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Abstract

The clustered regularly interspaced short palindromic repeat (CRISPR)/CRISPR-associated protein 9 (Cas9) system is a
widely used programmable nuclease system for gene modification in many organisms, including Physcomitrium patens. P.
patens is a model species of moss plants, a basal land plant group, which has been extensively studied from the viewpoint
of'evolution and diversity of green plant lineages. So far, gene modifications by CRISPR/Cas9 in P. patens have been carried
out exclusively by the polyethylene glycol (PEG)-mediated DNA transfer method, in which a transgene (or transgenes) is
introduced into protoplast cells prepared from protonemal tissues. However, this PEG-mediated method requires a relatively
large amount of transgene DNA (typically 30 pg for a single transformation), consists of many steps, and is time-consuming.
Additionally, this PEG-mediated method has only been established in a few species of moss. In the current protocol, we
succeeded in CRISPR/Cas9-induced targeted mutagenesis of P. patens genes by making good use of the biolistic method,
which 1) requires amounts of transgene DNA as low as 5 ug for each vector, ii) consists of fewer steps and is time-saving,
and iii) is known to be applicable to a wide variety of species of plants.

Key features

e In this protocol, particle bombardment-mediated gene transfer is used for CRISPR/Cas9-induced mutagenesis in the
moss Physcomitrium patens.

e By this application of particle bombardment, a gene can be modified by the CRISPR/Cas9 system much more
conveniently with a smaller amount of transgene DNA.

e This protocol is expected to be easily applicable to non-model moss species, some of which have noteworthy traits,
such as tolerance to various stresses.
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Background

Physcomitrium patens (Physcomitrella patens) is a model species of moss (Bryopsida) that offers many advantages for
experimentation, including applicability of gene targeting based on a highly efficient homologous recombination (HR) [1,2].
Bryopsida is a basal land plant group, phylogenetically positioned between green algae and higher land plant groups [3].
Therefore, P. patens has been extensively studied in the research areas of development, growth, and physiology, largely
from the evolutionary point of view [1,4,5]. Gene modification by clustered regularly interspaced short palindromic repeat
(CRISPR)/CRISPR-associated protein 9 (Cas9) system was also successfully applied to this moss [6—10], enabling easier
disruption of multiple genes and creation of marker-free knockouts and knock-ins, among other advantages. For applying
the CRISPR/Cas9 system to P. patens, the polyethylene glycol (PEG)-mediated DNA transfer method has been exclusively
used for the introduction of sgRNA and Cas9 expression vectors into cells. However, this PEG-mediated method has the
following disadvantages: 1) it requires higher amounts of DNA (typically 30 pg per sample) to be introduced into cells; ii)
it consists of many steps, including generation of protoplasts from protonema cells, and is time-consuming; iii) sometimes
it results in, if at a small ratio, generation of polyploid cells by protoplast fusion [11]. On the other hand, the particle
bombardment-mediated DNA transfer into cells requires a much lower amount of DNA (~5 pg for each plasmid) and fewer
steps with no need to prepare protoplasts, is time-saving, and involves no cell fusion processes [12,13]. Here, we have
established a protocol for modifying P. patens genes using the CRISPR-Cas9 system with particle bombardment-mediated
DNA transfer. By using this protocol, the CRISPR/Cas9 system will be more readily applicable not only to P. patens but
also to other non-model moss species with interesting traits such as tolerance to various environmental stresses.

Materials and reagents

Biological materials

1. Escherichia coli DH5a. (Thermo Fisher Scientific, catalog number: EC0112)

2. Moss [Physcomitrium patens (Physcomitrella patens) ssp. patens] [14] (a kind gift from Dr. Mitsuyasu Hasebe, National
Institute for Basic Biology, Okazaki)

Note: The culture methods for P. patens are based on the protocols of PhyscoBase (https://moss.nibb.ac.jp/), developed by
Dr. M. Hasebe's laboratory, with some modifications.

1. Plasmids
a. pSCgRNA (sgRNA expression vector) [7,8]
b. pSCOE1-fcoCas9 (Cas9 nuclease expression vector) [7,8]

2. DNA oligos

a. DNA oligonucleotides for constructing sgRNA vectors (the adapter sequences for cloning in the BbsI-cleaved pSCgRNA
are underlined)

i. PPR2_crRNA Fwd2 (5'-AAACTAGGCAAGTTCGGTCAACTC-3")

ii. PPR2_crRNA_Rv2 (5'-TCTGGAGTTGACCGAACTTGCCTA-3")

iii. PPR38_crRNA_fw2 (5-TCTGTTAGGAGGTCTAACTACGGG-3")

iv. PPR38 crRNA 1v2 (5'-AAACCCCGTAGTTAGACCTCCTAA-3'

Note: These DNA oligonucleotides were purified by reverse-phase column chromatography and purchased from FASMAC.

