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ABSTRACT Ovomucoid is a major egg white pro-
tein which is considered as the most dominant allergen
in chicken eggs. Owing to the difficulty of separating
ovomucoid from egg whites, researchers have adopted
genetic deletion for development of hypoallergenic
eggs. Previously, we used CRISPR/Cas9 to establish
chickens with ovomucoid gene (OVM) mutations,
but it remained unknown whether such hens could
produce eggs at maturity. Here, we have reported on
eggs laid by OVM-targeted hens. Except for watery
egg whites, the eggs had no evident abnormalities.
Real-time PCR revealed alternative splicing of OVM

mRNA in hens, but their expression was limited.
Immunoblotting detected neither mature ovomucoid
nor ovomucoid-truncated splicing variants in egg
whites. Sixteen chicks hatched from 28 fertilized eggs
laid by OVM-targeted hens, and fourteen of the
sixteen chicks demonstrated healthy growth. Taken
together, our results demonstrated that OVM
knockout could almost completely eliminate ovomu-
coid from eggs, without abolishing fertility. Thus, the
eggs developed in this study have potential as a hy-
poallergenic food source for most patients with egg
allergies.
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INTRODUCTION

Chicken eggs are one of the most common allergenic
foods, especially in children, in whom allergy preva-
lence ranges between 0.5 and 2.5% (Rona et al., 2007;
Caubet and Wang, 2011). The glycoprotein ovomucoid
(OVM) is a major allergenic protein that constitutes
11% of the egg white protein (Kovacs-Nolan et al.,
2005). OVM is believed to be the most dominant aller-
genic protein (Bernhisel-Broadbent et al., 1994; Cooke
and Sampson, 1997; Mine and Yang, 2008). Therefore,
removal of OVM or elimination of its allergenicity may
result in hypoallergenic egg products. Food-processing
methods such as proteinase and heat treatments are
frequently used to reduce allergenicity of various foods
(Verhoeckx et al., 2015). Such methods have been used
to reduce egg allergenicity, but their use in egg
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products is limited because OVM is highly resistant
to such treatments (Matsuda et al., 1983; Kovacs-
Nolan et al., 2000; Hirose et al., 2004). Physical
removal of OVM from egg whites has also been
explored, with methods that include solvent extraction
and rinsing of boiled egg whites (Urisu et al., 1997;
Tanabe et al., 2000). However, physical removal is
impractical and difficult to use in food manufacturing
because of insufficient OVM elimination, poor cost-
efficiency, and destruction of egg white properties
such as gelling and foaming (Mine and Zhang, 2001;
Chang et al., 2018). In contrast, genetic deletion of
OVM from hens implies that OVM protein will not
be expressed, thereby potentially generating hypoaller-
genic OVM-free eggs that reduce immune response in
patients with egg allergies (Park et al., 2014;
Chojnacka-Puchta and Sawicka, 2020).

We previously used the CRISPR/Cas9 system to
produce biallelic O VM knockout (OVM /~) chickens
(Oishi et al., 2016), but we did not examine their egg
production capacity. Here, we aimed to determine the
egg-laying ability of OVM /™ hens and studied proper-
ties of eggs from such hens. To that end, we raised
OVM /™ hens to sexual maturity and then evaluated
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their eggs (hereafter referred to as “OVM-null” eggs) for
quality and viability.

MATERIALS AND METHODS

Animal Experiments

All animal experiments were conducted according to
protocols approved by the Institutional Animal Care
and Use Committees of the National Institute of
Advanced Industrial Science and Technology (protocol
number 2016-115), the Institute of Livestock and
Grassland Science (NILGS), National Agriculture
and Food Research Organization (NARQO) (protocol
number 1611B056), and Cosmo Bio Co., Ltd. (protocol
number PMC201703). The OVM mutant and wild-
type (WT) chickens were maintained and bred at the
animal farm facilities of NILGS (generation (G)0 to
G2) and Cosmo Bio Co., Ltd. (G3 and G4). Eggs
were allowed to develop in forced-air incubators with
tilting at a 60° angle twice each hour at 38.5°C and
60 to 80% relative humidity until hatching. Newly
hatched OVM mutant chicks were raised in
temperature-controlled, wire-flooring battery
brooders. At 4 wk of age, chicks were moved to growing
cages and were maintained in the cages until they
reached 4 mo of age. Female OVM mutants were
then moved to laying cages and male OVM mutants
were housed in individual battery cages. Food and wa-
ter were provided ad libitum throughout the experi-
mental period. After 4 wk of age, the photoperiod for
chick housing comprised a 16-hour light/8-hour dark
cycle.

