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Abstract Enterotoxigenic Escherichia coli F18 is a major

pathogen that causes postweaning diarrhoea and edema

disease in piglets. The alpha(1,2)-fucosyltransferase (FUT1)

gene has been identified as an ideal candidate gene for

controlling the expression of the receptor for ECF18 bac-

teria. Therefore, the use of RNA interference (RNAi) to

study the function of the FUT1 gene and to produce FUT1

knockdown transgenic pig would be highly beneficial. We

developed an effective strategy for the expression of mul-

tiple small hairpin RNA simultaneously using multiple RNA

polymerase III (hU6, hH1, mU6 and h7SK) promoters in a

single vector to knockdown the FUT1 gene. Stable FUT1

knockdown transgenic fibroblast lines were generated by

transfecting porcine fetal fibroblasts with the constructed

vectors. Real-time RT-PCR indicated that the mRNA level

of FUT1 in the transgenic fibroblast lines was significantly

lower than that in the control, as much as 29 %. Finally, we

successfully obtained transgenic SCNT porcine embryos.

Overall, the results demonstrated that this vector-based

RNAi expression system is an efficient approach to knock-

down FUT1 gene expression in porcine fetal fibroblast cells,

which could thereby provide donor cells for somatic cell

nuclear cloning and the potential production of a marker-

free transgenic pig resistant to F18 related diseases. Fur-

thermore, it also provides strong evidence that this approach

could be useful both in the production of transgenic live-

stock resistant to disease, and in the development of

effective strategies for the suppression of gene expression in

clinical gene therapy.

Keywords Escherichia coli F18 � FUT1 � RNAi �
Marker-free � Multiple shRNAs

Introduction

Postweaning diarrhea (PWD) and edema disease (ED) lead

to tremendous economic losses in the pig industry world-

wide (up to 96 % of Flemish pig farms are seropositive) [1,

2] and enterotoxigenic Escherichia coli (ETEC) is one of

the most frequent causes of intestinal infection in piglets.

ETEC induces the disease following interaction between

fimbriae on the surface of the pathogen and host receptors.

ETEC strains are able to recognize and adhere to highly

specific receptors located on host intestinal mucosa. This

interaction is mediated by adhesins present on the bacterial

surface, followed by colonization, replication, and entero-

toxin production [3]. A prerequisite for these infections is

the adherence of F18? E. coli to specific F18 receptors

(F18R) on porcine gut epithelium. In this infection process,

F18Rs play a crucial role by mediating the binding of F18

fimbriated bacteria to the intestinal epithelium. This leads

to colonization of the gut and subsequent secretion of en-

tero- or verotoxins. Some pigs are resistant to colonization

by F18? E. coli due to lack of F18R expression. Extensive

mating studies have revealed that the F18R status of pigs is

genetically determined with susceptibility dominating

resistance [4], and the F18R locus has been genetically

mapped to the halothane linkage group on porcine chro-

mosome 6, and it has been found that FUT1, encoding an

alpha(1,2)-fucosyltransferase, is a candidate gene for this

locus [5, 6].
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RNA interference (RNAi) is a specific, potent, and highly

successful approach for loss-of-function studies in virtually all

eukaryotic organisms, which is mediated by 21–23 nt small

interfering RNAs (siRNAs) [7]. RNAi has rapidly become a

powerful tool for the inhibition of the expression of gene

products and the study of gene function in mammalians. In

mammalian cells, synthetic siRNAs can be transferred into

cells and induce transient gene suppression effect lasts only

several days because of the lack of siRNA. To overcome the

transient nature of siRNA, stable gene transfer and vector-

based siRNA expression systems have been developed [8, 9].

The existing rules for siRNA selection allow for the identifi-

cation of potential sequences, but do not ensure that each

selected siRNA sequence is effective. A single DNA vector

expressing multiple shRNAs against different positions of a

gene is a new strategy aimed at improving the silencing effi-

ciency, or to knockdown several genes simultaneously [10–

18]. We have overcome this technical hurdle and developed an

effective strategy for constructing an RNAi vector that

silences multiple sites simultaneously on one gene.

