
University of Nebraska - Lincoln University of Nebraska - Lincoln 

DigitalCommons@University of Nebraska - Lincoln DigitalCommons@University of Nebraska - Lincoln 

Faculty Publications from the Harold W. Manter 
Laboratory of Parasitology Parasitology, Harold W. Manter Laboratory of 

2002 

Identification and Characterisation of a cDNA Sequence Encoding Identification and Characterisation of a cDNA Sequence Encoding 

a Glutamic Acid-Rich Protein Specifically Transcribed in a Glutamic Acid-Rich Protein Specifically Transcribed in 

Trichinella spiralisTrichinella spiralis  Newborn Larvae and Recognised by Infected Newborn Larvae and Recognised by Infected 

Swine Serum Swine Serum 

Dante S. Zarlenga 
United States Department of Agriculture 

Patricia Boyd 
United States Department of Agriculture 

J. Ralph Lichtenfels 
Animal Parasitic Disease Lab, ARS, United States Department of Agriculture, 2jrcgl@gmail.com 

Dolores Hill 
Animal Parasitic Disease Lab, ARS, United States Department of Agriculture 

H. Ray Gamble 
National Research Council, rgamble@nas.edu 

Follow this and additional works at: https://digitalcommons.unl.edu/parasitologyfacpubs 

 Part of the Parasitology Commons 

Zarlenga, Dante S.; Boyd, Patricia; Lichtenfels, J. Ralph; Hill, Dolores; and Gamble, H. Ray, "Identification 
and Characterisation of a cDNA Sequence Encoding a Glutamic Acid-Rich Protein Specifically Transcribed 
in Trichinella spiralis Newborn Larvae and Recognised by Infected Swine Serum" (2002). Faculty 
Publications from the Harold W. Manter Laboratory of Parasitology. 630. 
https://digitalcommons.unl.edu/parasitologyfacpubs/630 

This Article is brought to you for free and open access by the Parasitology, Harold W. Manter Laboratory of at 
DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in Faculty Publications from 
the Harold W. Manter Laboratory of Parasitology by an authorized administrator of DigitalCommons@University of 
Nebraska - Lincoln. 

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by UNL | Libraries

https://core.ac.uk/display/188060753?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://digitalcommons.unl.edu/
https://digitalcommons.unl.edu/parasitologyfacpubs
https://digitalcommons.unl.edu/parasitologyfacpubs
https://digitalcommons.unl.edu/parasitology-manterlab
https://digitalcommons.unl.edu/parasitologyfacpubs?utm_source=digitalcommons.unl.edu%2Fparasitologyfacpubs%2F630&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/39?utm_source=digitalcommons.unl.edu%2Fparasitologyfacpubs%2F630&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.unl.edu/parasitologyfacpubs/630?utm_source=digitalcommons.unl.edu%2Fparasitologyfacpubs%2F630&utm_medium=PDF&utm_campaign=PDFCoverPages


Identification and characterisation of a cDNA sequence encoding a
glutamic acid-rich protein specifically transcribed in Trichinella spiralis

newborn larvae and recognised by infected swine serum

Dante S. Zarlengaa, Patricia Boyda, J. Ralph Lichtenfelsb, Dolores Hillb, H. Ray Gamblec

aImmunology and Disease Resistance Laboratory, USDA, ARS, ANRI, Beltsville, MD 20705, USA
bParasite Biology, Epidemiology and Systematics Laboratory, USDA, ARS, ANRI, Beltsville, MD 20705, USA

cNational Research Council, Washington, DC 20418, USA

Received 26 April 2002; received in revised form 13 June 2002; accepted 13 June 2002

Abstract

Presently, little is known of the mechanism by which Trichinella penetrates and modulates reprogramming of muscle cells. In light of

evidence demonstrating strong protective characteristics of antigens derived from this stage, understanding this process may shed light on

potential targets for effective abatement of infection. To this end, a PCR-derived cDNA expression library was constructed using 0.5 mg of

total RNA from Trichinella spiralis newborn larvae. The library consisted of .125,000 insert-containing clones. Approximately 40–

50 £ 103 clones were screened immunologically using sera from pigs experimentally infected with 7,000 Trichinella L1. Multiple clones

reacting positively with the swine infection serum and encoding portions of a glutamic acid-rich protein were identified. Northern and

Southern blots indicated at least two distinct genes that encoded the glutamic acid-rich proteins and that these genes were transcribed

specifically in the newborn larvae stage. cDNA sequence data predicted open reading frames of 1,497 and 1,716 bp generating proteins of

498 amino acids and 571 amino acids, respectively. Both sequences consisted of approximately 39% glutamic acid and 16% serine residues,

and differed by the presence of a 219 bp fragment present in the 1,716 bp sequence that was absent from the 1,497 bp sequence. PCR data

indicated that additional isoforms exist within this gene family that are different in length from those described above. In addition, it was

found that more than one isoform can exist within a single worm and that this pattern can vary between individual worms within a population.

