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Abstract
Transposon mediated transfection is a promising, safe, and convenient way to generate transgenic chicken
compared with virus-mediated technology and the in vitro modification of primordial germ cells (PGCs). To
establish a simple method for in vivo transfection of chicken PGCs, we applied four different transposon systems
(PB, SB, Tol2, and ZB) to investigate the gene transfer efficiency of chicken gonads via direct injection of a
mixture of transposon and transposase plasmids and transfection reagent (polyethylenimine, PEI) into the
subgerminal cavity of Hamburger and Hamilton stage 2-3 chick embryos. We also compared the effect of the
amount of plasmids injected on the gene transfer efficiency of chicken gonads. We found that over 70% of the
gonads were green fluorescent protein (GFP)-positive across all four transposon groups, and that the proportion
of GFP-positive gonads was not significantly different between different transposons. Some GFP positive cells in
gonads were confirmed as germ cells by co-labeling with the germ cell specific antibody. We also found that the
proportions of GFP-positive gonads decreased significantly with a decrease of plasmid dose from 100 ng to 20 or
50 ng. Here we revealed that a combination of transposons with PEI is a simple and efficient method for gene
transfer into chicken gonads and able to transfect PGCs in vivo that could be used for the production of
transgenic chickens.
Keywords: transposon, primordial germ cells, polyethylenimine, transfection efficiency, chicken, transgenesis
1. Introduction
The chick embryo, as a model system, has many applications in developmental biology research (Rashidi &
Sottile, 2009; Vergara & Canto-Soler, 2012) and as a bioreactor for pharmaceutical proteins (Lillico et al., 2005).
This model becomes increasingly popular because of peculiar advantages, such as a short incubation period, the
accessibility of embryos, and the availability of experimental embryology (Stern, 2005). According to
contemporary transgenic methods, viral injection has proven to have the highest efficiency in birds (McGrew et
al., 2004), and has been used to generate transgenic hens that synthesize functional recombinant pharmaceutical
proteins in a tightly regulated, tissue-specific manner (Lillico et al., 2007); however, viral integration methods
have size and sequence restraints (Scott et al., 2010). The most important effect is that transgene expression with
viral vector may be silenced in the germline. Because of these potential drawbacks, transposons have become an
alternative to viruses for integration and expression of transgenes. Transgenic offspring generated by transposon
vectors (such as Minos, Tol1, Tol2, piggyBac [PB], and sleeping beauty [SB]) have been achieved in
invertebrates, fish, and mammals (Dupuy et al., 2002; Kawakami et al., 2000; Sasakura et al., 2003; Sumiyama
et al., 2010; Wilber et al., 2006). Three commonly used transposons—PB, SB, and Tol2—have also been utilized
to transfer foreign genes to the avian genome. The SB transposon system was the first used to try and increase
the transgene efficiency in chicken and turkey cells (Kong et al., 2008), while a germ-line-competent chicken
PGC line was developed with the PB transposon and transposase, and both of the efficiency of transgenesis and
the expression level of transgene were improved with these modified PGCs (Park & Han, 2012). A transgenic