3. Primers for genotyping of P. patens clones

a. PpPPR2 cr2 seq fw (5'-CATCTAGTCGTGCCTCATGAGGA-3")
b. PpPPR2 cr2 seq rv (5-TCCATTTGCTGAAGCAAGAGTGG-3")
c. PPR38_cr2 seq fw2 (5'-GCTGCAATGGAGCCCTGTG-3")

d. PPR38 cr2 seq rv2 (5-CGTCGCTTGAACAATGGTGAAGG-3")
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Reagents

1. 1.0 um gold microcarriers (Bio-Rad, catalog number: 1652263)

2. 99.5% ethanol (FUJIFILM Wako Pure Chemical Corporation, catalog number: 057-00456)

3. Glycerol (FUJIFILM Wako Pure Chemical Corporation, catalog number: 075-00616)

4. Spermidine (FUJIFILM Wako Pure Chemical Corporation, catalog number:191-13831)

5. Agar (Sigma, catalog number: A6924)

6. Agar (FUJIFILM Wako Pure Chemical Corporation, catalog number: 016-11875)

Note: Use agar from Sigma and FUJIFILM Wako Pure Chemical for culturing moss and E. coli cells, respectively.
7. G418 (G418 sulfate, also known as geneticin) (FUJIFILM Wako Pure Chemical Corporation, catalog number: 078-05961)
8. D-Glucose (FUJIFILM Wako Pure Chemical Corporation, catalog number: 049-31165)

9. MgS0,4-7H,0 (FUJIFILM Wako Pure Chemical Corporation, catalog number: 131-00405)

10. MgCl,:6H,0 (FUJIFILM Wako Pure Chemical Corporation, catalog number: 135-00165)

11. KH,PO4 (FUJIFILM Wako Pure Chemical Corporation, catalog number: 169-04245)

12. KNOs (FUJIFILM Wako Pure Chemical Corporation, catalog number: 160-04035)

13. FeSO4-7H,0 (FUJIFILM Wako Pure Chemical Corporation, catalog number: 098-01085)

14. CuSO4-5H,0 (FUJIFILM Wako Pure Chemical Corporation, catalog number: 039-04412)

15. H3BOs (FUJIFILM Wako Pure Chemical Corporation, catalog number: 027-02192)

16. CoCl, 6H,O (FUJIFILM Wako Pure Chemical Corporation, catalog number: 036-03682)

17. Na;MoO4-2H,0 (FUJIFILM Wako Pure Chemical Corporation, catalog number: 196-02472)

18. ZnSO4-7H,0 (FUJIFILM Wako Pure Chemical Corporation, catalog number: 264-00402)

19. MnCl,-4H,0 (FUJIFILM Wako Pure Chemical Corporation, catalog number: 139-00722)

20. KI (FUJIFILM Wako Pure Chemical Corporation, catalog number: 164-03972)

21. NaCl (FUJIFILM Wako Pure Chemical Corporation, catalog number: 191-01665)

22. Ammonium tartrate (FUJIFILM Wako Pure Chemical Corporation, catalog number: 195042)

23. CaCl,2H,0 (FUJIFILM Wako Pure Chemical Corporation, catalog number: 033-25035)

24. 2-amino-2-hydroxymethyl-1,3-propanediol (FUJIFILM Wako Pure Chemical Corporation, catalog number: 011-20095)
25. Bacto tryptone (ThermoFisher Scientific, catalog number: 211705)

26. Bacto yeast extract (ThermoFisher Scientific, catalog number: 212750)

27. T4 polynucleotide kinase (Takara Bio, catalog number: 2021S)

28. T4 DNA ligase (Nippon Gene, catalog number: 311-00404)

29. Bpil (Bbs]) (ThermoFisher Scientific, catalog number: ER1011)

30. NucleoSpin Gel and PCR Clean-Up kit (Macherey-Nagel, catalog number: 740609.50)

31. BigDye Terminator v3.1 Cycle Sequencing kit (ThermoFisher Scientific, catalog number: 4337455)
32. SupreDye Cycle Sequencing kit v3.1 (M&S TechnoSystems, catalog number: 063002)

