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ABSTRACT Sperm can be selected as a natural vector
for the production of transgenic animals. Methyl-beta-
cyclodextrin (MBCD) removes cholesterol from the
phospholipid membrane of sperm and improves the
efficiency of DNA uptake by sperm. In experiment 1,
fresh sperm was treated with various concentrations of
MBCD. The direct effects of MBCD on sperm parame-
ters were monitored. In experiment 2, different
concentrations of MBCD (0, 1, 2, and 4 mmol) were
assessed for the transfection of genetically exogenous
construction to rooster sperm. Washed semen was
divided into 5 equal groups for the incubation and
transfection with a pcDNA3.11/hG-CSF vector (exog-
enous DNA) as follows; Treatment I—Control (washed
semen without DNA); Treatment II—Control (washed
semen with DNA); Treatment III—(washed semen
incubated with DNA and 1 mmol MBCD); Treatment
IV—(washed semen incubated with DNA and 2 mmol
MBCD); and Treatment V—(washed semen incubated
with DNA and 4 mmol MBCD). We demonstrated
that rooster spermatozoa spontaneously can uptake
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exogenous DNA; this was assessed using exogenous DNA
amplification (sperm genomic DNA used as a template
for PCR reaction) after DNase I treatment. In addition,
total motility (TM), progressive motility (PM), velocity
parameters [curvilinear velocity (VCL), straight linear
velocity (VSL), sperm track straightness (STR), line-
arity (LIN)], membrane integrity (MI), and membrane
functionality were posttransfectionally evaluated. The
concentrations of 1 and 2 mmol MBCD significantly
(P , 0.05) improved the motion characteristics and
membrane integrity of fresh sperm. The presence of hG-
CSF in rooster sperm was detected by PCR and based on
sperm analyses MBCD (1 mmol) improved the percent-
age of motility (98.9 6 0.81), membrane functionality
(646 1.64), andMI (76.26 1.65) after transfection when
compared with the other groups (P , 0.05). For the
production of transgenic chicken, hens were inseminated
(AI) by transfected sperm treated with 1 and
0mmolMBCD.APCR analysis of the blood samples and
dead embryo tissues of chicks did not reveal the
transgene integration.
Key words: chicken, exogeno
us DNA, sperm, transfection
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INTRODUCTION

The development of techniques that introduce DNA
into animal cells is a model system for the basic and
applied research leading to future clinical and industrial
applications (Anzar and Buhr, 2006). Transgenic
animals are valuable tools as bioreactors to produce
therapeutic proteins developed in different animal
systems such as cows, goats, and chickens
(Montgomery, 2004; Houdebine, 2009). Recently,
research has been focused on the development of trans-
genic chickens due to a number of biological and physio-
logical advantages of hens such as shorter timescale for
setup, potential for large-scale protein production, and
lower costs associated with husbandry (Lillico et al.,
2005). Moreover, high accurate glycosylation in the
hen’s egg encourages researchers to focus on the produc-
tion of genetically modified chickens (Samoylov et al.,
2013). Among transgenic methods, sperm-mediated
gene transfer (SMGT) is based on autonomous capa-
bility of sperm cells to bind exogenous DNA molecules.
This method uses the sperm as a natural vector to
transfer transgenes into oocytes during the fertilization

https://doi.org/10.1016/j.psj.2021.101058
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jgrimes@ncsu.edu


