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Abstract

Current livestock breeding is slow to respond to rapidly mounting environmental pressures that threaten sustainable animal protein
production. New approaches can accelerate genetic improvement by multiplying valuable embryonic, rather than adult genotypes.
Chimeras, derived from complementing a sterile host with a fertile donor embryo, provide a pathway to multiply and exclusively
transmit elite male germlines. We established genetically sterile hosts and optimized embryo complementation conditions to achieve
absolute germline transmission in sheep. The spermatogonia-specific gene NANOS2 was disrupted in male (NANOS2*/~, NANOS2™")
and female (NANOS2™") ovine fetal fibroblasts via gRNA-Cas9-mediated homology-directed repair. Targeted cell strains and wild-type
controls were used to produce cloned offspring for breeding and phenotyping. Male homozygous knockout clones lacked detectable
germ cells, while the somatic compartment of the testis remained intact. By contrast, male monoallelic and female biallelic targeting
of NANOS?2 did not affect germline development, resulting in fertile animals capable of producing fertile offspring with normal
reproductive performance. The germ cell niche in NANOS2™~ hosts was most efficiently complemented by aggregating compacted
morulae, rather than earlier cleavage stages, resulting in 97% blastocyst chimerization. Embryo-complemented cloned lambs from
two different donor cell lines showed variable chimerism across tissues from each germ layer, including various degrees of germline
colonization. A subset of germline chimeras contained normal numbers of prospermatogonia, indicating that the germline was fully
restored for absolute transmission of the donor cell genotype.
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Significance Statement

The male germline dominates genetic improvementin farm animal breeding. However, traditional breedingis slow to respond to rap-
idly changing environmental pressures that threaten animal protein production. To accelerate genetic improvement, we generated
absolute elite germline transmitters in sheep. First, homozygous disruption of the NANOS?2 gene produced rams with normal testis but
lacking sperm. Second, morula complementation filled the vacant germline niche in chimeric lambs and restored normal numbers of
male germ cells. Importantly, heterozygous males and homozygous females were fertile, providing a pathway for continuous supply
of genetically sterilized host embryos by breeding. These findings advance a breeding approach that integrates embryo-based com-
plementation with genomic selection for exclusive dissemination of selected embryo genotypes.

Introduction genetic merit sires by three to four orders of magnitude, account-
Animal breeding achieves genetic progress mainly by controlling ing for ~50% of the increase in productivity per animal in US dairy

the male germline through various assisted reproductive tech- cattle (1). Insemination-based breeding strategies have been gen-
nologies, including artificial insemination (AI). Compared with etically improving livestock by 1-3% p.a. for decades. However,
natural mating, Al multiplies the number of offspring from high this incremental progress is slow to respond to rapidly mounting
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environmental pressures that threaten food security from sus-
tainable animal protein production. Furthermore, Al is invasive,
labor-intensive, and costly in sheep breeding, which mainly relies
on natural mating instead (2). This obstructs rapid gains in effi-
ciency and sustainability of sheep production compared with
dairy cattle breeding.

New approaches promise to accelerate breeding by producing
male chimeras, composite animals comprising a sterile host,
and fertile donor component, with the latter exclusively engen-
dering the male germline. Such chimeric sires with fully defined
elite donor germlines, referred to as “absolute transmitters,” could
produce high genetic value sperm for natural mating and reduce
the genetic lag between the elite seedstock sector and the com-
mercial sector (3).

Two approaches currently compete for producing animal chime-
ras (4). Both rely on complementing an infertile genotype with a fer-
tile donor, by adding either germline-competent embryonic cells to
early embryos or spermatogonial stem cells to the testis. In both
cases, the germline is first deleted and then restored with the desir-
able donor genetics. Several mutations specifically eliminate germ
cells while maintaining an intact testicular niche, providing suitable
germline-ablated hosts for complementation. These include tran-
scriptional regulators Etu5 (5), Prdm14 (6), and Tsc22d3 (7-9), as well
as RNA-binding proteins DAZL and NANOS (10-15). Without
Nanos2, male germ cells in mice are removed by apoptosis (16),
with no germ cells detectable upon puberty (17). Crucially,
NANOS2 mutations only affect fertility in homozygous male mu-
tants, while females and heterozygous males are fertile (10, 12).
Unlike other targets, this would allow breeding homozygous mutant
females with heterozygous mutant males to efficiently produce ster-
ile homozygous male hosts for germline complementation and ab-
solute transmission of male donor genetics.

Some mutants were successfully used as sterile hosts for germ-
line complementation. Testis complementation was performed
on Tsc22d3 (9), Dazl (13), and Nanos2 (10) knockout hosts with the
resulting “surrogate sires” producing only sperm from the donor
male. Embryo complementation with either blastomeres or em-
bryonic stem cell (ESC) donors has been extensively used in
mice to colonize the germline after reintroducing them into an
embryonic host, by either aggregation or injection. Production of
aggregation chimeras in livestock has followed the murine model,
despite species-specific differences in the timing of early develop-
mental events. Sheep and cattle embryos were either aggregated
as 4-8 cells (18, 19) or 32-64 cells, equivalent to the morula stage
(20), but the optimal aggregation timing in ruminants remains
to be determined.

Blastomere-derived germline chimeras were produced in pigs
(21), while livestock ESCs have so far only engendered somatic
cell lineages in pigs (22) and cattle (23). Embryo complementation
into germline-ablated hosts was reported for Tsc22d3 (7, 8), Nanos3
(11, 15), and Prdm14 (6) knockouts.

Here, we used gRNA-Cas9 to mediate a homology-directed re-
pair (HDR) biallelic loss-of-function mutation in NANOS2, ablating
the male germline in cloned sheep but leaving the testicular soma
intact. We observed no reproductive phenotype in homozygous
knockout ewes and heterozygous rams, which were bred to pro-
vide a continuous supply of homozygous null host embryos. The
morula stage was optimal for producing chimeric blastocysts
and restoring the germline in absolute transmitter lambs. This
opens the prospect of a novel breeding platform that integrates
embryo-based complementation with genomic selection, multi-
plication, and gene modification to benefit agribiotechnology
and species conservation.

