without reaction. Full 

details of the structure and function of the shrew spleen arc presented in Chapter 4 

(Section 4.3.2.1). 

3.3.3.15 Stomach 

Stomach tissue from II of 14 (79%) animals examined showed no alteration. 
One common shrew exhibited mild focal accumulations of lymphocytes in the mucosa, 

while another had a mild submucosal focal neutrophilic leukocyte infiltration. The 

remaining animal possessed a protozoan cyst within a subinucosal vessel wall (without 

reaction) and exhibited mild mononuclear and moderate mixed cellular infiltrations. 
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3.3.3.16 Urinary bladder 

Nematodes in the urinary bladder were found in the lumen and between 

epithelial cells in ten of 28 (36%) animals (Figure 3.8a). The structure of the eggs 

revealed these nematodes to be Liniscus incrassatus, known to inhabit the bladder of 

shrews (Roots, 1992). In two cases, infection was associated with mild to moderate 
diffuse mixed cellular mucosal infiltration, while another animal exhibited moderate 
focal neutrophil infiltration. A further infected individual showed moderate chronic 
lyinphocyte-dominated cystitis, and another exhibited degeneration and sloughing of 

epithelial cells (Figure 3.8b). One animal possessed a protozoan cyst within a vessel 

wall, without reaction. 
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3.4 Discussion 

Previous studies of parasitism in S. araneus have focussed mainly on the 
identification and quantification of helminths (Section 1.8). The results found here 

concur with those of previous investigations which have found helminth parasitism to be 

highly prevalent in shrews (Sharpe, 1964; Lewis, 1968; Haukisalmi et al., 1994; 

Shimalov, 2001). This would seem to suggest S. araneus cannot avoid becoming 

infected by helminths carried in their invertebrate prey (Sharpe, 1964; Lewis, 1968). 

Intuitively, shrews might be expected to accumulate helminth parasites with age. 
However, parasite abundances in older animals may decrease as a result of development 

of host immunity (Gregory et al., 1990), or a positive relationship with host mortality 
(hosts harbouring high parasite burdens die before reaching old age; Anderson & 

Gordon, 1982; Gregory et al., 1992). Here, abundances of bladder nematodes, 
Porrocaecum sp. larvae and gut helminths were found to be greater in adults than sub- 

adults. A study of gut helminths in shrews from Lapland (which similarly partitioned 

shrews into juvenile and adult classes) found evidence of greater helminth abundance in 

adult males compared to juvenile males, but no similar trend for females (Haukisalmi et 

al., 1994). A more detailed temporal study showed prevalence of individual helminth 

species to vary over the course of the year, with some of the most common species 

peaking in sub-adults in spring and in adults during the summer of the following year 
(Kisiclewska, 1963). This is most likely a consequence of the increased number of 
invertebrate intermediate hosts available for consumption during spring and summer 
(Kisielewska, 1963). It appears therefore that the pattern of helminth abundance in 

shrews is more complicated than simple linear accumulation with age, but that adults 

still harbour more helminths than sub-adults. 

Here, no evidence was found for a sex difference in abundance of bladder 

nematodes, or Porrocaecum sp. larvae between shrews. However, males were found to 
harbour more gut helminths then females. Previous studies have found little evidence of 

sex differences in patterns of parasite infestation in S. araneus (Lewis, 1968; Haukisalmi 

et al., 1994). Differences between sexes in infection are usually attributed to hormonal 

effects on the immune system (Zuk & McKean, 1996) or differences in behaviour 

(Tinsley, 1989). No study has yet investigated the effects of hormones on parasite 
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burdens in common shrews, but the behaviour of males and females is thought to remain 

similar until the onset of sexual maturity (Barnard et aL, 1983; Section 1.7). By 

exhibiting similar patterns of foraging behaviour and food consumption, male and 
female shrews may have equal exposure to parasites as sub-adults, outweighing any 
differences in hormonal status that may create discrepancies in patterns of infection. 

However, differences in adults might be expected as a consequence of hormonal 

maturation and/or sexual dimorphism in behaviour or food consumption (Haukisalmi et 

al., 1994). Further study is required to investigate whether the greater abundance of gut 

helminths in males is related to numbers of one or more individual parasite species 
(perhaps infecting more males than females through a sex-specific preference for a 

particular prey item containing intermediate parasite stages), or general relationships 
between host food intake, immunological status and host sex. In addition, more detailed 

statistical analysis is needed to ascertain whether the observed difference occurs equally 

in both sub-adult and adult shrews. 

The present study attempted to go beyond quantifying parasite burdens of 

shrews to examine pathological changes associated with infection. The results suggest 

shrews suffer a diverse array of parasite-mediated pathology, particularly in association 

with helminths. Prior to this study, only two attempts had been made to examine 

pathological changes in common shrews. Vaucher (197 1) provided photographs of the 

attachment of cestodes to the gut wall, and concluded that even the heaviest infection 

would result in negligible damage to the intestine. Here, no evidence was found for 

pathological changes associated with gut helminths, although several animals showed 

signs of gut enteritis which could not be related to a causal organism. Given the food 

requirements and high metabolic rates of S. araneus, any pathological change in the gut 

which hinders nutrient absorption might be more detrimental to common shrews than to 

other host species (Haukisalmi et aL, 1994). Similarly, helminth parasites occurring in 

the gall bladder may interfere with bile production, hampering lipid absorption (Soveri 

et A, 1994) and depleting further the restricted fat reserves of S. araneus (Churchfield, 

1981). 

In common with Soveri et A (1994), who provided brief descriptions of 

pathology in S. araneus from Finland, a high proportion of animals examined here had 
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protozoan cysts, occurring within vessel walls in the kidneys and myocardium, and 

occasionally in the liver and other organs. In most instances, these cysts did not induce 

any alterations apart from an occasional slight thickening of the affected vessel wall or a 

mild granulomatous inflammatory infiltration. Given the demands placed on the heart by 

the fast metabolic rate of S. araneus (Nagel, 1994), even slight alterations of myocardial 

tissue may be detrimental to common shrews (Soveri et aL, 1994). 

The parasite Porrocaecum sp. is believed to use S. araneus as a paratenic host, 

remaining encapsulated until consumed by the final host, possibly the tawny owl (Strix 

aluco; Roots, 1992). Previously, it has been suggested that in high numbers this parasite 

may irritate its shrew host to such an extent as to make its behaviour erratic, increasing 

the chances of predation (Buckner, 1969). Interestingly, no evidence was found here for 

an inflammatory reaction associated with encapsulated Porrocaecum sp. larvae. This 

may suggest that, at least at this life-history stage, this parasite is relatively benign, 

causing little irritation to its host. 

The results of this thorough histological examination suggest common shrews 

are able to withstand both prevalent and diverse parasite-mediated pathology, and are 

capable of mounting immune reactions against infectious agents, despite their resource- 

limited physiology. The following chapter considers the lymphatic tissues of common 

shrews in more detail, in the hope of further understanding their ability to mount 

immune responses, and any changes in this capacity with age. 
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Chapter 4. Haemolymphatic tissues in common shrews of different ages 

4.1 Introduction 

The results presented in Chapter 2 and Chapter 3 supplement the findings of 

previous studies which have reported Sorax araneus to be host to a variety of both micro 

and macroparasites (Section 1.8). In addition, Chapter 3 demonstrated that shrews are 

able to mount immune responses against many of these parasites despite energetic 

restrictions placed upon them by their resource-limited physiology (Genoud, 1988). This 

ability poses interesting questions as to the structure and function of their lymphatic 

tissues. Until now, studies of the haemolymphatic system in Sorex araneus have been 

fragmentary at best. Most have focussed on the "pancreas of Aselli", a large lymphoid 

organ, seemingly unique to shrews, which drains the small intestine (Holmes, 1965; 

Twigg & Hughes, 1970; Tsiperson, 1997). Studies of spleen and bone marrow 

morphology and function have been restricted to a related species, the musk shrew 
(Suncus murinus; Fukuta et aL, 1982; Ishizeki & Tokio, 1989). With the exception of 

studies examining changes in blood leukocyte counts (Wolk, 198 1) and the size of the 

pancreas of Aselli over time (Twigg & Hughes, 1970), no attempt has been made to 

examine age-related changes in structure and function of haemolymphatic tissues in 

common shrews. Senescence of lymphatic tissues ('immunosenescence') could reduce 

the capacity of S. araneus to respond immunologically to infection in later life. If 

parasites are able to develop unchallenged by the immune system in older individuals, 

then immunosenescence could be a factor in the age-related increases in parasite 

abundances reported from common shrews (Haukisalmi et aL, 1994; Chapter 3). 

Depletion of lymphatic tissues may also result in previously latent infections becoming 

uncontrollable and eventually fatal, as has been described in male dasyurid marsupials 

(Barker et aL, 1978; Poskitt et al., 1984, see Section 1.3). If this is the case in S. 

araneus, parasitism may contribute to the synchronous mortality of adult common 

shrews after the breeding season (Buckner, 1969; Pemetta, 1977). 

Here, morphological and functional features of common shrew haemolymphatic 

tissues are defined and age-related changes assessed. To this purpose, both light and 

electron microscopy are employed, using immunohistological methods to identify 
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leukocytes (T and B lymphocytes, macrophages/monocytes) and evaluate cellular 

turnover. Relationships between immunosenescence, parasite burden, and host age class 

are investigated statistically, as are differences in relative weights of lymphatic tissues 

between age classes. 

4.2 Materials and methods 

4.2.1 Animals and tissue processing 
Lymphatic tissues were removed at dissection from the 43 wild shrews (19 male, 

24 female) used for pathological examination (Chapter 3). In most cases weights of 

spleen, pancreas of Aselli and body mass (minus gut) were recorded at dissection. Prior 

to light microscopy, major organs from all animals were fixed in 4% buffered 

parafonnaldehyde for 24 - 48h, with tissue samples routinely embedded in paraffin wax. 

5pm-thick sections were stained with haematoxylin-eosin, or in the case of 

haemolymphatic tissues (spleen, pancreas of Aselli, bone marrow (stemurn) and in 

selected cases mesenteric or mediastinal lymph nodes and thymus) used for 

immunohistological examination. For electron microscopy, tissue samples from the 

pancreas of Aselli of one sub-adult common shrew were fixed in 2.5% glutaraldehyde 

and 4% paraformaldehyde in cacodylate buffer (pH 7.4) and routinely embedded in 

epoxy resin. Both semi-thin sections (I pin) and thin sections were prepared and the 

latter examined using transmission electron microscopy. 

4.2.2 Immunohistology and TUNEL method 

Immunohistology and TUNEL method were performed on tissues from 21 

common shrews across all age groups. Cross-reactivity of antibodies (the extent to 

which antibodies developed to label cell populations in other species are applicable for 

use in shrews) was evaluated using splenic morphology as a guide, the observed 

morphology being very similar to that from other species. Accordingly, this allowed for 

identification of lymphatic follicles, T cell zones and red pulp. Both monoclonal and 

polyclonal antibodies applied in other species (Milner et aL, 1996; Kipar et A, 1998a; 

Kipar et aL, 1998b; K6hler et aL, 2000) were used to identify leukocytes and 

proliferating cells in shrew tissues, employing both peroxidase anti-peroxidase and 
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avidin biotin peroxidase complex methods. Antibodies, their sources and detection 

methods are listed in Table 4.1. T lymphocytes were identified by demonstrating 

presence of CD3 (a pan T cell marker in many other mammalian species (Milner et aL, 
1996; Kipar et aL, 1998a) whilst antibodies against CD45R of B cells (Butcher et aL, 
1982; Kipar et al., 1998b) and CD79a (Chu and Arber, 2001) were used in an attempt to 

stain B cells. Presence of neutrophils and monocytes/macrophages was demonstrated 

using antibodies against human myeloid/histiocyte antigen (calprotectin; Kipar et aL, 
1998b) and lysozyme (Kipar et aL, 1998a). 

Cellular turnover of lymphatic tissues was evaluated according to the number of 
detectable proliferating and apoptotic cells. Proliferating cells were identified via their 

expression of the proliferating cell nuclear antigen (PCNA; McCormick & Hall, 1992; 

K6hler et aL, 2000), whilst apoptotic cells were demonstrated in situ by the TUNEL 

(terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labelling of DNA 

fragmentation sites) method (Gavrieli et al., 1992; K6hler et al., 2000) using a 

commercially available kit according to the manufacturer's instructions (ApopTagTm In 

Situ Apoptosis Detection Kit; Chemicon, California, USA). 

Consecutive tissue sections, incubated with normal rabbit or rat serum or a non- 

reacting mouse monoclonal antibody, were used as negative controls for polyclonal and 

monoclonal antibodies respectively. For the TUNEL method, TdT was replaced by 

distilled water on negative control slides. 

4.2.3 Assessment of bone marrow and lymphatic follicle activity 

Lymphatic follicles in the spleen and lymph nodes of all animals were classified 

as relatively large or small, and the presence and degree of depletion (none, mild, 

moderate or severe) assessed on the basis of the cellularity of the germinal centre. 

Similarly, bone marrow activity was classified as low, moderate or high based on the 

ratio of haernatopoietic cells to adipose tissue in a cross section of the marrow in the 

xyphoid bone. 
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Table 4.1 Antibodies and detection methods used to identify leukocytes and 

proliferating cells in S. araneus 

Detection method; 
Cells identified Antibody pre-treatment 

B cells Rat anti-mouse CD45R ABC2; 

(strongest expression in (clone B220, Ly5)1 citrate buffer 

undifferentiated B cells) 

B cells (predominantly 

differentiated B cells) 

cells 

Monocytes/macrophages, 

neutrophils, myelornonocytic 

precursors (not 100% of cells) 

Monocytes/macrophages, 

neutrophils, myelornonocytic 

precursors (not 100% of cells) 

Proliferating cells 

pre-treatment 
Mouse anti-human CD79a ABC2; citrate 

(clone HM57)3 buffer/EDTA 

pre-treatment 
Rabbit anti-human CD33 pAp4; protease 

pre-treatment 
Mouse anti-human pAp4; protease 

myeloid/histiocyte antigen pre-treatment 
(clone MAC387) 3 

Rabbit anti-human pAp4; protease 
lysozyme 3 pre-treatment 

Mouse anti-human PAP4 ; citrate buffer 

PCNA (clone pC, 0)3 pre-treatment 

1. Cedarlane, Homby, Canada 

2. ABC - avidin biotin peroxidase complex method 

3. Dako Cytomation, Ely, Cambridgeshire, UK 

4. PAP - peroxidase anti-peroxidase method 
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4.2.4 Statistical analysis 
As in Chapter 3, statistical analysis was restricted to sub-adult and adult 

animals, as sample size for pubescent shrews (N = 3) was too small. General linear 

models (GLM) were employed to investigate whether relative masses of lymphatic 

organs (pancreas of Aselli and spleen) differed between common shrews of different age 

categories and sex. To assess and control for effects of body mass, organ weight (either 

spleen or pancreas of Aselli) was entered as the dependent variable in a GLM and 

regressed against the shrew's total weight at culling, minus the weight of the gut (in 

order to remove variability associated with recently consumed food). Host age (sub- 

adult or adult) and host sex (male or female) were then added to the model, first 

individually and then simultaneously, and significance of increases in r2 associated with 

adding each term (or both terms together) assessed using F-tests. 

Ordinal logistic regression was used to examine whether bone marrow and 

lymphatic follicle activity (primary/secondary follicles, presence and degree of follicular 

depletion) in the spleen and pancreas of Aselli varied with common shrew sex and age 

class. Sex and age category were entered simultaneously as independent variables into 

each of five models (one per dependent variable described above) and the significance of 

each term assessed by Wald tests. 

In order to investigate potential associations between helminth abundances (as 

calculated in Chapter 3) and host follicle activity, categorical principal component 

analysis was first used to create a one-dimensional component which combined scores 
for follicle size and depletion in both the pancreas of Aselli and spleen. Spearman 

correlations then investigated relationships between this measure and number of 

macroparasites in the alimentary tract (oesophagus, stomach and gut), number of 

nematodes in the bladder, and number of Porrocaecum sp. larvae encapsulated in the 

intrascapular region and body cavity. 
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4.3 Results 

4.3.1 Identification of leukocytes, proliferating and apoptotic cells 

Immunohistological staining of the spleen showed that all antibodies used cross- 

reacted with shrew leukocytes. CD45R and CD79a were both expressed by B cells, as 

confirmed by staining of lymphocytes in follicles, but with different distribution patterns 
for each antigen. CD45R was strongly expressed in follicular germinal centres, but 

relatively faintly in well-differentiated B cells within follicular mantle zones. In contrast, 

staining for CD79a was weaker in follicular germinal centres and stronger in the 

periphery. Primary follicles, however, were entirely composed of CD79a-positive 

lymphocytes. Plasma cells were negative or exhibited only a faint staining for both 

antigens. Staining for CD3 identified lymphocytes in T cell zones and thereby appeared 

to be a pan T cell marker. Both the myeloid/histiocyte antigen and lysozyme were 

expressed by monocytes/macrophages and at least a subset of neutrophils. They were 

both also expressed by a high percentage of cells in the bone marrow. 

PCNA expression was observed in follicle germinal centres, T cell zones, bone 

marrow and splenic red pulp, the sites in the haernolymphatic tissue expected to contain 

proliferating cells. The majority of megakaryocytes were also positive for PCNA. 

TUNEL method identified cells with the morphology of apoptotic cells (Gavrieli 

et al., 1992; K6hler et al., 2000) as well as apoptotic bodies (both free and within 

tingible body macrophages), located predominantly in follicular germinal centres. 

4.3.2 Relative weights, morphology and composition of lymphatic tissues and bone 

marrow 
4.3.2.1 Spleen 

A positive relationship with body mass (minus gut weight) explained 48% of the 

variability in spleen weight at culling (Table 4.2, Figure 4.1). Addition of both host age 

and sex to the model, either individually or simultaneously, led to significant increases 

in r2 (Table 4.2). In the model containing all three terms, spleen weight remained 

positively related to body mass, and adult animals and females had relatively larger 

spleens than sub-adults and males respectively (Table 4.3, Figure 4.1). 
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and spleen mass for male and female common shrews of different 

age classes. 



Table 4.2 Changes in r2 associated with adding terms to a general linear model with 

spleen weight as the dependent variable. Body mass (minus gut weight) was retained in 

all models 
R2change F df p 

Body mass' 0.48 28.9 1,31 <0.001 

" Age 0.15 12.1 1,30 <0.01 

" Sex 0.11 8.1 1,30 <0.01 

+ Age + Sex 0.20 9.2 2,29 <0.0001 

1. Minus weight of gut 

Table 4.3 Partial coefficients of independent variables in a GLM with spleen weight as 

the dependent variable and host body mass, age category and sex as independent 

variables 
Unstandardized 

Coefficient SE t df p 

Constant -0.026 0.016 -1.63 29 NS 

Body mass 1 0.007 

Age 0.026 2 
0.002 2.88 29 <0.01 
0.009 2.90 29 <0.05 

Sex -0.014 
3 0.007 -2.19 29 <0.05 

1. Minus weight of gut 

2. Indicates larger relative spleen mass in adults than sub-adults 

3. Indicates larger relative spleen mass in females than males 

The white pulp (lymphatic follicles and T cell zones) was generally confined to 

the organ's centre, where follicles were arranged singly or in groups (Figure 4.2). 

Follicle centres contained up to 20% CD3-positive T cells. Up to 50% of the cells within 

germinal centres were PCNA-positive. Follicles and follicle groups were surrounded by 
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a variably distinct rim, composed of myeloid/histocyte antigen- and lysozyme-positive 

macrophages and neutrophils, variable numbers of strongly CD79a-positive B cells and 

CD3-positive T cells, and erythrocytes. T cell zones were arranged around medium- 

sized arteries, forming periarterial lymphatic sheaths. They appeared similar in size and 

cell density in all animals and contained up to 10% PCNA-positive cells. The red pulp 

was generally cell-rich and composed of neutrophils and fewer lymphocytes and 

macrophages, intermingled with erythrocytes. Numerous megakaryocytes were found 

evenly distributed throughout (Figure 4.2a). In general, 30-50% of cells in the splenic 

red pulp were positive for myeloid/histiocyte antigen and lysozyme, with the 

morphology of monocytes/macrophages and neutrophils (Figure 4.2b). However, a 

subset of cells with neutrophil morphology was negative for both antigens. 

Approximately 10% of cells were proliferating and PCNA-positive. 

Differences between age groups were observed in both the composition and 

functional state of the red and white pulp of the spleen. The amount of both neutrophils 

and megakaryocytes in the red pulp often appeared higher in adult animals than in sub- 

adults. The white pulp of sub-adult animals was exclusively comprised of secondary 

follicles, which often appeared interconnected and formed large groups. Follicles were 

for the most part large and without signs of depletion (Figure 4.3), and included 

numerous apoptotic cells and tingible body macrophages, as well as several mitotic 

cells. The three pubescent animals exhibited primary and/or secondary follicles, the 

latter with features similar to sub-adult shrews. The majority of adult animals exhibited a 

mixture of primary and secondary follicles (Figure 4.3), which were small and only 

partially connected with clearly visible perifollicular rims. Follicle centres were often 

mildly to moderately depleted (9/21 animals, Figure 4.3), exhibiting collagen deposition 

in four animals. Where present genninal centres exhibited mitotic as well as apoptotic 

cells. 
Sub-adult shrews were found to have significantly larger follicles than adults 

(Wald = 17.17, df = 19 P<0.05, Figure 4.3) but no difference in follice size was found 

between sexes (Wald = 0.67, d. f. = 1, NS). No significant difference in the presence and 

degree of follicular depletion was found between males and females (Wald = 0.13, df 

19 NS) or between adult and sub-adult shrews (Wald = 2.10, df = 1, NS, Figure 4.3). 

83 



0 
IC3 
CD 

eD 

o CIA S 

ýo OCS ITI 

-f. 
CD 

En 

0 
0 

-. IV I 

CO 

0 

0 
0 
0 
0 

0 
ýj 

CA 0 

En 
rL 

X CD 

CD 
cn 
W 
CD 

CD 
CA 00 
CD 

0 

CA 
& 

0 

0 

0 

CD mi i O ; 
0. 

0 .. 

II 
II 
II 

II 
II 
II 

II 
II 
II 
II 

II 
II 
II 

00 0- 



4.3.2.2 Pancreas ofAselli 
After the removal of one extreme outlier (standardized residual = 4.6, Figure 

4.4), a positive relationship with body weight explained 32% of variation in pancreas of 
Aselli weight (Table 4.4, Figure 4.4). However, neither host age nor sex significantly 
increased r2 when added to the model (Table 4.4, Figure 4.4). 

Table 4.4 Changes in r2 associated with adding terms to a GLM exploring variability in 

pancreas of Aselli weight with body mass (minus gut weight) as an independent variable 

r2 F df P 

Body weight' 0.32 14.7 1,31 <0.001 

+ Age <0.01 0.09 1,30 NS 

+ Sex <0.01 0.06 1,30 NS 

+ Age + Sex <0.01 0.06 2,29 NS 

1. Minus weight of gut 

In general, the pancreas of Aselli exhibited a composition very similar to that of 

a lymph node (Figure 4.5). Beneath the capsule were marginal sinuses of variable 

width, containing vacuolated cells (generally negative for both myeloid/histiocyte 

antigen and lysozyme), disseminated lymphocytes and few myeloid/histiocyte antigen- 

and lysozyme-positive macrophages. Also present were variable numbers of neutrophils, 

either disseminated throughout or as small accumulations. In four adult shrews, the 

marginal sinuses exhibited focal to extensive fibrosis. 
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Figure 4.4 Relationship between body mass (minus gut weight) 

and pancreas of Aselli mass for male and female shrews of 
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Beneath the sinuses lay a cortex composed of follicles (Figure 4.5). Bar one 

adult male, which exhibited a mixture of primary and secondary follicles, the pancreas 

of Asclli of all animals contained only secondary follicles, regardless of host age or sex 

(Figure 4.6). Staining of follicle B cells for CD45R and CD79a was comparable to that 

described in the spleen (Figure 4.5a, Section 4.3.2.1). Up to 20% of cells in follicle 

centres were CD3-positive T cells (Figure 4.5b). Follicle centres exhibited up to 50% 

PCNA-positive, proliferating cells, and apoptosis was also frequent in most instances 

(Figure 4.7). T cell zones, almost entirely composed of CD3-positive cells, were located 

immediately beneath the follicles, thereby forming a paracortex (Figure 4.5b). T cell 

zones were generally similar in size and cell density in animals of all age groups. The 

centre (medulla) contained relatively loosely arranged, mostly empty sinuses and was 

otherwise almost entirely composed of plasma cells (Figure 4.8). Sinuses contained low 

numbers of scattered macrophages which expressed myeloid/histocyte antigen and/or 

lysozyme. 

