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ABSTRACT Advanced animal reproductive and
breeding biotechnology has made it possible to alter
traits or create new genetic resources by the direct
knock-in or knock-out of target genes. Base editing tech-
nology can achieve single-base mutations without dou-
ble-stranded DNA breaks, and is a promising tool for
use in the genetic modification and breeding of livestock.
However, the application of base editors (BEs) in
chicken has not been optimized. We evaluated the effi-
cacy of BE4max in chicken somatic cells (DF-1). The
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key element of BE4max, cytosine deaminase (APO-
BEC), was optimized for chicken. The base editing effi-
ciency of the optimized chBE4max editor, compared
with the original BE4max editor, was improved by
10.4% § 4.6. By inhibiting the expression of the uracil
DNA glycosylase-related gene methyl binding domain
protein 4 (MBD4) by siRNA in chicken DF-1 cells, the
editing efficiency was enhanced by 4.43% § 1.4 com-
pared to the control. These results suggest that this edi-
tor may have applications in poultry breeding studies.
Key words: base editing, BE4max
, codon optimization,MBD4, chicken
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INTRODUCTION

Chicken is an important agricultural animal that pro-
vides meat and eggs. The production efficiency of the
chicken industry has improved in recent decades. Tradi-
tionally, chicken breeding relied on natural and human
selection. The genetic improvement in livestock is driven
by the selection of favorable traits. With the continuous
development of livestock industry, the contribution of ani-
mal varieties to animal husbandry production has been
recognized. Breeding has been facilitated by innovations in
genome-editing technology (Tyagi et al., 2020). Gene-
edited plants and animals with improved productivity are
also increasingly gaining acceptance (Frewer et al., 1997).

Base editing techniques that enable precise single-base
editing without double-strand DNA breaks and homolo-
gous templates were first reported in 2016 (Komor et al.,
2016). Several base editors with high safety and specific-
ity have since been developed, including BE2, BE3, and
BE4. The fourth-generation cytosine base editor
BE4max can precisely convert C-G to T-A (Rees and
Liu, 2018). More recently, Lee et al. (2020) introduced a
premature terminal codon into ovotransferrin (TF) and
myostatin (MSTN) gene using a base editor and pro-
duced heritable progeny. This result demonstrated the
application potential of base editing technology in
chicken breeding. BE4max was initially developed and
validated on a murine model and it was then optimized
for mammals. BE4max induced 1.8-fold higher editing
than BE4, which corrected pathogenic single-nucleotide
polymorphisms (SNPs) in many mammalian cell types
with improved efficiency (Koblan et al., 2018).
However, the efficacy and efficiency of BE4max in

chicken is unexplored to determine the application of this
base editor in avian species. In this study, we demon-
strated that BE4max can convert C-G to T-A in the
genome of chicken somatic cells. Improved gene editing
efficiency was achieved after codon optimization accord-
ing to the chicken bias. Inhibition of the expression of
MBD4, a DNA glycosylase in the base excision repair
(BER) pathway, improved the efficiency of base editing.
The exploration of chBE4max in this study is beneficial
to advance the application of base editing technology in
chicken biological research and breeding in avian species.
MATERIALS AND METHODS

Plasmid Construction

Codon optimization of the base editor chBE4max was
generated by replacing APOBEC1 in BE4max (Addgene
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Figure 1. BE4max-mediated gene editing in chicken DF-1 Cells. (A) Flow chart of double positive cell acquisition. (B) Schematic of the
BE4max and gRNA vectors. (C) Sanger sequencing results of chicken somatic cells co-transfected with BE4max and related gRNAs. Pink lines indi-
cate the protospacer adjacent motif (PAMs) and blue lines indicate sgRNA sequences. Red arrows indicate substituted nucleotides.
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plasmid # 112093) with optimized codons according to
the chicken bias. Original APOBEC1 was removed from
BE4max by double digestion with Not I and Bgl II, and
codon-optimized evoAPOBEC1 (chevoAPOBEC1)
was obtained from the synthetic plasmid. The optimized
APOBEC1 was synthesized by Shenzhen BGI Genomics
Company Limited., (Shenzhen, China).