Mouse antibodies to recombinant antigen localised the glutamic acid-rich proteins to the periphery of the developing stichocyte cells within

the newborn larvae consistent with the hypothesis that the newborn larval antigens are secreted. Published by Elsevier Science Ltd. on behalf

of Australian Society for Parasitology Inc.
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1. Introduction

Nematodes of the genus Trichinella form a unique class

of intracellular parasites in that they complete their entire

life cycle within a single host. Except for the short time

following extrusion from the female, larvae are confined

to the skeletal muscle cell. In general, successful infection

of the muscle cell is paralleled by rapid changes in other

cellular events that invoke a reprogramming of the cell, also

referred to as basophilic transformation (Gabryel and

Gustowska, 1970), host cell-cycle re-entry (Jasmer and

Neary, 1994) and dedifferentiation (Vassilatis et al.,

1996). Cell reprogramming is accompanied by DNA repli-

cation (Jasmer, 1993), enlargement and migration of

infected cell nuclei (Despommier et al., 1991), reduction

in myofibrillar proteins (Jasmer et al., 1990), termination

of the host cell development in the G2/M phase with cessa-

tion of muscle gene transcription (Jasmer, 1993), and forma-

tion of a collagen-based envelope or cyst wall, around the

cell. It has been proposed that the purpose for the cyst

around this newly developed ‘nurse cell’ is to serve as a

protective and metabolic niche for the parasite which occurs

in the absence of muscle cell death. However, two species of

Trichinella, Trichinella pseudospiralis and Trichinella

papuae (Pozio et al., 1999; La Rosa et al., 2001), that also

induce cellular reprogramming, survive well within infected

animals, but fail to invoke cyst formation as a consequence

of infection, bring into question the primary role of encyst-

ment as a protective environment for the parasite.

To date, substantial immunological, biochemical and

molecular studies have focused on the muscle larvae due

in part to the ease with which this stage can be propagated

and isolated. In addition, Trichinella spiralis muscle larvae

have garnered interest from investigators because of the
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strong host immune responses that develop as a conse-

quence of antigens secreted from this stage. It had been

postulated that the muscle larval ES antigens were respon-

sible for reprogramming infected striated muscle cells;

however, evidence has been advanced indicating that it is

the newborn larvae that initiate these cellular events (Jasmer

and Neary, 1994; Gabryel et al., 1995). Wranicz et al.

(1998) showed further that the genesis of cellular re-

programming can occur within muscle cells that do not

directly contact newborn larvae but are proximal to those

recently infected with Trichinella, suggesting that secre-

tions from the newborn larvae present within the local

milieu surrounding the newly infected cell are capable of

inducing changes in the adjacent cells as well. Changes in

the morphology of neighbouring muscle cells persist for up

to 30 days following parasite penetration of the muscle cell,

after which a reversion to normal morphology occurs. Infec-

tivity appears greatest during the first 9 h. following larval

birth, then falls off precipitously thereafter, suggesting that

the newborn larvae are likely born with and rapidly lose

their transformation potential (Wranicz et al., 1998).

In contrast to the moderate protective responses elicited

by muscle larval ES antigens in pig immunisation trials, pigs

receiving crude extracts of newborn larval antigens were

greater than 85% protected against challenge infections

suggesting that surface proteins were among the most

protective of this mix (Marti et al., 1987). These results

argued that immunity to newborn larvae may confer greater

resistance to challenge than does intestinal immunity. This

work supported earlier studies showing that passively trans-

ferred rodent antibodies (Moloney and Denham, 1979;

Perrudet-Badoux et al., 1981; Ortega-Pierres et al., 1984)

and newborn larvae given i.v. (Despommier, 1971) were

also protective.