RAHIMI ET AL.2
(Lavitrano et al., 1989; Pramod et al., 2016). This
technique is postulated to be an efficient, simple, and
cost-effective method for producing transgenic animals.
However, the viability and motility of sperm after
SMGT are not satisfactory (Smith and Spadafora,
2005; García-V�azquez et al., 2011; Zaniboni et al.,
2013). Alternatively, the efficiency of this procedure de-
pends on the sperm quality such as progressive motility,
thereby reducing the number of fertilized oocytes occur-
ring after SMGT. Therefore, the use of a protective
agent for the transfection to facilitate the DNA absorp-
tion by sperm as well as preserving the quality of sperm
seems to be an effective strategy (Harel-Markowitz et al.,
2009; Yu et al., 2010). Methyl-beta-cyclodextrin
(MBCD) is a water-soluble cyclic oligosaccharide with
beneficial effects on sperm fertilization, embryo develop-
ment, (Mao et al., 2005), and mouse sperm capacitation
(Choi and Toyoda, 1998). MBCD is able to remove
cholesterol from sperm plasma membrane (Mao et al.,
2005) to increase DNA absorbance by sperm (Oddi
et al., 2012).

Currently, there appears to be no published report
concerning the applicability of MBCD for the SMGT
in roosters. Therefore, the objective of this study was
to use different concentrations of MBCD during the
transfection of exogenous DNA into rooster sperm cells
during the SMGT. It was purposed to use PCR and
several sperm evaluation methods to determine the
efficacy of MBCD on DNA absorption and quality of
sperm after the transfection. At the end of study,
artificial insemination (AI) was performed with post-
transfected sperm for the production of transgenic
chicks.
MATERIALS AND METHODS

Preparation of Gene Construct

In this study, a pcDNA3.11 vector was used under the
control of the CMV promoter as an exogenous DNA.
The DNA fragment encoded by the hG-CSF gene was
synthesized on the PBHA vector by Bioneer Korean
Company. Afterward the gene was isolated from the
PBHA vector by double digestion with XhoI and Hin-
dIII. It was then directly subcloned into the same
restricted sites on the pcDNA3.1 plasmid to form the
recombinant expressing vector pcDNA3.1-G/CSF. The
length of recombinant expression vector was 6,061 bp.
To confirm the construction, colony PCR reactions
and DNA sequencing were performed. The recombinant
plasmid was amplified in Escherichia coli DH5a cells.
Plasmid extraction was performed using Qiagen High
Pure Plasmid Isolation Kit and then was analyzed on a
1% agarose gel.

For linearization of plasmid, a restriction enzyme
(pvuI, Invitrogen, Burlington, Canada) was used. The
digestion product was confirmed by 1% agarose gel
electrophoresis and purification was done with the
High Pure PCR Product Purification Kit (Roche,
Germany) according to the manufacturer’s instructions.

Animal Groups and Semen Collection

All bird handling procedures were approved by the
Tarbiat Modares University Animal Care and Use Com-
mittee. Six 28-week-old fertile White Leghorn layer
breeder roosters were kept in individual cages with a
photoperiod of 16 L:8 D. Semen samples were collected
twice per week from roosters during a 5-week period
(10 replicates) based on the method of Burrows and
Quinn (1937). Five replicates were used in experiment
1 for the evaluation of the effects of MBCD on the fresh
sperm parameters. Five replicates were used in
experiment 2 for the transfection of exogenous DNA
into the rooster sperm.

Semen Processing

Semen samples were placed in a thermal flask that
contained water at a temperature between 38�C and
40�C and then transferred to the laboratory within
5 min after the collection for primary evaluations. Total
motility and concentration were analyzed by computer-
assisted sperm analyzer (CASA) and hemocytometer,
respectively (Shahverdi et al., 2015). Ejaculates that
met the following criteria were included in this study:
volume of .0.2 mL, concentration of .3 ! 109

sperm/mL, and total motility of .80%. To eliminate
the individual differences, semen samples were pooled
by day and then divided into equal parts according to
the experimental designs of each experiment.

Experiment 1: Preliminary Study

A preliminary study was conducted on fresh semen to
determine the direct effects of MBCD on the fresh
rooster sperm. To this purpose, semen samples were
divided into 4 aliquots to be incubated with various con-
centrations of MBCD (0, 1, 2, and 4 mmol). The suspen-
sion of sperm and MBCD were incubated for 1 h at 37�C
and 5% CO2. Motion characteristics, membrane integ-
rity (MI), and membrane functionality of postincubated
sperm were assessed using a CASA, eosin-nigrosin stain-
ing, and hypoosmotic swelling test, respectively.