Results

Germline ablation
Editing NANOS2 in ovine fetal fibroblasts

To disrupt the male germline, we targeted NANOS2 (gene ID:
101115150, Fig. 1A). Three gRNAs with minimal predicted off-
target sites were selected to introduce either a 5-bp insertion, re-
sulting in a premature termination codon 18 nucleotides after
the start of the coding sequence and a new diagnostic Taql restric-
tion site, or an 8-bp deletion, resulting in a frameshift mutation
and production of a nonsense protein (Fig. 1B). Successful genome
editing was confirmed by ddPCR with hydrolysis probes specific to
the mutant allele and unrelated beta-casein (CSN2) reference
gene. Biallelic HDR frequencies were 9.6% for gRNA1, 10.4% for
gRNA2, and 7.1% for gRNA3 (Fig. S1a). Cell strains were isolated
by manual selection of mitotic cells from the gRNA2-edited popu-
lation. We screened 45 cell clones and obtained five PCR- and four
sequence-validated NANOS2™~ cell strains (Table S1). Female
HDR clones were isolated in a similar fashion, resulting in five
sequence-validated clones. For isolating male heterozygous cell
strains, 52 clones were screened for presence of one wild-type al-
lele by ddPCR. From those, we identified 21 cell strains with one
wild-type copy and validated three heterozygous nonhomologous
end joining (NHE]) clones, two of which grew well enough to be
cryopreserved. Based on their growth and validated mutation pro-
file, we selected four male HDR cell strains, one female HDR
strain, and one male NHE] strain for somatic cell transfer (SCT)
cloning (Fig. S1b). We also screened for unintentional integration
of the genome editors with a PCR-based screen for the Cas9 coding
region, which revealed that two of the biallelically edited clonal
male and one of the female cell strains, but none of the heterozy-
gous male cell strains, had integrated the gRNA-Cas9 plasmid into
their genome (Fig. S1c). To test specificity of the gRNA-Cas9 sys-
tem, a biased Sanger sequencing screen of the top three potential
off-target sites, as identified by CCTop, revealed no mutations in
the homozygous male mutant (Fig. S1d).

Reproductive cloning of different NANOS2 genotypes

Homozygous male and female knockout cell strains, as well as het-
erozygous male and wild-type female donor cell strains, were chos-
en for somatic cell cloning, which is the fastest reproductive
technology to generate fully defined founder genotypes (Table 1).
Across numerous independent cloning runs, NANOS2 edited and
wild-type cell strains developed to the blastocyst stage at similar
frequencies of 5-11%. Cloned blastocysts were freshly transferred
into estrus synchronized ewes on day 7 of in vitro culture. In total,
6/54 (11%) male knockout lambs were produced with no significant
differences between the different clonal cell strains. Of these
lambs, two out of six survived past puberty into adulthood.
Similar survival was observed in the heterozygous and homozygous
female knockout groups with six and seven lambs born and one and
three lambs, respectively, developing into adulthood. Development
in the nonedited female control group was not significantly differ-
ent with 11 lambs being born and four developing into adulthood.

For a more comprehensive off-target analysis, we sequenced
the whole genome of one NANOS2*/~ male lamb and its nonedited
parental male fetal fibroblast (MFF) donors, as well as three
NANQS2~/~ female lambs and their corresponding wild-type fe-
male fetal fibroblast (FFF) donors (Fig. S2a). The average genome
coverage was 32- to 80-fold, sufficient to detect both the heterozy-
gous 8-bp deletion and homozygous 5-bp insertion in the cloned
lambs (Table S2). Filtering criteria were applied to raw variant
calls to identify potential off-target mutations and spontaneous
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NANOS2 (chr14, NCBI gene ID: 101115150)

(I .

4 O utrR M cDs e —
100 bp
H gRNA 2 . ;
+/+ Wild type 5-ATGCAGCTGCCACCCTTT----- GACATGTGGAAGGAC-3
-/- Mutant HDR (5b ins.) 5-ATGCAGCTGCCACCCTTTTGATCGACATGTGGAAGGAC-3'
Stop Tagl
+/- Mutant NHEJ (8b del.) 5-ATGCAGCTGCCAC------------- ATGTGGAAGGAC-3'

Fig. 1. Disrupting ovine NANOS2. A) Ovine NANOS?2 gene showing the 5’ untranslated region (UTR, white), single-exon coding sequence (CDS, black), and
the Cas9/gRNA target site (arrow). Scale bar = 100 bp. B) gRNA2 directs Cas9 cleavage to create a frameshift in the NANOS2 gene, either by either
HDR-mediated 5 bp homozygous (~/~) insertion of a stop codon (red) and Tagq] restriction site or nonhomologous end joining (NHEJ)-mediated 8 bp
(heterozygous */~) deletion. Alternating codons are indicated with dark and light gray shading, respectively, to highlight the indel mutations.

de novo mutations in the gene-edited donor cells and their cloned
lamb descendants (Fig. S2b). Variants relative to the reference
genome that were identified to be monomorphic were removed,
which reduced the 16,904,969 and 16,354,796 variant sites to
912,546 and 1,304,166 for MFF and FFF, respectively. To address
the probability of heterozygosity, we filtered for allele depth, de-
creasing numbers to 480,788 and 303,862, respectively. To remove
polymorphic variants that are common to the wider sheep
population, all variants that were segregating in the European
Variant Archive v6 for Ovis aries were also removed, further redu-
cing the number of variants to 410,337 and 269,961, respectively.
Only the intersection of the resultant variants called from all
three algorithms was taken for further analysis (53,462 and
31,232, respectively). Potential genome-wide off-target sites
were predicted based on on-target sequence similarity using fuzz-
nuc and CRISPOR, where we allowed for up to five mismatches
with the on-target site. This identified 10 and 12 overlapping var-
iants, respectively, from 943 potential off-targets within +100 bp
of the target sites. Variants with a map quality score of <60, as
well as the actual on-target gene edits, were removed. The re-
maining 12 candidate off-target mutations were manually exam-
ined by visualization of sequence reads in the Integrative
Genomics Viewer (IGV). We did not detect any shared off-target
mutations in the genome of HDR-edited lambs (#1927, #1936,
and #1938). One NHE]J-edited lamb (#1945) showed three single-
nucleotide changes, which were not present in the parental donor
cells, and could be either an off-target or a de novo mutation.

Potential de novo mutations happen after the editing and are
unique to each cloned animal, resulting in 1,773, two, one, and
three variants for #1945, #1927, #1936, and #1938, respectively.
After filtering for map quality, allele depth, and excluding the cor-
rect on-target edits, this number reduced to 436 and 0 for MFF and
FFF-derived clones, respectively. These putative de novo muta-
tions showed no overlap with the predicted off-target sites and
have likely arisen after the editing events, during either cell cul-
ture or cloned lamb development.

Phenotype of different NANOS2 sheep clones

To evaluate gene expression differences, testes were harvested
from deceased neonate NANOS27~ (n=3 lambs), NANOS2*/~
(n=4), and cloned wild-type controls (n=3). Mutant testis
parenchyma abolished or strongly reduced germ cell-specific
expression (DAZL, SALL4, DDX4, NANOS2, LIN28, and NANOG)
compared with wild type (Fig. 2A). By contrast, somatic gene ex-
pression did not differ between the three genotypes, including
markers for Sertoli cells (SOX9, WT1, and FSHR); Sertoli and

peritubular myoid cells (GDNF); Sertoli and Leydig cells (GATA4
and NR5al); Leydig cells (INSL3, HSD3B1, and STAR); Leydig and
peritubular myoid (CSF1); peritubular myoid cells (ACTA2); and
peritubular myoid cells and blood vessels (MYH11). All germ cell
markers were significantly down-regulated in homozygous com-
pared with heterozygous animals, while there were no differences
in the somatic compartment, except for GATA4, which appeared
slightly down-regulated in the homozygous mutant (Fig. 2B).