The above information support the need for understand-

ing the mechanisms by which newborn larvae penetrate and

reprogram the muscle cells as well as confer protection to

the infected host. To date, however, no work has been

performed studying genes associated with this stage of

Trichinella because of difficulties in obtaining sufficient

material for genetic analysis. The research presented herein

is the first such report demonstrating not only characterisa-

tion of a family of genes encoding glutamic acid and serine-

rich proteins specific to this stage, but the identification of

these genes from a PCR-derived expression library using

swine infection sera as a screening agent.

2. Materials and methods

2.1. Parasite isolation

Trichinella spiralis (ISS 31) was maintained by serial

passage in female Sprague–Dawley rats. Muscle larvae

were recovered by a 3 h pepsin:HCl (1% v/v) digestion of

infected rat muscle 30 days post infection (p.i.), and used to

generate adult parasites and newborn larvae. For the produc-

tion of adult parasites and newborn larvae, rats infected

orally with 7,000 muscle larvae were killed on the 6th day

p.i. Adults were recovered from washed intestines and

cultured overnight for the production of newborn larvae as

described (Marti et al., 1987). Newborn larvae were sepa-

rated from adults by twice passing culture fluids through a

40 mm mesh filter. Preparations were confirmed microsco-

pically to contain less than 5% adult parasites. Larvae were

either frozen at 2708C, or immediately suspended in Trizol

Reagent (Invitrogen) for RNA isolation. Adults remaining

after culture and substantially devoid of embryonated eggs

were used for isolating RNA. Muscle larvae not used to

infect rats were frozen for the isolation of muscle larvae

RNA and genomic DNA. Individual adult parasites and

muscle larvae were morphologically distinguished as male

and female by the presence of the caudal, bilobed, copula-

tory bursa in adult males (Lichtenfels et al., 1983). Male and

female muscle larvae were separated based upon character-

istics of the proximal end of the reproductive tracts near the

junction of the intestine and stichocyte-esophagus, and by

the relative lengths of the rectum (Kozek, 1975). Individual

parasites were immediately processed for DNA isolation.

2.2. Nucleic acid isolation

Total RNA was isolated from newborn larvae by sonica-

tion in Trizol Reagent (Invitrogen) as described by the

manufacturer. RNA from muscle larvae and adult parasites

was generated by proteinase K:SDS digestion of parasite

material followed by phenol and phenol:chloroform extrac-

tion and ethanol precipitation (Dame et al., 1987). All RNA

samples were DNAse treated, extracted with phenol:chloro-

form, ethanol precipitated and dissolved in sterile water. For

genomic DNA from muscle larvae, a proteinase K:SDS

digest was RNAse A/T1 treated, re-extracted and ethanol

precipitated. Total nucleic acids were isolated from micro-

scopically selected individual worms in 10 ml of PCR buffer

(10 mM Tris–HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl2,

0.01% (w/v) gelatin) as described (Zarlenga et al., 1999).

Samples were stored at 2208C prior to PCR. Southern and

Northern blots were carried out using Nytrane membranes

as described (Southern, 1975). For Southern blots, approxi-

mately 10 mg of T. spiralis muscle larvae genomic DNA

was used for each restriction enzyme digestion. Northern

blots contained approximately 12 mg of total RNA per

lane. Radiolabelled probes were synthesised from a partial

clone, designated NBL4.1.4, in the presence of [32P] dCTP

and random primers as described by the manufacturer (Invi-

trogen). Blots were exposed overnight to Kodak Biomax-

MS film.

2.3. Library construction and immunoscreening

A cDNA library was constructed in the Eco RI site of

ggt11 using the SMARTe I PCR cDNA construction kit

(BD Biosciences Clontech) and 0.5 mg of total newborn
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larval RNA. PCR amplification was carried out for 22 cycles

of 958C for 15 s followed by 688C for 5 min in a total

volume of 100 ml using Advantage 2 Polymerase Mix

(BD Biosciences Clontech) and supplied primers. Manufac-

turer recommendations were followed for library construc-

tion except for the ligation of hemi-phosphorylated Eco RI/

Not I adaptors (Invitrogen) and their purification from

double-stranded cDNA (dscDNA). To this end, unincorpo-

rated adaptors were removed by two passages through a

1 cm Sephacryl-S400 HR spin column (Promega) using a

TOMY swinging bucket rotor at 800 £ g for 5 min. The

purified dscDNA was ethanol precipitated using 1 mg of

phosphatased ggt11 arms as carrier and ligated overnight

in the presence of T4 DNA ligase in a total volume of 5 ml.