In sub-adult animals the cortex often appeared tightly packed with large follicles 

that exhibited no, mild or moderate depletion (Figure 4.6) In adult shrews, the cortex 

often contained only a small number of follicles (9/20 animals; 45%), with large areas of 

cortex frequently devoid of follicles (5/20; 25%). For the most part, follicles were either 

small (13/20 animals; 65%) or of moderate size (6/20 animals; 3 0%), and mildly (2/20; 

10%), moderately (13/20; animals 65%) or severely (1/20 animals; 5%) depleted 

(Figure 4.6). Follicles occasionally seemed to extend outwards into marginal sinuses 

and in two animals exhibited central collagen deposition. 

Areas devoid of follicles were also devoid of T cell zones. As a consequence, 

overall numbers of T cells in the pancreas of Aselli often seemed lower in adults than 

sub-adult animals. Where the cortex was devoid of follicles, plasma cells extended to the 

marginal sinuses or beyond to the capsule, such that the medulla often occupied most of 

the organ in adult animals. Accordingly, the whole organ frequently appeared as an 

accumulation of plasma cells, surrounded by a fragmentary cortex and paracortex. 

Extramedullary haematopoiesis was observed in 9/21 adult animals, as represented by 

scattered megakaryocytes within the outer medulla. 

88 



ý3 C> 
C. r 

W 00 

1+ U) 
0 

Z 
0 

CD 
CL 

cr 
5' 

OTJ 
0 
- 

C4 
CD 
0 

1ý 
CA 

0 
0 

CD 
%D 

- 
C) 
CD 
cn 

CA 

0 

:z 'ý< 
cn 

CA 

0 

En 

CD CD 
CD 
>1 

En 

N 
CD 

U3 
CD 

CA 0 

0 
CD 

En 

CD 0 
0 

CA 0 

1= CD 

tli -4 CD CD 
s- 00 

10 2 1.01 

III 
III 
III 

III 

III 
III 
III 
III 
III 
II 
III 
III 
III 



,+ 0" m- _. CD IQ 

, Z: s C 

CD 

0 CD 

w0f-)-, C- 4k" ib to too# irp 46 cr, ,, 
&0r ! I-ON 0"0 It -, Ia9, a -1 "t I Ot. ! it ir,:, T. 6*0 *0 a 

040 

,0A 
Wo, 

to.. .#dýa8, 60 0 Cý ,a. 
-*, 4 we, ý "-- 

ýý- %. 6 lk 04L .. 0 
clý 4"D ,440. ýlh ý, 414 0, . me , 44 

01 
. 

0"0 . "to 
, too 

lp ;% Ilk. 01ý. -0 -0. 

Or ., 
Ia06 10 14. vp, 

I- +6000A. 
0. 

* 4b "4 0 
MPO wV % 

07 . 44, A 
11ý 

-a0.4% 
so, 

-" ýý, -a 
0, 

*0 go so 

W: V* 14 to, 
to 

4r a atil-I 41 
5* It., % ., iv, 4 iý 

ik_ A& it. & 
plow 

Ilk I 
C, 

-4 04, a Wo 0 Ilk 

00 ý 
4. #,, v4 

OrD 9 *. Oft ý. 04 "-. 
vý, i, 

, OýA le ý rA 41 
lb 

.0 
, 

YA 0' %4ýý -0 *00ý of, 

O"A 
ITJ ell wo 0 -ý* ,"a4, % *, % At it I, 

10V, 

, 
im, 

*%, #'ft,. *00,666,1 
4 0; 

ý11 
ph 1* " 

'a (, 0,0 %, 0, fts 
:,., 

W Wý lk 19 is . 

lb 4 
to 

to 
-1. ,-i It .4a". %14 to 

=, ý, c ý,; 
,, 
o *q -s &ý 4 

,, 
t 

41, V* 
% 

** 0- 

: 14 
-to. ,t, 411 



x38000 
Figure 4.8 Scanning EM photograph of plasma cells within the 

medulla of the pancreas of Aselli ofS. at-tineus. 



Sub-adult shrews had larger follicles than adults (Wald = 11.06, df = 1, P<0.05, 

Figure 4.6), but there was no difference between sexes (Wald = 0.30, df = 1, NS). In 

adult shrews, follicular depletion was more severe than in sub-adults (Wald = 13.28, df 

= 1, P<0.05 Figure 4.6), but there was again no difference between sexes (Wald = 0.42, 

df = 1, NS). 

4.3.2.3 Lymph nodes 
All features normally associated with mammalian lymph nodes were represented 

in S. araneus: a cortex containing primary and secondary follicles, paracortex, lymphatic 

cords, medulla and both marginal and medullary sinuses. Compared to lymph nodes in 

other mammalian species (K6hler et aL, 2000; WOnschmann et aL, 2000), the medulla 

often appeared to contain a high number of plasma cells, particularly in adults. 

4.3.2.4 Thymus 

Thymic tissue was recovered from seven animals spread across all age groups. It 

was generally represented by a variable number of lymphocyte layers surrounding blood 

vessels, encased by a thin capsule of fibrous connective tissue. The thymus seemed to 

exhibit variable degrees of involution in all animals, regardless of age. 

4.3.2.5 Bone marrow 
The bone marrow generally exhibited moderate to high activity with all cell lines 

known from other mammalian species present. Approximately 10% of cells were 

identified as T cells, 10% as B cells (CD79a-positive, CD45R-negative) and 30% to 

50% myeloid/histiocyte antigen- and/or lysozyme-positive cells. Megakaryocytes were 

also visible (Figure 4.9). At least 30% to 40% of all cells were PCNA-positive, 

representing relatively high levels of proliferation. Using ordinal logistic regression, no 

difference in bone marrow activity was found between sub-adult and adult shrews (Wald 

= 1.91, d. f. = 1, NS), or between sexes (Wald = 0.74, df = 1, NS). 
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Figure 4.9 Megakaryocytes (arrows) within bone marrow tissue of 
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4.3.4 Association of follicle activity and helminth abundance 

The categorical principal component derived from measures of follicle size 

and depletion carried an Eigenvalue of 2.66, explaining 69% of the variance in 

pancreas of Aselli follicle size, 76% of the variance in pancreas of Aselli follicle 

depletion, 77% of the variance in spleen follicle size but only 44% of the variance in 

spleen follicle depletion. The component contrasted large follicle size (component 

loadings, spleen: 0.88, pancreas of Aselli: 0.83) with follicle depletion (component 

loadings, spleen: -0.67, pancreas of Aselli: -0.87). Thus a high score represented 

larger follicle size and a lower degree of follicle depletion. The mean rank of 

component scores was higher in sub-adult shrews (N = 18) than adults (N = 22; U 

49.0, P<0.01), confirming that sub-adult animals generally had larger, less depleted 

follicles than adults, with no evidence of a difference between males (N = 18) and 

females (N = 22; U= 190.0, NS). In sub-adult shrews, there was no significant 

relationship between component scores and number of gut helminths (N = 13, r, 

0.3 1, NS), nematodes recovered from the bladder (N = 14, r, = 0.28, NS) or 

Porrocaecum sp. larvae (N = 14, r, = 0.08, NS). Similarly, in adult animals, no 

relationship was found between component scores and number of gut helminths (N 

19, rs = 0.10, NS), bladder nematodes (N =21, r, = -0.19, NS) or encysted 

Porrocaecum sp. larvae (N = 19, r, = -0.11, NS). 

94 



4.4 Discussion 

The current investigation has addressed several previously unknown aspects 

of the common shrew's haemolymphatic tissues. By first assessing the morphology 

and function of the pancreas of Aselli, and developing methods for the in situ 
identification of shrew leukocytes, proliferating and apoptotic cells, this study has 

evaluated the functional state of haemolymphatic tissues in sub-adult, pubescent and 

adult shrews. In general, it was found that leukocyte markers which are used in other 

mammalian species can also be applied in S. araneus. Thereby CD3, part of the T cell 

receptor complex that is expressed by the T cell lineage from the pre-T cell stage 

onwards (Abbas et aL, 2000), can be regarded as a pan-T cell marker in common 

shrews. However, in contrast to other species, none of the B cell markers tested 

appeared to be a "pan B cell marker" in S. araneus (Monteith et aL, 1996). CD45R of 

rodent and feline B cells is clearly expressed most intensely in shrew B cells prior to 

final differentiation, whereas staining for CD79a intensifies with differentiation of B 

cells. The latter finding has also been observed in the dog and cat (A. Kipar, pers 

comm. ), rendering CD79a a marker for well-differentiated B cells. At least in some 

mammalian species, CD79a (Igcc, part of the B cell antigen receptor) is also only 

expressed at detectable levels after the pre-B cell stage (Abbas et aL, 2000; Chu & 

Arber, 2001). 

As in other species, myeloid/histiocyte antigen and lysozyme can be regarded 

as markers for mature monocytes/macrophages and neutrophils and their precursors, 

myelomonocytic cells (Homy et aL, 1990; Kipar et aL, 1998a) in common shrews. 

However, in both the splenic red pulp and in sinuses of the pancreas of Aselli, a 

proportion of cells with the morphology of neutrophils expressed neither antigen. 

Accordingly, the question arises as to whether these cells might actually represent a 

morphologically indistinguishable heterogeneous population of granulocytes which 

cannot be further identified by the methods applied. Furthermore, the vacuolated cells 

within the marginal sinuses of the pancreas of Aselli and granulomas were also 

negative for both antigens. It remains to be seen whether these nevertheless represent 

a subset of perhaps specialized macrophages. Finally, both staining of proliferating 

cells using an antibody against human PCNA, and the application of the TUNEL 
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method for the detection of nucleosome-sized DNA fragments typical of apoptosis, 

proved effective in the common shrew. 

The composition of the spleen in S. araneus was found to be very similar to 

that of the musk shrew, containing a central white pulp with red pulp predominantly 
located in the periphery (Fukuta el aL, 1982). The variably distinct rim of 

macrophages, lymphocytes, neutrophils and erythrocytes surrounding follicles and 
follicle groups seems to be homologous to the "marginal" or "intermediate zone", 

previously described in other species (including the musk shrew) and considered the 

site of most intensive blood filtration in the spleen (Snook, 1950; Fukuta et aL, 1982). 

To my knowledge, no previously published study has compared spleen weights of 

sub-adult and adult common shrews. Here, relative spleen weight was found to be 

greater in adults than sub-adults, and greater in females than males. Infection with the 

nematode Heligmosomoidespolygyrus has been shown to lead to increases in relative 

spleen size in house mice (Kristan, 2002), while cliff swallows fumigated against 

ectoparasites have been found to contain smaller spleens than untreated birds (Brown 

& Brown, 2002). What changes in spleen size represent in terms of 

immunocompetence is highly debatable (Smith & Hunt, 2004), but if an increase in 

spleen size is a reaction to exposure to parasites, older shrews might be expected to 

harbour more parasites than sub-adults, and females more so than males. As 

described in Chapter 3, abundances of bladder nematodes, Porrocaecum sp. larvae 

and gut helminths were higher in adults than sub-adults. However, abundances of gut 

helminths (but not bladder nematodes or Porrocaecum sp. larvae) were higher in 

males than females. 

The results presented here corroborate findings of a previous morphological 

study which classified the pancreas of Aselli as an "encapsulated lymphoid organ, 

exhibiting cortex with follicular lYMphoid structures, and medulla with numerous 

plasma cells" (Holmes, 1965). The immunohistological examination undertaken here 

strongly suggests that the pancreas of Aselli is a specialised lymph node. It was found 

to contain a high number of plasma cells, but - as it also contained aT cell producing 

"paracortex" - it cannot be regarded exclusively as a specific site of B cell production 

and/or a functional analogue of the bursa of Fabricius in birds, as has been previously 
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suggested (Tsiperson, 1997). However, the pancreas of Aselli exhibited some 

relatively striking and specific features in so far as the centre (medulla) is almost 

entirely composed of plasma cells. The results of the current study suggest that the 

pancreas of Aselli is used for the "storage" of plasma cells, the number of which 
increases with age. Such a feature has not been described previously in any other 

species. Considering the diversity of micro and macroparasites harboured by common 

shrews, it seems plausible that this accumulation of plasma cells represents an 

effective host response to a multitude of infectious agents/antigens. This finding is 

supported by the relatively high number of plasma cells found in other shrew lymph 

nodes examined here. 

No difference in relative mass of the pancreas of Aselli was found between 

sub-adults and adults or between males and females. Results of a previous 

longitudinal study (Twigg & Hughes, 1970) suggested the relative mass of the 

pancreas of Aselli declines steadily over the lifetime of the common shrew, although 

no statistical analysis was conducted. This may still be the case, if the test used here 

was not sensitive enough to detect a difference between sub-adult and adult shrews. 

The predominance of large, active, secondary follicles found both in the 

spleen and pancreas of Aselli of young animals represents an activated immune 

system, responding effectively to a diverse array of infectious agents. Old animals, 

however, exhibited characteristics indicative of immune system exhaustion: follicles 

were generally smaller and were often depleted, with a smaller proportion of primary 

follicles, many of which were "non-active". This seems to indicate decreased 

follicular activity in adult animals, as represented by impaired germinal centre 

reactions resulting in a reduction in lymphocyte production (Herrera et aL, 2000). 

Impairment of germinal centre reactions is a known feature of immunosenescence in 

vertebrates and has been studied extensively: in man it has been shown to be a 

product of defective T cell-dependent B cell activation (Femandez-Gutierrez et A, 

1999; Herrera et aL, 2000). Reduced lymphocyte production as a consequence of 

follicular and T cell impairment could explain why significantly lower numbers of 

white blood cells, and specifically lymphocytes, have been reported in older common 
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shrews (Wolk, 198 1). Old adult S. araneus have also been found to have higher 

numbers of neutrophils in their peripheral blood (Wolk, 198 1). This may, perhaps, be 

a reflection of the greater number of neutrophils within the splenic red pulp of adult 

common shrews, often observed in the current study. 
No relationship was found here between lymphatic follicle activity and 

helminth abundances. However, experimental manipulation of parasite burdens 

would be required to separate fully the effects of parasite abundances on follicle 

activity, given the changes in both found to occur with age. 

Haernatopoietic activity seems not to change with age in the common shrew, 

as both bone marrow and splenic red pulp exhibited similarly intense activity in 

animals of all age groups. The results of the current investigation on S araneus 

concur with those previously obtained from the musk shrew (S. murinus; Fukuta et 

al., 1982), identifying both the splenic red pulp and bone marrow as physiological 

sites of erythropoiesis, leukocytopoiesis and platelet production over the animal's 

lifespan. In this aspect, shrews are similar to some reptiles, whereas in other 

mammals the capacity for haernatopoiesis in the spleen seems to cease after birth 

(Fukuta et aL, 1982). In old shrews, there was also evidence for haernatopoiesis in 

the pancreas of Aselli, as megakaryocytes were observed in the medulla of some 

individuals. 

Previously, it has been suggested that for short-lived species facing intense 

selection pressure, surviving infection is dependent on ability to mount an immediate, 

innate immune response, as detrimental effects of infection would quickly result in 

starvation or predation (Lochmiller & Deerenberg, 2000). As demonstrated in 

Chapter 3, shrews of every age group exhibited a variable degree of mixed cellular 

portal inflammation in the liver, and often some degree of granulornatous 

inflammation, usually in response to helminths. This indicates sub-adult and adult 

shrews are able to mount both phagocyte-dominated and cell-mediated immune 

responses, even under the constraints placed upon them by their limited internal 

resources. The presence of numerous active secondary follicles in the spleen and 

pancreas of Aselli, the development of small lymphatic follicles in portal areas in the 

liver and the generally high number of plasma cells in the pancreas of Aselli all 
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demonstrate that shrews remain consistently able to mount systemic, specific immune 

responses. The increasing number of plasma cells in the medulla of the pancreas of 

Aselli with advancing age might even suggest a 'refocusing' of the immune system, 

from reacting to novel antigens in follicles as a young animal, to combating 

previously experienced parasites or pathogens with appropriate antibody responses as 

an adult. 
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Chapter 5. Effects of helminth parasitism on common shrew foraging behaviour 

5.1 Introduction 

Several vertebrate species have been shown to suffer reductions in growth rate, 

survival and breeding success as a result of helminth parasitism, even in the absence of 

serious pathology (reviewed in Section 1.4). Studies on captive animals and school 

children strongly suggest these detrimental effects may primarily be a consequence of 

reduced food intake in infected hosts (Section 1.4). The mechanisms by which such 

reductions in appetite occur are not well understood, but may be linked to increased 

levels of cytokines associated with infection (Pearson et aL, 1990; Hadju et aL, 1996). 

Whether anorexia is an adaptive host response to parasitism is also unknown. It perhaps 

reflects hosts becoming more selective in food intake, in order to reduce chances of 
further infection and select foods high in antiparasitic compounds (Kyriazakis et aL, 
1998). Such a response appears particularly paradoxical when associated with those 

helminth infections which impose increased nutritional demands upon the host through 

direct feeding, impairment of digestion, and/or energetic and nutrient costs associated 

with immune reactions (Kyriazakis et al., 1998; Lochmiller & Deerenberg, 2000). 

As previously discussed (Section 1.7), Sorex araneus has a high metabolic rate 

even for its small size (Genoud, 1988; Nagel, 1994), stores very little energy in the form 

of bodily reserves (Churchfield, 198 1), and as a consequence must forage constantly or 

risk starvation (Genoud, 1988). These characteristics have made common shrews useful 

models for investigations of foraging activity. Competition, time constraints and prey 

availability have all been shown to alter foraging activity of common shrews (Barnard & 

Brown, 1981; Barnard et A, 1983; Barnard & Brown, 1985; Barnard & Hurst, 1987), 

but no study so far has considered the effects of parasitism. As almost all common 

shrews harbour helminth parasites (Shimalov, 200 1), becoming infected through 

ingestion of infective stages contained in their invertebrate prey (Kisielewska, 1963; 

Sharpe, 1964; Lewis, 1968), parasitism may be an important determinant of foraging 

activity in this species. Given their limited energy reserves, parasitized shrews may have 

no choice but to forgo anorexia (assuming this is a functional response against 

parasites), and forage at a faster rate than unparasitized individuals in order to replace 
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resources lost as a consequence of infection. To investigate this hypothesis, foraging 

activity of wild sub-adult common shrews carrying their natural parasite burdens is 

compared with those treated with anthelmintic drugs. This is the first time anthelmintic 

treatment has been attempted in S. araneus, and this experiment serves as a precursor to 

a field study which investigates effects of helminths on common shrew life-history traits 

using a similar technique (Chapter 6). 

5.2 Materials and Methods 

5.2.1 Capture and housing of experimental subjects 

Sub-adult common shrews were live captured in the vicinity of Leahurst Field 

Station, Cheshire, England (OS grid reference 331558,377486), between June 2002 and 

February 2003. Shrews were initially sexed according to the method of Searle (1985), 

and confirmed as sub-adults by weight at capture and fur condition, and by absence of 

testes and flank gland development in males and absence of nape scars (indicating they 

had not been mated; Crowcroft, 1957), lactation, and pregnancy in females. Shrews were 

kept in individual enclosures with a floor space measuring 60cm x 42cm (Figure 5.1). 

Each enclosure was furnished with sawdust to a depth of 5mm and a circular nest box 

(diameter 11 6mm, height 73mm) containing paper wool bedding. Water was provided 

ad libitum in a water bowl and shrews were fed 20g of minced ox heart per day, 

supplemented with 5% Nafag additive for carnivores no. 8340 (Nafag Ag, 

Labortierfutter, CH-9201 Gossau, Switzerland). 
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a. 

b. 

------------- --------------- ------------- 

-------------- ----------------------------- 

60cm 

42cm 

Figure 5.1 Photograph (a. ) and schematic representation (b. ) of 

common shrew enclosure showing grid of nine movement areas, nest 

box (L) and water bowl (2. ). Food bowl (a., top left) was removed 

prior to trials. 



5.2.2 Pilot study to determine appropriate dose rates of anthelmintics 

No record of treating common shrews with anthelmintics had been published 

prior to this study. Given the common shrew's faster metabolic rate compared to 

laboratory animals of a similar size (Genoud, 1988; Nagel, 1994), dose rates per unit 

body mass were likely be higher than those required to treat laboratory rodents (Bishop, 

1998). To ascertain safe but effective dose rates for experimental use, one wild sub-adult 

female common shrew (body weight 7.54g at dissection) brought into captivity was 

injected subcutaneously with praziquantel, effective against cestodes and digeneans 

(Thomas & Andrews, 1977; Thomas & G6nnert, 1977; Butcher et aL, 1996; Adnyana et 

aL, 1997) and ivermectin, effective against nematodes (Campbell et aL, 1983; Klement 

et aL, 1996). Dose rates per unit body mass were those suitable for rats and mice (20gg 

ivennectin in solution, approximately 2000 gg/kg (Ivomec, Merial Animal Health 

Limited, Essex; Ostlind, 1985; Huerkamp, 1993), 5gg praziquantel in solution, 

approximately 500 [tglkg (Droncit, Bayer p1c, Newbury; Fan & Ito, 1995). A second 

sub-adult female common shrew (8.93g at dissection) was injected in an identical 

fashion with sterile water as a control. Both shrews were observed for I Omin after 

injection to check for signs of distress (prolonged scratching of injection sites, not 

moving when approached) and checked again after 1h and the following day at feeding. 

After scratching at injection sites for not more than Imin, shrews returned to their 

normal behavioural pattern of investigating the enclosure between visits to the nest box, 

water bowl and food. 

After a period of seven days both shrews were culled by exposure to Fluothane" 

(Schering-Plough Animal Health, Hertfordshire, UK) anaesthetic vapour until they 

became unresponsive to touch. Shrews were weighed, inspected for ectoparasites under 

a binocular microscope and a cardiac blood sample taken using a sterile syringe. Blood 

samples were spun at 1 00OOg for I Omin in a centrifuge to separate blood pellet from 

serum and both components stored separately at -20*C. PCR based techniques were used 

to determine presence/absence of blood parasites in each sample at a later date (Chapter 

2). A lateral incision was made along the ventral surface and the body cavity inspected 

for parasites. Bladder and oesophagus were removed, dissected and nematodes and 

digeneans within counted. Stomachs and guts were removed, weighed and stored in 
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formalin at dissection. At a later date, each gut was soaked in Hanks saline and dissected 

under x40 magnification. Parasites found were identified as nematodes, cestodes or 
digcneans using keys (Roots, 1992) and the numbers of each per shrew recorded. 
Dissections were carried out 'blind' with respect to the treatment category of each 

subject. 
Abundances of ccstodes and nematodes were found to be lower in the treated 

shrew, although neither was eliminated completely (Table 5.1). In addition, more 
digeneans were recovered from the treated shrew than the mock-trcated shrew (Table 

5.1). In an attempt to ascertain dose rates which would completely remove helminths 

from common shrews, a further group of four sub-adults (two males and two females, 

body weights 6.98g to 8.72g at dissection) was treated with an increased dose rate of 
80pg ivcrmcctin in 0.04ml solution and 23pg praziquantel in 0.04m], with two further 

sub-adults (one male, 9.1 Og, one fcmalc, 7.67g) receiving two injections of 0.04n-d 

sterile water as controls. Shrews were checked for signs of side cfFects as described 

above, and were found to scratch at sites of injection for no more than I min. Shrews 

were dissected after seven days, and their parasite burdens compared as described above, 

again with dissections carried out 'blind' with respect to treatment category. There was 

some evidence to suggest a lowering of ccstodc abundance by anthelmintic treatment, 

although evidence for a decrease in abundances of nematodes and digcneans remained 

ambiguous (Table 5.1). Despite subjects showing no sign of ill effects associated with 
drug administration, dose rates were not increased further to avoid risking toxic side 

effects. Only small numbcrs of shrews were used at both stages of this preliminary 
investigation, both for welfare reasons and because of the time involved in capturing 
large numbers of shrews from the wild. 
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Table 5.1 Helminth abundance in treated and mock-treated shrews during pilot study 
Treatment 

category Dose rate Sex Cestodes Nematodes Digeneans 

Treated Initial' Female 7 1 4 

Mock-treatedt Initia12 Female 60 5 2 

Treated Increased3 Male 3 1 1 

Treatedt Increased3 Male 9 5 4 

Treatedt Increased3 Male 8 3 0 

Treated Incrcased3 Female 0 2 1 

Mock-treatedt Incrcased2 Male 32 9 2 

Mock-treatedt Increased2 Female 14 8 6 

1. Initial dose rate: 20pg ivcrmectin in 0.04m] sterile water, 5pg praziquantcl in 0.04ml 

sterile water 
2.2 x 0.04m] sterile water control 
3. Increased dose rate: 80pg ivcrtnectin in 0.04n-A sterile water, 23pg praziquantel, in 

0.04ml sterile water 
t. Animals included in main bchavioural analysis 

5.2.3 Effects of anthclmintic treatment on host behaviour 

Twelve wild caught shrews were assigned to either a treated or mock-trcatcd 
category (six individuals per category) attempting to balance for numbers of males and 
females in each group. This included seven animals from the pilot study (Table 5.1) 
All individuals were classcd as 'sub-adults' weighing between 6.98 and 10.29g at 
dissection and lacking signs of sexual maturation as described in Section 5.2.1. All 

shrews were housed as dcscribcd in Section 5.2.1. To reduce hclminth abundances in the 

treatment group (four male, two fcmale) ivcrmcctin (80pg ivcrmcctin in 0.04n-d in sterile 

water) and praziquantcl (23lig praziquantcl in 0.04ml in stcrilc water) were administered 
by subcutaneous injection, as described in Section 5.2.2. Two injections of 0.04ml 

sterile watcr wcrc similarly administcrcd to the six individuals in the mock-trcated 
category (three male, thrcc female) the day after capture, again on opposite flanks. 
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Seven days after treatment/mock-treatment shrews were temporarily removed 
from their enclosures and the sawdust and bedding material replaced in order to ensure 

all cached food had been removed. Fifty fly casters (previously frozen to prevent 

eclosion) were mixed in the sawdust as prey items before shrews were returned to their 

enclosures. Subjects were vidcoed from above the enclosure using a tripod-mounted 

camera for 130min which included aI Ornin acclimatization period prior to the main 2h 

trial. 

