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Abstract

Clade I nematode species in the genus Trichinella can cause infections in humans that lead to mortality
and serious morbidity. There are currently eight recognized species or genotypes that comprise this genus.
The species display diverse biological characteristics, the evolutionary significance of which recently has been
extensively clarified. Some of that diversity translates into variable importance as zoonotic pathogens, with T.
spiralis having the highest significance. Trichinellosis has re-emerged as an important zoonotic infection in
various parts of the world, reminding us that control of this infection depends on persistent vigilance.
Trichinella species display unique and biologically interesting complexity in interactions with host cells that
they inhabit. Significant progress has been made toward understanding details of these interactions. Progress
on transcriptomics, proteomics and now genomics offers exciting prospects for accelerating advances in
future research. An overview of these parasites regarding biology, significance as zoonotic pathogens and
selected research topics is presented here.

1. Introduction

1.1. The genus Trichinella

Nematodes in the genus Trichinella infect a broad range of mammals, birds and reptiles. These parasites
alternate during their life cycle between enteric stages and skeletal muscle stages within their hosts. Eleven known
species or genotypes comprise the genus, which is composed of two main clades: species in which the host muscle
cells they invade become surrounded by a collagen capsule (encapsulated) and those in which no encapsulation
occurs (e.g., Zarlenga et al., 2004). The five species (and three genotypes yet to be defined taxonomically) that
comprise the encapsulated clade parasitize only mammals, whereas of the three species that comprise the
nonencapsulated clade, one infects mammals and birds. The other two species infect mammals and reptiles (Pozio et
al., 2004). There are only two of these parasites, T. papuae and T. zimbabwensis, known to complete their entire life
cycle independently of whether the host is warm-blooded or cold-blooded. Historically, T. spiralis has been the most
important cause of human infections and much of the biological information discussed for the genus in this chapter
comes from studies on this species. T. spiralis belongs to the first clade, members of which inhabit host muscle cells
that become encapuslated. It is noteworthy that the collagen capsule referred to is a host characteristic that has
phylogenetic implications for the parasite (see section 1.3). Hence, the induction of the capsule may reflect an
adaptation in interactions with the host that facilitated speciation and diversification.

1.2. Geographic range

Species of Trichinella inhabit a broad geographic range from the arctic to the tropics, however, distributions of
individual species are more restricted, with encapsulated species generally demonstrating adaptation to colder
climates than nonencaspulated species. With the exception of some nonencapsulated species noted (see section 1.1),
major host groups of Trichinella spp. are domestic and sylvatic swine (Sus scrofa), synanthropic animals such as the
brown rat, the armadillo, cats, dogs, and a broad range of sylvatic carnivores. Because it has been passively imported
into most continents due to its high infectivity to swine and synanthropic rats (Pozio, 2001), T. spiralis shows a
cosmopolitan distribution in temperate and equatorial climatic zones. Several recent reviews summarize the
presence of trichinellosis in individual countries, such as Argentina (Ribicich et al., 2005), Hungary (Sreter et al.,
2005), China (Liu and Boireau, 2002), Mexico (Flisser et al., 2002) and Greece (Sotiraki et al., 2001). Furthermore,
due to political and economic changes in southeastern Europe, a re-emergence of trichinellosis has been reported in
countries of this region (Cuperlovic et al., 2005), and recent human outbreaks have been reported in Germany, Italy
and United Kingdom (Pozio and Marucci, 2003).

1.3. Phylogenetic position of Trichinella within the phylum Nematoda

Molecular phylogenetics has defined three major nematode classes which can be further divided into five
Clades (Blaxter et al., 1998): Dorylaimia (also Clade I of Blaxter et al., 1998), Enoplia (also Clade II), and
Chromadorea (including Spirurina-Clade III, Tylenchina-Clade IV, and Rhabditina-Clade V). Parasitism has arisen
multiple times during nematode evolution and all major clades include parasitic species. The model free-living
nematode, C. elegans, is a member of Rhabditina (Clade V) and T. spiralis is a member of Dorylaimia (Clade I)
making these examples some of the most distant species within the Nematoda.
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The estimated divergence of the nematodes from arthropods occurred 800-1,000 MYA (Blaxter, 1998). Based
on previously reported reconstruction of the ancient history of the nematodes, the most recent common ancestor of
the extant species C. elegans and Trichostrongylus colubriformis (Clade V), Nippostrongylus brasiliensis (Clade V),
Ascaris suum (Clade III) and Pseudoterranova decipiens (Clade III) lived about 550 MYA (Vanfleteren et al.,
1994). When those estimates were made, the globin and cytochrome c amino acid sequences were not available from
T. spiralis. With the availability of these sequences from a T. spiralis EST database (Mitreva et al., 2004),
divergence of lineages leading to C. elegans and T. spiralis was estimated at 700 MYA (M.L. Blaxter, personal
communication). While sequence data from these two genes is insufficient for reliable estimates on dates for
speciation, the globin gene yielded a date of 115 MYA for divergence between C. elegans and C. briggsae (M.L.
Blaxter, personal communication), a value supported by (Stein et al., 2003). This consideration would produce an
estimate for divergence of lineages leading to C. elegans and T. spiralis at >600 MYA.

The first robust and comprehensive analysis of the phylogeny and biogeographic history of Trichinella was
recently reported, based on variation in several genetic loci (Zarlenga et al., 2006). The basal Dorylaimia lineage
(nematode Clade I) which contains Trichinella also contains the free-living Mononchida, the plant parasitic
Dorylaimida and the entomophagous Mermithida. These nematodes share features of early embryogenesis (Voronov
et al., 1998) and small-subunit (SSU) rDNA sequences (Blaxter et al., 1998). The genus Trichinella is a
monophyletic lineage in the Trichinellidae, which diverged 275 MY (Permian) from the putative sister Trichuridae.
The 11 known species of this genus diverged into 2 distinct clades. Agreement for that divergence comes from both
biological considerations, Trichinella clade I are encapsulated and Clade II are nonencapsulated, and genetic data.
The findings indicate an especially close relationship between the non-encapsulated species, T. papuae and T.
zimbabwensis, and between freeze-tolerant encapsulated genotypes, T. nativa and Trichinella T6, where T. spiralis
is basal to all encapsulated species. The separation between nonencapsulated and encapsulated lineages occurred
15-20 MYA (Miocene; http://www.ucmp.berkeley.edu/help/timeform.html), and species appearing at or near the
base of the encapsulated clade i.e. T. spiralis and T. nelsoni, likely diverged less than 10 MYA (Figure 1; Zarlenga
et al., 2006).