For construction of sgRNAs, oligos were synthesized,
annealed, and cloned into the BpiI site of the sgRNA-
expressing vector, U6-sgRNA-CMV-EGFP (Figure 1B
and Supplementary Table S1).
Cell Culture, Transfection, and Genotyping

DF-1 cells were cultured in DMEM/F12 medium
(Biological Industries, Israel) containing 10% fetal
bovine serum (Biological Industries). DF-1 cells were
cultured at 37°C in a 5% CO2 incubator. Transfection
were performed in the presence of Lipofectamine 3000
Reagent according to manufacturer instructions. Briefly,
a total of 2mg of plasmids (BE4max or chBE4max:
sgRNA = 1: 1) were used for each well of a 24-well plate,
and the transfection solution was removed 12 h after
transfection. Positive cells were sorted 3 d after transfec-
tion by flow cytometers.

Genomic DNA of the sorted DF-1 cells was extracted
using TIANamp Genomic DNA Kit (Tiangen Biotech,
Beijing, China). Genotypes of all cells were determined
by Sanger sequencing. PCR fragments for Sanger
sequencing were generated in a one-step PCR reaction.
The primers are listed in Supplementary Table S2. The
editing efficiency of each target site was determined by
ImageJ analysis.
siRNA Transfection and Q-PCR Analysis

Small interfering RNAs (siRNAs) targeting MBD4
were designed and synthesized by Shanghai GenePharma
Company Limited., (Shanghai China). The sequences of
MBD4-siRNAs were as follows: MBD4-siRNA1, 50-
CGACCAUAUUUCUCAAUAATT-30; MBD4-siRNA2,
50- CCACGAGGUACAGAAGAAUTT-30; and MBD4-
siRNA3, 50- GUGCUGAACAUCACGUUCUTT-30.
Negative control-siRNA (NC-siRNA) orMBD4-siRNA
were transfected to DF-1 cells using the Lipofectamine
RNAiMAX Transfection Reagent (Invitrogen | Thermo
Fisher Scientific − CN, Shanghai, China).
Total RNA was extracted from DF-1 cells using the

Omega RNA kit. The first-strand cDNA was synthesized
using a Reverse Transcription Reagent Kit and gDNA
Eraser (Takara Biomedical Technology, Dalian, China)
was used to remove contaminating genomic DNA. Q-
PCR reactions were performed using TB Green Premix
Ex Taq II (Takara Biomedical Technology). All the
primer sequences are shown in Supplementary Table S3.
Statistical Analysis

Statistical analysis was performed using GraphPad
Prism (GraphPad Software, La Jolla, CA, USA).
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Significant differences in base editing efficiency were
evaluated by Student’s t test. A value of P < 0.05 indi-
cated statistical significance.
RESULTS

BE4max-Mediated Gene Editing in Chicken
DF-1 Cells

To determine the efficacy of the base-editing system
consisting of BE4max and gRNA in the chicken genome
(Figure 1B), we selected gRNAs (sgRNA1, sgRNA2,
sgRNA3) at three target loci based on the reported base
editing activity window (Supplementary Table S1). The
GFP and mCherry double positive cells were sorted by
flow cytometry for genotype analysis in DF-1 cells 72 h
after co-transfection of BE4max and gRNA (Figure 1A
and Supplementary Figure S1A). PCR amplification of
the region covering the target site was performed, and
the purified PCR products were analyzed by Sanger
sequencing (Supplementary Figure S1B). Sequencing
analysis indicated that the BE4max system successfully
induced base conversion of C!T at all selected loci
(Figure 1C).
Figure 2. Codon optimization of APOBEC1 further improves the base e
of chicken somatic cells co-transfected with chBE4max and gRNAs. Pink l
arrows indicate substituted nucleotides. (B) Base conversion efficiency of BE
(n = 3); ****P < 0.001, ** P < 0.01 and * P < 0.05.
Among the 3 gRNAs we selected, a total of 4 sites
located within the base editing activity window achieved
C ! T mutations (Figure 1C). These sites are named
gRNA1-8, gRNA2-4, gRNA3-4, and gRNA3-5, accord-
ing to their specific positions. By calculating the ratio of
T/C+T, the corresponding base editing efficiency was
51.35, 26.79, 44.50, and 39.97% (Supplementary Figures
S1C and D). This finding suggested that BE4max sys-
tem can induce C!T base editing in chicken, but it also
presents sequence preference over different target sites.
Codon Optimization of APOBEC1 Improves
the Base Editing Efficiency of BE4max

