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The  parasite  Cryptosporidium  baileyi  can infect  the  larynx,  trachea,  bursa  and  cloaca  of poultry,  causing
high  mortality  during  severe  infection  and  leading  to  substantial  economic  losses  of  the  poultry  industry.
The rhomboid  protein  is  very  important  in  Cryptosporidium  infection.  In  this  study,  a  nucleic  acid  based
vaccine  candidate  pEGFP-CbROM  was constructed.  After  orally  challenging  with  C.  baileyi  oocysts,  the
corresponding  immune  responses  induced  were  analyzed  and  the immunoprotective  effect  evaluated  in
chickens.  Obtained  results  revealed  that  this  nucleic  acid based  vaccine  could  induce  antibody  responses
and peripheral  blood  T lymphocytes  proliferation  significantly  (P < 0.05),  while  the  peripheral  blood  B
lymphocyte  proliferation  increased  significantly  (P <  0.05)  only  at a  high  dose of  100  �g  of  pEGFP-CbROM,
compared  with  the  PBS  control  group.  After  C. baileyi  infection,  the  duration  of  oocysts  shedding  was

shortened  by  2  days  in  the  100  �g pEGFP-CbROM  group,  and  the rate of  reduction  could  reach  to  around
71.3%.  While  no significant  difference  in body  weight  gain  was  observed  among  the  immunized  groups
(P  > 0.05),  the  differences  between  the immunized  and  the  non-immunized  groups  were found  to  be
significant  (P  < 0.05).  Our  data  provides  a  useful  basis  for further  work  in cryptosporidiosis  prevention
and  treatment.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Cryptosporidium, which belongs to the Apicomplexa phylum,
esides in the epithelial cells of gastrointestinal and respiratory
ract. Cryptosporidiosis is an important zoonotic parasitic disease
aused by Cryptosporidium, which is widespread worldwide and

nduces persistent diarrhea or malnutrition as the main clinical
anifestations. In immunocompromised individuals it may  even

rogress to a life-threatening disease (Navin et al., 1999).
Cryptosporidium can infect more than 30 avian species world-

ide (Ng et al., 2006). At present, three recognized effective
pecies found in poultry are Cryptosporidium baileyi,  Cryptosporid-
um meleagridis and Cryptosporidium galli (Current et al., 1986;

avlásek, 2001; Pavlasek, 1994, 1999; Ryan et al., 2003). Among
hem, C. baileyi is the second kind of avian Cryptosporidium species

ound in broilers (Current et al., 1986), following C. meleagridis
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In recent years, the rhomboid protein has been investigated
n the apicomplexan parasites, such as Plasmodium (Baker et al.,

006), Toxoplasma gondii (Brossier et al., 2005), Eimeria tenella (Li
t al., 2006), Cryptosporidium parvum and Cryptosporidium ander-
oni (Wu et al., 2009). It is mainly involved in hydrolyzing adhesins
uring merozoites movement and invasion (Santos et al., 2012), a
rocess closely related to parasitic adhesion and invasion to host

ells (Zhou et al., 2004). Among the apicomplexan protozoa, the
homboid protein was first characterized in T. gondii (Brossier et al.,
005). Different rhomboid proteins exhibit diverse characteristics
nd subcellular localizations, and their expression levels vary in
ifferent developmental stages of life history (Brossier et al., 2005;
owse and Soldati, 2005). It is indicated that the rhomboid protein

lso exerts important effects in other stages of Cryptosporidium,
xcept for its role in the invasion process. C. parvum rhomboid
rotein (CpROM) was first reported by Trasarti et al. (2007) where

mmunofluorescence test revealed that the protein showed irreg-
lar distribution in sporozoites, mainly concentrated in the rear
nd of sporozoites, while almost non-detectable at the top. Taken

ogether, the results reveal that the rhomboid protein is a feasible
accine candidate for prevention and treatment of cryptosporidio-
is.

A nucleic acid vaccine carrying C. baileyi rhomboid gene named
EGFP-CbROM was prepared in this study. The immune responses

nduced by this nucleic acid vaccine were observed and the
mmunoprotective effect evaluated after challenging with C. bai-
eyi oocysts orally. Our observations provide important insights and
uel new ideas for the prevention and cure of avian cryptosporid-
osis.