The ligated dscDNA was packaged, used to infect

Escherichia coli Y1090 cells, and immunologically

screened with serum from pigs infected with 7,000 T. spir-

alis muscle larvae and bled 8 weeks p.i. Approximately

0.5 £ 105 clones were transferred to isopropyl-1-thio-b-d-

galactopyranoside (IPTG)-impregnated nitrocellulose filters

and screened overnight with swine infection serum diluted

1:50 in 1 £ blocking solution (Kirkegaard and Perry)

followed by 1:500 dilution of peroxidase-conjugated, rabbit

anti-swine in 1 £ blocking solution as described (Zarlenga

et al., 1994).

2.4. Polymerase chain reaction

Positive clones picked through immunoscreening the

cDNA library were subcloned by PCR using the Advantage

2 Polymerase Mix (BD Biosciences Clontech). Reactions

were performed in 50 ml containing 200 mM of each

dNTP, 0.25 mM each of ggt11 primers #483 (5 0

AAAGAATTCGACGACTCCTGGAGCCCG) and #484

(AAAAGTCGACACCAGACCAACTGGTAATG), and

manufacturer provided buffers. Enzymatic amplification

was performed for 30–35 cycles under the following condi-

tions: 948C for 1 min, 608C for 1 min and 728C for 2 min.

PCR products were separated on 2% MetaPhor agarose gels,

and visualised by ethidium bromide staining prior to gel

purification and insertion either into the pCR 2.1 vector

by TA cloning, or into the Eco RI/Sal I site of pMal-c2

(New England Biolabs) for protein expression. Positive

clones were sequenced automatically on an ABI Sequencer

model 3100. A full-length sequence was identified after

further library screening. Multiple isoforms were cloned

by PCR amplification directly from cDNA using forward

primer #661 (5 0 AGACATATGTGGCTTTTCCGCTCTCC)

and reverse primer #662 (AAAGCGGCCGCACA-

CACTTTCATCCGATTCTTCC), which bind at the start

and stop sites of the 1,497 bp clone, and contain Nde I

and Not I restriction sites (italicized), respectively. For clon-

ing the multiple isoforms, PCR extension was increased to

3 min. Examination of individual parasites for isoform

profiles was performed using PCR primers #599

(5 0AGATACATCTGAGGAACAAGC) and #662, the

above described amplification conditions, and DNA (3 ml)

from individual adult parasites or muscle larvae per reac-

tion.

2.5. Protein expression and antibody production

Partial newborn larval clone, NBL4.1.4, which contained

a portion of the glutamic acid-rich region, was subcloned

into the Eco RI/Sal I site of pMal-c2. The cDNA was

expressed as an N-terminal, maltose-binding fusion protein

under the control of the lac repressor, and affinity purified

over an amylose column as defined by the manufacturer

(New England Biolabs). The approximate concentration of

purified recombinant protein was determined spectrophoto-

metrically (Stoschek, 1990). The NBL4.1.4 protein was

assayed by Western blot as described (Zarlenga et al.,

1994). Antiserum to the NBL4.1.4 protein was produced

in Swiss–Webster female white mice by i.p. injection

(3 £ 50 mg protein/dose) at 2-week intervals using alum

(400 mg/injection) as adjuvant. Sera were collected before

inoculation and 1 week after the final inoculation.

2.6. Immunohistochemistry

Trichinella newborn larvae were fixed with 3% parafor-

maldehyde and 0.5% gluteraldehyde in 0.2 M sodium caco-

dylate buffer, pH 7.4, and processed for light microscopy

(Hill et al., 1990). Fixed worms were dehydrated in ascend-

ing steps of ethanol and embedded in LR White resin (Poly-

sciences). Thick sections (80 nm) were cut on a Porter-Blum

Ultramicrotome, collected onto uncoated glass slides and

processed for immunohistochemistry using mouse anti-

NBL4.1.4 (1:100) as the first-step antibody, and biotinylated

goat anti-mouse (1:1000) as the second-step antibody.

Sections were incubated in streptavidin colloidal gold with

10-nm particles (Sigma) followed by silver amplification

with IntenSE M (Amersham). All incubations were

performed at room temperature. Sections were counter-

stained with Ladd’s Multistain, mounted with Permount,

and photographed using an Olympus AH-2 photomicro-

scope with bright-field optics. Control sections were treated

identically as above except for the use of normal (pre-immu-

nisation) mouse sera as the first-step antibody.

