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Abstract Although it has been known for many years that
Trichinella spiralis initiates infection by penetrating the
columnar epithelium of the small intestine, the mechanisms
by which T. spiralis infective larvae recognize and invade
the intestinal epithelial cells (IECs) are unknown. It is spec-
ulated that the molecular interactions between the parasite
and host enterocytes may mediate the recognition and inva-
sion of IECs by T. spiralis. However, no Trichinella proteins
that interact with the enterocytes have been identified pre-
viously. The aim of this study was to identify Trichinella
proteins that bind to IECs by screening a T7 phage display
cDNA library constructed using messenger RNA from T.
spiralis intestinal infective larvae. Following five rounds of
biopanning, sequencing, and bioinformatics analysis, ten T.
spiralis proteins (Tsp1–Tsp10) with significant binding to
normal mouse IECs were identified. The results of the
protein classification showed that six proteins (Tsp1,
calcium-transporting ATPase 2 protein; Tsp4, ovochymase-
1; Tsp6, T-complex protein 1 subunit eta; Tsp7, glycosyl
hydrolase family 47; Tsp8, DNA replication licensing factor
MCM3; and Tsp10, nudix hydrolase) of these T. spiralis
proteins were annotated with putative molecular functions.
Out of the six proteins, five have catalytic activity, four have
binding activity, and one has transporter activity. Anti-Tsp10
antibodies prevented the in vitro partial invasion of IECs by
infective larvae and the mice immunized with the recombi-
nant phage T7-Tsp10 showed a 62.8 % reduction in adult

worms following challenge with T. spiralis muscle larvae.
Although their biological functions are not yet fully known,
these proteins might be related to the larval invasion of host
enterocytes. Future experiments will be necessary to ascer-
tain whether these proteins play important roles in the rec-
ognition and invasion of host enterocytes. The construction
and biopanning of Trichinella phage display libraries pro-
vide a novel approach for searching for candidate genes that
are related to invasion and for identifying protein interac-
tions between parasite and host.

Introduction

Trichinellosis is a parasitic zoonosis caused by eating raw or
undercooked meat contaminated with infective larvae of the
nematode genus Trichinella. Human trichinellosis is an
emerging/reemerging disease and has been reported in 55
countries around the world (Cui et al. 2006; Pozio 2007;
Wang et al. 2012a, b). Infection occurs by the consumption
of animal meat containing encapsulated Trichinella larvae.
Once ingested, the muscle larvae (ML) are released from
their capsules in the duodenum as the result of the action of
the host’s digestive enzymes and are activated by exposure
to the intestinal contents or bile. Then, the activated intesti-
nal infective larvae penetrate into the epithelial cells of the
host’s small intestine. Shortly thereafter, the larvae molt four
times (10–28 h post infection, hpi) and mature into adults
that mate and reproduce, yielding the next generation of
larvae (Kang et al. 2012). The life cycle of Trichinella
spiralis is completed when newborn larvae develop into
ML and induce the transformation of muscle cells into nurse
cells (Campbell 1983). It is well known that the invasion of
the host intestinal epithelium by infective larvae is the first
step in T. spiralis infection. Previous studies have shown
that infective larvae invade the intestinal epithelial cells
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(Dunn and Wright 1987) and then migrate within the epi-
thelium, continually invading and occupying the cytoplasm
of new cells (Wright et al. 1987). To date, the mechanisms
by which T. spiralis infective larvae recognize, invade, and
migrate within the intestinal epithelium and establish their
intramulticellular niche have not been elucidated. The larvae
do not possess oral appendages or a spike (Bruce 1970),
implying that the invasion of intestinal epithelial cells
(IECs) may not be simply a result of mechanical penetration
but may be mediated by surface glycoproteins and the oral
secretions of the infective larvae (ManWarren et al. 1997).
These larval proteins may interact with IECs and may play a
key role during the larval invasion of IECs. However, the
larval proteins related to invasion of IECs have not yet been
identified (Nagano et al. 2009).

