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Summary

Mammalian male germline transmission depends on the gene DAZL, which encodes an RNA-

binding protein, and DAZL homozygous null males (-/-) are sterile. We aim to produce

chimeric ‘absolute transmitter’ rams whose own germline has been replaced with that of a

genomcially selected elite donor embryo. This will be achieved by genetically disabling

spermatogenesis and complementing the vacant sperm niche with germline-competent

embryonic donors. For proof-of-concept, DAZL-/- somatic cell nuclear transfer (SCNT)

cloned male host embryos and animals were produced by genome editing. We employed

CRISPR/Cas9 genome editors to disrupt DAZL in male ovine fetal fibroblasts (OFFs). A

single-stranded homology-directed repair (HDR) template was designed to mediate a small

insertion, introducing a stop codon and Taq1 restriction site. Allelic discrimination assays on

48 genome edited single cell clones showed three distinct populations, namely 67% wildtype,

10% homozygous and 23% heterozygous DAZL mutants. DNA sequencing and Taq1 digest

confirmed biallelic editing for all DAZL-/- clones. Proven cell clones were used as donor cells

for SCNT and used to generate embryos for transfer into surrogate recipients. Following

lambing, newborn edited animals were analysed for their testis phenotype. Testis cords

contained histologically normal somatic support cells but lacked spermatogonia. This

demonstrates that genetically sterilised male embryos could serve as suitable hosts for

subsequent aggregation with wildtype NT donor embryos to colonise the vacant niche.

Successful developmental compensation would provide an alternative to artificial

insemination (AI) in extensive farming systems, accelerating genetic gain through teams of

absolute transmitter rams that rapidly disseminate their high-value donor haplotype by

‘natural AI’.
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Introduction

Using AI, top New Zealand dairy bulls inseminate up to 200,000 cows each season. By

comparison, sheep breeding mainly relies on natural mating, whereby each ram only

inseminates ~100 ewes each season, diluting his individual genetic impact. This traditional

approach obstructs rapid gains in efficiency and sustainability of sheep production. We

propose to produce chimeric ‘absolute transmitter’ rams to drive a breeding programme that

will accelerate genetic improvement in sheep.

Absolute transmitters comprise a sterile somatic body (host) supporting a

reproductive germline that exclusively derives from a proven elite animal (donor). For proof-

of-conceopt, they are generated by a combination of disrupting host gene function via

genome editing, SCNT cloning and preimplantation donor embryo complementation,

producing chimeric rams whose sperm and progeny are not genome edited (Fig. 1).

Site-specific genome editing with CRISPR/Cas9 technology can rewrite any DNA

sequence with single base accuracy. This ability to rapidly recreate favourable genotypes

greatly facilitates genetic engineering of livestock (Ainsworth, 2015; Barrangou & Doudna

2016). We have employed CRISPR/Cas9 nucleases to disrupt DAZL, a key gene for male

germline development. In mice, ablating the RNA-binding protein DAZL results in germ

cell-deficient males (Ruggiu et al., 1997). We show that editing DAZL abrogates

spermatogonia formation in the testis of newborn male lambs, confirming that the DAZL-/-

germ cell-deficient phenotype is conserved in sheep. Importantly, the edit leaves an otherwise

intact organ niche in the host testis, which can be subsequently complemented with wildtype

embryonic cells to restore the depleted germline in chimeric animals.

Material and methods

Investigations complied with the New Zealand Animal Welfare Act 1999 and were approved

by the Ruakura Animal Ethics Committee.

Ovine fetal cell line

Male OFFs were established using the skin of a fetus (crown-rump length: 230 mm) from a

local abattoir. Genotyping using an ovine high-density SNP chip indicated the OFF line was a

mix of Coopworth, Romney, and Texel breeds (K. Dodds, personal communication).

Genome editing

Guide RNAs (gRNAs) were identified within the target region for DAZL (Fig. 2A) and

selected for minimal off-target sites. Expression vector pX459 (v2, Addgene plasmid

#62988) was used for transcription of gRNA, Cas9 and puromycin resistance. Additionally, a

single-stranded oligonucleotide with 50 bp arms for HDR was delivered with pX459 using

the Neon® Transfection System (Invitrogen; 1,500 V, pulse width 20 ms, 1 pulse). After
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selection with puromycin for 48 hours, genomic DNA was isolated. The QX200 (Bio-Rad)

Droplet Digital PCR system was used to quantify HDR using hydrolysis probes for both the

wildtype and mutant variants. The samples with the highest proportion of HDR were used to

isolate clonal lines. Cells were isolated by mitotic shake-off and seeded into single wells of a

96-well plate. After expansion, genomic DNA was isolated from cell lines, genotyped by

qPCR with hydrolysis probes. For identified mutant clones, a larger genomic region was PCR

amplified and digested with TaqI. Insertion was confirmed by Sanger sequencing.