3. Results

The newborn larvae cDNA library consisted of approxi-

mately 1.25 £ 105 insert containing clones. Immunological

screening of 40–50,000 plaques with swine infection serum

resulted in the identification of 14 positively reacting clones,

the most strongly of which were encoded by portions of the

same or similar genes. Southern blots screened with a radi-

olabelled probe NBL4.1.4, made from one of the subcloned,

abundant sequences, generated a profile suggestive of a

gene family showing multiple bands predominantly within

the HindIII-digested DNA (Fig. 1A). Northern blots

D.S. Zarlenga et al. / International Journal for Parasitology 32 (2002) 1361–1370 1363



containing total RNA from newborn larvae, muscle larvae

and adult parasite exhibited two bands migrating at approxi-

mately 1,550 and 1,750 bases in the RNA from newborn

larvae only (Fig. 1B). The radiolabelled probe spanned

bases 202–765 (Fig. 2) and contained a single, internal

Hind III site.

Sequence analysis of a full-length clone, designated

NBL1500, indicated an open reading frame of 1,497 bp

(Fig. 2) encoding a predicted protein sequence of 498

amino acids with an isoelectric point of 3.4. PCR amplifica-

tion of cDNA using gene specific primers #661 and #662

that bind at the putative start and stop sites produced at least

two dominant fragments; one coinciding with the 1,497 bp

fragment and the other migrating at approximately 1,700 bp.

Sequence data from the larger fragment, designated

NBL1700, indicated an open reading frame of 1,716 bp

encoding a protein of 571 amino acids (Fig. 2), and as

with the 1,497 bp fragment, consisted of approximately

39% glutamic acid and 16% serine residues. Both the

NBL1500 and NBL1700 sequences were essentially the

same except for a 219 bp (73 amino acid) region in

NBL1700 that was absent from the NBL1500. The prepon-

derance of the glutamic acid in both sequences was nearest

the C-terminus where the local concentration of both gluta-

mic acid and total acidic residues increased to 48 and 53%,

respectively. The pentapeptide repeat, ASEEX, appears

frequently throughout both sequences where X is predomi-

nantly K, E or Q. A variation of the repeat, ASQEE, also

appears, though it is substantially less abundant. Two addi-

tional, imperfect repeats 31 amino acids (Repeat A; Fig. 3A)

and 40 amino acids (Repeat B; Fig. 3B) in length, are also

present within the sequences from newborn larvae where

Repeat B within NBL1500 exists in tandem and is inter-

rupted by the 73 amino acid insert present in NBL1700.

Within each of the two sequences, there exist seven putative

N-glycosylation sites and a hydrophobic region within the

first 25 amino acids proximal to the N-terminus. Analysis of

multiple clones of both the NBL1500 and NBL1700 cDNAs

did not reveal absolute sequence identity within the 1,000–

1,200 bp closest the 3 0 terminus (data not shown). Artifacts

derived from PCR could not explain all of the inconsisten-

cies. We instead interpret this as variability among cDNA

isoforms within and between individual parasites (discussed

below). Thus, the NBL1500 and NBL1700 sequences illu-

strated in Fig. 2 should be regarded as representative of a

family of gene sequences within the newborn larval stage.

Amplification of a portion of the newborn larval

sequences spanning bases 519 (primer #599) and the 3 0-

terminus (primer #662) using DNA derived from individual

adult parasite, produced multiple banding patterns. The

predicted 979 and 1,198 bp fragments appeared in all

adult female samples, but an additional weak band migrat-

ing at approximately 1,030 bp was evident in some worms

(Fig. 4A). Both the 979 and the 1,198 bp fragments were

found when males were assayed within the population;

however, not all parasites contained both fragments. In addi-

tion, a fourth band appeared in one male parasite migrating

at approximately 1,140 bp. Thus, at least four distinct band-

ing patterns emerged from the adult male samples. Within

the male muscle larvae, a fifth pattern was observed exhibit-

ing the 979 bp fragment only (Fig. 4B). Except for one

tested sample, PCR products amplified from female muscle

larvae were similar to those generated from the adult female

parasites.

