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ABSTRACT

Context. Genome editing enables the introduction of beneficial sequence variants into the genomes
of animals with high genetic merit in a single generation. This can be achieved by introducing variants
into primary cells followed by producing a live animal from these cells by somatic cell nuclear transfer
cloning. The latter step is associated with low efficiencies and developmental problems due to incorrect
reprogramming of the donor cells, causing animal welfare concerns. Direct editing of fertilised one-
cell embryos could circumvent this issue and might better integrate with genetic improvement
strategies implemented by the industry. Methods. In vitro fertilised zygotes were injected with
TALEN editors and repair template to introduce a known coat colour dilution mutation in the PMEL
gene. Embryo biopsies of injected embryos were screened by polymerase chain reaction and
sequencing for intended biallelic edits before transferring verified embryos into recipients for
development to term. Calves were genotyped and their coats scanned with visible and hyperspectral
cameras to assess thermal energy absorption. Key results. Multiple non-mosaic calves with
precision edited genotypes were produced, including calves from high genetic merit parents.
Compared to controls, the edited calves showed a strong coat colour dilution which was associated
with lower thermal energy absorbance. Conclusions. Although biopsy screening was not absolutely
accurate, non-mosaic, precisely edited calves can be readily produced by embryo-mediated editing.
The lighter coat colouring caused by the PMEL mutation can lower radiative heat gain which might
help to reduce heat stress. Implications. The study validates putative causative sequence variants to
rapidly adapt grazing cattle to changing environmental conditions.

Keywords: cattle, coat color dilution, embryo-mediated, genome editing, heat stress, homology-
directed repair, microinjection, P. Leul8del, PMEL, pre-melanosome protein 17, TALEN.

Introduction

Today’s availability of whole genome sequence information for large numbers of individual
animals, made possible by the rapid advances in sequencing technology, has greatly
improved the identification of causative mutations (Georges et al. 2019). Genome editing
has the potential to utilise the information for the genetic improvement of livestock by
directly and rapidly introducing advantageous sequence variants into the genomes of
animals with high genetic merit (Ruan et al. 2017; Bishop and Van Eenennaam 2020).
Hence, it provides an opportunity for the required fast adaptation of grazing cattle to
already warming temperatures.

Black coats have been identified to increase solar heat load as a potential contributor to
heat stress (Hansen 1990; Gebremedhin et al. 2011). Many of the thermotolerant tropical
cattle breeds are typically light-coloured with coats that reflect much of the incident solar
radiation. A naturally occurring colour dilution variant in the premelanosome protein (PMEL)
gene, first identified in Highland and Galloway cattle, was later found to also segregate in
the Zimbabwean breed of Tuli cattle (Schmutz and Dreger 2013; Davis et al. 2017). Hence,
this 3 bp deletion PMEL variant, deleting leucine 18 in the signal peptide (p.Leul8del), was
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a strong candidate towards improving the thermotolerance of
temperate Holstein Friesian dairy cattle by genome editing. In
a previous study, this PMEL sequence variant was introduced
using cell-mediated genome editing and somatic cell nuclear
transfer (SCNT) to produce a grey and white Holstein Friesian
calf showing a strong colour dilution effect (Laible et al.
2021). Highlighting the inefficiencies of the cloning approach,
the calf died after 4 weeks due to known cloning-related
complications. The embryo-mediated approach avoids the
inefficiencies associated with producing live calves by
SCNT and could be implemented by adjusting contemporary
embryo-based genomic selection strategies (Ponsart et al.
2013; McLean et al. 2020). In contrast to the cell-mediated
approach, embryo-mediated genome editing provides limited
control over editing outcomes, particularly for the less
efficient introduction of precise edits by homology-directed
repair (HDR) mechanisms (Park et al. 2020). This limitation
could potentially be overcome by screening embryo biopsies
to verify the introduction of the intended edits before live
animals are produced from the edited embryos (Wei et al.
2022). However, the potential for generating mosaic embryos
with multiple different edits might reduce the accuracy of
predicting the correct genotypes of the animals produced
from the biopsied embryos (Vilarino et al. 2018).

In the present study, we have used embryo-mediated
genome editing in combination with biopsy screening to
produce several calves, homozygous for the p.Leul8del muta-
tion. The mutation caused colour-diluted coats which absorbed
less thermal energy compared to non-edited-controls. This
adaptation can lower solar heat gain in the colour-diluted
cattle and might help to reduce heat stress.

Materials and methods

Experimental animals

All animal experiments were performed in accordance with
the relevant guidelines and regulations with approvals
from New Zealand’s Environmental Protection Authority
(GMD100279) and the AgResearch Ruakura Animal Ethics
Committee (15088, 15467, 0685).

Ovum pick up, in vitro maturation, in vitro
fertilisation and embryo culture

Transvaginal ovum pick up (OPU) was performed on 14 elite
dairy cows (ranging within the top 1-32% of the New Zealand
dairy herd) once a week on four occasions (Bols et al. 1995).
Other oocytes were aspirated from abattoir-sourced ovaries.
Oocytes were in vitro matured and fertilised (IVF) with semen
from an ordinary (for abattoir-derived embryos) or high
breeding worth Holstein Friesian dairy bull (for OPU-derived
embryos) according to described procedures (Wei et al. 2015).

