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SUMMARY:
The protocols described in this paper enable the efficient generation of non-mosaic knockout marmosets that can be analyzed in the founder generation.

ABSTRACT:
Common marmosets are small non-human primates (NHPs). NHPs share numerous biological characteristics with humans and have attracted significant attention as experimental animals in various fields, including neuroscience and regenerative medicine. Marmosets have high reproductive capacity. Their gestation period is shorter, and they reach sexual maturity earlier than other NHPs. Thus, among the NHPs, the marmoset is considered suitable for generating genetically modified animals. Here, we introduce the protocols for the generation of knockout (KO) marmosets using Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) technology. In this protocol, Cas9-guide RNAs are injected into unfertilized metaphase I (MI) / metaphase II (MII) oocytes, which potentially increases the chance of obtaining non-mosaic animals compared to conventional injection into zygotes. Obtaining non-mosaic animals enables analyses in the founder generation, which significantly facilitates research using animals with long generation times. Because of a small litter and a long gestation period of marmosets, a large number of animals cannot be generated. For efficient use of animals and reliable production of desired animals, preliminary experiments are required to select effective guide RNAs. Here, we present two methods for oocyte collection: oocyte aspiration from the ovaries and oviduct flushing. Oocyte aspiration from the ovaries enables the retrieval of unovulated oocytes from follicles, allowing for the collection of a large number of oocytes. This method is therefore suitable for applications such as guide RNA selection, which require a large quantity of oocytes. In contrast, oviduct flushing retrieves only ovulated oocytes, resulting in a smaller yield. However, because the quality of the oocytes obtained is generally higher, this method is more suitable for generating animals. The employment of these protocols will facilitate the efficient generation of genetically modified marmosets.

INTRODUCTION:
Non-human primates (NHPs) are the closest animal models to humans. The common marmoset (Callithrix jacchus), one of the NHPs, is a New World monkey that lives in South America. Marmosets are small monkeys (250–400 g) and are easy to handle1. Marmosets are highly reproductive. They have a shorter gestation period (~145 days) and reach sexual maturity (at one and a half years of age) earlier than other NHPs, such as macaques and rhesus monkeys. They deliver 2–3 pups at a time and are capable of getting pregnant immediately after giving birth1,2. These breeding and reproductive advantages make marmosets attractive as genetically modifiable NHP models3. In 2009, a method for producing genetically modified marmosets using lentiviral vectors was reported. This is the first study to confirm germline transmission of the enhanced green fluorescent protein (EGFP) transgene4. Since then, this virus-based method has been used to generate genetically modified marmosets expressing the calcium-binding protein calmodulin fused to GFP (GCaMP), an indicator of calcium ion concentration, and marmosets expressing the human-specific ARHGP11B gene, which causes expansion of the neocortex. Furthermore, polyglutamine disease model marmosets and Alzheimer's disease model marmosets have been generated5–8. Due to its similarity to humans, the marmoset has attracted attention as a model animal for studying fields such as neuroscience and for disease modeling9.

In addition to lentiviral vector-based techniques, genome editing technologies such as zinc-finger nucleases (ZFN), transcription activator-like effector nucleases (TALEN), and clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) (CRISPR-Cas9) have facilitated the generation of genetically modified animals. In lentiviral transduction, transgenes are randomly inserted into the genome. In contrast, genome editing can achieve point mutations in specific genomic loci, greatly expanding the possibilities for generating genetically modified marmosets10–12. Recently, CRISPR-Cas9 technology has emerged as a popular tool for producing genetically modified animals. CRISPR-Cas9 is an endonuclease (Cas9) system programmed by single-stranded guide RNAs (gRNAs). gRNAs recognize their complementary sequence and navigate Cas9 to the target site, resulting in DNA double-strand breaks (DSBs) at the target sequence flanking the Protospacer Adjacent Motif (PAM) sequence (NGG)13,14. CRISPR-Cas9 is easier to construct than ZFN and TALEN because it only requires researchers to design guide RNA (gRNA) sequences that are complementary to the target sequence for the specific gene modification. On the other hand, TALEN is a dimeric FokI nuclease that recognizes both sense and antisense strands of the target sequence and thus has the advantage of greater sequence specificity than CRISPR-Cas9. Moreover, TALEN is more efficient than CRISPR-Cas9 for genome editing of heterochromatin regions15.

The development of the auto-transplantation method11 brought innovation to the generation of genetically modified marmosets. In this method, zygotes are retrieved from the oviducts, immediately injected with Cas9-gRNAs, and then transferred back to the same animals in a single surgery. By reducing the in vitro culture time, this method significantly improves the birth rate. However, one of the challenges facing this approach is mosaicism, which is generated by genome editing after DNA replication in zygotes. One possible solution for reducing mosaicism is to inject Cas9 and gRNAs into early-stage zygotes or oocytes just before fertilization.

Here, we describe the protocol for generating genetically modified marmosets by introducing Cas9 and gRNAs into MI/II oocytes. Before the generation, the editing efficiency of gRNAs was evaluated first using cultured cells ( or enzymatic assay) and then using marmoset oocytes. For testing using marmoset oocytes, large numbers of germinal vesicle (GV) oocytes are collected from ovaries, then allowed to mature into metaphase I (MI)/metaphase II (MII) oocytes by in vitro culture, and finally injected with Cas9-gRNA complexes. In vitro fertilized embryos that develop to the 4- to 8-cell stage are used for genomic polymerase chain reaction (PCR) to select efficient gRNAs. For the generation of genetically modified marmosets, freshly ovulated MI/MII oocytes are collected from the oviduct, since these oocytes are of high quality and are associated with high birth rates. Following the injection of the Cas9-gRNA complexes and in vitro fertilization, these zygotes are transferred to the original marmosets. In this protocol, we introduce methods for validating gRNA efficiency and for generating genetically modified marmosets.