. Materials and methods

.1. Parasites

C. baileyi ZJ strain was isolated in Hangzhou, China. The oocysts
ere propagated in 3 days old chickens, harvested from the feces,

ept in 2.5% potassium dichromate and stored at 4 ◦C for a maxi-
um of 2 months 

 

 

 

 

 

 

3988089 394846Tj
ETsubjec/T
/GS1 gs
BT
/F2 1 Tf
.0002 0 0 -.0002 184.01977294.8929 394846Tj
ET
/GS2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 287.47737540338 5 394846Tj
ETto/GS1 gs
BT
/F2 1 Tf
.0002 0 0 -.0002 141.7685394871429 394846Tj
ET
/GS2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 287.4773 45290929 394846Tj
ETfiv
/GS1 gs
BT
/F2 1 Tf
.0002 0 0 -.0002 93.052789-1316829 394846Tj
ET
/GS2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 287.477 415775729 394846Tj
ETfreeze/thaw/GS1 gs
BT
/F2 1 Tf
.0002 0 0 -.0002 301.974247.585375 394846Tj
ET
/GS2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 287.477 404.948 5 394846Tj
ETcycle
/GS1 gs
BT
/F2
itology 225 (2016) 5–11
 1 Tf
.0002 0 0 -.0002 207.5712739063019 394846Tj
ET
/GS2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 287.477 7545(fec9 394846Tj
ET(liquid/GS1 gs
BT
/F2 1 Tf
.0002 0 0 -.0002 300.2861 39.9979 394846Tj
ET
/GS2 gs
BT
/F1 1 Tf
7.9701 0 0 7.9701 287.4773 392659 5 394846Tj
ETnitro8.7421 -1.885 TD
(sis.)Tjgen/37 1 Tf
5.9776 0 0 5.9776 271.43210125.398955.117xi-)T1 1 Tf
7.9701 0 0 7.9701 274.91910530248 559422oocystsC),/GS1 gs
BT
/F2 1 Tf
.0002 0 0 -.0002 294.98171530108 559422oocysts02 109.2784 383.9977 Tm
( )Tj
ET
/GS2 gsET
/6611436261 559422oocystsET
/GS1 gs
BT
/F2 1 Tf
.0002 0 0 -.0002 140.48853498758 559422oocysts02 109.2784 383.9977 Tm
( )Tj
ET
/GS2 gsET
/6613394912 559422oocystsfurther/GS1 gs
BT
/F2 1 Tf
.0002 0 0 -.0002 298.190 4994924 559422oocysts02 109.2784 383.9977 Tm
( )Tj
ET
/GS2 gsET
/6616191077 559422oocystsprocessT
/GS1 gs
BT
/F2 1 Tf
.0002 0 0 -.0002 184.01979-11.885559422oocysts02 109.2784 383.9977 Tm
( )Tj
ET
/GS2 gsET
/66204174414559422oocystsby/GS1 gs
BT
/F2 1 Tf
.0002 0 0 -.0002 118.680910.1346T559422oocysts02 109.2784 383.9977 Tm
( )Tj
ET
/GS2 gsET
/662 5074998959422oocystsultrasoun
/GS1 gs
BT
/F2 1 Tf
.0002 0 0 -.0002 225.897653932458559422oocysts02 109.2784 383.9977 Tm
( )Tj
ET
/GS2 gsET
/66253894298959422oocystssonica
ET
/GS1 gs
BT
/F2 1 Tf
.0002 0 0 -.0002 202.0045 4141678559422oocysts02 109.2784 383.9977 Tm
( )Tj
ET
/GS2 gsET
/662961032 559422oocysts(300/GS1 gs
BT
/F2 1 Tf
.0002 0 0 -.0002 262.692313.46158559422oocysts02 109.2784 383.9977 Tm
( )Tj
ET
/GS2 gsET
/667141798959422oocystTc
(mum)Tj
W8.91613495.45 TD
(sis.)T



 Parasitology 225 (2016) 5–11 7

P
5
w
A
a
w
p
c
t
H
m

2

g
P
a
m
p
t
a
t
M
w
t
d
E

2
b

a
(
g
l
(
n
6
w
B
l
3

Fig. 1. Amplification of the rhomboid gene from DNA of C. baileyi and identifica-
tion of the recombinant plasmid pEGFP-CbROM. (A) Amplification of the rhomboid
gene from DNA of C. baileyi by Nested-PCR. M:  250 bp DNA Ladder; 1: the primary
PCR  products; 2: the secondary PCR products. (B) Identification of the recombinant
plasmid pEGFP-CbROM by PCR and restriction enzymes digestion. M:  250 bp DNA
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BST (PBS containing 0.05% Tween-20), and then blocked with
% skimmed milk in PBS at 37 ◦C for 1 h, followed by incubation

ith sera diluted at 1:100 in 5% skimmed milk at 37 ◦C for 2 h.
fter washing, the plates were incubated with HRP-labeled goat

nti-mouse IgG antibody (Sigma) (1:10,000) at 37 ◦C for 1 h and
ashed again. Subsequently, substrate solution containing 4 mg  O-

henylene diamine (OPD) (Sigma) and 30% H2 O2 in 10 ml  0.1 M
itrate-phosphate (pH 5.0) were added 100 �l per well. The reac-
ion was stopped by 15 mins incubation upon adding 50 �l 2 M