Selectable marker genes (SMGs) are extraordinarily useful

in enabling the creation of transgenic animals as a result of the

low efficiency of transgene integration. The transgenic vector

carries specific antibiotics, and fluorescence genes have been

found to be particularly effective for selection and provide a

means for rapidly identifying transgenic cells. However,

because SMGs are integrated into the transgenic animal

genome, SMGs may cause potential hazards in novel eco-

systems and products consumed as food [19–28], and there-

fore public concerns about the biosafety of genetically

modified animals has led to a demand for technologies that

allow the production of transgenic animals without selectable

(antibiotic resistance and fluorescence genes) markers. Hence,

marker-free technologies are needed.

Knockdown of the FUT1 gene using RNAi could have

potential benefits for porcine producers. In the present study,

we describe the development of an effective RNAi and Cre-

loxP system for generating such marker removable transgenic

embryos. This system might help the production of transgenic

pigs resistant to PWD and ED, and combines an inducible site-

specific recombinase for the precise elimination of undesired

SMGs. These results have paved the way for the study of the

mechanisms of PWD and ED, and could be of great benefit to

commercial swine producers in the future.

Materials and methods

Construction of the multiple shRNA expression vectors

Design of porcine FUT1 shRNA

The mRNA sequence of porcine FUT1 (GenBank accession no.

U70883.2) CDS region was placed in an RNAi Designer to

design shRNAs in different target sequences. One scrambled

shRNA control was specifically designed. A single loop

sequence was chosen for all shRNAs. Two complementary

single-stranded DNA oligonucleotides of each shRNA were

chemically synthesized by Shanghai Sangon Biotechnology Co.

Ltd. These oligonucleotides were annealed to produce double-

stranded oligonucleotides (Table 1). The basic structure is:

Eco31I+Sense+Loop+Antisense+TTTTTT+SacI + Eco31I.

It contains the following elements, in order: a promoter

sequence, a target sequence, a loop sequence, a comple-

mentary sequence and a termination signal.

Generation of four shRNA vectors

The shRNA annealed oligonucleotides were cloned into an

Eco31I linearized pGenesil vector (Wuhan Genesil Bio-

technology Co. Ltd, China). The pGenesil Series plasmid

contains four plasmids, pGenesil1.1, pGenesil1.2, pGene-

sil1.3 and pGenesil1.4. The basic multiple cloning sites

(MCS) model is showed in Table 2. All constructs were

sequenced to ensure the correct design.

Table 1 siRNA sequences selected to design shRNA sequences for targeting porcine FUT1 gene

shRNA name Sequence

FUT1-1 50-CACCATCATCTCCCGTGGCCATA TTCAAGACG TATGGCCACGGGAGATGAT TTTTTTG-30 50-AGCTC

AAAAAAATCATCTCCCGTGGCCATA CGTCTTGAA TATGGCCACGGGAGATGAT-30

FUT1-2 50-TTTGGAACCAGATGGGACAGTAT TTCAAGACG ATACTGTCCCATCTGGTTC TTTTTTG-30 50-AGCTC

AAAAAAGAACCAGATGGGACAGTAT CGTCTTGAA ATACTGTCCCATCTGGTTC-30

FUT1-3 50-CCTCACTGGATGTCCGAGGATTA TTCAAGACG TAATCCTCGGACATCCAGT TTTTTTG-30 50-
AGCTCAAAAAAACTGGATGTCCGAGGATTA CGTCTTGAA TAATCCTCGGACATCCAGT-30