5.2.4 Analysis of bchavioural trials 
Videos of each trial were analyzed aftcr the experiment, and shrew behaviour 

classified using the following parameters. Foraging activity was summarized by two 

measures: number of times a shrew approached and sniffed a prey item over the 2h 

observation period (pupae were visible on the video tape as black objects contrasted 

against the light colour of the sawdust), and the number of prey items consumed or 

cached during the trial. The number of food items eaten or cached during the 10min 

acclimatization period was also recorded, as this could potentially affect foraging rate 
during the main trial. A gcncral measure of activity was calculated by visually dividing 

the enclosure into a grid of nine areas (FIgure 5.1. b) and recording the number of times 
the subject moved from one to anothcr. Time spent in the ncst box, number of nest box 

entries and water bowl visits were recorded scparatcly, with the latter derined as the 

number of times the shrew made contact with the water. Escape attempts were recorded 
as bouts of attcmpting to climb the walls of the enclosure, usually starting from the roof 
of the nest box. Analysis was carried out 'blind' with respect to shrew treatment 

category. 
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5.2.5 Assessment of post-treatment parasite abundances 
Shrews were culled and dissected within 24h after the end of each trial, as 

described in Section 5.2.2, with ccstode, nematode and digenean abundances determined 

as for the pilot study. Again, all dissections were carried out without knowing the 

shrew's treatment category. 

53 Results 

5.3.1 Eflicacy of trcatmcnt 

Anthclmintic drugs were administered to the treatment category in the 

expectation that the abundances of ccstodcs, nematodes and digcncans per host would be 

lowered below that of the mock-trcated controls. Differences in the behaviour between 

the two groups might then be attributed to differences in parasite burdcn. Administration 

of anthc1mintic drugs was found to significantly lower median ccstode abundance in the 

treated group below that of the mock-trcated group, (Table 5.2, Figure 5.2). Median 

nematode abundance was also lower in the treated group than in the controls, although 

this difference was not found to be significant (Table 5.2, Figure 5.3). Inspection of 
Figure 5.3 indicates one treated individual carried a much greater number of nematodes 
than any other member of either category (28 nematodes), while the remaining treated 

animals had slightly lower nematode abundances than the mock-trcatcd category. No 

signif icant difference in median abundance of digcncans was found between treated and 

mock-trcatcd shrews (Table 5.2, Figure 5.4). Median number of fleas per host also did 

not differ bctwccn the two groups (Table 5.2), although only three fleas were recovered 
in total. 

Diffcrcnccs in the number of parasites between malcs and females may indicate a 

sex difference in susccptibility to infcclion or host immune response (Bundy, 1988; 

Tinsley, 1989; 1 lolmbcrg a aL, 2003). Inspection of Figure 5.2 might suggest highcr 

ccstode abundanccs in maics than females in the mock-trcatcd category, although firm 

conclusions cannot be drawn from such small numbers (N L. =N fc,,,, = 3). With the 

exception of one fernalc carrying 28 nematodes (Figure 5.3), numbers of each helminth 

per shrew otherwise appear broadly similar within treatment categories (Figures 5.2 - 
5.4). 
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Figure 5.2 Cestode abundances of female (open circles) and 

male (filled circles) treated and mock-treated common shrews. 
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Figure 5.3 Nematode abundances of female (open circles) and 

male (filled circles) treated and mock-treated common shrews. 
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Figure 5.4 Digenean abundances of female (open circles) and male 
(filled circles) treated and mock-treated common shrews. 
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5.3.2 Correlations between behavioural measures 
Considerable between-subject variation was observed in several of the 

behavioural measures recorded (Figures 5.5 - 5.8). Variation in some of these measures 

may be correlated, and simply reflect differences in general movement between shrews. 
Total movement count (the number of times a shrew moved from one movement area to 

another) was positively correlated with the number of water bowl visits and the number 

of prey items eaten or cached during the trial (Table 5.3). A higher movement count 

may also reflect a subject spending more time in the open area of the enclosure, and less 

time under cover in the nest box. The results showed that movement count was 

negatively correlated with both time spent in the nest box and the average duration of 

nest box visits (Table 5.3). Therefore, total movement count seems to provide a good 
indicator of general movement for use in subsequent analysis. Not all measures were 

correlated with movement count however: neither number of prey investigations nor 
bouts of escape attempts were significantly correlated with movement count (Table 5.3). 

Interest in prey items during the main trial might be negatively correlated to the 

number of food items consumed during acclimatization, if shrews eat enough in the 

initial I Ornin period to become satiated. However, no such relationship was found 

(Table 5.3). 

Interestingly, the number of bouts of escape attempts was positively correlated 

with the number of prey investigations during the main trial (Table 5.3). Perhaps this 

suggests a general level of interest in investigating the home enclosure, independent of 

general movement 
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Figure 5.5 Movement count of female (open circles) and male 

(filled circles) treated and mock-treated common shrews. 
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Figure 5.6 Number of escape bouts of female (open circles) and male 
(filled circles) treated and mock-treated common shrews. 
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Figure 5.7 Investigation count of female (open circles) and 

male (filled circles) treated and mock-treated common shrews. 
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Figure 5.8 Number of prey items eaten or cached by female 

(open circles) and male (filled circles) treated and mock-treated 

common shrews. 
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5.3.3 Differences in host behaviour between treatment categories. 
If foraging activity in common shrews is related to parasite abundances, 

successful anthelmintic treatment would be expected to result in differences in 

behaviour between treated and mock-treated categories. However, no difference 

between groups was found with respect to measures of movement, escape 

attempts, or interaction with prey (Table 5.4, Figures 5.5 - 5.8). As treatment 

was not totally effective in removing parasites, relationships might still exist 
between residual parasite abundances and behavioural measures. However, no 

evidence of such relationships was found (Table 5.5). Shrew body mass might 

also affect behaviour; for example if larger shrews spend more time foraging in 

order to maintain their greater body mass, or if common shrew behaviour 

changes with age, as reflected by body mass. Here, no behavioural measure was 

significantly correlated with body mass (minus gut weight, to remove 

variability in mass associated with recently consumed food; Table 5.5). 
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5.4 Discussion 

Comparisons of parasite abundances between treated and mock-treated shrews 

suggest the protocol developed may be at least partially effective in reducing cestode 

burdens in S. araneus. The results suggest the dose used against nematodes may have 

some effect, although it did not result in a statistically significant difference between 

treated and mock-treated groups. In addition, there appeared to be no effect of treatment 

on abundance of digeneans. However, firm conclusions cannot be drawn from these 

limited sample sizes. Attempting to reduce parasite burdens of common shrews is an 

ambitious objective. Compared to rodents of a similar size, shrews are rarely kept in 

laboratories (the exception being Suncus murinus in the US) or as domestic pets. As 

such, there is little demand to develop treatment regimes against common infectious 

agents. Adapting protocols from marnmals of similar size is difficult, as the faster 

metabolic rate of shrews may mean any injected compound will be metabolized before it 

can become effective (Genoud, 1988; Bishop, 1998). Much larger doses may therefore 

be required. In addition, wild common shrews are host to several helminth species 

(Vaucher, 1971; Vaucher & Durette-Desset, 1973; Roots, 1992; Roots et aL, 1994) 

which may vary in their sensitivity to anthelmintics. As such, the effectiveness of any 

drug may differ between individuals harbouring different parasite communities. Despite 

these difficulties, development of an effective treatment protocol could provide a 

powerful tool for investigating effects of parasitism in common shrews. Comparisons 

between treated and mock-treated shrews may allow experimenters to investigate casual 

relationships between parasitism and host traits that cannot be inferred from 

correlational studies. Reducing natural parasite burdens of S. araneus may also result in 

more naturalistic experiments than artificial infection of helminth-free shrews with a 

limited number of parasite species. Given our limited knowledge of the life cycles of 

these parasites, artificial infection is likely to be a less practical option than anthelmintic 

treatment. 

Several experiments have demonstrated effects of helminth parasites on food 

intake of vertebrate hosts. Grouse (Lagopus scoticus; Shaw & Moss, 1990), rats (Raltus 

norvegicus; Crompton et A, 1981; Ovington, 1985), reindeer (Rangifer tarandus; 

Ameberg et aL, 1996) and humans (Hadju et aL, 1996) have all been found to either 
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decrease food intake as a consequence of infection, or increase food intake with 

anthelmintic treatment. Despite a significantly lower median abundance of cestodes in 

the treated group, and the suggestion of a lower median nematode abundance, no 

obvious pattern of behavioural differences was found between the two host categories. 
In addition, no strong relationships were found between number of parasites post- 
treatment and host behaviour. However, considerable variation in behaviour was 

recorded between shrews, suggesting the methods used were sensitive enough to detect 

differences between individuals, but that these could not be directly attributed to 

variation in parasite abundances. Future comparisons of common shrew foraging activity 
before and after treatment may allow for control of individual variation in behaviour. 

The results presented here cannot prove or disprove whether common shrews 

alter their activity in response to parasitic infection in the wild. However, they perhaps 

suggest that parasitism at the level recorded here does not have a dramatic effect on 

foraging and general activity of sub-adults. Given their fast metabolism and high energy 

demands (Genoud, 1988), if common shrews were unable to forage for any reason, 

including potential effects of parasitism, they would be expected to be removed quickly 

from natural populations. As such, sufficiently heavily parasitized animals may not be 

readily available for study. However, common shrews can contain upwards of 100 

helminths and survive to adulthood (Haukisalmi et aL, 1994). If parasitized shrews do 

increase their foraging effort to replace nutrients lost to parasites and associated immune 

responses, these differences could not be detected here with the small sample sizes 

involved. Although shrews store little fat in the wild, they can quickly become obese in 

captivity (Churchfield, 19 8 1; Churchfield, 1990); this may explain the greater body 

weights for sub-adult shrews reported here than would be expected in the wild (Shillito, 

1963; Michielsen, 1966). These additional energy reserves may also disguise any effect 

of parasitism on shrew foraging activity. 

In conclusion, the treatment protocol used appears at least partially effective in 

reducing helminth burdens of sub-adult common shrews, although this in itself could not 

explain differences in host behaviour. Although treatment was not totally successful, it 

did not appear to have any lasting detrimental effects on shrews during the period of 
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investigation. In the following chapter, a similar treatment regime is used to explore 

effects of parasitism life-history traits of common shrews under field conditions. 
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Chapter 6. Effects of helminth parasitism on wild common shrews 

6.1 Introduction 

Of the small number of experiments that have examined effects of helminth 

parasitism on life-history traits of vertebrates in the wild, few have reported significant 

results associated with anthelmintic treatment (Section 1.4). If detrimental effects of 

helnýiinth parasites are the result of an impact on host nutritional status as studies of 

captive animals suggest (Section 1.4), they may only be detectable when hosts are 

unable to compensate for losses in energy intake through increased food acquisition or 

use of internal reserves (Tripet & Richner, 1997; Murray et aL, 1998), or when energetic 

costs are exacerbated by demands of reproductive activity, parental care, and lactation 

(Festa-Bianchet, 1989; Johnson & Albrecht, 1993; Kristan, 2002). As described in 

previous chapters, the strictly resource-linýiited physiology (Churchfield, 198 1; Genoud, 

1988) and high investment in reproduction (Genoud & Vogel, 1990) of S. araneus may 

make any detrimental effects of helminth parasitism easier to detect than in other 

mammalian species. Here, wild common shrews are treated in the field with either 

anthelmintic drugs or a water control, using a similar protocol to that described in 

Chapter 5. Treatment categories are then compared to investigate whether 

administration of anthelmintics results in lower abundances of cestodes, nematodes and 

digeneans, and changes in several key host traits. 

Previous studies have shown common shrews begin to gain weight rapidly prior 

to the breeding season, with males starting to grow earlier than females (Shillito, 1963; 

Skar6n, 1973; Pernetta, 1977). Mature males adopt one of two mating strategies: some 

expand their winter territories to overlap with those of several females, while the 

remainder make repeated long-distance visits to potential mates (Buckner, 1969; 

Michielsen, 1966, Shillito 1963; Stockley et A, 1994). In general, it is males that mature 

earlier which adopt the overlapping strategy, and father the most offspring (Stockley et 

aL, 1994). Here, effects of helminth parasitism on time of maturation and growth rate 

are investigated through comparison of body weights of treated and mock-treated 

groups. Comparisons are made in the field prior to the breeding season, when shrews 

which began to grow earlier would be expected to be heavier, and more accurately in the 
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lab at dissection. In addition, an indicator of shrew activity is used to compare 

movements of animals prior to and during the breeding season, which may reveal if 

parasitism influences choice of male mating strategy and general movement of females. 

Number of offspring fathered by common shrews has also been found to be 

positively related to testes mass and number of females overlapped by 'overlapping' 

males, and sperm counts in 'non-overlapping' males (Stockley et aL, 1996). To 

investigate effects of parasitism on sperm counts and testes mass, comparisons of these 

traits are made between treated and mock-treated groups at dissection. 

Finally, as several authors have suggested parasitism to be a factor in mortality 

of common shrews (Michielsen, 1966; Buckner, 1969; Perrietta, 1977), effects of 

helminths on shrew survival are investigated experimentally through comparison of 

treated and mock-treated groups. 

6.2 Materials and Methods 

6.2.1 Trapping grid 

Trapping took place between 7h August 2002 to 24"' June 2003 on undisturbed 

grassland owned by Wetherstone's House, Neston, Cheshire (OS coordinates 331430, 

377535). The field is approximately rectangular and bordered along its edges by a stone 

wall (southwest edge), a wire mesh fence (southeast), a planted tree border (northeast) 

and an area of bracken (northwest). When trapping commenced in August 2002, the 

field contained intermittent patches of long grass, nettles and ragwort between larger 

areas of shorter grass. Patches of long grass receded over winter, but grew back from 

March - July to give a more uniform cover over the entire field. 

Initially, 45 Longworth traps (Chitty & Kempson, 1949) were placed over a five 

by nine grid, with on average approximately I Om between each trap (Figure 6.1). In 

order to maximise trapping success, priority was given to placing traps in areas of cover 

likely to be inhabited by common shrews, rather than adhering to a regularly spaced 

grid. From 23d August 2002 an additional 15 traps (three rows of five traps) were added 

to extend the grid across the northwest side of the field (Figure 6.1). Each trap 

contained hay bedding and fly pupae (frozen first to prevent eclosion), the latter acting 

as both bait and sustenance for captured animals. 
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Traps were set on 'pre-bait' (allowing animals to enter and leave traps without capture) 

overnight in order to allow shrews to become familiar with entering traps and therefore 

increase capture rate. On trapping days, traps were set on 'capture' from 9arn onwards, 

ensuring each contained ample bedding and fly pupae. Traps were checked every 2- 3h, 

with two rounds of trapping per day between 7th August 2002 and 13'h March 2003, 

increased to a maximum of four rounds after 14th March 2003. 

6.2.2 Trapping schedule 
Trapping began with two trial periods in August 2002 (trapping on 7 Ih - 8h 

August, 26h - 29h August) and December 2002 (1 Ofl- 1P December, 17'h -I 9th 

December), to ensure that shrews could be pit-tagged, injected and successfully 

recaptured. From 14th January 2003 to 14th March 2003, trapping took place on Mondays 

to Fridays for two week periods, with a fortnight between each session (to allow for 

trapping at other sites in order to capture sub-adult shrews used in experiments described 

in Chapter 5). From 17'h March 2003, the trapping schedule was altered such that 

trapping took place on Mondays, Wednesdays and Fridays every week. 

Trapping did not take place during heavy rain, as it proved too difficult to tag 

and treat animals under these conditions, nor during the middle of excessively hot days, 

to avoid shrews over-heating in traps. 

6.2.3 Tagging and anthelmintic treatment of shrews 

On first capture, a 12mm Avid Friendchip" electronic identification chip (Avid 

p1c., East Sussex, United Kingdom), was injected into the scruff of each common shrew 

using a single-use disposable syringe. Each chip is associated with a unique number that 

can be ascertained using a 'pit-tag reader', such that each shrew could be identified on 

subsequent captures. Tagged shrews were then alternately assigned to either the 

treatment or mock-treatment group, in which they remained for the duration of the 

experiment. On subsequent captures, shrews in the treatment category were injected 

subcutaneously with anthelmintic drugs, using the same protocol and dose rates as for 

the behavioural experiment (80gg ivermectin in 0.04MI sterile water and 23pg 

praziquantel in 0.04ml sterile water, Section 5.2.3). Shrews in the mock-treatment 
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category were similarly injected with two doses of 0.04ml sterile water. Animals in both 

categories were retreated throughout the experiment, in order to reduce infection by 

newly ingested parasites in the treatment category. As a precaution against retreating 

shrews too often (potentially leading to toxic side effects), a minimum period of 14d was 
left between treatments. Initially, shrews were treated or mock-treated on their first 

capture. However, this was later modified such that shrews were first trcated/mock- 

treated on their second capture, to avoid stress associated with being pit-taggcd and 

treated in one handling session. 

6.2.4 Collection of morphometric data. 

Shrew identification number and trap position were recorded at each recapture. 

Animals were weighed in a plastic bag using a spring balance, and sexed by the presence 

or absence of nipple patches in sub-adults and testis bulge in adults (Searle, 1985). 

Whether the shrew was currently moulting was also recorded, along with 

development of flank glands. Where flank glands were visible, their size was rated from 

one to three using the following criteria: one, a small, dark mark on either side, less than 

3mm long. Two, dark patches larger than 3mm long. Three, large dark patches with a 

waxy appearance. All shrews were checked for ectoparasites by back-combing the fur, 

paying particular attention to the ears and fur on the back of the neck and base of the tail. 

Testes development was recorded for males, and where visible the size of the testes 

bulge rated from one to three (one: small testes beginning to develop. two: testes in mid 

development. three: large testes, completely developed). 

Females were checked for the presence of a 'nape-scar' indicating they had 

recently been mated (Crowcroft, 1957), lactating nipples and pregnancy, as assessed by 

the presence of a 'pear'shaped abdomen. 

6.2.5 Collection and dissection of shrews 
Female shrews showing signs of pregnancy (first pregnant shrew captured 8 th 

May 2003) were brought into captivity for dissection. Similarly, mature males (as 

assessed by weight, flank gland and testes development) were brought in from 28 th May 

2003 onwards. Shrews were housed individually as described for sub-adults in Section 

127 



5.2.1, and dissections carried out as per Section 5.2.2, with all organs weighed and 

parasites quantified as before. In addition, the uterus of females was weighed, and the 

number of embryos present recorded. For males, individual weights of reproductive 

organs were recorded and an assessment of sperm count performed as described below. 

All dissections and sperm counts were carried out 'blind' with respect to the treatment 

history of the subject. 

6.2.6 Sperm counts and weighing of male sex organs 

To ensure maximum viability of sperm, weighing of male reproductive organs 

and sperm counts were carried out while the remainder of the shrew was being dissected, 

using the following protocol (Searle & Beechey, 1974). The left testis was removed and 

weighed, and the caput of the right epididymis placed in a watchglass containing 0.1 ml 

of 1% citrate solution. This was then macerated using a scalpel blade and scissors before 

a further 0.9ml of 1% citrate solution was added to the watchglass. Contents were mixed 

using a pipette, and a small amount of the suspension pipetted under the coverslip of a 
double-chambered Neubauer haernocytometer. The hameocytometer was then placed in 

a box containing moist cotton wool for 15min, to allow sperm to disperse evenly beneath 

the coverslip. The haernocytometer was then placed under a microscope and the number 

of sperm heads in the four comer squares and one centre square (each square 

representing 0.1 pl of solution) of each of the two counting chambers counted. In 

borderline cases (where sperm heads lay across a border between two squares), only 
heads located on the upper or left limiting lines of a given square were included in the 

count. The mean number of sperm per 0.1 [d square for both chambers were summed and 

averaged, to give number of sperm per 0.1 gl solution. 

6.2.7 Data analysis 

62. ZI Effects ofanthelmintic treatment and host sex on helminth abundance 
Distributions of macroparasites between hosts are often aggregated, such that a 

small proportion of hosts harbour relatively high nurnbers of parasites compared to the 

rest of the population, resulting in right skew and long tails when plotted as histograms 

(Shaw & Dobson, 1995). Such distributions often fail to meet the entry requirements for 
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parametric tests (Wilson & Grenfell, 1997a), and thus may best be analyzed using non- 

parametric techniques. Alternatively, in some cases, parasite data can be normalized by 

log-transformation (adding one first to remove zeros), although this may not be 

successful if the original distribution is highly skewed (Wilson & Grenfell, 1997a). In 

addition, aggregated data can be analyzed using a generalized linear model (GLM) with 

an appropriate error structure (either the negative binomial or overdispersed Poisson 

distribution) and link function (usually a log link; Wilson & Grenfell, 1997a). 

To investigate whether number of cestodes, nematodes and digeneans per mature 

shrew captured at the end of the field study differed between treatment categories, data 

were analyzed using a non-parametric Mann-Whitney U-test, a general linear model on 

log-transformed data (adding one first to remove zeros) and a generalized linear model 

with overdispersed Poisson errors and a log link. In addition, the general and generalized 

models were employed to investigate whether host sex or an interaction between sex and 

treatment category had an effect on abundance of each helminth class. Significance of 

terms in each model was assessed by backwards deletion using F-tests (Crawley, 1993). 

To check the minimal model had been reached, terms found to be non-significant by 

stepwise deletion were individually added to and deleted from the model, and change in 

deviance assessed by F-tests as before. For models with overdispersed Poisson errors, 

the dispersion parameter was estimated empirically as the ratio between the calculated 

Pearson's X2 and residual degrees of freedom (McCullagh & Nelder, 1983; Crawley, 

1993; Wilson & Grenfell, 1997a). Residual analysis was undertaken for each model to 

ascertain which gave the best fit for the given data set, and the results of models 

compared both to each other and the non-parametric U-test. 

62 Z2 Comparison ofshrew body weights between treatment categories at dissection 

To remove variability associated with weight of recently consumed food, the 

weight of the gut was subtracted from total body mass prior to group comparisons. In 

females, the situation was complicated by the presence of developing embryos, which 

may make up a considerable (but highly variable) proportion of their body mass. As a 

consequence, mass of developing embryos was also subtracted from females, with 

remaining body mass of males and females considered separately. 
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6.2.7.3 Analysis ofmovement data 

Potentially, anthelmintic treatment could create differences in movement 

patterns of shrews compared to controls, for example if treated animals are able to 

defend larger territories, or if treated males adopt a different mating strategy (Shillito, 

1963; Michielsen, 1966; Buckner, 1969; Stockley et aL, 1994). Here, number of 
different traps visited by an individual over half a calendar month is used as an 

approximate measure of movement. This measure is calculated for three periods for 

which most data are available (last half of March, first and second half of April). 

Number of traps visited per period is then compared between treatment groups using a 

generalized linear mixed model with Poisson errors (Elston et aL, 2001; Paterson & 

Lello, 2003). Shrew identity is included as a random factor, to take into account taking 

repeated measurements from the same set of animals. Previous studies have shown 

mature males and female shrews exhibit different patterns of activity during the breeding 

season (Shillito, 1963; Michielsen, 1966; Buckner, 1969; Stockley et al., 1994). As a 

consequence, each sex is analyzed separately for an effect of treatment. 

62.7.4 Comparison of testis mass and sperm counts between treatment categories 
Sperm counts were log-transformed (after adding 1) prior to analysis to meet the 

parametric entry requirements of Wests and linear regression. No such transformation 

was required for testis mass. T-tests were used to compare both measures between 

treatment categories. To compare relative testis mass between groups, body weight 

(minus; gut) and treatment category were entered simultaneously in a general linear 

model, with significance of terms assessed by Wests of parameter estimates. 