PROTOCOL:
All methods involving marmosets were conducted in accordance with high ethical and welfare standards and were approved by the Institutional Animal Care and Use Committee at the National Center for Child Health and Development.

1. Validation of the editing efficacy of gRNAs

1.1. gRNAs selection

NOTE: A cell-based assay is used for selecting gRNAs; however, a cell-free assay can also be employed.

1.1.1. Prepare a culture of marmoset fibroblast cells. See Watanabe et al. (2019) for the establishment of fibroblast cells16.

1.1.2. Transfect the cells with a gRNA expression plasmid (e.g., pHL-H1-ccdB-mEF1a-RiH, with the ccdB sequence replaced by the gRNA) and a Cas9 expression plasmid (e.g., pHL-EF1a-SphcCas9-ip-A) using Lipofectamine 3000, and culture the cells for several days.

1.1.3. FACS-sort the transfected cells using a fluorescent protein encoded in the gRNA or Cas9 expression plasmid.

1.1.4. Extract genomic DNA from the sorted cells for PCR spanning the target sites.

1.1.5. Perform a T7E1 assay and select several promising gRNA candidates.

1.2. Determination and control of the ovarian cycle stage for the collection of oocytes

[bookmark: _Hlk207895682]NOTE: See Takahashi and Watanabe 2024 for detailed protocols for blood sampling and hormone measurement17. Oocytes can also be retrieved from ovarian-cycle-inactive female marmosets. If oocytes are collected from cycle-inactive individuals, skip the procedure described in steps 1.2.1 and 1.2.2 and proceed directly to step 1.2.3.

1.2.1. Administer 0.789 µg of cloprostenol (synthetic prostaglandin [PG]F2α, PGF2a analog) diluted in 150 µL of saline18. Inject intramuscularly to female marmosets ≥ 10 days after the onset of the luteal phase (progesterone, P4 ≥ 10 ng/mL) and reset ovarian cycle (Day 0).

1.2.2. On the next day (Day 1), measure the P4 level and confirm the transition from the luteal phase to the follicular phase (P4 ≤ 10 ng/mL).

1.2.3. Intramuscularly inject 25 IU human follicle-stimulating hormone (hFSH) every other day from Day 1. Usually, hFSH is administered five times (on Days 1, 3, 5, 7, and 9), but if signs of ovulation are observed earlier than usual, reduce the frequency to four times (on Days 1, 3, 5, and 7).

NOTE: Administration of hFSH will enable more oocytes to mature, but injection is not always necessary. The dose and frequency of administration should be adjusted according to the marmoset's ovarian cycle. For example, in cases where the duration from the transition to the follicular phase to ovulation is less than 11 days, reduce the number of FSH administrations from five to four, as described above. Additionally, when oocytes are required shortly, administer a double dose of hFSH (150 IU) for three consecutive days.

1.2.4. Intramuscularly inject 75 IU human chorionic gonadotropin (hCG) in the afternoon 1 day before oocyte collection (Day 10, 17–18 h before oocyte collection).

NOTE: Harvesting oocytes prior to ovulation is crucial for obtaining a large number of high-quality oocytes. As the timing of ovulation after PGF2α injection varies significantly among individuals, measuring hormone levels for individual marmosets is recommended. In the ovulation phase, 17-β-estradiol (E2), progesterone (P4), and chorionic gonadotropin (CG) levels are dramatically changed. E2 levels rise before ovulation, followed by the pulsed release of CG to induce ovulation. E2 levels then fall. Check the E2 and P4 levels daily from day 7. If the increase in E2 level (≥ 300 ng/mL) is observed earlier than expected, bring forward the hCG injection. It is also recommended that CG levels be checked daily using an immunochromatographic test kit after E2 levels are elevated (≥ 300 ng/mL). If the CG test is positive, oocyte retrieval should be performed on the same day. In most animals, ovulation is induced by the surge of luteinizing hormone (LH). However, in marmosets, the LH gene has degenerated over the course of evolution19,20. Instead, ovulation in marmosets is triggered by the CG surge from the pituitary gland. CG and LH share a similar structure.

1.3. Follicular aspiration and GV oocyte retrieval from the ovaries

1.3.1. Withhold food at least 3 h prior to anesthesia to prevent vomiting during surgery.

1.3.2. Prepare drops (one 35 mm dish of one 200 µL drop, three 35 mm dishes of four 50 µL drops) of maturation medium (5% FBS + 0.15 IU/mL hFSH + 10 IU hCG/porcine oocyte medium: POM medium) in 35 mm dishes and cover with mineral oil. Equilibrate the maturation medium at 37 °C, 5% CO2, 5% O2 for at least 3 h21.

1.3.3. Prepare an anesthetic cocktail by mixing 1 mL of 1 mg/mL medetomidine, 2 mL of 5 mg/mL midazolam, 2 mL of 5 mg/mL butorphanol, and 5 mL of saline. Intramuscularly administer 0.04 mL of the cocktail per 100 g of weight.

NOTE: The prepared anesthetic cocktail can be stored at 4 °C or room temperature.

1.3.4. Shave the marmoset's hair around the abdomen. Using hair removal creams helps complete the removal.

1.3.5. Anesthetize the marmoset with 3% isoflurane (100% O2) administered through inhalation masks. Once marmosets are anesthetized, maintain anesthesia with 1–3% isoflurane (in 100% O2).

NOTE: Use a warming pad during surgery. Remove the tongue from the mouth to prevent airway obstruction. Monitor heart rate and arterial oxygen saturation with a pulse oximeter throughout the procedure. Do not exceed 3% isoflurane. Exposure to 4–5% of isoflurane for more than 3 min will cause respiratory arrest and death in the marmoset.