Figure 1. Midpoint rooted minimum evolution trees reconstructed from all known encapsulated (red) and nonencapsulated (green) species and
genotypes of Trichinella based on the variation in mitochondrial LSU and COI DNA (on the left) and SSU rDNA (on the right). Topological support
is indicated by Bayesian posterior probabilities and by ML, minimum evolution (using ML distances), and parsimony bootstrap replicate analyses
(B/ML/ME/P). Bootstrap support was reconstructed from 100-bp replicates. Reprinted with permission from Zarlenga et al., (2006), Copyright (2006)
National Academy of Sciences, U.S.A.

1.4. General life cycle

T. spiralis (Owen, 1835) is a relatively small nematode with adult females 1.4 to 4 mm, adult males 1.4 to 1.8
mm and muscle larvae of approximately 1mm (Figure 2). The life cycle of the parasite (Figure 3) begins with the
enteral phase of infection when a person or an animal eats contaminated meat containing first stage muscle larvae.
Digestive juices from the stomach (pepsin and hydrochloric acid) dissolve the capsule-like cyst and release the
larvae which pass into the small intestine, where they invade the columnar epithelium (Katz, 1989). Shortly
thereafter, the larvae molt four times, (10 through 28 H post-oral ingestion, poi), mature to adults that mate (30-34 H
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poi; Figure 2, panel A). Female worms can produce 500–1,500 newborn larvae (immature L1) during a life span,
before expulsion by the host immune system. The migratory phase of infection begins when these newborn larvae
are passed into tissue, enter lymphatics and then enter the general circulation at the thoracic duct. These larvae are
widely distributed in tissue by the circulation and eventually make their way through the capillaries (tiny blood
vessels) into the muscle fibers, which intiates the muscle phase of infection. Once in the muscle fibers, they encyst
(Figure 2, panel B), undergo development, become infective within 15 days and remain for months to years.

Figure 2. Life-cycle stages of T. spiralis. A. Adult worms that developed in the small intestine following oral infection with muscle larvae; the small
worms are newborn larvae (immature L1), which are infective to muscle. B. Infective muscle larva in altered muscle cell surrounded by a collagen capsule
(blue). C. Infective muscle larva, Azan staining of longitudinal section of excysted larvae. M: midgut, G: genital primordium, S: stichocyte. (Panel C,
photo courtesy of Yuzo Takahashi, Gifu University, Gifu, Japan). See section 1.4 for size of stages.

The life cycle of Trichinella species, and in general order Trichocephalida, differs from that of the free-living
model C. elegans; differences are mainly recognized in the underlined morphology, biology and physiology of the
species. Although much is unknown about Trichinella spp. when compared to the well studied C. elegans, some
striking differences include: the stichocyte esophagus which is composed of stacks of cylindrical cells (characteristic
for species of order Trichocephalida) rather than a muscular esophagus, lack of phasmids found in nematodes that
comprise the Secernentia, and longitudinal rows of bacillary band cells that run the length of the body, the function
of which is under debate (Kozek, 2005). Furthermore, the embryologic development of the Dorylaimia species
involves anterior positioning of the endodermal precursor by contrast to a posterior positioning in C. elegans
(Voronov, 2001). While a dauer stage has not been formally described for Trichinella spp., similarities between the
arrested development displayed by muscle larvae and C. elegans dauer larvae have been reported (Winska et al.,
2005).

1.5. Zoonotic Transmission and Clinical disease

Factors that contribute to T. spiralis transmission to humans include improper management practices in swine
operations, food handling (preparation) or both (Hui et al., 1994), making trichenollosis one of the most important
food-borne, zoonotic diseases caused by parasitic organisms. T. spiralis is the etiological agent of most human
infections and deaths caused by trichinellosis globally, although other encapsulated and nonencapsulated species can
cause human infections. In addition, persistence in domestic pigs and an unexpected presence in horses, contributes
to the importance of T. spiralis in causing most human infections (Bolas-Fernandez and Wakelin, 1990; Kapel et al.,
1998). Given a life cycle that relies heavily on carnivore or omnivore consumption of infected meat, the importance
of horses in zoonotic transmission may reflect exposure to feed containing protein obtained from animal origin. In
addition to domestic sources of infection, sylvatic transmission via consumption of wild game is an important source
of human infection, but is more likely to involve species in addition to T. spiralis. It was estimated that as many as
11 million people may be infected worldwide with Trichinella spp. (Dupouy-Camet, 2000). While clinical cases
have plummeted with education, infections occur under many circumstances including rural, urban and less
developed settings. This broad representation may reflect lapses in education, i.e. knowledge of potential sources
including meat from horses and wild game, ethnic practices or more exotic culinary preferences. Under-represented
groups include those whose religious practices exclude consumption of pork (Dupouy-Camet, 2000).
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Figure 3. Trichinella spiralis life-cycle. (Photo courtesy of John W. Karapelou.)