Progeny Test of OVM '~ Chickens

Semen samples were collected from every OVM 7/~
rooster and immediately used for insemination of
OVM /™ hens. Eggs were collected 2 to 16 d after insem-
ination and incubated until hatching. The insemination
and egg collection-hatching processes were repeated
twice in one experiment using the same pair of OVM

chickens. The experiments were conducted in
triplicate.

DNA Sequencing Analysis

Genomic DNA was extracted from chick feather
shafts, using the DNeasy Blood and Tissue kits (Qiagen,
Germantown, MD). For genotyping, fragments contain-
ing the OVM target site were polymerase chain reaction
(PCR)-amplified (Mighty Amp DNA Polymerase Ver. 2;
Takara Bio, Kusatsu, Japan) with a specific primer set
(OVMTg2  target site  PCR  amplification;
Supplementary Table 1). Amplicons were purified using
the QIAquick PCR Purification Kit (Qiagen) and
sequenced with specific primers (OVMTg2 target site
sequencing; Supplementary Table 1) by Eurofins Geno-
mics (Tokyo, Japan). Thermocycling conditions were

as follows: 98°C for 2 min and 40 cycles of 98°C for
10 s, 60°C for 10 s, and 72°C for 30 s.

Reverse Transcription PCR

— /=

One WT hen and one OVM /7 (Au94) hen were
sacrificed for collection of the oviduct magnum. Total
RNA was isolated from these samples using the
RNeasy plus mini kit (Qiagen). Complementary
DNA was synthesized from 500 ng of RNA as per in-
structions of the SuperScript VILO cDNA Synthesis
Kit (Thermo Fisher Scientific, Waltham, MA). After
suspension in 200 pL of 10-mmol Tris-HCl Buffer
(pH 7.0), cDNA (1 uL) was PCR-amplified with spe-
cific primers corresponding to the 5 and 3’ untrans-
lated  regions of OVM (OVM  RT-PCR;
Supplementary Table 1). The housekeeping gene
GAPDH was also amplified from ¢cDNA with specific
primers (GAPDH RT-PCR; Supplementary Table 1).
Thermocycling conditions were 98°C for 2 min, fol-
lowed by 25 cycles (OVM) and 30 cycles (GAPDH)
of 98°C for 10 s, 60°C for 10 s, and 72°C for 50 s.
Amplicons were purified with a PCR extraction kit
(Nippon Genetics, Tokyo, Japan) and then sequenced
directly with specific primers (OVM RT-PCR
sequencing; Supplementary Table 1). To identify
splicing variants of OVM transcripts, purified PCR
products were cloned into pGEM-T easy vectors
(Promega, Madison, WI) and sequenced with the
M13 forward and reverse primers (Supplementary
Table 1). Two mutant clones encoding in-frame
OVM mutant (with 4-nt insertion/28-nt deletion and
exon skipping of exons 3, 4) were used as PCR tem-
plates to construct an OVM mutant expression vector
(see Expression of OVM Mutations in Cultured Cells).

Quantitative PCR

The reaction mixture (15 pL) contained 1 pL of cDNA
(WT and Au 94), 7.5 pL of the Thunderbird SYBR
gPCR Mix (Toyobo, Osaka, Japan), and 5 pmol of
each primer (OVM exon 1/3 qPCR, OVM exon 6/7
qPCR, and GAPDH ¢PCR; Supplementary Table 1).
The amplification protocol comprised the following con-
ditions: 95°C for 2 min, followed by 40 cycles at 95°C for
15 s and 60°C for 1 min. Relative gene expression was
calculated using the AACT method.

Expression of OVM Mutants in Cultured
Cells

Using oviduct cDNA, the 2 in-frame OVM mutants,
along with the corresponding WT OVM fragments,
were PCR-amplified with specific primers located in
exons 1 and 8 of OVM (OVM expression;
Supplementary Table 1). These amplicons were cloned
into the pcDNA-flag vector (Addgene, Watertown,
MA). In addition, cDNA regions from exons 4-5 and
exons 6-8 were amplified with specific primer sets
(OVM exon 4/5 and OVM exon 6/8, respectively;
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Supplementary Table 1) and were then cloned into the
pEGFP-N1 vector (Takara). All cloning experiments
used the In-Fusion HD cloning kit (Takara). Expression
vectors were transfected into 293T cells with Lipofect-
amine 2000 (Thermo Fisher Scientific), following the
manufacturer instructions. The cells and culture media
were collected 48 h after transfection, lysed, and then
used for immunoblotting.