1.3.6. Intramuscularly inject 0.1 mL of 100 mg/mL ampicillin and 0.02 mL of 20 mg/mL ketoprofen. Subcutaneously inject a cocktail of 0.05 mL of 5 mg/mL carbazochrome, 0.1 mL of 50 mg/mL tranexamic acid, and 5 mL of infusion fluid (Soldem 3a).

1.3.7. Squeeze the bladder with a thumb and fingers. Gently apply pressure from the front and both sides to release urine.

1.3.8. After disinfecting the abdomen with 70% ethanol, open the abdomen through skin and then peritoneal (muscle layer) incisions. Open the abdomen with a minimal incision targeting the position of the uterus (Figure 1A). Confirm the location of the uterus by palpation of the abdomen. To avoid damage to the organs, lift the incision site with tweezers. 

1.3.8.1. First, make a small peritoneal incision with the tip of the scissors, taking care not to damage blood vessels. Ensure the incision extends into the abdominal cavity. 

1.3.8.2. Insert the closed scissors into the incision, then open the scissors to widen the abdominal opening with a blunt dissection, which will limit blood vessel damage and hemorrhage.

NOTE: In some cases, the bladder is attached to the peritoneum; therefore, be careful not to cut it accidentally. If the bladder is mistakenly cut, suture the incision to avoid uremia.

1.3.9. Pull the uterus and ovaries out of the abdominal opening using tweezers. Place the exposed organs on sterile gauze.

NOTE: Pull on the bladder, and the uterus will come out. Administer saline as needed to prevent organ drying. Do not pull or grasp the oviducts with blunt tweezers.

1.3.10. Prepare 2 mL of PB1 medium (36 mg/L sodium pyruvate, 1 g/L glucose, 75 mg/L penicillin, 50 mg/L streptomycin, 3 g/L bovine serum albumin [BSA] in phosphate buffered saline [PBS] with Ca2+ and Mg2+) and 500 µL of 1,000 U/mL heparin solution in separate 35 mm dishes warmed to 37 °C. 

1.3.10.1. Fill a 2.5 mL syringe equipped with a 25-G needle (regular beveled, 25 mm) with a small volume of the prepared PB1 medium. Insert a needle vertically into the ovary, targeting the follicle, and aspirate to retrieve oocytes (Figure 1B). If the follicles were growing well at oocyte retrieval, many distinct follicular structures could be seen on the ovarian surface (Figure 1B, black arrow). Collect the aspirates containing oocytes in the prepared heparin solution.

NOTE: Follicles are often located on the surface of the ovaries. Mature follicles can be seen with the naked eye. Pull the adipose tissue using forceps to fix the ovary during follicular aspiration. Placing a sterile cotton swab under the ovary and lifting the ovary helps aspirate the follicles.

1.3.11. After aspirating all visible follicles, hold the ovaries with dry gauze for 3 min to stop bleeding completely.

1.3.12. Return the uterus and ovaries to the abdominal cavity the way they were. Carefully remove any blood clots or hair remaining in the abdominal cavity to avoid organ adhesion. Suture the muscle layer and skin successively.

1.3.13. Apply antibiotic (e.g., 0.3% ofloxacin ointment) to the wound. Place a wristband around the abdomen to prevent the marmoset from touching the wound.

1.3.14. Intramuscularly inject 0.5 mg/mL atipamezole at 0.04 mL per 100 g to promote arousal. For the first 2 postoperative days, inject 0.1 mL of 100 mg/mL ampicillin intramuscularly. Also, inspect the wound for its condition. Remove the wristband after confirming that it has healed.

NOTE: If the wound is opened by the animals, suture the wound again and place a double wristband. If the wristband is left for a long time, it becomes frayed. The frayed thread occasionally fastens the animal's fingers. If the ends of the suture thread are tucked underneath, the animal should not touch the wound, and no wristband would be needed.

1.4. GV oocyte retrieval from ovaries removed surgically

1.4.1. Instead of follicular aspiration from the ovaries in step 1.3, collect oocytes from ovaries removed from euthanized or anesthetized marmosets. Intramuscularly inject 75 IU of hCG in the afternoon on the day before the ovary excision.

1.4.2. Prepare the drops of maturation medium as described in step 1.3.2. Excise the ovaries. If ovaries are excised from anesthetized marmosets, ligate the blood vessels connected to the superior and inferior portions of the ovaries prior to dissection.

1.4.3. Remove adipose and other unnecessary tissues from the excised ovaries under a stereomicroscope.

1.4.4. In a 60 mm dish containing 4 mL of PB1 medium, hold the ovaries with forceps and mechanically disrupt the ovaries by scratching with an 18 G needle, and isolate the oocytes from the follicles.

1.4.5. When the oocytes are still enclosed within the follicles, break the follicles with the tip of a 26 G needle. Be careful not to damage the oocytes.

1.5. Oocyte maturation culture

1.5.1. Collect oocytes from the medium in 35 mm dishes using a mouth pipette with a glass capillary attached under a stereomicroscope with a heating stage. Transfer collected oocytes to the 200 µL drop of maturation medium prepared in step 1.3.2.

NOTE: Maintaining oocytes at a temperature of 37 °C during collection is essential. Marmoset embryos are generally cultured at 37 °C, 5% CO2, 5% O24–6. Marmoset oocytes are vulnerable, and many will die if left at room temperature. If the medium in the 35 mm dishes contains many blood cells due to the needle puncture of the ovaries, dilution with PB1 medium and moving to a larger dish will improve the visibility of the oocytes.

1.5.2. Transfer oocytes into a 50 µL drop of maturation medium and then further move to a new 50 µL drop for washing.

1.5.3. Classify the washed oocytes into types metaphase I (MI)/metaphase II (MII), GVA, GVB, and GVC according to oocyte stage (Figure 1C). These oocytes show different developmental potential (GVA > GVB > GVC > MI/MII). Transfer these oocytes to different drops based on the classes.

