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11

Summary

12

Aureobasidium pullulans is a ubiquitous, polyextremotolerant, “yeast-like” ascomycete used

13

for the industrial production of pullulan and other products and as biocontrol agent in the

14

agriculture. Its application potential and its wide-spread occurrence make A. pullulans an

15

interesting study object. The availability of a fast and efficient genome editing method is an

16

obvious advantage for future basic and applied research on A. pullulans. In this study, we

17

describe the development of a CRISPR/Cas9-based genome editing method using

18

ribonucleoproteins (RNPs). We demonstrate that this method can be used for single and

19

multiplex genome editing using only RNPs by targeting ura3 (encoding for orotidine-5'-

20

phosphate decarboxylase), praics (encoding for phosphoribosyl aminoimidazole-

21

succinocarboxamide synthase) and asl (encoding for arginine succinate lyase). We

22

demonstrate the applicability of Trichoderma reesei pyr4 and Aspergillus fumigatus pyrG to

23

complement the ura3 deficiency. Further, we show that the usage of RNPs can boost the

24

homologous recombination rate up to nearly 100%, even when using only 20bp long

25

homologous flanks. Therefore, the repair cassettes can be constructed by a single PCR,

26

abolishing the need for laborious and time-consuming cloning. The here presented method

27

allows fast and efficient genome editing for gene deletions, modifications, and insertions in A.

28

pullulans.

29

30

Introduction

31

Aureobasidium pullulans is a ubiquitous, black yeast-like ascomycete (Dothideomycetes,

32

Dothideales), characterized by the production of melanin, phenotypic plasticity,

33

polyextremotolerance and adaptability (Cooke, 1959; de Hoog, 1993; Schoch et al., 2006;

34

Gostinčar et al., 2011). A. pullulans is used industrially for the production of pullulan (Bernier,

35

1958; Bender et al., 1959; Leathers, 2003). Pullulan and its derivatives have a multitude of
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36

practical applications in the food, pharmaceutical, agricultural, and chemical industries

37

(Leathers, 2003; Chi et al., 2009). Further products of A. pullulans with potential industrial

38

applications are other extracellular polysaccharides, enzymes, antimicrobial compounds,

39

siderophores, heavy oils, poly(β-L-malic acid) (Chi et al., 2009; Prasongsuk et al., 2018).

40

Further, A. pullulans can be used as a biocontrol agent in the agriculture sector (Sharma et al.,

41

2009). Based on the wide-spread occurrence and the application potential of A. pullulans, there

42

is an obvious demand for an easy and efficient genome editing method.

43

The clustered regularly interspaced short palindromic repeat (CRISPR) system from

44

Streptococcus pyogenes has been used for genome editing in various organisms due to the ease

45

of target programming, modification efficiency, and multiplexing capacity (Doudna and

46

Charpentier, 2014; Sternberg and Doudna, 2015). The modified system depends on a single

47

multifunctional Cas protein (Cas9) and a single guide RNA (sgRNA) which programs Cas9 to

48

introduce a double-strand break (DSB) in a 20 nt-target sequence upstream of a protospacer

49

adjacent motif (PAM, 5’-NGG-3’) (Jinek et al., 2012; Sternberg and Doudna, 2015).

50

Subsequent to the DSB, two main repair pathways i.e., the error-prone non-homologous end

51

joining (NHEJ) and the homology directed repair (HDR) can be exploited for genome editing.