To validate the gene expression results with histological
and protein data, testes harvested from the deceased lambs
were histologically analyzed. Compared with NANOS2** and
NANOS2*~, NANOS2~/~ lambs comprised somatic support cells
in the testis but lacked prospermatogonia and sperm (Fig. 2C).
Immunostaining on cryosections showed no signal for germ cell
markers DDX4 and SSEA4 in the center of the testis cords for
NANOS2~~ lambs, with clear presence of both antigens in wild-
type and heterozygous animals. In contrast to the prospermatogo-
nial markers, Sertoli cell marker SOX9, Sertoli/Leydig marker
GATA4, and Leydig cell marker 3B-HSD were all present in
NANOS2™~, NANOS2"~, and NANOS2™~ lambs. Actin filament
staining also showed the same pattern for all genotypes with strong
signals from the peritubular myoid cells and blood vessel walls
around the testis cords. Most discriminatory, there were no sperm-
atozoa detectable in fresh ejaculates of an adult knockout ram.
Sperm quality in a heterozygous ram, on the contrary, was not af-
fected in terms of viability, motility, and postthaw survival
(Table 2). Sperm collected from a NANOS2*~ ram were fully com-
petent to fertilize oocytes after in vitro fertilization (IVF) and Al/
natural mating, resulting in similar numbers of in vitro produced
embryos and lambs, respectively, as wild-type sperm. We conclude
that the introduced biallelic NANOS2 loss-of-function mutation led
to a germ cell-deficient male phenotype without compromising de-
velopment of somatic support cells, while the monoallelic NANOS2
mutation did not affect germline development.

In females, biallelic NANOS2 deletion did not affect the hist-
ology of ovaries at different stages of peri- and postnatal develop-
ment compared with wild type (Fig. S3a). Quantification of follicle
numbers at different stages of maturity (primordial, primary, sec-
ondary, Graafian) did not reveal any significant changes between
knockout and wild type (Fig. S3b). Oocyte recovery after ovum
pick-up (OPU) was normal in four different NANOS2™~ female
clones, yielding similar numbers of follicles and oocytes per OPU
donor asisogenic wild-type control clones (Table 3). The knockout
oocytes were fully competent and resulted in similar numbers of
embryos after IVF with NANOS2"/~ sperm as wild-type oocytes
(Table 4).
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Table 1. Cloning efficiency of NANOS2 genotypes.

NANOS2 Cell line Breed Sex nlvc? B (%)°* nET! No. of lambs (%)8 No. of adults (%)8
-/- MFE® Composite Male 1,704 118 (7) 54 6 (11) 2 (4)
+/— MFF¢ Composite Male 763 87 (11) 45 6 (13) 1(2)
-/- FFFd Poll Dorset Female 1,467 88 (6) 55 7 (13) 3 (6)
+/+ FFF Poll Dorset Female 1,432 71(5) 43 11 (26) 4(9)

“Number of embryos placed into in vitro culture (nIVC).

Clonal MFF strains 12, 19, 31, and 33.

“Clonal MFF strains 72 and 127.

dClonal FFF strains 6 and 22.

“nIVC that developed into morphological grade 1-3 blastocysts (B*™).
fNumber of B* transferred (nET).

eNormalized on nET.

Producing viable NANOS2 “host breeders”

We started breeding the cloned founder animals to propagate
their genotypes. Oocytes were recovered from NANOS2™~ (ins5
bp/ins5 bp) and wild-type cloned females and in vitro fertilized
them with NANOS2*/~ (+/48 bp) sperm (Table 5). The resulting 36
embryos (25 from **x*/~ and 11 from ~~x*~ matings) were trans-
ferred into 12 gestational surrogates. At term, 11 lambs (six males
and five females) were born (seven alive and four dead). There was
no difference between survival of the embryos derived from
knockout vs. wild-type oocytes, demonstrating that biallelic
NANOS?2 knockout does not compromise reproductive perform-
ance in vivo. All lambs were genotyped by ddPCR with wild-type
and different mutant NANOS2 probes (Table S3). We obtained
one NANOS2™~, five NANOS2*~, and five wild-type lambs, close
to the expected numbers after Mendelian segregation (predicted
1.7 NANOS27/~, 5.5 NANOS2*~, and 3.8 wild-type lambs). This en-
ables stable maintenance of the necessary NANOS2 genotypes to
provide a continuous supply of homozygous host breeders and
in vitro production (IVP)-derived host embryos in the future.

Germline complementation
IVP of chimeric blastocysts

To produce fluorescent reporter donors for lineage tracing in
chimeras, MFFs were transfected with the CAGGS-mCherry/
PGK-PuroR plasmid and the hyperactive Sleeping Beauty transpo-
sase. CAGGS-mCherry cell strains (#5 and #9) were selected on
mCherry brightness (Fig. S4a). Flow cytometry showed that both
cell strains were clonal, while another candidate strain (#7)
was of mixed origin (Fig. S4b). mCherry expression tended to
be higher in cell strain #9 (Fig. S4c), which was consistent with
this strain carrying eight transgene copies, compared with three
copies in strain #5 (Fig. S4d). Candidate CAGGS-mCherry cell
strains were used as nuclear donors for SCT cloning. All live
blastocysts derived from CAGGS-mCherry donor cells were
uniformly red fluorescent above background (Fig. S4e). Chimeric
embryos were produced by disaggregating NANOS2~~ SCT recon-
structed embryos and reaggregating them with a disaggregated
CAGGS-mCherry embryo. Aggregations were carried out on days
3(D3), 4 (D4), and 5 (D5) of in vitro culture (Fig. S4f). The embryos
used for aggregation had 11.4+3.3 (D3) or 18.1+6.0 (D4) blasto-
meres or were compacting (DS), representing the 8-16-cell stage,
16-32-cell stage, and compacted morula stage, respectively.
Following initial characterization of the donor cells and aggrega-
tion procedure, chimerism in D7 blastocysts was scored by red
fluorescent signal strength (Fig. 3A), indicating putative chimer-
ism, and size (1x or 2x). Using this subjective categorizing, the
proportion of blastocysts with medium mCherry signal, i.e. puta-
tive chimeras, was increased in the 2x vs. 1x group across each

aggregation stage (Fig. 3B). Irrespective of size, the proportion of
putative chimeric blastocysts was highest when aggregation oc-
curred at the morula stage. Subjective categorization of chimer-
ism was validated on a subset of blastocysts from aggregated
embryos using ddPCR with hydrolysis probes to identify the wild
type. Again, the proportion of putative chimeras was increased
in the 2x vs. 1x group across each aggregation stage, confirming
size as a good proxy for chimerism (Fig. 3C). Overall, in vitro chi-
merization was highest with embryos aggregated at the morula
stage, resulting in 97% (37/38) of aggregated embryos categorized
as chimeras, compared with 13% (4/30) at D4 and 5% (4/136) on D3
(Table 5). Incomplete incorporation of blastomeres sometimes
resulted in two blastocysts arising from one aggregate with
different frequencies on D3, D4, and D5 (6/136 =4%, 0/30=0%,
and 6/38 = 16%, respectively). This accounts for the >100% blasto-
cyst development after morula aggregation (Table 6).