33. NucleoBond Xtra Midi kit (Macherey-Nagel, catalog number: 740410.50)

Solutions

1. Stock solutions for culture media: Stock solution B (x100), stock solution C (x100), stock solution D (x100), and
alternative TES solution (x1000) (see Recipes)

2. Culture media for moss: BCDG agar medium, BCDAT agar medium, BCDATG agar medium, and BCDATG (G418+)
agar medium (see Recipes)

3. Culture media for E. coli: LB liquid medium and LB agar plates (see Recipes)

4. Chemicals: 500 mM ammonium tartrate solution, 50 mM CaCl, solution, 50% (v/v) glycerol solution, 1.0 M Tris-HCl
(pH 7.4), and 1.0 M MgCl, (see Recipes)

5. Reaction buffer (5% annealing buffer) (see Recipes)

Recipes
1. Stock solutions for culture media

Notes: These stock solutions and culture media for the growth of P. patens are based on the above-mentioned PhyscoBase.
In the PhyscoBase protocols, there is also “stock solution A,” which is used for the PEG-mediated transformation method.
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Stock solution B (100%): 25 g/L MgSO,-7H,O

Stock solution C (100x%): 25 g/l KH,PO4 (pH adjusted to 6.5 with 4 M KOH)

Stock solution D (100x): 101 g/L KNO3, 1.25 g/L FeSO4-7H,O

Alternative TES solution (1,000%): 55 mg/L CuSO45H,O, 614 mg/L H3BO;, 55 mg/L CoCl,:6H,O, 25 mg/L
NaMo04-2H,0, 55 mg/L ZnSO4:7H,0, 389 mg/L MnCl,-4H,0, 28 mg/L KI

2. Culture media for moss

BCDG agar medium: 900 mL of purified water, 10 mL of stock solution B, 10 mL of stock solution C, 10 mL of stock
solution D, 1 mL of alternative TES solution, 20 mL of 50 mM CaCl, solution, 10 g of D-Glucose, and 8 g of agar. Fill up
to 1,000 mL with water. Autoclave at 121 °C for 20 min and pour into 9.0-cm diameter plastic plates to solidify.

BCDAT agar medium: 900 mL of purified water, 10 mL of stock solution B, 10 mL of stock solution C, 10 mL of stock
solution D, 1 mL of alternative TES solution, 20 mL of 50 mM CacCl, solution, 10 mL of ammonium tartrate solution (500
mM), and 8 g of agar. Fill up to 1,000 mL with water. Autoclave at 121 °C for 20 min and pour into 9.0-cm diameter plastic
plates to solidify.

BCDATG agar medium: 10 g/L. D-Glucose supplemented to the BCDAT agar medium.

BCDATG (G418+) agar medium: G418 (20 mg/L) supplemented to the BCDATG agar medium.

Note: Use 10 g/L instead of 5 g/L of D-glucose in the original protocol in PhyscoBase.

3. Culture media for E. coli

LB liquid medium: 900 mL of purified water, 10 g of Bacto tryptone, 5 g of Bacto yeast extract, and 10 g of NaCl. Fill up
to 1,000 mL with purified water and autoclave at 121 °C for 20 min.

LB agar plates: Supplement LB liquid medium with 12 g of agar (before autoclaving); then, autoclave at 121 °C for 20 min
and pour into 9.0-cm diameter plastic plates to solidify.

Note: For agar, use the Sigma and FUJIFILM Wako Pure Chemical products for culturing moss and E. coli cells,
respectively.

4. Chemicals

500 mM ammonium tartrate solution: 92.05 g/L ammonium tartrate.

50 mM CaCl, solution: 7.35 g/L CaCl,.

50% (v/v) glycerol solution: mix equal volumes of sterile purified water and glycerol.

1.0 M Tris-HCI (pH 7.4): 121.1 g/L 2-amino-2-hydroxymethyl-1,3-propanediol; adjust pH to 7.4 with HCI.
1.0 M MgCls: 203.3 g/L MgCl,-6H,0.

5. Reaction buffer (5% annealing buffer)
50 mL of 1.0 M Tris-HCI (pH 7.4), 35 mL of 1.0 M MgCl,, and 15 mL of purified water.