chick can be generated with the PGCs modified in vitro using both PB and Tol2 transposons (Macdonald et al.,
2012). Lu et al. (2015) first demonstrated that a PB transposon mediated the insertion of a transgene into chicken
embryos during developmental stages. Later, both PB and Tol2 were shown effective for chimera production and
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germline ttransgenesis byy direct injecttion into the vvasculature of developing chhick embryos oor the subgerm
minal
cavity of newly laid egggs (Liu et all., 2012; Tyacck et al., 20133). In additionn, transfectionn reagents suc
ch as
Lipofectam
mine 2000 andd jetPEI, combbined with traansposons, havve also been aapplied in the direct injectio
on of
chick embbryos (Jordan et al., 2014; Tyack et al., 2013), and w
were proven too be effective and promising for
chicken traansgenesis.
Although all three transpposons (PB, SB, and Tol2) hhave been testted in avian models, to our kknowledge, the
ere is
no report on the paralleel comparisonn of the efficiency of thesee transposons using the sam
me protocol. In
n the
present stuudy, we investtigated the genne transfer effficiency into thhe chicken gonnads mediatedd with three cllassic
transposonns (PB, SB, annd Tol2) and oone new transpposon (ZB), w
which was isollated in our laaboratory, by direct
d
injection innto the subgerrminal cavity oof early chickeen embryos. W
We also tested P
PEI to deliver DNA. PEI wa
as the
second polymeric transffection agent ddiscovered afteer poly-L-lysinne (Boussif et al., 1995), annd has been used to
deliver DN
NA and RNA both in vivo aand in vitro (L
Lu et al., 2015;; Lungwitz et al., 2005; Morishita et al., 2015;
2
Sramkova et al., 2014). This research aimed to estaablish a simplee and efficient method for PG
GC transfectio
on by
direct injeection into em
mbryos and tto select the best transposson system fo
for further application in avian
a
transgenessis.
2. Materiaals and Methoods
2.1 Animals
Newly ferttilized eggs off Rucao chickeens were purchhased from the Institute of Pooultry Science,, Chinese Acad
demy
of Agriculltural Science. The eggs werre kept in an iincubator at 377.8 °C for 10 hh, and embryoos from Hambu
urger
and Hamillton (HH) stagge 2 to HH 3 were used forr gene transfecction in vivo. T
The protocol ffor animal use
e was
approved iin accordance with the Univeersity Council on Animal Caare guidelines.
2.2 Plasmiid DNA
Two vectoor systems harbboring four traansposons werre used to transsfect the PGCss. One vector system constru
ucted
in our labooratory is a trinnity of PB, SB
B, and Tol2 traansposons nam
med pT3-CAG--GFP. This sysstem consists of
o the
terminal iinverted repeaat sequences (TIRs) of thrree transposonns and a greeen fluorescennce protein (G
GFP)
expressionn box, includinng the chicken -actin promooter, GFP ORF
F, and rabbit 
-globin poly A (Figure 1A). The
other vecttor system conntains the sam
me GFP expresssion box, butt is flanked w
with the TIRs of a new Tc1
1-like
transposonn that was isoolated from zzebrafish in oour laboratoryy (named ZB,, unpublished data) and na
amed
pZB-CAG
G-GFP (Figure 1B). The PB, SB, ZB, and T
Tol2 transposaase ORF were cloned downsstream of the CMV
C
promoter and located upstream of the rabbit --globin poly A, respectiveely. Those vecctors were na
amed
pCMV-PB
B, pCMV-SB, pCMV-Tol2, and pCMV--ZB (Figure 1C). Both off the PB andd SB transposases
(pCMV-PB
B and pCMV-S
SB) are new versions of vecttors that were recently optim
mized (Mates eet al., 2009; Yu
usa et
al., 2011).