Generating clone—clone chimeric lambs for absolute germline
transmission

Aggregated blastocysts were transferred into estrus synchronized
ewes on day 6 or 7 of in vitro culture. As donors, we used either
mCherry reporter cells or nontransgenic adult ear skin fibroblasts
from an elite Texel ram. SCT embryos from either donor line
were aggregated with stage-matched NANOS2™~ SCT embryos.
Both donor cell types produced cloned lambs but only those
from the Texel donor survived into adulthood. Chimerism was
determined using ddPCR of tissues representing each germ
layer (brain, kidney, liver, and testis) and histological assessment
of germ cells in deceased neonates and live animals. Both meth-
ods identified one chimeric lamb among the mCherry-derived
donors and several chimeras from the elite Texel donor line
(Table 7). Using subjective categorization of mCherry fluores-
cence, we predicted that none of the lambs from 8-16-cell stage
aggregates and all the lambs from compacted morula aggregates
would be chimeric. One fetus from the 8-16-cell stage aggregates
developed hydroallantois and was recovered at D114 of gestation
(aggregate #1). A recipient carrying twins from 8-16-cell stage
aggregates gave birth on D148, but one lamb was dead (aggregate
#2) and the other died within 30 min (aggregate #3). The fetus
from the compacted morula aggregate aborted on day 133 of
gestation (aggregate #4). As predicted, PCR analysis for the
NANOS2 wild-type allele confirmed that only aggregate lamb #4
was chimeric (Fig. 4A). Testes harvested from the four lambs
were histologically analyzed. Testis from putative nonchimeric
aggregate lamb 1 infrequently contained spermatogonia, while
lambs 3 and 4 lacked spermatogonia. The density of prospermato-
gonia in testis sections of this chimeric lamb was similar to an age-
matched cloned wild-type control (491.3 + 157.4 vs. 489.5 + 149.1,
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Fig. 2. Gene expression changes in NANOS2 mutant testes. Lambs have reduced germ cell signature but unaltered somatic markers. A) Gene expression
in testis parenchyma of wild-type (*/*), heterozygous (*~), and homozygous (~~) mutant lambs (logy, axis). The relative expression of various genes is
shown for different lineages indicated by an abbreviation in brackets. They represent prospermatogonial germ cells (G), Sertoli cells (S), peritubular
myoid cells (P), Leydig cells (L), and blood vessels (B). The vertical point range indicates the 95% CI for the estimated marginal mean. Filled circles indicate
detected transcript, while open triangles represent a negative result (no amplification or wrong melting peak), indicating the detection limit. A C4 value of
35 was given for missing values for computation of the baseline relative expression. Different color shades represent individual lambs of each genotype.
B) Fold change between the group mean gene expression (log, axis) for heterozygous (*/7) vs. homozygous (7~) mutant testes. The baseline (no
difference) is indicated with a horizontal dashed line. The 95% Cls represent the uncertainty around the estimated coefficients for the fixed effect of
genotype in a linear mixed-effects model, which includes different animals as random effects. C) Hematoxylin and eosin-stained (H&E) sections of
neonate lamb testis (top row). Magnified areas (stippled boxes) show putative prospermatogonia (inset, yellow arrow heads) in the lumen of NANOS2*/*
and NANOS2*/~ but not NANOS2™~ testis cords. Immunostaining of germ cell (DDX4 and SSEA4) and somatic (GATA4, SOX9, ACTIN, and 3p-HSD)
markers in neonate testis cryosections (middle rows). Spermatozoa and azoospermia in adult ejaculates (bottom row). Scale bars =50 pm.
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Table 2. Reproductive phenotype of male NANOS2 clones.

NANOS2*  Sire Sperm quality IVF Artificial Natural mating
ID insemination
% alive  Motility® % alive n° nIvc?  >1-cell M/B M/B No. of No. of No. of No. of
fresh postthaw (%) %P (%) ewes lambs ewes lambs
—/- 1812 Nil — — — — — — — — — — —
+/—- 1945 70 3.5 45 2 80 71 (89) 28 (35) 10 (13) 5 7 2 4
+/+ 1942 75 3 42 2 80 70(88)  25(31) 10) NDE ND# 1
#Sperm genotype.
°Motility scale 1-5 (low-high).
“Number of replicates.
4Number of embryos placed into in vitro culture (nIVC).
°nIVC that developed into compact morula (M) or blastocysts (B) of morphological grades 1-3 (M/Ba-c).
M/B of morphological grades 1 and 2 (M/Ba—c).
ENot determined.
Table 3. Oocyte recovery from female NANOS?2 clones.
NANOS2? Ewe ID nOPU® No. of follicles No of oocytes Follicles/donor Oocytes/donor Oocytes/follicle
—/- 1927 4 53 52 13.3 13.0 1.0
—/- 1938 4 47 26 11.8 6.5 0.6
—/- 1936 1 12 11 12.0 11.0 0.9
—/- Subtotal 9 112 89 12.4 9.9 0.8
+/+ 1935 4 47 49 11.8 12.3 1.0
+/+ 1928 4 41 38 10.3 9.5 0.9
+/+ 1930 4 47 34 11.8 8.5 0.7
+/+ 1941 2 31 32 15.5 16.0 1.0
+/+ Subtotal 14 166 153 11.9 10.9 0.9

“Oocyte genotype.
PNumber of OPU sessions.

Table 4. OPU-IVP with gametes from NANOS2 clones.

NANOS2? IVF

>1-cell (%)

Sperm Oocyte n° nIVCS M/B (%)>¢  M/B (%)>P°

~/+
~/+

—/- 2 32
+/+ 2 57

11 (97)
51 (89)

10 (31)
24 (42)

4(13)
16 (28)

“Gamete genotype.

PNumber of replicates.

“Number of embryos placed into in vitro culture (nIVC).

4nIVC that developed into com?act morula (M) or blastocysts (B) of
morphological grades 1-3 (M/B'~).

°M/B of morphological grades 1 and 2 (M/B*).

respectively, Fig. 4B). This indicates the germline was comple-
mented in the chimeric fetus. For the nontransgenic Texel donors,
12 putative chimeric lambs were produced at term, only one of
which survived beyond weaning. The only surviving lamb (1942)
developed into adulthood with a distinct Texel phenotype.
Following successful natural mating, which resulted in only wild-
type offspring, the animal was euthanized for welfare reasons.
Postmortem ddPCR revealed only wild-type and no mutant allele
contribution in brain, kidney, liver, and testis. We conclude that
this animal was nonchimeric and exclusively derived from the
Texel donor cells.