The use of conventional protein techniques to isolate
Trichinella proteins has limited the discovery of new pro-
teins that interact with host cells. Although an epithelial cell
model for the in vitro invasion of Trichinella larvae has been
developed (Gagliardo et al. 2002; ManWarren et al. 1997;
Ren et al. 2011), the presence of contaminating enterocyte
proteins in extracts of Trichinella larval protein makes it
extremely difficult to obtain purified Trichinella proteins
that interact with IECs. In addition, it is very difficult to
determine the specific gene that encodes the Trichinella
proteins that interact with host enterocytes. To overcome
these limitations, phage display technology was used in this
study to characterize these biomolecular interactions.

Since phage display technique was developed by Smith
(1985), it has been used as a powerful technique for the
selection of ligands that bind to any desired target (Paschke
2006; Xiao et al. 2007; Guo et al. 2010). In the phage
display technique, peptides or proteins are expressed on
the surface of phages as fusion proteins (Smith 1988). This
allows the selection and amplification of phage clones with
specific binding activities. Previous studies using
Trichinella phage display libraries focused primarily on
early diagnostic antigens (Zocevic et al. 2011). However,
to the best of our knowledge, there has been no report of the
use of the phage display technique to identify Trichinella
proteins that bind to intestinal epithelial cells. In this study,
we used a novel approach based on phage display libraries
to screen for unidentified Trichinella proteins that interact
with normal mouse IECs.

Materials and methods

Parasites and experiment animals

The isolates (ISS534) of T. spiralis used in this study were
obtained from a domestic pig in Nanyang City of Henan
Province, China. The isolate was maintained by serial

passaging in Kunming mice in our laboratory. Six-week-
old female BALB/c mice were obtained from the
Experimental Animal Center of Henan Province
(Zhengzhou, China). The mice were maintained under spe-
cific pathogen-free conditions with positive-pressure filtered
air and sterilized food and water. All procedures of animal
experiment were approved by the Life Science Ethics
Committee of Zhengzhou University (Permission No.
SYXK 2007-0009).

ML was recovered from infected mice at 42 days post
infection by artificial digestion as described previously
(Gamble et al. 2000; Li et al. 2010; Yang et al. 2010).
After recovery, the larvae were washed three times with
normal saline and then orally inoculated into 50 mice, with
5,000 ML per mouse in a volume of 100 μl. All the infected
mice were euthanized by anesthetic inhalation of isoflurane
(Sigma, USA) at 2 hpi. The small intestines were collected,
cut along their entire length, and washed in pre-warmed
phosphate-buffered saline (PBS) supplemented with antibi-
otics (200 U/ml penicillin and 200 μg/ml streptomycin).
Then, the small intestines were cut into pieces and incubated
in PBS at 37 °C for 2 h on a 300-μm mesh sieve. The
released intestinal infective larvae were separated from in-
testinal debris by filtration through a 200-μm mesh sieve
and differential sedimentation for 30 min (Ren et al. 2011).
After several washes in sterile RNase-free water, the larvae
were centrifuged at 600×g for 10 min and stored at −80 °C
until use.

Intestinal epithelial cells

In our experiments, normal mouse IECs used were obtained
from fetal mouse small intestines and were susceptible to
invasion by T. spiralis (Ren et al. 2011). The IECs were
cultured (5 % CO2, 37 °C) in complete DMEM containing
4 mM glutamine, 20 mM Hepes, 1 mM sodium pyruvate,
100 U/ml penicillin, 100 U/ml streptomycin, 0.1 U/ml bo-
vine insulin (Sigma), and 10 % fetal bovine serum (Gibco).
The cells were used at passage 8 for the experiment. Cell
monolayers were dispersed by trypsinization (0.5 % tryp-
sin–0.54 mM EDTA in PBS, at 23 °C for 5 min).

RNA isolation and construction of a Trichinella phage
display library

Total RNA was isolated from the intestinal infective larvae
of T. spiralis at 2 hpi using TRIzol reagent according to the
manufacturer’s instructions (Invitrogen). The purified total
RNA was quantified with a spectrophotometer (Nanodrop)
at wavelengths of 230, 260, and 280 nm as described pre-
viously (Wang et al. 2008). The integrity of the total RNA
was verified by running samples on 1.5 % agarose gels.
Then, messenger RNA (mRNA) was purified from the total
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RNA using an Oligotex mRNA Mini kit (Qiagen). Random-
primed first-strand cDNA was synthesized using 4 μg of
Trichinella mRNA. After second-strand synthesis, the
cDNA ends were modified using Novagen’s T7Select 10-3
Orient Express TM cDNA cloning system. Excess linkers
and cDNAs shorter than 250 base pairs (bp) were removed
by gel filtration. The Trichinella phage display library was
created by inserting the modified cDNAs into the T7Select
10-3b EcoRI/HindIII vector arms. The recombinant vectors
were subsequently packaged with 25 μl of T7 Packaging
Extracts and propagated in Escherichia coli (strain
BLT5403), during which time the fusion proteins were
expressed and displayed on the phage surface. Finally, the
titer of the packaged phage library was determined using a
plaque assay, and the amplified library was stored at −80 °C
in 10 % glycerol.