Laboratory supplies

1. Petri dishes (90 mm X 15 mm) (Rikaken Holdings, catalog number: LT-DS-9015)

2. 1.5 mL microtubes (Watson, catalog number: 131-815C)

3. 0.2 mL 8-strip PCR tubes (SSIbio, catalog number: 3240-00)

4. 15 mL plastic pipette (As One, catalog number: 1-2247-14)

5. Cellophane sheets (Futamura Chemical, catalog number: PL300)

6. 10 pL plastic pipette tips (BMBio, catalog number: 104-Q)

7. 200 pL plastic pipette tips (Watson, catalog number: 110-705C)

8. 1,000 uL plastic pipette tips (Watson, catalog number: 110-706C)

9. Micropore surgical tape (3M, catalog number: 1530-0)

10. Fluorescent lamps (TOSHIBA LIGHTING & TECHNOLOGY CORPORATION, catalog number: FL20SS W/18)
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Equipment

1. Plant growth chamber (SANYO, catalog number: MLR-350)

2. Micropipettes (GILSON, catalog number: P2L, P20L, P200L, P1000L)

3. Tweezers (KOWA Forceps Industry, catalog number: K-17)

4. High-speed refrigerated micro-centrifuges (TOMY SEIKO, catalog number: MX-107)
5. Clean bench (Nippon Medical & Chemical Instruments, catalog number: VSF-850A)
6. Thermal cycler (TAKARA Bio, catalog number: TP-600)

7. Block incubator (ASTEC, catalog number: BI-515)

8. Autoclave (TOMY SEIKO, catalog number: BS-245)

9. Agarose gel electrophoresis tanks (TAKARA Bio, catalog number: M-2P)

10. Ultraviolet transilluminator (ATTO, catalog number: AE-6932)

11. Particle delivery system (Tanaka, catalog number: GIE-III)

12. Homogenizer (Microtec nition, catalog number: NS-310E)

Software and datasets

1. SnapGene version 5.1.7 (released July 20, 2020; a subscription license is required to use this software)
2. CRISPR-P 2.0 (released October 2016; http://crispr.hzau.edu.cn/CRISPR2/) [15]

3. CRISPRdirect version 140413 (https://crispr.dbcls.jp/) [16]

4. PPR version 6719¢98 (https://ppr.plantenergy.uwa.edu.au/) [17]

Procedure

A. Construction of sgRNA expression vector

1. Prepare the DNA fragments for the target sequence.

a. Select the target sequence for CRISPR RNA (crRNA) as previously described [7,8] by using the software CRISPR-P 2.0
and CRISPRdirect.

b. Design the sense and antisense oligonucleotides so that they form, when they hybridize with each other, double-stranded
DNA fragments that contain the target sequence and have adapter sequences for cloning (see “DNA oligos” above)
protruding at the 5’ end of each oligonucleotide.

c. Prepare the following mixture in a 1.5 mL microtube:

i. Sense oligonucleotide (100 pmol/uL): 20 pL (2,000 pmol in total)

ii. Antisense oligonucleotide (100 pmol/uL): 20 pL (2,000 pmol in total)

iii. 5x annealing buffer: 10 uL

iv. Add sterile purified water until the total volume reaches 50 pL.

d. Heat the mixture at 95 °C for 5 min using the block incubator.

e. Cool the mixture at room temperature (24-26 °C for 1 h, resulting in the insert DNA solution (40 pmol/uL).

f. Prepare the following mixture in a 1.5 mL microtube for phosphorylation of the insert DNA fragments:

Note: This phosphorylation reaction can be omitted, but we include this step in order to maximize cloning efficiency.
i. Insert DNA fragment solution: 1.25 puL (50 pmol)

ii. 10x T4 polynucleotide kinase buffer: 5.0 pL

iii. ATP (100 mM): 0.5 uL

iv. T4 polynucleotide kinase (10 U/uL): 1.5 pL

v. Add sterile water until the total volume reaches 50 pL.

g. Mix by tapping and centrifuge at 2,000x g for 2 s.
h. Incubate at 37 °C for 30 min, resulting in the phosphorylated insert DNA solution.
i. Heat the mixture at 75 °C for 10 min.
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2. Prepare the restriction enzyme-cleaved sgRNA expression vector.

a. Prepare the following mixture in a 1.5 mL microtube for the restriction enzyme reaction.
i. pSCgRNA: 3.0 pug

ii. 10x G buffer: 2.0 pL

iii. Bpil (BbsI) (10 U/pL): 2.0 L

iv. Add sterile purified water until the total volume reaches 20 pL.

b. Incubate at 37 °C for 5 h.

c. Separate DNA fragments by agarose gel electrophoresis.

d. Excise a gel block containing the cleaved pSCgRNA (3.7 kb).

e. Extract DNA from the gel block using the NucleoSpin Gel and PCR Clean-Up kit (Macherey-Nagel, catalog number:
740609.50).