Codon optimization is a common strategy to improve
the efficiency of base editing. The efficiency of the base
editor has been successfully optimized using codon opti-
mization on different species and different cell types
(Koblan et al., 2018; Qin et al., 2018; Zafra et al., 2018).
Therefore, we conjectured that specific modifications of
BE4max would facilitate its action in chicken. We syn-
thesized the chicken codon-optimized APOBEC1 and
designated this new construct as chBE4max (Supple-
mentary Sequences).
diting efficiency of BE4max in DF-1 cells. (A) Sanger sequencing results
ines indicate the PAMs and blue lines indicate sgRNA sequences. Red
4max and chBE4max at each site. Values were shown as mean § SEM
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The chevoAPOBEC1 (1,123 bp) was ligated to
BE4max without evoAPOBEC1 (11,141 bp) by T4
ligase to generate a new BE named chBE4max (Supple-
mentary Figure S2A). The successful construction of the
vector was confirmed by restriction enzyme digestion,
gel electrophoresis, and Sanger sequencing (Supplemen-
tary Figures S2B and C).

To investigate whether the strategy of codon optimi-
zation is effective in DF-1 cells, the editing efficiency of
BE4max and chBE4max was compared at the same
sites. The chBE4max and gRNA were co-transfected
into DF-1 cells for 72 h and double positive cells were
collected by flow cytometry for genotype analysis. The
base editing efficiency of chBE4max in gRNA1-8,
gRNA2-4, gRNA3-4, and gRNA3-5 was 68.23, 32.80,
53.17, and 50.11%, respectively, by analysis of Sanger
sequencing results (Figure 2A and Supplementary
Figure S3B). Results demonstrated that base editing
efficiency of chBE4max was improved by 10.4% § 4.6
compared with that of BE4max (Figure 2B).
Inhibition of the Expression of MBD4
Improves the Efficiency of chBE4max in DF-1
Cells

To test the effect of MBD4 on gene editing in chicken
cells, the siRNA approach was used to knock-down the
expression of MBD4 in DF-1 cells. Expression of MBD4
was reduced to 40% after transfection of siRNA in DF-
1cells (Figure 3A). Three gRNAs (sgRNA4, sgRNA5,
and sgRNA6) targeting to 4-6, 5-4, 5-5, 6-5, 6-8, and 6-9
sites were used to examine base editing efficiency (Supple-
mentary Table S1). DF-1 cells were first pretreated with
NC-siRNA and MBD4-siRNA for 48 h and then sub-
jected to co-transfection of sgRNA and chBE4max plas-
mids. The sequencing results after 72 h of transfection
showed that 5 of the 6 induced C!T transition sites in
the MBD4-siRNA group showed significantly higher base
editing efficiency than the NC-siRNA group did, with an
average improvement of 4.43% § 1.4 (Figures 3B and 3C
and Supplementary Figures S4 A and B).
DISCUSSION

In contrast to traditional crossbreeding and selection
based on livestock phenotype, molecular breeding pro-
vides precise modification of specific genes and allows for
rapid achievement of desired traits with significant less
time and lower cost. Genome editing technology is now
widely used to explore molecular functions in various
organisms. Yet, the use of genome editing technology in
birds has been limited.