NOTE: GVA, GVB, and GVC oocytes are respectively completely covered by cumulus cells, partially covered by cumulus cells, and have no cumulus cells attached. GVAs are entirely covered by cumulus cells. In contrast to GV stage oocytes, MI and MII oocytes do not have a noticeable or prominent nucleus. Additionally, the cytoplasm of GV stage oocytes has a rough texture, whereas that of MI/MII oocytes has a smooth texture (Figure 1C). MI and MII oocytes are distinguished by the presence (MII oocytes) or the absence (MI oocytes) of a polar body.

1.5.4. To allow GV oocytes to mature into MII oocytes, incubate GV oocytes overnight at 37 °C (5% CO2, 5% O2).

NOTE: When using the obtained MI/MII oocytes for microinjection, avoid in vitro culture and proceed directly to step 1.6 on the day of oocyte retrieval. MI/II oocytes from ovaries are typically not used in experiments due to their low developmental potential22.  

1.6. Preparation of Cas9-gRNA complex

1.6.1. Use either sgRNA or crRNA-tracrRNA for gRNA. For the preparation of crRNA-tracrRNA, mix 2.4 µL of 100 µM tracrRNA, 2.4 µL of 100 µM crRNA, and 4 µL of nuclease-free duplex buffer. Incubate it at 95 °C for 5 min and then cool to room temperature on the bench to prepare the gRNA (~1 µg/µL).

1.6.2. Combine 3–4 different gRNAs that target a single key exon. Compared to the use of single guide RNA, the use of multiple guide RNAs increases the likelihood of generating complete gene knockout animals23. Mix 1 µL of the gRNA cocktail, 0.2 µL of 10 µg/µL Cas9 protein, and 3.8 µL of nuclease-free water and incubate for 30 minutes at room temperature.

1.6.3. Add 45 µL of nuclease-free water to the mixture and centrifuge at the maximum speed (e.g., 20,350  g) for 30 min at 4 °C. Transfer the supernatant to a new 1.5 mL tube.

1.7. Preparation of the microinjection needle

1.7.1. Pull a glass capillary (4IN THINWALL GL 1.2 OD / 0.9 ID) using a micropipette puller to create an injection needle. Bend the tip of the needle at an angle of 20–30 degrees using a microforge.

NOTE: Use the following puller settings to fabricate injection needles: Heat 750, Pull 0, Velocity 110, Time 200 ms, Pressure 200, Ramp 756. Optimal parameters may vary depending on the puller model, so it is recommended to perform preliminary tests and adjust the settings accordingly.

1.7.2. Fill the prepared Cas9-gRNA complex solution into the injection needle using a micropipette. Leave the injection needle for 30 min with the tip of the needle turned down. Ensure that no air is present at the tip of the needle under the stereomicroscope and that the solution is fully loaded to the tip of the needle.

1.7.3. Mount the injection needle onto the injection apparatus. Gently tap the tip of the needle against the holding pipette to slightly break the tip and create an opening.

NOTE: Avoid breaking the needle tip excessively, as a wider opening may cause greater damage to the oocyte.

1.8. Microinjection of Cas9-gRNA complex into MII oocytes

1.8.1. Prepare four 50 µL drops of TYH medium in a 35 mm dish and cover the drops with mineral oil. Prepare a total of four dishes. Equilibrate at 37 °C, 5% CO2, 5% O2 for at least 3 h prior to use.

1.8.2. After approximately 24 h of GV oocyte culture, normally developed oocytes mature into MI or MII oocytes. Use these mature oocytes in the following procedure.

1.8.3. Remove the cumulus cells surrounding the oocytes by mouth pipetting with a glass capillary attached. Ensure the tip diameter of the glass capillary is close to the size of the oocyte. 
1.8.3.1. For making glass capillary pipettes for oocyte handling, heat the middle of the glass capillary using a gas burner until slightly melted, then pull it rapidly until the inner diameter is close to that of the oocytes. 

1.8.3.2. Use a 200 µL calibrated pipette for picking up oocytes released from the disrupted ovaries, a 100 µL calibrated pipette for oocyte transfer, and a 50 µL calibrated pipette for the removal of cumulus cells. 

1.8.4. If the viscosity of granulosa cells surrounding the GVA oocytes and GVB oocytes makes mouth pipetting difficult, follow steps 1.8.4.1–1.8.4.2.

1.8.4.1. Transfer the oocytes to a 10 µL drop of hyaluronidase solution (80 U/mL) and incubate for ~30 s. Then quickly move the oocytes to drops of maturation medium equilibrated at 37 °C, 5% CO2, 5% O2. 

1.8.4.2. Transfer to another two new drops successively to prevent hyaluronidase contamination. Pipette the oocytes and remove the granulosa and cumulus cells during transfer. Culture oocytes in maturation medium until the time of their injection.

1.8.5. Place a 500 µL long and narrow drop of PB1 medium at the center of the lid of a 10 cm dish to prepare an injection chamber. Cover the drop with mineral oil. Place the lid of a 10 cm dish on the microscope stage and attach a holding pipette and an injection needle filled with Cas9-gRNAs complex solution.

1.8.6. Transfer oocytes to the PB1 drop and microinject Cas9-gRNAs solution into the cytoplasm (Figure 1D). 

NOTE: The movement of cytoplasm can confirm successful injection of the solution. Injection is performed for approximately 5 s using an injection pressure (Pi) of 500–700 hPa and a compensation pressure (Pc) of 120 hPa. The injection pressure (Pi) should be appropriately adjusted based on the tip size of the prepared injection needle. If Pi is too low, cytoplasmic movement during injection may be difficult to observe. Conversely, if Pi is too high, it may cause significant damage to the oocyte. The plasma membranes of MI and MII oocytes are easy to stretch and difficult to penetrate by needle injection. Therefore, use a needle with the finest tip possible. The meiotic spindle is located just below the first polar body. Be careful not to damage the spindle when inserting the injection needle. To avoid spindle damage, we emphasize the importance of positioning the oocyte so that the polar body is away from the path of the injection needle.