62. Z5 Comparison ofsurvival between treatment categories 

To investigate whether treatment groups differed in their survival, a Kaplan- 

Meier analysis was performed to compare the number of days an animal 'survived' from 

the date on which it was first treated (Kaplan & Meier, 1958). Unfortunately, whether an 

animal actually died cannot be ascertained from trapping data. Time survived for each 

animal is therefore assumed to be the date at which it was last caught (animals caught 

only once were assumed to live only one day after capture); this is clearly a limited 
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approach as animals may simply leave the trapping site, or may remain but never be 

recaptured. 
The advantage of the Kaplan-Meier technique is that it is non-parametric, and 

therefore does not require any assumptions regarding the shape of the survival function. 

In addition, it allows for entry of 'right-censored' cases: individuals for whom time of 

death (as defined by the crude measure used) cannot be calculated. In this case, this 

represents the subset of animals collected in for dissection at the end of the experiment. 

Tests for a difference between the survival curves of the two treatment groups were 

carried out using both the Breslow (1970) and more robust Tarone-Ware (Tarone & 

Ware, 1977) statistic. 

6.3 Results 

6.3.1 Effects of treatment and host sex on number of parasites per shrew 

63.1.1 Cestodes 

The distribution of cestodes between shrews at dissection (N = 38) showed 

marked positive skewness (2.23, SE = 0.38), a long right hand tail, and a high level of 

aggregation (k = 0.69, calculated from the moment estimate equation given in Wilson & 

Grenfell (I 997a; 1997b); Figure 6.2). Log, -transformation of the data (adding I first to 

remove zeros) appeared to reduce and change direction of skewness (-0.47, SE = 0.38, 

Figure 6.3), and the Kolmogorov-Smimov test found no evidence for a difference 

between the transformed data and the normal distribution (Z = 0.66, N= 38, NS). 

A Mann-Whitney U-test suggested a difference in median cestode abundance 

between the treated and mock-treated categories which bordered on significance, with 

abundances higher in the mock-treated category (Table 6.1, Figure 6.4). Analysis of 

lo&-transformed data by general linear model also found a difference between the 

treated groups, with mock-treated shrews again harbouring more cestodes than treated 

shrews (t = 2.24, df = 36, P<0.05, Figure 6.5). However, no evidence was found for an 

effect of host sex on number of cestodes per shrew (F = 1.44, df = 1,35, NS), nor for an 

interaction between treatment category and host sex (F = 0.03, df =1,34, NS). Analysis 

of untransformed data using overdispersed Poisson errors found no effect of treatment 
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category (F = 2.25, df = 1,36, NS), sex (F = 2.07, ff = 1,36, NS), or an interaction 

between the two (F = 0.36, df = 1,34, NS) on number of cestodes per shrew. There is 

therefore a discrepancy between the results of the two models as to whether there is a 

significant effect of treatment on cestode abundance. Figure 6.6 and Figure 6.7 show q- 

q plots of standardized deviance residuals from the analysis of log-transformed data and 

overdispersed Poisson model respectively. In both cases, treatment category is entered as 

the only independent variable. Whilst neither show a perfect straight line (which would 

represent normally distributed residuals), the distinct curve in Figure 6.7 seems to 

suggest the Poisson model does not fit the data as well as the normal model applied to 

the log, -transformed data. In addition, as the non-parametric test (which makes no 

distributional assumptions) also found a difference between the treated and mock-treated 

categories, it would appear that there is at least some evidence for a lowering of cestode 

abundances by anthelmintic treatment. 
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6.3.1.2 Nematodes 

The distribution of nematodes between shrews (N = 37, one shrew was excluded 

as not all nematodes could be recovered at dissection) also exhibited right hand skew 
(0.76, SE = 0.39), although this did not appear as pronounced as for the ccstode data 

(Figure 6.8). Aggregation, while still evident (k estimate = 2.39), was also less marked 
than found for cestodes. Log, -transfonnation of the data (adding I first to remove zeros) 

of the nematode data reduced skewness (0.01, SE = 0.39), and the Kolmogorov-Smimov 

test found no evidence for a difference between the transformed data and the normal 
distribution (Z = 0.729, N= 37, NS). However inspection of Figure 6.9 does not 

suggestion a close match to the Gaussian distribution. 

A Mann-Whitney U-test found no difference between treatment categories in the 

mean ranks of number of nematodes per shrew (Table 6.1, Figure 6.10). Analysis of 

log, -transforined data found no difference between treatment groups (F = 1.51, df = 1, 

35, NS, Figure 6.11). However, there was some suggestion of a difference between host 

sexes with a trend towards more nematodes per male than female shrew (F = 3.13, df 

1,35, P<0.1), but no evidence of a treatment by sex interaction (F = 0.52, df = 1,33, 

NS). An overdispersed Poisson mode applied to untransformed data found no effect of 

treatment category (F = 1.67, df = 1,35, NS), host sex (F = 1.75, df = 1,35, NS), or an 

interaction between the two (F = 0.21, df = 1,33, NS) on nematode abundances. 
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63.1.3 Digeneans 
The distribution of digeneans between shrews appeared aggregated and 

positively skewed (k estimate = 3.70, skew = 0.76, skew SE = 0.38, Figure 6.12). Log, 

transformation of the data reduced and changed direction of skew (-0.30, SE =0.38), 

resulting in an approximate fit to the Gaussian distribution (N = 38, Z=0.83, NS; 

Figure 6.13). 

A Mann-Whitney U-test found lower median abundance of digeneans in the 

treated group (Table 6.1, Figure 6.14), and analysis of log-transformed data gave a 

similar result (t = 2.34, df = 36, P<0.05, Figure 6.15), but found no evidence for a sex 
difference (F = 1.75, df = 1,35, NS) or a treatment by sex interaction (F = 0.21, df = 1, 

33, NS). In addition, analysis of untransformed data by generalized linear model also 

found a significant difference between treatment categories, with fewer digeneans per 

shrew in the treatment category (t = 2.17, df = 36, P<0.05, Figure 6.14), but also found 

no difference between sexes (F = 0.71, df = 1,35, NS), or any evidence for an 

interaction between treatment and host sex (F = 0.95, df = 1,34, NS). 

6.3.2 Comparison of body weights of treated and mock-treated common shrews 
Body weight (minus gut weight) of males approximated a Gaussian distribution 

(N = 24, Kolmogorov Smimov Z=0.50, NS) at post mortem. Body weights of males in 

the treated group (N = 13, mean = 11.3g, SE = 0.28) were found to be heavier than those 

in the mock-treated category (N = 11, mean = 10.6g, SE = 0.23; t=2.08, df = 22, 

P<0.05; Figure 6.16). 

Female body weights (minus gut and embryos) were too sparsely distributed to 

appear normal, although a Kolmogorov-Smimov test found no evidence for a difference 

between the data and the expected distribution (N = 14, Z=1.19, NS). Neither a West (t 

= 0.84, df = 12, NS) nor a Marin-Whitney U-test (N mock-treated = 6, N treated = 8, U= 22, 

NS) found a difference between the weights of the two groups (Figure 6.17). 

Figure 6.18 and Figure 6.19 show weights of male and female shrews recorded 

throughout the experiment. Both graphs show a general decrease in body mass over the 

winter period, then a steady increase over the spring associated with sexual maturation. 
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Figure 6.18 Body weights of treated (filled circles) and mock-treated 

(open circles) male shrews. 
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Figure 6.19 Body weights of treated (filled circles) and mock-treated 

(open circles) female shrews. 



Neither graph shows an obvious difference between weights of treated and mock- 
treated shrews, although such a difference could be disguised by individual 

differences between animals. Comparing average weights of males between days 435 

and 455 (corresponding to the last two weeks in March and first two weeks in April, 

approximate time of sexual maturation), no difference was found between treatment 

categories (N mock-treated = 4, N treated= 5, U=6.0, NS). Similarly, a comparison of 

average weights of females at approximate time of sexual maturation (between days 

441 and 469, corresponding to the whole of April) also found no difference between 

treatment categories (N = 16, t=0.7, NS). 

6.3.3 Comparison of movement between treated and mock-treated common shrews 
Number of different traps visited by males and females over three subsequent 

half-month periods is shown in Figure 6.20 and Figure 6.21 respectively. 
Controlling for differences between individuals using an error terni, no significant 

effect of treatment, time period (I - 3) or an interaction between the two was found 

for males or females (Table 6.2). Inspection of the figures suggests a possible 

difference between the two sexes, with male shrews visiting more traps than females. 

Combining data from both treatment categories, such a difference was found to be 

statistically significant (Table 6.3). 

Table 6.2 Effects of treatment and sampling period on number of different traps 

visited by male and female shrews 

Sex Factor Wald df P 

Males Treatment category 0.5 1 NS 

Time period 

Treatment by period interaction 

Females Treatment category 

Time period 

Treatment by period interaction 

0.1 2 NS 

0.7 2 NS 

0.0 1 NS 

2.0 1 NS 

0.4 2 NS 
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Table 6.3 Effects of host sex and sampling period on number of different traps visited. 

Factor Wald df P 

Sex' 18.1 1 <0.05 

Time period 0.5 2 NS 

Sex by period interaction 0.7 2 NS 

1. Predicted (back-transformed) means: females 1.73, males 3.22. 

6.3.4 Comparison of sperm counts and testis mass of treated and mock-treated shrews 
No difference in log, -transformed sperin count or absolute testis mass was found 

between treatment categories (sperm count: N= 23, t=0.52, NS; Figure 6.22, testis 

mass: N =24, t=0.62, NS; Figure 6.23). In a general linear model with testis mass as 

the dependent variable, and treatment category and body mass (minus gut weight) 

entered simultaneously as independent variables, neither term was found to be related to 

testis mass (body mass: df =21, t=0.66, NS; treatment category: df =21, t=0.29, NS). 

This suggests there is no difference in relative testis mass between treatment groups. 

6.3.5 Survival of treated and mock-treated shrews 

Cumulative survival from first injection for both treated and mock-treated shrews 

is shown in Figure 6.24. It appears from the graph that, initially, a higher proportion of 

treated shrews survived than mock-treated shrews. However, further from the time of 

first treatment (around 230d), the two survival curves cross, suggesting mock-treated 

shrews outlived treated shrews. The associated Breslow and Tarone-Ware statistic (the 

latter considered more robust for comparisons of survival curves with different shapes, 

Tarone & Ware, 1977) both give some indication there may be a difference in survival 

between treated (N = 30) and mock-treated (N = 30) shrews (Breslow 3.89, df = 1, 

P<0.05; Tarone-Ware 3.44, df = 1, P<0.07). 
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6.4 Discussion 

Prior to the experiments presented in this thesis, no attempt had ever been made 

to reduce helminth burdens of common shrews. From data collected at dissection, the 

greatest effect of treatment in the field appeared to be on digenean abundance, with all 

three statistical tests used finding significantly fewer parasites per shrew in the treatment 

group. Comparing cestode abundances between groups, treatment appeared to 

significantly lower number of cestodes, as judged by Mann-Whitney U-tests and 

analysis of loge-transformed data, but not by application of the generalized linear model 

with overdispersed Poisson errors. Analysis of residuals suggested the general linear 

model applied to loge-transformed data gave a better fit than that of the Poisson 

generalized linear model. As the non-parametric test found a difference between the two 

groups (although it bordered on significance), which makes no assumption regarding the 

data distribution, it appears anthelmintic treatment -while not totally effective in 

eradicating cestodes- did significantly lower their abundance in the treatment category. 

No difference was found in nematode abundance between the two groups by any 

of the tests used. A breakdown of number of nematodes at each site in the body 

(intestinal tract, oesophagus, bladder and encapsulated in adipose tissue) would be 

required to determine if treatment was totally ineffective, only effective at certain sites, 

or only against certain nematode species. 

No significant differences in abundances of nematodes, cestode or digeneans was 

found between sexes. As discussed in Section 3.4, previous studies have also found little 

evidence of sex differences in patterns of parasite infestation in shrews (Lewis, 1968; 

Haukisalmi et al., 1994). 

Treated males were found to be heavier at dissection than those in the mock- 

treated category, once variability of recently consumed food was removed by subtracting 

gut weight. This suggests that reductions in the abundance of digeneans and/or cestodes 

allowed male shrews to reach a larger body mass by the breeding season. Helminth 

infection has previously been linked to reduced growth rates in humans (Hadju et aL, 

1996) and captive animals (Crompton et aL, 198 1; Shaw & Moss, 1990; Sykes, 1994). 

Whether larger body size is advantageous to shrews is unknown: behavioural studies 

suggest an individual's competitive ability may be determined more by the biting 
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strength of the jaw than body mass (Hanski et aL, 199 1). However, shrews grow 

considerably prior to the breeding season, with males gaining weight faster than females 

(Shillito, 1963; Skaren, 1973; Pernetta, 1977). This would seem to suggest a selective 

advantage in body size related to breeding success. Greater body mass at dissection 

might also be related to the time at which shrews began to increase in weight prior to the 

breeding season. As males which mature earlier are more likely to adopt the more 

successful 'overlapping' mating strategy (Stockley et aL, 1994) this might indicate a 

potentially important effect of parasitism on shrew breeding success. However, no 
difference in male body mass was found between treatment categories at approximate 

time of maturation. This could suggest male shrews only begin to lose weight as a 

consequence of helminth parasitism during the breeding season. It is perhaps more likely 

that fluctuations in body weight associated with recently consumed food, coupled with 
difficulties in weighing live animals in the field with balances only accurate to 0.5g, may 
disguise differences detectable when weighing culled animals (with guts removed) in the 

laboratory. In addition, no difference in weights between females was found at 

dissection or in the field. At face value, this might indicate a sex-specific response to 

parasitism in shrews, with females compensating for effects of parasitism in other ways, 

perhaps by reducing reproductive effort. However, analysis of female body weights was 

complicated by the presence of embryos at different stages of development, the weights 

of which were subtracted prior to analysis. Some females were also found to be 

lactating, suggesting they were already rearing litters at time of dissection. Differences 

in female investment in current reproduction might therefore disguise any detectable 

effect of parasitism on body mass. 

Analysis of animal movements based on trapping data has always presented 

problems for ecologists. Here, numbers of different traps visited by an individual over 

three half-month periods was used as a crude indicator of shrew activity prior to and 
during the breeding season. Despite this simplification, a significant difference between 

the sexes was found, with males visiting more traps than females. This would seem to 

concur with more detailed studies of shrew movements, which have shown that females 

maintain their relatively small winter territories during the breeding season, while males 

employ one of the two mating tactics described above (Shillito, 1963; Michielsen, 1966; 
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Buckner, 1969). A difference between treatment categories (within each sex) may have 
indicated some effect of heln-ýinth burden on shrew activity. Given that patterns of 
movement are related to mating strategy and reproductive success in male shrews 
(Stockley et A, 1994), a difference between treatment groups might indicate an effect of 
helminth parasitism on breeding success. However, no such effect was found here. 

Both sperm count and testis mass have been related to reproductive success in 

male shrews; number of offspring fathered has been found to be positively related to 

testes mass and number of females overlapped by 'overlapping' males, and sperm counts 
in 'non-overlapping' males (Stockley et aL, 1996). Here, no difference was found in 

testis size or sperm counts between treatment categories, suggesting treatment did not 

allow male shrews to invest directly in these aspects of reproduction. Clearly, more work 
is needed to clarify the relationships between male body size, mating strategy, testis size, 

sperm count and reproductive success. 

Of the small number of experiments which have investigated effects of helminth 

parasites on wild vertebrates, few have found an effect on host survival (Section 1.4). 

Given their limited energy reserves (Churchfield, 19 8 1), common shrews may be more 

susceptible than most host species to starvation through effects of helminth infection on 

nutritional status (Lindstedt & Boyce, 1985; Genoud, 1988; Haukisalmi et aL, 1994). 

However, results from field studies suggest that once juvenile common shrews have 

established territories, the mortality rate remains low until after the breeding season 
(Michielsen, 1966; Pernetta, 1977; Churchfield, 1980a; Churchfield, 1984). The results 

presented here suggest a trend towards a difference in survival curves between treatment 

categories, with initial increased survivorship in shrews receiving anthelmintics, 

although the lines appear to cross after 230d from first injection. This may perhaps 

represent a long term toxicity effect of one or both of the drugs delivered. Larger sample 

size and a greater understanding of shrew survivorship curves would allow for more 

detailed analysis, controlling for effects of time of year and host characteristics (sex and 

weight, for example) on survival (Tabachnick & Fidell, 2001). However, even with the 

basic statistical technique, small sample sizes and only partially successful treatment 

regime applied, it would appear helminths (in particular cestodes and/or digeneans) may 
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have some effect on survival rates of common shrews prior to and during the breeding 

season. 
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Chapter 7. Coccidian parasite faunas and shrew life-history traits: a comparative 

analysis 

7.1 Introduction 

Understanding the processes that govem species richness remains a central topic 

in community ecology (Simberloff & Moore, 1997). Recently, parasite communities 

have received particular interest. In part, this is due to the relative ease with which their 

habitat (the host individual) can be defined, and available resources quantified (space 

within the host, for example; Holmes & Price, 1986). Parasite communities can also be 

studied at different hierarchical levels, from the species found within one individual (a 

parasite infracommunity), through to those occurring in a host population (the parasite 

component community), to the entire range of parasites infecting a host species (the 

host's parasite fauna; Poulin, 1997). 

Parasite faunas develop over evolutionary time, as new parasites colonize 

component communities, and become extinct from all host populations (Poulin, 1998b). 

Several factors have been suggested to influence these processes, and create the 

observed differences in parasite fauna species richness between hosts. Kennedy (1976; 

1990) proposed chance events and parasite dispersal as significant contributors, whilst 

Brooks (1980) emphasized the effects of host-parasite cospeciation. Host population 

density (Morand & Poulin, 1998) and geographical range (Gregory, 1990) are also 

predicted to be important contributors. Host body size has been proposed as a key 

determinant of species richness, as larger hosts may supply a greater array of niches for 

occupation by parasites (Kennedy et A, 1986; Price, 1987; Poulin, 1995). Larger hosts 

may also acquire more species as a consequence of greater food intake, increasing 

opportunities for colonization by accidentally ingested parasites (Poulin, 1995; Arneberg 

et A, 1998a; Arneberg, 2002). 

Comparative evidence of relationships between host body size and species 

richness of parasite faunas and communities has been reported in several studies (Price 

& Clancy, 1983; Bell & Burt, 1991; Guegan et aL, 1992; Parker, 1993; Poulin, 1995; 

Arneberg, 2002; but see Gregory, 1990; Feliu et A, 1997). However, these relationships 

are often weakened when sampling effort (the number of hosts examined) or host 

geographical range is taken into account (Gregory, 1990; Walther et A, 1995; Guegan 
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& Kennedy, 1996; Poulin, 1997). Poulin (1995; 1997; 1998b) has also emphasised the 

need to control for phylogenetic relationships between host species, as closely related 
hosts are more likely to carry similar parasite faunas, and share traits which may affect 

rates of parasite colonization and extinction (Poulin, 1998b). When host phylogeny is 

controlled for, relationships between host size and parasite species richness are again 

often (but not always) weakened (Poulin, 1995; Poulin, 1997; Morand & Poulin, 1998). 

To date, the majority of studies which have found significant relationships 
between host traits and parasite species richness have focused on helminths (but see 

Poulin, 1995 for ectoparasites of fish). Here, comparative analysis is used to investigate 

whether body mass and related host life-history traits might influence the species 

richness of coccidian faunas. In contrast to helminths, coccidia are protozoan parasites 

which rely on replication within host cells (usually in the intestine) to complete their life 

cycle. The end result of replication is the formation of oocysts, which are passed out into 

the faeces, and will infect the next host if ingested (Cox, 1982). Whilst helminths often 

form long-lasting endemic infections, coccidian infections usually last less than a 

fortnight, and may be accompanied by host immunity (Seville et aL, 1996). 

Shrews are an interesting focus group for an analysis of coccidian fauna species 

richness, as their semi-fossorial lifestyle may make them particularly susceptible to 

infection by coccidia (Hertel & Duszynski, 1987). This is partly because the shrew's 

environment provides conditions conducive for oocyst survival, including adequate 

moisture and protection from UV light. Foraging in underground tunnels could also 

bring shrews into contact with oocysts deposited by other small mammals, increasing 

possibilities for colonization. Shrews also exhibit considerable interspecific variation in 

their life-history traits, especially between the two sub-families, the Soricinae and 

Crocidurinae (Innes, 1994; Symonds, 1999b), making them ideal candidates for the 

comparative approach undertaken here. 

In addition to body mass, several related host traits may also influence rates of 

parasite colonization and extinction, and thereby influence coccidian species richness. 

Metabolic rate and growth rate are likely to reflect energy requirement and food intake, 

which could influence rates of parasite colonization as described above. Host longevity 

may also influence parasite species richness, as host lifespan may limit the time 
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available for parasitic infection and colonization to take place (Poulin, 1997; Nunn, 

2002). Here, potential associations between these traits, host body mass and coccidian 

species richness are investigated through comparative analysis. 

7.2 Materials and methods 

7.2.1 Dataset 

Data on coccidian parasites of shrews were collected from primary and 

secondary literature (Levine & Ivens, 1979; Hertel & Duszynski, 1987; McAllister & 

Upton, 1989, Table 7.1). Forty-six species of coccidia were found reported from 32 

species of shrew. The majority of the dataset consists of named species of parasite, most 

of which were described from examination of oocysts in the faeces. In addition, 19 

partially named or reported but unidentified coccidia species are also included. Twenty- 

nine species of coccidia (including seven partially unnamed or unnamed species) were 

reported from the 13 species of shrew for which phylogenetic data were also available. 

The number of coccidia species reported from each host species was counted to give a 

measure of species richness. The total number of hosts examined in each study was also 

recorded, in order to control for sampling effort of each shrew species. 

Life-history data for shrews were derived from published reviews (Innes, 1994; 

Symonds, 1999b). The traits included in the dataset were adult body mass, growth rate 

prior to weaning, life span, and metabolic rate (Table 7.1). 
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7.2.2 Comparative analyses 

Initial analysis of potential relationships between host life-history traits and 

coccidia species richness were carried out without controlling for host phylogeny. As 

parasite species richness is likely to be correlated with sampling effort (Walther et aL, 

1995) this was controlled for by taking residual species richness from a regression of 

species richness on host sample size. Residuals were also used to control for effects of 

body mass where necessary when investigating relationships between parasite faunas 

and host life-history traits such as growth rate and longevity. All data were log- 

transformed, and relationships were investigated using standard linear regression 

analysis. 
Analyses based on direct comparisons between species, such as those described 

above, can give misleading results due to the non-independence of traits shared by 

closely related taxa (Harvey & Pagel, 1991). These regressions have been included to 

allow for comparisons with similar analyses which do not control for phylogeny 

(Kennedy et aL, 1986; Poulin, 1995; Ameberg et aL, 1998a; Morand & Poulin, 1998). In 

addition, relationships that hold both with and without controlling for phylogeny are 

more likely to remain intact as the shrew phylogeny is further refined (Nunn, 2002). In 

the second part of the analysis, host phylogeny was controlled for using the CAIC 2.0 

software package (Purvis & Rambaut, 1995), which is based on Felsenstein's (1985) 

comparative method. This method creates independent contrasts by calculating the 

differences in trait values between pairs of sub-taxa within the inputed phylogeny. Here, 

the shrew phylogeny of Symonds (1999a; based on George, 1988; Dannelid, 1991; 

Ducommun et aL, 1994; George & Sarich, 1994; Maddalena & Ruedi, 1994) was used 

with branches set to equal lengths. Relationships between contrasts were then explored 

using linear regression forced through the origin. Again, all data were log-transformed, 

and contrasts for each host trait regressed against corrected contrasts for species 

richness. Species richness was corrected for sampling effort by taking residuals from a 

regression of species richness against host sample size after control for phylogeny. 
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7.3 Results 

When species were analysed without control for phylogeny, significant positive 

relationships were found between body mass and coccidian species richness (Figure 7.1, 

Table 7.2), and between growth rate and coccidian species richness (Table 7.2). 

However, body mass and growth rate were also significantly related (F = 108.9, df = 1, 

9, r2 = 0.92, P<0.01), and the relationship between growth rate and species richness was 

no longer significant after controlling for this relationship (Table 7.2). Relationships 

between body mass, growth rate and coccidian species richness could not be further 

investigated through multiple regression due to small sample size (N = 7), and high 

collinearity (variance infiation factor = 8.60) between body mass and growth rate. No 

evidence was found for a significant relationship between life span and coccidian 

species richness (Table 7.2), nor for a significant relationship between life span and 

body mass (F = 1.53, df = 1,13, r2 = 0.11, NS). Metabolic rate was not significantly 

related to coccidian species richness either before (Table 7.2) or after (F = 0.06, df = 1, 

8, r2 = 0.01 NS) control for a significant negative relationship with body mass (F= 19.9, 

df = 1,11, r2 = 0.66, P<0.05). 