Experiment 2: Transfection of Exogenous
DNA Into the Rooster Sperm

The purpose in experiment 2 was to assess the effects
of the different concentrations of MBCD on the sperm-
mediated gene transfer. For the transfection, pooled
semen was immediately diluted by prewarmed (37 �C,
1:7) Lake Buffer (0.4 g/L D-fructose, 0.15 g/L polyvinyl-
pyrrolidone, 0.96 g/L sodium glutamate, 0.25 g/L potas-
sium citrate, 0/035 g/L magnesium acetate, and
0.187 g/L glycine; pH 7.1; 340 mOsm/kg). It was then
subsequently washed twice by centrifuging (600 g for
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15 min at 37�C) to remove the materials with DNase
activity (Feyzi et al., 2018). The washed semen was
divided into 5 equal groups for incubation and
transfection with the pcDNA3.11/hG-CSF vector
(exogenous DNA) as follows: Treatment I—Control
(washed semen without DNA); Treatment II—Control
(washed semen with DNA); Treatment III—(washed
semen incubated with DNA and 1 mmol MBCD); Treat-
ment IV—(washed semen incubated with DNA and
2 mmol MBCD); and Treatment V—(washed semen
incubated with DNA and 4 mmol MBCD). For the
transfection, a suspension of approximately 109 sperm
in 500 mL of Lake Buffer along with 1 mL of vector
pcDNA3.11/hG-CSF (10 mg) was used for 30 min at
37�C. The sperm incubated in the control groups (with
and without DNA) were analyzed 30 min after the
incubation (the same as other groups). After the trans-
fection, the sperm samples were centrifuged (600 g at
37�C) and washed twice in Lake Buffer to remove any
DNA not adhered to the sperm membrane. In order to
separate sperm cells from nonincorporated exogenous
DNA, reactions were incubated with 0.1 mg DNase I
for 30 min, followed by washing twice with the Lake
Buffer (Lanes et al., 2009).

Sperm DNA Extraction and Evaluation of
DNA Uptake by PCR

A phenol: chloroform procedure was used to extract
the genomic DNA from the whole sperm with a slight
modification (Rola et al., 2003). To extract the genomic
DNA from the transfected sperm cells, 2 mL of extrac-
tion solution (2% beta-mercaptoethanol, 10 mmol Tris
(pH 8.0), 100 mmol NaCl, 0.5% SDS, 10 mmol EDTA)
and 20 mL proteinase K (20 mg/mL) were added to a
500 mlLsperm suspension containing 109 sperm cells.
The mixture was vortexed to ensure an adequate
digestion and then incubated at 40�C for 24 h to
complete protein digestion. Then, 500 mL of phenol:-
chloroform was added to the solution, which was
vortexed and centrifuged at 13,500 g for 15 min. The su-
pernatant was slowly transferred into a sterile test tube
and isopropanol was added to the supernatant (ratio of
2:1), which was mixed thoroughly and centrifuged at
12,000 g (4�C) for 10 min. The precipitated DNA was
rinsed with 70% ethanol and then dried and dissolved
in 30 to 50 mL of double-distilled water. The extracted
DNA was quantified with a NanoDrop spectrophotom-
eter (Nanodrop 2000, Thermo Scientific), diluted to a
final concentration of 100 ng/mL in H2O, and preserved
at 220�C until use.
Suitable primers (forward: 50-TAACTCGAGAAAA-