1.8.7. Put the injected oocytes into a 50 µL drop of TYH medium equilibrated at 37 °C, 5% CO2, 5% O2. Transfer the oocytes to new drops of TYH medium twice more. Proceed to in vitro fertilization immediately after the microinjection.

1.9. Sperm collection

1.9.1. Prepare three 1.5 mL tubes containing 500 µL of TYH medium and one 5 mL tube containing 1 mL of TYH medium. Equilibrate TYH medium at 37 °C, 5% CO2, 5% O2 for at least 3 h. Ensure that the tubes are opened partially to allow for air exchange during equilibration.

1.9.2. Place male marmosets in a restrainer and stimulate the penis with a vibrator24. Collect the ejaculated semen in 500 µL of TYH medium. Check sperm count and motility under a microscope.

NOTE: Not all marmosets ejaculate in response to vibrator stimulation. Prior to the procedure, select marmosets that respond to the vibrator.

1.9.3. Centrifuge the 1.5 mL tube at 1,110 g for 5 min at room temperature.

1.9.4. Discard the supernatant quickly, leaving the pellet with a small volume of medium in the tubes, and add 500 µL of TYH medium. For capacitation, incubate the samples at 37 °C, with 5% CO2 and 5% O2, for 30 min.

NOTE: Active sperm rise to the surface quickly. When removing the supernatant after centrifugation, do not remove it completely; instead, leave some fluid, which increases the recovery of active sperm. Because sperm are vulnerable to pipetting stimuli, do not pipette after adding TYH medium. Additionally, the lid should be opened when using a 1.5 mL tube during the 30-min incubation period.

1.9.5. To remove eluate from seminal plasma, centrifuge the 1.5 mL tube at 1,110  g for 5 min at room temperature and discard the supernatant quickly, leaving some supernatant in the tubes.

1.9.6. Gently transfer the sperm pellet to the bottom of the 5 mL tube containing 1 mL of TYH medium. Incubate the samples at 37 °C, with 5% CO2 and 5% O2, for 30 min. Keep the lid (partly) open during the incubation.

1.9.7. Collect 700–800 µL of the upper medium in the 5 mL tube to collect active sperm and transfer it to a new 1.5 mL tube. Centrifuge the 1.5 mL tube at 1,110  g  for 5 min at room temperature.

NOTE: After 30 min of incubation, active sperm swim up to the upper part of TYH medium.

1.9.8. Discard the supernatant quickly, leaving some supernatant in the tubes. Add 500 µL of TYH medium and gently resuspend the sperm.

1.9.9. Count the number of active sperm using a hemocytometer.

NOTE: Sperm quality is a crucial factor in improving fertilization rates for in vitro fertilization. The amount and motility rate of sperm contained in the collected semen vary among male marmosets. Assess the sperm quality of each individual beforehand to ensure a sufficient sperm concentration for fertilization (a sperm motility rate of >10% is recommended).

1.10. In vitro fertilization

1.10.1. Add active sperm (1 x 105) to 50 µL of TYH medium containing the oocytes. If the volume of sperm to be added is large (> 10 µL), centrifuge, resuspend, and concentrate the sperm after counting.

NOTE: If polyspermy is observed too frequently, reduce the number of sperm added.

1.10.2. Incubate at 37 °C, 5% CO2, 5% O2 overnight (10–20 h).

1.10.3. Transfer the eggs to new drops of TYH medium equilibrated at 37 °C, 5% CO2, 5% O2. Remove the sperm on the zona pellucida using a mouth pipette with a glass capillary whose tip diameter matches the size of the zona pellucida. Confirm fertilization by checking for the presence of two pronuclei (2PN) and/or extrusion of the second polar body.

1.11. In vitro culture of embryos

1.11.1. Prepare three 35 mm dishes containing four 50 µL drops of embryo culture medium covered with mineral oil. Equilibrate at 37 °C, 5% CO2, 5% O2 for at least 3 h prior to use.

1.11.2. Wash the embryos by sequentially transferring them through four embryo culture medium drops.

1.11.3. Culture the embryos at 37 °C, 5% CO2, 5% O2 for 2–3 days until the embryos reach the 4–8 cell stage.

1.12. DNA extraction from embryos and validation of editing efficiency by genomic PCR

1.12.1. Check the status of the embryos. Ensure the embryos develop to the 4- to 8-cell stage.

1.12.2. If sperm remain on the zona pellucida, remove the sperm by pipetting with a capillary pipette of the same diameter as the zona pellucida.

1.12.3. Prepare four 50 µL drops of 0.04% BSA/PBS. Wash the embryos by sequentially transferring them to the four drops.

NOTE: The presence of culture medium contamination in the PCR mixture may reduce or adversely affect the efficiency of PCR amplification. To minimize contamination, the capillary attached to the pipette should be changed after transferring embryos from embryo culture medium to 0.04% BSA/PBS.

1.12.4. Fill a capillary alternately with 0.04% BSA/PBS and air, then fill the tip with an embryo along with a small amount of 0.04% BSA/PBS.

1.12.5. Release the embryo with a small amount of 0.04% BSA/PBS onto the wall near the bottom of the PCR tube. Release the remaining solution at the tip of the capillary in the drop to confirm the transfer of the embryo from the capillary to the PCR tube.

1.12.6. Add 1 µL of DNA extraction solution to the embryo in the PCR tube. To prevent embryos from adhering to the pipette tip, do not pipette after adding solution.