3. Cloning of the insert DNA fragments into pSCgRNA vector.

a. Prepare the following mixture in a 1.5 mL microtube for the ligation reaction.
i. Bpil (Bbsl)-cleaved pSCgRNA: 50 ng

ii. Phosphorylated insert DNA solution: 2.2 uL (2.2 pmol)

iii. 10x ligation buffer: 2.0 pL

iv. T4 DNA ligase: 1.0 pL (500 U/uL)

v. Add sterile purified water until the total volume reaches 20 pL.

b. Incubate at 16 °C for 16 h.

c. Use 5 pL of the ligation reaction mixture for transformation of DHS5a-competent cells.

d. Spread the DHS5a-competent cells on LB agar plates and incubate the plates at 37 °C for 14-16 h.

e. Pick up colonies and grow each clone in 2 mL of LB liquid medium by shaking at 170 rpm at 37 °C for 14-16 h.

f. Extract plasmid DNA from each clone by using NucleoSpin Plasmid EasyPure.

g. Select the clone that carries the target sequence by sequencing using BigDye Terminator v3.1 Cycle Sequencing Kit or
SupreDye Cycle Sequencing Kit v3.1.

B. Transformation of moss cells by particle bombardment

1. Purify sgRNA expression vector (pSCgRNA that carries the target sequence) and Cas9 expression vector (pSCOE1-
fcoCas9) [7,8] using NucleoBond Xtra Midi Kit, resulting in DNA solutions (2~3 pg/pL) for transformation of moss cells.
2. Prepare the DNA-coated gold particle suspension for transformation.

a. Prepare the following mixture in a 1.5 mL microtube:

i. 60 mg of gold particles (1.0 um diameter)

ii. 1 mL of 70% EtOH

b. Vortex vigorously for 5 min.

c. Allow to stand for 15 min at room temperature.

d. Centrifuge at 2,000x g for 2 s and discard the supernatant.

e. Add 1 mL of sterile purified water, vortex vigorously for 1 min, and allow to stand at room temperature for 1 min.

f. Centrifuge at 2,000x g for 2 s and discard the supernatant.

g. Repeat steps B2e—f three additional times.

h. Add 1 mL of 50% (v/v) glycerol solution and vortex vigorously until the gold particles are uniformly suspended (for ~10
s).

Pause point: The resulting solution can be stored at -80 °C.

3. Coating of gold particles with plasmid DNAs for transformation.

a. Prepare the mixture of the gold particle suspension and DNA by adding the following items in the given order:
i. 25 pL of gold particles suspended in 50% (v/v) glycerol solution

ii. 5 pg of each plasmid DNA

iii. 25 pL of 2.5 M CaCl; solution

iv. 1 pL of 1 M spermidine
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v. Add sterile purified water until the total volume reaches 80 pL.

b. Vortex vigorously for 3 min and allow to stand at room temperature (24-26 °C) for 1 min.
c. Centrifuge at 1,900x g for 2 s at 25 °C and discard the supernatant.

d. Add 200 pL of 70% EtOH and suspend by pipetting.

e. Centrifuge at 1,900x g for 2 s at 4 °C and discard the supernatant.

Note: Be careful not to remove gold particles when removing supernatant.

f. Add 200 pL of 99.5% EtOH and suspend by pipetting.

g. Centrifuge at 1,900x g for 2 s at 4 °C and discard the supernatant.

h. Add 30 uL of 99.5% EtOH and suspend by pipetting.

i. Chill on ice.

4. Preparation of moss cells for particle bombardment (Figure 1A).

a. Grow protonema cells on BCDAT or BCDATG agar plates that were laid with cellophane sheets in continuous white light
(irradiated by white fluorescent lamps at a fluence rate of 45 pmol m2-s™), collect them, grind with a homogenizer (NS-
310E), and apply to new agar plates (with cellophane sheets) every 4—7 days.

Note: If the homogenizer (or a similar device) is not available, a mortar and pestle can be used instead to grind the
protonemal tissue.

b. Apply the ground protonemata onto BCDG agar plates with no cellophane sheets for the last subculture.

c. Use the protonema cells that have grown for 5 days to form a thick lawn on the BCDG agar plates for particle bombardment.

