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SUMMARY

The intestinal nematode Heligmosomoides bakeri has undergone 2 name changes during the last 4 decades. Originally, the

name conferred on the organism in the early 20th century was Nematospiroides dubius, but this was dropped in favour of

Heligmosomoides polygyrus, and then more recently H. bakeri, to distinguish it from a closely related parasite commonly

found in wood mice in Europe. H. bakeri typically causes long-lasting infections in mice and in this respect it has been an

invaluable laboratory model of chronic intestinal nematode infections. Resistance to H. bakeri is a dominant trait and is

controlled by genes both within and outside the MHC. More recently, a significant QTL has been identified on chro-

mosome 1, although the identity of the underlying genes is not yet known. Other QTL for resistance traits and for the

accompanying immune responses were also defined, indicating that resistance to H. bakeri is a highly polygenic

phenomenon. Hence marker-assisted breeding programmes aiming to improve resistance to GI nematodes in breeds of

domestic livestock will need to be highly selective, focussing on genes that confer the greatest proportion of overall genetic

resistance, whilst leaving livestock well-equipped genetically to cope with other types of pathogens and preserving im-

portant production traits.

Key words: Heligmosomoides bakeri, Heligmosomoides polygyrus, Nematospiroides dubius, immunity, resistance, genetics,

quantitative trait loci.

INTRODUCTION

The end of the 20th century and the first decade of

the 21st have seen unprecedented progress in many

different areas of the biological and medical sciences,

and genetics in one form or another has been central

to most. In this paper, with the help of my co-

authors, I (J.M.B.) take a personal look back over the

last 38 years of my research career, at the history of

the genetic exploration of my favourite organism, the

intestinal nematode of mice, Heligmosomoides bakeri.

But why H. bakeri?

Much of what we know about the mechanisms

of resistance to intestinal nematodes and other hel-

minths is derived from research on laboratory model

systems, which can be conveniently dissected at a

variety of highly sophisticated levels.Most helminths

show absolute or narrow host specificity, and rodent

host-parasite systems therefore provide a convenient

and much cheaper alternative to livestock, and fa-

cilitate faster progress over a shorter time-frame than

would be possible with, for example, sheep. Human

intestinal nematodes are mostly highly specific to

man, and cannot be directly explored in animal

systems. Ethical considerations obviously limit what

can be done in humans themselves. Rodent systems

have therefore provided the backbone to research

in this field and facilitated the development of para-

digms for mechanisms of resistance. Predictions

stemming from the resulting hypotheses can then be

tested in humans and livestock, albeit with less pre-

cision.

However, there is one important difference be-

tween infections in humans/livestock and rodents.

Although there are exceptions, the majority of

naturally acquired nematodes affecting humans/

livestock form long-lasting chronic infections. In

contrast under experimental single-pulse infection

regimens, at the typically used relatively high dose

rates, those of rodents are terminated rapidly, worms

being expelled within 3 weeks of infection (Behnke,

1987), and these have been exploitedwidely to dissect

the underlying host-protective mechanisms. Lower

dose levels can allow some rodent nematodes, such

as Trichuris muris and Nippostrongylus brasiliensis, to

survive for longer and even to cause chronic infec-

tions, but generally these combinations have attracted
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less attention (Jenkins and Phillipson, 1971; Behnke

and Wakelin, 1973; Bancroft et al. 1994). This is

where H. bakeri is most important. In contrast to

other rodent-model systems, adult H. bakeri cause

long-lasting infections even at high infection in-

tensities, and therefore provide a useful model for

exploring why and how host-protective mechanisms,

known to be present in the intestinal mucosa, fail in

the case of this species, and by inference in relevant

species affecting humans and livestock. The life cycle

of H. bakeri has many similarities to those of the

economically important trichostrongyloidnematodes

of sheep and cattle, and with anthelmintic resistance

to parasites of livestock spreading globally, breeding

for resistance is seen as an important strategy

for controlling nematode infections in the future.

H. bakeri provides a convenient model for exploring

the genetic basis of resistance in chronic intestinal

nematode infections.

Stimulated by recent episodes of refereeing for

various journals, first we will endeavour to recount

some aspects of the history of research on this para-

site, which seem to have been largely forgotten. We

do so to inform future generations of parasitologists

investigating the fascinating biology ofH. bakeri. We

urge them to be aware that H. bakeri has changed its

name twice already during the last 4 decades, and

that there is a wealth of information in the public

domain on this parasite recorded under its previous

names.

HELIGMOSOMOIDES BAKERI OR H. POLYGYRUS

OR NEMATOSPIROIDES DUBIUS: ONE SPECIES,

TWO SPECIES, OR MORE?

One of the oldest laboratory models of intestinal

nematode infections is the parasite now known as

H. bakeri. There are as yet few publications referring

to it as H. bakeri, because for the last 38 years or so

it has been referred to mostly as H. polygyrus or

H. polygyrus bakeri, and before that it was known as

Nematospiroides dubius. Its earlier history, mostly

long forgotten, is even more confusing and its taxo-

nomic status has changed as we have learned more

about its fascinating biology and, in particular, its

genetics. The central issue has been the conflict

in what to call the common intestinal heligmosoma-

tid of European wood mice, Apodemus sylvaticus,

and that isolated from the Nearctic deer mouse

Peromyscus maniculatus (Forrester and Neilson,

1973), whose normal host in North America is ac-

tually the house mice (Mus musculus). Superficially,

they are very similar and can only be distinguished

reliably by careful scrutiny of the cuticular structures

(the longitudinal ridges called crêtes) or more re-

cently by molecular techniques as well (Durette-

Desset et al. 1972; Cable et al. 2006).