Analysis of OVM Protein in WT and OVM-
Null Egg Whites

Sonicated egg whites from WT and OVM-null eggs
were suspended in PBS at a ratio of 1:10 for SDS-
PAGE. Samples were each mixed with an equal volume
of 2 X Laemmli SDS-PAGE buffer (0.125 M Tris-HCI,
pH 6.8, 10% (w/v) sucrose, 4% (w/v) SDS, 10% (v/v)
2-mercaptoethanol, and 0.01% bromophenol blue) and

A OVM locus chr.13

intron2/exon3

tttgtcag/gtggactgcagtaggtttcccaacgctacagac- ggpaggcaaagatgta
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subjected to SDS-PAGE gradient (long-life gel 5-20%
w/v acrylamide; Oriental Instruments Ltd., Sagami-
hara, Japan). Each gel was stained with Coomassie Bril-
liant Blue R-250 (Nacalai, Kyoto, Japan).

For immunoblotting, 50 nL of egg white samples sus-
pended in 10 pL of 1 X Laemmli SDS-PAGE buffer
(200-fold dilution) were separated using SDS-PAGE
and then transferred onto a polyvinylidene difluoride
membrane (Immobilon-P; Millipore, Bedford, MA).
The membrane was subjected to Western blotting with
anti-OVM polyclonal antibodies supplied in a kit for
the ovomucoid protein (M2302; Morinaga Institute of
Biological ~Science, Inc., Yokohama, Japan) at
manufacturer-recommended 20-fold dilution. Proteins
were visualized with horseradish peroxidase-conjugated
antirabbit IgG (Jackson ImmunoResearch, West Grove,
PA) using an enhanced chemiluminescence system
(ImmunoStar reagent; Wako, Osaka, Japan).

OVMTg2

R F P N A T D K E G K D V

ttggtttgcaacaaggacctccgccccatctgtggtaccgatggagtcacttacaccaac

1 2 3 45 6 7 L V¢ N KD LR P I CGTUDGUV T Y T N
B ChickenID OVM genotype  Sex Generation (Genetlc Background OVM genotype Farm
paternal x maternal) (paternal x maternal)
#3001 5nt del / 5nt del F G2 BPR/BPR x BPR/BPR  5ntdel / WT x 5nt del / WT NILGS
#3090 2nt del / 4nt del F G2 BPR/WL x BPR/WL 2nt del / WT x 4nt del / WT NILGS
#3097 4nt del / 28nt del F G2 BPR/WL x BPR/WL  4ntdel / WT x 28nt del / WT NILGS
#3119 19nt del / 4nt del F G2 BPR/BPR x BPR/BPR  19nt del / WT x 4nt del / WT NILGS
#3214 4nt del / 28nt del M G2 BPR/WL x BPR/WL 4nt del / WT x 28nt del / WT NILGS
#949 5nt del / 5nt del M G2 BPR/BPR x BPR/BPR  5ntdel / WT x 5nt del / WT NILGS
Au55, Au60 28nt del / WT M G3 #3214 x WL WT x 4nt del / 28nt del Cosmo Bio
Aud7, Au49, Au59 28nt del / WT F G3 #3214 x WL WT x 4nt del / 28nt del Cosmo Bio
Au76 28ntdel / 28ntdel M G4 Aub55 x Au47 28nt del / WT x 28nt del / WT Cosmo Bio
Au83, Au94 28ntdel / 28ntdel F G4 Au60 x Au49 28nt del / WT x 28nt del / WT Cosmo Bio
Au89 28ntdel / 28ntdel M G4 Au60 x Aud9 28nt del / WT x 28nt del / WT Cosmo Bio
C Au115 28ntdel / 28ntdel F G4 Au55 x Aub59 28nt del / WT x 28nt del / WT Cosmo Bio
amino acids v. D ¢ S R F P N A T D K E G K D V L V C N
wild type GTGGACTGCAGTAGGITTCCCAACGCTACAGACAAGEAAGGCAAAGATGTATTGGTTTGCAAC
2nt del GTGGACTGCAGTAGGTTTCCCAACGCTAC--ACAAGGAAGGCAAAGATGTATTGGTTTGCAAC
4nt del GTGGACTGCAGTAGGTTTCCCAACGCT----ACAAGGAAGGCAAAGATGTATTGGTTTGCAAC
5nt del GTGGACTGCAGTAGGTTTCCCAACGC-———— ACAAGGAAGGCAAAGATGTATTGGTTTGCAAC
19nt del GTGGACTGCAGTAGGTTTCCCAACGCT-——————==———=——————— ATGTATTGGTTTGCAAC
28nt del GTG-————————————— - ACAAGGAAGGCAAAGATGTATTGGTTTGCAAC
D l Predicted amino acid sequence size
wild type AEVDCSRFPNATDKEGKDVLVCNKDLRPICGTDGVTYTNDCLLCAYSIEFGTNISKEHDGECKETVPMNCS....GKC* 186a.a
2nt del AEVDCSRFPNATQGRQRCIGLQQGPPPHLWYRWSHLHQRLLAVCLQHRIWNQYQQRARWRMQGNCSYELQ* 70a.a
4nt del AEVDCSRFPNATRKAKMYWFATRTSAPSVVPMESLTPTIACCVPTA* 46a.a.
5nt del AEVDCSRFPNAQGRQRCIGLQQGPPPHLWYRWSHLHQRLLAVCLQHRIWNQYQQRARWRMQGNCSYELQ* 69a.a
19nt del AEVDCSREFPNAMYWFATRTSAPSVVPMESLTPTIACCVPTA* 4la.a
28nt del AEVTRKAKMYWFATRTSAPSVVPMESLTPTIACCVPTA* 38a.a