Using CAIC to control for host phylogeny, coccidian species richness again 

increased significantly with host adult body mass (Figure 7.2, Table 7.3). A significant 

positive relationship was also found between contrasts in growth rate and coccidian 

species richness (Table 7.3). Again, there was a significant positive relationship 

between contrasts in body mass and growth rate (F = 51.6, df =1,10, r2 = 0.85, P<0.001), 

and the relationship between growth rate and species richness was no longer significant 

after controlling for this relationship (Table 7.3). Sample size (N = 6) was too small to 

separate the relationships between these three variables by multiple regression (body 

mass and growth rate as predictors of coccidian species richness). After control for 

phylogeny, no significant relationship was found between contrasts in life span and 

coccidian species richness (Table 7.3), or between contrasts in body mass and life span 

(F = 0.00 1, df = 1,9, r2 <0.00 1, NS). Contrasts in coccidian species richness were not 

significantly related to contrasts in metabolic rate either before (F = 3.08 df = 1,9, r2 

0.3 1, NS, Table 7.3), or after (F = 0.00 1, df = 1,8, r2 <0.001, NS) control for a 
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significant negative relationship between contrasts in body mass and metabolic rate (F 

11.04, df = 1,11, r2 = 0.53, P<0.0 1, Table 7.3). 

Table 7.2 Associations between host traits and coccidian species richness with control 

for sampling effort but not host phylogeny 

Host trait F df r, P 

Body mass 5.3 1,16 0.26 <0.05 

Growth rate 25.5 1,6 0.84 <0.01 I 

Life span 2.2 1,10 0.20 NS 

Metabolic rate 4.3 1,8 0.38 <0.08 

1. Not significant after control for body mass; F=0.18, df 1,6, r2 = 0.04, NS 

Table 7.3 Associations between host traits and coccidian species richness with control 

for sampling effort and host phylogeny 

Host trait F df r, P 

Body mass 18.9 1,8 0.73 <0.01 

Growth rate 8.3 1,7 0.62 <0.05 

Life span 1.1 1,6 0.21 NS 

Metabolic rate 3.1 1,9 0.31 NS 

1. Not significant after control for body mass; F=0.02, df = 1,6, r2 = 0.004, NS 
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Figure 7.1 Linear regression analysis of Loglo host body mass and 
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7.4 Discussion 

Results of the analyses presented indicate that host species body mass is 

correlated with coccidian fauna species richness across the Soricidae. Significant 

positive relationships between host bo dy mass and coccidian species richness were 

found both before and after control for host phylogeny. Similar relationships between 

host body mass and parasite species richness have been reported previously in studies of 

mammals (Poulin, 1995; Ameberg, 2002) and fish (Poulin, 1995), although not all 

similar studies have found evidence of such relationships (mammals, Morand. & Poulin, 

1998; birds, Poulin, 1995; rodents, Feliu et aL, 1997). 

one explanation for the relationship between host mass and parasite species 

richness reported here is that space or energy availability within the host might limit 

parasite numbers, such that larger hosts are able to accommodate more parasite species 
(Poulin, 1995). However, as Arneberg et al. (I 998b) point out in their study of 

nematodes in mammals, there is more energy and space available within the host than is 

ever exploited by parasites. Alternatively, larger host species may provide a greater 

diversity of niches for parasites to occupy (Kennedy et al., 1986; Poulin, 1995). This 

could explain the relationship found here, if different coccidian species use different 

niches. However, in a study of coccidian communities in rodents, Seville et al. (1996) 

found no evidence of negative interactions between species of coccidia. They suggested 

that the environment of the intestinal epithelium is non-limiting, given the rate at which 

new cells are produced and replaced, minimizing interactions between coccidian species. 
Perhaps the most likely explanation is that larger animals require a greater food intake, 

or eat a greater variety of prey, which may serve as alternative hosts for some of the 

coccidian species reported from shrews (Bush et al., 2001). Increased food intake could 

therefore increase opportunities for colonization by accidentally ingested parasites 

(Poulin, 1995; Arneberg et al., 1998a; Arneberg, 2002). 

Of the other life-history traits considered in the present analysis, host growth rate 

was also correlated with coccidian species richness, both with and without control for 

phylogeny. However, host body mass was also correlated with growth rate, and the 

effects of these two variables on coccidian species richness could not be separated with 

the sample sizes involved. Although caution is required in interpreting results of 
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analyses based on relatively small sample sizes, a plausible explanation for the observed 

relationships might be that shrews which grow faster reach a greater body mass, and 

need more energy to do so. As such, they are likely to require greater food intake, 

increasing opportunities for colonization by coccidia as described above. However, 

following similar reasoning, a correlation between metabolic rate and coccidian fauna 

species richness might also be expected, although no such relationship was found in the 

present analysis. Moreover, no evidence was found for a relationship between host life 

span and coccidian species richness. Again, the sample sizes involved are small but the 

results presented here suggest that host longevity does not limit colonization by coccidia. 
This may be due to the relatively short time required for coccidia to successfully invade 

and replicate within the host (less than two weeks; Seville et aL, 1996). 

Other factors likely to influence parasite fauna richness include host 

geographical range (Gu6gan & Kennedy, 1996), and chance events (Kennedy, 1976). 

Host density has also been shown to influence parasite species richness in several host 

taxa (Arneberg et aL, 1998a; Morand & Poulin, 1998; Arneberg, 2002), and would be 

worthy of further investigation in relation to the results presented here. Analysis of 

broader taxonomic groups could also reveal whether relationships between host body 

mass and coccidian species richness are confined to shrews, or form part of a more 

general trend. Finally, although this analysis takes into account host phylogeny, it does 

not control for relationships between coccidia; a technique that could control for both 

would increase further the power of comparative analyses (Arneberg et aL, 1998b). 
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Chapter 8. Discussion 

This thesis has explored several aspects of host-parasite interactions using a 

variety of different techniques. Here, an attempt is made to integrate findings from these 

different investigations, and to draw general conclusions regarding host-parasite 

relationships in shrews. The results of each individual chapter are reviewed, and 

opportunities for further research suggested. 

Sorex araneus was chosen as a host system partly for its diverse parasite fauna 

(Vaucher, 1971; Vaucher & Durette-Desset, 1973; Stunkard et aL, 1975; Roots, 1992). 

Most studies of shrew parasites have focussed on the identification of helminths (Lewis, 

1968; Vaucher, 1971; Vaucher & Durette-Desset, 1973; Ewald et aL, 1991; Roots, 1992; 

Roots et aL, 1994). In comparison, haernoparasites have attracted relatively little 

attention, with only occasional reports of organisms discovered in blood smears or by 

PCR, usually as an aside to studies concentrating primarily on rodents (Hoyte, 1956; 

Laakkonen et aL, 1998; Liz et aL, 2000; Holmberg et aL, 2003). The investigation 

described in Chapter 2 found UK common shrews are host to at least three 

haernoparasites; a trypanosome, Bartonella sp., and Anaplasma phagocytophilum. To 

my knowledge, trypanosomes have never been previously identified from S. araneus. 

The 5% difference between the 18S rRNA sequence found here and the closest match on 

Genbank suggests the isolated genotype may represent a previously unreported species. 

Although detected by PCR, the parasite has yet to be seen through examination of blood 

smears. This would confirm the parasite in question is a trypanosome, and would permit 

comparison of morphometric features with similar parasites in other host species. Such 

comparisons may aid in deciding whether the genotype found here does indeed represent 

a previously unreported species. In addition, genetic comparisons with trypanosomes 

reported from other species of shrew (Laakkonen et aL, 1998) may reveal the extent to 

which trypanosomes have cospeciated with their shrew hosts, or have been acquired 

from other host species sharing the same habitat. 

As discussed in Section 2.1, both A. phagocytophilum and certain species of 

Bartonella are known to be pathogenic in humans and domestic animals. It is highly 

unlikely humans would acquire either pathogen directly from shrews, but nevertheless 
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S. araneus may be an important reservoir host for both diseases. In particular, transfer 

may take place between common shrews and rodents sharing the same habitat, which 

may be more likely to come into contact with humans and domesticated animals. It is 

hoped the research undertaken here will be extended to investigate whether shrews share 

other diseases with rodents, such as cowpox virus (Feore et aL, 1997), and tuberculosis 
(Cavanagh et aL, 2002), and the mechanisms by which these diseases are transmitted 

within shrew populations, and between host species. In addition, although no evidence 

was found here of pathological changes associated with these parasites, further work is 

needed to investigate their effects on the health status and fecundity of shrews, similar to 

studies carried out on cowpox and tuberculosis in wild rodents (tuberculosis: Cavanagh 

et aL, 2002; cowpox; Bennett et aL, 1997; Feore et aL, 1997; Telfer et aL, 2002) and 
Bartonella birtlesii in BALB/c lab mice (Boulouis et aL, 2001). 

One of the major aims of this thesis was to investigate effects of parasitism in 

shrews from a variety of different perspectives. It was hoped this would provide a 

broader insight than a study constrained to any one particular discipline. While shrews 

are known to harbour a wide variety of micro and macroparasites (Section 1.8), prior to 

this study virtually nothing was known regarding the effects of these organisms upon 

their host. The histological investigation of Chapter 3 was conducted to assess the level 

of damage associated with these parasites in shrew tissues, and the host's immune 

response towards them. While many investigations of wild animal pathology are 

conducted on recovered carcasses or during wildlife epidemics (Gulland, 1995), the 

survey conducted in Chapter 3 was performed using a cross-section of apparently 

healthy animals, in the hope of providing a more accurate picture of the pathology 

suffered by live shrews. The results suggest common shrews suffer diverse parasite- 

mediated pathology, mainly as a consequence of helminth infection, yet still survive 

until breeding. Whether any of these infections are likely to become fatal is unknown, 

although given the resource-limited physiology of S. araneus, infection by parasites 

which might disrupt digestion (such as digeneans inhabiting the bile duct) or interfere 

with nutrient transport (by infecting cardiac tissue, for example) may be more serious 

than in other species (Soveri et A, 1994). 
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Most metazoan parasites found within common shrew tissue sections could be 

identified using keys based on morphology and characteristics of eggs (Roots, 1992). 

However, several animals harboured protozoan cysts, and one animal exhibited what 

appeared to be an intracellular parasite in the oesophagus, which could not be identified. 

It is hoped these parasites may be of interest to those with specialist knowledge of 

similar organisms in other hosts. One organism conspicuously absent from examined 

animals was the fungal parasite Pneumocystis carinni (Laakkonen, 1995). This 

pulmonary pathogen has been observed at prevalences of 70% in S. araneus in Finland 

(Laakkonen et aL, 1993), but was not found in any of the 41 animals from which lung 

tissue was examined here. Surveys of other shrew populations are required to investigate 

whether this parasite is indeed absent in British S. araneust. 

In order to limit the number of shrews used for this thesis, the majority of 

animals dissected for histological examination were those used as controls for 

behavioural and field experiments (Chapter 5 and Chapter 6). Unfortunately, this 

meant only a relatively small number of intestinal tracts could be examined 

histologically, as most were dissected in order to quantify helminth abundances. 

However, in a previous study Vaucher (197 1) found little evidence of histopathological 

change associated with gut cestodes in shrews, and suggested that even in very high 

numbers they will damage only a very small proportion of the intestinal mucosa. 

The examination of lymphatic tissues conducted in Chapter 4 required the use 

of specialist staining techniques to label populations of lymphocytes and assess levels of 

cellular turnover. The results demonstrate that immunohistological techniques developed 

for use in humans and laboratory animals can also be applied in S. araneus. It is hoped 

this success will encourage others studying shrews to use these techniques, and attempt 

to extend their use to other wild mammalian species. 

The lymphatic tissues of S. araneus warranted investigation for several reasons. 

Until now, the structure and function the Pancreas of Aselli had not been adequately 

described. Here, results of immunohistological staining strongly suggest it functions as 

a very large lymph node draining the intestine. Interestingly, other species of shrew also 

' Interestingly, the one pygmy shrew examined in this study was found to exhibit a pulmonary fungal 
infection. 
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exhibit modifications to the standard mammalian lymphatic system. Several species (but 

not S. araneus) have been found to possess 'anal tonsils' (Dryden & Conaway, 1970), 

the function of which remains unknown. The short-tailed shrew Blarina brevicauda has 

an extrapulmonary appendage on the right lung, described as the 'pulmonary appendix' 
(Parke, 2002). This structure has been suggested to function as an immunologic organ, 

as it receives aspirated antigens and contains large numbers of IgA-secreting plasma 

cells (Parke, 2002). The investigation conducted here found the Pancreas of Aselli also 

contains large number of plasma cells. Perhaps these features suggest something about 

the physiology or lifestyle of shrews that requires the development of additional 
lymphatic organs to sample antigens and produce antibodies. It is hoped the 

immunohistological methods used here will be employed to investigate the lymphatic 

systems of other species of shrew, in the hope of exploring this possibility more fully. A 

comparative analysis that could control for effects of phylogeny (similar to the one 

described in Chapter 7) might also be useful in identifying lifestyle characteristics 

associated with these modifications. 
Although immunity may be one of the major physiological mechanisms 

regulating host survival (Lochmiller & Deerenberg, 2000), and immunosenescence has 

been recognized as a major factor in determining human health in later life (Franceschi 

et al., 2000), few studies have investigated this process in wild animals (barn swallows, 

Hirundo rustica, Saino et al., 2003; collared fly catchers, Ficedula albicollis, Cichon et 

al., 2003). Here, shrews were found to be able to respond to both micro and 

macroparasites with immune reactions both prior to and during the breeding season, 

despite lymphatic tissues exhibiting some signs of deterioration in adulthood (Chapter 

4). While adult common shrews did show some signs of immunosenescence, and results 

from the field study suggest parasites may have a role in shrew mortality (Chapter 6, 

see below), from the evidence presented here it seems unlikely that rapid involution of 

lymphatic tissues, combined with exacerbation of latent infection, results in the death of 

adult shrews after breeding, as is believed to occur in Antechnius spp. (Barker et al., 

1978; Poskitt et al., 1984). However, this hypothesis can only be confirmed by 

examination of adult shrews after the conclusion of the breeding season. Unfortunately, 

catching the small number of remaining adults at this time of year is difficult, as most 
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traps are occupied by the much larger number of dispersing juveniles (Michielsen, 1966; 

Churchfield, 1980a; Moraleva, 1989; Gliwicz & Jancewicz, 2001). 

Chapter 5 and Chapter 6 attempted to investigate the effects of helminth 

parasitism on common shrew behaviour and life-history traits. Both studies relied on a 

manipulative approach, comparing shrews carrying their natural parasite burdens with 

those treated with anthelmintics. Treatment was partially successful. In the laboratory, 

treatment significantly reduced cestode abundances in comparison to controls, and there 

was some evidence for an effect on abundances of nematodes, but not digeneans. Due to 

the small sample sizes involved, it is difficult to draw firm conclusions on drug efficacy 
from the laboratory study, especially as helminth abundances prior to treatment were 

unknown. Larger numbers of animals were involved in the field experiment, although 

results cannot be compared directly to the behaviour trials, as animals were both 

repeatedly treated and continually exposed to infection. Abundances of both cestodes 

and digeneans were reduced below those of the control group in the field, but no effect 

was found on nematode abundances. These results would seem to suggest that the 

dosage of praziquantel administered was sufficient to lower abundances of cestodes and 

digeneans, but that ivermectin did not significantly affect total nematode abundance. 
Despite the limited efficacy of treatment, the field study described in Chapter 6 

found treated males were heavier at dissection than mock-treated controls. To my 
knowledge, this is the first experimental field study to demonstrate a reduction in body 

weight associated with helminth parasitism in a wild mammal. As previously discussed, 

studies of laboratory animals suggest that reduction in host nutritional status may be the 

major cause of reduced growth associated with helminth infection in vertebrates 

(Section 1.4). If this is the case, detrimental effects of helminth parasites in the wild may 

only be detectable when hosts are unable to compensate for losses in energy intake 

through increased food acquisition or use of internal reserves (Tripet & Richner, 1997; 

Murray et aL, 1998). The fast metabolism and limited fat stores of S. araneus 

(Churchfield, 198 1; Genoud, 1988; Nagel, 1994) might make any effect of helminths on 

host nutrition more visible than in other host species, resulting in the detectable effect on 

body mass found here. 
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While reduction in food intake has been suggested as the most important 

mechanism by which helminths impact upon host nutritional status (Section 1.4), the 

behavioural experiment described in Chapter 5 found no effect of treatment on any 

measure of foraging activity in common shrews, although sample sizes were too small to 

draw firm conclusions. As reported in a previous study of foraging in common shrews 

(Bamard et aL, 1983), general activity was found to vary considerably between 

individuals. A simpler experiment, in which rates of food consumption are compared 

directly between treatment categories, rather than through behavioural assay of foraging 

effort, might be more useful in investigating effects of helminth parasitism on food 

intake in S. araneus, and understanding whether common shrews do undergo anorexia as 

a consequence of infection. In addition, only sub-adult shrews were used in this 

experiment: if impact on nutritional status is positively related to infection intensity 

(Hall, 1985), effects of helminth parasites on shrew foraging activity may be more 

visible in adults carrying heavier parasite burdens. 

In addition to anorexia, there are a number of other mechanisms by which 

helminth parasites may impact upon host nutritional status, resulting in the observed 

reduction in shrew growth rate. As mentioned above, digeneans blocking the bile duct 

may prevent the release of bile and proper absorption of lipids (Soveri et aL, 1994), 

while many helminths can reduce digestive efficiency through damage to the intestine, 

or through their own feeding (Hall, 1985). As previously discussed, only a small number 

of shrew guts were examined histologically (Chapter 3). Given the diversity of 

helminths which occur in the intestine of S. araneus (Section 1.8), the effects of these 

parasites on host digestive efficiency may warrant further study. The results of Chapter 

3 did reveal that common shrews mount immune responses to helminths within host 

tissues. As immune reactions require investment of host energy and nutrients 

(Lochmiller & Deerenberg, 2000), this may represent another potentially serious effect 

of infection on host nutrition. 

one aspect of heln-ýinth infection not considered here was the impact on host 

metabolism. Fever is a common response to many microparasite infections, and can 

result in a 30% increase in metabolic rate (Lochmiller & Deerenberg, 2000). 

Macroparasite infection does not generally result in high fever (Hall, 1985), but given 
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the resource-hiriited physiology of shrews, any increase in metabolism could potentially 

result in starvation. In addition, extra heat produced as a result of faster metabolism 

might result in shrews overheating during the summer. Tools for measuring rates of 

metabolism in shrews have already been developed (Buckner, 1964; Genoud & Vogel, 

1990; Poppitt et al, 1993; Nagel, 1994), and by combining these techniques with the 

treatment methods applied in Chapter 5 and Chapter 6, an investigation into the effects 

of helminth infection on shrew metabolic rate should be feasible. 

There was some evidence to suggest treatment in the field resulted in greater 

initial survivial of common shrews in comparision to mock-treated controls. 

Unfortunately, the analysis was complicated by the eventual crossing of the two survival 

curves, making it difficult to draw firm conclusions. Only a small number of previous 

experiments have reported an effect of helminth parasitism on survival of wild 

vertebrates (Section 1.4). Given the shrew's limited toleration for starvation (Lindstedt 

& Boyce, 1985; Genoud, 1988), any impact of helminth parasitism on host nutritional 

status through the mechanisms discussed above may result in death more quickly than in 

other host species. As previously discussed, whether mortality can result from any of the 

histological alterations associated with parasites described in Chapter 3, perhaps 

combined with the gradual deterioration of lymphatic tissues reported in Chapter 4, 

remains unknown. 
Though no effect of anthelmintic treatment was found here on traits associated 

with male reproductive success (sperm count, testis mass, movement), future studies 

might consider the effects of helminth parasites on reproductive output of female 

S. araneus. Lactation is considered to be energetically costly in this species, raising 

energy intake by 300% (Genoud & Vogel, 1990), and females also produce more 

offspring than survive to weaning (Mercer & Searle, 1994). Whether heln-ýinth infection 

can limit the number of offspring a female can raise might feasibly be tested through 

comparisons of treated and mock-treated shrews in captivity. 

The emphasis of investigation was shifted for Chapter 7, which explored 

relationships between shrew life-history traits and species richness of their coccidian 

parasite faunas. It is now recognized that host phylogeny may be an important factor in 

determining species richness of parasite faunas (Poulin, 1995; Poulin, 1997; Poulin, 
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1998b), and this was controlled for through a comparative analysis technique 

(Felsenstein, 1985; Purvis & Rambaut, 1995). This approach has been previously 

applied by several authors investigating helminth assemblages (Gregory et aL, 1990; 

Poulin, 1995; Feliu et aL, 1997; Poulin, 1997; Arneberg et al., 1998a; Morand & Poulin, 

1998; Arneberg, 2002), but never (to my knowledge) to coccidian faunas. Coccidian 

species richness was found to be positively correlated with host body mass and growth 

rate, although these two traits are themselves related. Some studies of helminths (but not 

all) have also found relationships between species richness and host body mass (Poulin, 

1995; Ameberg, 2002, but see Feliu et aL, 1997; Morand & Poulin, 1998). Greater food 

consumption of larger hosts, resulting in increased rates of colonization, is perhaps the 

most likely explanation for this relationship (Poulin, 1995; Ameberg et aL, 1998a; 

Arneberg, 2002), although experiments are needed to test this hypothesis. Studies which 

examine the processes by which individual hosts and host populations acquire coccidian 

parasites, and how coccidia become extinct from host populations, would also be useful 

in understanding how host traits might influence coccidian species richness. 

Previous investigations of parasitism in common shrews have, for the most part, 

been limited to the identification and quantification of helminths. By using modem 

molecular techniques to identify haemoparasites present in S. araneus, this thesis has 

provided an important contribution to the study of parasitism in this species. The current 

study has also gone beyond the identification of parasites to explore the effects of these 

organisms upon their host. The results demonstrate that parasitism clearly has several 
important implications for common shrews, both in terms of pathology and broader 

effects upon host life-history traits. The histological examination conducted here reveals 

that, despite their resource-limited physiology, common shrews are able to mount 

immune responses against these parasites, and may even have developed a large, 

specialized lymph node (the Pancreas of Aselli) as an additional defence against gut 

parasitism. 
By drawing on the shrew parasite literature, the comparative analysis conducted 

here has identified host traits which may be important in determining coccidian species 

richness in members of the Soricidae. To my knowledge, this represents the first attempt 

to use such a technique to identify patterns in shrew parasite assemblages. Shrews have 
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proven an excellent model system for this thesis, and it is hoped research will continue 
into host-parasites interactions in S. araneus and other members of this family. As 

mentioned in the introduction (Section 1.5) and discussed in Chapter 7, members of the 

Crocidurinae have different life-history strategies to the Soricinae shrews, exhibiting 
lower metabolic rates for their body size and longer life spans but producing smaller 
litters (Genoud, 1988; Innes, 1994). Comparisons between sub-families may reveal the 

extent to which the detrimental effects of parasitism described here are a consequence of 

the 'live fast - die young' strategy of S. araneus, or are common across all shrew 

species. 
Above all, this thesis has demonstrated that a multitude of specialist techniques 

can be successfully integrated into an ecological framework, and provide a broader 

understanding of host-parasit relationships. Recently, it has been suggested that more 

studies of this nature are required to ftirther our understanding of the ecology of malaria, 

in order to develop new strategies to control this important human disease (de Roode & 

Read, 2003). It is hoped the work conducted here will contribute to promoting an 

interest in different aspects of host-parasite relationships in evolutionary biology, and 

encourage those with specialist techniques already working in this field to interpret their 

results in a wider evolutionary context. Such an interdisciplinary approach would 

undoubtedly further our understanding of host-parasite relationships in wild animals, and 
have practical benefits for the control of important human and animal diseases. 

177 



Literature Cited 

Abbas, A. K., Lichtman, A. H. & Pober, J. S. 2000. Cellular and Molecular 
Immunology. Philadelphia: W. B. Saunders Company. 

Adams, E. J., Stephenson, L. S., Latham, M. C. & Kinoti, S. N. 1994. Physical-activity 
and growth of Kenyan school-children with hookworm, Trichuris trichiura and 
Ascaris lumbricoides infections are improved after treatment with albendazole. 
Journal offutrition, 124,1199-1206. 

Adams, L. E. 1910. A hypothesis as to the cause of the autumnal epidemic of the 
common and the lesser shrew, with some notes on their habits. Manchester 
Memoirs, 54,1-13. 

Aderem, A. & Underhill, D. M. 1999. Mechanisms of phagocytosis in macrophages. 
Annual Review of1mmunology, 17,593-623. 

Adnyana, W., Ladds, P. W. & Blair, D. 1997. Efficacy of praziquantel in the treatment 
of green sea turtles with spontaneous infection of cardiovascular flukes. 
Australian Veterinary Journal, 75,405-407. 

Aitchison, C. W. 1987. Review of winter trophic relations of soricine shrews. Mammal 
Review, 17,1-24. 

Ambroise-Thomas, P. 2000. Emerging parasite zoonoses: the role of host-parasite 
relationship. International Journalfor Parasitology, 30,1361-1367. 

Anderson, R. M. 1982. Epidemiology. In: Modern Parasitology (Ed. by Cox, F. E. G. ), 
pp. 204-25 1. Oxford: Blackwell Scientific Publications. 