Conventional CRISPR/Cas systems can edit animal
genomes by cutting or inserting. However, this usually
causes double strand breaks (DSBs) in the DNA, dis-
rupts the structure of chromosomes and affects genome
stability. Functional genomics and bioinformatics has
revealed a large number of genes correlated to chicken
disease resistance and economic traits (Ouyang et al.,
2008; Chen et al., 2014; Long et al., 2019). The difference
in phenotypic characteristics usually results from single
nucleotide polymorphism (SNP) in gene loci. This sug-
gests potential targets for genetic improvement using
base-editing techniques (Wang et al., 2018; Kim et al.,
2019). The BEs provide a safe and efficient strategy to
edit individual base loci without DSBs. In the current
study, BE4max was active in chicken somatic cells. The
editing activity window was recognized to be 4−8 bases
away from the PAM locus, which is consistent with data
reported on other species (Zong et al., 2017; Liu et al.,
2018; Shi et al., 2019).
Because of the limitation on the editing window, the

base editing system is more stringent in its selection of
editing sites than the traditional CRISPR/Cas9 system
(Rees and Liu, 2018). In mammals such as mice, a large
amount of optimization work has been used to develop
base editing technologies that apply to different condi-
tions. However, these optimization efforts have not been
reported in chicken breeding. The lower editing effi-
ciency, editing precision and small number of editable
targets are all key factors limiting the application of
base editing technology in chicken breeding.
The cytosine deaminase evoAPOBEC1 in BE4max

used in this study was modified from rat-derived APO-
BEC1 (Koblan et al., 2018). Although genes from differ-
ent organisms usually share a common set of genetic
codons, the codon preference varies in different organ-
isms. Mammalian-derived cytosine deaminase presented
lower efficiency in chicken cells due to the effect of codon
preference. In addition, synonymous codon substitutions
may also disrupt co-translational protein folding, which
in turn affects protein expression (Walsh et al., 2020).
Our results indicated that the gene editing efficiency of
BE4max is higher than evoAPOBEC1 in chicken
somatic cells after optimization of the codon of cytosine
deaminase as per chicken bias.
In mammalian cells, the BER pathway plays an

important role in maintaining genomic stability via a
DNA repair mechanism (Zanotti and Gearhart, 2016).
Co-expression of Uracil Glycosylase Inhibitor (UGI)
with the base editor can increase the activity of the base
editor by adding UGI to the base editing complexes
(Wang et al., 2017; Winter et al., 2019). Similar findings
have been reported in avian species. Lee et al. (2020)
showed that the high expression of uracil N-glycosylase
(UNG) was the main reason for inhibiting the editing
activity of the BEs in chicken primary germ cells. MBD4
is a DNA glycosylase with a similar function to UNG to
recognize and repair mismatches of T:G or U:G in the
DNA strand in the BER pathway (Krokan et al., 2002;
Visnes et al., 2009). DT40 B cells can significantly
increase the frequency of somatic hypermutation after
the knockdown of the MBD4 gene in chicken (Costello
et al., 2019). Therefore, we conjectured that MBD4
might affect the activity of BE4max in DF-1 cells. Simi-
lar results were found in this study that the editing effi-
ciency of the BE4max was significantly improved by the
inhibition of MBD4. The base editor needs to generate
G:C mismatches in order to function, which can be



Figure 3. Inhibition of the expression of MBD4 improves the efficiency of chBE4max in DF-1 cells. (A) Detection of interference efficiency of
MBD4-siRNA. (B) Sanger sequencing results of NC-siRNA group and MBD4-siRNA chicken somatic cells co-transfected with chBE4max and
gRNAs. Pink lines indicate the PAMs and blue lines indicate sgRNA sequences. Red arrows indicate substituted nucleotides. (C) Comparison of
chBE4max editing activity in the NC-siRNA group andMBD4-siRNA group.
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recognized and repaired by MBD4, thereby inhibiting
editing activity. Therefore, this study provides data that
supports the practical application of base editing tech-
nology in chickens.

In conclusion, this research demonstrated that the
BE4max editing system can be used to induce single-
base mutations in chicken somatic cells. The editing effi-
ciency of BE4max was improved by codon optimization
and repression of MBD4 gene expression. This study
provides a reference for gene function research and the
generation of gene-edited chickens.
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