Figure 1. S
Structure of veectors
Note. A: pT3-CAG-GFP
P; B: pZB-CAG
G-GFP; C: pCM
MV-PB, pCMV
V-SB, pCMV--Tol2, and pCM
MV-ZB.
2.3 Formuulation of a Plaasmid Complexx for Microinjeection
We mixedd a transposon plasmid with transposase plasmid in a 2:1 ratio, and thhen mixed PEII with plasmid
d in a
2:1 ratio. The plasmid and PEI com
mplex was prrepared accordding to the ppolyethylenimiine manufactu
urer’s
instructionns (PEI, 25 kDa
k
branchedd PEI, Sigmaa-Aldrich). Brriefly, transpooson vector ((pT3-CAG-GFP or
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pZB-CAG-GFP) and transposase vector (pCMV-PB, pCMV-SB100X, pCMV-Tol2, or pCMV-ZB) were mixed at
2:1, respectively, and incubated at room temperature for 5 min. Then, an appropriate amount of stock PEI (10
g/L) was added to the DNA mixture at 2:1 and incubated for 15 min at room temperature. Finally, sterile
Trypan blue was added to the mixture at final concentration of 10% (vol/vol) and dissolved completely. The final
DNA concentrations of 100, 50, or 20 ng/L were used for injection. This mixture is stable at room temperature
for several hours.
2.4 Microinjection of Chick Embryos
PGCs are enriched in the transparent region of chick embryos at HH stage 2-3 (6-12 h of incubation) (Kang et
al., 2015), which suggests that this stage is an appropriate time for PGC transfection. A window was cut in the
pointed end of a recipient egg to allow access to the HH stage 2-3 embryo. The prepared plasmid-PEI complex
(1 L) was injected into the central part of subgerminal cavity using a micropipette (90 mm, Japan) and a
microinjector (Tritech Research, America). The injection pipette was drawn from a Narishige glass tube with an
inner diameter of 30 m at the tip. After injection, the opening in the egg was sealed with a type of adhesive
medical rubberized fabric plaster tape. The eggs were incubated at 37.8 °C and 60% relative humidity with a
rocking motion every 2 h through a 90° angle for 18 days, after which they were further incubated at 37 °C and
70% relative humidity without rocking until they hatched.
2.5 Detection of Green Fluorescence
To assess the success of the technique, all embryos were hatched for 21 days, then eight organs, including the
heart, liver, spleen, lung, kidney, brain, gonads, and intestine, were dissected to detect the GFP signal under a
fluorescence microscope. At the same time, the viability data at embryo day 7 (ED 7) and ED 14 and the
hatching rate at ED 21 were collected.
2.6 Immunohistochemistry
We used immunostaining of chicken Vasa homologue gene (CVH) to identify GFP-positive germ cells. Briefly,
dissected gonads were dissociated using trypsin and fixed in 4% paraformaldehyde for 10 min. The resulting
cells were centrifuged for 5 min and the supernatant was discarded. The cells were washed two times in
phosphate-buffered saline (PBS) and nonspecific binding sites were blocked with 1% bovine serum albumin in
PBST for 30 min, then centrifuged for 5 min per wash, and the supernatant discarded. The cells were
subsequently incubated with the primary rabbit polyclonal anti-DDX4 at 1:100 (Beijing Biosynthesis
Biotechnology Co.) overnight at 4 °C and washed three times in PBST for 5 min per wash. The cells were then
incubated with secondary Cy3-conjugated goat anti-rabbit antibody (Beijing Biosynthesis Biotechnology Co.) at
1:200 for 1 h at room temperature and then washed three times with PBST for 5 min per wash. Finally, the cells
were stained with DAPI (1 g/mL) and visualized using a fluorescence microscope.
2.7 Statistical Analysis
A chi-square test was used to determine the significance of differences between the GFP-positive proportion of
gonads, GFP-positive proportion of embryos, viability at ED 7 and ED 14, and hatching rates at ED 21 between
groups. P < 0.05 was considered significant.
3. Results
3.1 Efficient Gene Transfer into Chicken Gonads Using Different Transposons
Four transposons systems were used to evaluate the gene transfer efficiency into chicken gonads. The transposon
and transposase plasmids were combined and formulated with PEI to produce the injection mixture. Then, the
mixture was injected into the subgerminal cavity of HH 2-3 embryos to transfect the PGCs, as previously
described. All injected embryos were incubated for 21 days. Then, the GFP-positive proportions of gonads and
embryos, viability, and hatching proportions were analyzed. High gene transfer efficiencies into the gonads were
obtained (Table 1). Most gonads of injected embryos were GFP-positive in all four transposon groups. The
GFP-positive proportions of gonads were 70.97%, 78.26%, 77.42%, and 72.00% in PB, SB, Tol2, and ZB,
respectively. We found no significant difference between the four transposons (P > 0.05) based on a chi-square
test. The GFP signals were detected in diverse tissues, including gonads (Figure 2A), spleen (Figure 2B),
intestine (Figure 2C), and brain (Figure 2D). Green fluorescence was observed extensively throughout the
gonads (Figure 2A). We found that the proportion of GFP-positive embryos (including embryos with any
GFP-positive tissue) was about 80% for all transposon groups. No significant differences were found between
transposons (P > 0.05).
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Table 1. H
Hatching rates and
a transfectioon efficiency of manipulated eggs
Group