Records of a common intestinal nematode in wild

wood mice from Europe go back to the start of the

last century, under a variety of names, until some

degree of conformity ensued when Baylis (1926,

1927) named it Nematospiroides dubius. The parasite

now maintained in laboratory mice appeared in the

scientific literature for the first time in the 1940s,

when Spurlock (1943) reported using N. dubius

Baylis isolated from house mice (Mus musculus mus-

culus) in California in 1939. Other workers went on to

use the line established much later, in the 1950s by

Ehrenford (1954; strain 50), with larvae derived from

an incidental infection in Peromyscus maniculatus

gambeli. It is most likely (although uncertain in the

mists of time) that it was this line that was sent to the

Wellcome Foundation in London in the 1950s, and

then distributed to laboratories around the world as a

useful laboratory model. In those early days, authors

used N. dubius for both the laboratory-maintained

isolate in lab mice and for the parasite encountered in

wood mice, and the two were considered to be one

species.

It was probably Forrester (1971) who first popu-

larised the nameHeligmosomoides polygyrus (based on

Dujardin, 1845), and in the years that followed

American workers in particular began to refer to the

mouse-passaged isolate as H. polygyrus (=Nema-

tospiroides dubius) (Crandall et al. 1974; Cypess and

Zidian, 1975; Shimp et al. 1975), but N. dubius con-

tinued to be used until well into the 1980s (Enriquez

et al. 1988c). Thus, there is a wealth of literature

on the immunology, host-parasite relationship and

biology of this nematode from those days, in which

the parasite was referred to as N. dubius : this is not

always appreciated by current workers in the field.

Keying into search engines the terms Heligmo-

somoides, H. polygyrus or H. bakeri does not pick up

Nematospiroides dubius.

In the meantime, other closely related nematodes

from wild rodents had been assigned to the genus

Heligmosomoides (Asakawa, 1988), and it became

necessary to rename the parasite. This early history

was reviewed by Behnke et al. (1991), who re-

commended that the use of the nameNematospiroides

dubius be finally abandoned once and for all.

The idea that the parasite maintained in laboratory

mice might be a different animal to that in woodmice

had been suggested two decades earlier but was lar-

gely ignored (Forrester, 1971). Durette-Desset et al.

(1972) proposed that they should be conveniently

regarded as subspecies and referred to as H. poly-

gyrus bakeri for the line in laboratory mice (named

after N. F. Baker, one of the earliest workers on this

species; Baker, 1954), andH. polygyrus polygyrus for

that in wood mice. With increasing knowledge and

understanding of the morphological, enzymatic,

antigenic and molecular differences between these 2

‘subspecies ’ (Quinnell et al. 1991; Abu-Madi et al.

1994, 2000), it became clear over the years that they

were in fact 2 distinct species (Tenora and Barus,

2001; Tenora et al. 2003). They were both raised to
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species status by Cable et al. (2006) on the basis of

recent molecular genetic data: H. polygyrus for the

parasite in wild wood mice, and H. bakeri for that

passaged in laboratorymice. That was already 3 years

ago, and yet we still see the use ofH. polygyrus in the

current immunological literature. Whilst happy to

accept that cell-surface determinants can change as

we learn more about their molecular structures and

inter-relationships, there seems a deep inertia to ac-

cepting that taxonomy and the systematics of para-

sites are also legitimate sciences in their own right,

and that progress necessitates reclassification and the

renaming of the key players.

H. BAKERI AS A MODEL FOR CHRONIC

INTESTINAL NEMATODE INFECTIONS

Stimulated by a report from Ackert et al. (1935) that

different breeds of poultry varied in their resistance

to Ascaridia lineata, and at a time when little was

known about variation in resistance between breeds

of hosts, it was Spurlock’s (1943) pioneering studies

that first established H. bakeri as an excellent lab-

oratory model for exploring resistance to intestinal

nematode infections in mice. Even at this early stage,

the genetics of the response was a key theme in his

work. The 2 mouse strains that he compared (A-W

and C-57) differed in their tolerance of heavy infec-

tions and capacity to support worms for a period of

5months. Right from the start it became obvious that

H. bakeri differed markedly from other murine in-

testinal nematodes in so far as primary infections

were tolerated by mice for very long periods of time.

Whereas nematodes such as Nippostrongylus brasi-

lensis and Trichinella spiralis lasted only 2–3 weeks in

the guts of their hosts when administered at typical

relatively high dose rates,H. bakeri could survive for

10 months (Day et al. 1979; Robinson et al. 1989).

As the parasite was passed around the research

laboratories of the world, it saw increasing popu-

larity, although in those days it was mostly still

known as N. dubius. Liu (1966) carried on with the

genetic theme, comparing the resilience of different

mouse strains to heavy infections and recording the

lethal dose levels for each, but also establishing some

of the incredibly useful assets of this model. He

found that larvae could be stored at 4 xC for months

on end, and 50% infectivity was retained even after

30 weeks of storage at this temperature. He reported

that more than 90% of fresh infective larvae establish

in mice when they were exposed for the first time to

infection with this species, and showed that mice

retained worms for over 30 weeks after inoculation.

H. bakeri was therefore easy to maintain since it did

not have to be passaged as frequently as the other

species; it was usually enough just to infect a batch of

mice and keep them for most of the year, with back-

up stocks of infective larvae in the fridge (Kerboeuf,

1978).

Colin Dobson (1961) also began to work on the

species in Sheffield in the UK in the 1960s, before

devoting most of his subsequent career in Brisbane

to investigating genetic and immunological aspects

of infection with H. bakeri (Brindley and Dobson,

1982; Dobson, 1982; Brindley et al. 1986; Zhong

and Dobson, 1996). Throughout the majority of

his publications (excepting those in the 1990s),

Dobson and his co-workers referred to the parasite as

N. dubius : they generated a large literature on the

parasite, seldom referred to these days (reviewed by

Monroy and Enriquez, 1992).

One of Dobson’s most important and unique

achievements was the development of lines of

H. bakeri with varying sensitivities to the murine

immune response, indicating that the capacity of the

parasite to cause chronic infections was itself under

genetic control (Dobson and Tang, 1991; Tang et al.

1995). Chehresa et al. (1997) then showed that if the

parasite was passaged separately in different lines,

without mixing, within 10 generations distinct lines

emerged that differed in aspects of their life histories.