GAGAGGCTGA-30 and reverse: 50-CGCGAATTCT-
TACTCCTTCAT-30) for the hG-CSF gene were
manually designed using gene runner software to amplify
a 633 bp fragment. One microliter of genomic DNA was
used as the template in a 25 mL reaction solution (1 mL of
MgCl2 (50 mmol), 2.5 mL of 10X Buffer, 0.8 mL of dNTP
(10 mmol), 0.7 mL of hG-CSF primers (For
and REV:10 pmol), 0.7 mL of Taq DNA Polymerase (5
U/mL), and 17.6 mL of dH2O) for the PCR reactions.
Amplification was performed with the following cycling
conditions: initial denaturation at 94�C for 2 min and
35 cycles at 94�C for 45 s; annealing at 64�C for 45 s
and 72�C for 45 s; and a final extension at 72�C for
4 min. The PCR products were loaded on 1% agarose
gel and stained with ethidium bromide.
Assessment of Sperm Quality Parameters

Motion characteristics of sperm were determined
using a CASA (Version 5.1; Microptic, Barcelona,
Spain). For this purpose, 5 mL of sperm suspension was
loaded onto a prewarmed 20 mm chamber (Leja 4, Leja
Products Luzernestraat B.V., Holland). A minimum of
five fields per sample were evaluated (a minimum of
300 spermatozoa were counted for each sample). The
following parameters were analyzed: motility (%),
progressive motility (%),VCL: curvilinear velocity
(mm/sec), VSL straight line velocity (mm/sec), VAP:
average path velocity (mm/sec), ALH: amplitude of
lateral head displacement (mm), and BCF: beat cross
frequency (Hz) (Moghbeli et al., 2016).

Membrane functionality was evaluated by the hypoos-
motic swelling (HOS) test (Ansari et al., 2017). Twenty
microliters of diluted semen (20 ! 106 sperm/mL) was
mixed with 200 mL of 100 mOsm/kg hypoosmotic solu-
tion (9 g fructose plus 4.9 g sodium citrate/L per liter
of distilled water) and then incubated at room tempera-
ture for 30 min. Afterward, 10 mL of the incubated
samples was analyzed by an inverted light microscope.
At least 200 spermatozoa with coiled tails and noncoiled
tails were considered with membrane functionality and
membrane dysfunctionality, respectively.

MI of the transfected sperm was assessed with eosin/
nigrosin staining according to the method of Fattah
et al. (2017). The eosin-nigrosin solution was prepared
by dissolving 1.6 g eosin and 3.0 g nigrosin in 100 mL
Beltsville extender. Then, 10 mL of semen was placed
on a prewarmed slide and mixed with 10 mL of the eosin
nigrosin to prepare a smear. This mixture was allowed to
air-dry and then visualized under an oil immersion 400x
objective by light microscopy (CKX41; Olympus,
Tokyo, Japan). Then, the numbers of unstained
sperms were counted as spermatozoa with membrane
integrity.
Artificial Insemination of the Hen With
Posttransfected Sperm

In order to produce the transgenic chicks, AI was per-
formed according to the method of Lotfi et al. (2017)
with a slight modification (Lotfi et al., 2017). The AI
was conducted on the hens inseminated with the trans-
fected sperm in the group that contained
1 mmol MBCD since the highest quality of sperm was
obtained in this group. Also, a group of hens were insem-
inated with the transfected sperm without MBCD (a
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control group). A total of 28 fertile laying leghorn hens
(14 hens/group) were housed in individual cages. AI
was performed 3 times per week during 1 month. The
volume of sperm for each insemination was a 200 mL
suspension containing 1 ! 109 sperm. Time of AI was
between 4 and 5 pm. Afterward, eggs were set in a
common incubator (Victoria, G. Galilei, 3-22,070, Guan-
zate, Como, Italy) for 18 d at 37.7�C. After the 18th day
of incubation, the eggs were transferred into the hatcher
for the remaining 3 d of incubation. On the 10th day of
incubation, the unfertilized eggs were detected using
candling.
Identification of DNA on Offspring