Embryo-mediated editing, embryo culture,
biopsy and vitrification

HDR editing in embryos for the p.Leul8del PMEL mutation,
biopsy screening for editing outcomes and cryopreservation
of biopsied embryos were essentially performed as described
in our previous study (Wei et al. 2022). Briefly, zygotes were
injected 5-8 h after IVF with PMEL-specific TALENs TL17
and TR217 delivered as plasmid (20 ng/pL each) or as
mRNA (100 ng/pL each), together with the single-stranded
oligodeoxynucleotide (ssODN) repair template 1288 (100 ng/pL).
Embryos were then cultured for 7 days to the blastocyst stage
and a ~15 cell biopsy sliced off the trophoblast. The biopsied
embryos were vitrified and stored in liquid nitrogen prior to
warming and individual transfer into synchronised recipients
7 days after oestrus (Wei et al. 2018). Pregnancy establish-
ment and progression were monitored by ultrasonography
and palpation with calving induced near full term (Brophy
et al. 2003).

Cell clone derivation

A small biopsy from the ear was taken and after cleansing put
into culture as previously described (Wagner et al. 2017).
From outgrown primary fibroblasts, mitotic cells were manually
picked with a glass capillary into a 96 well plate for expansion
(Laible et al. 2021).

Genotyping

Embryo biopsies were lysed in 10 pL proteinase K (0.2 pg/uL)
containing PCR buffer. The PMEL target site was preamplified
for 17 cycles with primers 1249,/1250 and 2 pL of the reaction
were then used for the HDR-specific droplet digital PCR
(ddPCR) assay (40 cycles) with primers 1283 and 1284, hybridi-
sation probes 1285, 1321 and 1289 and gBlock® 1282 as
positive control. All primers and probes are summarised in
Supplementary Table S1.

For sequencing, 2 pL of the preamplified sample was
further amplified for 36 cycles with primers 1249/1250 in
a new reaction. Resulting PCR fragments were separated on a
gel, isolated, and sent for Sanger sequencing. Mixed sequences
were analysed by Tracking of Indels by Decomposition (TIDE)
(Brinkman et al. 2014).

Genomic DNA from blood and ear fibroblasts was extracted
with a Cytiva Nucleon BACC3 kit (Cytiva, Little Chalfont, UK)
and 50 ng of the DNA used without preamplification for
ddPCR (40 cycles) and PCR (36 cycles). PCR fragments were
processed for sequence analysis as described above.

Cells from individual cell clones were trypsinised, washed
in PBS and lysed in 20 pL proteinase K buffer. The crude lysate
(2 pL) was used for PMEL target site amplification by ddPCR
and PCR for identifying allelic contributions by the quantita-
tive assay and sequencing of PCR fragments, respectively.

Genomic DNA (50 ng) of the calves was assessed for the
potential integration of TALEN plasmids by PCR amplification
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(36 cycles) with the TALEN vector-specific primers 1607 and
1608 amplifying a 336 bp fragment of the plasmid sequence
encoding the N-terminal TALE domain. Amplification
(36 cycles) of a 444 bp fragment from the endogenous bovine
alpha-lactalbumin gene (LALBA) with primers 211 and 212
served as a control for the presence of amplifiable DNA.

Parentage analysis

Whole genome DNA samples isolated from blood were
profiled by Genomnz (www.genomnz.co.nz). Samples were
analysed on an ultra-low density single nucleotide polymor-
phism (SNP) chip with approximately 1000 bovine SNPs
using the Illumina iScan platform.

Thermal absorption

The left side trunk of the animals, aged five (calves 22, 24) and
7.5 (calves 14 and 16) months, was imaged in the visible
spectrum (460-640 nm) and the near-infrared (NIR) spectrum
(670-960 nm) with Ximea Snapshot VIS and Ximea Snapshot
NIR cameras (Imech, Belgium), respectively, under illumina-
tion (LMR16503KAL, 50 W, 3000 K; Hugo Lighting, USA).
Within the scanned images, three pixels were manually
selected in a patch of the coat representing the lightest and
darkest hues, the associated spectra extracted, and the
average ratio light absorbed:incident light (average absorbance)
compared at each wavelength (Matlab, Mathworks Inc, USA).
For each animal, overall absorption scores were obtained
by averaging the total absorbance for all pixels within the
scanned trunk region on a representative spectral image
(Fig. S1). As a reference point, we included an NIR reference
tile (Labsphere Inc, USA) that reflects almost 100% of NIR
energy (close to 0% absorbance) and reflects light brown in
the visible range.

Statistical analysis

Statistical significance was determined using the two-tailed
t-test with equal variance or Fisher exact test for independence
in 2 x 2 tables.

Results

We have previously edited a naturally occurring PMEL
sequence variant in embryos, using biopsies to show that
embryos can be fully converted into the precision edited
genotype (Wei et al. 2022). As a next step, we now used
embryo-mediated editing to produce HDR-edited cattle for
the same p.Leul8del PMEL mutation.