Clinical aspects of Trichinellosis are summarized in Figure 4. The symptoms of T. spiralis infection are highly
correlated with the stage of infection, i.e., enteral, or muscle phase. The initial symptoms of the enteral phase which
starts after eating contaminated meat, include: mild transient diarrhea and nausea (e.g., Kociecka, 1993) due to larval
and adult worms invasion of the intestinal mucosa, upper abdominal pain vomiting, malaise, and low-grade fever.
These symptoms are similar to many enteral disorders, and therefore the enteral phase of infection is easily
misdiagnosed (Compton et al., 1993; Murrell and Bruschi, 1994b). Two to six weeks after infection, the enteral
phase is still present but symptoms that correlate with intestinal disease abate, and the signs due to parenteral stages
(migratory newborn larvae and muscle infections) appear. These symptoms are usually the first to be clinically
detected and include: diffuse myalgia, a paralysis-like state, periorbital and/or facial edema, conjunctivitis, fever,
headache, skin rash etc. The duration of the incubation period is related to the number of larvae ingested, which
determines the severity of disease (Kefenie and Bero, 1992; Schmitt et al., 1978). Furthermore, host immunity, age,
sex and general health of the infected individual are important factors in the outcome of the disease (Kim, 1991;
Pawlowski, 1983). Although cardiac muscle does not sustain infection by muscle larvae, transient infection causes
severe myocarditis which has been implicated in mortality caused by the infection (Ursell et al., 1984).
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Figure 4. Comprehensive summary of the main clinical signs and symptoms, laboratory findings, and diagnostic test results for patients suffering
from mild (light color) to severe (most intense color) clinical trichinellosis. Labels on the left indicate qualitative aspects of the infection, while those
on the right give a quantitative assessment of each. The colors are matched to the stage of the infection (shown at the bottom). When the color is faded in
and out, that particular qualitative aspect is gradual in onset. The shaded portion (vertical shading between weeks 3 and 6) correlates with the period of
infection in which the death of the patient usually occurs if the dose of parasite ingested is high enough to be lethal. Ab, antibody; Ag, antigen. Reprinted
with permission from Capó and Despommier (1996).

Pathogenecity of T. spiralis is higher than that of other species due to the higher number of newborn larvae
produced by the females (Pozio et al., 1992b) and the more intense immune reaction induced in humans (Bruschi et
al., 1999; Gomez Morales et al., 2002).

2. Molecular and cellular interactions with the host

Given the medical importance of Trichinella spp. there is need to better understand details of the host-parasite
interaction. Investigations have revealed very interesting relationships, some of which will be mentioned here.
Trichinella spp. inhabit intracellular niches during both the enteric and muscle phases of the infection. In addition to
identifying and invading host cells, the parasite must survive in host tissues of immunocompetent hosts for
substantial periods of time. Success here is likely to involve parasite manipulation of both the host cells inhabited
and the host immune system. Our current understanding indicates that the molecular and cellular dissection of these
interactions will provide unique insight on basic biology of both the host and parasite.

2.1. Enteric infections

As one of the largest known intracellular pathogens, T. spiralis is a multi-intracellular parasite of epithelial
cells during the intestinal phase of infection. This unusual relationship characterizes the infection by L1 larvae up
through the L5 adult (reviewed by Despommier, 1983). Presumably, multi-intracellular intestinal infections also
characterize other Trichinella species. Numerous questions arise regarding mechanisms of initiation and
maintenance of this multi-intracellular infection. The purpose and benefits of this interaction for the parasite are also
unresolved. A significant advance in this regard is the development of an in vitro culture system for the intestinal
phase of T. spiralis infection (Gagliardo et al., 2002; ManWarren et al., 1997). This system supports development to
the adult stage and offers a valuable tool to answer the foregoing questions.
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Muscle larvae isolated from a previous host will invade monolayers of epithelial cells. This behavior appears
to be restricted to epithelial cells, but not all epithelial cells will support invasion (ManWarren et al., 1997). Efficient
invasion requires stimulation of muscle larvae with intestinal content or bile. Larvae browse the surface of the
monolayer, perhaps sensing for an appropriate ligand, and with the appropriate cell type, invade the monolayer.
Invasion involves movement through the monolayer, leading to a trail of dead cells marking the path of the parasite.
The cells die in context of membrane disruption, loss of cytoplasmic contact and rupture of organelles (Li et al.,
1998). Even in absence of invasion, permeability was altered in epithelial cells as detected with fluorescent tagged
small molecules (Butcher et al., 2000). Whether or not this alteration reflects a mechanical perturbation or a more
sophisticated interaction with host cells is uncertain, but secretory glycoproteins from the parasite were observed to
locate into intra-organellar compartments within these cells. Inhibition of both invasion and in vitro parasite
development was accomplished with antibodies against a glycan molecule (tyvelose sugar, see Section 2.4; McVay
et al., 2000). This glycan is added to secretory proteins which are synthesized in stichocytes that comprise the
esophagus of muscle larvae. A trail of these glycoproteins can be observed along the path of dead epithelial cells
destroyed by migrating larvae (ManWarren et al., 1997). Treatment with anti-tyvelose antibodies causes aggregates
of cross-linked proteins to form at the cephalic end of larvae. While the aggregates could interfere with sensing by
the parasite, monovalent Fab fragments of these antibodies inhibited invasion, also (McVay et al., 1998). Therefore,
the glycoproteins recognized might have specific functions in the invasion process. These in vitro results are
consistent with the in vivo inhibition of infection conferred by these antibodies (Carlisle et al., 1991), but provide
clarifying details not resolved with the in vivo model. While the glycoproteins implicated are quite diverse, progress
made on genomics and proteomics of secreted proteins (see sections 3, 4 & 5) may aid in identifying proteins that
warrant investigation here.

Another point addressed with this in vitro system is the response of epithelial cells to infection, but in the
absence of other host cells and tissues. Despite the destruction of epithelial cells, co-culture of muscle larvae also
induced up-regulation of transcripts for the proinflammatory mediators IL-1β and chemokines IL-8 and ENA-78 (Li
et al., 1998). Whether this expression is induced directly by epithelial cells undergoing damage or by bystander cells
remains unclear. It becomes interesting to determine if the effect results from direct interactions with the parasite or
signals released from damaged cells. In any case, these results could reflect early responses that attract the influx of
immune cells which ultimately lead to a protective immune response. This culture system might provide deeper
insight into such responses when queried using expression microarray technologies.