Anderson, R. M. & Gordon, D. M. 1982. Processes influencing the distribution of 
parasite numbers within host populations with special emphasis on parasite 
induced host mortalities. Parasitology, 85,373-389. 

Anderson, R. M. & May, R. M. 1979. Population biology of infectious-diseases 
. 1. 

Nature, 280,361-367. 
Arneberg, P. 2002. Host population density and body mass as determinants of species 

richness in parasite communities: comparative analyses of directly transmitted 
nematodes of mammals. Ecography, 25,88-94. 

Arneberg, P., Folstad, 1. & Karter, A. J. 1996. Gastrointestinal nematodes depress food 
intake in naturally infected reindeer. Parasitology, 112,213-219. 

Arneberg, P., Skorping, A., Grenfell, B. & Read, A. F. 1998a. Host densities as 
determinants of abundance in parasite communities. Proceedings of the Royal 
Society ofLondon Series B, 265,1283-1289. 

Arneberg, P., Skorping, A. & Read, A. F. 1998b. Parasite abundance, body size, life 
histories, and the energetic equivalence rule. American Naturalist, 151,497-513. 

Bailey, G. N. M. 1975. Energetics of a host-parasite system: a preliminary report. 
International Journalfor Parasitology, 5,609-613. 

Baker, J. A. 1946. A rickettsial infection in Canadian voles. Journal ofErperimental 
Medicine, 84,37-50. 

Barker, 1. K., Beveridge, I., Bradley, A. J. & Lee, A. K. 1978. Observations on 
spontaneous stress-related mortality among males of dasyurid marsupial 
Antechinus stuartii Maclcay. Australian Journal ofZoology, 26,435-447. 

178 



Barker, S. C. 1991. Evolution of host-parasite associations among species of lice and 
rock-wallabies: coevolution? (J. F. A. Sprent Prize Lecture, August, 1990). 
International Journalfor Parasitology, 21,497-50 1. 

Barlough, J. E., Madigan, J. E., Turoff, D. R., Clover, J. R., Shelly, S. M. & Dun-Aer, S. 
1997. An Ehrlichia strain from a llama (Lama glama) and llama-associated ticks 
(Ixodes pacificus). Journal of Clinical Microbiology, 35,1005-1007. 

Barnard, C. J. & Brown, C. A. J. 198 1. Prey size selection and competition in the 
common shrew (Sorew araneus L). Behavioral Ecology and Sociobiology, 8, 
239-243. 

Barnard, C. J. & Brown, C. A. J. 1985. Risk sensitive foraging in common shrews 
(Sorex araneus Q. Behavioral Ecology and Sociobiology, 16,161-164. 

Barnard, C. J., Brown, C. A. J. & Graywallis, J. 1983. Time and energy budgets and 
competition in the common shrew (Sorex araneus L). Behavioral Ecology and 
Sociobiology, 13,13-18. 

Barnard, C. J. & Hurst, J. L. 1987. Time constraints and prey selection in common 
shrews Sorex araneus L. Animal Behaviour, 35,1827-1837. 

Begon, M., Hazel, S. M., Baxby, D., Bown, K., Cavanagh, R., Chantrey, J., Jones, T. & 
Bennett, M. 1999. Transmission dynamics of a zoonotic pathogen within and 
between wildlife host species. Proceedings of the Royal Society ofLondon Series 
B, 266,1939-45. 

Behnke, J. M., Barnard, C. J. & Wakelin, D. 1992. Understanding chronic nematode 
infections: evolutionary considerations, current hypotheses and the way forward. 
International Journalfor Parasitology, 22,861-907. 

Bell, G. & Burt, A. 1991. The comparative biology of parasite species-diversity - 
internal helminths of fresh-water fish. Journal qfAnimal Ecology, 60,1047- 
1063. 

Bendich, A. 1989. Carotenoids and the immune-response. Journal ofNutrition, 119, 
112-115. 

Bennett, M., Crouch, A. J., Begon, M., Duffy, B., Feore, S., Gaskell, R. M., Kelly, D. F., 
McCracken, C. M., Vicary, L. & Baxby, D. 1997. Cowpox in British voles and 
mice. Journal of Comparative Pathology, 116,3 5-44. 

Bermond, D., Boulouis, H. J., Heller, R., Van Laere, G., Monteil, H., Chomel, B. B., 
Sander, A., Dehio, C. & Piemont, Y. 2002. Bartonella bovis Bermond et al. sp. 
nov. and Bartonella capreoli sp. nov., isolated from European ruminants. 
International Journal ofSystematic and Evolutionary Microbiology, 52,3 83- 
390. 

Bermond, D., Heller, R., Barrat, F., Delacour, G., Dehio, C., Alliot, A., Monteil, H., 
Chomel, B., Boulouis, H. J. & Piemont, Y. 2000. Bartonella birtlesii sp. nov., 
isolated from small mammals (Apodemus spp. ). International Journal of 
Systematic and Evolutionary Microbiology, 50,1973-1979. 

Biron, C. A., Nguyen, K. B., Pien, G. C., Cousens, L. P. & Salazar-Mather, T. P. 1999. 
Natural killer cells in antiviral defense: function and regulation by innate 
cytokines. Annual Review of1mmunology, 17,189-220. 

Birtles, R. J., Harrison, T. G. & Molyneux, D. H. 1994. Grahamella in small woodland 
marnmals in the UK - isolation, prevalence and host-specificity. Annals of 
Tropical Medicine and Parasitology, 88,317-327. 

179 



Birtles, R. J., Harrison, T. G., Saunders, N. A. & Molyneux, D. H. 1995. Proposals to 
unify the genera Grahamella and Bartonella, with descriptions of Bartonella 
talpae comb. nov., Bartonella peromysci comb. nov., and three new species, 
Bartonella grahamii sp. nov., Bartonella taylorii sp. nov., and Bartonella 
doshiae sp. nov. International Journal ofSystematic Bacteriology, 45,1-8. 

Birtles, R. J., Hazel, S., Bown, K., Raoult, D., Begon, M. & Bennett, M. 2000. 
Subtyping of uncultured bartonellae using sequence comparison of 16 S/23 S 
rRNA intergenic spacer regions amplified directly from infected blood. 
Molecular and Cellular Probes, 14,79-87. 

Birtles, R. J., Hazel, S. M., Bennett, M., Bown, K., Raoult, D. & Begon, M. 2001. 
Longitudinal monitoring of the dynamics of infections due to Bartonella species 
in UK woodland rodents. Epidemiology And Infection, 126,323-329. 

Birtles, R. J. & Raoult, D. 1996. Comparison of partial citrate synthase gene (gltA) 
sequences for phylogenetic analysis of Bartonella species. International Journal 
ofSystematic Bacteriology, 46,891-897. 

Bishop, Y. 1998. The Veterinary Formulary. London: Pharainaceutical Press. 
Bloomer, S. E. M., Willebrand, T., Keith, 1. M. & Keith, L. B. 1995. Impact of helminth 

parasitism on a snowshoe hare population in central Wisconsin: a field 
experiment. Canadian Journal ofZoology, 73,1891-1898. 

Blount, J. D., Metcalfe, N. B., Birkhead, T. R. & Surai, P. F. 2003. Carotenoid 
modulation of immune function and sexual attractiveness in zebra finches. 
Science, 300,125-127. 

Bonneaud, C., Mazuc, J., Gonzalez, G., Haussy, C., Chastel, 0., Faivre, B. & Sorci, G. 
2003. Assessing the cost of mounting an immune response. American Naturalist, 
161,367-379. 

Boulouis, H. J., Barrat, F., Bermond, D., Bernex, F., Thibault, D., Heller, R., Fontaine, J. 
J., Piemont, Y. & Chomel, B. B. 2001. Kinetics of Bartonella birtlesii infection 
in experimentally infected mice and pathogenic effect on reproductive functions. 
Infection and Immunity, 69,5313-5317. 

Bown, K. J., Begon, M., Bennett, M., Woldehiwet, Z. & Ogden, N. H. 2003. Seasonal 
dynamics of Anaplasma phagocytophila in a rodent-tick (Ixodes trianguliceps) 
system, United Kingdom. Emerging Infectious Diseases, 9,63-70. 

Brambell, F. W. R. 1935. Reproduction in the common shrew (Sorex araneus Linnaeus). 
Philosophical Transactions of the Royal Society ofLondon Series B, 225,1-62. 

Breslow, N. 1970. Generalized Kruskal-Wallis test for comparing K samples subject to 
unequal patterns of censorship. Biometrika, 57,579-594. 

Brooks, D. R. 1980. Allopatric speciation and non-interactive parasite community 
structure. Systematic Zoology, 29,192-203. 

Brown, C. R. & Brown, M. B. 2002. Spleen volume varies with colony size and parasite 
load in a colonial bird. Proceedings ofthe Royal Society ofLondon Series B, 269, 
1367-1373. 

Buckner, C. H. 1964. Metabolism, food capacity, and feeding behaviour in four species 
of shrews. Canadian Journal ofZoology, 42,259-279. 

Buckner, C. H. 1969. Some aspects of the population ecology of the common shrew, 
Sorex araneus, near Oxford, England. Journal ofMammalogy, 50,326-332. 

Bundy, D. A. P. 1988. Sexual effects on parasite infection - gender-dependent patterns 
of infection and disease. Parasitology Today, 4,186-189. 

180 



Bush, A., Fernandes, A., Esch, G. & Seed, J. 2001. Parasitism: the Diversity and 
Ecology ofAnimal Parasites. Cambridge: Cambridge University Press. 

Butcher, A. R., Talbot, G. A., Norton, R. E., Kirk, M. D., Cribb, T. H., Forsyth, J. R. L., 
Knight, B. & Cameron, A. S. 1996. Locally acquired Brachylaima sp. (Digenea: 
Brachylaimidae) intestinal fluke infection in two South Australian infants. 
Medical Journal ofAustralia, 164,475-478. 

Butcher, E. C., Reichert, R. A., Coffman, R. L., Nottenburg, C. & Weissman, I. L. 1982. 
Surface phenotype and migratory capability of Peyer's patch germinal center 
cells. Advances in Experimental Medicine and Biology, 149,765-772. 

Butterfield, J., Coulson, J. C. & Wanless, S. 1981. Studies on the distribution, food, 
breeding biology and relative abundance of the pygmy and common shrew 
(Sorex minutus and S. araneus) in upland areas of Northern England. Journal of 
Zoology, 195,169-180. 

Calder, W. A. 1984. Size, Function and Life History. Cambridge, USA: Harvard 
University Press. 

Campbell, W. C., Fisher, M. H., Stapley, E. 0., Albersschonberg, G. & Jacob, T. A. 
1983. Ivermectin -a potent new anti-parasitic agent. Science, 221,823-828. 

Carlson, G. L., Gray, P., Arnold, J., Little, R. A. & Irving, M. H. 1997. Thermogenic, 
hormonal and metabolic effects of intravenous glucose infusion in human sepsis. 
British Journal ofSurgery, 84,1454-1459. 

Castro, G. A. 1990. Intestinal pathology. In: Parasites: Immunity and Pathology (Ed. by 
Behnke, J. M. ). London: Taylor and Francis. 

Cavanagh, R., Begon, M., Bennett, M., Ergon, T., Graham, I. M., de Haas, P. E. W., 
Hart, C. A., Koedam, M., Kremer, K., Lambin, X., Roholl, P. & van Soolingen, 
D. 2002. Mycobacterium microti infection (vole tuberculosis) in wild rodent 
populations. Journal of Clinical Microbiology, 40,3281-3285. 

Cheng, T. C. 1986. General Parasitology. Orlando: Orlando Academic Press. 
Chitty, D. & Kempson, D. A. 1949. Prebaiting small mammals and a new design of live 

trap. Ecology, 30,536-542. 
Chu, P. G. & Arber, D. A. 200 1. CD79: a review. Applied Immunohistochemistry and 

Molecular Morphology, 9,97-106. 
Churchfield, S. 1980a. Population-dynamics and the seasonal fluctuations in numbers of 

the common shrew in Britain. Acta Theriologica, 25,415-424. 
Churchfield, S. 1980b. Subterranean foraging and burrowing activity in the common 

shrew. Acta Theriologica, 25,451-459. 
Churchfield, S. 198 1. Water and fat contents of British shrews and their role in the 

seasonal changes in body weight. Journal ofZoology, 194,165-173. 
Churchfield, S. 1984. An investigation of the population dynamics of synyopic shrews 

inhabiting water-cress beds. Journal ofZoology, 204,229-240. 
Churchfield, S. 1990. The Natural History ofShrews. London: A&C Black. 
Churchfield, S. 1994. Foraging strategies of shrews, and the evidence from field studies. 

In: Advances in the Biology ofShrews (Ed. by Merritt, J. F., Kirkland, G. L. & 
Rose, R. K. ), pp. 77-88. Pittsburgh: Carnegie Museum of Natural History. 

Cichon, M., Sendecka, J. & Gustafsson, L. 2003. Age-related decline in humoral 
immune function in collared flycatchers. Journal ofEvolutionary Biology, 16, 
1205-1210. 

181 



Clarridge, J. E., 3rd, Raich, T. J., Pirwani, D., Simon, B., Tsai, L., Rodriguez-Barradas, 
M. C., Regnery, R., Zollo, A., Jones, D. C. & Rambo, C. 1995. Strategy to detect 
and identify Bartonella species in routine clinical laboratory yields Bartonella 
henselae from human immunodeficiency virus-positive patient and unique 
Bartonella strain from his cat. Journal of Clinical Microbiology, 33,2107-2113. 

Cox, F. E. G. 1982. Parasitic protozoa. In: Modern Parasitology (Ed. by Cox, F. E. G. ), 
pp. 1-33. Oxford: Blackwell Scientific Publications. 

Crawley, M. J. 1993. GLIMfor Ecologists. Oxford: Blackwell Scientific. 
Crompton, D. W., Walters, D. E. & Arnold, S. 198 1. Changes in the food intake and 

body weight of protein-malnourished rats infected with Nippostrongylus 
brasiliensis (Nematoda). Parasitology, 82,23 -3 8. 

Crowcroft, W. 1957. The Life ofthe Shrew. London: Max Reinhardt. 
Daly, J. S., Worthington, M. G., Brenner, D. J., Moss, C. W., Hollis, D. G., Weyant, R. 

S., Steigerwalt, A. G., Weaver, R. E., Daneshvar, M. I. & O'Connor, S. P. 1993. 
Rochalimaea elizabethae sp-nov isolated from a patient with endocarditis. 
Journal of Clinical Microbiology, 31,872-88 1. 

Dannelid, E. 1991. The genus Sorex (Mammalia, Soricidae) - distribution and 
I evolutionary aspects of Eurasian species. Mammal Review, 21,1-20. 

de Roode, J. C. & Read, A. F. 2003. Evolution and ecology, after the malaria genomes. 
Trends in Ecology and Evolution, 18,60-6 1. 

Deerenberg, C., Arpanius, V., Daan, S. & Bos, N. 1997. Reproductive effort decreases 
antibody responsiveness. Proceedings of the Royal Society ofLondon Series B, 
264,1021-1029. 

Dehio, C., Lanz, C., Pohl, R., Behrens, P., Bermond, D., Piemont, Y., Pelz, K. & Sander, 
A. 2001. Bartonella schoenbuchii sp. nov., isolated from the blood of wild roe 
deer. International Journal ofSystematic and Evolutionary Microbiology, 5 1, 
1557-1565. 

Dehnel, A. 1952. The biology of breeding the common shrew (Sorex araneus L. ) in 
laboratory conditions. Annales Universitatis Mariae Curie-Sklodowska., C6, 
359-376. 

Dernas, G. E., Chefer, V., Talan, M. I. & Nelson, R. J. 1997. Metabolic costs of 
mounting an antigen-stimulated immune response in adult and aged C57BU6J 
mice. American Journal ofPhysiology, 273,1631-1637. 

Droz, S., Chi, B., Hom, E., Steigerwalt, A. G., Whitney, A. M. & Brenner, D. J. 1999. 
Bartonella koehlerae sp. nov., isolated from cats. Journal o Clinical )f 
Microbiology, 37,1117-1122. 

Dryden, G. L. & Conaway, C. H. 1970. Anal tonsils of Soricids. Journal ofMammalogy, 
51,382-384. 

Ducommun, M. A., Jeanmaire-besancon, F. & Vogel, P. 1994. Shield morphology of 
curly overhair in 22 genera of Soricidae (Insectivora, Mammalia). Revue Suisse 
de Zoologie, 101,623-643. 

182 



Dumler, J. S., Barbet, A. F., Bekker, C. P., Dasch, G. A., Palmer, G. H., Ray, S. C., 
Rikihisa, Y. & Rurangirwa, F. R. 2001. Reorganization of genera in the families 
Rickettsiaceae and Anaplasmataceae in the order Rickettsiales: unification of 
some species of Ehrlichia with Anaplasma, Cowdria with Ehrlichia and 
Ehrlichia with Neorickettsia, descriptions of six new species combinations and 
designation of Ehrlichia equi and'HGE agent'as subjective synonyms of 
Ehrlichia phagocytophila. International Journal ofSystematic and Evolutionary 
Microbiology, 51,2145-2165. 

Dunn, A. M. 1978. Veterinary Helminthology. London: William Heinemann Medical 
Books Ltd. 

Ellis, B. A., Regnery, R. L., Beati, L., Bacellar, F., Rood, M., Glass, G. G., Marston, E., 
Ksiazek, T. G., Jones, D. & Childs, J. E. 1999. Rats of the genus Raltus are 
reservoir hosts for pathogenic Bartonella species: an Old World origin for a New 
World disease? Journal ofInfectious Diseases, 180,220-224. 

Elston, D. A., Moss, R., Boulinier, T., Arrowsmith, C. & Lambin, X. 2001. Analysis of 
aggregation, a worked example: numbers of ticks on red grouse chicks. 
Parasitology, 122,563-569. 

Ewald, J. A., Crompton, D. W., Johnson, I. & Stoddart, R. C. 1991. The occurrence of 
Centrorhynchus (Acanthocephala) in shrews (Sorax araneus and Sorax minutus) 
in the United Kingdom. Journal ofParasitology, 77,485-487. 

Fabbi, M., De Giuli, L., Tranquillo, M., Bragoni, R., Casiraghi, M. & Genchi, C. 2004. 
Prevalence of Bartonella henselae in Italian stray cats: evaluation of serology to 
assess the risk of transmission of Bartonella to humans. Journal of Clinical 
Microbiology, 42,264-268. 

Faivre, B., Gregoire, A., Preault, M., Cezilly, F. & Sorci, G. 2003. Immune activation 
rapidly mirrored in a secondary sexual trait. Science, 300,103. 

Fan, P. C. & Ito, A. 1995. The minimum effective dose of praziquantel in treatment of 
Hymenolepis diminuta in rats. Journal ofHelminthology, 69,91-92. 

Fearson, D. T. & Locksley, R. M. 1996. The instructive role of innate immunity in the 
aquired immune response. Science, 272,50-53. 

Feliu, C., Renaud, F., Catzeflis, F., Hugot, J. P., Durand, P. & Morand, S. 1997. 
Comparative analysis of parasite species richness of Iberian rodents. 
Parasitology, 115,453-466. 

Felsenstein, J. 1985. Phylogenies and the comparative method. American Naturalist, 
125,1-15. 

Felsenstein, J. 1989. PHYLIP-phylogeny inference package. Cladistics, 5,164-166. 
Feore, S. M., Bennett, M., Chantrey, J., Jones, T., Baxby, D. & Begon, M. 1997. The 

effect of cowpox virus infection on fecundity in bank voles and wood mice. 
Proceedings of the Royal Society ofLondon Series B, 264,1457-146 1. 

Fernandes, A. P., Nelson, K. & Beverley, S. M. 1993. Evolution of nuclear ribosomal 
RNAs in kinetoplastid protozoa: perspectives on the age and origins of 
parasitism. Proceedings of the National Academy ofSciences of the United States 
ofAmerica, 90,11608-11612. 

Fernandez-Gutierrez, B., Jover, J. A., De Miguel, S., Hernandez-Garcia, C., Vidan, M. 
T., Ribera, J. M., Banares, A. & Serra, J. A. 1999. Early lymphocyte activation in 
elderly humans: impaired T and T-dependent B cell responses. Experimental 
Gerontology, 34,217-229. 

183 



Festa-Bianchet, M. 1989. Individual differences, parasites, and the costs of reproduction 
for bighorn ewes (Ovis canadensis). Journal ofAnimal Ecology, 58,785-795. 

Fewell, J. E., Ricciuti, F., Kondo, C. S. & Dascalu, V. 1991. Fever in young lambs - 
temperature, metabolic and cardiorespiratory responses to a small dose of 
bacterial pyrogen. Journal ofDevelopmental Physiology, 15,229-235. 

Folstad, 1. & Karter, A. J. 1992. Parasites, bright males, and the immunocompetence 
handicap. American Naturalist, 139,603-622. 

Franceschi, C., Bonafe, M., Valensin, S., Olivieri, F., De Luca, M., Ottaviani, E. & De 
Benedictis, G. 2000. Inflamm-aging - An evolutionary perspective on 
immunosenescence. Molecular and Cellular Gerontology, 908,244-254. 

French, N. R., Grant, W. E., Grodzinski, W. & Swift, D. M. 1976. Small mammal 
energetics in grassland ecosystems. Ecological Monographs, 46,201-220. 

Fukuta, K., Nishida, T. & Mochizuki, K. 1982. Light and electron microscopic 
observations of the spleen in the musk shrew, Suncus murinus. Journal of 
Anatomy, 134,129-138. 

Gavrieli, Y., Sherman, Y. & Ben-Sasson, S. A. 1992. Identification of programmed cell 
death in situ via specific labeling of nuclear DNA fragmentation. Journal of Cell 
Biology, 119,493-501. 

Genoud, M. 1988. Energetic strategies of shrews - ecological constraints and 
evolutionary implications. Mammal Review, 18,173 -193. 

Genoud, M. & Vogel, P. 1990. Energy-requirements during reproduction and 
reproductive effort in shrews (Soricidae). Journal ofZoology, 220,41-60. 

Genstat 5 Committee. 1987. Genstat 5 Reference Manual. Oxford: Oxford Science. 
George, S. & Sarich, V. 1994. Albumin evolution in the Soricinae and its implications 

for the phylogenetic history of the Soricidae. In: Advances in the Biology of 
Shrews (Ed. by Merritt, J. F., Kirkland, G. L. & Rose, R. K. ), pp. 289-293. 
Pittsburgh: Camegie Museum of Natural History. 

George, S. B. 1988. Systematics, historical biogeography, and evolution of the genus 
Sorex. Journal ofMammalogy, 69,443461. 

Germain, R. N. 1994. MHC-dependent antigen processing and peptide presentation: 
providing ligands for T lymphocyte activation. Cell, 76,287-299. 

Gliwicz, J. & Jancewicz, E. 2001. Aging and cohort dynamics in Sorex shrews. Acta 
Yheriologica, 46,225-234. 

Gregory, R. D. 1990. Parasites and host geographic range as illustrated by waterfowl. 
Functional Ecology, 4,645-654. 

Gregory, R. D. 199 1. Parasite epidemiology and host population-growth - 
Heligmosomoides Polygyrus (Nematoda) in enclosed wood mouse populations. 
Journal ofAnimal Ecology, 60,805-82 1. 

Gregory, R. D., Keymer, A. E. & Clarke, J. R. 1990. Genetics, sex and exposure - the 
ecology of Heligmosomoidespolygynis (Nematoda) in the wood mouse. Journal 
ofAnimal Ecology, 59,363-378. 

Gregory, R. D., Montgomery, S. S. J. & Montgomery, W. 1.1992. Population biology of 
Heligmosomoidespolygyrus (Nematoda) in the wood mouse. Journal ofAnimal 
Ecology, 61,749-757. 

Grenfell, B. T. & Gulland, F. M. D. 1995. Introduction: ecological impact of parasitism 
on wildlife host populations. Parasitology, 111, S3-S 14. 

184 



Guegan, J. F. & Kennedy, C. R. 1996. Parasite richness sampling effort host range: the 
fancy three-piece jigsaw puzzle. Parasitology Today, 12,367-369. 

Gu6gan, J. F., Lambert, A., Leveque, C., Combes, C. & Euzet, L. 1992. Can host body 
size explain the parasite species richness in tropical fresh-water fishes. 
0ecologia, 90,197-204. 

Gulland, F. 1995. Impact of infectious diseases on wild animal populations: a review. In: 
Ecology ofInfectious Diseases in Natural Populations (Ed. by Grenfell, B. T. & 
Dobson, A. P. ), pp. 20-51. Cambridge: Cambridge University Press. 

Gulland, F. M. D. 1992. The role of nematode parasites in Soay sheep (Ovis aries L. ) 
mortality during a population crash. Parasitology, 105,493-503. 

Haag, J., O'Huigin, C. & Overath, P. 1998. The molecular phylogeny of trypanosomes: 
evidence for an early divergence of the Salivaria. Molecular and Biochemical 
Parasitology, 91,37-49. 