D.S. Zarlenga et al. / International Journal for Parasitology 32 (2002) 1361–13701364

Fig. 1. A Southern blot of Trichinella spiralis genomic DNA. Single and

double restriction enzyme digests were performed on 10 mg of genomic

DNA as follows: (1) Hind III; (2) Eco RI; (3) Eco RV; (4) Hind III/Eco RI;

(5) Hind III/Eco RV; and (6) Eco RI/ Eco RV. Lane 1 required over

exposure to better reveal the DNA banding pattern. (B). Northern blot of

T. spiralis RNA. Total RNA (12 mg) from Trichinella muscle larvae (L1),

newborn larvae (NBL) and adult parasite were separated on a formaldehyde

denaturing agarose gel. In both figures A and B, nucleic acids were trans-

ferred to Nytrane and screened with [32P]dCTP radiolabelled NBL 4.1.4, a

partial cDNA clone of the NBL 1500 sequence which spans bases 202-765

(see Fig. 2). For control of RNA loading, the Northern blot was rescreened

with a probe, designated pTsr 2.2, encoding the full-length small subunit

rDNA from T. spiralis (Zarlenga and Murrell, 1989).



D.S. Zarlenga et al. / International Journal for Parasitology 32 (2002) 1361–1370 1365

Fig. 2. DNA and predicted amino acid sequence of the NBL1500 and NBL1700 cDNAs. Underlined sequences beginning at bases 1, 519 and 1,692 are the

binding sites of primers 661, 599 and 662, respectively, where primer 662 is complementary to that shown. DNA and amino acid sequences highlighted in bold

type reflect the region present in NBL1700 only. Boxed amino acid sequences represent randomly dispersed ASEEX and ASQEE pentapeptide repeats. The

NBL1500 and NBL1700 sequences appearing in Fig. 2 have been assigned GenBank accession numbers AY092819 and AY092820, respectively.



Western blots of NBL4.1.4 and factor Xa-digested

NBL4.1.4 indicated that under the transfer conditions

used, the incompletely expressed protein, unlinked to the

maltose-binding protein did not bind to the transfer

membrane (data not shown). Coomassie blue staining of

SDS-PAGE gels following electrophoretic transfer showed

no presence of the untagged, expressed protein left in the gel

following electroelution. Consequently, mouse anti-

NBL4.1.4 antibodies were unable to detect the natural

protein(s) within newborn larval extracts by Western blot.

The inability of the glutamic acid-rich proteins to

adequately bind nitrocellulose or charged nylon membranes

is likely due to their extraordinary composition. This

phenomenon has been observed elsewhere with glutamic

acid-rich proteins (Triglia et al., 1988).

Immunohistochemical staining of fixed newborn larvae

showed antibody binding to the parasite stichosome (Fig.

5). No interaction was observed with parasite cuticle,

muscle or other organs. Binding within the stichosome

was generally localised to the periphery of the developing

stichocyte cells (Fig. 5).

4. Discussion

This is the first report on the identification of genes

encoding host recognised antigens associated with the

newborn larval stage of T. spiralis. Using serum from pigs

experimentally infected with T. spiralis to screen a newborn

larval expression library, an immunodominant sequence,

designated NBL1500, was identified that encodes a protein

specifically transcribed in the newborn larval stage and

highly enriched in glutamic acid (39%) and serine (16%)

residues where the largest number of acidic amino acids

(53%) resides nearest the C-terminus. PCR amplification

of cDNA with primers that span the entire open reading

frame of NBL1500 resulted in the cloning of at least one

other gene, designated NBL1700, that contains a 219 bp

insert/repeat relative to NBL1500, and the identification of

additional isoforms that remain uncharacterised. Conforma-

tional analysis using Coils 2.1 (Lupas et al., 1991) suggests

that the predicted NBL1500/1700 proteins assume an a-

helical, coiled-coil conformation within the glutamic acid-

rich region i.e. from amino acid 100 through the C-terminus,

though the primary structures do not strictly conform to the

amphipathic character of alternating hydrophobic and

hydrophilic residues proposed by Lupas et al. (1991).

Within this region, three separate domains/coils have been

calculated that centre around amino acids 191, 299 and 521

where the values approach 1.0 and substantially exceed the

threshold probability of 0.5 units. The small, hydrophobic

region at the N-terminus is consistent with this functioning

either as an inside–out transmembrane helix or as a secre-

tory signal with a putative cleavage site at amino acid 28.