UT1-4 50-TCCCAGTGGTGCCGGAAGAACAT TTCAAGACG ATGTTCTTCCGGCACCACT TTTTTTG-30 50-AGCTC

AAAAAAAGTGGTGCCGGAAGAACAT CGTCTTGAA ATGTTCTTCCGGCACCACT-30

HK 50-CACCGACTTCATAAGGCGCATGC TTCAAGACG TATGGCCACGGGAGATGAT TTTTTTG-30 50-AGCTC

AAAAAAGACTTCATAAGGCGCATGC CGTCTTGAA TATGGCCACGGGAGATGAT-30

HK scrambled shRNA
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Generation of a mutiple-shRNA vector by three-step

subclone

The multiple-shRNA vector containing four shRNAs dri-

ven by four different promoters was constructed using the

following three steps (Fig. 1):

(A) The vectors pGenesil1.3-FUT1-3 and pGenesil1.4-

FUT1-4 were digested with EcoRI/SalI, recycling the

big fragment of pGenesil1.3-FUT1-3 and the small

fragment (300 bp) of pGenesil1.4-FUT1-4, and then

ligated by T4 DNA ligase according to the manu-

facturer’s protocol. The ligated product was

Table 2 The multiple cloning sites (MCS) of the pGenesil series

plasmids

Vector

name

MCS

pGenesil1.1 –MluI–hU6 promoter–Insert DNA–SacI–HindIII–

BamHI–EcoRI–SalI–

pGenesil1.2 –SalI–EcoRI–BamHI–mU6 promoter–Insert DNA–

SacI–HindIII–MluI–

pGenesil1.3 –MluI–HindIII–BamHI–h7SK promoter–Insert DNA–

SacI–EcoRI–SalI–

pGenesil1.4 –SalI–hH1 promoter–Insert DNA–SacI–EcoRI–

BamHI–HindIII–MluI–

Fig. 1 Schematic outline of the construction of the multiple shRNA expression vector to knockdown FUT1
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Fig. 2 Schematic outline for the construction of the marker-removable multiple shRNA expression vector to knockdown FUT1
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transformed into competent DH5a cells using a heat

shock method. The transformed cells were grown on

an LB-agar plate containing kanamycin. Screening of

positive clones was done by double digest with

BamHI/SalI, which we termed pGenesil-FUT1-3?4.

(B) The vectors pGenesil-FUT1-3?4 and pGenesil1.2-

FUT1-2 were digested with BamHI/SalI, recycling

the big fragment of pGenesil1.2-FUT1-2 and the

small fragment of pGenesilFUT1-3?4 (700 bp), and

then ligated by T4 DNA ligase according to the

manufacturer’s protocol. The ligated product was

transformed into competent DH5a cells using a heat

shock method. The transformed cells were grown on

an LB-agar plate containing kanamycin. Screening of

positive clones was done by double digest with SalI/

HindIII, which we termed pGenesil-FUT1-2?3?4.

(C) The vectors pGenesil-FUT1-2?3?4 and pGene-

sil1.1-FUT1-1 were digested with SalI/HindIII, recy-

cling the big fragment of pGenesil1.1-FUT1-1 and

the small fragment of pGenesilFUT1-2?3?4

(1000 bp), and then ligated by T4 DNA ligase

according to the manufacturer’s protocol. The ligated

product was transformed into competent DH5a cells

using a heat shock method. The transformed cells

were grown on an LB-agar plate containing kana-

mycin. Screening of positive clones was done by

double digest with SalI/HindIII, which we termed

pGenesil-FUT1.

Generation of the marker-removable multiple-shRNA

vector

The marker-removable multiple-shRNA vector containing

four shRNAs driven by four different promoters was con-

structed using the following two steps (Fig. 2):

(A) The vector 3 s-loxP-GFP-TLR4 (kindly provided by

Professor Zhengxing Lian from China Agricultural

University) was digested with AseI/BamHI, recycling

the big fragment. Meanwhile, a DNA fragment con-

taining MCSs was synthesized by Shanghai Sangon

Biotechnology Co. Ltd. The synthesized DNA fragment

was then cloned into the big fragment to form a marker-

free vector containing two selection markers (EGFP and

neomycin), which we termed MCS-3s-loxP-GFP.