2.2. Muscle cell infections

Most available molecular data address interactions during the muscle phase. The intramuscle cell infection
induces radical changes in previously, terminally differentiated skeletal muscle cells. An initiation phase of changes
is evident by five days or slightly before and is associated with disruption of myofibrils, enlargement and
centralization of host muscle nuclei and elevated expression of two host markers, acid phosphatase activity and
syndecan-1 (Beiting et al., 2006; Despommier, 1975; Jasmer, 2001; Jasmer et al., 1991). Infection
induced-replication of muscle cell DNA approximately coincides with these changes (Jasmer, 1993). The cell cycle
reentry leads to accumulation of a 4N complement of nuclear DNA, but does not culminate in karyokinesis. This
repositioning in apparent G2/M persists for months to years. Muscle gene expression is repressed in association with
host cell cycle repositioning. With loss of the muscle differentiation program, a new and still mysterious host
phenotype emerges to apparent completeness, inclusive of collagen capsule formation, from 10 to 15 days after
muscle cell infection (Polvere et al., 1997). The phenotype as we know it persists from this time onward, which is
referred to as the maintenance phase.

The relative roles of host and parasite in regulating specific characteristics of the host cell remain a key
question. There is the possibility that maintenance of the abnormal positioning in the cell cycle is regulated in part
by the host cell, and repression of muscle gene expression could be mediated by changes in the gene regulatory
environment that accompany host cell cycle repositioning (Jasmer, 1993). Nevertheless, some evidence indicates
that cell cycle re-entry is parasite induced (Jasmer and Neary, 1994), which identifies one prospective role for the
parasite in manipulating its host cell during the initiation phase. Further evidence indicates active parasite regulation
of the host cell during the maintenance phase. Nuclear antigens (NA, 79-97 kDa) have been detected in host cell
nuclei with antibodies against a T. spiralis glycan (Despommier et al., 1990; Jasmer et al., 1994; discussed in section
2.4), which is added onto secreted proteins of muscle larvae. NA become detectable in host nuclei by 9 days
post-infection and persist throughout the maintenance phase. NA colocalize with host chromatin throughout the
nucleoplasm and form nuclear complexes, which appear involve both charge and conformation (Yao and Jasmer,
1998). These NA are hypothesized to cause elevated gene expression by the altered host muscle cells and could
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account for at least a doubling in total RNA and protein synthesized in these cells (Yao et al., 1998; Yao and Jasmer,
2001). This predicted role for the parasite in regulating host cell characteristics during the maintenance phase differs
from that of cell cycle reentry during the initiation phase, which could indicate involvement of distinct regulatory
molecules.

The collagen capsule that envelopes infected cells of encapsulated Trichinella spp. appears to be host derived,
yet conveys phylogenetic information that distinguishes major clades within the parasite genus. Debate continues on
the origin of the collagen capsule. For instance, collagen gene expression is elevated in infected cells (Polvere et al.,
1997), and the collagen capsule forms in muscles of nude mice which are compromised for T lymphocyte
production and the inflammation that normally infiltrates infected muscle tissue of immunocompetent mammals.
Hence, capsule formation does not appear to depend on the host immune response. Nevertheless, the potential
remains for contribution to the collagen capsule from fibroblasts that infiltrate around infected cells (Haehling et al.,
1995). Certainly, the maintenance of this feature throughout an evolutionary lineage suggests a function of basic
importance which is lacking from nonencapsulated species.

The alterations induced by T. spiralis infection in muscle cells may be adaptive for nutrient acquisition,
growth, development and/or altered detection by the host immune system. Worthy of note is that the host cell
changes documented are related to a species of the encapsulated Trichinella, a group which is inclusive of cold
tolerant species. It is possible that some changes in host muscle cells infected with T. spiralis reflect physical
antecedants that led to adaptation of more extreme cold tolerance found in the other encapsulated species. While less
well characterized, host cell changes induced by nonencapsulated species are less extreme (Gustowska et al., 1980;
Miroshnichenko, 1978).

2.3. Immunological interactions

The actual value of vaccines to prevention of trichinellosis in humans is unclear, given that prevalence of
infection in domestic swine is generally low when good management is practiced. Nevertheless, details on basic
interactions between Trichinella spp. and the host immune system offer lessons of value in a more general sense, a
few examples of which will be mentioned here. In contrast to the muscle phase of infection, worms in the intestinal
phase can be expelled within weeks of a primary infection. Experimental systems utilizing T. spiralis intestinal
infections have generated valuable information on immunopathophysiology of mammalian gut (Khan and Collins,
2004) and basic insights into mechanisms of host immunity against gut pathogens (Finkelman et al., 2004). While
not fully understood, the immune mechanism responsible for expulsion involves several components of a T helper 2
(Th2) based response, including CD4+ T lymphocytes, mast cells, associated Th2 cytokines and Th2 cellular
signalling pathways. Despite accompanying numerous gastrointestinal (GI) nematode infections, host mastositosis
has a demonstrated a role in immunity against only a limited number of these pathogens, including T. spiralis.
Research using the T. spiralis model has revealed much regarding regulation of mast cell responses and cellular
mechanisms of immunity conferred by mastositosis in this infection (Pennock and Grencis, 2006).

Extensive analysis of host immune responses has also led to the important realization that expulsion of
gastrointestinal nematodes can involve antibody-independent mechanisms (Finkelman et al., 2004). Those
mechanisms currently appear to involve regulation by the Th2 cytokine IL-13 acting on host cells lining mucosal
surfaces, with goblet cells receiving greatest scrutiny. The secreted goblet cell protein, RELM-β, has been
implicated in having novel anthelmintic properties that may antagonize neurosensory systems of multiple nematodes
in vivo, including T. spiralis (Artis et al., 2004). Other proteins found to be specifically upregulated at intestinal
mucosal surfaces during T. spiralis infection were intelectins and small proline rich proteins (Knight et al., 2004),
which may have roles in the expulsion process. A key implication of these advances is that CD4+ Th2 responses,
and IL-13 in particular, have a key role in vaccine strategies against GI nematodes, independent of antibody-based
mechanisms. This view could have radical consequences for the kind of antigens that will comprise successful
vaccines against GI nematodes.