2 SO4 and optical density (OD) at 492 nm was measured using a
icroplate reader. All samples were run in duplicates.

.9. Peripheral blood lymphocyte proliferation assay

Peripheral blood was collected randomly from 5 chickens per
roup from the wing vein at 10 days after the third immunization.
eripheral blood lymphocytes were isolated with lymphocyte sep-
ration medium and adjusted to 1.0 × 107 cells/ml in RPMI-1640

edium (Gibco) containing 10% fetal bovine serum (FBS), 100 U/ml
enicillin and 100 mg/ml  streptomycin. For lymphocyte prolifera-

ion assay, 96-well flat-bottomed plates were used. Cells prepared
s mentioned above were loaded (50 �l/well) to culture plates, cul-

ured at 37◦ C in 5% CO2 with 50 �l ConA or LPS (20 �g/ml) for 48 h.
TT  5 mg/ml  (Sigma) solution was added to the plates (10 �l per
ell) and incubated for a further 4 h. The reaction was stopped by

he addition of 100 �l dimethyl sulfoxide (DMSO) and the optical
ensity was measured by a microplate reader at 570 nm (OD570).
ach sample was analyzed in quadruplicate.

.10. Evaluation of protective efficacy of DNA vaccine against C.
aileyi

The protective efficacy of the DNA vaccine was measured
ccording to the oocyst output and average body weight gains

BWG). In order to evaluate the oocyst output, feces from each
roup were collected separately on every other day post chal-

enge until day 27 and the numbers of C. baileyi oocysts per gram
OPG) feces were counted using haemocytometer counting tech-

ique. Besides, the weight of each chicken at the age 3, 33 and
0 was recorded and the corresponding BWG  (BWG 1 = the body
eight before challenge − body weight before first vaccination;
WG 2 = the body weight after challenge − body weight before chal-

enge) were calculated. Finally, all chickens were euthanized at day
0 post infection.

ig. 2. Detection of protein expression of the recombinant plasmid pEGFP-CbROM in t
icroscopy. CEF cells transfected with pEGFP-CbROM and CEF cells transfected with pEG

istributed green fluorescence, while green fluorescence in CEF cells transfected with pE
bROM using GFP-Tag mouse monoclonal antibodies. M:  Protein Marker; 1: cell culture

nterpretation of the references to colour in this figure legend, the reader is referred to th
Ladder; 1: PCR products of pEGFP-CbROM; 2: pEGFP-CbROM digested by Kpn I/Sac
I.

2.11. Statistical analyses

The data were analyzed statistically by one-way ANOVA of vari-
ance using GraphPad Prism 5 software. P < 0.05 was  considered a
significant difference.

3. Results

3.1. Nested-PCR amplification and construction of recombinant
plasmid pEGFP-CbROM

The full-length CbROM ORF fragment amplified by Nested-PCR
with DNA as the template corresponded well to the expected
size of 1422 bp (Fig. 1A) and it was cloned successfully into the
eukaryotic expression vector pEGFP-C2, giving the resultant plas-
mid  pEGFP-CbROM. The clones were verified by PCR and restriction
endonuclease Sac I/Kpn I digestion (Fig. 1B).

The CbROM fragment was  sequenced by Shanghai Biotech-
nology Co., Ltd. and the nucleotide sequence homology to the
CbROM gene sequences of C. parvum (XM 628467.1), C. hominis
(XM 661677.1) and C. muris (002139608.1) obtained in Gen-
Bank were 63.6%, 63.9% and 36.5% respectively. Amino acid
sequence homology to the Romboid protein sequences of C.

parvum (XP 628469.1), C. hominis (XP 666769.1) and C. muris
(XP 002139644.1) obtained in GenBank were 60.3%, 66.8% and
51.1% respectively.

he CEF cells. (A) Detection of CbROM protein expression in CEF cells by confocal
FP. At 48 h post-transfection, CEF cells transfected with pEGFP showing uniformly
GFP-CbROM are dispersed. (B) Western-Blot analysis of the fusion protein EGFP-

 supernatant from EGFP-CbROM transfected CEF cells after 48 h expression. (For
e web version of this article.)
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Fig. 3. Humoral immune responses by pEGFP-CbROM DNA vaccination. Chickens were immunized with different doses of pEGFP-CbROM, pEGFP vector, and PBS under the
same  conditions. Serum samples from 5 randomly chosen chicken in each group were checked for specific anti-C. baileyi oocysts antibodies by indirect ELISA. A492 of sera
diluted 1:100 is shown. Each bar represents the mean OD (±S.E., n = 5). Bars not sharing the indicated letters (a–c) at the same time point are significantly different (P < 0.05).
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ig. 4. Analysis of the proliferation of peripheral blood lymphocyte from chicken
easured by MTT  (n = 5). Result was detected at 570 nm using an ELISA reader. B

ifferent (P < 0.05).