Editing of IVF embryos produced with abattoir-
and OPU-derived oocytes

Following on from our previous study, we first used abattoir-
derived oocytes to generate IVF embryos for HDR editing
(referred to as abattoir-derived). Zygotes classified as fertilised
(n = 471) were injected with the PMEL-specific TALEN pair,
delivered by plasmid or mRNA, and ssODN repair template
(Table 1). Intact embryos were placed into culture (n = 465)
with an overall development rate into morphological grade 1
and 2 blastocysts of 13% (62/471). Embryos of grade 1 and
2 quality were biopsied for the assessment of editing outcomes
and vitrified, preserving the option of transfer if suitably
edited. For the plasmid injected embryos, 33 of 35 biopsies
could be analysed, and 16 embryos were classified as 100%
edited for the intended 3 bp deletion mutation in the PMEL
gene. The full conversion HDR efficiency was 48% (16/33) for
plasmid-injected embryos. Only 16 biopsies from 27 mRNA-
injected embryos could be analysed, with four embryos that
were fully converted to the HDR genotype (4/16; 25%). For
the samples that could not be analysed, the PCR amplifica-
tion failed, probably due to loss or degradation of the sample.

Although oocytes can be readily and cost-effectively
sourced from local abattoirs, they are lacking information
on the genetic background of the donor cow, which can be
of various breeds and genetic merit. To better control for
the maternal contribution of the edited embryos, we next
generated IVF embryos from oocytes derived from a cohort
of 14 dairy donor cows with high genetic merit. A total of
446 oocytes were recovered from four separate OPU sessions
(Table 1) and were fertilised in vitro with the semen from a
New Zealand Holstein Friesian bull of high genetic merit.

Table I. Development of injected embryos and HDR editing efficiencies for full conversion.
Oocyte source Editors Injected Ivc Cleavage® GI-3 A Gl-2A 100% edited®
Abattoir Plasmid 301 296 253 (85%) 117 (40%) 35 (12%) 16/33 (48%)
Abattoir mRNA 170 169 156 (92%) 59 (35%) 27 (16%) 4/16 (25%)
Abattoir Total 471 465 409 (88%) 176 (38%) 62 (13%) 20/49 (41%)
OPU Plasmid 27 217 196 (90%) 69 (32%) 44 (20%) 21/40 (53%)
OPU mRNA 193 185 165 (89%) 62 (36%) 26(14%) 414 (17%)
OPU Total 420 402 361 (90%) 131 (33%) 70 (17%) 25/64 (39%)

APercentage of number of embryos placed into in vitro culture (IVC) reaching the indicated stage of development, either > | -cell (cleavage), morphological grade (G) -3

or GI-2 blastocysts.
BPercentage of analysed G1-2 embryos classified as fully HDR-edited.
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The fertilised zygotes (n = 420) were injected with the PMEL-
specific TALEN pair and ssODN repair template as before.
Plasmid-injected embryos were associated with a better
development rate to grade 1 and 2 blastocysts compared
with mRNA-injected embryos (20% vs 14%, respectively),
although this difference was not statistically significant
(P = 0.13). Based on the embryo biopsies, assessment of the
editing outcomes showed that HDR editing with plasmid-
encoded TALENs again outperformed injection of the
TALENs as mRNA. The efficiency of full conversion into the
precision HDR genotype was significantly higher (P =0.0082)
with zygotes injected with TALEN plasmids (53%) than with
TALEN mRNA injections (17%).

Transfer of edited embryos for development
to term

We initially transferred 15 injected OPU-derived IVF embryos
where the biopsy had shown complete, non-mosaic HDR
editing and 10 non-edited OPU control embryos into recipients.
This only generated a single pregnancy with the edited (1/15;
7%) and four with the control embryos (4/10; 40%) at
gestational day 35 (Table 2). Because of the low pregnancy
rate with the PMEL-edited embryos, we transferred additional
edited and non-edited control embryos, also including some
embryos that were produced with abattoir-derived oocytes
on two occasions, 2 days apart (embryo transfers 2 and 3).
This resulted in four additional PMEL OPU pregnancies
(4/11; 36%), no further OPU control pregnancies (0/4; 0%),
seven pregnancies with abattoir-derived embryos (7/17;
41%) and one pregnancy for the abattoir-derived control
embryos (1/8; 13%). Except for one PMEL abattoir pregnancy,
which was no longer detectable at the second scan at day 60 of
gestation, all held to term (Table 2). However, two calves
were lost thereafter: one abattoir-derived calf was stillborn
(ID 29) and one OPU-derived, low birth weight calf (ID 28)
was euthanised on welfare grounds. Rather than the biallelic

precision PMEL-edits of these calves, both losses were likely
attributable to in vitro production of embryos, which is
associated with altered birth weight and increased calf
mortality (Bonilla et al. 2014). Furthermore, after a few days
it became apparent that calf 15 had impaired vision. Following
veterinary assessment, it was concluded that the calf was blind,
and it was subsequently euthanised on animal welfare grounds.