PCR analysis of the 11 deceased neonates for both the mutant
and wild-type NANOS?2 alleles confirmed that all lambs were chi-
meric in at least one tissue. The level of chimerism was variable
and ranged from extremely low (<0.1% in L24, L28, L29, L34, and
L35) tolow (L26, L27,130, and L31) to balanced (L32 and L33) contri-
bution of both aggregation partners (Fig. 4C, D). The number of pre-
spermatogonia was quantified in the same samples (Fig. 4E). Those
lambs that were identified as chimeric by PCR showed various

degrees of germline colonization, ranging from nil (L24, L28, L30,
and L35) to medium (L27, L31, and L33) and to wild-type levels
(L29, L32, and L34). Extremely imbalanced chimeras with mostly
mutant (L24, L28, and L35) or wild-type (L29 and L34) alleles con-
tained either no prospermatogonia or numbers fell within the nor-
mal range of wild-type Texel rams (L15 and L17), respectively.
Representative hematoxylin and eosin (H&E) testis sections from
all lambs analyzed show comparable tissue preservation, except
for two samples (L26 and L30) with poorer morphology (Fig. S5a).
In fact, one of these samples (L26) contained DDX4-positive pros-
permatogonia, indicating that it was a chimera, consistent with
its PCR results (Fig. S5b). In summary, it was possible to produce
germline chimeras with fully restored prospermatogonia numbers
for absolute transmission of the donor cell genotype.

Discussion

We introduced biallelic mutations in the NANOS2 gene, ablating
the germline in cloned rams but not affecting female reproductive
performance. The vacant testis niche was filled by morula com-
plementation, producing chimeric lambs with partially to fully re-
stored germ cell numbers. Together with the demonstration that
heterozygous NANOS2 rams are fertile, this provides an absolute
transmitter breeding platform to accelerate genetic improvement
of livestock.

NANOS2 phenotype

Neonatal NANOS2™~ lamb testis lacked prospermatogonia, which
was inferred from analyzing mutant testis samples for gene ex-
pression and histology. Based on ellipsoid testis geometry and
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Table 5. Breeding NANOS2 F1 offspring by OPU-IVP.

NANOS2? Recipients Offspring Live NANOS2
lambs®
Sperm  Oocyte nET® No.of recipients Born Live Dead Survival/ET (%) Survival/ewe (%) Survival/born (%) -/- —/+ +/+
—/+ —/- 11 4 3 2 1 27 50 67 1 1 0
—/+ +/+ 25 8 8 5 3 20 63 63 0 2 3

#Gamete genotype.
PNANOS?2 genotype of offspring.
“Number of embryos transferred (nET).

dimensions, we estimate that these techniques surveyed ~0.3%
(~3mm? and ~8% (~81 mm?) of the neonatal sheep testis, re-
spectively. Mutant testis parenchyma showed up to 5,000-fold re-
duced average expression of germ cell markers (DAZL, LIN28, and
NANOG) compared with wild type. NANOS2 and DDX4 remained
detectable but were reduced by one to two orders of magnitude,
respectively. Thus, we cannot rule out that residual prospermato-
gonia are still present, even though they were not identified by
histological examination. Residual expression may be due to in-
complete clearance of apoptotic germ cells. Alternatively, somatic
cells may add biological noise by sporadically producing low, non-
functional levels of germline transcripts, as observed in human
testis (24, 25).

We neither saw morphologically identifiable germ cell nuclei
nor positive immunostaining for DDX4 or SSEA4. Conclusively,
the ejaculate of sexually mature NANOS2~/~ rams did not contain
spermatozoa, extending findings in mice, pigs, and goats (10-15).
In mice, Nanos2 is required for sexual differentiation of germ cells
and maintaining mitotic arrest (26). Germ cells lacking Nanos2
apoptosis, with their numbers approximately halved compared
with heterozygous controls before birth, and none seen after pu-
berty (17). A similar phenotype was found after the onset of pu-
berty in pigs (10, 12) and goats (10). Sheep female germ cells
enter meiosis around 55 days postconception (27), but the timing
of spermatogonial specification and onset of NANOS2 expression
is unknown in this species. The interval between NANOS2-
mediated lineage specification and birth is longer than in mice,
extending the time for eliminating germ cells and perhaps explain-
ing the already complete loss of germ cells in neonates, similar
to earlier germ cell loss observed in DAZL-null sheep (14). A
NANOS2~/~ fetal bull calf at 253 days of gestation also showed no
DDX4-positive germ cells in the testicular parenchyma (10).

On the contrary, the somatic testis compartment in NANOS2™/~
lambs was unchanged with regard to marker proteins and tran-
scripts for Sertoli (28), Leydig (29), and peritubular myoid cells
(30). This is consistent with NANOS?2 ablation in other mammals,
which showed the somatic cells of the testis were intact (10),
testosterone production normal (12), and able to initiate sperm-
atogenesis after transplantation of exogenous spermatogonial
stems cells (10).

Chimera production by morula aggregation

Previous livestock chimeras were produced by transplanting do-
nor cells around the eight-cell stage, analogous to the procedure
frequently used in mice. However, we demonstrate that aggregat-
ing compacted morulae was more efficient for producing chimeric
blastocysts and animals for several reasons. First, embryonic gen-
ome activation (EGA) occurs at the two-cell stage in mice but at
the eight-cell stage in sheep and cattle (31). Failure to correctly ini-
tiate EGA will halt development, with 50-80% of murine embryos
arresting at the two-cell (32) stage. Therefore, mouse eight cells

have already progressed post-EGA and are more developmentally
competent than livestock eight cells. Delaying aggregation until
the 32-cell stage in sheep, equivalent to the eight-cell stage in
mouse, maximizes the developmental potential of each aggrega-
tion partner to contribute to a chimeric blastocyst. Second, zona-
free sheep compacted morulae are easily identified through their
distinct morphology and adherence to the substrate. By contrast,
precompacting cleavage stages often fragment into small,
regular-sized anuclear cells that can be mistaken for intact, later-
stage blastomeres. Third, compacted morula aggregation does not
compromise subsequent cell mixing in chimeras. Following eight-
cell aggregation and live tracking in mouse, cell movements with-
in the inner cell mass led to extensive cell mixing in adult tissues
(33). Similarly, clonal injection of epiblast cells into blastocysts
showed complete intermingling in the pre-gastrulating epiblast
(34). Fourth, aggregating compacted morula was less time-
consuming and labor-intensive, with ~4-fold fewer embryos
needed for selection, dissociation, and aggregation compared
with 8-32 cells. Fifth, morula aggregation does not require speci-
alized micromanipulation equipment, training, and skill (35).
Collectively, aggregating compacted morulae is a successful
strategy for producing sheep chimeras.