Njoroge et al. (1997) selected lines for enhanced re-

sistance to the anthelmintic drug ivermectin, and

succeeded in increasing the resistance by 1.5 times

that of the susceptible line by the 8–15th generations.

All these studies indicate that the laboratory-

passaged H. bakeri may not be entirely homozygous

at all genetic loci, and that there is scope for genetic

variation within the parasite even 40–50 years after

isolation from the wild.

H. BAKERI AS A MODEL FOR THE BIOLOGY OF

INTESTINE-DWELLING WORMS

The basic features of the life cycle of H. bakeri

were worked out early on by Spurlock (1943) and

Ehrenford (1954). However, additional pieces were

contributed to the story right through to the 1990s.

The pre-parasitic stages were studied by Fahmy

(1956), but evidence for the principal route of trans-

mission in the wild was provided almost 40 years

later: Hernandez and Sukhdeo (1995) showed that

infective larvae are acquired from host hair during

grooming activities (Hernandez and Sukhdeo, 1995).

These exsheath in the stomach and first invade the

gastric mucosa, but then move to the small intestine

where by the third day they have localized in the

intestinal walls (Liu, 1965; Sukhdeo, O’Grady and

Hsu, 1984). Initially, the larvae develop beneath the

serosa in the muscularis externa and are able to sit

unharmed in the gut wall in this location in immune

mice, despite the intense granulomata that develop

around them (Cypess et al. 1988; Morimoto et al.

2004). They manage to survive for quite long periods

of time in a state resembling arrested development

(Behnke and Parish, 1979a). The in vivo develop-

mental stages and moult times were described in

detail by Bryant (1973). The worms return to the gut
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lumen as pre-adults on days 9–10, and reside in the

anterior of the small intestine. The parasite’s pre-

ference for this location was reported by Lewis and

Bryant (1976), but not explained convincingly until

Bansemir and Sukhdeo (1996) showed that the

height of the villi around which they wrap their

highly coiled bodies was the key factor determining

where the adults reside in the gut: villi are longer in

the duodenum and anterior jejunum compared with

lower down in the ileum. Some workers had inter-

preted the red colour of the adult worms as evidence

of feeding on host blood, but in fact the pigment is

derived from the worms themselves, and they feed

neither on gut contents nor blood, but rather on the

mucosal cells (Bansemir and Sukhdeo, 1994).

H. BAKERI AS A MODEL FOR EXPLORING THE

GENETICS OF THE HOST RESPONSE TO CHRONIC

INTESTINAL NEMATODE INFECTIONS

By the 1970s inbred strains of mice had become well

established and some were well characterized. There

was, however, one major drawback to the study of

H. bakeri : most conventional and popular strains of

mice were not able to remove the adult worms, and

hence tolerated long chronic infections (Bartlett and

Ball, 1972; Robinson et al. 1989) without easily de-

veloping acquired immunity to challenge infections.

Mouse strains such as C57BL/10, C57BL/6, C3H

and CBA, all popular strains in immunological

research, sustained long chronic infections with

H. bakeri, even though they were able to resist other

parasites such as T. spiralis and Trichuris muris on a

much shorter time-scale (Wakelin, 1978). Adult

worms could survive for about 46 weeks after infec-

tions in these strains, and this period probably re-

flects the maximum lifespan of the worm (Behnke

et al. 1987). Even BALB/c mice endured infections

lasting many weeks, although in this strain infections

were shorter in duration and it became evident that

the size of the intestinal worm burden was a critical

factor in determining how long it would take for the

worms to be cleared (Robinson et al. 1989). Low-

intensity infections were removed by mice more

rapidly than high-intensity infections (Dobson et al.

1985). Equally interesting and counter-intuitively,

high-intensity infections lasting into the adult phase

were less immunogenic than much shorter infections

terminated during the tissue phase of development

(Behnke and Robinson, 1985; Dobson et al. 1985;

Enriquez et al. 1988c ; Fakae et al. 2000). These ob-

servations suggested that adult worms were down-

regulating protective immunity.

In fact, earlier studies had already shown that adult

worms have a potent immunodepressive influence on

the mouse host (Shimp et al. 1975; Ali and Behnke,

1983, 1984), but especially on the intestinal en-

vironment. In this way H. bakeri could facilitate its

own survival for extraordinarily long periods in

mouse strains otherwise totally competent im-

munologically (Behnke et al. 1983; Behnke, 1987), a

strategy now known to be utilized by many other

nematodes and other helminths that cause long-

lasting chronic infections (Behnke et al. 1992;

Maizels et al. 2004). Even strains having the capacity

to generate a potent mastocytosis in response to in-

fection with T. spiralis, failed to do so when they

harboured H. bakeri (Dehlawi et al. 1987; Dehlawi

and Wakelin, 1988) and the generation of both

CD8+ and CD4+T cells to heterologous infections

was greatly suppressed (Khan et al. 2008). This im-

munosuppressive effect allowed other species of

parasites, which normally would have been expelled,

to survive for much longer periods in concurrently

infected mice (Colwell and Wescott, 1973; Courtney

and Forrester, 1973; Della Bruna and Xenia, 1976;

Behnke et al. 2001). Adult worms also reduced in-

flammation to intestinal bacterial infections, such as

those caused by Helicobacter pylori (Fox et al. 2000),

influx of eosinophils into the lungs of asthmatic mice

(Rzepecka et al. 2007) and even to chemically in-

duced chronic colitis (Elliott et al. 2004). The basis

of the immunosuppressive mechanism has been ex-

plored bymany different groups (Telford et al. 1989;

Crawford et al. 1989; Pleass and Bianco, 1994;

Rzepecka et al. 2006; Doligalska et al. 2006). Recent

attention has returned to an idea originally suggested

25 years ago (Pritchard et al. 1984) that through their

excretory/secretory products the worms induce cells

that down-regulate the immune response by affect-

ing dendritic cells and the induction of IL-10 se-

creting T cells (Elliott et al. 2004;Wilson et al. 2005;

Rzepecka et al. 2007; Segura et al. 2007). In par-

ticular, the idea that regulatoryCD4+CD25+Tcells

come to dominate the immune response later during

infection and this may be due to the presence of

a functional mimic of TGFb in the secretion of

the adult worms that enhances Foxp3 expression

on CD4+ T cells (R. Maizels – personal communi-

cation), has generated keen interest in this host-

parasite relationship as a model for investigating the

role of helminths in allergy and asthma (Finney et al.