Increasingly interesting phenomena are associated with the regulation of immune responses during the muscle
phase of the infection. This information has potential benefit since the most serious clinical signs are associated with
inflammation induced at this point of infection. One involves a markedly lower level of muscle inflammation
induced by T. pseudospiralis as compared to T. spiralis (Stewart et al., 1985). Coinfection with T. pseudospiralis
also leads to lower inflammation around T. spiralis infected cells, suggesting active modulation by T. pseudospiralis
and parasite factors that remain to be identified. Nevertheless, the inflammation that is induced by T. spiralis was
shown to be limited by host IL-10 early in infection (Beiting et al., 2004). Despite the persistent infection of muscle
cells, the inflammation surrounding T. spiralis infected cells substantially subsides over time, suggesting regulation

Biology and genome of Trichinella spiralis

8



of the initial response, but in an IL-10 independent manner. The role T. spiralis plays in these dynamic changes are
of basic interest to determine. An interesting point is that the inflammatory response described has no established
significance to protection against T. spiralis muscle larvae. Hence, the sequential repression of inflammation has
most obvious significance for the well-being of the parasitized host. One implication of this scenario is the
prolongation of survival for infected hosts, which could help stabilize this parasite reservoir for more continuous
transmission in nature.

Deciphering immune regulatory mechanisms that are activated during infections by Trichinella spp. is of
interest from a more general perspective. One case in point is the observation that coinfection with T. spiralis was
associated with more rapid recovery from clinical influenza infections in mice (Furze et al., 2006). This effect was
associated with the early phase of T. spiralis infection, which would have included migration of larvae through
tissues inclusive of lung, and occurred in an IL-10 independent manner. Since the effect was achieved by an external
treatment, underlying principles of mechanisms involved might have application in a clinical setting for treating
influenza. These observations add to increasing evidence that immune regulatory mechanisms activated during
helminth infections have potential for clinical applications (Harnett et al., 2004; Summers et al., 2005). The latter
reference addresses the use of infections by the swine parasite Trichuris suis, another Clade I parasite of the
Nematoda, to treat inflammatory bowel diseases in humans. Rationale for this treatment is that T. suis infection is
largely transient in humans, but sufficient for immune stimulation and apparent suppression of pathological immune
responses.

2.4. Parasite molecules that interact with the host

In addition to classic antigens, which will not be discussed, there is much interest in molecules produced by
Trichinella spp. that modulate host functions. A major focus has been on excretory-secretory (ES) products obtained
from larvae that are released from muscle tissue by digestion with pepsin and HCl. ES products are viewed as likely
candidates for a role in such interactions. A number of ES proteins have been identified from this stage (see also
section 3.3), including a putative DNase II and a serine protease (Romaris et al., 2002; Su et al., 1991; Vassilatis et
al., 1992). Nevertheless, it remains uncertain if the known ES proteins from muscle larvae function during the
intracellular infection of skeletal muscle cells, or if the expression during this time is in preparation for the
subsequent intestinal phase of infection (Jasmer and Neary, 1994). Function of the putative DNase and serine
protease could potentially benefit infections in either location. However when ectopically expressed in muscle cells
under in vitro conditions, the putative DNase II protein did not prevent muscle gene expression (Jasmer and Kwak,
2006), although some toxic effects of this protein complicated interpretation of those results. Bile treatment, which
mimics conditions in the small intestine, caused elevated production of ES products by isolated muscle larvae
(Smith et al., 2000), suggesting that at least some ES products have roles during the intestinal phase. Two interesting
groups of activities discovered from the latter experiments involve external kinases and nucleotide metabolizing
enzymes (Gounaris and Selkirk, 2005; Smith et al., 2000). Each of these activities have potential for modulating
multiple host functions. Forthcoming and already cloned genes for these enzymes should help to clarify when during
the life cycle these proteins have functional significance, which is crucial information to determine biological
function.

Nematodes can produce complex carbohydrates (glycans) that may have key functions in interactions with the
host immune system. T. spiralis produces an unusual glycan which is added to multiple ES proteins of muscle
larvae. The glycan has a tri- and tetrantenary structures with a terminal tyvelose, which is a dideoxy arabinohexose
(Reason et al., 1994; Wisnewski et al., 1993). The structure conferred by the tyvelose moiety creates an antibody
epitope, which occurs on multiple ES proteins of T. spiralis muscle larvae. From an immunological perspective,
antibodies against his epitope can protect against intestinal invasion by the parasite (Ellis et al., 1994). From a
different angle, antibodies against this epitope bind to nuclei of host muscle cells infected by muscle larvae (nuclear
antigens described above). While a proposed role for the glycan in this interaction is not yet warranted, the
fortuitous occurrence of the glycan on nuclear antigens facilitated the generation of significant information on these
proteins. The glycan under discussion appears to be restricted to expression in muscle larvae. Glycans from other
life cycle stages have not been investigated, but they may have equally interesting properties. Of course since the
primary sequence of glycans is not encoded by nucleic acids, serious obstacles exist for a glycomics approach with
limited biological material available from some of these stages.

3. Use of molecular biology in Trichinella

Molecular approaches have been used effectively for advancing methods to diagnose infections and
distinguish species (strains or genotypes) for epidemiological purposes. Although a number of protein coding genes
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have been cloned, primarily from T. spiralis, clarification on roles of these proteins in the biology of the parasite or
interactions with the host are only beginning to emerge.