Figure 1. OVM mutation in gene-targeted chickens. (A) Schematic representation of sgRNA targeting O VM. Left panel, exon-intron organization of
OVM. Boxes with numbers indicate O VM exons. Closed and open triangles represent positions of start and stop codons, respectively. A closed arrow
indicates the location of the peptide cleavage site region. The open arrow indicates the targeted O VM site. Right panel, O VM target sequence in exon 3.
Lowercase and uppercase letters refer to DNA and amino acid sequences, respectively. Underlined and boxed text refer to sgRNA targeting site and
adjoining putative protospacer adjacent motif (PAM) sequence, respectively. The slash indicates the boundary of intron 2 and exon 3. (B) OVM geno-
type of each biallelic mutant chicken in this study. F, female; M, male; WT, wild-type; nt del, nucleotide deletions; BPR, Barred Plymouth Rock; WL,
White Leghorn. (C) Sequence analysis of CRISPR/Cas9-mediated deletion mutations in gene-targeted chickens. Wild-type DNA and amino acid se-
quences are shown in the top rows. The guide RNA targeting site and PAM sequence are underlined and boxed, respectively. The number of deleted
nucleotides (2-28) is indicated to the left of each sequence. Deleted nucleotides are shown as dashes. (D) Wild-type amino acid sequences, and amino
acid sequences predicted from each mutant DNA sequence. Predicted amino acid size is shown to the right of each sequence. Arrow shows the cleavage

site in OVM.
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To purify OVM, 100 pL of egg white samples from
WT and OVM-null eggs were sonicated and diluted
with 400 pL of PBS. Sample pH was adjusted to 4.0
with approximately 10 uL of 1M hydrochloric acid solu-
tion, and the samples were then heated at 95°C for
15 min. Samples were centrifuged at 9,000 X g¢ for
15 min for collection of both the supernatant and precip-
itate. Hundred microliters of each fraction was sus-
pended in an equal volume of 2 X Laemmli SDS-
PAGE buffer. Each sample was diluted 100-fold with
1 X Laemmli SDS-PAGE buffer and then subjected to
SDS-PAGE and immunoblotting.

Statistical Analysis

Data are presented as mean * SD. Between-species
differences in egg weight and albumen height were
analyzed with one-way ANOVA followed by a Tukey-
Kramer test for multiple comparisons. Significance was

RESULTS
OVM '~ Chickens

We previously created OVM mutant chickens in
which the targeted site was located near the O VM signal
sequence in exon 3 (Figure 1A; Oishi et al., 2016). In this
study, OVM ~/~ chickens (G2) were generated as the
offspring of OVM */~ chickens (G1). We used the G2
mutants and their offspring for further analysis (G3
and G4; Figure 1B). Our analysis of mutated OVM se-
quences showed that 2-28 nucleotides around guide
RNA-targeted loci were deleted in mutant chickens
(Figure 1C). These deletions likely caused frameshift
mutations that led to premature stop codons
(Figure 1D).