Embryology

Sheep SCNT was carried out based on a modified protocol for cattle zona-free embryo

reconstruction (Oback & Wells, 2003). Briefly, zona-free MII oocytes were enucleated, fused

with serum-starved OFF donor cells, and activated with ionomycin (5 μM; 4.5 mins)/6-

dimethylaminopurine (2 mM; 4 hours) 3-4 hours post-fusion. Groups of 10 embryos within

micro-wells were cultured in SOFaaBSA for 5 days, then transferred to individual drops.

Blastocysts were morphologically graded on day 7 and transferred into recipient ewes by

laparoscopic surgery. Pregnancy was monitored throughout gestation and lambs recovered by

Caesarean section following hormonal induction and euthanasia of the recipient ewe.

Histology

Neonate testes from edited animals and wildtype controls were collected, measured, fixed in

Davidson’s fixative, embedded in paraffin, sectioned, haematoxylin–eosin stained, analysed

by a pathologist service (Veterinary Pathology Ltd., Hamilton, New Zealand) and

photographed.

Results and Discussion

DAZL genome editing

We compared the editing efficiency of two different gRNAs to disrupt DAZL in male OFFs.

After transfecting OFFs with the CRSIPR-Cas9 plasmid and HDR oligo repair template, as

well as selecting transiently with puromycin to remove non-transfected cells, ddPCR

quantification showed gRNA1 resulting in a higher proportion of HDR than gRNA2 (6.3%

vs 0.3%, respectively, with P<0.05, Fig. 2B). The gRNA1-edited cell population with the

highest proportion of HDR (12.6%) was clonally expanded to obtain pure populations of

donor cell clones for subsequent SCNT. Allelic discrimination assays on sub-clones showed

67% wildtype (32/48), 10% homozygous (5/48) and 23% heterozygous (11/48) DAZL

mutants. DNA sequencing and Taq1 digest confirmed biallelic editing for 5/5 DAZL-/- clones.

SCNT cloning

Proven homozygous sub-clones #9 and #25 were used as donor cells for SCNT and produced
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cloned blastocysts with similar efficiency compared to their non-edited parental OFFs (Table

1). This indicates that de novo DAZL expression from the donor genome is not required for

early preimplantation development. Cloned embryos were transferred into hormonally

programmed ewes by laparoscopic surgery and resulting pregnancies carried through to term

(Table 1). Three lambs were slaughter-recovered but died within minutes due to respiratory

failure. All lambs displayed a variety of anatomical malformations typically observed in

SCNT clones (Wells et al., 2004).

DAZL-null phenotype

Testes harvested from two deceased animals, derived from cell clone 9, were histologically

analysed. Compared to wildtype controls, testis cords of edited animals comprised somatic

support cells but lacked spermatogonia of normal appearance (Fig. 3), indicating that DAZL-

null rams would be unlikely to sustain normal production of viable spermatozoa. Thus the

DAZL-/- germ cell-deficient phenotype is conserved from rodents to ruminants.

DAZL-null male embryos could thus serve as hosts for complementation with wildtype NT

donor embryos and subsequent germline replacement. Such developmental compensation

would help validate the recently proposed ‘organ niche’ concept in a widely applicable large

animal model (Rashid, Kobayashi & Nakauchi, 2015). It could also provide an alternative to

AI in extensive farming systems, accelerating genetic gain through teams of absolute

transmitter rams that rapidly disseminate their high-value donor haplotype.

Figure legends and tables

Figure 1. Germline replacement by complementing genome edited SCNT host with SCNT

donor embryos (purple) to generate chimeric absolute transmitter rams. -/- and +/+ indicate

homozygote null and wildtype DAZL genotypes, respectively.
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Figure 2. Targeting ovine DAZL. (A) CRISPR/Cas9 targeting of DAZL mediates an insertion

of a stop codon and TaqI restriction site. (B) HDR efficiency for each guide quantified by

normalising mutant copies/μL on wildtype (WT). Different letters denote groups that differ

with P<0.05.

Figure 3. Germ cell-deficient phenotype in DAZL-/- neonate testis. In the wildtype, arrows

indicate spermatogonia in the lumen of a single testis cord.

Table 1. SCNT and in vivo survival of DAZL-/- cloned embryos.

Cell line n1 nIVC2

≥ 2-cell
(%)3

Blastocysts
(%)4

Blastocysts
Transferred

Recipient
ewes

Lambs
born (%)5

OFF 1 40 35 (88) 7 (20) - - -

OFF DAZL-/- clone 9 2 78 77 (99) 17 (22) 13 6 2 (15)

OFF DAZL-/- clone 25 2 96 90 (94) 16 (18) 12 9 1 (8)

1 Number of SCNT runs.
2 Number of embryos placed into in vitro culture (IVC).
3 Cleavage normalised on nIVC.
4 Blastocyst development normalised on ≥ 2-cell embryos.
5 Proportion of lambs born normalised on blastocysts transferred.
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