3.1. Diagnostics

T. spiralis is the most important species in domestic swine for zoontic transmission. Two primary methods are
used to test swine for this infection. The preferred method for diagnosing infected swine is by digesting meat
samples (e.g., diaphragm, masseters, tongue or other muscles) with HCL-pepsin (e.g., Ribicich et al., 2001) and then
microscopic inspection for larvae. While somewhat cumbersome, sensitivity of this method is relatively uniform
throughout an infection. Enzyme-linked immunosorbent assays (ELISA) are an alternative method that provides for
relatively rapid detection of T. spiralis infection by serology. One advantage is that ELISA can detect infection prior
to slaughtering. As one approach serum samples are used to detect anti-T. spiralis antibodies against T. spiralis
exscretory/secretory (ES) products, which requires the parasite for production. An alternative approach was use of
the tyvelose-based epitope (see section 2.4), since it it appears to be a major antigen recognized during infection
(Denkers et al., 1990). Structural information on the glycan led to the synthesis of a glycan for use in ELISA
(Wisnewski et al., 1997). However, sensitivity of ELISA assay can be lower early in infection (Gamble, 1998).
Variability in host responses introduces an additional concern, given that the goal is to prevent infected pork or
horse meat from entering the market. Nevertheless, the ELISA is a specific and robust method which is
recommended for surveillance programs that monitor for transmission of T. spiralis within swine herds.

There are several tests available to diagnose trichichinellosis in humans. Muscle biopsy is used to directly
observe muscle larvae for unequivocal diagnosis. Biopsies can be evaluated by several methods involving
microscopy: 1) pressing tissue samples between 2 slides (Murrell and Bruschi, 1994a; Pawlowski, 1983) for
detection of muscle larvae in tissue; 2) digesting a finely minced portion of the biopsy sample in HCL-pepsin and
detection of muscle larvae released from tissue (Dordevic, 1991; Murrell and Bruschi, 1994a); and 3) histological
examination of stained sections of biopsied muscle (Purkerson and Despommier, 1994). Alternatively, several
serologic assays have been used for diagnosing human infections, including indirect immunofluorescence assays
(IFA) and ELISAs (Dordevic, 1991; Ivanoska et al., 1989). However, cross-reactivity with other parasites can
complicate interpretation of IFAs and ELISAs, and an additional test, such as western blot, is considered useful for
differential diagnosis (Roberts et al., 1994; Yera et al., 2003). Serologic diagnosis during the early infection and
acute phase is more problematic, with weak reactions complicating interpretation of these tests.

3.2. Species identification

Morphologic criteria are insufficient to specifically identify muscle larvae that are in or derived from infected
muscle. Since mixed infections can also occur (Pozio et al., 1995; Pozio et al., 1997), identification of single larvae
to species can aid in determining the source of infection and the clinical course in humans. Identification of
Trichinella species has evolved from earlier methods relying on a combination of DNA typing (Dick, 1983) and
isozyme patterns (e.g., Pozio et al., 1992a). RAPD-based analysis was the first PCR-based method (Bandi et al.,
1995; Bandi et al., 1993). This method is based on the detection of genetic markers using only a single arbitrary
primer and can be used without prior sequence information (Williams et al., 1990). However, reproducibility is an
obstacle with RAPD analysis, which also can be very sensitive to DNA quality (Penner et al., 1993). Several other
PCR-based assays evaluated specific genomic sequences (Appleyard et al., 1999; Soule et al., 1993; Wu et al., 1998;
Zarlenga et al., 1999) and a multiplex method was developed that differentiates all Trichinella spp. (Zarlenga et al.,
2001). Other discriminating methods have been described, such as overall length and cleavage fragment length
polymorphisms in the 5S rRNA intergenic spacer region (Rombout et al., 2001), and a reverse line blot (RLB) assay
(Gubbels et al., 1999; Rijpkema et al., 1995). Several of these methods can be used on single muscle larvae.
Molecular approaches have contributed significantly to specific identification of individual Trichinella spp. These
and future advances are of great importance for epidemiological and phylogenetic studies.

3.3. Proteomics

Proteomics tools are used to analyze excretory and secretory (ES) products in parasites. ES proteins are
believed to have roles in formation of the host-parasite complex and inducing changes in the host cells (Kwan-Lim
et al., 1989). Early studies involved surface labeling of proteins on three stages of T. spiralis with iodine and
examination by 1-DE (Clark et al., 1982), or use of 2-DE for identifying ES proteins in infected muscle (Jasmer,
1990), or muscle larvae (Dea-Ayuela et al., 2001; Wu et al., 1999). The attempts resulted in analyzing only few ES
proteins in terms of their biological activity, due largely to problems in identifying individual proteins. Furthermore,
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two proteins found in the ES fraction collected from muscle larvae cultivated in vitro lacked a typical N-terminal
signal sequence, while secretion appeared to be mediated through the classical ER/Golgi secretory pathway (Kuratli
et al., 2001). Later studies used 2-DE and proteomic analysis to identify ES proteins from T. spiralis. PMF data
obtained from MALDI-TOF mass spectrometric analysis of ES peptide spots excised from two-dimensional gels
was used to confirm the existence of 2 members of a family of nematode-specific proteins that have N-terminal
signal peptides (Gare et al., 2004). Expressed sequence tags (ESTs) generated from three life stages of T. spiralis
(adult, mature muscle larvae, immature L1 larvae) improved the technical capacity for proteomic research on
Trichinella spp. (Mitreva et al., 2005 and section 4). By coupling protein sequence similarity with signal peptide
prediction, 345 T. spiralis clusters were identified that had homology with predicted secreted or membrane proteins.
The EST clusters supported interpretation of peptide mass fingerprint data obtained from 2DE analysis of muscle
larvae ES proteins (Robinson et al., 2005). More recent 2DE electrophoresis of ES proteins was coupled with
MALDI-TOF- and LC-MS/MS enabling the most comprehensive identification of peptide spots from T. spiralis
performed thus far (Robinson et al., 2005). Identities were assigned to 43 out of 52 ES peptide spots analyzed based
on either the PMF data or de novo peptide data derived from LC-MS/MS. Interestingly, the 43 spots represented
only 13 different proteins indicating that there are multiple protein isoforms present in the ES, the most prominent of
which are a serine protease, the 45-kDa antigen, gp43 and 2 unidentified open reading frames (Robinson and
Connolly, 2005).