Biopanning

The T7 phage display cDNA library from T. spiralis intes-
tinal infective larvae was screened by biopanning against
normal mouse IECs. Cells grown to subconfluence (forming
a monolayer) in a plastic 96-well ELISA plate were washed
once with pre-warmed culture medium and further incubat-
ed for 30 min with culture medium containing 0.1 % bovine
serum albumin (BSA). Phages were added to the 96-well
culture plate to a final concentration of 2–3×108 plaque-
forming unit (pfu)/ml, and the plate was incubated for 2 h at
37 °C. The cells were washed five times with PBS
containing 0.05 % Tween-20 (PBST), and then the cell
surface-bound phages were eluted for 20 min at room tem-
perature by adding 200 μl of PBST containing 4 M urea.
The obtained phages were amplified overnight at 37 °C in
50 ml of early log-phase E. coli BLT5403 cells. Following
amplification, the lysed culture was centrifuged at 8,000×g
for 10 min, and the supernatant was used for the next round
of biopanning. A total of five rounds of biopanning were
performed. The same amount of phages (2×107 phages) was
used for each round. After the fifth round of biopanning, the
final eluted phages were tittered, and DNA was extracted
from individual plaques by incubation in 100 μl of 10 mM
EDTA (PH 8.0) at 65 °C for 10 min. The cDNA insert sizes
were determined by PCR using 1 μl of phage lysate, 12.5 μl
of PCR Master Mix (Roche), and 0.25 μl of T7Select-
specific primers.

Sequence analysis

The T7 amplified PCR products were sequenced using an
automated sequencer (Applied Biosystems). After removal
of the flanking vector regions, the DNA sequences were
compared with the GenBank database using the NCBI-
BLAST server (http://www.ncbi.nlm.nih.gov/BLAST). The

signatures of the proteins encoded by the Trichinella genes
were queried against InterPro member databases by
InterProScan searching (http://www.ebi.ac.uk/InterProScan/),
and classifications were performed using Gene Ontology
Annotation database (GOA; http://www.ebi.ac.uk/goa/)
according to the protein accession numbers.

Phage binding assay

The positive phage clones, which were selected from the
Trichinella library by biopanning, were individually exam-
ined for their binding to normal mouse IECs. Each positive
phage clone was added to mouse IEC monolayer in a 96-
well plate, and the input titers were 1×108, 1×107, 1×106,
1×105, and 1×104 pfu/ml. The cell surface-bound phages
were eluted after incubation for 1 h. Other detailed pro-
cedures were the same as descr ibed above for
“Biopanning.” Empty T7 phage and BSA were used as
negative controls.

Results

RNA isolation and construction of a Trichinella phage
display library

High-quality total RNA was isolated from T. spiralis intes-
tinal infective larvae. The average RNA yield was
231.4 μg/g. The average A260/280 ratio ranged from 1.93 to
2.01, indicating a lack of protein contamination. The
A260/230 ratio ranged from 2.11 to 2.32, suggesting that the
RNA was of high purity and was not contaminated with
polyphenol and polysaccharides. The RNA integrity was
assessed based on the clarity of the ribosomal RNA bands
visualized on a non-denaturing agarose gel, and distinct
28S, 18S, and 5S rRNA bands without degradation were
observed (Fig. 1a).