2007). However, this is unlikely to be the full story,

because adult worms transplanted into immune

mice, manage to survive for quite long periods of

time (Robinson et al. 1988) and, given that the sec-

ondary response can be generated within just a few

days, this survival is unlikely to be facilitated by

the induction of new regulatory T cells. Even today

there is no consensus on what it is that the parasite

secretes/expresses to impair/divert the host’s ca-

pacity to generate the potent intestinal inflammatory

response (Pritchard and Behnke, 1985) to which the

adult worms are ultimately susceptible (Behnke et al.

1992). Clearly, the parasite’s strategy for long-term

survival is to prevent this response being initiated in

the first place, but exactly how this is achieved is still

largely unknown.
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Once it was appreciated that the immuno-

suppressive influence was principally derived from

adult worms, and that the histotropic larvae provided

the strongest signal for acquired immunity (Panter,

1969; Wahid and Behnke, 1992), simpler immuniz-

ing protocols were introduced, based on terminating

infections during the tissue phase of infection or

eliminating adult worms as soon as they emerged

from the tissues. These protocols were even suc-

cessful at inducing strong immunity in mouse strains

that could not previously be immunized by repeated

infections (e.g. Wahid and Behnke, 1996).

The first inbred strain to show an unusually high

level of resistance to challenge was a little-known

strain called NIH (Behnke and Wakelin, 1977), but

even this strain was not able to remove primary in-

fection adult worms easily (Behnke and Robinson,

1985). Cypess et al. (1977) reported on a hybrid

strain (LAF1) able to clear up to 50% of adult

worms by 3 weeks after infection, and Prowse et al.

(1979) andMitchell et al. (1982) identified the inbred

SJL strain as one that removes adult worm infections

rapidly, in contrast to other mouse strains. Then

the SWR strain was discovered, and in dramatic

contrast to all other popular strains, these two

(SJL and SWR) were shown to be able to reject

worms within just 8 weeks of inoculation with in-

fective larvae (Wahid et al. 1989). Both strains

have been known for some time to be closely related

(Rice and O’Brien, 1980), and this has been con-

firmed recently by SNP-based analyses. They form a

tight clade with various other strains not yet assessed

for resistance to H. bakeri (Tsang et al. 2005; Sakai

et al. 2005). However, despite their close ancestry,

SJL and SWRmice differ in one fundamental aspect

of their response to intestinal nematodes: SWR

produce the classic mastocystosis, but SJL mice do

not and little, if any, parasite-specific IgE (Mitchell

et al. 1982; Watanabe et al. 1993; Ben-Smith et al.

2003). Therefore, if the mast cell and IgE responses

are one mechanism for expulsion of adult worms,

clearly SJL accomplish this by an alternative effector

mechanism, possibly through an intense nitric-oxide

response in the gut mucosa as suggested by Ben-

Smith et al. (2003).

Behnke and Parish (1979b) had argued that ex-

pression of host-protective immunity to H. bakeri

was dependent first on the development of resistance

to the immunomodulatory factors secreted by the

worms, in this case by neutralizing antibodies.

However, strains may vary in their capacity to de-

velop such antibodies, and therefore variation in the

ability to reject adult worms may be explained by

genetic differences in mouse strains in their suscep-

tibility/resistance to immunomodulation. Evidence

for this hypothesis was provided by Robinson et al.

(1988) and by Pleass and Bianco (1994), who showed

that adult worms were unable to ablate the devel-

opment of resistance in the strong-responder mouse

strains such as NIH and SJL, but did so readily in

the weaker-responding CFLP and CBA mice.

It became evident in the 1980–90s that mouse

strains expressing the H-2q (SWR and NIH), H-2s

(SJL) and H-2f (B10.M) MHC haplotype were

generally more resistant than other strains (Behnke

and Robinson, 1985; Enriquez et al. 1988a), and

hence, consistent with other metazoan parasites

and with experiments in bacterial and protozoan

pathogens, a role for MHC-linked genes was sug-

gested (Wakelin and Blackwell, 1988; Enriquez et al.

1988a ; Behnke and Wahid, 1991). MHC-congenic

strains then came into their own, and the central role

of the MHC in regulating infections with species

such as Trichinella spiralis and Trichuris muris was

established (Wassom et al. 1983; Else and Wakelin,

1988; Else et al. 1990; Wassom and Kelly, 1990).

For those fortunate enough to have access to MHC-

recombinant strains, it became possible to dissect out

some of the loci within theMHC that played a crucial

role. In this way Enriquez et al. (1988a), building

on Wassom’s earlier work with Trichinella spiralis

(Wassom et al. 1984) and exploiting Chella David’s

MHC-recombinant strains, were able to show that at

least two sets of genes in the MHC region of the

mouse played a dominant role in controlling resist-

ance. One of these mapped near the MHC Class II

E alpha locus, and the other was a locus further

downstream, towards the D-end of the MHC of the

mouse. Unlike other American workers of the time,

Wassom and his collaborators referred to the parasite

as N. dubius. Most other American laboratories, in

contrast to British and Australian laboratories, had

by this time converted to using the name H. poly-

gyrus.

Through breeding experiments it was found that

the capacity to expel worms and to resist secondary

infections was inherited in a dominant manner

(Behnke and Robinson, 1985; Brindley et al. 1986;

Enriquez et al. 1988c). Crosses of fast-responder

strains such as SWR and SJL with slow-responder

strains, always produced fast-responding F1 hybrids

(Wahid et al. 1989). Moreover, when SWR and SJL

mice were crossed the resulting progeny were even

better at removing worms, eliminating primary in-

fections within 4 weeks of inoculation with larvae,

compared with 8 weeks in either parental strain

(Wahid and Behnke, 1993). Undoubtedly hybrid

vigour, heterosis, and gene complementation were

features of this system.