Genotype and genetic relationship

Editing outcomes at the PMEL target site were determined
with DNA prepared from blood and fibroblasts derived
from an ear biopsy. Results from both DNA sources were
consistent and revealed that three of the five edited OPU
calves and five of six abattoir-derived calves produced were
100% edited for the intended 3 bp deletion variant (Table 3).
The calves that were not fully converted showed a range of
different on-target genotypes. The different edited PMEL
alleles and impacts of the edits on the PMEL reading frame
are shown in Fig. 1. Besides the intended 3 bp deletion, the
blind OPU calf (ID 15) had a second allele with a 6 bp deletion.
To determine whether the calf was mosaic or heterozygous for
the two alleles, we isolated cell clones from ear biopsy-derived
fibroblasts. Both deletion alleles were determined in 20 cell
clones with only one cell clone showing a lower than the
expected 50% presence of the 6 bp deletion allele (1/20; 5%).
Overall, it provided evidence that the calf was heterozygous for
the intended allele and most likely for the 6 bp deletion allele.

For the other OPU calf (ID 25), two minor deletion alleles
(4 bp/24% and 12 bp/11%) were detected by TIDE analysis in
addition to the intended 3 bp HDR allele (63%), whereas the
abattoir-derived calf (ID 20) possessed 5 bp and 163 bp
deletion alleles and lacked the 3 bp HDR allele. Again, cell
clones were isolated and analysed to confirm the allelic
variants and sequence at the target site. For calf 25, 30% of
the 20 isolated cell clones (6/20) were homozygous for the
intended 3 bp HDR allele, 45% (9/20) were heterozygous

Table 2. Summary of embryo transfer results for edited and WT control embryos.

Embryo Genotype Oocyte Embryos Pregnancy at D37 Development Development

transfer source transferred of gestation (%)" to term (%)° to weaning (%)%

| 3 bp del. OPU 15 1(7) 1(7) 0 (0)
WT OPU 10 4 (40) 4 (40) 4 (40)

2 3 bp del. OPU 5 I (14) 1 (14) 1 (14)
WT OPU 2 0 (0) 0 (0) 0 (0)
3 bp del. Abattoir 9 3(33) 2 (22) 1(11)
WT Abattoir 4 I (25) 1 (25) 1 (25)

3 3 bp del. OPU 5 3 (60) 3 (60) 2 (40)
WT OPU 2 0 (0) 0 (0) 0 (0)
3 bp del. Abattoir 9 4 (44) 4 (44) 4 (44)
WT Abattoir 4 0 (0) 0 (0) 0 (0)

ANumber of fetuses detected by ultrasound scanning and percentage of number of recipients being pregnant.
BNumber of live calves at term or at 3 months and percentage of number of transferred embryos resulting in live calves at the indicated stages.
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Table 3. Sex and on-target genotype of OPU- and abattoir-derived
calves.
Calf Oocyte Sex Edited On-target HDR allele
ID source mutation contribution (%)*
15 OPU F Yes 3 bp deletion 50
6 bp deletion 50
22 OPU M Yes 3 bp deletion 100
24 OPU M Yes 3 bp deletion 100
25 OPU F Yes 3 bp deletion 63
4 bp deletion 24
12 bp deletion 11
28 OPU M Yes 3 bp deletion 100
14 OPU M No WT NA
16 OPU M No WT NA
17 OPU M No WT NA
18 OPU E No WT NA
20 Abattoir  F Yes 5 bp deletion 50
163 bp deletion 50
21 Abattoir  F Yes 3 bp deletion 100
23 Abattoir  F Yes 3 bp deletion 100
26 Abattoir  F Yes 3 bp deletion 100
27 Abattoir M Yes 3 bp deletion 100
29 Abattoir M Yes 3 bp deletion 100
19 Abattoir  F No WT NA

ADeduced from ddPCR and TIDE analysis.

for the 3 bp HDR and 4 bp deletion allele and 25% (5/20) were
heterozygous for the 3 bp HDR and 12 bp deletion allele. This
confirmed that calf 25 was mosaic.

Analysis of the genotypes of 17 cell clones derived from calf
20 revealed consistent amplification of two PCR fragments
that comprised the 5 bp and 163 bp deletion alleles, both
disrupting the reading frame.

Since the OPU calves were produced with oocytes from a
pool of high breeding worth donor cows, we wanted to
establish the relationship between the edited and control OPU
calves. The SNP chip analysis confirmed that OPU calves 14,
15, 16, 22 and 24 were siblings and only half-siblings to OPU
calves 17, 18, 25 and 28. The abattoir-derived calves were
produced with semen from a different bull than the OPU
calves and had an unknown maternal genetic background.
Therefore, the abattoir-derived calves were not further tested
for sister/brother relationship and were classified as half-
siblings to each other.