52

The NHEJ repair pathway readily ligates DSBs but often causes insertion/deletion mutations at

53

the target site that can lead to loss of gene function. The HDR pathway can be utilized to insert

54

a defined sequence at the target site. A repair or donor DNA template must be provided to this

55

end (Hsu et al., 2014; Sander and Joung, 2014). There are different methods for delivery of

56

Cas9 and sgRNA into cells available (Yip, 2020). DNA carrying the genes for Cas9 and sgRNA

57

can be transformed. This is cost-effective but requires cloning steps and the plasmid DNA might

58

be inserted at unwanted sites in the genome. Further, the prolonged expression of Cas9 increases

59

the chance of off-target effects (Yip, 2020). Second, the mRNA for the Cas9 can be transformed

60

together with the sgRNA. This minimizes the risk of unwanted integration and off-target effects

61

but is expensive. Third, ribonucleoproteins (RNPs) consisting of the Cas9 protein and the
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sgRNA can be assembled in vitro and inserted into the target cell. This is a fast and easy delivery

63

technique of CRISPR components that does not require cloning or in vivo transcription and

64

translation. RNPs enable immediate transient gene editing with reduced off-target effects (Kim

65

et al., 2014; Yip, 2020). Cas9-sgRNA RNPs have been shown to efficiently edit the genomes

66

of human and animal cells (Cho et al., 2013; Kim et al., 2014; Chaverra-Rodriguez et al., 2018;

67

Chen et al., 2019), plant cells (Park et al., 2019; Lee et al., 2020) and various fungi (Foster et

68

al., 2018; Zou et al., 2020). In A. pullulans, CRISPR mediated genome editing was previously

69

performed using plasmids (Zhang et al., 2019) but RNPS have not yet been used.

70

In this study, we demonstrate that Cas9-sgRNA RNPs can be used for single and multiplex

71

genome-editing of three A. pullulans strains (EXF-150, ATCC 42023 and NBB 7.2.1) by

72

targeting the ura3 (encoding for orotidine-5'-phosphate decarboxylase), praics (encoding for

73

phosphoribosyl aminoimidazole-succinocarboxamide synthase) and asl (encoding for arginine

74

succinate lyase) genes. Further, we complemented the uridine auxotrophy with ura3

75

homologues from Trichoderma reesei and Aspergillus fumigatus. Lastly, we demonstrate that

76

integration cassettes with flanks as short as 20 bp can be used for an HDR-mediated gene

77

insertion with homologous integration rates of up to 100%.

78
79

Results and Discussion

80

CRISPR/Cas9 RNPs can be used for genome editing in A. pullulans

81

To test, whether Cas9 RNPs can be used in A. pullulans, we used the ura3 gene as a target,

82

because loss-of-function mutations in this gene results in a resistance against 5-fluoroorotic

83

acid (5-FOA) (Rose et al., 2000). We designed two sgRNAs (ura3_sgRNA1 and

84

ura3_sgRNA2) targeting two sites in ura3 (Fig. 1A). This strategy aimed to enhance the rate of

85

loss-of-function, because the middle gene fragment is expected to get lost during the NHEJ

86

repair. The initial RNP delivery experiments were conducted without sgRNA refolding or the

87

addition of β-mercaptoethanol. For the A. pullulans reference strain EXF-150, we obtained
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88

about 250 5-FOA resistant colonies after delivering approx. 0.084 nmol of Cas9 and sgRNA

89

each (Fig. S1). To verify that the obtained ura3 loss-of-function was indeed a result of the

90

CRIPSR mediated DSBs, we sequenced the ura3 locus of six random colonies. In four colonies

91

(#1, 2, 4, and 5), we observed short deletions at the target site of ura3_sgRNA1 (Fig. 1B), which

92

is a typical result of NHEJ repair mistakes after a DSB (Hsu et al., 2014; Sander and Joung,

93

2014). In two colonies (#3 and 6), the 800bp-long fragment between the two target sites was

94

deleted (Fig. 1C). Based on this outcome, we conclude that ura3_sgRNA1 is more effective

95

than ura3_sgRNA2. This is in accordance with previous studies; choice of sgRNA affects

96

efficiency and specificity of CRISPR/Cas9 genome editing (Chari, Mali, Moosburner, &

97

Church, 2015; Doench et al., 2016; Doench et al., 2014; Wang, Wei, Sabatini, & Lander, 2014;

98

Xu et al., 2015). However, neither of the six colonies could grow on medium lacking uridine

99

(SC-URA) (Fig. 1D). The uridine auxotrophy could be complemented with the ura3

100

homologues from Trichoderma reesei (pyr4) and Aspergillus fumigatus (pyrG) (Fig. S2). To

101

this end, the auxotrophic mutant Δura3 #6 was transformed with plasmids pJET-pyr4 (Derntl

102

et al., 2016) and pJET-pyrG, respectively.