Viabilitty
at ED 7 (%)

Viaability
at E
ED 14 (%)

Hatching rate
at ED 21 (%)

Proportioon of GFP+
embryos (%)

P
Proportion of GF
FP+
gonads (%)

PB
SB
TOL2
ZB

75.56 (668/90)
71.11 (664/90)
80.90 (772/89)
83.13 (669/83)

56..67 (51/90)B
40..00 (36/90)A
58..43 (52/90)B
68..12 (47/83)B

34.44 (31/90)
25.56 (23/90)
34.83 (31/89)
30.12 (25/83)

80.65 (255/31)
78.26 (188/23)
80.65 (255/31)
80.00 (200/25)

70.97 (22/31)
78.26 (18/23)
77.42 (24/31)
72.00 (18/25)

Note. Varioous letters in the same row inndicate signifiicant differences (P < 0.05).
E 7
The toxic effect of thesee transposons ccombining witth PEI was theen checked. Wee found that thhe viability at ED
milar across thhe four transpooson groups ((P > 0.05), bu
ut the
and the haatching rate att ED 21 weree generally sim
viability att ED14 showed a significantt difference bettween the fourr (P < 0.05) (T
Table 1). Comppared with prev
vious
studies (Joordan et al., 20014; Tyack et aal., 2013), the viability at ED
D 7 and ED 14 and the hatcching rate at ED 21
(25-35%) w
were acceptabble.
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F
Figure 2. Anallysis of fluoresscent tissues frrom directly inj
njected embryoos and negativee controls
Note. GFP
P and correspoonding bright field images oof representatiive gonads (A
A), spleen (B),, intestine (C), and
brain (D).
3.2 Confirrmation of the Ability
A
of Trannsposons to Trransfect Germ Cells Using Im
mmunohistocheemistry
To confirm
m the ability of
o these transpposons to transfect germ cellls, we identiffied GFP-posittive gonad cells by
immunohistochemistry for
f the germ ccell-specific anntigen, CVH. Some GFP-exxpressing cellss were positiv
ve for
CVH, whiich is generallyy used as a maarker for chickken germ cells (Figure 3). W
We found that w
we had successsfully
transfectedd germ cells inn vivo with thee transposon-m
mediated techniique.

Figuree 3. Colocalizattion of some G
GFP-positive ccells with germ
m cell-specific antigens in cellls from gonad
ds
Note. Cellls were observved by fluorescence microsccopy (A: GFP; B: anti-CVH
H; C: DAPI; D
D: merged ima
ages).
Arrows inddicate colocaliization of GFP
P and immunorreactivity. Maggnification ×400.
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3.3 Effect of the Amountt of Plasmid onn the in vivo Trransfection Eff
fficiency of PGCs
Next, we eexamined the effect of the aamount of injected plasmid oon the in vivo transfection eefficiency of PGCs.
We decreaased the dose of
o the injectedd plasmids to 550 ng or 20 ngg for each embbryo in the SB
B transposon grroup.
We found that the propoortion of GFP--positive gonaads and embryyos decreased significantly ((P < 0.05) with the
decrease oof plasmid dosse (Figures 4A
A and 4B), whhile the viabillity and hatchhing rate of thhe embryos did
d not
increase siignificantly (P
P > 0.05) (Figurres 4C, 4D andd 4E).