To verify frameshift mutations, we performed RT-
PCR. Amplicons were obtained from both WT and
OVM =/~ (Au94) cDNA templates, but fewer amplicons
were obtained from the latter (Figure 2A). Except for a

set at P < 0.01. few single-nucleotide polymorphisms, OVM cDNA
A OowM GAPDH C D § 19 exon1/3 E § 10 exon6/7
OVM- OVM- 3 3
WT (Au94) WT (Au94) s 1 s !
exon1 exon3 exon6 exon7 3 3
£ R F R 2 o1 2 04
N | T £ oo £ 001
A28nt e e
s S
S 0.001 WT  OVM* So.001 WT  OVM*
B (Au94) (Au94)
No. of Schematic representation Feature(s) Mutation of Identity to mature
clones of splicing the protein OVM (186 a.a)
14 Expected mMRNA(28nt del) Frame shift NA
Alternative 3" non-canonical
31 acceptor site in exon3 In-frame 170a.a./186a.a.
(OVM+4/A28)
16 Alternative 3" acceptor site in Nonsense NA
exon2 + exon3 skipping mutation
10 Exon3 skipping Frame shift NA
8 Exon2,3,4 skipping Frame shift NA
Exon3,4 skipping In-f 121 1
5 (OVMlex3.4) n-frame a.a./186a.a.
. Nonsense
4 Intron retention mutation NA
Alternative 3" acceptor site in Nonsense
3 " exon2 mutation NA

+227nt  A28nt

Figure 2. Analysis of OVM transcripts expressed in the oviduct of OVM ™/~ hens. (A) RT-PCR analysis of OVM mRNA in WT and OVM /=
oviduct samples. Primers in exons 1 and 8 of OVM were used (see Materials and Methods). Internal control was GAPDH. (B) Summary of all OVM
mRNA variants identified in OVM ~/~ hens. Schematic represents different types of pre-RNA splicing events. Open boxes represent O VM exons. Solid
and dashed lines indicate normal and abnormal splicing, respectively. The black box represents the 28-nucleotide deletion in exon 3; gray boxes indi-
cate aberrant exons. Alternative 3" acceptor sites (noncanonical TG and canonical AG) are shown. NA, not applicable. (C) Schematic representation
of primer positions for quantitative RT-PCR. Two primer sets were designed to quantify OVM transcripts. (D, E) Expression levels of OVM tran-
scripts detected with quantitative RT-PCR. (D) Primers corresponding to exons 1 and 3, and (E) exons 6 and 7 were used. Error bars indicate standard

deviation.
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sequencing traces of exons 1-2 and 4-8 did not differ be-
tween OVM ~/~ and WT (Supplementdry Figure 1).
However, we observed sequence variation in the region
between exons 2 and 4 of the OVM ~/~ hen
(Supplementary Figure 1). To identify aberrant OVM
transcripts, we cloned and sequenced 91 OVM cDNA
samples from the OVM ~/~ oviduct and identified 7
alternative splicing variants, in addition to the expected
mutant mRNA (Figure 2B). These variants were not
observed in WT OVM cDNA (25 clones analyzed).
Most splicing variants were unlikely to produce mature
protein because of frameshift and nonsense mutations,
but 2 transcripts could encode in-frame OVM mutants.
One in-frame mutant exhibited an insertion of 4 nucleo-
tides and a deletion of 28 nucleotides (OVM +/4,/428 nt)
in exon 3 (Figure 2B and Supplementary Figure 2).
Interestingly, a four-nucleotide insertion was generated
via alternative 3’ splicing, using a noncanonical acceptor
site (not AG but TG) (Supplementary Figure 2). The
other in-frame splice variant showed skipping of exons
3and 4 (OVM 4 e x 3,4) (Figure 2B).

Then, we compared OVM mRNA expression in the
oviduct of OVM ~/~ and WT hens using gPCR and 2
primer sets corresponding to the different OVM exons

A

[eggs]
120

100 |
80
60
40

20

OVM~*

(BPR) (BPR)

(Figure 2C). The mutant oviduct had significantly lower
OVM mRNA expression (<1%) than the WT oviduct
(Figures 2D and 2E). These results are consistent with
RT-PCR amplicon images (Figure 2A) and suggest
that aberrant O VM transcripts, including in-frame mu-
tants, are expressed in OVM ~/~ hens at significantly
lower rates than normal OVM mRNA in WT hens.