1.12.7. Incubate the sample at 65 °C for 6 min and then at 98 °C for 2 min.

1.12.8. Validate genome editing by PCR using primer pairs that amplify the region spanning the Cas9 cutting site. Select efficient gRNAs based on PCR and sequencing results.

NOTE: If only one gRNA is injected, perform the surveyor nuclease assay to test for efficiency. When multiple gRNAs are used, genome editing is often detected by changes in amplicon size. Prior to experiments, determine the PCR conditions that allow amplification even from a single cell genome. When performing the PCR, prepare a negative control in which no genomic DNA is added to ensure that the amplicon is not the result of non-specific amplification due to contamination.

2. Generation of genetically modified marmosets using MII oocytes from oviducts

2.1. Determination of the ovarian cycle stages for collecting ovulated MII oocytes

2.1.1. Measure the P4 level to determine the ovarian cycle stages of candidate females.

2.1.2. Intramuscularly inject cloprostenol into the female marmosets ≥ 10 days after the onset of the luteal phase (P4 ≥ 10 ng/mL) and reset the ovarian cycle (Day 0).

2.1.3. On the next day (Day 1), measure the P4 level and confirm the transition from the luteal phase to the follicular phase (P4 ≤ 10 ng/mL).

2.1.4. Measure P4 and E2 levels daily from Day 7. If the E2 level is elevated (>300 ng/mL), ovulation may occur the following day. Measure the CG level as needed. If the CG test is positive, ovulation usually occurs, but not always, the next day.

2.1.5. Determine the day of ovulation by assessing the change in the E2 level. The drop in the E2 level is the most reliable indicator of ovulation. Another indicator is the P4 level, which starts to rise around the day of ovulation. Perform the collection of oocytes on the ovulation day.

2.2. MII oocyte collection by oviduct flushing

NOTE: See also Abe et al. for more information on the oviduct flushing protocol11.

2.2.1. Prepare two 35 mm dishes containing four 50 µL drops of TYH medium covered with mineral oil. Equilibrate the TYH medium at 37 °C, 5% CO2, and 5% O2 for at least 3 h.

2.2.2. Perform sperm collection according to the protocol in step 1.9.

2.2.3. Prepare three 5 mL syringes. Fill the first syringe with 5 mL of Opti-MEM containing 9.1 mg/mL hyaluronidase, 100 U/mL heparin, and 0.091% polyvinyl alcohol (PVA) or polyvinyl pyrrolidone (PVP). Fill the second syringe with 5 mL Opti-MEM containing 100 U/mL heparin and 0.091% PVA or PVP. Fill the third syringe with air. The solution is prewarmed at 37°C.

2.2.4. Attach the three prepared 5 mL syringes to two connected three-way stopcocks. Attach a 27-G winged needle to the male Luer port via an extension tube.

2.2.5. Anesthetize the marmoset and open the abdomen and externalize the uterus and ovaries as described in steps 1.3.3–1.3.9.

NOTE: Check the ovaries for signs of ovulation. Well-developed follicles are sometimes observed. Matured oocytes are likely remaining within the follicles. However, aspirating such oocytes from the follicles has a risk of bleeding and adhesion.

2.2.6. Flush the oviduct.

2.2.6.1. Place the left oviduct and ovary in a 60 mm dish. Insert the needle horizontally into the end of the left oviduct close to the uterus. Direct the needle tip toward the fimbria or the ovary. 

2.2.6.2. Hold the oviduct using blunt tweezers to prevent the flushing solution from going to the uterus. 

2.2.6.3. Flush approximately 2 mL of the Opti-MEM solution containing hyaluronidase into the oviduct. If the flushing is successful, the infused solution should flow out from the fimbria.

NOTE: Referring to the Supplementary Information of Abe et al., 2021 will help deepen the understanding of this procedure11.

2.2.7. Collect the effluent from the fimbria in a 60 mm dish.

2.2.8. Next, flush the oviduct with approximately 2 mL of Opti-MEM without hyaluronidase. Collect the effluent in the 60 mm dish.

2.2.9. Finally, force air into the oviduct until the air is coming out of the fimbria to collect the solution remaining in the oviduct.

2.2.10. Search the dish for retrieved oocytes. Use a stereomicroscope with a heating stage to keep the oocytes at 37 °C.

2.2.11. Perform the same procedures on the right oviduct.

2.2.12. Perform suturing and postoperative care according to 1.3.12–1.3.14.

2.2.13. Pick up the oocytes from the dish using a mouth pipette and move to one of the prepared 50 µL drops of TYH medium. Usually, two or three oocytes can be collected. Remove the cumulus cells surrounding the oocytes by mouth pipetting through a narrow glass capillary. For washing, sequentially transfer the oocytes to another three drops of TYH medium.

NOTE: It is recommended that oocyte pick-up, transfer to new TYH medium, and microinjection should be performed alongside the surgery.

2.3. Microinjection

2.3.1. Perform the same procedure as described in steps 1.8.5–1.8.7.

2.4. In vitro fertilization

2.4.1. Perform the same procedure as described in steps 1.9 and 1.10. Six hours after the start of in vitro fertilization, the presence of 2 pronuclei (2PN) begins to be observed. Select zygotes with 2PN when transfer is performed on the next day.

2.5. Autologous embryo transfer

2.5.1. On the same day (at least 1 h after the start of IVF) or the next day of oocyte retrieval, transfer the injected embryos to the donor marmoset (or other recipient marmosets around the time of ovulation), open the abdomen of the donor marmoset, and externalize the uterus and ovaries as described in steps 1.3.3–1.3.9. Use the oocyte donor marmoset or one of the other ovulating marmosets as the recipient.

2.5.2. Trace the oviduct from the uterus to the fimbria and verify that there are no problems that would interfere with the transplantation, such as adhesion of the fimbria to adipose tissue and ovaries. Adjust the animal's orientation to facilitate embryo transfer into the oviduct.