The genomic DNA was extracted from the whole
blood of embryos in accordance with Bailes et al.
(2007). In order to extract the genomic DNA from the
muscle tissues of dead chicks, small pieces of the muscle
tissue (1–2 mm) were separated by a sterile scalpel blade
and then slowly grounded in a special mortar while the
nitrogen was slowly pouring on the pieces. (Fan and
Gulley, 2001). The rest of the process was carried out
according to the section 2.6. The PCR reaction was
performed using various amounts of genomic DNA (50
and 100 ng in 25 mL), which was extracted from the
blood and tissue samples. PCR amplification was per-
formed using specific primers for the hG-CSF gene.
The pcDNA3.11/hG-CSF plasmid was considered as
positive control, and DNA from a nontransgenic chick
was considered as negative control.
Statistical Analysis

Five replicates of semen were used for the evaluation
of direct effects of MBCD on the fresh sperm parameters.
For the evaluations of the effects of MBCD on the
SMGT, 5 replicates were used. All data were checked
for normal distribution by Shapiro–Wilk test and
analyzed using Proc GLM of SAS 9.1 (SAS Institute,
version 9.1, 2002, Cary, NC, USA). Statistical
differences among various group means were determined
by Tukey’s test and P� 0.05 was considered statistically
significant. Results are presented as the mean 6 SEM.
Table 1. Motility, velocity parameters, m
functionality of rooster sperm treated wi
of methyl-beta-cyclodextrin (MBCD) be

Characteristics1 Control

TM (%) 91.6b

PM (%) 60.7b

VCL (mm/s) 107.9
VSL (mm/s) 55.6b

STR (%) 77.5
LIN (%) 60.7
MI (%) 93.2b

Membrane functionality (%) 92.4

a-cMeans within rows with different s
(P , 0.05).

1TM: Total motility; PM: Progressive mo
Straight linear velocity; STR: Sperm track st
RESULTS

Direct Effects of MBCD on Fresh Sperm
Parameters

In Table 1 the results of the preliminary study
describing the percentages of motion characteristics,
membrane integrity, and membrane functionality of
rooster sperm after the incubation with the different
concentrations of MBCD are presented. Total motility,
progressive motility, and membrane functionality were
significantly higher (Table 1, P, 0.05) in groups treated
with 1 and 2 mmol MBCD as compared with other
groups. Among the velocity parameters, 1 and
2 mmol MBCD had the highest significant percentages
for VSL in comparison to other groups. Membrane func-
tionality, VCL, STR, and LIN were not significantly
affected by the MBCD incubation (Table 1, P � 0.05).
PCR Reaction to Confirm Exogenous DNA
Uptake by Sperm Cells

The PCR amplification detected the presence of the
hG-CSF (633 base pairs) using the genomic DNA iso-
lated from the transfected sperm. Figure 1 shows a clear
band for the hG-CSF in sperm after being transfected in
a medium contained 0, 1, 2, and 4 mmol MBCD. For
PCR product, no difference was observed in transfected
sperm in the experimental groups treated with various
concentrations of MBCD. A higher frequency of DNA
copies (sharp bands) was observed in groups treated
with MBCD, whereas the group lacking MBCD had a
lower frequency of PCR positive results. The PCR reac-
tion consisted of a DNA template that contained the
pcDNA3.1 1 /hG-CSF plasmid as a positive control
(P), a negative control (water addition), and DNA
from nontransfected sperm cells as a blank control.
Motility and Velocity Characteristics of
Sperm After Transfection

The percentages of motion characteristics of rooster
sperm after being transfected in groups treated with 0,
1, 2, and 4 mmol MBCD are presented in Table 2. The
embrane integrity, and membrane
th 0, 1, 2, and 4 mmo concentrations
fore transfection.

1 mmol 2 mmol 4 Mm SEM

97.3a 96.3a 89.2b 2.23
67.3a 66.1a 59.8b 1.12
108 105.4 106 2.45
64.9a 68.1a 55b 3.1
74.8 72.9 73 2.95
62.9 65.8 61.3 1.7
98.4a 96.9a 88.2b 3.03
93.1 90.5 91.7 3.8

uperscripts are significantly different

tility; VCL: Curvilinear velocity; VSL:
raightness; LIN: Linearity.