4. Previous genomic applications to study Trichinella

Until recently the approach taken to study T. spiralis involved mainly characterization of individual genes of
interest. In 2003, a genomic approach was initiated as an antecedent to more complete nuclear genome sequencing
(Wylie et al., 2004). The approach involves use of expressed sequence tags (ESTs) obtained from sampling 3 cDNA
libraries generated from three life stages of T. spiralis: adult worm (AD), mature muscle larvae (ML) and immature
L1 larvae (immL1, also known as newborn larvae). The analysis of the 10,130 ESTs identified a conservative
estimate of 3,262 unique genes. Based on genomic information from C. elegans (The C. elegans Sequencing
Consortium, 1998), this number represents 17% (3,262/19,552) of all T. spiralis genes. The GC content for protein
coding exons was 39% versus 43% for C. elegans. According to this study, 56% of the T. spiralis EST clusters had
homology to proteins from other species, while 44% were placed in the category of ‘novel’ proteins. Furthermore,
82% of the clusters with homology (1592/1942) had homology to C. elegans (or 46% of all clusters). The most
recent meta-analysis of the transcriptome of the Phylum Nematoda (Parkinson et al., 2004) reported similar results
(45%), and expanding the analysis to species beyond nematodes, identified a similar portion of the ESTs sharing
homology with the fruit fly Drosophila melanogaster. Hence, ESTs common to T. spiralis and C. elegans are not
necessarily specific to nematodes but may be conserved among diverse taxonomic groups of invertebrates. C.
elegans is often thought of, and therefore used as, a protopypical nematode because of its usefulness to serve as a
model to study biological processes. However, the results from the more extensive single-species analysis (Mitreva
et al., 2004) and more broad Phylum-related analysis (Parkinson et al., 2004) highlight the great phylogenetic
distance of T. spiralis from other nematodes, which makes the extrapolation from the biology of C. elegans to T.
spiralis challenging. However, comparative genomic approaches using both nematodes may be useful to identify
molecular features shared between these two widely disparate species that reflect ancestral features found in many
nematodes. Furthermore, the authors segregated the identified genes in multiple biological dimensions including
functional, developmental and phylogenetic categories. Nematode genes can now be cross-referenced to gain insight
on higher order associations. Observations agreed with and extended information on previously described genes and
gene families, providing expectations that information on newly discovered T. spiralis genes will have similar value.
The T. spiralis data identified sets of predicted proteins which may define differences in metabolism and molecular
interactions that exist among the T. spiralis stages investigated. Evidence of substantial gene families in relation to
previously identified antigen genes was especially instructive, as was elucidation of numerous and diverse predicted
proteinase genes. The dataset is potentially very useful for proteomics methods (as described in section 3.3) to
identify parasite proteins that occur in specific compartments, such as host muscle nuclei and parasite
excretory-secretory products and the external cuticular surface. The observations made provide strong rationale to
gain a more complete assessment of genes expressed among T. spiralis stages. From a phylogenetic perspective,
adenophorean orders that comprise clade I, such as the Trichocephalida (Trichinella, Trichuris, Capillaria),
Mermithida, Dorylaimida, and Mononchida, remain largely unexplored territory for genomic studies. This initial
analysis of expressed genes in T. spiralis confirms an ancient divergence of clade I nematodes from those of other
clades and provides an entry point toward a deep understanding of the phylum Nematoda at the molecular level.
These findings have stimulated a nuclear genome sequencing project for T. spiralis with this goal in mind, discussed
in section 5.
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For many nematode genes, trans-splicing of a short leader sequence to the 5′ end of the mRNA is a feature of
transcript maturation. The most common trans-splice leader is SL1, the sequence of which is highly conserved
across the phylum (Blaxter and Liu, 1996; Conrad et al., 1991; Krause and Hirsh, 1987). It is estimated that 80% of
Ascaris suum transcripts (Nilsen, 1993), 70% of C. elegans transcripts (Blumenthal and Steward, 1997), and 60% of
Globodera rostochiensis transcripts are SL1 trans-spliced (Ling Qin, personal communication). While the extent to
which each nematode species uses SL1 is unknown, the Parasitic Nematode Sequencing group at the Washington
University Genome Sequencing Center has made SL1-PCR libraries from 18 nematode species to date
(www.nematode.net; Wylie et al., 2004). While these libraries are inclusive of one for T. spiralis, difficulties were
encountered in making this library. For instance, utilizing the standard protocol for generating SL1-based libraries,
the T. spiralis SL1-based library produced a much lower passing rate than other species. This can imply that either
the SL1 sequence is more divergent in T. spiralis than in other nematodes, making capture of SL1-modified mRNAs
difficult, or very few genes (if any) are preceded by the most common nematode SL1 sequence. Currently, there is
no direct evidence for splice leader addition to mRNAs from T. spiralis or other clade I nematodes. Genome
sequencing may provide information to distinguish these possibilities. Because spliced leader addition is also
associated with the organization and expression of C. elegans genes in operons (Blumenthal and Gleason, 2003), the
status of spliced leader additions in T. spiralis and other clade I nematodes should be clarified.