After modification and purification, the Trichinella
cDNA appeared as a smear of fragments larger than
250 bp (Fig. 1b). Based on the pfu after in vitro packaging,
it was calculated that the T7 phage display library derived
from T. spiralis larvae contained 5.4×106 independent
clones. According to the Clarke–Carbon formula, a cDNA
library should theoretically contain at least 3.3×105 inde-
pendent clones to ensure that clones derived from low-
abundance mRNAs would be present in the library with a
99 % probability (Sambrook and Russell 2001). Because the
size of the Trichinella phage display library constructed in
this experiment exceeds the statistically required number, it
is highly likely that most of the Trichinella genes were
represented in the library. The amplification of inserts in
randomly selected clones revealed that their molecular
weights ranged from 250 bp to 2.0 kb (Fig. 1c). Thirty-

Parasitol Res (2013) 112:1857–1863 1859

http://www.ncbi.nlm.nih.gov/BLAST
http://www.ebi.ac.uk/InterProScan/
http://www.ebi.ac.uk/goa/


two inserted fragments were sequenced, and the results
showed that 31 (97 %) of the 32 clones contained cDNA
inserts that represent different Trichinella genes. These re-
sults indicated that the quality of the library was high.

Biopanning

Five rounds of biopanning of the Trichinella cDNA phage
display library with normal mouse IECs were performed.
The recovery rate increased significantly in the first three
rounds of biopanning, but no further enrichment was ob-
served in the fourth and fifth rounds (Fig. 2). The phage titer
of the eluted solutions increased from 105 pfu/ml (after the

first round of biopanning) to 107 pfu/ml (after the fifth round
of biopanning), indicating the successful enrichment of spe-
cifically bound phages.

Sequence analysis of positive clones from the Trichinella
phage display library

After the fifth round of biopanning, 50 positive plaques
were randomly selected and amplified, and the cDNA in-
serts encoding the displayed peptides were sequenced. Ten
unique genes were identified by screening the Trichinella
phage display library with normal mouse IECs (Fig. 3a and
Table 1). Clone Tsp1 showed high sequence identity with a
previously identified T. spiralis gene encoding the calcium-
transporting ATPase 2 protein, and clone Tsp2 aligned with
the T. spiralis gene for hypothetical protein Tsp_03404.
Clone Tsp3 showed high similarity to the T. spiralis gene
encoding a conserved hypothetical protein (Tsp_03391),
and clone Tsp4 was similar in sequence to a putative T.
spiralis ovochymase-1 gene (Mitreva et al. 2011). The T.
spiralis FACT complex subunit SPT16 was also identified
(clone Tsp5). Clones Tsp6, Tsp7, Tsp8, and Tsp9 encoded
polypeptides that showed sequence similarity to T-complex
protein 1 subunit eta, glycosyl hydrolase family 47, DNA
replication licensing factor MCM3, and the CBF/Mak21
family protein, respectively. Sequence analysis revealed that
clone Tsp10 was identical to a putative T. spiralis nudix
hydrolase gene identified previously (Wu et al. 2009).

The classification of the ten identified proteins in terms of
molecular function, biological process, and cellular locali-
zation was performed using the Gene Ontology Annotation
database. Six proteins (Tsp1, calcium-transporting ATPase 2
protein; Tsp4, ovochymase-1; Tsp6, T-complex protein 1
subunit eta; Tsp7, glycosyl hydrolase family 47; Tsp8,

Fig. 1 RNA isolation and construction of a Trichinella phage display
library. a Agarose gel electrophoresis of total RNA extracted from T.
spiralis intestinal infective larvae. Lane M: RNA size markers
(TaKaRa); lanes 1 and 2: total RNA from T. spiralis intestinal infective
larvae. b Agarose gel electrophoresis of Trichinella cDNA. Lane M:
DNA size markers (TaKaRa); lane 1: end-modified and purified
cDNAs of T. spiralis infective larvae. To determine the size distribution
of the Trichinella cDNAs, 3 μg of the cDNAs was processed for

electrophoresis in 1.5 % agarose gels. The Trichinella cDNA appeared
as a smear of fragments larger than 250 bp. c PCR amplification of
phage clones randomly selected from the Trichinella phage display
library. The PCR products of 32 phage clones chosen randomly from
the primary library were analyzed by gel electrophoresis and visualized
by ethidium bromide staining (lanes 1–32). DNA size markers
(TaKaRa) are shown in lane M

Fig. 2 Analysis of T7 phages eluted after each round of biopanning.
The Trichinella phage display library was screened using a typical
biopanning procedure with normal mouse intestinal epithelial cells
(IECs). The phage titer in the eluates (before amplification) from each
round was determined by a plaque assay
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DNA replication licensing factor MCM3; Tsp10, nudix hy-
drolase) of the T. spiralis proteins were annotated with
putative molecular functions. Out of these six proteins, five
have catalytic activity, four have binding activity, and one
has transporter activity (Fig. 3b).