Figure 1. PCR products on DNA extracted from transfected sperm
cells. Lane M: Molecular marker DNA; lanes 1, 2, 3, and 4: transfected
sperm in groups that contained 0, 1, 2, and 4 mmol methyl-beta-
cyclodextrin (MBCD); lane 5: positive control; lane 6: negative water
control; and lane 7: nontransfected sperm cells.
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transfection procedure in all groups significantly reduced
the percentage of PM when compared with the group
with no transfected sperm (control). No significant
difference was observed in TM of sperm in the groups
treated with 0 (81.6 6 0.81), 1 (89.9 6 0.81), and 2
(89 6 0.81) mmol MBCD with respect to the control
group with no transfected sperm (92.8 6 0.81)
(P � 0.05). However, the lowest percentage of TM was
detected in the group treated with 4 mmol MBCD
(73 6 0.81). The higher percentages of PM, VCL, and
Table 2. Motility and velocity paramet
1, 2, and 4mmol concentrations of meth
transfection.

Characteristics1 Control 0 mmol

TM (%) 92.8a 81.6a

PM (%) 62.5a 50.1b

VCL (mm/s) 109a 108a

VSL (mm/s) 53.2a 53.9a

STR (%) 73.5 72.5
LIN (%) 58.2a 50b

a-cMeans within rows with different s
(P , 0.05).

1TM: Total motility; PM: Progressive m
Straight linear velocity; STR: Sperm track
VSL were observed in groups that received
0 (62.5 6 1.12, 108 6 1.29, 53.9 6 2.09, respectively),
1(50.1 6 1.12, 108 6 1.29, 54.3 6 2.09, respectively),
and 2 mmol (52.8 6 1.12, 111 6 1.29, 55.3 6 2.09,
respectively) MBCD as compared with the group treated
with 4 mmol MBCD (406 1.12, 786 1.29, 38.76 2.09).
The group treated with 1 and 2 mmol MBCD produced a
higher significant percentage of sperm with LIN after the
transfection in comparison to the groups of 0 and
4 mmol MBCD (P , 0.05). No significant difference
was observed among groups in terms of STR (P � 0.05).
Membrane Integrity and Functionality of
Sperm

The percentages of membrane integrity and function-
ality of sperm after transfection in the groups that
received various concentrations of MBCD are presented
in Table 3. There was a significantly higher percentage of
MI in transfected sperm in the group treated with
1 mmol (76.2 6 1.65) as compared with the groups
that received 0 (71 6 1.65), 2 (69 6 1.65), and 4
(68 6 1.65) mmol MBCD. No significant difference
was observed between the group that received
1 mmol MBCD (76.2 6 1.65) and the control that was
not transfected (79 6 1.65). There was a significantly
higher percentage of membrane functionality in the
groups treated with 0 (63.2 6 1.64) and 1 (64 6 1.64)
mmol MBCD when compared with the group that
received 2 mmol (57.1 6 1.64) and 4 mmol MBCD
(52 6 1.64). There was no significant difference for
membrane functionality between the group that
received 0 and 1 mmol MBCD (P � 0.05).
PCR Reaction to Confirm the Presence of
hG-CSF in Chickens

After insemination of 28 leghorn breeder hens, 140
fertile eggs were transferred to an incubator (70 eggs
per each group). After 21 d, there were 34 live chicks
and 5 dead embryos in MBCD group. In the control
group, 51 live chicks and 4 dead embryos were observed.
The blood and tissue samples were collected from live
chicks and dead embryos, respectively. The PCR
ers of rooster sperm treated with 0,
yl-beta-cyclodextrin (MBCD) after

1 mmol 2 mmol 4 Mm SEM

89.9a 89a 73b 0.81
52.8b 51.7b 40c 1.12
108a 111a 78b 1.29
54.3a 55.3a 38.7b 2.09
75.8 73.4 72.6 1.56
60.2a 60.9a 49.3b 0.97

uperscripts are significantly different

otility; VCL: Curvilinear velocity; VSL:
straightness; LIN: Linearity.