Embryonic germline complementation

Since NANOS2~~ lambs have no detectable prospermatogonia at
birth, we infer that in the chimeric lambs all germ cells derived
from the donor. To strengthen this conclusion, we attempted co-
localization of mCherry and DDX4 protein or mRNA by immuno-
fluorescence or in situ PCR, respectively, but the autolyzed lamb
tissue was too degraded for both approaches. Alternatively, it
may be possible to demonstrate that all prospermatogonia were
NANOS2*"* by employing spatial multiomics with DNA or germ
cell-specific mRNA probes that differentiate between donor
(Texel) vs. host (composite/Perendale) cells (36). Since none of
the chimeric lambs survived to puberty, it was not possible to ver-
ify the genetic donor origin of the donor sperm from ejaculates.
Previous reports of germline complementation in livestock using
NANOS3™~ female cattle had the same limitation (11).

All but one of the 13 lambs born were chimeric in at least one
tissue. The only nonchimeric lamb, which was exclusively derived
from the Texel donor, was the sole survivor to puberty. Since all
lambs were derived from aggregating cloned embryos, their poor
in vivo development can be attributed to the cloning syndrome.
This is particularly problematic in sheep where only ~30% of ani-
mals born survive to weaning (37). In our hands, sheep cloning ef-
ficiency after embryo complementation was 15% (38), similar to
the term efficiency in putative clone chimeras (13/96 = 14%). The
perinatal pathologies were consistent with the spectrum of
cloning-related phenotypes (37).

Thelevel of chimerism ranged from extremely low to low to bal-
anced contribution of both aggregation partners (46 to 31 to 23%,
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Fig. 3. Determining chimerism in blastocysts and lambs. A) Observed chimerism in aggregation blastocysts (middle panel) compared with NANOS2™/~
blastocysts (cell strain #12, top panel) and mCherry blastocysts (cell strain #5, bottom panel). Images are confocal maximum intensity projections. DNA
was stained with Hoechst 33342. Scale bar = 50 um. B, C) Following aggregation of mCherry donor and NANOS2™/~ host embryos at the 8-16-cell, 16-32-cell,
or compacted morula (CM) stage, blastocysts were sized as normal (1x) or enlarged, indicative of successful aggregation (2x). Chimerism was determined
by subjective classification of live mCherry signal from epifluorescence observation (b) and ddPCR of the NANOS2 wild-type allele, normalized on reference
gene CSN2 copies (c). Shown are the 95% ClIs for the proportion using the Wilson’s score method (n, number of blastocysts analyzed).

respectively, of lambs born). Most of the lambs categorized as ex-
tremely low or low chimeras either showed no germline coloniza-
tion or normal numbers of presumably wild-type sperm. The best
candidates for absolute germline transmitters were six lambs with
low to balanced chimerism containing low to normal numbers of
prospermatogonia (L4, L26, L27, 131, L32, and L33). Another lamb
with low chimerism (L30) showed very poor tissue preservation,
which compromised reliable detection of prospermatogonia.
While we generated at least 6/13=46% potential transmitter
rams, their fertility remains unproven. In mouse, embryo comple-
mentation of genetically sterilized male hosts produced over 50%
of chimeras, but not all transmitted their germline, resulting in
~20% fertile absolute transmitters (7, 15). This benchmarks
what efficiencies might be expected for livestock embryo

complementation. Embryo-complemented animals must produce
physiological amounts of sperm when they reach puberty. In
mouse, spermatogenesis follows a normal spatiotemporal pattern
with normal numbers of offspring being routinely produced at pu-
berty (7). Even though quantitative sperm output still requires
more detailed investigation, this method has been used for deca-
des to produce genetically modified (GM) mice.

Sourcing of embryonic donors is minimally invasive due to the
widespread use of embryo IVP systems, allowing routine access to
embryos from high genetic value donors. While blastomere num-
bers are limited, ESCs can extensively expand in vitro, even after
complex genome modifications (39). Livestock ESCs have become
available in pigs (22), sheep (40), and cattle (23, 41). Future produc-
tion of absolute transmitters by embryo complementation
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Table 6. Chimerization efficiency.

Aggregation n®  Aggregated Aggregation Chimeric

day embryos® blastocysts (%)° blastocysts
(%)

3 4 136 41 (30) 5 (4)

4 1 30 19 (63)° 4 (13)2

5 5 38 43 (113)° 37 (97)°

#Number of replicates.
PNumber of aggregated host NANOS2™/~ (strain 12 or 33) and donor mCherry
(strain 5 or 9) embryos.
CNumber of blastocysts after aggregation.

dNumber of chimeric blastocysts after scoring red fluorescence and size
(medium and 2x, respectively).
aPCRows with different superscripts differ P < 0.005, Fisher’s exact test.

critically relies on livestock ESCs and germline-deficient hosts
provide an experimental test system to assess their germline
competency.

Applications for germline chimeras

Germline complementation in sheep offers a new route for multi-
plying valuable embryonic cells into germline transmitters that
disseminate high-value sperm by AI or natural mating (42).
There are potential benefits of this approach for agriculture, bio-
medicine, and species conservation.

For agriculture, elite genotypes are increasingly selected
from biopsies of IVP embryos (42). However, less than half of
IVP embryos generate live offspring (43); the remainder of poten-
tially elite genetic combinations is lost from the breeding popula-
tion. Such genetic wastage could be reduced by splitting elite
embryos or converting them into ESCs before complementing
germline-depleted hosts. This would multiply their germline across
numerous chimeric blastocysts to increase the chances of produ-
cing offspring. To produce enough host embryos, NANOS2*/~ sperm
can be used to fertilize NANOS2™~ oocytes, producing 25% sterile
male™~ embryos (or 50% when using sex-sorted male sperm for
IVF). Embryo-based genomic selection ties in seamlessly with em-
bryo complementation. Both could be combined with gene editing
donor cells to assemble high-impact causative sequence variants
in individual genomes in a single generation, which is impractical
with conventional breeding strategies (42). This will allow the tech-
nology to transition from short-term clone«~clone chimeras, as de-
scribed in this proof-of-principle study, to long-term IVP-IVP
chimeras with projected better animal survival. From a regulatory
perspective, absolute transmitters are “null segregants” who can-
not transmit the knockout mutation, which defined their parents
as GM. In extensively farmed livestock, large transmitter teams
would provide a superior alternative to Al by widely disseminating
high-value, non-GM sperm through natural mating, for faster intro-
gression of desirable traits.

For species conservation, germline-ablated, domestic hosts
would provide embryos for complementation with donor cells
from closely related endangered (or even extinct) species.
Interspecies chimeras have produced live offspring in laboratory
rodents (6). Alternatively, cloned blastomeres or ESCs from en-
dangered species could be used for complementation. Due to their
IVP component, chimeric [VP—cloned embryos are expected to
survive better into adulthood than cloned embryos (44).

Improved survival would also be beneficial for agrimedical ap-
plications, generating gene-edited livestock for human disease
modeling, therapy, and determination of gene function (45).
Embryo complementation would allow propagation of severe dis-
ease phenotypes or embryonic lethal mutations and analysis of

their germ cell function in founder animals (15). Thus, efficient
embryonic germline colonization can enable a novel molecular
breeding platform that integrates embryo complementation
with embryo-based genomic selection, genome modification,
and multiplication, capturing the most recent genetic gains as ab-
solute germline chimeras.