We further evaluated the possibility of plasmid integra-
tion and off-target mutation in OVM ~/ chicken ge-
nomes. We did not detect puromycin resistance gene
(included in the plasmid used for the CRISPR/Cas9 sys-
tem in the present study) in the OVM =/ genome, sug-
gesting that unexpected plasmid integration did not
occur (Supplementary Figure 3A). To investigate off-
target mutations, we amplified 3 potential off-target sites
that matched the OVMTg2 seed sequence adjacent to the
putative protospacer adjacent motif (Oishi et al., 2016).
We did not detect either insertions or deletions in sequence
data from 4 mutant hens (Supplementary Figure 3B).

Eggs From OVM ~'~

We verified that OVM ~/~ hens, despite missing a ma-
jor egg white component, could produce eggs. Average

Hens

lal

70 - *%
*%*
60 -|
50
40 |
30
20 |
10 |
0
WT WT OVM~-
(BPR) (WL) (BPR/WL)
[mm] **
10
g -
8 ]
7 -
6 -
5 —
4 -
3 -
2 —
1 —
0 .
OoVM”
BPR (WL (BPR/WL)

Figure 3. Eggs from OVM ~/ hens. (A) Average of egg production number of WT (n = 4) and OVM ~/~ (n = 2) hens within the first 150 d.

Genetic backgrounds of hens are indicated. (B) Appearance of an OVM-null egg. (C) Average weight of eggs from WT and OVM ~/~

hens at

10 mo of age. (D, E) The OVM-null egg had watery whites compared with wild-type. (D) One-week-old WT and (E) OVAM-null eggs. Solid and dotted
lines indicate the edges bordering thin and thick albumen, respectively. (F') Average height of egg albumen in WT and OVM-null eggs. Error bars
indicate standard deviation. **P < 0.01, one-way ANOVA with the Tukey’s test.
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egg production rate within the first 150 d was 98 eggs per
hen among sexually mature Barred Plymouth Rock
(BPR) OVM ~/~ hens (n = 2, #3001 and #3119),
similar to the rates in WT BPR hens (99 eggs per hen,
n = 4) (Figure 3A). All gene-targeted hens produced
apparently normal eggs in shape (Figure 3B). Eggs
from 10-month-old G4 OVM ~/~ hens (mixed with
BPR and White Leghorn [WL|; Figure 1B) weighed
51.4 = 1.7 g on average (n = 28), significantly less
than WT BPR eggs (59.5 = 2.7 g, n = 25) but not
different from WT WL eggs (53.2 £ 5.3 g, n = 32)
(Figure 3C). Distinct from WT eggs, OVM-null eggs
tended to have less viscous egg whites (Figures 3D and
3E). Consistent with this observation, fresh egg albumen
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in OVM-null eggs had lower average height
(6.2 = 0.7 mm, n = 21 from G4 hens) than that in
WT eggs (87 £ 0.8 mm, n = 26 from WL;
7.8 £ 0.9 mm, n = 25 from BPR) (Figure 3F). Although
we did not fully control the genetic background, our re-
sults indicated that O VM-null and WT egg whites might
have different physical properties.

OVM Protein in OVM-Null Eggs

The results of SDS-PAGE and Coomassie Blue stain-
ing revealed the presence of major egg white components
(i.e., ovalbumin, ovotransferrin, ovoglobulin, and lyso-
zyme) in OVM-null eggs and at expression levels that

A OVM-* OVM-* c
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QO ON H BN
« &S SSN« RS- P >
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e ke b -
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OVM ex 4,5-EGFP [4] 5 ] EGEP |
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Figure 4. Reduction of OVM protein in OVM-null egg. (A) SDS-PAGE of WT and OVM-null egg whites stained with Coomassie Brilliant Blue.