In the last 2 decades, researchers switched to

exploiting knockout mice or transgenic strains with

up-regulated genes, in order to dissect out the com-

ponents of the processes that lead to resistance (Else

and Finkelman, 1998; Gause et al. 2003; Anthony

et al. 2006). Informative as these approaches are, and

they have made an enormous contribution to our

understanding of the immunological processes that

result in resistance toH. bakeri and other nematodes,
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they do not shed light on natural variation in resist-

ance. The latter is dependent not on absence and

probably not on duplication of genes (although

variation in copy number is perfectly normal in a

natural population), but rather mostly on the pos-

session of combinations of alleles that lead to strong

immunity, or to a much weaker response and poss-

ibly long-term tolerance of infection.

If we are to understand how to improve breeds of

livestock, to make them naturally resistant to worm

infections, then knowledge of where natural allelic

variation in genes lies is essential. Once these genes

have been identified, genetic markers flanking rel-

evant loci can be developed and used to increase the

precision and efficiency of conventional breeding

programmes aiming to develop genetically resistant

breeds. That is the major reason for pursuing the

chase to identify the genes involved (Behnke et al.

2003).

MOLECULAR MARKERS ASSIST THE SEARCH FOR

QUANTITATIVE TRAIT LOCI (QTL)

In the meantime, new tools were being developed

to facilitate the identification of chromosomal re-

gions where genes responsible for traits of interest

are located. Molecular genetics had moved on at a

rapid pace, and mouse geneticists had developed

so-called microsatellite markers for the entire mouse

genome (Dietrich et al. 1992; Rhodes et al. 1998;

Silver, 1995, 2008). Microsatellites are short tandem

repeats of DNA sequences, which have been shown

to be randomly distributed throughout eukaryotic

genomes. They are usually non-coding and there-

fore neutral to selection, and because of the repeti-

tive nature of the short DNA sequences constituting

microsatellites, they are highly polymorphic (have

variable length of sequences) among different in-

dividuals in any one given population. By 1996, over

6000 markers had been developed, spanning all the

murine chromosomes and facilitating a dense genetic

linkage map of the entire mouse genome (Dietrich

et al. 1996). The polymerase chain reaction (PCR),

another key technical invention, facilitated the use

of microsatellites in genotyping polymorphisms at

specific microsatellite loci. PCR primers, flanking

each microsatellite locus, are designed such that

they will only amplify a small piece of DNA at

specific and known chromosomal regions (Silver,

1995, 2008), allowing microsatellites to be used in

genetic analysis as single-copy genes. Microsatellites

typically have 5–10 different length variants (alleles)

in a population, making it easy to find markers

that are informative in genotyping progeny derived

from different parental strains or even individuals

in an outbred population. The mouse genome

informatics database at the Jackson Laboratory

lists the size of PCR products obtained from

each microsatellite locus for many mouse strains

(http://www.informatics.jax.org/genes.shtml). This

information can be used to identify microsatellite

loci that have differences in the number of repeats

between the strains of mice being investigated. The

differences in numbers of repeats mean that there are

differences in length of the PCR products, and these

can be easily detected by polyacrylamide gel elec-

trophoresis or on capillary sequencers.

The introduction of microsatellite genotyping

dramatically simplified genetic mapping and lowered

the cost. This in turn led to an explosion in mapping

studies for which the inbred mouse strains of known

phenotype make ideal founders. In a mapping study,

2 inbred lines of mice that differ in the phenotype of

interest are mated to create an F1 population. Since

their parents were inbred with pairs of identical

chromosomes, the F1 are also all genetically almost

identical to each other. The F1 are inter-crossed to

create 100–1000 F2 mice that are then scored for the

phenotype of interest and also genotyped with

around 100–200 polymorphic microsatellite mar-

kers, pre-selected to cover virtually all the mouse

genome. The phenotype and genotype data gener-

ated in this way are analysed using programmes that

generate linkage maps and calculate the mean value

of the phenotype for each genotype at each locus.

Where the mean of the phenotype differs signifi-

cantly between genotypes, then this constitutes evi-

dence for a nearby gene that regulates the phenotype.

The power of this technology is enormous. It was

used to define the QTL of the genes controlling

trypanotolerance in mice (Iraqi et al. 2000; Kemp

et al. 1997), and then the genes that control resistance

to H. bakeri (Iraqi et al. 2003; Menge et al. 2003;

Behnke et al. 2006a) and resistance to malaria

(Hernandez-Valladares et al. 2004). The key advan-

tage of this approach was that for the first time it

allowed us to identify chromosomal regions involved

in resistance outside the MHC. Much of the earlier

work had indicated that important genes with amajor

influence on the resistance status of their hosts lie

outside the MHC, but virtually all earlier work had

been focused on the MHC because this was the only

region for which panels of congenic and recombinant

strains of mice were available.

In the first study of this type with a gastrointestinal

nematode, Iraqi et al. (2003) exploited the slow-

responder strain CBA and the rapid-responder SWR

mice. The literature on resistance to H. bakeri re-

cords many different immunizing protocols devel-

oped by various research groups in an attempt to

induce some measurable immunity in mice (van

Zandt, 1961; Jones and Rubin, 1974; Cypess and

Zidian, 1975). For this work, we wanted to use a

protocol that would go some way to mimicking the

natural acquisition of larvae over time by grazing

animals. Informed by earlier studies using repeated

and trickle infections (Bartlett and Ball, 1974;

Mitchell and Prowse, 1979; Prowse et al. 1979;
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Brailsford and Behnke, 1992), in addition to some

additional initial exploratory pilot work, we com-

promised on a protocol in which each mouse was

given 125 infective larvae once a week for 6 weeks,

7 exposures to larvae in total (Behnke et al. 2003).