Since plasmids were used to deliver TALENS, all edited
calves were assessed for potential integration of the TALEN
vectors. Calf 20 was the only calf that was edited following
delivery of the TALENs by mRNA and served as an internal
negative control. A 336 bp fragment of the N-terminal TALE
domain and part of both TALEN plasmids was detectable by
PCR in the control samples but failed to amplify from genomic
DNA of the edited calves. By contrast, parallel amplification of
a fragment from an endogenous bovine gene was successful
for all calves indicating the presence of amplifiable DNA and
the absence of integrated plasmids in all PMEL-edited calves
(Fig. S2).

Coat colour phenotype

The OPU-derived, non-edited control calves showed a predomi-
nantly black coat with only small areas of white hair (Fig. 2). By
contrast, the fully HDR-edited (p.Leul8del-edited) OPU calves

ATGGATCTGGTGCTGAGAAAATACCTTCTCCATGTGGCTCTGATGGGTGTTCTTCTGGCTGTAGGGACCACAGAAGGT
WT EBVE o BN v BB R K v NI H v A BV ¢ vV BN AV 6 T T HEN G

WT BVE o BN v BB R K v HEENN H Vv A BEEVE c vV HEEEE AV 6 T THEN G

3 bp del BVE o BN v BB R K v HEENN H VvV A BBV ¢V E---IIE AV e T T EEMNG

3 bp del VS o BN v BB R K v HEENN H VvV A BEEVE 6V E---IBE ATV 6 T T EEMG

3 bp del VS o BN v BB R K v DI H OV A BEEVE vV E---BE AV 6 T T EEMG

6 bp del BVl o BN vV BN R K v NI H VoA DN - BN A fVETe | T T EEM G

3 bp del BV o BN v BB R K v NN H VvV A BBV GV E---JIE AV 6 T T EEMNG

4 bp del BV o BEN v BB R K v HEENN H OV A BBV G V. ---- R IDNEN

12 bp del BVl 0 BBV B R K v DI 4 0V A B G V- e T T EEEG

5 bp del VS o BN v BB R K v HEENN H V] A BEEVE GV ----— G ¢ R D H R R[EN
163 bpdel CTCCC o/ o mmmm oo oo~ TCTGGCTGTAGGGACCACAGAAGGT

Fig. 1. PMEL alleles determined in edited and control calves. Depicted is the DNA sequence of the non-edited, wild type (WT) allele

corresponding to the PMEL signal peptide with amino acids shown in single letter code beneath the DNA sequence. The PMEL deletion
alleles generated by genome editing are illustrated via their amino acid sequences with dashes indicating deletions of individual base
pairs. Because the 163 bp deletion allele also deletes the PMEL start codon and has no valid PMEL reading frame, the DNA sequence
was provided for this allele. Shown are all alleles for the control calves (WT; calves 14, 16—19), the fully HDR-edited calves (3 bp del:
3 bp deletion p.Leul8 del HDR mutation; calves 21-24, 26-29), calf |5 with two deletion alleles (3 bp del and 6 bp del), calf 25 with
three deletion alleles (3 bp del, 4 bp del and 12 bp del) and calf 20 (5 bp del and 163 bp del).

116



www.publish.csiro.au/rd

Reproduction, Fertility and Development

OPU
PMEL

OPU
control |

Abattoir
PMEL

@l Abattoir
control

Fig.2. Coat colour phenotype of PMEL-edited and non-edited control calves. The pictures depict the calves
within their first week, except for 14 and |6 which are shown at 2 months of age. Source of oocytes used for
their production is indicated on the left and calf IDs are indicated below the images.

22, 24 and 28, as well as the heterozygous calf 15 with the
3 bp and 6 bp deletion alleles, displayed a strong colour
dilution phenotype with grey and white coats. The direct
comparison of edited and non-edited OPU calves revealed
that besides lightening black, p.Leul8del editing markedly
reduced darker areas compared to the controls. The mosaic
OPU calf 25 had only a few small grey and white patches and
mainly a darker colouring that was nevertheless noticeably
lighter in colour than the controls, particularly around the head.

The completely p.Leul8del-edited abattoir-derived calves
21, 23, 26 and 27 displayed the characteristic grey and white
colour dilution phenotype. The appearance of calf 21 was
unique in that its coat was mainly the colour-diluted grey
with very little white spotting.

The only calf that showed no obvious sign of colour
dilution was the abattoir-derived calf 20. This calf did not
possess the intended 3 bp deletion allele but was heterozygous
for two edited alleles, both with frameshift mutations in PMEL
most likely resulting in complete disruption of PMEL function.
Further, it showed a brown and white coat, rather than the
characteristic black and white pattern of wild type Holstein
Friesian cattle or the diluted grey and white phenotype of the
PMEL mutation. The abattoir control calf 19 was of a similar
brown and white coat colour phenotype, which highlighted
the genetic diversity of genetic backgrounds for the abattoir-
derived calves. Over time, the brown colour of calf 19
changed into a blackish phenotype, while the edited calf 20
retained its brown appearance (Fig. S1).

Impact of coat colour on absorption of thermal
energy

To assess what impact the diluted coat colour has on radiative
heat gain, we determined the absorbance across the visible

and NIR spectra in four genetically closely related calves.
This included the OPU-derived PMEL calves 22 and 24,
which had fully converted HDR-edited genotypes, and their
two non-edited OPU siblings 14 and 16.