Materials and methods

All animal studies were undertaken in compliance with the New
Zealand Animal Welfare Act and were approved by the Ruakura
Animal Ethics Committee (approval numbers 13801, 13802,
14257, 14395, 14396, 14696, 14697, 15051, 15064, and 15067).

Cell derivation

MFFs and FFFs, previously known as OFF3 and PDFF3, respec-
tively, as well as adult ear skin fibroblasts from an elite short-
tailed Texel ram (previously known as Texel adult ear fibroblasts)
were derived as described (38).

Genome editing

Several gRNAs were identified within the target region for
NANOS2 (NCBI gene ID: 101115150) and selected for minimal off-
target sites using CCTop (46). An asymmetric oligonucleotide with
36- and 91-bp homology arms was used to increase HDR efficiency
(47). Editing and ddPCR detection were carried out as described
with normalization on a Beta-casein (CSN2) genomic reference
HEX-labeled hydrolysis probe (14). Edited cell strains were ob-
tained by manually selecting mitotic cells, followed by ddPCR
screening, Sanger sequencing, and TIDE analysis (48) as described
(14). For confirmation of heterozygosity and to ensure clonality,
SCT into bovine oocytes was performed (see below). Genomic
DNA was extracted from 25 SCT embryos at the 8-32-cell stage
and Sanger sequencing confirmed all as heterozygous. Genomic
DNA samples were screened for gRNA-Cas9 plasmid insertion
by Sanger sequencing of PCR-amplified fragments (Table S4) and
whole-genome sequencing.

Off-target analysis

Different genotypes were sequenced via DNBseq (BGI, Hong Kong).
The samples included (i) nonedited MFFs, (i) nonedited FFFs
(1941), (iii) a NANOS2*/~ male lamb (1945), and (vi) 3 NANOS2~/~ fe-
malelambs (1927, 1936, and 1938). Between 565 million and 1.4 bil-
lion reads per library gave a 32- to 80-fold coverage of the ovine
genome. Reads were mapped to the ARS-UI_Ramb_v3.0 reference
genome (GCF_016772045.2) usingbwa mem (v0.7.17) with soft clip-
pingfor supplementary alignments (-Y) (49). Alignments were con-
vertedintobinary alignment (BAM) format using samtools (version
1.13) (50) and processed with GATK MarkDuplicates (v4.5.0.0)
toflagPCR- and optical-duplicate reads. Variants were called using
beftools mpileup (v1.19) (51), GATK HaplotypeCaller (v4.5.0.0) (52),
and freebayes (v1.3.8, https:/github.com/freebayes/freebayes). To
calculate the expected depth, the negative binomial quantile func-
tion in R was used to obtain the 0.001 and 0.999 quantiles. We also
added depth filtering for raw variant calls at the cohort level (MFF
vs. FFF) and allele calls for the SNPs unique to each individual
lamb. Variants were filtered to remove (i) monomorphic variants,
(ii) variants with all-sample read raw depth limits of <33 and
>103/<119 and >234 and unique variant depth limits of <12 and
>61/<19 and >76 or MFF/FFF, respectively, and (iii) natural vari-
ation present in the European Variant Archive (v6) (https:/doi.
org/10.1093/nar/gkab960) for O. aries. The intersection of the
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Table 7. Generating clone«~clone chimeras.

Clone « clone offspring

Chimeric Nonchimeric

Donor genotype

Aggregationday nET No.oflambs (%) No.of adults (%) ddPCR* Germcells® HostNANOS2™~ (%) Donor WT (%)

Composite_mCherry 3 16 3 (19)¢
Composite_mCherry 4 10 0
Composite_mCherry 5 224 1(5)°
Composite_mCherry® — 17 0
Texel 5 74 12 (16)
Texelf — 22 4 (18)

0(0) 0(0) 3 (100) 0(0)
) T(1oo> T(1oo> E(o) E(O)
) 1?(92) 2(55) ;(o) T(s)
©) 0(0) 0(0) 0(0) 2 (100)8

2Tissues analyzed by ddPCR with NANOS2 WT vs. MUT hydrolysis probes: brain, kidney, liver, and testis.
PProspermatogonia were quantified on H&E-stained paraffin sections of neonate testis.

“One lamb terminated on day 114 due to hydroallantois.
dEight blastocysts were degenerating before embryo transfer.
“One lamb aborted on day 133.

‘Nonaggregated control.

€0nly two out of four lambs born were analyzed (L15 and L17).

resultant variants from all three variant callers was further ana-
lyzed (https://github.com/BenjaminJPerry/SMK-SNVS/tree/ai-
hoove). Potential off-target sites were found using fuzznuc (ver-
sion 6.6.0.0) and CRISPOR (version 4.98) by searching for each
CRISPR target sequence with up to five mismatches (53, 54), ex-
tending 100bp from either end of the gRNA-binding site.
Potential off-target sites were converted into a BED file containing
(i) chromosome, (ii) potential off-target start, and (iii) potential off-
targetend coordinate. The vcf file was filtered for variants overlap-
ping the potential off-target (BCFtools v1.19). Variants overlapping
potential off-target sites that had different genotype calls between
the wild-type and edited samples were manually inspected using
IGV (version 2.8.2) (55). Manual inspection consisted of checking
for soft-masked (lower case) and repetitive sequence and nucleo-
tide quality (q30) at the affected site. Homozygous large deletions
and insertions at potential off-target sites were evaluated. The
depth command of SAMtools (v1.13) (50) with the read and nucleo-
tide qualities both set to 30 was used to calculate the depth of each
position at the potential off-target sites. Average sequencing depth
of each site was calculated using Microsoft Excel and filtered with
zero reads as a cutoff. No regions with zero reads were observed in
any samples, indicating that there were no large indels.

mCherry transgenesis

The reporter plasmid, expressing mCherry from a CAGGS pro-
moter (56), was modified to include a puromycin resistance gene
driven by a constitutive PGK promotor. The PGK-PuroR/CAGGS-
mCherry plasmid and hyperactive Sleeping Beauty transposase
(pCMV-SB100X) (56) were transfected into MFFs, puromycin-
selected, and colonies isolated using cloning cylinders (Sigma,
USA). A FACSVerse flow cytometer (BD Biosciences, USA) was
used following the manufacturer’s instructions.

Copy number variation (CNV) was quantified on the QX200
(Bio-Rad) ddPCR system with primer/fluorescent hydrolysis probe
mixes for mCherry (6-FAM) and beta-casein (BCSN2) reference
(VIC), respectively (Table S4). Primer/probe pairs were designed
with Primer3Plus, and the template DNA was digested with
HindIll. The following program was used: (i) denature (30s at
95 °C); (i) amplify (10 min activate at 95°C, 30s denature at
94 °C, 60 s anneal/extend at 60 °C for 40 cycles); and (iii) melting
curve (95 °C, cooling to 70 °C, heating at 0.1 °C/s to 95 °C while
measuring fluorescence).