It was necessary first to characterize both the

parasitological and immunological events associated

with this type of exposure. As expected, worm bur-

dens accumulated in the poor-responder CBA mice,

building up from one week to the next, so that by the

sixth week the average worm burden was in excess of

300, some animals harbouring 500 and more worms

(Behnke et al. 2003). In contrast, SWR mice regu-

lated their worm burdens, so that fewer intestinal

adult worms were detectable as early as 14 days after

the start of this repeated inoculation procedure, and

by the fifth and sixth weeks there were virtually no

more adult worms resident in the gut, despite con-

tinued exposure to infective larvae. SWR mice be-

came solidly immune to this immunizing protocol,

whereas CBAmice were still highly susceptible in the

sixth week.

In the initial project we assessed QTL in F2 hy-

brids and were able to detect 7 QTL on chromo-

somes 1, 2, 8, 13, 17 and 19 linked with resistance

traits. The combined additive effect of the 5 QTL for

worm survival accounted for about 60% of the dif-

ference in worm burdens between the 2 parental

lines. The dominance effects of these 5 QTLwere all

in the direction of resistance, supporting the earlier

work that had already shown that the resistant trait

was dominant. It was also reassuring to find that

there was a highly significant QTL on chromosome

17, mapping to a chromosomal region encompassing

the MHC of the mouse.

In a subsequent study (Behnke et al. 2006a), ex-

ploiting the advanced intercross strategy of Darvasi

and Soller (1992), we went on to generate over 1000

F6/7 crosses between these 2 strains, in an effort to

pin down more precisely the loci underpinning the

QTL and hence to identify the genes responsible.We

were able to demonstrate clearly that the QTL on

chromosome 17 plays a prominent role in resistance,

and we found confirmation of the major QTL on

chromosome 1. Interestingly, a QTL for resistance

to the intestinal adult phase of T. spiralis has also

been detected on the homologous chromosome of the

rat, chromosome 9 (Suzuki et al. 2006). If this QTL

proves to be attributable to exactly the same gene/s as

those underlying the QTL for resistance toH. bakeri,

important genes controlling resistance to 2 quite

distantly related intestinal nematodes will have been

discovered.

Whilst the high-resolution mapping lent further

support for genes mapping within the MHC, with

considerably narrower confidence limits, we were

less successful in fine-mapping the QTL on chro-

mosome 1. This QTL was highly significant, but

its confidence limits were still relatively broad,

encompassing a relatively large section of chromo-

some 1 in a region known to be relatively gene poor.

Others have also found difficulties in dissecting a

similar region on chromosome 1, where recombi-

nation cold spots are known (Hill et al. 2000; Wicker

et al. 2004). Mapping genes in the F2 as outlined

above is a fairly crude approach that typically dis-

covers a region of 30–60 Mb in size, which can con-

tain thousands of genes. In order to narrow this

region down it is necessary to phenotype and geno-

type many more mice with recombinations within

the QTL region. This can usually be achieved by

inter-crossing or back-crossing the mice for several

more generations, as described above for the F6

study. The mean recombination rate in mice is about

0.76 per 100 Mb (Broman et al. 2002) ; however, if

the recombination rate in a particular region is lower

than average, a recombination cold spot, then it will

be necessary to phenotype and genotype many more

mice in order to refine the QTL position than in a

recombination hot spot.

Throughout all this work, during both the F2 and

the F6/7 study, we also monitored various im-

munological parameters that might reflect potential

effectors of resistance. Because of the nature of these

experiments, and in particular because of the priority

given to parasite-resistance traits, it was not possible

to obtain cells and serum during the early phase of

the infection, at a time when the immunological

events that would lead to worm expulsion were being

generated. Based on our exploratory data (Behnke

et al. 2003), we took a small blood sample from the

tail of each mouse in the third week. The rest had to

wait until the animals were culled in the sixth week,

by which time some mice may have been without

worms for up to 2 weeks. It is only at this time that

individual mice could be phenotyped for resistance

to the parasite. The priority for the blood sample was

to measure the plasma levels of mMCP-1, the mast-

cell enzyme reflecting mast-cell activation in the

mucosa, and believed to show a strong correlation

with worm expulsion (Wahid et al. 1994). We have

moved a long way since then, and now using multi-

plex systems and real-time PCR it is possible to

measure many different cytokines in a very small

volume of blood. Our pilot data had revealed that

SWR mice mounted a potent mast-cell response,

also reflected in very high plasma levels of mMCP-1

almost from the start of the immunizing protocol, but

peaking in weeks 3 and 4 before subsiding to back-

ground levels by the sixth week (Behnke et al. 2003).

We were reluctant to take larger volumes of blood in

case the stress and trauma during this critical period

impaired the capacity of mice to respond, with

knock-on effects for worm expulsion and our genetic

analysis. The immunological traits quantified were

the mMCP-1 response in week 3, IgG1 response to

adult worm and L4 antigens, IgE response to L4

antigens, the granulomatous response, and (in the
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F6/7 study) the packed cell volume in weeks 3 and 6.

Interestingly, we found that several of these traits

(IgG1 and IgE responses, granulomatous response

and mMCP-1) showed significant QTL in the same

region of chromosome 17 as the parasite resistance

traits, consistent with the idea that the genes involved

here are those concerned with initial antigen pro-

cessing and presentation, since these are crucial to all

types of responses. Disappointingly, however, no

trait generated strong QTL coinciding with any of

the parasite resistance traits on any other chromo-

somes in the F2 study. There was a QTL for IgG1 to

adult worm and L4 antigens on chromosome 1 in the

F6/7 study, but the LOD scores were low and the

confidence intervals for the response to L4 antigens

were very broad. Thus from among the range of

possible immune effectors that we had measured,

each chosen on the basis of earlier studies indicating

correlation with resistance, none were convincingly

supported by the QTL analysis.