2.5.3. Use tweezers to locate and widen the entrance of the fimbria. Gently insert the one arm of fine-tipped tweezers into the oviduct through the fimbria. Carefully lift the inserted tweezers and confirm that they are precisely inserted within the oviduct via the fimbria (Figure 2A). 

NOTE: Oviducts were curved in the middle. The arrival of the tip of the inserted tweezers at the curve of the oviduct is one of the indicators that the tweezers are entering the actual entrance of the fimbria. As the entrance of the fimbria is usually very difficult to identify, incorrect insertion is common. Be sure to accurately locate the entrance of the fimbria before inserting the transfer capillary. This procedure helps to widen the fimbria and oviduct, facilitating the successful insertion of the transfer capillary.

2.5.4. Make a capillary for embryo transferring from a 200 µL calibrated pipette. Fill a capillary attached to a mouse pipette with TYH medium and air alternately (Figure 2B).

NOTE: Fill the capillary with more air than TYH medium. If too much TYH medium is injected, the transferred embryos will come out of the fimbria.

2.5.5. Fill the tip of the capillary with 1–3 embryos along with a small amount of TYH medium (Figure 2B).

2.5.6. Insert the capillary into the oviduct via the fimbria. Stop just before the tip of the capillary reaches the curve of the oviduct.

NOTE: When the tip of the capillary touches the wall of the oviduct, TYH medium and embryos cannot be expelled from the capillary.

2.5.7. Transfer the embryos to the oviduct. Avoid the reflux of TYH medium containing transferred embryos, and deliver the air filling the capillary to the oviduct and plug (Figure 2C). Release of medium and embryos from the tip of the capillary is presumed to occur when movement of the TYH medium and air in the middle of the capillary is observed.

2.5.8. Perform suturing and postoperative care according to steps 1.3.12–1.3.14.

2.6. Confirmation of pregnancy by hormonal measurement and ultrasonography

2.6.1. Measure the P4 level 20–25 days after ovulation to investigate the possibility of pregnancy. Marmosets with sustained high P4 level (≥ 10 pg/mL) and no follicular phase transition may be pregnant. Marmosets with a low P4 level are not pregnant.

NOTE: A sustained high P4 level without a drop is an indicator of pregnancy. Typically, a marmoset's ovarian cycle consists of a 20-day luteal phase and a 10-day follicular phase. If the marmosets become pregnant, the luteal phase normally lasts longer than 20 days.

2.6.2. Check the size of the uterine cavity with ultrasonography around day 40 after ovulation. Approximately 30 days after pregnancy, the uterine cavity becomes observable. At the same time, the uterus can be felt to harden and become spherical by palpating the abdominal region.

NOTE: The progress of pregnancies is monitored by ultrasonography every 2–4 weeks. Marmoset babies are born approximately 145 days after transplantation.

REPRESENTATIVE RESULTS:
Design of primer pairs
Prior to the Cas9-gRNAs complex microinjection experiments, PCR primers spanning the editing sites were designed to check genome editing. Because primer pairs that generate short amplicons allow detection of deletions of a few dozen bp, PCR primer pairs that amplify 300–400-bp DNA were designed. Then, the PCR amplification success rates of the designed primer pairs were examined. Primer pairs that allowed us to use only 10 pg of genomic DNA for amplification with an approximately 80% success rate were employed.

Oocyte collection and embryo maturation
To test gRNAs, oocytes were collected from either in vivo ovaries (via follicular aspiration) or dissected ovaries (via ovarian dissection), as described in the protocol above. For each ovary condition, one ovarian cycle-active and two inactive female marmosets were used for the collection (Table 1). Oocytes were classified according to their stage and the state of the surrounding cumulus cells. GVA oocytes were collected from all animals except for one of the cycle-inactive females (Table 1, 632F). One animal (I7469F) was used for both follicular aspiration and ovary dissection. Examination of these results shows that ovarian dissection is likely to yield more oocytes than follicular aspiration (Table 1, I7469F). After the maturation culture, oocytes developed into MI/II oocytes with varying efficiencies, depending on the oocyte class (GVA: 69.1%, B: 57.1%, and C: 42.6%), with the average rates calculated for each independent oocyte collection (n = 5 or 6) (Figure 3A, Table 1). When the total number of oocytes was used for the calculation, the maturation rates were as follows: GVA, 64.8% (35/54);  B, 47.5% (29/61); and C, 34.3% (23/67).

These MI/II oocytes were microinjected with Cas9-gRNA complexes and then subjected to IVF. Some oocytes were used for other purposes without assessing their developmental potential. On average, the fertilization success rate exceeded 50% (32/59, Table 1, Figure 3B). Thereafter, 24 of the 32 fertilized embryos were continuously cultured to examine developmental potential. Nearly 80% (19/24, Table 1) of the fertilized embryos developed to the 4-cell stage (Figure 3C).

Genome editing by microinjection of Cas9/gRNA complexes
To perform genomic PCR, genomic DNA was isolated from 4 embryos. The cocktail of three gRNAs targeting the same exon was used. These three gRNAs were about 40–50 bp apart from each other. The expected deletion size by genome editing is about 40–100 bp (Figure 4A). We confirmed the presence of a 50–100-bp deletion in 3 out of 4 embryos (Figure 4B). The leftmost sample among the RNP-injected embryos showed a weak short band, suggesting that this embryo had a mosaic mutation. On the other hand, the middle two samples were likely homozygous deletion embryos. The rightmost sample was likely non-edited, although we could not rule out the possibility that it had mutations without a change in DNA size.