Deduced from selected pixels in light and dark spots, the
p.Leul8del-edited calves absorbed incident light more strongly
in the green-orange wavelengths and, therefore, reflected
more strongly yellow-red and blue wavelengths which
results in a grey/brownish appearance (Fig. 3a, b). Across the
NIR spectrum they absorbed incident radiant heat energy
evenly. The control calves’ black and white hair absorbed
or reflected, respectively, evenly across both the visible and
NIR spectra. The black hair of the controls showed the
highest absorbance in the NIR range and was about 30%
lower for the dark hues in p.Leul8del-edited calf 22 and
approximately 50% lower for calf 24 (Fig. 3a).

To better assess the impact of the p.Leul8del mutation
which resulted in coat colour dilution and reduction of
darker coat areas, we averaged values across all pixels of the
entire scanned region (Fig. S3). The p.Leul8del-edited calves
had lower overall absorption scores (Visible = 46-50;
NIR = 58-60) than control calves 14 and 16 (Visible = 96
and 97; NIR = 98 and 98), in both spectra (Fig. 4). This
represented a 39-41% reduction of thermal energy absorp-
tion in the NIR spectrum for the PMEL calves.

One of the few markings with visually strong overall white
appearance on the control animals (white patch) was indepen-
dently analysed for their overall absorbance scores (Figs S3
and 4). In both animals, even the white patches had higher
absorption (Visible = 61 and 66; NIR = 74 and 74) compared
to the two p.Leul8del-edited calves which were 19-23%
lower.
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—— PMEL_22

PMEL_24
—e— Control_14
—e— Control_16

—— PMEL_22
PMEL_24

—e— Control_14

—e— Control_16
Reference tile

Average absorbance across the visible and NIR spectra for light and dark spots of each calf’s coat. (a) Shown is

the average absorbance for three pixels selected in a coat region with dark hues on the left side trunk of the indicated
calves. (b) Average absorbance for three pixels selected in a coat region with light hues. As a reference the absorbance of

the NIR reference tile was included.

Discussion

Transfer of the vitrified, biopsied embryos resulted in highly
variable pregnancy rates. However, the observed variability
for pregnancy establishment showed no correlation with the
type of embryo transferred. Non-edited, wild-type (WT) embryos,
as well as HDR-edited OPU- and abattoir-derived embryos,
resulted in highly variable embryo transfer efficiencies across
three independent experimental runs. Limited access to a small
group of recipient cows in containment and their sporadic use
over long periods of time might have both contributed to the
variable pregnancy outcomes.

The embryo-mediated approach applied here avoids
somatic cloning-related inefficiencies in producing healthy live
calves that we and others have experienced (Liu et al. 2013;
Luo et al. 2014; Wu et al. 2015; Carlson et al. 2016;
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Carvalho et al. 2019; Laible et al. 2021). However, microin-
jecting editors into zygotes offers less control over the edited
genotypes that are achieved and fixed in the resulting calves
(Hennig et al. 2020). This is particularly problematic for the
introduction of precise sequence changes based on HDR,
which competes with the more efficient NHEJ repair and
frequently results in mosaic animals (Park et al. 2020). To
avoid production of calves with unintended edits, we
analysed trophoblast biopsies as a proxy for the editing
status of the embryo. This strategy appeared to be suitable
to identify successfully HDR-edited embryos in a previous
study, which was based on only three edited calves that
were produced from biopsied embryos (Wei et al. 2018).
With increased numbers (11 HDR-edited calves), the present
study revealed some shortcomings in the accuracy of the
biopsy screening. Only eight of the 11 calves were fully
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Fig. 4. Overall absorbance scores of p.Leul8del-edited cattle and non-edited siblings. Shown
are the values for visible and infrared spectra for the scanned left side trunk of the OPU-derived
control calves 14 and 16 (Control_I4, Control_16); scanned white patches of control calves 14
and 16 (WhitePatch_I4, WhitePatch_16) and scanned left side trunk of the OPU-derived
p.Leul8del-edited calves 22 and 24 (PMEL 22, PMEL 24).

edited with the intended 3 bp deletion in the PMEL gene and
the other three possessed alleles with unintended edits.

Trophoblast biopsies have been successfully used for
predicting genomic estimating breeding values (Mullaart
and Wells 2018; Fujii et al. 2019). However, genome
editing introduces further complexities with the potential to
generate mosaic genotypes. Concerns about the ability to
accurately predict editing outcomes from trophoblast biopsies
were raised previously (Vilarino et al. 2018). The paired
gRNA/Cas9 approach to disrupt the PDX1 gene in sheep
embryos generated a high level of mosaic editing outcomes,
producing discordant results between biopsies and corres-
ponding embryos and fetuses. Further, the results depended
on the screening assay, with PCR relying on differential
fragment sizes and ddPCR results showing approximately 70%
and 50%, respectively, of concordance between biopsies and
embryos.