Each lane is labeled with OVM ™/~ hen IDs. Major egg white components are indicated. OVT, ovotransferrin; OVG, ovoglobulin; OVA, ovalbumin;
OVM, ovomucoid; LYS, lysozyme. Per lane, 500 nL of egg white sample was loaded. (B) Immunoblot analysis of WT and O VM-null egg white proteins
with anti-OVM antibodies. The arrowheads indicate the position of OVM protein recognized by anti-OVM antibodies. Each lane contained 50 nL of
egg white samples. (C) Immunoblots of partially purified WT and OVM-null egg white proteins, using anti-OVM antibodies. Following acid and heat
treatment, WT and OVM-null egg white (derived from Au94 OVM ~/~ hen) were centrifuged to separate precipitate (P) and supernatant (S). Heat-
stable OVM protein was prominent in the supernatant and other egg white proteins accumulated in the precipitate. Each lane contained 10 nLL of whole
egg white samples. (D) Sensitivity tests of anti-OVM antibodies. Each lane (labeled at top) was loaded with different amounts of WT egg white. Immu-
noblotting shows that anti-OVM antibodies can detect OVM in 10 pL of egg white. (E) Schematic diagram of proteins expressed in cultured cells.
Numbers indicate OVM exons. The gray box and dotted lines, respectively, indicate a four-nucleotide insertion and 28-nucleotide deletion in the
OVM+4/D28 nt mutant. Arrow shows cleavage site in OVM. (F) Immunoblots of recombinant OVM mutants with anti-OVM antibodies. Samples
were whole cell lysate (WCL) and culture S from HEK293 T cells transfected with WT and mutant OVM. Mock: mock transfection with empty
plasmid pcDNA3. (G) Immunoblot of the independent OVM region. Whole cell lysate from HEK293 T cells expressing enhanced green fluorescent
protein (EGFP) fused with OVM protein (exons 4-5 and exons 6-8) were subjected to immunoblotting using anti-OVM antibodies.
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did not evidently differ from those of WT (Figure 4A). In
contrast, OVM protein appeared as a broad band for
WT egg whites but was hardly visible for OVM-null
egg whites.

Immunoblotting of anti-OVM antibodies revealed
strong signals for OVM (20-37 kDa) in WT but not
OVM-null egg whites, thereby indicating that mature
OVM was absent in the latter (Figure 4B). As the
anti-OVM antibodies partly recognize other egg white
components, we observed high background noise. We
therefore partially purified OVM protein from egg white
samples using acid and heat treatment, followed by
further immunoblotting. Supernatant of WT egg whites
clearly contained OVM protein (Figure 4C), whereas
apparent OVM signals were absent from both the pre-
cipitate and supernatant from OVM-null egg whites.
Thus, expression of OVM protein, including mutant iso-
forms, appeared to be lower than the detection limit in
OVM-null egg whites. Immunoblotting detected antigen
in 10 pL of WT egg white (Figure 4D), but not in 50 nL
of OVM-null egg white (Figure 4B), suggesting that

A

No. of incubated No. of fertilized

Rooster ID  Hen ID

OVM-null egg white had <0.02% of OVM protein found
in WT egg white.

We evaluated OVM antibodies to determine whether
OVM was simply undetectable in OVM-null egg whites
because the antibodies did not recognize mutant vari-
ants. The precursors of WT OVM and 2 in-frame
OVM mutants (OVM +4/A28 and OVM Aex3,4,
Figure 4D) were expressed in HEK293 T cells and
analyzed by immunoblotting. WT and mutant OVM
expression were detected in both whole cell lysates and
culture supernatant (Figure 4E). This result indicated
that OVM antibodies could recognize both WT and
mutant OVM, thus reinforcing the explanation that
the latter was under the immunoblotting detection limit
in OVM-null egg white. Interestingly, OVM mutants
had lower relative expression than WT OVM in culture
supernatant. Therefore, the 2 in-frame OVM mutants
may be difficult to secrete and/or may have unstable
mature forms. We further tested whether OVM anti-
bodies could recognize multiple epitopes on OVM. Two
different OVM regions, one corresponding to exons 4-5

No. of growth  No. of hatched No. of survived

eggs eggs stopping eggs chicks chick (M : F)
experiment 1 #949 #3001 28 6 4 2 1(0:1)
experiment 2 Au76 Au83 17 14 5 9 9 (6:3)
experiment 3 Au89 AU115 15 8 3 5 4 (1:3)
total 60 28 12 16 14 (7:7)
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Figure 5. Progeny of OVM ™/~

hens. (A) Results of progeny test. Three OVM ~/~

CGCTACAGAC

GGAAGG

roosters and hens were crossed. (B) Hatched chicks from O VM-

null egg in experiment 1 (top, BPR background) and experiment 2 (bottom, BPR and WL cross). (C) O VM genomic sequences of hatched chicks from
experiments 1 (top) and 2 (middle), and from a WT chick (bottom). Progeny genome contained five-base pair (experiment 1) and 28-base pair (exper-
iment 2) homozygous deletions. Closed triangles (top and middle) indicate deleted sequences. Solid and dotted lines (bottom), respectively, indicate

deleted sequences in WT.
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and the other corresponding to exons 6-8, were fused to
EGFP protein (Figure 4E) and expressed in HEK293 T
cells. The antibodies recognized both fusion proteins but
not EGFP, thereby indicating that they could bind to
different OVM regions (Figure 4G). Therefore, these an-
tibodies might detect various in-frame OVM mutants
generated by abnormal splicing variants, even if RT-
PCR did not identify said mutants. As immunoblotting
did not detect evident signals in OVM-null egg whites
(Figures 4B and 4C), it could be inferred that the 2 iden-
tified in-frame OVM mutants and any unidentified in-
frame mutants had low or no expression.