Hadju, V., Stephenson, L. S., Abadi, K., Mohammed, H. 0., Bowman, D. D. & Parker, 
R. S. 1996. Improvements in appetite and growth in helminth-infected 
schoolboys three and seven weeks after a single dose of pyrantel pamoate. 
Parasitology, 113,497-504. 

Hafner, M. S. & Page, R. D. M. 1995. Molecular phylogenies and host-parasite 
cospeciation - gophers and lice as a model system. Philosophical Transactions of 
the Royal Society ofLondon Series B, 349,77-83. 

Hall, A. 1985. Nutritional aspects of parasitic infection. Progress in Food and Nutrition 
Science, 9,227-256. 

Hamilton, W. D. & Zuk, M. 1982. Heritable true fitness and bright birds -a role for 
parasites. Science, 218,384-387. 

Hanski, I., Peltonen, A. & Kaski, L. 1991. Natal dispersal and social-dominance in the 
common shrew Sorex araneus. Oikos, 62,48-5 8. 

Harvey, P. & Pagel, M. 199 1. The Comparative Method in Evolutionary Biology. 
Oxford: Oxford University Press. 

Haukisalmi, V., Henttonen, H. & Mikkonen, T. 1994. Parasitism by gastrointestinal 
helminths in the shrews S. araneus and S. caecutiens. In: Advances in the 
Biology ofShrews (Ed. by Merritt, J. F., Kirkland, G. L. & Rose, R. K. ), pp. 97- 
102. Pittsburgh: Camegie Museum of Natural History. 

Hazel, S. M., Bennett, M., Chantrey, J., Bown, K., Cavanagh, R., Jones, T. R., Baxby, 
D. & Begon, M. 2000. A longitudinal study of an endemic disease in its wildlife 
reservoir: cowpox and wild rodents. Epidemiology and Infection, 124,551-562. 

Healing, T. D. 198 1. Infections with blood parasites in the small British rodents 
Apodemus sylvaticus, Clethrionomys glareolus and Microtus agrestis. 
Parasitology, 83,179-189. 

Heller, R., Kubina, M., Mariet, P., Riegel, P., Delacour, G., Dehio, C., Lamarque, F., 
Kasten, R., Boulouis, H. J., Monteil, H., Chomel, B. & Piemont, Y. 1999. 
Bartonella alsatica sp. nov., a new Bartonella species isolated from the blood of 
wild rabbits. International Journal ofSystematic Bacteriology, 49,283-288. 

Heller, R., Riegel, P., Hansmann, Y., Delacour, G., Bermond, D., Dehio, C., Lamarque, 
F., Monteil, H., Chomel, B. & Piemont, Y. 1998. Bartonella tribocorum sp. nov., 
a new Bartonella species isolated from the blood of wild rats. International 
Journal ofSystematic Bacteriology, 48,1333-133 9. 

185 



Herrera, E., Martinez, A. C. & Blasco, M. A. 2000. Impaired germinal center reaction in 
mice with short telomeres. EMBO Journal, 19,472-48 1. 

Hertel, L. A. & Duszynski, D. W. 1987. Coccidian parasites (Apicomplexa: Eimeriidae) 
from insectivores. III. Seven new species in shrews (Soricidae: Soricinae) from 
Canada, Japan, and the United States. Journal ofParasitology, 73,172-183. 

Hoare, C. A. 1972. Yhe Trypanosomes ofMammals: a Zoological Monograph. Oxford: 
Blackwell Scientific. 

Holmberg, M., Mills, J. N., McGill, S., Benjamin, G. & Ellis, B. A. 2003. Bartonella 
infection in sylvatic small mammals of central Sweden. Epidemiology and 
Infection, 130,149-157. 

Holmes, J. & Price, P. 1986. Communities of parasites. In: Community Ecology: 
Patterns and Processes (Ed. by Anderson, D. & Kikkawa, J. ), pp. 187-213. 
Oxford: Blackwell scientific. 

Holmes, R. L. 1965. Abdominal lymphoid tissue in the shrew. Journal ofAnatomy, 99, 
445-457. 

Homer, M. J., Aguilar-Delfin, I., Telford, S. R., 3rd, Krause, P. J. & Persing, D. H. 2000. 
Babesiosis. Clinical Microbiology Reviews, 13,451-469. 

Horny, H. P., Campbell, M., Steinke, B. & Kaiserling, E. 1990. Acute myeloid 
leukemia: immunohistologic findings in paraffin-embedded bone marrow biopsy 
specimens. Human Pathology, 21,648-655. 

Houpikian, P., Fournier, P. E. & Raoult, D. 2001. Phylogenetic position of Bartonella 
vinsonii subsp. arupensis based on 16S rDNA and gltA gene sequences. 
International Journal ofSystematic and Evolutionary Microbiology, 51,179- 
182. 

Hoyte, H. M. 1956. Grahamella (Rickettsiales) in the common shrew Sorex araneus. 
Parasitology, 46,224-34. 

Hudson, P. J. 1986. The effect of a parasitic nematode on the breeding production of red 
grouse. Journal ofAnimal Ecology, 55,85-92. 

Hudson, P. J., Newborn, D. & Dobson, A. P. 1992. Regulation and stability of a free- 
living host-parasite system: Trichostrongylus tenuis in red grouse. Journal of 
Animal Ecology, 477486. 

Huerkamp, M. J. 1993. Ivermectin eradication of pinworrns from rats kept in ventilated 
cages. Laboratory Animal Science, 43,86-90. 

Ilmonen, P., Taama, T. & Hasselquist, D. 2000. Experimentally activated immune 
defence in female pied flycatchers results in reduced breeding success. 
Proceedings of the Royal Society ofLondon Series B, 267,665-670. 

Innes, D. G. 1994. Life histories of the Soricidae: a review. In: Advances in the Biology 
ofShrews (Ed. by Merritt, J. F., Kirkland, G. L. & Rose, R. K. ), pp. 111-136. 
Pittsburgh: Camegie Museum of Natural History. 

Ishizeki, K. & Tokio, N. 1989. Ultrastructural features of the developing eosinophils in 
bone marrow and spleen of the musk shrew, Suncus murinus. Journal of 
Morphology, 202,425-433. 

Johnson, L. S. & Albrecht, D. J. 1993. Effects of haernatophagous ectoparasites on 
nestling house wrens, Troglodytes aedon: who pays the cost of parasitism? 
Oikos, 66,255-262. 

186 



Host-Parasite Interactions in the Common Shrew (Sorex araneus) 

Thesis submitted in accordance with the requirements of the University of 

Liverpool for the degree of Doctor of Philosophy by Daniel Peter Bray 

September 2004 



KAgi, D., Ledermann, B., Burki, K., Zinkemagel, R. M. & Hengartner, H. 1996. 
Molecular mechanisms of lymphocyte-mediated cytotoxicity and their role in 
immunological protection and pathogenesis in vivo. Annual Review of 
Immunology, 14,207-232. 

Kaplan, E. L. & Meier, P. 1958. Nonparametric-estimation from incomplete 
observations. Journal ofthe American Statistical Association, 53,457-48 1. 

Kasahara, M., Suzuki, T. & Pasquier, L. D. 2004. On the origins of the adaptive immune 
system: novel insights from invertebrates and cold-blooded vertebrates. Trends 
in Immunology, 25,105-111. 

Kennedy, C. R. 1976. Reproduction and dispersal. In: Ecological Aspects of 
Parasitology (Ed. by Kennedy, C. R. ), pp. 143-160. Oxford: North Holland. 

Kennedy, C. R. 1990. Helminth communities in freshwater fish: structured communities 
or stochastic assemblages? In: Parasite Communities: Patterns and Processes 
(Ed. by Esch, G. W., Bush, A. & Aho, J. ), pp. 131-156. London: Chapman and 
Hall. 

Kennedy, C. R., Bush, A. 0. & Aho, J. M. 1986. Patterns in helnýiinth communities - 
why are birds and fish different? Parasitology, 93,205-215. 

Kerkhoff, F. T., Bergmans, A. M., van Der Zee, A. & Rothova, A. 1999. Demonstration 
of Bartonella grahamii DNA in ocular fluids of a patient with neuroretinitis. 
Journal of Clinical Microbiology, 37,4034-403 8. 

Kipar, A., Baumgartner, W., Vogl, C., Gaedke, K. & Wellman, M. 1998a. 
Immunohistochemical characterization of inflammatory cells in brains of dogs 
with granulomatous meningoencephalitis. Veterinary Pathology, 35,43-52. 

Kipar, A., Bellmann, S., Kremendahl, J., K6hler, K. & Reinacher, M. 1998b. Cellular 
composition, coronavirus antigen expression and production of specific 
antibodies in lesions in feline infectious peritonitis. Veterinary Immunology and 
Immunopathology, 65,243-257. 

Kisielewska, K. 1963. Food composition and reproduction of Sorex araneus Linnaeus, 
1758 in the light of parasitological research. Acta Yheriologica, 7,127-153. 

Klement, P., Augustine, J. M., Delaney, K. H., Klement, C. & Weitz, J. 1.1996. An oral 
ivermectin regimen that eradicates pinworms (Syphacia spp. ) in laboratory rats 
and mice. Laboratory Animal Science, 46,286-290. 

Klion, A. D. & Nutman, T. B. 2004. The role of eosinophils in host defense against 
helminth parasites. Journal ofAllergy and Clinical Immunology, 113,30-37. 

K61iler, K., Kipar, A. & Reinacher, M. 2000. Immunohistological evalutation of 
haemolymphoid tissue activity in the cat. European Journal of Veterinary 
Pathology, 69 107-114. 

Kordick, D. L., Swaminathan, B., Greene, C. E., Wilson, K. H., Whitney, A. M., 
Oconnor, S., Hollis, D. G., Matar, G. M., Steigerwalt, A. G., Malcolm, G. B., 
Hayes, P. S., Hadfield, T. L., Breitschwerdt, E. B. & Brenner, D. J. 1996. 
Bartonella vinsonii subsp berkhoffti subsp nov, isolated from dogs; Bartonella 
vinsonii subsp vinsonii; and emended description of Bartonella vinsonii. 
International Journal ofSystematic Bacteriology, 46,704-709. 

Kosoy, M., Murray, M., Gilmore, R. D., Jr., Bai, Y. & Gage, K. L. 2003. Bartonella 
strains from ground squirrels are identical to Bartonella washoensis isolated 
from a human patient. Journal of Clinical Microbiology, 41,645-650. 

187 



Kreymann, G., Grosser, S., Buggisch, P., Gottschall, C., Matthaei, S. & Greten, H. 1993. 
Oxygen consumption and resting metabolic rate in sepsis, sepsis syndrome, and 
septic shock. Critical Care Medicine, 21,1012-1019. 

Kristan, D. M. 2002. Effects of intestinal nematodes during lactation: consequences for 
host morphology, physiology and offspring mass. Journal ofExperimental 
Biology, 205,3955-3965. 

Kristan, D. M. 2004. Intestinal nematode infection affects host life history and offspring 
susceptibility to parasitism. Journal ofAnimal Ecology, 73,227-238. 

Kyriazakis, I., Tolkamp, B. & Hutchings, M. 1998. Towards a functional explanation for 
the occurrence of anorexia during parasitic infections. Animal Behaviour, 1998, 
265-274. 

Laakkonen, J. 1995. Characterization of Pneumocystis carinii infection in Sore-x araneus 
-a review. Mammalia, 59,623-627. 

Laakkonen, J., Haukisalmi, V. & Merritt, J. F. 1998. Blood parasites of shrews from 
Pennsylvania. Journal ofParasitology., 84,13 00-13 03. 

Laakkonen, J., Sukura, A., Haukisalmi, V. & Henttonen, H. ' 1993. Pneumocystis carinii 
and helminth parasitism in shrews Sorex araneus and Sorex caecutiens. Journal 

of Wildlife Diseases, 29,273-277. 
Lehmann, T. 1993. Ectoparasites: direct effects on host fitness. Parasitology Today, 9, 

8-13. 
Levine, N. & Ivens, V. 1979. The coccidia (Protozoa, Apicomplexa) of insectivores. 

Revisita 1berica de Parasitologica, 39,261-297. 
Lewis, J. W. 1968. Studies on helminth parasites of voles and shrews from Wales. 

Journal ofZoology, 154,313-33 1. 
Lichtenburg, F. V. 1984. Infectious diseases. In: Pathologic Basis ofDisease (Ed. by 

Robbins, S. L., Cotran, R. S. & Kumar, V. K. ), pp. 273-398. Philadelphia, USA: 
W. B. Saunders Company. 

Lindstedt, S. L. & Boyce, M. S. 1985. Seasonality, fasting endurance, and body size in 
mammals. American Naturalist, 1259 873-878. 

Liz, J. S., Anderes, L., Sumner, J. W., Massung, R. F., Gem, L., Rutti, B. & Brossard, 
M. 2000. PCR detection of granulocytic Ehrlichiae in Ixodes ricinus ticks and 
wild small mammals in western Switzerland. Journal of Clinical Microbiology, 
38,1002-1007. 

Liz, J. S., Sumner, J. W., Pfister, K. & Brossard, M. 2002. PCR detection and 
serological evidence of granulocytic ehrlichial infection in roe deer (Capreolus 

capreolus) and chamois (Rupicapra rupicapra). Journal of Clinical 
microbiology, 409 892-897. 

Lochmiller, R. L. & Deerenberg, C. 2000. Trade-offs in evolutionary immunology: just 

what is the cost of immunity? Oikos, 88,87-98. 
Maddalena, T. & Ruedi, M. 1994. Chromosomal evolution in the genus Crocidiura 

(Insectivora: Soricidae). In: Advances in the Biology ofShrews (Ed. by Merritt, J. 
F., Kirkland, G. L. & Rose, R. K. ), pp. 335-344. Pittsburgh: Camegie Museum of 
Natural History. 

188 



Maillard, R., Riegel, P., Barrat, F., Bouillin, C., Thibault, D., Gandoin, C., Halos, L., 
Demanche, C., Alliot, A., Guillot, J., Piemont, Y., Boulouis, H. J. & Vayssier- 
Taussat, M. 2004. Bartonella chomelff sp. nov., isolated from French domestic 
cattle (Bos taurus). International Journal ofSystematic and Evolutionary 
Microbiology, 54,215-220. 

Martin, L. B., Scheuerlein, A. & Wikelski, M. 2003. Immune activity elevates energy 
expenditure of house sparrows: a link between direct and indirect costs? 
Proceedings of the Royal Society ofLondon Series B, 270,153-158. 

Maslov, D. A., Avila, H. A., Lake, J. A. & Simpson, L. 1994. Evolution of RNA editing 
in kinetoplastid protozoa. Nature, 368,345-348. 

Maslov, D. A., Lukes, J., Jirku, M. & Simpson, L. 1996. Phylogeny of trypanosomes as 
inferred from the small and large subunit rRNAs: implications for the evolution 
of parasitism in the trypanosomatid protozoa. Molecular and Biochemical 
Parasitology, 75,197-205. 

Massung, R. F., Slater, K., Owens, J. H., Nicholson, W. L., Mather, T. N., Solberg, V. 
B. & Olson, J. G. 1998. Nested PCR assay for detection of granulocytic 
ehrlichiae. Journal of Clinical Microbiology, 3 6,1090-5. 

Matthews, B. 1998. An Introduction to Parasitology. Cambridge: Cambridge University 
Press. 

May, R. M. & Anderson, R. M. 1979. Population biology of infectious diseases . 2. 
Nature, 280,455-46 1. 

McAllister, C. T. & Upton, S. J. 1989. Eimeria cryptotis N-sp. (Apicomplexa, 
Eimeriidae) from the least shrew, Cryptotis parva (Insectivora, Soricidae), in 
North central Texas. Journal ofParasitology, 75,212-214. 

McCormick, D. & Hall, P. A. 1992. The complexities of proliferating cell nuclear 
antigen. Histopathology, 21,591-594. 

McCullagh, P. & Nelder, J. A. 1983. Generalized Linear Models. London: Chapman and 
Hall. 

McKean, K. A. & Nunney, L. 2001. Increased sexual activity reduces male immune 
function in Drosophila melanogaster. Proceedings of the National Academy of 
Sciences of the United States ofAmerica, 98,7904-7909. 

McLaren, D. J. 1990. The cutaneous inflammatory response to parasite infestation. In: 
Parasites: Immunity and Pathology (Ed. by Behnke, J. M. ), pp. 168-207. 
London: Taylor and Francis. 

Medzhitov, R. & Janeway, C. A., Jr. 2002. Decoding the patterns of self and nonself by 
the innate immune system. Science, 296,298-300. 

Meeusen, E. N. 1999. Immunology of heln-dnth infections, with special reference to 
immunopathology. Veterinary Parasitology, 84,259-273. 

Mercer, S. J. & Searle, J. B. 1994. Captive breeding of the common shrews (Sorex 
araneus) for chromosomal analysis. In: Advances in the Biology ofShrews (Ed. 
by Merritt, J. F., Kirkland, G. L. & Rose, R. K. ), pp. 271-276. Pittsburgh: 
Camegie Museum of Natural History. 

Merino, S., Moreno, J., Sanz, J. J. & Arriero, E. 2000. Are avian blood parasites 
pathogenic in the wild? A medication experiment in blue tits (Parsus caeruleus). 
Proceedings of the Royal Society ofLondon Series B, 1461,2507-2510. 

189 



Michielsen, N. C. 1966. Intraspecific and interspecific competition in the shrews Sorex 
araneus L. and Sorax minutus L. Archives Nierlandaises de Zoologie, 17,73- 
174. 

Michielsen, N. C. 1991. A field experiment on minimum territory size in the common 
shrew Sorex araneus. Netherlands Jouranl ofZoology, 41,85-98. 

Middleton, A. D. 193 1. A contribution to the biology of the common shrew, Sorex 
araneus Linnaeus. Proceedings of the Zoological Society ofLondon, 1931,133- 
143. 

Milner, R. J., Pearson, J., Nesbit, J. W. & Close, P. 1996. Immunophenotypic 
classification of canine malignant lymphoma, on formalin-mixed paraffin wax- 
embedded tissue by means of CD3 and CD79a cell markers. The Onderstepoort 
Journal of Veterinary Research., 63,3 09-313. 

Monteith, C. E., Chelack, B. J., Davis, W. C. & Haines, D. M. 1996. Identification of 
monoclonal antibodies for immunohistochernical staining of feline B 
lymphocytes in frozen and formalin-fixed paraffin-embedded tissues. Canadian 
Journal of Veterinary Research, 60,193-198. 

Moore, J. 2002. Parasites and the Behavior ofAnimals. New York: Oxford University 
Press. 

Moraleva, N. V. 1989. Intraspecific interactions in the common shrew Sorex araneus in 
central Siberia. Annales Zoologici Fennici, 26,425-432. 

Morand, S. & Poulin, R. 1998. Density, body mass and parasite species richness of 
terrestrial mammals. Evolutionary Ecology, 12,717-727. 

Moret, Y. & Schmid-Hempel, P. 2000. Survival for immunity: the price of immune 
system activation for bumblebee workers. Science, 290,1166-1168. 

Mortensen, A., Skibsted, L. H., Sampson, J., RiceEvans, C. & Everett, S. A. 1997. 
Comparative mechanisms and rates of free radical scavenging by carotenoid 
antioxidants. FEBS Letters, 418,91-97. 

Munger, J. C. & Karasov, W. H. 1989. Sublethal parasites and host energy budgets: 
tapeworm infection in white-footed mice. Ecology, 70,904-92 1. 

Munger, J. C. & Karasov, W. H. 199 1. Sublethal parasites in white-footed mice: impact 
on survival and reproduction. Canadian Journal ofZoology, 69,398404. 

Murray, D. L., Keith, L. B. & Cary, J. R. 1998. Do parasitism and nutritional status 
interact to affect production in showshoe hares? Ecology, 79,1209-1222. 

Nagel, A. 1994. Metabolic rates and regulation of cardiac and respiratory function in 
European shrews. In: Advances in the Biology ofShrews, pp. 421-434. 
Pittsburgh: Carnegie Museum of Natural History. 

Nordling, D., Andersson, M., Zohari, S. & Gustafsson, L. 1998. Reproductive effort 
reduces specific immune response and parasite resistance. Proceedings ofthe 
Royal Society ofLondon Series B, 1998,1291-129 8. 

Norman, A. F., Regnery, R., Jameson, P., Greene, C. & Krause, D. C. 1995. 
Differentiation of Bartonella-like isolates at the species level by PCR-restriction 
fragment length polymorphism in the citrate synthase gene. Journal of Clinical 
Microbiology, 33,1797-1803. 

190 



Noyes, H. A., Ambrose, P., Barker, F., Begon, M., Bennet, M., Bown, K. J. & Kemp, S. 
J. 2002. Host specificity of Trypanosoma (Herpelosoma) species: evidence that 
bank voles (Clethrionomys glareolus) carry only one T (H. ) evotomys 18S rRNA 
genotype but wood mice (Apodemus sylvaticus) carry at least two polyphyletic 
parasites. Parasitology, 124,185-190. 

Nunn, C. L. 2002. A comparative study of leukocyte counts and disease risk in primates. 
Evolution, 56,177-190. 

Ogden, N. H., Bown, K., Horrocks, B. K., Woldehiwet, Z. & Bennett, M. 1998. 
Granulocytic Ehrlichia infection in Ixodid ticks and mammals in woodlands and 
uplands of the UK. Medical and Veterinary Entomology, 12,423-429. 

Olson, V. A. & Owens, 1. P. F. 1998. Costly sexual signals: are carotenoids rare, risky or 
required? Trends in Ecology and Evolution, 13,510-514. 

Ovington, K. S. 1985. Dose-dependent relationships between Nippostrongylus 
brasiliensis populations and rat food intake. Parasitology, 91,157-167. 

Owens, I. P. F. & Wilson, K. 1999. Immunocompetence: a neglected life history trait or 
conspicuous red herring? Trends in Ecology and Evolution, 14,170-172. 

Oxenius, A., Zinkerriagel, R. M. & Hengartner, H. 1998. CD4+ T-cell induction and 
effector functions: a comparison of immunity against soluble antigens and viral 
infections. Advances in Immunology, 70,313-367. 

Page, R. D. M. 1996. TreeView: An application to display phylogenetic trees on 
personal computers. Computer Applications in the Biosciences, 12,357-358. 

page, R. D. M., Clayton, D. H. & Paterson, A. 1996. Lice and cospeciation: a response 
to Barker. International Journalfor Parasitology, 26,213-218. 

Parke, W. W. 2002. Pulmonary appendix of the short-tailed shrew (Blarina): A unique 
immunologic organ. Anatomical Record, 266,184-19 1. 

Parker, D. C. 1993. T-Cell - Dependent B-Cell Activation. Annual Review of 
Immunology, 11,331-360. 

Paterson, A. & Banks, J. 2001. Analytical approaches to measuring cospeciation of hosts 
and parasites: through a glass, darkly. International Journalfor Parasitology, 3 1, 
1012-1022. 

Paterson, S. & Lello, J. 2003. Mixed models: getting the best use of parasitological data. 
Trends in Parasitology, 19,370-375. 

Pearson, R. D., Cox, G., Evans, T., Smith, D. L., Weidel, D. & Castracane, J. 1990. 
Wasting and macrophage production of tumor necrosis factor/cachectin and 
interleukin I in experimental visceral leishmaniasis. American Journal of 
Tropical Medicine and Hygiene, 43,640-649. 

pernetta, J. C. 1976. Diets of the Shrews Sorew araneus L. and Sorex minutus L. in 
Wytham grassland. Journal ofAnimal Ecology, 45,899-912. 

Perrietta, J. C. 1977. Population ecology of British shrews in grassland. Acta 
Theriologica, 22,279-296. 

Pierce, G. J. 1987. Search paths of foraging common shrews Sorex araneus. Animal 
Behaviour, 35. 

poppi, D., Sykes, A. & Dynes, R. 1990. The effect of endoparasitism on host nutrition: 
the implications for nutrient manipulation. Proceedings of the New Zealand 
Society ofAnimal Production, 50,273-243. 

191 



Poppitt, S. D., Speakman, J. K& Racey, P. A. 1993. The energetics of reproduction in 
the common shrew (Sorex araneus) -a comparison of indirect calorimetry and 
the doubly labeled water method. Physiological Zoology, 66,964-982. 

Poskitt, D. C., Barnett, J., Duffey, K., Lee, A. K., Kimpton, W. G. & Muller, H. K. 
1984. Stress related involution of lymphoid tissues in Australian marsupial mice. 
1mmunobiology, 166,286-295. 

Poulin, R. 1995. Phylogeny, ecology, and the richness of parasite communities in 
vertebrates. Ecological Monographs, 65,283-302. 

Poulin, R. 1997. Species richness of parasite assemblages: evolution and patterns. 
Annual Review ofEcology and Systematics, 28,341-3 5 8. 

Poulin, R. 1998a. Comparison of three estimators of species richness in parasite 
component communities. Journal ofParasitology, 84,485-90. 