(B) The vector pGenesil-FUT1 was digested with SalI/

MluI, recycling the RNAi function fragment

(1,400 bp). Finally, we cloned the RNAi function

fragment into MCS-3s-loxP-GFP and successfully

constructed vector 3s-loxP-GFP-pGenesil-FUT1. All

constructs were sequenced to ensure the correct design.

Cell culture and transfection of shRNA constructs

Porcine fibroblast cells were isolated from 50 to 60 day old

fetuses and were grown in Dulbecco’s modified Eagle’s

medium (DMEM) (Gibco) supplemented with 15 % fetal

bovine serum (FBS) (Gibco) at 37 �C and 5 % CO2.

Twenty-four hours before transfection, cells were seeded in

a 6-well plate (Nunc) and cultured in growth medium

without antibiotics to achieve greater than 80–90 % con-

fluence on the day of transfection. For transfection, 3 lg of

the 3s-loxP-pGenesil-FUT1 plasmid was used per well.

Lipofectamine 2000 Reagent (Invitrogen) was used as the

transfection reagent according to the manufacturer’s

instructions. Non-transfected (MOCK) and scrambled

shRNA (HK) transfected cells were used as controls. The

lipofectamine/DNA complexes were removed after 4–6 h

and fresh medium was added to the cells. The transfected

cells were digested with 0.25 % trypsin–EDTA and trans-

ferred to six 10 cm plates when the cells achieved con-

fluence. To produce stably transfected cells, 800 lg/ml

G418 was added to the complete medium (DMEM ? 15 %

FBS). After 14 days selection, the fresh complete medium

was added to the cells. When the transgenic cells reached

confluence, some were collected for RNA extraction to

evaluate RNAi efficiency, and the rest were frozen in liquid

nitrogen for further experiments.

Genomic DNA PCR

Total cellular DNA was extracted from the amplified

clones, and the product was used as a PCR template. The

PCR primers were: 50-AAACTCGAGATCCAAGGTCG

GGCAGGAA-30 (Forward); 50-GCTGGGTCTAGAGTTA

AGGTCG-30 (Reverse). The expected size of the target

fragment of the vectors was 1,400 bp. The following

conditions were used for PCR cycles: 95 �C for 4 min,

followed by 35 cycles of 94 �C for 30 s, 55 �C for 30 s,

Table 3 Primers used for real-time RT-PCR reactions

Gene name Primer sequences(50–30) Annealing temperature (�C) PCR fragment size (bp)

FUT1 Forward: GAGGTTGTGGGGCAAGCACT 60 160

FUT1 Reverse: GGCGGAGGTTATCGAGAATT

TBP1 Forward: GATGGACGTTCGGTTTAGG 60 124

TBP1 Reverse: AGCAGCACAGTACGAGCAA

Mol Biol Rep (2013) 40:2243–2252 2247
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72 �C for 1 min, and a final extension at 72 �C for 7 min.

The PCR products were size-fractionated by 1 % agarose

gel electrophoresis.

Real-time RT-PCR

Total RNA was extracted from the fibroblast cells using the

RNeasymini kit (QIAGEN). RNA was digested by DNaseI

to remove the contamination of DNA, and single-stranded

cDNA was prepared from RNA using the High Capacity

cDNA RT Kit (QIAGEN). A RT-PCR reaction containing

all components except reverse transcriptase was also pre-

pared as a negative control. Real-time PCR primers were

designed using Primer Express 3.0 software. For specific-

ity, all primers were aligned using the GenBank BLAST

program, which is available online (www.ncbi.nlm.nin.gov

). Real-time RT-PCR was performed using an ABI Prism

Step One Sequence Detection System (Applied Biosys-

tems, USA). A standard PCR protocol was used for all

primers: 50 �C for 2 min; 95 �C for 10 min; 40 cycles of

95 �C for 20 s, 60 �C for 1 min; followed by 95 �C for

15 s, 60 �C for 15 s, and 95 �C for 15 s, in order to draw a

dissociation curve. After 40 cycles, dissociation curve

analysis was performed to verify the identities of PCR

products. Each sample was tested three times to obtain an

average. Relative expression levels of the FUT1 gene were

normalized to TBP1 expression levels. Primer sequences

for amplification of FUT1 and TBP1 are listed in Table 3.