Table 3.Membrane functionality andmembrane integrity of rooster sperm treated with
0, 1, 2, and 4 mmol concentrations of methyl-beta-cyclodextrin (MBCD) after
transfection.

Characteristics Control 0 mmol 1 mmol 2 mmol 4 Mm SEM

Membrane1 functionality (%) 83a 63.2b 64b 57.1c 52c 1.64
MI2 (%) 79a 71b 76.2a 69b 68b 1.65

a-c eans within rows with different superscripts are significantly different (P , 0.05).
1Membrane functionality.
2MI: membrane integrity.
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reaction of the hG-CSF gene did not show any band for
the hG-CSF in the live chicks.
DISCUSSION

The chicken embryo has been a leading model system
in developmental biology due to the availability of
embryos, short incubation period, and the ease of
experimental study (Kamihira et al., 2004). The most
common methods for the production of transgenic
chickens include pronuclear microinjection, somatic cell
nuclear transfer, transduction using retroviruses, and
sperm-mediated gene transfer. Microinjection is the
most common method, but it is expensive and there
are fewer documents that report use of this method in
livestock species (Rubessa et al., 2019). SMGT is the
method with a low-cost strategy based on the introduc-
tion of foreign DNA into the sperm before the fertiliza-
tion process (Lavitrano et al., 1989; Smith and
Spadafora, 2005; Collares et al., 2011). Rooster sperm
can spontaneously uptake the exogenous DNA and sub-
sequently transfer the gene construction to eggs during
the fertilization (Collares et al., 2011). The mechanism
in which the exogenous DNA penetrates into the sperm
cells has been only partially understood; however, it
seems the interplay of specific proteins is involved in
this scenario. It has been reported that foreign DNA
binds to two 30–35 kDa membrane proteins prior to
internalization, likely via receptor-mediated endocytosis
(Lavitrano et al., 1992; Zani et al., 1995). Others have
reported that the membrane glycoprotein CD4, a
member of the immunoglobulin superfamily, mediates
the DNA internalization and aids its movement into
the sperm nucleus (Lavitrano et al., 1997).

Although the method of SMGT is simple and low-cost,
its efficiency is low and a dramatic reduction in fertility
potential of sperm occurs after a gene transfection, which
is a serious challenge for the optimization of this tech-
nique (Spadafora, 1998). The problem mainly pertains
to the structural and biochemical changes of the plasma
membrane during the penetration of exogenous DNA
into the sperm cells (Bacci et al., 2009; Parrington
et al., 2011). Cytoplasmic reactions and activation of en-
donucleases during penetration of gene to sperm are
other potential factors affecting the sperm performance
after the transfection process (Canovas et al., 2010;
Pramod et al., 2016). As sperm cells are considered as
hard cell to transfection, studies have done to increase
its DNA uptake (Daneluz et al., 2020). It has been
reported that the efficacy of the DNA binding to the
sperm cells is increased using special chemicals or
adjuvants in the transfection medium. Therefore, in
the study herein, an effort to optimize this technique us-
ing a novel protective agent (MBCD) to improve the
rate of DNA uptake as well as the sperm quality after
the transfection is reported. In this study, supplementa-
tion of the medium with MBCD improved the frequency
of DNA absorption to the sperm cells when compared
with a medium lacking MBCD. It should be noted that
absorption of exogenous DNA by the sperm cells is not
a passive process. The mechanism of DNA absorption
into the sperm cells has not been completely understood.
In the study herein, treatment of rooster sperm with
MBCD increased the absorption of DNA that was
observed with the PCR results. This finding is in agree-
ment with the report of Oddi et al. (2012), who reported
that MBCD increases the uptake of DNA with swine
sperm by alteration of cholesterol levels in sperm plasma
membrane (Oddi et al., 2012). These researchers also
suggested that the proteins responsible for the DNA
attachment in the plasma membrane were influenced
by the cholesterol. Therefore, the higher uptake of
DNA by sperm reported in the study may be related to
the depletion of cholesterol in the plasma membrane of
sperm. Another reason for the efficiency of MBCD on
the DNA uptake is increasing the membrane fluidity of
sperm, which resulted in better penetration of foreign
DNA into the sperm. This membrane fluidity is the
result of partial exodus of cholesterol from the plasma
membrane, thus increasing the membrane flexibility of
the phospholipid bilayer, which, in turn, increases the
possibility of the DNA binding to the sperm cells
(Oddi et al., 2012).
Another purpose of this study was to use MBCD for