Phage binding assay

Within the range of 108–104 pfu/ml, the number of clone
Tsp10 phages bound to mouse IECs (output) increased with
the number of input phages, but there was no increase in the
number of the control phages bound to IECs (Fig. 4).
Similar results were obtained in the binding assays for the
other nine clones (data not shown).

Discussion

In the present study, we used a T7 bacteriophage system to
display Trichinella proteins as fusions with the capsid pro-
tein. The T7 display system was selected because of its
advantages over the filamentous phage display system.
Compared with filamentous phages, the T7 phage can dis-
play a wider variety of peptides or proteins on its surface. T7
phage particles assemble in the cytoplasm of E. coli cells,
and progeny phages are released by cell lysis. Therefore, the
displayed peptides do not need to be capable of secretion
through the periplasm and the cell membrane, as required
when using a filamentous phage (Russel 1991). Moreover,
the T7 phage can grow faster and withstand harsh elution

Fig. 3 Ten proteins that bind to normal mouse IECs were selected
from the T. spiralis phage display library. a Agarose gel electrophoresis
of positive phages selected from the Trichinella phage display library
by biopanning on normal mouse IECs. After the fifth round of
biopanning, 50 phage clones were randomly picked from individual
plaques, and the cDNA inserts were amplified by PCR and sequenced.
Sequence analysis showed that the 50 positive clones represented 10
unique genes. The ten different cDNA inserts were analyzed on a 1.5 %

agarose gel. DNA size markers (TaKaRa) are shown in lane M. Lanes
1–10: the different cDNA inserts, which were named Tsp1-10. b
Molecular function categories of the ten selected T. spiralis proteins
that bind to normal mouse enterocytes according to their GO terms.
Out of the ten proteins, six were annotated within molecular functions,
and the pie chart shows the number of proteins in each GO category
(level 2)

Table 1 Ten T. spiralis proteins containing binding sequences specific for normal mouse intestinal epithelial cells

Clone name
(identical clones)

Accession
number

Size
(bp/aa)

Homology Accession
number

Amino acid position in the
putative Trichinella protein

BLASTX
E value

Tsp1(3) JX478227 531/176 T. spiralis calcium-
transporting ATPase 2
protein

XP_003376005.1 105-280 4e-118

Tsp2(2) JX478228 340/113 T. spiralis hypothetical
protein Tsp_03404

XP_003379750.1 1-113 5e-78

Tsp3(7) JX478229 625/208 T. spiralis conserved
hypothetical protein

XP_003379737.1 301-508 8e-138

Tsp4(6) JX478230 892/297 T. spiralis putative
ovochymase-1

XP_003369426.1 237-533 1e-178

Tsp5(4) JX478231 263/87 T. spiralis FACT complex
subunit SPT16

XP_003371801.1 161-247 1e-50

Tsp6(4) JX478232 610/203 T. spiralis T-complex protein
1 subunit eta

XP_003376578.1 1118-1320 6e-136

Tsp7(3) JX478233 279/92 T. spiralis glycosyl hydrolase
family 47

XP_003375231.1 808-899 1e-52

Tsp8(2) JX478234 604/200 T. spiralis DNA replication
licensing factor MCM3

XP_003368065.1 157-356 3e-117

Tsp9(4) JX478235 398/132 T. spiralis CBF/Mak21
family protein

XP_003372544.1 45-176 1e-73

Tsp10(15) JX478226 606/202 T. spiralis putative nudix
hydrolase

ABY60748.1 59-260 2e-135
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conditions that inactivate other types of phages; this char-
acteristic makes the T7 phage an ideal choice for
biopanning. The T7 phage display system has been widely
used (Ishi and Sugawara 2008; Videlock et al. 2004). In this
study, 5.4×106 independent clones were displayed on the
surface of T7 phages using a cDNA library for T. spiralis
infective larvae. The results indicated that most of the
expressed genes should be represented in the T7 expression
library that we constructed.