Production the transgenic SCNT porcine embryos

For the construction of somatic cell nuclear transfer (SCNT)

embryos, matured oocytes and nuclear donor cells were

placed in a drop of micromanipulation solution and incu-

bated at 38.5 �C and in 5 % CO2 and saturated humidity for

10–15 min. Subsequently, using an inverted microscope

(IX71, Olympus, Japan) equipped with a micromanipulator

(Eppendorf, Germany) and warmed stage (Tokihai, Japan),

one oocyte was fixed with a holding pipette (inner diameter:

25–35 lm and outer diameter: 100–120 lm). The first polar

body was adjusted to the 1-o’clock position, and immedi-

ately after the needle entered from the 3-o’clock position,

the first polar body together with 10–20 % of the adjacent

cytoplasm—presumably containing the metaphase plate—

was aspirated out with a denucleation/injection pipette (inner

diameter: 15–25 lm). A selected somatic cell that was

globular, smooth, strongly refractive, and 15–20 lm in

diameter was injected subsequently into the perivitelline

space through the same slot. After the manipulation,

reconstructed donor cell-ovum cytoplasm couplets were then

transferred into T2 drops, incubated at 38.5 �C and in 5 %

CO2 and 100 % humidity for 30 min.

Fig. 3 Expression of GFP in the transgenic porcine fibroblast cells. (a1 fluorescent field, a2 bright field); HK control (b1 fluorescent field, b2
bright field)

2248 Mol Biol Rep (2013) 40:2243–2252

123

http://www.ncbi.nlm.nin.gov


For fusion and activation, the reconstructed couplets,

which had been recovering for 30 min in a drop of T2 liquid,

were transferred in batches into the fusion liquid for 2 min

to reach equilibrium, and washed three times in the fusion/

activation liquid. Each group of 10 couplets was placed into

the fusion chamber filled with the fusion/activation liquid.

The couplets were aligned gently using a fine glass probe

such that the interface of the donor somatic cells and

acceptor oocytes was parallel to the electrodes. A single

100 ls, direct current pulse of 1.56 kV/cm was then applied

to simultaneously induce fusion and activation using a CF-

150B fusion machine (BLS, Budapest, Hungary). Subse-

quently, couplets were washed three times in embryo culture

media and transferred into chemically assisted activation

liquid (PZM-3 ? 10 lg/ml CHX ? 10 lg/ml CB) covered

with mineral oil and incubated at 38.5 �C and in 5 % CO2

and 100 % humidity. Four hours later, fusion results were

examined under a stereomicroscope.

In vitro culture of embryos

The fused SCNT embryos were washed three times in

embryo culture media. Following the experimental design,

random groups of SCNT embryos were placed in a drop of

pre-equilibrated (for at least 4 h) culture media at a density

of 15 per 50 ll, and were incubated at 38.5 �C and in 5 %

CO2 and 100 % humidity. Embryo cleavage and blastocyst

development were observed and documented at days 2 and

7, respectively.

Embryos PCR

To ensure that the shRNAs were inserted into the genome

of the blastocyst DNA. The blastocysts were boiled in

ddH2O for 10 min, and the product was used as a PCR

template. The PCR primers were: 50-AAACTCGA-

GATCCAAGGTCGGGCAGGAA-30 (Forward); 50-
GCTGGGTCTAGAGTTAAGGTCG-30 (Reverse). The

following conditions were used for the PCR cycles: 95 �C

for 4 min, followed by 45 cycles of 94 �C for 30 s, 55 �C

for 30 s, 72 �C for 1 min, and a final extension at 72 �C for

7 min. The PCR products were size-fractionated by 1 %

agarose gel electrophoresis. Meanwhile, the target frag-

ments were extracted using the Gel Extraction Kit and then

used for DNA sequencing to identify the fragments.