The binding of anti-glutamic acid-rich antibodies to the

periphery of the developing stichocyte cells is consistent

D.S. Zarlenga et al. / International Journal for Parasitology 32 (2002) 1361–13701366

Fig. 3. Two long amino acid repeats within the predicted NBL1500 and NBL1700 sequences. The repeat number defines the amino acid location relative to Fig.

2. In Repeat B, 295 is present in both newborn larval sequences. Repeats 335a and 335b are present in NBL1500 and NBL1700, respectively, where the

underlined amino acids in 335b define a portion of the 73 amino acid insert in NBL1700 beginning with residue ‘V’. Amino acid identity is indicated by ‘·‘ and

gaps are represented by ‘-’.



with these proteins being membrane associated; however,

apart from the hydrophobic character of the N-terminus, the

sequences from newborn larvae lack features of integral

membrane proteins in that no additional hydrophobic char-

acter is present to provide a membrane spanning domain.

Furthermore, there is no signal sequence at the C-terminus

for membrane attachment through a glycosyl-phosphatidy-

linositol anchor (Berger et al., 1988); consequently, the

hydrophobic N-terminus may be more consistent with a

secretory function. Stichocyte cells within the muscle larvae

are well known for their secretory characteristics.

When DNAs from individual worms were PCR amplified,

no fewer than two additional fragments appeared that

migrated between the NBL1500 and NBL1700 sequences.

No substantial difference was observed in the banding

patterns between female muscle larvae and adult parasites,

which potentially harbor embryonated eggs or unhatched,

fully developed newborn larvae. These unique banding

patterns are consistent with a multiple gene family;

however, multiple alleles where sequence variation was

observed among the isoforms cannot be ruled out. In addi-

tion, these data are among the first demonstrating genetic

variation at the genome level between individual worms

within a single Trichinella population, where the highest

level of variability was observed among the males. It should

be noted that the T. spiralis isolate used in these experiments

is a well-characterised laboratory strain maintained in mice

and pigs in excess of 25 years, indicating that the variability

in this character has been retained with time.

In most animal–parasitic nematodes, gametes originate

from a single cell (telegonic gonads); however, nematodes

of the genus Trichinella have hologonic gonads in both the

male and female where the germinal zone for gametes

extends the entire length of the organ. It has been proposed

(Murrell et al., 2000) that dispersion of the germinal zone

may impart requisite genetic variation within a population

that normally presents little possibility for natural variation

by inbreeding between populations.Within Plasmodium

reichenowi, Theisen et al. (2001) found that an excess of

replacement polymorphisms within the glutamic acid-rich

region of the PrGLURP protein among field isolates was

consistent with positive diversifying selection which in

turn would help the parasite avoid the host immune

defenses. Though avoidance of host immunity cannot be

ruled out, it is unlikely the sole impetus for the variation

observed in the NBL1500/1700 sequences between or

within individual worms given that: (1) transcription of

the genes is limited to the NBL whose life is usually

measured in hours prior to encysting within the muscle

cell; (2) the window for peak, non-synchronous production

of newborn larvae within the host lasts less than 48 h, and;

(3) sufficient sequence identity exists within the glutamic

acid-rich regions of the newborn larval isoforms that host

immune responses are likely overlapping. The a-helical,

coiled-coil domains predicted for the glutamic acid-rich

region of NBL1500/1700 have been associated most

often with functional proteins that bind other molecules

such as myosins, intermediate filaments, transcriptional

activators, and a- and b-tubulins (Lupas et al., 1991).

Thus, the predicted secondary structure of the NBL1500/

1700 would ascribe a regulatory role to the proteins

thereby linking variability to functionality. A similar set

of at least two secreted glutamic acid-rich isoforms, each

transcribed by unique genes, was identified in rat where
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Fig. 4. Enzymatic amplification of genomic DNA from individual female and male adult worms (A) and muscle larvae (B) using primers #599 and #662. PCR

primers span the 219 bp deletion in NBL1500 relative to NBL1700 and produce 1,198 and 979 bp truncated fragments characteristic of the NBL1700 and

NBL1500 sequences, respectively. Non-uniform banding patterns were generated throughout the samples tested with the appearance of unique sized newborn

larval fragments.



differential expression occurred among the isoforms in

response to b-adrenergic agonists (Cooper et al., 1991).

Evidence from immunologically identified, overlapping

sequences among smaller, incomplete clones of the

NBL1500/1700 family (data not shown), support the

conclusion that the glutamic acid-rich region contributes

substantially to the immunogenicity of the NBL1500/

1700 proteins. Antigenic, glutamic acid-rich proteins are

not unique to parasites, though the newborn larval proteins

described here are among the first reported in nematodes.