Poulin, R. 1998b. Evolutionary Ecology ofParasites: from Individuals to Communities. 
London: Chapman and Hall. 

Poulin, R. 1999. Speciation and diversification of parasite lineages: an analysis of 
congeneric parasite species in vertebrates. Evolutionary Ecology, 13,455-467. 

Poulin, R. & Morand, S. 2000. The diversity of parasites. Quarterly Review ofBiology, 
75,277-293. 

price, P. W. 1987. Evolution in Parasite Communities. International Journalfor 
Parasitology, 17,209-214. 

Price, P. W. & Clancy, K. M. 1983. Patterns in number of helminth parasite species in 
fresh-water fishes. Journal ofParasitology, 69,449-454. 

Pucek, Z. 1970. Seasonal and age change in shrews as an adaptive process. Symposium 
of the Zoological Society ofLondon, 26,189-207. 

Purvis, A. & Rambaut, A. 1995. Comparative-analysis by independent contrasts (Caic) - 
an Apple-Macintosh application for analyzing comparative data. Computer 
Applications in the Biosciences, 11,247-25 1. 

Raberg, L., Grahn, M., Hasselquist, D. & Svensson, E. 1998. On the adaptive 
significance of strcss-induced immunosuppression. Proceedings of the Royal 
Society ofLondon Series B, 265,1637-1641. 

Randolph, S. E. 1975. Seasonal dynamics of a host-parasite system - Ixodes 
trianguliceps (Acarina Ixodidae) and its small mammal hosts. Journal ofAnimal 
Ecology, 44,425-449. 

Randolph, S. E. & Craine, N. G. 1995. General framework for comparative quantitative 
studies on transmission of tick-bome diseases using Lyme borreliosis in Europe 
as an example. Journal ofMedical Entomology, 32,765-777. 

Roots, C. D. 1992. Morphological and Ecological Studies on the Helminth Parasites of 
British Shrews. pp. 314: PhD thesis, University of London. 

Roots, C. D., Lewis, J. W. & Churchfield, J. S. 1994. The morphology of hymcnolepidid 
and dilepidid cestodes from common and pygmy shrews (Soricidae) in Southeast 
England. Journal ofHelminthology, 68,247-254. 

Roux, V., Eykyn, S. J., Wyllie, S. & Raoult, D. 2000. Bartonella vinsonii subsp. 
berkhoffii as an agent of afebrile blood culture-negative endocarditis in a human. 
Journal of Clinical Microbiology, 38,1698-1700. 

Saarikko, J. & Hanski, 1.1990. Timing of rest and sleep in foraging shrews. Animal 
Behaviour, 40,861-869. 

192 



Saino, N., Ferrari, R. P., Romano, M., Rubolini, D. & Moller, A. P. 2003. Humoral 
immune response in relation to senescence, sex and sexual ornamentation in the 
bam swallow (Hirundo rustica). Journal ofEvolutionary Biology, 16,1127- 
1134. 

Saumier, M. D., Rau, M. E. & Bird, D. M. 1986. The effects of Trichinella 
pseudospiralis infection on the reproductive success of captive American kestrels 
(Falco sparverius). Canadian Journal ofZoology, 64,2123 -2125. 

Searle, A. G. & Beechey, CN. 1974. Sperm count, egg fertilization and dominant 
lethality after X-radiation of mice. Mutation Research, 22,63-72. 

Searle, J. B. 1985. Methods for determining the sex of common shrews (Sorex araneus). 
Journal ofZoology, 206,279-282. 

Searle, J. B. 1990. Evidence for multiple paternity in the common shrew (Sorex 
araneus). Journal ofMammalogy, 71,139-144. 

Sebek, Z. 1975. Blutparasiten der Wildlebenden Kliensauger in der Tschechoslowakei. 
Folia Parasitologica, 22,11-20. 

Seville, R. S., Stanton, N. L. & Gerow, K. 1996. Stable parasite guilds: coccidia in 
spermophiline rodents. Oikos, 75,365-372. 

Sharpe, G. 1.1964. The helminth parasites of some small mammal communities. 
Parasitology, 54,145-154. 

Shaw, D. J. & Dobson, A. P. 1995. Patterns of macroparasite abundance and aggregation 
in wildlife populations: a quantitative review. Parasitology, 111 Suppl., 111 - 
127. 

Shaw, J. L. & Moss, R. 1990. Effects of the caecal nematode Trichostronsylus tenuis on 
egg-laying by captive red grouse. Research in Veterinary Science, 48,59-63. 

Shillito, J. F. 1963. Field observations on growth, reproduction and activity of a 
woodland population of the common shrew Sorax araneus L. Proceedings of the 
Zoological Society ofLondon, 140,99-114. 

Shimalov, V. V. 2001. Helminth fauna of the common shrew (Sorex araneus Linnaeus, 
1758) in ecosystems of Belorussian Polesie transformed by reclamation. 
parasitology Research, 87,792-793. 

Simberloff, D. & Moore, J. 1997. Community ecology of parasites in free-living 
animals. In: Host-parasite Coevolution, General Principles in Avian Models (Ed. 
by Clayton, D. H. & Moore, J. ), pp. 145-197. Oxford: Oxford University Press. 

Singleton, G. R. & Chambers, L. K. 1996. A manipulative field experiment to examine 
the effect of Capillaria hepatica (Nematoda) on wild mouse populations in 
Southern Australia. International Journalfor Parasitology, 26,383-398. 

Skaren, U. 1973. Spring moult and onset of the breeding season of the common shrew 
Sorex araneus in central Finland. Acta Yheriologica, 18,443-458. 

Skau, P. A. & Folstad, 1.2003. Do bacterial infections cause reduced ejaculate qualitY9 
A meta-analysis of antibiotic treatment of male infertility. Behavioral Ecology, 
14,40-47. 

Slauson, D. 0. & Cooper, B. J. 1982. Mechanisms ofDisease: a Textbook of 
Comparative General Pathology. Baltimore, USA: Williams and Wilkins. 

Sn-lit, F. G. A. M. 1957. Handbooksfor the Identification ofBritish Insects. London: 
Royal Entomological Society of London. 

Smith, K. G. & Hunt, J. 2004. On the use of spleen mass as a measure of avian immune 

system strength. Oecologia, 138,28-31. 

193 



Snook, T. 1950. A comparative study on the vascular arrangements in marnmalian 
spleens. American Journal ofAnatomy, 87,31-77. 

Somers, C. J., Downey, N. E. & Oshea, J. 1987. Prophylaxis of Trichostrongylid 
infection afforded by low-dose phenothiazine given in 2 successive years to I st- 
season calves on a common area of pasture. Research in Veterinary Science, 43, 
143-149. 

Soveri, T., Rudbdck, E. & Herittonen, H. 1994. Histopathology of the common shrew 
Sorex araneus in Finland. In: Advances in the Biology ofShrews, (Ed. by Merritt, 
J. F., Kirkland, G. L. & Rose, R. K. ), pp. 151-154. Pittsburgh: Carnegie Museum 
of Natural History. 

Spalding, M. G., Bancroft, G. T. & Forrester, D. J. 1993. The epizootiology of 
eustrongylidosis in wading birds (Ciconfiformes) in Florida. Journal of Wildlife 
Diseases, 29,237-249. 

Spalding, M. G. & Forrester, D. J. 1993. Pathogenesis of Eustronsylides ignotus 
(Nematoda, Dioctophymatoidea) in Ciconiifonnes. Journal of Wildlife Diseases, 
29,250-260. 

Stephenson, L. S., Latham, M. C., Adams, E. J., Kinoti, S. N. & Pertet, A. 1993a. 
Physical-fitness, growth and appetite of Kenyan school boys with hookworm, 
Trichuris trichiura and Ascaris lumbricoides infections are improved 4 months 
after a single-dose of albendazole. Journal ofNutrition, 123,1036-1046. 

Stephenson, L. S., Latham, M. C., Adams, E. J., Kinoti, S. N. & Pertet, A. 1993b. 
Weight-gain of Kenyan school-children infected with Hookwonn, Trichuris 
trichiura and Ascaris lumbricoides is improved following once yearly or twice 
yearly treatment with albendazole. Journal ofNutrition, 123,656-665. 

Stephenson, L. S., Latham, M. C., Kurz, K. M., Kinoti, S. N. & Brigham, H. 1989. 
Treatment with a single dose of albendazole improves growth of Kenyan 
schoolchildren with hookworm, Trichuris trichiura, and Ascaris lumbricoides 
infections. American Journal of Tropical Medicine and Hygiene, 41,78-87. 

Stevens, J. R. & Gibson, W. 1999. The molecular evolution of trypanosomes. 
Parasitology Today, 15,432-437. 

Stevens, J. R., Noyes, H., Dover, G. A. & Gibson, W. C. 1999a. The ancient and 
divergent origins of the human pathogenic trypanosomes, Trypanosoma brucei 
and T cruzi. Parasitology, 118,107-116. 

Stevens, J. R., Teixeira, M. M., Bingle, L. E. & Gibson, W. C. 1999b. The taxonomic 
position and evolutionary relationships of Trypanosoma rangeli. International 
Journalfor Parasitology, 29,749-757. 

Stevenson, H. L., Bai, Y., Kosoy, M. Y., Montenieri, J. A., Lowell, J. L., Chu, M. C. & 
Gage, K. L. 2003. Detection of novel Bartonella strains and Yersinia pestis in 
prairie dogs and their fleas (Siphonaptera: Ceratophyllidae and Pulicidae) using 
multiplex polymerase chain reaction. Journal ofMedical Entomology, 40,329- 
337. 

Stockley, P. & Macdonald, D. W. 1998. Why do female common shrews produce so 
many offspring? Oikos, 83,560-566. 

Stockley, P., Searle, J. B., Macdonald, D. W. & Jones, C. S. 1993. Female multiple 
mating-behavior in the common shrew as a strategy to reduce inbreeding. 
Proceedings ofthe Royal Society ofLondon Series B, 254,173-179. 

194 



Stockley, P., Searle, J. B., Macdonald, D. W. & Jones, C. S. 1994. Alternative 
reproductive tactics in male common shrews relationships between mate 
searching behavior, sperm production, and reproductive success as revealed by 
DNA- fingerprinting. Behavioral Ecology and Sociobiology, 34,71-78. 

Stockley, P., Searle, J. B., Macdonald, D. W. & Jones, C. S. 1996. Correlates of 
reproductive success within alternative mating tactics of the common shrew. 
Behavioral Ecology, 7,334-340. 

Stunkard, J. A., Migaki, G., Robinson, F. R. & Christian, J. 1975. Shrews: a review of 
the diseases, anomalies, and parasites. Laboratory Animal Science, 25,723-734. 

Sykes, A. 1994. Parasitism and production in farm animals. Animal Production, 59,155- 
172. 

Symonds, M. R. E. 1999a. Insectivore life histories: further evidence against an 
optimum body size for mammals. Functional Ecology, 13,508-513. 

Symonds, M. R. E. 1999b. Life histories of the Insectivora: the role of phylogeny, 
metabolism and sex differences. Journal ofZoology, 249,315-337. 

Tabachnick, B. G. & Fidell, L. S. 2001. Using Multivariate Statistics. Boston: Allyn and 
Bacon. 

Tarone, R. E. & Ware, J. 1977. Distribution free tests for equality of survival 
distributions. Biometrika, 64,156-160. 

Taussig, M. J. 1984. Processes in Pathology and Microbiology. Oxford: Blackwell 
Scientific. 

Tegelstr6m, H., Searle, J. B., Brookfield, J. & Mercer, S. 1991. Multiple paternity in 
wild common shrews (Sorex araneus) is confirmed by DNA fingerprinting. 
Heredity, 66,373-379. 

Telfer, S., Bennett, M., Bown, K., Cavanagh, R., Crespin, L., Hazel, S., Jones, T. & 
Begon, M. 2002. The effects of cowpox virus on survival in natural rodent 
populations: increases and decreases. Journal ofAnimal Ecology, 71,558-568. 

Thomas, H. & Andrews, P. 1977. Praziquantel -a new cestocide. Pesticide Science, 8, 
556-560. 

Thomas, H. & G6nnert, R. 1977. The efficacy of praziquantel against cestodes in 
animals. Zeitschri/iffir Parasitenkunde, 52,117-127. 

Thompson, J. D., Gibson, T. J., Plewniak, F., Jeanmougin, F. & Higgins, D. G. 1997. 
The CLUSTAL X windows interface: flexible strategies for multiple sequence 
alignment aided-by quality analysis tools. Nucleic Acids Research, 25,4876- 
4882. 

Tinsley, R. C. 1989. The effects of host sex on transmission success. Parasitology 
Today, 5,190-195. 

Tripet, F. & Richner, H. 1997. Host responses to ectoparasites: food compensation by 
parent blue tits. Oikos, 78,557-561. 

Tsiperson, V. P. 1997. Pancreas of Aselli in some species of the shrews (Sorex araneus 
and Neomysfodiens) as an analogue of the bursa of Fabricius in birds. Cell 
Biology International, 21,359-365. 

Turner, C. M. R. 1986. Seasonal and age distributions of Babesia, Hepatozoon, 
Trypanosoma and Grahamella species in Clethrionomys glareolus and 
Apodemus sylvaticus populations. Parasitology, 93,279-289. 

Twigg, G. & Hughes, D. 1970. The'pancreas of Aselli'in shrews. Journal ofZoology, 
162,541-544. 

195 



Underhill, D. M. & Ozinsky, A. 2002. Phagocytosis of microbes: complexity in action. 
, 4nnual Review of1mmunology, 20,825-852. 

Vaucher, C. 1971. Les Cestodes parasites des Soricidae d'Europe. Etude anatornique, 
revision taxonornique et biologie. Revue Suisse de Zoologie, 78,1-113. 

Vaucher, C. & Durette-Desset, M. C. 1973. Nematodes Heligniosomes parasites 
d1nsectivores Soricides de la region holarctique., 4nnales de Parasitologie 
Humaine et Comparee, 48,135-167. 

Vickery, W. & Poulin, R. 1998. Parasite extinction and colonization and the evolution of 
parasite communities: a simulation study. International Journalfor Parasitology, 
28,727-737. 

Viggers, K. L., Lindemnayer, D. B., Cunningham, R. B. & Donnelly, C. F. 1998. The 
effects of parasites on a wild population of the Mountain Bruslitail Possum 
(Trichosurus caninus) in south-eastem. Australia. International Journalfor 
Parasitology, 28,747-755. 

Vinson, J. W. & Fuller, H. S. 1961. Studies on trench fever. 1. Propagation of Rickettsia- 
like microorganisms from a patient's blood. Pathologia et Microbiologia (Basel), 
24 Suppl., 152-166. 

Votypka, J., Obornik, M., Volf, P., Svobodova, M. & Lukes, J. 2002. Trypanosoma 
avium of raptors (Falconifonnes): phylogeny and identification of vectors. 
Parasitology, 125,253-263. 

Walther, B. A., Cotgreave, P., Price, R. D., Gregory, R. D. & Clayton, D. H. 1995. 
Sampling effort and parasite species richness. Parasitology Today, 11,306-3 10. 

Webster, J. P. & Macdonald, D. W. 1995. Parasites of wild brown-rats (Rattus 

norvegicus) on UK Farms. Parasitology, 111,247-255. 
Weinman, D. 1968. Bartonellosis. In: Infectious Blood Diseases ofMan andAnimals 

(Ed. by Weinman, D. & Ristic, M. ), pp. i-xi. New York and London: Academic 
Press. 

Welch, D. F., Carroll, K. C., Hofteister, E. K., Persing, D. H., Robison, D. A., 
Steigerwalt, A. G. & Brenner, D. J. 1999. Isolation of a new subspecies, 
Bartonella vinsonii subsp. arupensis, from a cattle rancher: identity with isolates 
found in conjunction with Borrelia burgdorferi and Babesia microti among 
naturally infected mice. Journal of Clinical Microbiology, 37,2598-260 1. 

Whitfield, P. J. 1982. Parasitic helminths. In: Modern Parasitology (Ed. by Cox, F. E. 
G. ), pp. 34-83. Oxford: Blackwell Scientific Publications. 

Wiese, J. H., Davidson, W. R. & Nettles, V. F. 1977. Large-scale mortality of nestling 
Ardeids caused by nematode infection. Journal of Wildlife Diseases, 13,376- 
382. 

Wilson, K. & Grenfell, B. T. 1997a. Generalized linear modelling for parasitologists. 
Parasitology Today, 13,33-38. 

Wilson, K. & Grenfell, B. T. 1997b. Generalized linear modelling for parasitologists 
(Corrigendum). Parasitology Today, 13,162. 

Wilson, R. A. 1990. Pulmonary immune responses to parasites. In: Parasites: Immunity 

and Pathology (Ed. by Behnke, J. M. ), pp. 208-248. London: Taylor and Francis. 
Wolfs, T. F. W., Wagenaar, J. A., Niesters, H. G. M. & Osterhaus, A. 2002. Rat-to- 

human transmission of cowpox infection. Emerging Infectious Diseases, 8,1495- 
1496. 

196 



Wolk, E. 1981. Seasonal and age-changes in Ieukocyte indexes in shrews. Acta 
Yheriologica, 26,219-229. 

Work, T. M., Meteyer, C. U. & Cole, R. A. 2004. Mortality in laysan ducks (Anas 
laysanensis) by emaciation complicated by Echinuria uncinata on Laysan Island, 
Hawaii, 1993. Journal of Wildlife Diseases, 40,110-114. 

Wiinschmann, A., Kremmer, E. & Baumgartner, W. 2000. Phenotypical characterization 
of T and B cell areas in lymphoid tissues of dogs with spontaneous distemper. 
Veterinary Immunology and ImmunopatholoSy, 73,83-98. 

Zuk, M. & McKean, K. A. 1996. Sex differences in parasite infections: patterns and 
processes. International Journalfor Parasitology, 26,1009-1023. 

197 



Appendix A. Sequences isolated from haemoparasites of Sorex araneus 

Anaplasmaphagocytophilum 16S rRNA encoding gene fragment sequence 

TTAACGGATTATTCMATAGCTTGCTATAGAGAATAATTAGTGGCAGACGG 

GTGAGTAATGCATAGGAATCTACCTAGTAGTATGGGATAGCCACTAGAAAT 

GGTGGGTAATACTGTATAATCCCTGCGGGGGAAAGATTTATCGCTATTAGAT 

GAGCCTATGTTAGATTAGCTAGTTGGTAGGGTAAAGGCCTACCAAGGCGAT 

GATCTATAGCTGGTCTGAGAGGATGATCAGCCACACTGGAACTGAGATACG 

GTCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGCGCA 

AGCCTGATCCAGCTATGCCGCGTGAGTGAGGAAGGCCTrAGGGTTGTAAAA 

CTcTTTCAGTAGGGAAGATAATGACGGTACCTACAGAAGAAGTCCCGGCAA 

ACTCCGTGCCAGCAGCCGCGGTAATACGGAGGGGGCAAGCGTTGTTCGGAA 

TTATTGGGCGTAAAGGGCATGTAGGCGGTTCGGTAAGTTAAAGGTGAAATG 

CCAGGGCTTAACCCTGGAGCTGC = AATACTGCCAA 

Trypanosome 18S rRNA encoding gene fragment sequence 

; CI=GTTGGTT'17ACAGTCTATTGGAGATTATGGGGCTGTGCGACAAGCG C 

CTCGAGTGCACTCCTTTCGGTGTGACACTCGGCGCCTTTGTGGGAAATCTGC 

(3GTTGTGTTCTCGGGCTTCGGCCTCGCAGGGCACATATCCGTCTTCCCTCAAC 

TCGCGGCATCCAGGAATGAAGGAGGGTAGTTCGGGGGAGAACGTACTGGTG 

CGTCAGAGGTGAAATTCTTAGACCGCACCAAGACGAACTACAGCGAAGGCA 

-irTCTTCAAGGATACCTTCCTCAATCAAGAACCAAAGTGTGGGGATCGAAGAT 

GATTAGAGACCATTGTAGTCCACACTGCAAACGATGACACCCATGAATTGG 

GGAGT'=GGTCGTAGGCGGGGTCGGGTTCATCTCGCTCCTCGTCTCGCCA 

ATGTATATCAATTTACGTGCATATTCTTTCTGGTCCTCGCAAGAGGGTCCATC 

TACGGGAATATCCTCAGCACGTTATCTGACTTCTTCACGCGAAAGCTTTGAG 
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Bartonella sp. 16S-23S rRNA intergenic spacer region sequence WHF018 

GGAGGTTCAAGTCCTCCCAGGCCCACCAAMATCTATCCATTTGCCTTTATC 

CGTTAATTrGCTGTMATCGGTCCGTTTGTTAAGTGTTGGTAACAGT=G 

TAATGATGAAAAACAGTCCTGCTTATAAAAGACCTACTTATAAAAGGCTTGT 

TTCTAAGTTATGACGCTTATTCATTTCGTTTAGGTAAGAGAAACTTCAAGCG 

GTTCAAACGCAAAACA = GAA = GCAAAACAATTTGCGTTTTGAAGTG 

AT-FCAAGTTCGTGATTTCGACTTAAAAGTTTCGAATGC 

'ITATCTT 

Bartonella sp. 16S-23S rRNA intergenic spacer region sequence F 

GGAGGTTCAAGTCCTCCCAGGCCCACCAAMATCTATCCAMGCCTTTATC 

CGT-fTATTTGCTGTMATCGGTCCGTTTGTTAAGTGTTGGCAACAGTTTTTGT 

AATGATGAAAAACAGTCCTGCTTATATAAAGACCTACTTATAAAAGGCTTGT 

TMAAAATGTGACGCTTATCCA'ITCCGCTrAGGCAAGAGAAACTTCAGGCG 

GTTCAAACGCAGAACGCT'17GAATTTTGTAAAACAATTTGCG=GAAGTG 

ATTCAAGTTCGTGAMCGACTTAAAAGTTTCGAATGCTTTATCCTTTTAG 

Warionella sp. citrate synthase gene fragment sequence IUP001 

CGATTCTATTGATATTACAGACTCACAACAAAGAATGATTGCTTCTGTTCGC 

CTCATCTCAAAGGTTCCAACTCTTGCTGCGATGGCATATAAATATAGTATCG 

GGCAAGCCTTTGMATCCACGAAATGATCTTAGTTACGCTGCTAATTTTCTC 

CGTATGTGCTTTTGCGTTCCTTGTGAAGAATACAAAATCAATCCCGTTCTTAC 

TCGAGCAATGGATCGAAT=ATTCTTCATGCAGACCATGAACAAAATGCT 

TCTACATCCACTGTACGCCTTGCAGGATCATCAGGTGCTAATCCGTTTGCAT 

GTATCGCAGCAGGTGTTGCGTGCCTTTGGGGACCAGCGCATGGTGGAGCTAA 

, rGAAGCATGCTTAAAGATGCTACAAGAAATAGGTTCCGTTGAGAGAATTCCT 

GAATTCATTGCACGTGCAAAAGATAAAAATGATCCTTTCCGCCTTATGGGGT 

TTGGGCACAGAGTCTATAAAAATTATGATCCGCGCGCAAAAATCATGCAAA 

AAACCTGCCATGAAGI'I"I IAAAAGAGCTTAACATCCAAGATGATCCACTTCT 

'rGATATAGCTATAGAACTTGAAAAAATCGCCCTGAGCGATGAATATTTTGTr 

GAGAAAAAGCTTTATCCAAATGTCGATTTCTATTCTGGAATT 
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Bartonella sp. citrate synthase gene fragment sequence NNWF1 13 

CGATTCTATTGATATTACAGACTCACAACAAAGAATGATTGCTTCTGTTCGC 

CTCATCTCAAAGGTTCCAACTCT7GCTGCGATGGCATATAAATATAGTATCG 

GGCAAGCCTTrGTITATCCACGCAATGATCTTAGTTACGCTGCTAATTTCCTC 

CGTATGTGCTTTTGCGTTCCTTGTGAAGAATACAAAATCAATCCCGTTCTTAC 

TCGAGCAATGGATCGAAT=ATTCITCATGCAGACCATGAACAAAATGCT 

TCTACATCCACTGTACGCCTTGCAGGATCATCAGGTGCTAATCCGTTTGCAT 

GTATTGCAGCAGGTGTTGCATGCCTTTGGGGACCAGCGCATGGTGGAGCTAA 

TGAAGCATGCTTAAAGATGCTACAAGAAATAGGTTCCGTTGAGAGAATTCCT 

GAATrCATTGCACGTGCAAAAGATAAAAATGATCCTTTCCGCCTrATGGGGT 

TrGGGCACAGAGTCTATAAAAATTATGATCCGCGTGCAAAAATCATGCAAA 

AAACCTGCCATGAAG III IAAAAGAGCTTAACATCCAAGATGATCCACTTCT 

TGATATAGCTATAGAACTTGAAAAAATCGCCCTGAACGATGAATAi"i 1--IGTT 

GAGAAAAAGCMATCCAAATGTCGATTTCTATTCTGGAATTACATAAAAGC 

TCTAGGATrCCCAACTGAAA 
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