Results

Sequencing profile of the multiple shRNA expression

vectors

The results of DNA sequencing provided further confir-

mation of the presence of the recombinant plasmids, indi-

cating that all the shRNA expression plasmids carried the

correct sequence (data not show).

Generation of transgenic stable fibroblast cells

G418 selection was used to obtain stable transfected cell

lines from the porcine fibroblasts. We noted that a few cells

aged and lost their growing ability after G418 selection.

Well-grown colonies were passaged after G418 selection,

and then transferred to 60 mm culture dishes to facilitate

expansion. Expression of the reporter gene (GFP) was

assessed by visualization of fluorescence (Fig. 3). In order

to further confirm the intergration of the gene of interest,

2000bp

1000bp

100bp

500bp

Fig. 4 Identification of transgenic porcine fibroblast clones by PCR.

Lane 1 Marker 2000 (2000, 1000, 750, 500, 250, 100), Lanes 2–4
positive control (plasmid), transgenic porcine fibroblast, non-trans-

genic porcine fibroblast

Fig. 5 Relative expression of FUT1 gene in cells transfected with

FUT1 shRNA. The expression of FUT1 gene among samples was

compared to HK control. TBP1 was used to normalize the data. (HK
scrambled shRNA, MOCK non-transgenic cell)
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genomic DNA were used to amplify the 1355 bp fragment

(Fig. 4). Following this, we inferred that the gene of

interest had stably integrated into the genome of the por-

cine fibroblasts. Therefore, we concluded that the trans-

genic porcine fibroblast cells could be used for further

study.

Evaluation of the FUT1 mRNA expression

The results of quantitative RT-PCR demonstrated that the

constructed multiple shRNAs expression vector was able to

inhibit 71 % of FUT1 mRNA expression in comparison

with the HK control in porcine transgenic fibroblast cells

(Fig. 5).

Development of SCNT embryos in vitro

As shown in Fig. 6, the SCNT embryos using the trans-

genic cells as donors expressed the green fluorescence

protein and developed into a blastocyst. Finally, we

detected the blastocyst to confirm the gene of interest. The

expected size of the target fragment of the vectors was

1,355 bp and the result showed that the gene of interest had

stably integrated into the genome of the porcine blastocyst

(Fig. 7). Meanwhile, DNA sequencing revealed that the

PCR products were correct (data not show).

Discussion

The strategy of RNAi

RNAi is a powerful tool for studying gene function.

However, one of the biggest obstacles is how to select a

specific and effective siRNA sequence for gene function

analysis. Although the existing rules for siRNA selection

are a reliable general guide, they do not ensure that each

selected siRNA is effective. The RNAi vector expresses

multiple shRNAs controlled by one promoter and co-

transfection shRNA vector is considered a valuable tool for

highly effective gene suppression of single and multiple-

genes targets, and can be used to prevent the escape of

mutation-prone transcripts. However, the introduction into

a single vector of multiple shRNA expression cassettes

carrying identical promoter sequences presents a serious

problem, that of a marked reduction in activity of each

expressed shRNA in the transduced cells, and this reduced

activity is due to recombination of the expression cassette

repeat sequences [29]. The recombination may result in

deletion of one or multiple repeats and the intervening

sequence in E. coli, and screening the colony without DNA

rearrangement would be complex and time consuming

[16]. It is difficult to co-transfect multiple shRNAs in a

cell, as we do not know all siRNAs expressed simulta-

neously in one cell, unless each vector encodes a different

marker gene, but this again is time-consuming and also

costly, and it remains unclear if a single cell expresses all

shRNAs intended to be transferred. Moreover, expression

Fig. 6 Expression of GFP in the transgenic cloned embryos. a fluorescent field, b bright field

1355bp 

1000bp 

2000bp 

100bp 

500bp 

Fig. 7 Identification of transgenic porcine blastocyst by PCR. Lane 1
Marker 2000 (2000, 1000, 750, 500, 250, 100), lanes 2–5 positive

control (plasmid), negative control (untransgenic porcine), ddH2O,

transgenic porcine embryo
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from a single vector has the advantage that the relative

level of expression of each shRNA is constant.