Partially characterised, highly immunogenic, glutamic

acid-rich proteins have been identified in several species

of Plasmodium (Triglia et al., 1988; Giraldo et al., 1998)

and Trypanosoma (Beecroft et al., 1993; Bayne et al.,

1993). Within Plasmodium, some of the glutamic acid-

rich proteins have been postulated to divert the host

immune system; however, Giraldo et al. (1998), Foley et

al. (1991) and Lustigman et al. (1990) have all shown that

three independently identified and distinct glutamic acid-

rich proteins from Plasmodium falciparum or Plasmodium

chabaudi interact directly with the cytoplasmic face of the

erythrocyte membrane during the infection process, and all

are predicted to assume an a-helical conformation. Giraldo

et al. (1998) further suggested that the a-helical structure,

glutamic-acid content, and internal repeat arrangement,

similar to the larger repeats seen within T. spiralis, are

attributes found within cytoskeletal proteins that if secreted

from Plasmodium, may affect erythrocyte membrane func-

tion and structure. In support of this, others have putatively

linked the P. falciparum glutamic acid-rich proteins desig-

nated Ag332 , Pf 11.1, Pf 155/RESA and D260 either to

cytoadherence or to host cell invasion (Udomsangpetch et

al., 1989; Mattei and Scherf, 1992; Wahlin et al., 1992).

Each are abundant in glutamic acid, dipeptide repeats

comparable with that found within the T. spiralis

NBL1500/1700 sequences. The proteins D260 and Ag332

are particularly interesting in that, like NBL1500/1700, the

molecular weight among the isoforms show substantial

variability between isolates of P. falciparum. It is difficult

to draw comparisons between protozoan and helminth

parasites in general; however, nematodes of the genus

Trichinella are uncharacteristically intracellular, have a

predilection for striated muscle cells and therefore must

have mechanisms for cell surface recognition, binding

and penetration. In addition, newborn larvae of the genus

Trichinella have the ability to alter the topography of the

muscle cell prior to invasion (Gabryel et al., 1995; Wranicz

et al., 1998). The NBL1500/1700 sequences presented here

were expressed quite specifically in newborn larvae, which

is the stage responsible for invasion. Work is underway to

determine whether the newborn larval proteins have a

propensity for interacting with the surface of muscle

cells. Immunohistochemistry results are consistent with

these proteins having a predilection for membrane surfaces

within the stichosome; however, it has yet to be determined

if these proteins are secreted from the parasite.

Given that T. spiralis is perceived as the most cosmopo-

litan of the Trichinella species and the one with the broadest

documented host range, one can postulate that the ability of

T. spiralis to non-discriminately penetrate and reprogram

striated muscle cells may be facilitated by a family of regu-

latory proteins that can account for variation in muscle cell

physiology among its innumerable potential hosts. Of parti-

cular interest is the large number of serine residues (16%)

present within NBL1500/1700 sequences and the potential

for phosphorylation at these sites. Phosphorylation is known

to cause alterations in protein–protein interactions and in

particular, proteins which can assume a coiled-coil form.

The classic example for such changes was observed in

skeletal muscle in the interaction between actin and phos-

phorylated light chain myosin, where phosphorylation-

induced conformation changes in the protein from a folded

form to a more linear, fibrous molecule (Craig et al., 1983).

Thus the high number of non-systematically arrayed serine

residues present within the ASEEX and ASQEE pentapep-

tides, in conjunction with the multiple isoforms of the

NBL1500/1700 molecules could provide the individual

parasite as well as the entire population, a mechanism by

which numerous configurations of the protein could be
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Fig. 5. Localisation of Trichinella spiralis newborn larval 1500/1700

proteins performed on tangential cross-sections through the parasite

midbody using mouse anti-NBL4.1.4 serum (750 £ ). (A) NBL1500/1700

and associated isoforms were localised to the stichosome. No binding was

observed to cuticle, muscle, or other structures. (B) Control sections using

normal mouse serum as 18 antibody. Bar ¼ 37 mm.



generated. Future work will focus on the role, if any, that

these glutamic acid-rich proteins play in the infection

process.

NBL1500 and NBL1700 sequences have been assigned

GenBank accession numbers AY092819 and AY092820,

respectively.
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