103

Next, we tested the applicability of the RNPs in other A. pullulans strains. To this end, approx.

104

0.042 nmol of Cas9 and ura3_sgRNA1 each were delivered into the strains ATCC 42023 and

105

NBB 7.2.1, yielding about 300 and two colonies, respectively (Fig. S3 and Fig. S4Fehler!

106

Verweisquelle konnte nicht gefunden werden.). Only ura3_sgRNA1 was used since it was

107

more effective than ura3_sgRNA2 in EXF-150. Sequencing of the ura3 locus of six random 5-

108

FOA resistant ATCC 42023 colonies and the two 5-FOA resistant NBB 7.2.1 colonies

109

confirmed deletion of nucleotides at the ura3_sgRNA1 target site (Fig. S5 and Fig. S6).

110

Notably, ATCC 42023 was suggested to be A. pullulans var. melanogenum or A. melanogenum

111

in recent studies (Zalar et al., 2008; Rich et al., 2016). Accordingly, we observed an enhanced

112

melanin production in this strain compared to the strains EXF-150 and NBB 7.2.1, and a high

113

sequence similarity of the ura3 gene to A. melanogenum strain TN3-1 (Fig. S7). As the genome
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of ATCC 42023 is not sequenced, we used ura3_sgRNA1 at a venture and could obtain a

115

relatively high number of colonies (Fig. S3) despite a mismatch in the sgRNA target site

116

(Fig. S5). The low genome editing efficiency of A. pullulans NBB 7.2.1 (2 colonies, Fig. S4)

117

could be improved by the addition of β-mercaptoethanol to the protoplasts (as described in

118

(Cullen et al., 1991) and by denaturing and refolding the sgRNA prior to the RNP assembly (as

119

suggested in (Pohl et al., 2018)). These modifications resulted in about 50 colonies for approx.

120

0.084 nmol Cas9 and sgRNA each (Fig. S8). Consequently, all following RNP delivery

121

approaches were performed with sgRNA denaturing and refolding and β-mercaptoethanol

122

addition.

123

Multiplex genome editing allows manipulation of not directly selectable genes

124

To test for the possibility of multiplex genome editing using Cas9 RNPs, we simultaneously

125

targeted ura3 and another gene; either the praics or the asl gene. Loss-of-function mutations

126

in praics and asl cause adenine and arginine auxotrophy, respectively. For the co-delivery, the

127

sgRNAs targeting praics or asl were mixed with the ura3_sgRNA1 in a ratio of 11:1 and

128

delivered into A. pullulans EXF-150. We selected for ura3 deficiency (5-FOA resistance) and

129

then tested 24 randomly picked colonies for adenine and arginine auxotrophy, respectively. For

130

praics, four out of 24 candidates were adenine auxotroph; they could not grow without adenine

131

(Fig 2A), and turned red, due to the accumulation of the intermediate AIR (5'-phosphoribosyl-

132

5-aminoimidazole) (Fig. 2B). These four candidates carry deletions at the sgRNA target site

133

(Fig. S9). For asl, only one out of the tested 24 candidates was arginine auxotroph (Fig. 3), due

134

to mutations at the sgRNA target site (Fig. S10). We speculate that the obtained low frequency

135

of loss-of-function mutations in praics and asl might be a result of different effectivities of the

136

used sgRNAs. The ura3_sgRNA1 appears to be highly effective. However, the obtained

137

adenine and arginine auxotrophic strains might be used in future studies.