The great attraction ofQTL studies is that they are

‘hypothesis free’ ; they do not make any prior as-

sumption about what sort of genes are involved: in

addition, they identify loci that regulate the differ-

ence in phenotype. The well-known components of

the immune response to H. bakeri are undoubtedly

important for controlling the disease, but the map-

ping studies show that the difference in response of

different mouse strains is not due to differences in

these immunological pathways. The genes that cause

the differences are still to be discovered, but theymay

be in the innate immune-response system initiated

early in the course of infection. The success of this

early response is likely to have important knock-on

effects on the adaptive immune response to the

parasites, and this will be reflected as differences in

the classical immune-response pathways of strains

varying in response phenotype. Consequently, these

immune pathway differences will be correlated with

the response to the infection, but as the QTL studies

show, their differences are not causing the differences

in response to the infection.

WHAT NEXT?

The QTL studies summarized above represent a

major advance in our understanding of the genes that

underpin the resistance status of mice to H. bakeri.

For the first time we now have unambiguous evi-

dence that genes located outside the MHC play a

key role in resistance, and we have some idea about

their chromosomal locations. This is important:

breeding livestock for uniformity in MHC genes

would not be a wise move, since MHC haplotypes

known to confer on animals resistance to helminths

are often associated with susceptibility to protozoan

infections (Wakelin and Blackwell, 1988). Thus

the maintenance of MHC diversity, and some argue

heterozygosity, is seen as important in preserving

broad-spectrum resistance in flocks/herds of live-

stock and wild animals (Penn et al. 2002; Wegner

et al. 2003; Stear et al. 2005; Oliver et al. 2009).

The mechanisms of resistance to intracellular

protozoa and extracellular metazoan parasites are so

different that it becomes feasible to breed for alleles

at loci which make animals resistant to GI nema-

todes, but have no cost in terms of enhanced sus-

ceptibility to other parasites. The task is now to find

those genes and to define the alleles that donate re-

sistance without penalties.

Another possibility is that resistant animals might

be producing as yet unidentified ‘novel’ molecules

with direct anti-nematode toxic effects, as products

of genes yet to be identified. The identification of

such genes and their products could open new vistas

to a new generation of therapeutic agents both in

livestock and humans. This possibility may not be

far-fetched given that the vast majority of genes have

unknown functions, and the fact that many useful

drugs have been developed from soil fungi.

It has become routine to identify QTL that regu-

late a wide range of phenotypes, but it has proved far

more difficult to identify the causative genes. Over

2000 QTL have been mapped in mice and rats, but

fewer than 1% of these have been characterized at the

molecular level (Flint et al. 2005; Peters et al. 2007).

One strategy for identifying the quantitative trait

genes is to employ gene arrays to determine which of

the genes in the QTL region show the strongest ex-

pression during the infection protocols used for the

QTL analysis and/or differences in expression be-

tween strains. This would be far more economical

than examining genes throughout the genome by this

technology (Diez-Tascón et al. 2005). The strategy is

based on the reasonable premise that since there are

far more polymorphisms in non-coding regions than

in coding regions, differences in expression are likely

to be more common than polymorphisms in amino-

acid sequences. Nevertheless, the large numbers of

genes with expression responses in most QTL re-

gions, and the uncertainty about which tissues or

cells or time-points to assay, has meant that this

strategy has not fulfilled its initial promise, although

it can still provide valuable pointers to candidate

genes (Fisher et al. 2007).

Several additional genetic strategies are available

for locating more precisely the loci within the QTL.

The transfer of resistance QTL from a resistant to a

susceptible mouse strain has already been demon-

strated in the case of trypanosomiasis (Koudandé

et al. 2005). In an amazing combination of marker-

assisted backcross breeding strategies, Koudandé

et al. (2005) achieved precisely this in murine try-

panosomiasis. Each of 3 QTL was transferred from

the resistant C57BL/6 mouse strain to the suscep-

tible A/J strain, either alone or in combination with

others. They were able to evaluate the relative con-

tribution of the genes underpinning each of the

J. M. Behnke, D. M. Menge and H. Noyes 1572

https://doi.org/10.1017/S0031182009006003 Published online by Cambridge University Press

https://doi.org/10.1017/S0031182009006003


3 QTL in isolation and in combination with others.

Perhaps unexpectedly they found that some of their

backcross lines were not viable, presumably because

of recombinations that gave rise to deleterious com-

binations of alleles. However, the feasibility of the

approach of marker-assisted introgression of disease

resistance was confirmed. But even so, it is not clear

whether introgression of disease-resistance genes

into productive but susceptible livestock will lead to

reductions in economic value due to the mechanisms

involved in disease resistance (Colditz, 2004). Opti-

mistically this will not be a problem, since the pre-

vailing view, based on selection for resistance in

livestock, is that production traits do not suffer as a

consequence (Bisset et al. 1997; Bishop and Stear,

2003), although to some extent this is still an open

question because there is evidence to the contrary in

some livestock systems (McEwan et al. 1995; Zaralis

et al. 2008). Nevertheless strategies for reconciling

this conflict between disease resistance and pro-

duction traits have been suggested (Bishop and

Morris, 2007).

A further approach would be to generate a range of

mouse strains on a susceptible background, but each

carrying only a small section of the QTL. Indeed

such an approach has already been utilized in try-

panosomiasis and malaria (Foote et al. 2005), and

by immunologists dissecting the NOD mutation on

chromosome 1 of the mouse (Wicker et al. 2004).

This does require considerable investment in time

and cost, because breeding these strains of mice is

neither quick nor cheap, and is not easily supported

by conventional 3-year research projects. It requires

confidence and long-term investment.

With the completion of the mouse genome project,

a range of new tools is becoming available for mouse

geneticists, some in the short-term, others in years to

come. An initiative funded by the Wellcome Trust

set out to create a panel of 100 recombinant mouse

lines (Collaborative Cross genetic reference panel),

available in 2012 (Iraqi et al. 2008). Other initiatives

in the USA, funded by the US Department of

Energy, the Ellison Foundation and the National

Institutes of Health of the USA, are aiming to pro-

duce an additional 300+ lines. These strains will

allow finemapping ofQTL and identification of their

underlying genes with unprecedented precision.