A. Preparation B. DNA transfer by C. Picking up of D. Propagation on
of protonema cells Particle Bombardment Bombarded cells Selection medium
Protonemal lawn He, gas

v

E.Growthof F. Growth with G. Green PCR H. Sequencing
resistant colonies no selection
Protonema
Mut#l GGACGGACGETTCGGACCG----GGCGGTATTG

patch
E Mut#2 GGACGGACGETTCGGACCGC GGCGGTATTG
/ Mut#3 GGACGGACGGTTC
WT GGACGGACGETTCGGACCGCATCGGCGGTATIG
Target site PAM

v

Figure 1. Overview of the protocol for CRISPR/Cas9 mutagenesis of P. patens by particle bombardment-mediated
transformation. Proceed with steps from A to H. (A) First, culture protonema cells on agar plates to form the protonemal
lawn. (B) Next, bombard the gold particles coated with the sgRNA and CAS9 vector DNAs onto the protonemal lawn. (C)
Collect the bombarded portions, grind them into small tissue fragments, and (D) propagate on selection medium. (E) When
small patches of resistant cells appear, transfer each of them onto agar plates with no antibiotics. (F) Once colonies with a
diameter of 5-10 mm have formed, (G) amplify the target genomic region by green PCR and (H) use the amplified DNA
fragments for genotyping by sequencing.

5. Introduction of DNA into the moss protonema cells (Figure 1B).
Note: We use the particle inflow gun system IDERA GIE-III for particle bombardment. Appropriate optimization of
conditions is required if other systems are used.
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a. Dry a DNA cartridge in the clean bench after sterilizing by immersing it in 70% EtOH.

b. Add 10 pL of the DNA-coated gold particle suspension into the well of the DNA cartridge.

c. Set the DNA cartridge and the agar plate with the protonemal lawn in the barotolerant chamber so that the distance
between the cartridge muzzle and the agar surface is ~75 mm.

d. Set the helium exit pressure and the vacuum pressure in the barotolerant chamber as 4.0 kgf/cm? and 600 mmHg,
respectively.

e. Bombard the protonemal lawn with the DNA-coated particle suspension.

Note: Perform the bombardment steps as quickly as possible to avoid contamination of the protonema culture.

f. Remove the DNA cartridge from the chamber and refill it with 10 uL of the DNA-coated gold particle suspension.

g. Set the DNA cartridge and carry out the bombardment using the same conditions, targeting another portion of the
protonemal lawn.

h. Repeat the refilling and bombardment processes again (three times of bombardments in total).

6. Selection of G418 resistant clones (Figures 1C-E).

a. Cover the plate and seal with micropore surgical tape.

b. Incubate the plate in the dark at 25 °C for 24 h.

Note: Post-bombardment culture in the dark does not have to be exactly 24 h, but longer cultures gradually lead to cell
death and should be avoided.

c. With tweezers, pick up the protonema cells at the positions where plasmid DNAs were bombarded (Figure 2) and put
them in a glass tube.

d. Add 4 mL of sterile purified water and grind with the homogenizer (N-310E).

e. Propagate onto two BCDATG (G418+) agar plates that were laid with cellophane sheets.

f. Cover the plate, seal with micropore surgical tape, and incubate at 25 °C in continuous white light (45 pmol m? s™') for
~2 weeks.

Figure 2. Collection of protonema cells at the positions where plasmid DNAs were bombarded. Proceed with steps
from A to C. In (C), a small clump of protonema cells is visible at the tip of the forceps. Collect cells from a circular area
with a diameter of approximately 1.5-2 cm.

C. Growth of surviving protonemata to small colonies and genotyping (Figures 1F—H).

1. Using tweezers, pick up surviving colonies and transfer to new BCDAT or BCDATG agar plates with no cellophane sheet.
2. Incubate the plates at 25 °C in continuous white light (45 pmol m™-s™) until each protonemal patch has grown to a 5-10
mm diameter colony.

3. Transfer a pinch of fresh protonemata from each colony to PCR tubes and perform green PCR as previously described
[8] with an appropriate primer set to amplify a genomic region including the target sequence.