Chicken Development From OVM-Null Eggs

Finally, we examined OVM-null egg fertility and
hatchability via crossing between OVM ~/~ females
and OVM ~/~ males (Figure 5A). We hatched 16 chicks
from 28 fertilized eggs, with 14 of the 16 chicks showing
healthy growth and development (Figure 5B).
Sequencing showed that hatched chicks had the
OVM /™ genotype (Figure 5C). These results indicate
that OVM 7~ hens are fertile and that eggs can be devel-
oped successfully even when OVM is almost fully
eliminated.

DISCUSSION

To our knowledge, this is the first study that geneti-
cally removed most traces of an egg allergen from egg
whites. Not only did our gene-targeted hens harbor bial-
lelic frameshift mutations in the OVM gene, but their
eggs also lacked expression of mature OVM protein
(Figure 1C). Although OVM ~/~ hens exhibited 2
abnormal splicing variants encoding in-frame OVM mu-
tants, transcript expression was less than 1% of the WT
levels (Figures 2D and 2E). Eggs from OVM ~/~ hens
are likely to be hypoallergenic, with the removal of
OVM being especially important because the protein is
heat-resistant, differing from other major egg allergens,
such as ovalbumin, ovotransferrin, and lysozyme. A
food challenge test (Urisu et al., 1997) showed that egg
whites heated and rinsed for removal of OVM were
significantly less allergenic than heated egg whites con-
taining OVM. Therefore, O VM-null eggs have potential
as a safe raw material for heat-processed foods that may
be tolerated by patients with egg allergies.

Genome editing-induced frameshift mutations can
lead to in-frame exon skipping and the production of
short splice variant proteins (Lalonde et al., 2017).
Therefore, we evaluated the amount of in-frame OVM
mutant proteins in OVM-null eggs. We identified 7
abnormal splicing variants in OVM =/ oviducts, and
2 translated to in-frame OVM mutant proteins. Several
allergenic epitopes are present throughout OVM (Mine
and Zhang, 2002); short splice variants of OVM may
potentially have allergenic activity. Thus, we performed
an immunoblotting analysis with commercial polyclonal
antibodies and recognized multiple OVM epitopes but
did not observe any remarkable expression of shortened

OVM splice variants in OVM-null egg whites
(Figures 4B and 4C). Therefore, in-frame exon skipping
and the production of shortened OVM splice variants
were considered to be rare in the OVM-null eggs used
in this study. As some patients are allergic to even small
amounts of OVM variants, further immunological and
clinical studies are required to verify the safety of the
modified eggs produced in the present study. However,
it is likely that O VM-null egg whites have lower allerge-
nicity than standard egg whites.

Our next experiments focused on O VM-null egg pro-
duction and egg viability/quality. Reduction of OVM
expression in mutant hens did not appear to affect
egg production. OVM-null eggs are lighter than WT
BPR eggs, but not significantly different in weight
from WT WL eggs. Noteworthy, OVM ~/~ and WT
hens had different genetic backgrounds, indicating
that comparisons are more difficult. While weight did
not differ, egg white viscosity was altered in OVM-
null eggs. As OVM constitutes more than 10% of the
total egg white proteins, it implies that the character-
istics of egg whites differ between OVM-null and WT
eggs, but the mechanism by which OVM deletion af-
fects viscosity remains unclear. Other egg white prop-
erties, such as foaminess and coagulability, may also
have been altered in OVM-null eggs. As such proper-
ties may drastically impact the production of pro-
cessed egg products, further studies are required,
especially with respect to the use of OVM-null eggs
in the food industry.

In conclusion, our study is the first to demonstrate
that eggs with a considerable lack of OVM, a known
allergenic protein, laid by genetically engineered hens
can develop normally. Such eggs are expected to be hy-
poallergenic. Although allergen risk assessment remains
essential, these eggs are a potential alternative for the
millions of people suffering from egg allergies.
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