This highlights the importance of the screening strategy,
which needs to be sufficiently sensitive to detect all intended
and unintended on-target edits, even if present at low levels.
Amplification by PCR from low amounts of starting material
provides sensitivity but can be prone to contamination and
introduction of amplification bias resulting in allelic dropouts
(Piyamongkol et al. 2003; Dreesen et al. 2008; Liang et al.
2023). This might explain the observed discordance between
biopsies and calves 15 and 25 with additional alleles that had
not been detected in the corresponding biopsy samples.
However, it is less likely to explain the complete change
from the 3 bp deletion HDR allele as the sole allele detected
in the biopsy to two different deletion alleles in calf 20. This
could be due to the limitation of the biopsy sample not

necessarily representing the inner cell mass which gives rise
to the embryo proper. However, preimplantation genetic
testing suggests that the concordance of mosaic aneuploidies
in trophoblast vs inner cell mass cells is very high, both in
human and bovine blastocysts (Lawrenz et al. 2019; Tutt
et al. 2021). Due to small size (about 10% of the blastocyst
cells) and trophoblast-restricted sampling, biopsies may not
fully represent their corresponding embryos, which limits
the accurate prediction of editing outcomes. Consequently,
mosaicism should be minimised by maximising the efficiency
for the intended HDR edits. Likewise, the use of multiple
screening assays and amplification strategies is important to
reduce the potential for allelic dropouts. While the biopsy
approach might not be able to deliver absolute certainty, it
can be expected to provide a strong enrichment in animals
with the intended genotypes.

Of the calves with unintended genotypes, calf 20 had two
alleles disrupting PMEL expression but no obvious coat colour
dilution phenotype. This is consistent with a mouse PMEL
knockout model which showed only very subtle effects on the
coat colour phenotype in four different genetic backgrounds,
while the mice were otherwise healthy (Hellstrom et al.
2011). The mosaic calf 25 had only some cells that are
homozygous for the p.Leul8del mutation, most likely
associated with patches of coat showing the colour-diluted
grey. All other cells are heterozygous for the HDR allele
and have either an additional 4 bp deletion nonsense allele
or a 12 bp in frame deletion. The slight lightening of the coat
compared to the black coats of its non-edited sibling could be
the impact of the heterozygous HDR allele (Schmutz and
Dreger 2013; Kimura et al. 2022). The presence of the two
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non-intended alleles generated no obvious additional
phenotypes.

This was different with calf 15, which was fully colour-
diluted but heterozygous for the HDR allele with an unintended
6 bp deletion as its second allele and was confirmed to be blind.

In horses, a PMEL missense mutation (p.Arg618Cys) in the
transmembrane domain causative for coat colour dilution has
been reported to be associated with vision impairments, most
severely affecting homozygous carriers (Komaromy et al.
2011; Andersson et al. 2013). Multiple missense mutations
in different functional domains of the PMEL protein were
identified in independent human pedigrees as causative for
pigmentary glaucoma (Lahola-Chomiak et al. 2019). Moreover,
a coat dilution phenotype, Merle, found in dogs has been
shown to result from an insertion of a repetitive short
interspersed nuclear element just upstream of PMEL exon
11 that affects splicing and can generate abnormal PMEL
proteins (Varga et al. 2020). Carriers of the Merle genotype
predispose these dogs to hearing and/or vision impairments
(Clark et al. 2006). The described mutations have in common
that they affect functional domains of the protein itself,
resulting in defective processing of these PMEL variants and
impaired ability to form the amyloid fibrillar sheets required
for melanin deposition (Andersson et al. 2013; Lahola-
Chomiak et al. 2019). The 6 bp deletion mutation reported
here is located within the signal peptide of the protein but
appears to also interfere with correct processing of the protein,
ultimately affecting vision either alone or in combination with
the 3 bp deletion variant. This is not the case for the other
edited mutations, deleting 3 bp, 4 bp, 12 bp of signal peptide
or the entire signal peptide (163 bp deletion) and further research
will be required to provide greater mechanistic insights.

The fate of calf 15 highlighted that our biopsy screening
was not accurate enough to completely avoid the transfer of
embryos with unintended on-target edits that can result in
calves with compromised health. As discussed earlier, the
alternative cell-mediated approach using SCNT offers better
control over on-target edits but also carries an animal welfare
burden as it can compromise the development and health of
cloned calves (Wells 2005). Scope and continued efforts for
improving the design of editors, detection of HDR editing
outcomes in embryos and cloning efficiencies will help to
minimise or avoid undesirable editing outcomes that adversely
affect the welfare of animals in the future.