4. After confirming that the green PCR products show a band with the expected size on agarose gel electrophoresis, check
the DNA sequences of the PCR products by direct sequencing using BigDye Terminator v3.1 Cycle Sequencing Kit or
SupreDye Cycle Sequencing Kit v3.1. Use the reaction mixture of green PCR directly as the sequencing template.
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Validation of protocol

By using this protocol, we attempted disruption of two genes, PpPPR 2 (Pp6c16_4940 in Physcomitrium patens v6.1;
https://phytozome-next.jgi.doe.gov/info/Ppatens_v6_1) and PpPPR 38 (Pp6c6_14240), encoding two distinct
PentatricoPeptide Repeat (PPR) proteins [18]. PPR proteins are nuclear-encoded RNA-binding proteins that are involved in
post-transcriptional control of gene expression in chloroplasts and mitochondria [18]. Hattori et al. [19] succeeded in HR-
based targeted disruption of PpPPR_38 using PEG-mediated transformation. On the other hand, so far, there have been no
reports that studied PpPPR_2. In the construction of the sgRNA expression vectors, two sets of DNA oligonucleotides were
used for generating the DNA fragments of the target sequences: PPR2_crRNA Fwd2 and PPR2_crRNA_Rv2 for PpPPR 2
(designed based on the coding region sequence within the first PPR motif), and PPR38 crRNA_fw2 and PPR38 crRNA rv2
for PpPPR_38 (based on the coding region sequence upstream from the first PPR motif). PPR motifs were predicted using
the website PPR [17]. The following set of primers was used for green PCR and sequencing of the resulting amplified DNA
fragments: PpPPR2_cr2_seq fw and PpPPR2 cr2_seq rv for PpPPR_2,and PPR38_cr2_seq fw2 and PPR38_cr2 seq rv2
for PpPPR_38. We conducted two biologically independent experiments for each gene, the results of which are shown in
Table 1.

Table 1. Results of attempts to obtain mutant clones by using the current protocol. Numbers of clones obtained in two
independent experiments (Exp. #1 and #2) for each target gene (PpPPR_2 and PpPPR_38) are summarized. Surviving
clones: the total number of colonies observed immediately after G418 selection. WT: the number of clones with no difference
to the wild-type sequence around the target sequence. FS+: the number of clones with frameshift mutations around the target
sequence (supposedly resulting in disruption of gene function). FS- (in) and FS- (del): the number of clones with non-
frameshift insertion and deletion of nucleotides, respectively, around the target sequence. Mosaic: the number of clones
showing mixed sequences, possibly representing aggregation of cells from two (or more) distinct clones. KO ratio: the ratio
of FS+ to Sequenced clones.

Target Survivi S d

arge Exp. L VIVIRE  SEQUENCEE - yor ps+  FS-(in) FS-(del) Mosaic KO ratio

gene clones clones

PpPPR 2 #1  >200 46 36 4 1 1 4 8.7% (4/46)
4 >200 32 26 4 0 0 2 12.5% (4/32)
#1 >200 26 21 2 0 2 1 7.7% (2/26)

PpPPR

PPPR3S 4y =200 24 14 3 0 5 2 12.5% (3/24)