The publication of 8 million murine single-

nucleotide polymorphisms has now created a re-

markable resource for high-resolution genotyping

which will almost certainly supersede microsatellites

(Frazer et al. 2007). The NIH has funded the dis-

covery of 8 million SNP in 15 inbred strains of mice

and the data show that there are only 3–4 unique

haplotypes at any given position (Frazer et al. 2007).

The Wellcome Trust is funding the complete se-

quencing of 15 mouse strains. In order to exploit this

information, we recently compared the resistance

status of a panel of 8 additional strains to the same

protocol used for the QTL project (Behnke et al.

2006b). Much as expected from earlier work using

different immunizing protcols, A/J, C57BL/6, C3H

and CBA mice all tolerated intense infections and

were unable to clear worm burdens within the 6-

week experimental period. Again as expected, SWR,

SJL and NIH were all highly resistant to infection.

Three strains gave equivocal results. These were

DBA/2, 129/J and BALB/c mice, which performed

inconsistently between the two laboratories in which

these experiments were undertaken, and in some

experiments showed evidence of resistance, whilst in

others did not. Since the extensive haplotype data

are now available for most of these strains, it will be

possible to identify the parts of the QTL region

where the resistant strains share ancestral haplotypes

and susceptible strains have different haplotypes.

This should substantially reduce the number of

candidate genes.

It has been asked whether model organisms are

still necessary now that it is possible to genotype

500000 SNP in humans at reasonable cost (Hunter

and Crawford, 2008). Using these large SNP panels

it is possible to undertake whole-genome association

studies, and these have lead directly to the discovery

of more human quantitative trait genes in the last two

years than in the previous 20 (The Wellcome Trust

Case Control Consortium, 2007). Similar-sized SNP

panels will be available for some livestock species

within the next couple of years. These might make it

possible to discover loci regulating a wide range of

disease traits in farm animals as well as humans.

However, several thousand samples will need to be

tested, and they will need to come from a panmictic

population that varies significantly in the phenotype

of interest. For many disease resistance traits in

livestock there is limited variability within breeds,

and most variability is between breeds. In humans

there is a similar problem with ethnic stratification

of populations. This means that the whole-genome

association strategy may have limited utility for

helminth infections, particularly given the large

human and livestock diversity across their ranges. In

any event the identification and phenotyping of such

large numbers of subjects is difficult and expensive.

Furthermore, the risk of developing disease that

has been associated with genes discovered in whole-

genome association studies has been small (The

Wellcome Trust Case Control Consortium, 2007).

Thus it is unclear whether the rewards from this

strategy will repay the costs.

Consortia from Europe, Canada and the USA are

currently creating knockouts of every known gene

in mice (Anonymous, 2007). This resource will

significantly reduce the cost and difficulty associated

with testing hypotheses that emerge from map-

ping studies. However, as was pointed out earlier,

knockout mice can only show that a gene is in a

pathway involved in a phenotype; they cannot show
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that an allelic variant of that gene is causing the

observed difference in phenotype between 2 strains.

For the latter, transgenic replacements of the indi-

vidual alleles are necessary: this may also be an in-

formative route to follow.

A range of large-scale resources are rapidly be-

coming available for mouse and livestock genetics

almost unimaginable 10 years ago, but none will

provide an instant answer to the problems of dis-

covering genes that cause differences in phenotype

(Hunter and Crawford, 2008). They do, however,

collectively make it possible to undertake projects

that were formerly almost impossible. But finding

the QTL genes is likely to continue to require col-

laborations between epidemiologists, geneticists,

immunologists and cell biologists, and in the context

of parasitic infections, parasitologists, and also con-

siderable patience and resources.

The technologies that we employ in this field have

changed so rapidly that young scientists these days

often seem unaware of the core background work

that was conducted earlier, and how it laid the

foundations of the knowledge base that they now

explore with the more refined and considerably

more powerful techniques available at their disposal.

Electronic databases have made literature surveys

so much easier, but equally they have seemingly

impeded the citation of the older studies not indexed

electronically, and not yet available as easily down-

loadable PDFs. Electronic retrieval is so much easier

than the effort required to trace paper copies of older

studies, sitting buried and rarely consulted in library

repositories, and this is likely to be an even greater

problem as we move more and more towards

open access publishing. There is pressure to cite last

week’s publications and nothing older than 2 years,

and we seem to have all but forgotten significant

contributions published a decade or more ago.

CONCLUDING REMARKS

In this article, we have emphasized that H. bakeri is

a wonderful model of chronic intestinal nematode

infections, and we hope to have inspired the reader to

exploit this model in future projects. It is now the

first mouse nematode for which resistance QTL have

been described and mapped with high resolution.

With the aid of modern molecular tools, the next

decade will inevitably see these honed to the gene

level. Already there are signs that the strongest QTL

(mouse chromosome 1) are not specific to H. bakeri,

and therefore it will be worth exploiting comparative

mapping methods to assess their relevance to resist-

ance in livestock and humans. In this context the

proximal section of mouse chromosome 1 is syntenic

with parts of sheep chromosome 2, and Davies et al.

(2006) reported a QTL that affects faecal egg counts

in the autumn in Scottish Blackface lambs on this

chromosome (although earlier studies had failed to

find QTL for resistance in sheep on this chromo-

some: Beh et al. 2002; Dominik, 2005). Genetic

studies require long-term investment, but the fruits

at the end of the road are worth pursuing. As we

see anthelmintic drug resistance proliferating around

the globe, without any convincing signs that new

drugs will become available soon to control intestinal

nematodes, genetic resistance will be an even more

important road to follow in the years to come.

In our final comments we reiterate again that,

while pushing ahead our understanding of this model

system, exploiting the ever more powerful technol-

ogies now at our disposal, we should not lose sight of

the history of this parasite (in particular the problems

caused by the changes in nomenclature) and build

on what is already known about its host/parasite

relationship. There is a wealth of information on the

biology ofNematospiroides dubius andH. polygyrus in

the public domain, so let us be aware of this as we

explore H. bakeri in even more detail.
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