Mitochondrial DNAs (mtDNAs) vary extensively in size and gene content across diverse eukaryotic groups,
while those of animals (Metazoa), however are relatively more uniform (Lang et al., 1999). As of May 2006, there
are 13 nematode mtDNA sequences in the GenBank (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Genome
&cmd=Search&dopt=DocSum&term=txid6231[Organism:exp]. Although nematode mitochondrial genome
sequence data available thus far conforms more or less with current generalizations concerning metazoan mtDNAs,
the genomes do contain some unique features and common characteristics. These include 12 protein-coding genes
(lacking the atp8 gene, except for Trichinella spiralis in which it is also encoded), the lack of either a DHU or TΨC
arm in the tRNA secondary structure and apparent unidirectional transcription, where all genes occur on the same
strand (see Hu et al., 2003 for details), with the exception of T. spiralis (Lavrov and Brown, 2001) and Xiphinema
americanum (He et al., unpublished) where some genes would be transcribed from the opposite strand. Convergent
evolution (not derived from a common ancestry) of gene rearrangement is generally known to be rare (Lavrov et al.,
2004). Therefore, comparative analysis of the mitochondrial genome information (e.g., gene arrangement,
nucleotide and amino acid sequences) has often been used as a reliable tool for resolving the phylogenetic
relationships in a large number of diverse animal groups with ancient evolutionary origins (Boore and Brown, 2000;
Smith et al., 1993; Larget et al., 2005). The mitochondrial genome of T. spiralis revealed that its organization more
closely resembles that of the coelomate metazoans than that of its presumed closest relatives, the secernentean
nematodes (Lavrov and Brown, 2001). Furthermore, T. spiralis is the only nematode species known in which
mtDNA includes a putative atp8 gene (as discussed above), bringing the total of recognized T. spiralis mtDNA
genes to 37 genes, which is typical of most metazoan mtDNA (Lavrov and Brown, 2001).

5. Current genome sequencing project for Trichinella spiralis

In a hunt for a representative basal or outgroup nematode, The National Human Genome Research Institute
(NHGRI) called for proposals for species that represent a position on the evolutionary timeline marked by important
changes in animal anatomy, physiology, development or behavior. In addition, the T. spiralis genome sequence was
expected to contribute in several ways: i) to provide a better understanding of evolutionary biology by identifying
gene loss or gain across the phylum Nematoda and clarify evolution of genome architecture (synteny, operons); ii)
help identify RNA genes and regulatory regions; and iii) better define proteins involved in nematode parasitism that
impact health and disease and are relevant to both host-parasite relationships and basic biological processes. In
2004, the NHGRI announced that the Large-Scale Sequencing Research Network received financial support for
sequencing the genome of the adenophorean nematode of clade I, Trichinella spiralis.

Washington University's Genome Sequencing Center (GSC) was assigned to sequence the T. spiralis genome.
The sequencing plan called for BAC fingerprint map, BAC end sequencing, 8-fold sequence coverage in plasmids,
end sequence of a fosmid library at 0.3-fold coverage, followed by two rounds of directed sequence improvement
(pre-finishing). The genome sequence project is in progress and as of April 2006, there were 4,168,619 traces in the
NCBI trace archive, of which 3,940,023 are WGS sequences, 29,360 shotgun reads, and 199,236 fosmid end
sequences.

The PCAP package (Huang et al., 2006) was used to perform an initial assembly (http://genome.wustl.
edu/genome.cgi?GENOME=Trichinella%20spiralis). 96% (3,389,303 / 3,534,683) of the reads were placed in the
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assembly with 97% (55,472,619 / 56,779,425) of the sequences having output contig quality scores of ≥Q20. The
assembled genome size (56.8 Mb) deviated significantly from earlier published estimates (Searcy and MacInnis,
1970) but was close to recent genome size estimate of 1C = 71.3 ± 1.2 Mb based on flow sorted nuclei, stained with
PI (Spencer Johnston, unpublished). Preliminary analysis using Caenorhabditis spp. genes (C. elegans, C. brigssae,
C. remanei) and all parasitic nematode originated ESTs (September 2006) identified 6,845 unique loci within the
6,262 supercontigs of the T. spiralis assembly (at least 80 bits for an match to be consider as a significant). Of these,
38% (2,575/6,845) got matched by free-living and parasitic nematodes, and 41% (2,813/6,845) loci were identified
only by the available T. spiralis ESTs (Mitreva et al., 2004). Furthermore, 21% (1,457/6,845) of the loci were
identified only by parasitic nematode originated sequences i.e. putative parasitism genes. Several nematode genomes
are completed or underway (Table 1), however the majority of the available sequencing data from parasitic
nematodes are ESTs (>375,000 from 40 species; http://www.ncbi.nlm.nih.gov/entrez/query.fcgi), therefore we used
the parasitic nematode ESTs to identify putative parasitism genes. More information on the number of genes that are
T. spiralis, lineage or parasitism specific, will be revealed after the T. spiralis gene set becomes available and
compared to the nematode genomes that are completed or underway (Table 1).

Table 1. Nematode taxa for which a genome sequencing project is underway

Spices Clade Tropic ecology Statusa Size of
genome (Mb)

Funding

Draft genome (6–8x coverag)

Caenorhabditis elegans V Bacteriovore C 100.2 NHGRI and
MRC

Caenorhabditis briggsae V Bacteriovore C 105 NHGRI and
Wellcome Trust

Caenorhabditis remanei V Bacteriovore C 131 NHGRI

Caenorhadbitis japonica V Bacteriovore P - NHGRI

Caenorhabditis sp. c.f. pB2801 V Bacteriovore P 150 NHGRI

Pristionchus pacificus V Omnivore P 170.2 NHGRI

Heterorhabditis bacteriophora V insect-associated
bacteriovorre

P ~110 NHGRI

Brugia malayi III Vertebrate parasite C ~100 NIAID

Haemonchus contortus V Vertebrate parasite P ~55 Wellcome Trust

Meloidogyne hapla IV Plant parasite P 62.5 NSF/USDA

Meloidogyne incognita IV Plant parasite P ~50 Genoscope

Trichinella spiralis I Vertebrate parasite P 71.3 NHGRI

Low covergae of the genome (1–3x)

Ancylostoma caninum V Vertebrate pararsite C ~50 NAIAD

Pristionchus naupasi Omnivore P 500 Max Planck

Pristionchus entomophagous Omnivore P 160 Max Planck

Ascaris suum III Vertebrate parasite C ~300 NAIAD

Heterodera glycines IV Plant parasite C ~50 NSF/USDA
aC:complete; P: in progress or planned.
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