The overall average of the ratios of the FS+ clones to sequenced clones is 10.35% (£2.52), indicating that we can modify a
given gene with practically enough efficiency by using this protocol. Figure 3 shows the alignment of the sequences around
the target sequence of each gene from all the clones in which frameshift mutations occurred. We compared the growth of
colonies of the wild-type strain (WT), two clones with a frameshift mutation (FS+), two clones with a non-frameshift
mutation (FS-), and two clones with no mutation (m-) (Figure 4). As for the PpPPR_38 gene, the FS+ clones showed small
colonies due to retarded growth of caulonemal filaments (Figure 4). The retardation of caulonemal growth was more
significant in colonies grown in BCDG or BCDAT agar medium than in those grown in BCDATG agar medium (Figure 4).
These phenotypes are in good agreement with those of PpPPR_38 knockout (KO) strains produced by the HR-based method
in a previous study [19], corroborating that the frameshift mutations caused functional disruption of PpPPR_38. On the
other hand, we did not observe a significant difference between the growth of WT and the FS+ clones of PpPPR 2 (data
not shown).
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|
+TCGAGAAG
Pp PPR 2 / #CGATCATCGACACCGCGCAGATC
_ TCACATCGACGGCTTCTATGAAR
#1 TGGCGGATGAGCAGGGGCGACCATAGG- -~~~ —GGTCAACTCTGARARACCTAAGAAGAGAC (+8,-7)
#2 TGGCGGATGAGCAGGGGCGACCAT--——~AGTTCGGTCARCTCTGAAAAACCTAAGAAGAGAC (-5)
#3 TGGCGGATGAGC A== ———==—==—== ---TCGGTCAACTCTGAARAACCTAAGAAGAGAC (-19)
#4 TGGCGGATGAGCAGGGGEL ~~————==F=—===== GGTCAACTCTGAAAAACCTAAGAAGAGAC (-16)
#5 TGGCGGATGAGCAGGGGCGACCATAGGCAAGTTCGGTCAACTCTGAAAAACCTAAGAAGAGAC (+46)
#6 TGGCGGATGAGCAGGGGCG-———————=—=————————— ACTCTGAAAAACCTAAGAAGAGAC (-20)
#7 TGGCGGATGAGCA=————==————————— AGTTCGGTCAACTCTGAAARACCTAAGAAGAGAC (-16)
#8 TGGCGGATGAGCAGGGGCGACCAT -~~~ AGTTCGGTCAACTCTGAAAAACCTAAGAAGAGAC (-5)
WT TGGCGGATGAGCAGGGGCGACCATAGGCALGTTCGETCAACTCTGARAAACCTAAGAAGAGAC
PAM Target site
PpPPR 38 +CTAATGG +CTT
#1 AGCGGGCCTGAATGATATAAL —===~ el Nl — AATGAGGAGARGAGCGG (+7,-21)
#2 AGCGGGCCTGAATGATATAATTTTTAGGAGGTCTAL —~——— === ———= TGAGGAGAAGAGCGG (+3,-13)
#3 AGCGGGCCTGAATGATATAATTTTT————— === ——————————m—— AGGAGAAGAGCGG (-25)
#4 AGCGGGCCTGAATGATATAATTTTT————— === ————————— AGGAGRAGAGCGG (-25)
#5 AGCGGGCCTGAATGATATAATTTTT————— === ———————————————————— AGAAGAGCGG (-28)
WT AGCGGGCCTGAATGATATAATTTTTAGGAGGTCTAACTACGGGAGGAATGAGGAGAAGAGCGG
Target site PAM

Figure 3. Alignments of the target (and flanking) sequences between the WT strain and the clones with frameshift
mutations. The results of experiments conducted for the PpPPR 2 (top) and PpPPR 38 (bottom) genes are presented.
Dashes indicate deletions. Sequences starting with a plus indicate insertions. The numbers beginning with plus and minus
signs in parentheses indicate the number of nucleotide insertions and deletions, respectively, in the corresponding sequences.
PAM and target site sequences are underlined below the alignment for each gene.

Day 0 Day 7 Day 14 Day 19

- . . .
- . . . .
o . . .

Figure 4. Growth of PpPPR 38 mutant strains obtained by this protocol. Growth of the wild-type strain (WT), two
deletion mutants with frameshift (FS+#4 and FS+#5), two deletion mutants with no frameshift (FS-#1 and FS-#2), and two
surviving clones with no mutation (m-#1 and m-#2) are presented. Colonies of these clones grown on BCDG, BCDAT, or
BCDATG agar medium were photographed when they were similar sizes (day 0), and grew for the indicated days (day 7,
14, and 19) under white light irradiation (45 umol m?-s™!) at 25 °C.
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General notes and troubleshooting

General notes

Depending on the target gene, the presence of glucose and/or ammonium tartrate in the culture medium may affect the
efficiency of obtaining clones with frame shifts. Hattori et al. [19] reported that the colonies of the PpPPR_38 KO strain
were much smaller than the WT colonies when grown on BCD (which contains no glucose or ammonium tartrate), BCDG,
or BCDAT, while there was no significant difference between the KO strain and WT in colony sizes when grown on
BCDATG. According to this, we used BCDATG for G418 selection and later culture for PpPPR 38 experiments.

Troubleshooting

Problem 1: Sequencing of the product of green PCR sometimes results in low signal-to-noise ratios and an absence of clearly
defined peaks.

Possible cause: Low quality of template DNA.

Solution: Purification of the amplification product using NucleoSpin Gel and PCR Clean-Up kit significantly improves the
sequencing results.

Problem 2: The helium gas emitted during bombardment sometimes blows away the target part of protonemata.
Possible cause: Protonemata contain too much water and are easily peeled off the agar surface.
Solution: Culture the protonemal lawn until the water on the agar surface well dries.
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