SCT cloning and embryo complementation

SCT with G cells was carried out based on a modified zona-free
cloning protocol (57). Briefly, MII oocytes were enucleated 19 h

postmaturation (hpm). Caffeine (5 mM) was included in the me-
dium from 20.5 to 26.5hpm (38). Activation by ionomycin/
6-dimethylaminopurine was carried out ~27 hpm. Groups of
10 embryos were cultured in 20 uL drops of SOFaaBSA, each
embryo occupying a manually prepared microwell. After 3-5
days, embryos with regular morphology were disaggregated
(HEPES-buffered SOF without calcium and BSA, containing
0.1 mg/mL PVA, 0.2g/mL EDTA, 5pg/mL cytochalasin-B) for
2 min by blowing up and down with a pipette (an inner diameter
of 50-70 um). Disaggregated embryos of similar developmental
stage were combined by repeated pipetting inside a mouth
pipette and placed in a microwell to compact into a single mor-
ula. After 5-6 h, morulae were transferred into a fresh culture
drop. Blastocysts were morphologically graded (58) and either
vitrified or transferred into recipient ewes. Pregnancies were
monitored by ultrasound throughout gestation and hormonally
inducted (59).

Gene expression analysis

Snap-frozen testis parenchyma was homogenized in TRIzol, RNA
extracted, and DNA removed with DNase [ following the manufac-
turer’s instructions. A “no reverse transcription” control was in-
cluded. cDNA was synthesized using SuperScript IV according to
the manufacturer’s instructions. KAPA SYBR FAST gPCR Kit
(Kapa Biosystems) was used with a MIC gPCR Cycler (Bio
Molecular Systems) using running conditions and normalization
on the geometric mean of GAPDH, HPRT, and ACT (14).
Expression of other candidate markers was validated in wild-type
testis by confirming (i) amplification of a single product through
gel electrophoresis and melt analysis and (ii) dynamic range
over four orders of magnitude by serial dilution. Only
intron-spanning primer pairs that passed these quality controls
were analyzed (Table S5). When amplicons were not detected,
an arbitrary baseline with a C, of 35 was set.

Histology and immunofluorescence

Neonate gonads were fixed in Davidson's solution for paraffin sec-
tions or in 4% paraformaldehyde (PFA) for frozen sections.
Hematoxylin-eosin-stained paraffin sections were analyzed by a
pathologist service (Veterinary Pathology Ltd, Hamilton, New
Zealand). Prospermatogonia were counted from 15 random fields
of view per animal and normalized on testis cord area. Follicle
numbers were counted by a pathologist. Lamb identity was
masked for quantification. PFA-fixed testes were washed through
30% (w/v) sucrose, frozen in OCT compound, and sectioned at
8 pm using (Leica CM1850 cryostat). Sections were immunostained
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Fig. 4. Germline complementation in chimeric lambs. Following aggregation of elite wild-type (WT) donor and NANOS2~~ host embryos at the
compacted morula stage, blastocysts were transferred into gestational surrogates. A) Chimerism was quantified by ddPCR of the NANOS2 WT allele in
representative organs (B =brain, K =kidney, L =liver, T = testis) of deceased lambs, including WT (#3) and mutant (M #5) control lambs, normalized on
reference gene CSN2 copies. Aggregate lambs #1-3 were from 8-16-cell aggregation and predicted to be nonchimeric (1x) at the blastocyst stage; aggregate
lamb #4 was from a CM aggregation and predicted to be chimeric (2x). For ddPCR results, black vertical bars show the 95% CI from the technical Poisson
error. (B) Prospermatogonia were counted in H&E-stained testis sections from the chimeric lamb (L4) and an age-matched WT lamb. Counts were
normalized on the testis cord area (mm?). C) Chimerism was quantified by ddPCR of the NANOS2 WT and D) mutant (MUT) allele in representative organs
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with primary antibodies 1:100 anti-DDX4 (ab13840, Abcam), 1:50 Cruz Biotechnology) as described (14). Primary antibodies were la-
anti-SSEA4 (sc-21704, Santa Cruz Biotechnology), 1:300 anti-SOX9 beled with corresponding Alexa Fluor secondary antibodies
(AB5535, Merck Millipore), and 1:50 anti-3p-HSD (sc-100466, Santa (A-11036, Ab150073, A-10037, Thermo Fisher Scientific) and
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costained with Hoechst 33258 and 1:1,000 Phalloidin-iFluor 488
(ab176753, Abcam). Images were taken with an epifluorescence
Olympus AX70 microscope and processed with Image] (version
1.45s) for identical brightness adjustment and colourization of
wild-type and mutant samples.

Chimera analysis
The degree of chimerism was noninvasively estimated by (i) the
size of the blastocyst and (ii) the presence and distribution of
mCherry signal. Size was categorized as 1x (normal) or 2x (larger
than normal), with a focus on ICM, rather than blastocoel size.
Incorporation of blastomeres after aggregation was also consid-
ered, with 1x containing developmentally arrested, extruded
blastomeres, and 2x having most blastomeres integrated into
the embryo. The mCherry signal was assessed by fluorescence il-
lumination and categorized as “low,” if all blastomeres appeared
nonfluorescent; “medium,” if both mCherry-positive and negative
blastomeres were identified; or “high,” if only mCherry signal was
detectable. Putative chimeric blastocysts by mCherry signal were
then defined as embryos with “medium” scored signal.
Subjective categorization was validated by ddPCR on extracted
DNA using hydrolysis probes specific for the wild-type and mu-
tant alleles (Table S4). Individual blastocysts were lysed in 1x
PCR buffer (Thermo Fisher, New Zealand) and 1 mg/mL proteinase
K with a 55 °C incubation for 30 min, followed by a 95 °C inactiva-
tion for 10 min. Using 2 pL of the sample, the NANOS2 region was
preamplified for 10 cycles. For ddPCR, the manufacturer’s instruc-
tions were followed using 2uL of the preamplified product.
Embryos were categorized as nonchimeric if they were composed
entirely of a single genotype and chimeric if they were not. To de-
tect chimerism in animals, snap-frozen tissue was digested in pro-
teinase K overnight at 55 °C and genomic DNA isolated by phenol/
chloroform extraction. Relative contribution of wild-type NANOS2
was quantified by ddPCR as above.

Breeding

Ejaculates and oocytes were collected from edited and nonedited
adult rams and ewes, respectively, following commercial proto-
cols (Animal Breeding Services Ltd, New Zealand). Sperm quality
was assessed using commercial live sperm parameters before
and after freezing (Animal Breeding Services Ltd). Rams were nat-
urally mated, or their sperm used for Al

Statistics

Following statistical best practice, we display 95% Cls where possible
and detailed in the legends. For developmental data (Tables 1-7),
P-values were determined using the Fisher’'s exact testin 2 x 2 tables.
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