Beside inaccurate on-target HDR edits, genome editors
have a known potential for the unintended introduction of
mutations at off-target sites due to residual binding and
cleavage at sites that share a degree of homology with the
actual target site (Yee 2016). Contrary to in vitro experiments,
there is increasing evidence that with well-designed editors,
edited animals show very little if any off-target mutagenesis
(Akcakaya et al. 2018; Li et al. 2018; Wang et al. 2018; Wei
et al. 2018; Jivanji et al. 2021). Compared to Cas9 editors
with a single short gRNA providing the target specificity for
the Cas9 nuclease, TALEN-mediated cleavage is dependent
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on the concerted binding of two TALENs to enable the
dimerisation of their FokI nuclease domains required for
cleavage activity. This increased stringency for cleavage
makes TALENs even less prone to introduce off-target
mutations, which was shown in a recent comparative study
between gRNA/Cas9- and TALEN-mediated editing of sheep
(Zhang et al. 2019). Still, the potential for off-target events is
amajor concern associated with this relatively new technology.
Therefore, we are in the process of analysing whole genome
sequencing data to determine if any of the PMEL-edited
cattle might harbour off-target mutations. Once available, it
will provide further information on the editing fidelity and
safety of edited livestock.

Consistent with our previous study, we achieved better
efficiencies for embryos assessed as 100% HDR-edited
when the PMEL-specific TALENs were delivered as plasmids
compared to mRNA delivery (Wei et al. 2022). However,
this approach carries a low risk for the unintended integra-
tion of a plasmid into the genome. Such integration events
are rare but can be readily identified by PCR-screening or
whole genome sequencing and managed accordingly. As we
had reported previously for other HDR-edited cattle, we found
no evidence in the PMEL-edited cattle for the integration
of plasmids used for the delivery of editors into embryos
(Wei et al. 2018; Jivanji et al. 2021; Laible et al. 2021).

This is contrary to a recent report where an entire plasmid
became integrated at the target site (Norris et al. 2020). This
plasmid had been used as donor template to provide the
information for editing the polled mutation in dairy cattle.
While the expression plasmids for editors play no role in the
screening for editing outcomes, screening for the presence of
the edited polled mutation, also present on the donor plasmid,
would have increased the chance to pick up a rare plasmid
integration event. The integration was initially missed
because of inadequate PCR assays and analysis of whole
genome sequencing results to fully characterise the on-target
editing outcome (Norris et al. 2020). Informative assays
would have identified the unintended genotype prior to the
production of a live animal, although the unwanted plasmid
can be later deleted by breeding and segregation in the next
generation (Young et al. 2020).

Coats with lighter coloured hair can reflect more of the
radiant heat from the exposure of grazing cattle to sunlight
and reduce their heat load (Cena and Monteith 1975; Maia
et al. 2005a). This improves their ability to mitigate effects
of heat stress and was shown to be linked to lower surface
and rectal temperatures and higher milk production in
lighter compared to darker coloured cattle (Hansen 1990;
Becerril et al. 1993; Maia et al. 2005b). In our study, we
were able to investigate the impact of colour dilution in
precisely edited cattle and their genetically closely linked
non-edited siblings. Both p.Leul8del-edited calves very weakly
absorbed blue light energy (the most intense wavelengths in
sunlight) and red/NIR energy (associated with radiant heat
from the sun). Although the selected spots in light and dark



www.publish.csiro.au/rd

Reproduction, Fertility and Development

areas of the coat varied in their average absorbance for
individual p.Leul8del-edited calves, the absorbance for the
dark areas was markedly lower and for the lighter areas
higher for the edited calves compared to the black and white
spots of the controls. Importantly, the ratio of light to dark
coat areas across the entire body was much greater in the
edited calves compared to the almost exclusively black coats
of the control animals. Averaging over a larger body section
highlighted the strong reduction of thermal energy absorp-
tion by the colour-diluted coats of the pLeul8del-edited
calves in comparison to the black coats of the control calves.
The control calves had few patches of white coat, albeit small,
that strongly stood out visually against the surrounding black
coats. Despite the white appearance, the scans of these
patches revealed that their absorbance ratio in the visible
and NIR was indeed higher than that of the p.Leul8del-
edited calves' left sides, including light and dark areas of
the colour-diluted animals. The white patches also comprised
some black hairs, and the white hair of the patch might have
overlapped with skin areas of strong pigmentation, which
could explain the observed absorbance characteristics. Similar
colour dilution effects were observed in cloned calves on an
unrelated genetic background (Laible et al. 2021). This suggests
that the strong lightening of the coat colour and associated
reduced absorbance of thermal energy are unlikely to be
dependent on the specific genetic background of the OPU-
derived calves and achievable on a wider range of Holstein
Friesian genetics.

In summary, we used embryo-mediated editing to
introduce a known natural mutation in the PMEL gene,
producing non-mosaic, coat colour-diluted calves from high
genetic merit parents. Screening of embryo biopsies for
complete editing strongly enriched the desired embryo
genotype prior to transfer, resulting in eight calves with fully
converted genotypes. Optimisation of editing efficiencies and
PCR screening protocols should help to further minimise
unintended outcomes. The colour dilution coats caused by the
introduced p.Leul8del PMEL mutation reduced the absorp-
tion of thermal energy in the NIR spectrum which should
lower the radiative heat gain of the edited calves from
exposure to the sun. More in-depth characterisation of the
pLeul8del-edited calves in the coming years will provide the
opportunity to assess the impact of the colour dilution under
hot and cold environmental conditions on behaviour, health
and production traits.

Supplementary material

Supplementary material is available online.
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