Although it has been known for many years that T. spiralis
larvae invade the intestinal epithelium, the complex interactions
between the parasite and host enterocytes are not yet fully
understood (Suzuki et al. 2008). Previous studies on the
tyvelose-specific antibody-mediated disruption of the intestinal
niche have provided insight into the interactions between the
parasite and host enterocytes (McVay et al. 2000). The earliest
events in niche establishment by T. spiralis are likely to involve
the recognition and invasion of the enterocytes by the parasite.
The results of the in vitro experiments suggested that recogni-
tion and invasion required the active participation of both the
larvae and the enterocytes (Butcher et al. 2000; ManWarren et
al. 1997). Although some of the parameters of invasion have
been established, the details of the molecular events in the
process have not been fully elucidated. Our previous studies
have demonstrated that several novel proteins are produced by
the infective larvae after co-culture with IECs, and some of
these proteins entered the enterocytes (Wang et al. 2011; Wang
et al. 2012b). However, it has not been clarified which larval
proteins can interact with host enterocytes and play critical roles
during recognition and invasion by T. spiralis. Thus, for the first
time, the phage display technique was employed in this study to
screen for larval proteins with a high affinity for IECs. In
addition, normal IECs were chosen as the target of the phages

to more closely mimic the natural host’s intestinal environment
and to screen for the larval proteins that bind to host IECs.

After five rounds of biopanning, the IEC-bound phages were
significantly enriched by more than 290 times, indicating the
successful display of Trichinella polypeptides on the surface of
the T7 phage. The results of searching the GenBank database
using the NCBI-BLAST server revealed ten different insertion
sequences that mapped to predicted T. spiralis genes. Several of
these inserts were found more than once, a result that was
attributed to the significant degree of enrichment of each of
these clones from the primary library. The binding of each
positive clone with IECs was also confirmed in a phage binding
assay, demonstrating that the in-frame Trichinella binding se-
quences selected by biopanningwere highly specific for normal
mouse IEC membranes.

The classification results of the ten Trichinella genes
showed that six genes were annotated with putative molec-
ular functions. Out of the six T. spiralis proteins encoded by
these genes, five have catalytic activity and four have bind-
ing activity. Although their biological functions are not yet
fully known, these proteins are candidates that might be
related to the larval invasion of host enterocytes. Certainly,
these proteins might be involved in the process of invasion
(they might bind to important structural components of the
enterocyte membrane or reorganize the enterocyte skeleton
during invasion) and might be expressed on the exterior of
the parasite and be available for interaction with the host
cells. These proteins might also be internal proteins of the
worm that coincidentally interact with IECs. This hypothe-
sis needs to be verified in further experiments. Additionally,
the expression levels of four genes (Tsp3, Tsp4, Tsp5, and
Tsp10) have been confirmed to be significantly upregulated
in T. spiralis larvae after their exposure to IECs using
suppression subtractive hybridization (unpublished data).
Three T. spiralis proteins (Tsp6, Tsp8, and Tsp10) have been
found in IECs co-cultured with the intestinal infective larvae
by Western blot analysis (Wang et al. 2012b). Moreover,
anti-Tsp10 antibodies were able to recognize the native
Tsp10 protein mainly localized to the stichosome of T.
spiralis and prevented the in vitro partial invasion of IECs
by infective larvae; the mice immunized with the recombi-
nant phage T7-Tsp10 showed a 62.8 % reduction in adult
worms and a 78.6 % reduction in muscle larvae following
challenge with T. spiralis muscle larvae (Cui et al. 2013).

Conclusion

Trichinella phage display libraries provide a powerful and
novel approach for identifying new Trichinella proteins that
interact with the normal enterocyte membrane. Ten
Trichinella proteins that bind to normal mouse IECs were
selected from the phage library that was constructed in this

Fig. 4 The specific assay for recombinant phage Tsp10 bound to
normal mouse IECs. The number of Tsp10 phages bound to mouse
IECs (output) increased with an increasing number of input phages.
However, there was no significant change in the number of the control
T7 phages that bound to mouse IECs
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study. Most of these annotated proteins had binding or
catalytic activity, which might be related to the invasion of
enterocytes by T. spiralis. However, other techniques such
as RNA interference will be required to further investigate
the functions of these genes to better understand the mech-
anism of the host–parasite interactions.
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