.2. CbROM protein expression in CEF cells

At 48 h post-transfection, dispersed green fluorescence could
e seen in CEF cells transfected with pEGFP-CbROM, while green
uorescence was uniformly distributed in cells transfected with
EGFP-C2 (Fig. 2A). The results indicated that recombinant CbROM
rotein was expressed successfully in CEF cells.

.3. Western-blot analysis of CbROM systhesized in vitro

Western blot analysis showed that CEF cells transfected with the
ecombinant plasmid successfully expressed the protein pEGFP-
bROM, in accordance with the expected size 79 kDa (Fig. 2B), using
FP-Tag mouse monoclonal antibody and HRP-labeled goat anti-
ouse IgG.

.4. Evaluation of specific antibody responses

The results of ELISA performed on sera samples obtained from
oth immunized and control chickens are shown in Fig. 3. The dif-

erences of antibody responses between the pEGFP-CbROM groups
nd the control groups immunized with pEGFP or PBS were signifi-
ant (P < 0.05), but no significant difference was observed among
he groups immunized with gradient dosages of pEGFP-CbROM
t 10 days and 20 days PI (P > 0.05). In the plasmid pEGFP-CbROM
accinated groups, the OD values of specific IgG increased with
mmunization frequency, and peaked at 30 days PI, compared
ith the pEGFP-C2 and PBS control groups. Ten days after the

hird immunization, antibody response was observed to be sig-
ificantly higher in chickens immunized with the highest dose of
unized with pEGFP-CbROM. The mean OD570 values of stimulated lymphocytes
t sharing the indicated letters (a and b) at the same time point are significantly

pEGFP-CbROM (100 �g) compared to the other groups (P < 0.05).
Vaccination with plasmid pEGFP-CbROM could induce a specific
antibody response.

3.5. Evaluation of lymphocytes proliferation

Cell-mediated immunity patterns as indicated by MTT  in the
immunized and control chickens are depicted in Fig. 4. At 30 days
PI, the peripheral blood T lymphocyte proliferation response
was significantly higher in the groups vaccinated with recombi-
nant plasmid pEGFP-CbROM as compared to the control groups
(P < 0.05), while that of peripheral blood B lymphocyte was also
found to be increased significantly only in the group vaccinated
with high dose of pEGFP-CbROM (100 �g) as compared to the
unchallenged control (P < 0.05). These results are consistent with
the immune responses caused by Cryptosporidium infection and this
potential DNA vaccine could cause significant cellular immunity,
which plays a very important role in the host immune response
against Cryptosporidium infection.

3.6. Protective efficacy of DNA vaccination against C. baileyi

To address whether the DNA vaccine was able to induce pro-
tection against C. baileyi infection, chickens were monitored for
27 days after inoculated with 106 oocysts by examining the num-
bers and duration of parasite oocysts excretion. In the uninfected

controls, no oocyst shedding was found in their feces samples.
The patterns of oocysts shedding were similar in all experimen-
tal groups, with peak excretion on the 11–13th day post challenge
and steady decline in the following days (Fig. 5). Chickens in pEGFP-
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Table  1
Effects of pEGFP-CbROM vaccination on body weight gain of chickens.

Group 3d (g) 33d (g) 60d (g) Average BWG  1 (g) Average BWG  2 (g)

Unchallenged control 31.26 ± 1.500a 255.0 ± 22.92a 490.9 ± 42.23c 223.8 ± 23.08a 253.9 ± 43.02b

Challenged control 31.27 ± 1.836a 252.6 ± 17.12a 421.7 ± 25.05a 221.3 ± 16.51a 169.2 ± 30.30a

pEGFP control (100 �g) 31.24 ± 1.642a 258.9 ± 22.11a 420.7 ± 41.67a 227.7 ± 21.74a 161.7 ± 35.28a

pEGFP-CbROM (25 �g) 29.73 ± 1.951a 245.0 ± 18.38a 455.5 ± 35.15b 215.3 ± 18.15a 210.5 ± 28.08b

pEGFP-CbROM (50 �g) 30.43 ± 2.001a 240.5 ± 24.58a 464.4 ± 33.76bc 210.1 ± 24.76a
±

±

 24.76a
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