FIGURE AND TABLE LEGENDS:
Figure 1: Oocyte retrieval from ovaries and microinjection. (A) Representative images of abdominal incision. The ovary and uterus are indicated by black and blue arrows, respectively. (B) Representative images of ovaries and oviducts. Black arrows show ovarian follicles. The blue arrow shows the oviduct. (C) The classification of oocytes. GVA, GVB, and GVC oocytes are classified according to the extent of coverage by cumulus cells: scale bar, 40 µm. (D) Microinjection into an MII oocyte. Scale bar, 40 µm.

Figure 2: Embryo transfer into the oviduct. (A) The inserted tweezers into the oviduct through the fimbria. (B) Preparation of the capillary. Fill the capillary with TYH medium and air alternatively. (C) Transfer of embryos into the oviduct. The white arrow indicates the liquid/air interface as a reference. Presume the release of embryos from the tip of the capillary when the liquid/air interface moves.

Figure 3: Quantification of the oocyte/embryo maturation. (A) Rate of maturation to MI/II oocytes after in vitro culture. n = 6 oocyte collections. Mean ± SEM. (B) Fertilization success rate after Cas9-gRNA complex microinjection. n = 4 oocyte collections. Mean ± SEM. (C) The rate of development from fertilized oocytes to 4-cell stage embryos. n = 2 oocyte collections.

Figure 4: Validation of genome editing in marmoset fertilized embryos. (A) The design of gRNAs. The three gRNAs are spaced approximately 50 bp apart and target the same exon. Blue arrows show primer pairs for genomic PCR. The PCR amplicon size is 394 bp. (B) Representative result of genomic PCR. RNP: Cas9-gRNA complexes.

Table 1: Conditions for oocyte retrieval in marmosets and the numbers of oocytes collected, matured, and fertilized.

DISCUSSION:
Since the effort and cost of producing genetically modified marmosets are larger than those of producing genetically modified rodents, highly efficient production of the desired animals is required. Additionally, because marmosets have a longer generation time than rodents, obtaining the desired genetically modified marmosets that can be analyzed in the founder generation is ideal. Employing the protocol described here will enable the efficient production of knockout marmosets that can be analyzed in the founder generation.

One of the significant problems in the production of genetically modified marmosets is the generation of mosaic animals. To selectively produce non-mosaic animals, we introduced Cas9/gRNA complexes into unfertilized oocytes just before IVF, while zygotes were used in the original study11. Mosaicism is caused by the occurrence of genome editing after the first replication of the zygotic genome25,26. The first round of DNA replication may have already occurred in zygotes retrieved from the oviducts. The introduction of Cas9-gRNA complexes in oocytes just before IVF or in early-stage zygotes increases the window of genome editing before DNA replication, which likely reduces mosaicism. Approximately 5–10% of Cas9-gRNA complexes have been reported to remain undegraded in cultured cells even 24 h after transduction27. Although genome editing is unlikely to occur in unfertilized oocytes due to meiotic chromosome structure, fertilization usually occurs soon after IVF. Therefore, Cas9-gRNA introduced into unfertilized oocytes just before IVF is still likely to be present in zygotes, where genome editing occurs.

Primer design is a crucial step in effectively validating the editing efficiency of gRNAs. Since preparation and injection of oocytes require a lot of effort, it is highly recommended to make effective use of the injected embryos. In marmosets, the amount of DNA in a cell is approximately 6 pg. In this protocol, PCR is performed using genomic DNA from embryos at the 4- to 8-cell stage or more developed. The amount of DNA from a 4–8-cell stage embryo is estimated to be several tens of pg. Therefore, it is desirable to design primer pairs that maximize the likelihood of successful amplification from a small amount of DNA, such as 10 pg. Nested PCR is a viable option for successful amplification from small amounts of DNA. Regardless of the method used, it is essential to conduct preliminary testing of PCR conditions before applying DNA recovered from embryos.

Here, we describe two protocols for oocyte retrieval: GV oocyte collection from ovaries (steps 1.3 and 1.4) and oviduct flushing for MII oocyte retrieval (step 2.2). We encourage the use of ovary-derived GV oocytes and oviduct-derived MII oocytes for gRNA validation and for the generation of genetically modified marmosets, respectively. Many oocytes can usually be obtained from the ovaries. However, the use of GV oocytes results in low pregnancy rates due to prolonged in vitro culture and inclusion of low-quality oocytes that are generally not ovulated. On the other hand, although we can only obtain 1–3 oocytes at a time through oocyte collection from the oviducts, the use of these oocytes results in high pregnancy rates. Therefore, it is essential to use two oocyte retrieval methods properly, depending on the purpose. Oviduct flushing often results in adhesion of oviducts, fimbriae, and ovaries. Oocyte collection from the ovaries similarly results in adhesion. The adhesion makes it challenging to use oviducts for oocyte collection and transplantation, although oocyte collection from ovaries is still possible. Therefore, the first use of animals for oviduct experiments (oocyte collection and transfer) is recommended. After oviducts become difficult to use due to adhesion, oocyte collection from the ovaries should be performed. For the effective use of animals, preventing adhesion is a significant challenge that needs to be addressed.

In rodents, genetically modified animals are widely used to study the function of specific genes and cells, as well as to serve as models for various diseases. The method described here for producing genetically modified marmosets enables the use of marmosets as a new animal model, thereby extending the knowledge gained from genetically modified rodents. Furthermore, marmosets exhibit characteristics that are more similar to human traits than those of rodents. Neuroscience is one of the key fields in which marmosets are attracting growing interest as model animals. Marmosets have a more developed prefrontal cortex and a laminar cortical architecture. The prefrontal cortex is a crucial region for higher brain functions, including cognition, executive function, and emotion. Recently, marmosets have been widely used to study these higher brain functions and to study the connections between brain regions28,29. Therefore, genetically engineered marmosets can be powerful tools for understanding the detailed role of a specific gene in brain function. Hence, genetically modified marmosets are expected to facilitate the understanding of higher brain functions, such as cognition, executive function, and emotion, which have been challenging to investigate in rodents.
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