In the present study, we overcame this technical hurdle

and developed an effective strategy for constructing an

RNAi vector that silences multiple sites on one gene

simultaneously. In order to prevent recombination we

selected four different promoters that do not have homol-

ogous sequences for our multiple shRNA expression

strategy. The human polymerase III promoters H1, U6, and

7SK and the mouse polymerase III promoter U6 were

selected as they have well defined transcription start and

termination sites and are well used in different mammalian

cells, although their expression efficiencies demonstrate

slight differences in some cell types. Each promoter in the

cassette is associated with an individual transcriptional unit

and no apparent competition exists between multiple

polymerase III promoters in close proximity. With this

approach, the silencing efficiencies of a single gene can be

significantly improved, and it also allows simultaneous

expression of four shRNAs against different regions of the

target mRNA. The approach also facilitates silencing of

four different genes simultaneously, further extending the

application spectrum of RNAi, and allowing easy and rapid

analysis of the functions of the multiple target genes and

therapeutic strategies. Moreover, this strategy has a syn-

ergistic effect on the repression of a target without signif-

icant competitive inhibition existing between multiple

polymerase III promoters in close proximity [17].

Transgenic animal biosafety

The inheritance of the recombinant genetic material in the

offspring obtained by SCNT is more stable than that seen

with microinjection, and the positive rate is higher. In

addition, this approach is very useful for studying issues

associated with sexuality. It may be possible to develop

RNAi transgenic animals by using nuclear transfer (NT).

SMGs are extremely useful in enabling transgenic cells in

NT. However, due mainly to consumer concerns and

breeding demand. How to breed a mark-free transgenic

porcine? A suite of Cre-loxP site-specific recombination

system have been establishment, it could specifically rec-

ognize two direct oriented loxP sites and catalyze eliminate

the marker gene flanked by them in mammalian cells. This

system has been universally applied in producing mice

with tissue-specific gene targeting, allowed researchers to

manipulate a variety of genetically modified organisms to

control gene expression, delete undesired DNA sequences

and modify chromosome architecture. The marker-free

approach has been universally applied to the production of

transgenic plants, but rarely livestock. To enhance the

efficiency of transgenic pig production, we have generated

a vector-based system for the expression of multiple

shRNAs, which contain an EGFP reporter gene and an

antibiotic-resistance gene that allows positive selection of

recipient cells. The vector also contains two direct oriented

loxP sites, and all the SMGs (kanamycin and neomycin)

and the fluorescent gene (EGFP) are in the middle of the

two direct oriented loxP sites. In other words, with the use

of this site-specific recombination, it becomes possible to

apply precise elimination of all selectable marker and

fluorescent genes from the transgenic cloned pig, which

could shorten the time to evaluate biosafety and future

multiple gene-pyramiding breeding.

Conclusions

This is the first study of FUT1 gene knockdown in porcine

animals. We established a rapid, economical, powerful,

reliable, and quantitative method for screening the most

effective siRNA or shRNA for suppressing FUT1 gene

expression in porcine fetal fibroblasts and for producing

marker-free transgenic pigs that are resistant to F18 related

diseases. This method is likely to be useful in uncovering

biochemical mechanisms of RNAi pathways and it has the

potential to provide more rational strategies for efficiently

targeting suppression of any desired gene. The ability to

quickly identify effective siRNA for silencing any gene is

likely to have significant implications not only in basic

research, but also in RNAi-based therapeutics and in the

generation of genetically modified animal models.
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