the preservation of the sperm, particularly the plasma
membrane during the transfection. The motility, MI,
and membrane functionality of sperm were assessed
as the main indices of sperm quality, which were
reduced in all transfected groups as compared with
the group lacking transfected sperm. This result is
consistent with the findings of García-V�azquez et al.
(2011), who reported that sperm performance was
decreased after the transfection. The results of this
study are comparable with other reports where either
lipofection or electroporation was able to improve
the rate of DNA binding to sperm cells. Moreover,
the average percentage of the motility after the
transfection in this study was 89.9 6 0.81, which was
the same as the results obtained in a study using
DMSO (Collares et al., 2011).



DNA UPTAKE BY ROOSTER SPERM 7
Progressive motility after the incubation with
1 mmol MBCD was 62.56 1.12, which was comparable
with other research in which the sperm were treated
with DMSO (Kang et al., 2008). In another study, the
rate of sperm viability after the transfection was
76.2 6 1.65, which partially supported the results of
the present study, whereas nanotransfection had
similar effects with MBCD employed in this experiment
(Campos et al., 2011). Therefore, the treatment of
rooster sperm with MBCD could be considered an
alternative way in comparison to other commercial
transfectants (Nakanishi and Iritani, 1993). Also, in
the study herein, artificial insemination was performed
using transfected sperm in the group that contained
1 mmol MBCD. Chicks were hatched after the incuba-
tion of fertilized eggs and DNA was extracted from 85
live chicks and 9 dead embryos. A PCR amplification
was performed with the genomic DNA extracted from
the blood of chicks and dead embryo tissues. In neither
the presence of the exogenous plasmid was observed.
These findings do not agree with findings by Collares
et al. (2011), who obtained transgenic chickens after
AI using the SMGT. However, these results are in
agreement with Kang et al. (2008) and Garcia-
Vazquez et al. (2011), who did not find transgenic
offspring after AI with the SMGT procedure in porcine.
This phenomenon may be linked to the unique struc-
ture of the hen reproductive system (Suarez and
Pacey, 2006; Chaparian et al., 2016). Since the sperm
may be damaged during the gene transfection, the
hen reproductive system would possibly remove the
low-quality or damaged sperm with respect to intact
sperm (no transfected sperm) (Kang et al., 2008).
Therefore, this phenomenon may be a reason for the
lack of transfected sperm at the fertilization site.
Suarez and Pacey (2006) suggested that positive sperm
carrying the exogenous DNA and being exposed to con-
traceptive interaction with the genital tract of the hen
do not reach the oocyte. This event is also verified by a
direct injection of sperm (ICSI) (Umeyama et al., 2012)
and IVF (Chandrashekran et al., 2014), which are more
efficient in the production of transgenic animals. Deep
AI may increase the chance of DNA-loaded sperm to
participate in the fertilization procedure (Garcia-
Vazquez et al., 2011).
Based on these results, rooster sperm can absorb the

exogenous hG-CSF. The MBCD protected sperm during
SMGT, improved the sperm parameters, and has
beneficial effect on increasing the frequency of positive
results in SMGT. However, this process did not result
in the production of a transgenic animal.
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