Figure 4.. The effect off the amount off plasmid on thhe proportion oof GFP-positivve gonads (A) and embryos (B),
(
and the viiability and haatching rate of embryos (C, D
D, E)
Note. The various letterss indicate signiificant differennces (P < 0.05)).
4. Discusssion
The currennt study demonnstrated that alll four transpoosons (PB, SB,, Tol2, and ZB
B) combined w
with the transfection
reagent (P
PEI) were capaable of transferrring foreign ggenes into the chicken gonads with similaarly high efficiiency
(over 70%
% of the gonadss being GFP poositive) by direect injection innto the subgerm
minal cavity oof HH 2-3 embryos.
The gene ttransfer efficieency of chickeen gonads withh a high injecttion dose (100 ng) of plasmiid packed with
h PEI
was higherr than that of the low dose (220 and 50 ng).
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Although the transfection of PGCs can be achieved by injecting plasmid DNA and liposome complexes into the
bloodstream of stage HH 14 embryos (Watanabe et al., 1994), this method is inefficient and unstable without a
transposon medium. Combining transposons with transfection reagents has been shown to be effective for
chimera production and germline transgenesis by direct injection into the vasculature of developing chick
embryos or stage X embryos (Jordan et al., 2014; Tyack et al., 2013). The combination of Tol2 transposon with
Lipofectamine 2000 has been confirmed to transfect the PGCs efficiently in vivo by direct injection into the
vasculature of developing chick embryos and to generate stable germ-line transgenic male chickens who passed
the transgene onto their offspring (Tyack et al., 2013). That study (Tyack et al., 2013) revealed that all gonads
sampled at ED 14 were GFP positive (10 out of 10 embryos), five out of the 11 F0 male semen were transgene
positive, five out of the 419 offspring from the F0 individuals with transgene positive semen were GFP positive,
and the transgene rate of their offspring was about 1.5%, which is substantially lower than that using lentiviral
vectors (4-45%) (McGrew et al., 2004).
Other nonviral vehicles, such as PEI, have also been used in combination with the transposon to improve gene
transfer efficiency in chickens (Jordan et al., 2014). PEI, a highly water-soluble cationic polymer, has been
widely used for nonviral transfection of DNA and RNA in vitro and in vivo (Lu et al., 2015; Lungwitz et al.,
2005; Morishita et al., 2015; Sramkova et al., 2014), and the advantage of PEI over other polycations is that it
combines strong DNA compaction capacity with an intrinsic endosomolytic activity (Tang & Szoka, 1997). PEI
has two structural forms, linear and branched, with various molecular masses (Fischer et al., 1999; Huh et al.,
2007). The linear PEI derivative (jetPEI) combined with the PB transposon, which has been tried in chickens,
can transfect multiple chick cell types, including germline stem cells, by direct injection into the vitelline artery
of HH stage 23 chick embryos (Jordan et al., 2014). This technique has also been applied for long-term
expression of a transgene in chickens by direct injection into stage X embryos. Stable expression of GFP was
seen in multiple tissue types, including the heart, brain, liver, intestine, kidney, and gonads (Jordan et al., 2014).
Here we demonstrated that the 25 kDa branched PEI, combined with transposons, can be used to deliver genes
into chicken gonads and transfect PGCs efficiently in vivo. To find the most efficient transposon, we compared
the transfection efficiency of PGCs across four transposons by screening the GFP-positive gonads. All of these
transposons were highly efficient, and no significant difference was observed in the proportion of GFP-positive
gonads, which also suggests that all four of these transposons are applicable in chicken transgenesis and that
their efficiency is consistent with that previously reported (Tyack et al., 2013). We also found that combining
PEI with a high dose (100 ng) of plasmid can generate a high proportion of GFP-positive gonads, while
combining PEI with a low dose (20 or 50 ng) of plasmid can generate a low proportion of GFP-positive gonads,
but with a limited increase in the hatching rates and viability of embryos, which indicates that the hatching rates
and viability of embryos may be affected mainly by the physical injury of the injection, not the dose of plasmid
or transfection reagent. Transposons combined with other techniques, such as electroporation, have also been
attempted in chickens (Liu et al., 2012; Sato et al., 2007). However, the gene transfer efficiency, hatching rates,
and viability of embryos were substantially lower than that of transposons combined with the transfection
reagents reported in this and previous studies (Tyack et al., 2013).
Another common approach to the production of transgenic chickens mediated with transposons is based on PGC
culture in vitro. Chicken PGCs are cultured and modified in vitro and then injected into embryos to generate
transgenic chickens. Investigators have generated transgenic chickens and offspring efficiently using PB
transposons (Macdonald et al., 2012; Park & Han, 2012). However, as is widely known, it is difficult to isolate
many PGCs from embryos, and culturing PGCs in vitro is technically challenging and expensive. Meanwhile,
the in vivo transfection of PGCs by combining transposons with a transfection reagent using direct embryo
injection is much simpler and more convenient, and the efficiency of PGC transfection is high, which has been
proven by this and previous studies (Tyack et al., 2013; Jordan et al., 2014). The protocol described in this study
could be used to produce germline transgenics, and may offer a new solution for precision genome manipulation
involving CRISPR/Cas9 (Cong et al., 2013), zinc finger nucleases (ZFNs) (Kim et al., 1996), and TALENs
(Bedell et al., 2012).
We found that direct embryo injection with the combination of transposons and PEI is a simple and readily
adoptable method for the gene transfer into chicken gonads. All four transposons investigated in this study (PB,
SB, ZB, Tol2) are highly efficient for the gene transfer into chicken gonads and able to transfect PGCs in vivo,
and applicable in chickens. Furthermore, the rates of GFP-positive gonads decreased significantly with the
decrease of plasmid dose from 100 ng to 20 or 50 ng.
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