138

Cas9 RNPs can be used to increase the recombination frequency during HDR
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139

Homologous recombination allows advanced genomic manipulations such as the insertion of

140

point mutations, protein tags, and longer genetic material, or exchange of sequences. In many

141

fungi, the NHEJ-pathway is the dominant repair mechanisms and recombination rate is very

142

low (Krappmann, 2007). We were interested whether Cas9 induced DSBs enhance the

143

recombination frequency. To this end, we constructed disruption cassettes and designed a

144

sgRNA targeting the dl4 gene (encoding DNA ligase IV involved in the NHEJ pathway). The

145

disruption cassettes consisted of the pyr4 gene from T. reesei as marker and homologous flanks

146

of different lengths (20 bp or 500 bp) (Fig. 4). We transformed 3 µg of the disruption cassettes

147

alone or together with dl4_sgRNA-Cas9 RNPs into A. pullulans EXF-150 Δura3 #6 and

148

selected for uridine prototrophy. 24 randomly selected colonies for each transformation reaction

149

were tested for homologous integration at the target locus. Without the addition of RNPs, HR

150

frequencies with the 20 bp and 500 bp long flanks were 50% and 83%, respectively (Fig. S11

151

and Fig. S12). Addition of RNPs increased the frequencies to 96% and 100%, respectively

152

(Fig. S13 and Fig. S14). We verified the homologous recombination after transformation with

153

the 20 bp-long flanks by sequencing (Fig. S15). Homologous recombination could be

154

confirmed in 11 of 12 tested transformants. One transformant showed homologous

155

recombination at the 3’ site but an inconclusive sequencing result at the 5’ site. Notably the

156

corresponding PCR product is longer than expected (Fig. S13). We originally chose this gene

157

with the aim to construct a NHEJ-deficient strain. This strategy has previously been used in a

158

series of fungi to enhance the homologous recombination rate (Krappmann, 2007). To our

159

pleasant surprise, this does not seem to be necessary in A. pullulans EXF-150, as the frequency

160

of homologous recombination was already high (50% and 83% using 20 bp and 500 bp-long

161

flanks, respectively). Remarkably, the recombination rate could be enhanced by the usage of

162

RNPs (96% and 100%, respectively). Since 20 bp-long flanks in combination with Cas9 RNPs

163

suffice for a high recombination rate in A. pullulans EXF-150, construction of
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164

disruption/integration/deletion cassettes can easily be performed via PCR and primers with

165

20bp-long overhangs.

166
167

Experimental Procedures

168

Strains and cultivation conditions

169

A. pullulans strains EXF-150 (CBS 100280, (Gostinčar et al., 2014)), ATCC 42023 (Zajic and

170

LeDuy, 1973) and NBB 7.2.1 (CCOS1008, (Hilber-Bodmer et al., 2017)) were maintained on

171

malt extract (MEX) agar at 24°C. Defined medium without yeast extract (Ueda et al., 1963)

172

was used as a minimal medium for testing of adenine and arginine auxotrophy. SC-URA

173

medium (1,71 g l-1 Yeast Nitrogen Base, 1,92 g l-1 Yeast Synthetic Drop-Out Medium

174

Supplements without Uracil, 5 g l-1 (NH4)2SO4 and 20 g l-1 glucose) was used as a uridine free

175

medium. If applicable, uridine, 5-fluoroorotic acid (5-FOA), adenine and arginine were added

176

to final concentrations of 5 mM, 2 g l-1, 0.5 mM and 2.5 mM, respectively.

177

Cas9 protein and sgRNAs

178

For generation of sgRNAs, target-specific DNA oligonucleotides were designed in silico using

179

the EnGen sgRNA Template Oligo Designer (New England Biolabs, Inc., Ipswich, MA, USA).

180

Templates for sgRNA in vitro transcription were synthesized by hybridizing the target-specific

181

oligo and the S. pyogenes Cas9 scaffold oligo and filling up with T4 DNA polymerase (New

182

England Biolabs) according to the manufacturer's instructions. Using this DNA fragment as

183

template, sgRNA was transcribed in vitro using the HiScribe Quick T7 High Yield RNA

184

Synthesis Kit (New England Biolabs). The transcribed sgRNA was treated with DNaseI

185

(Thermo Fisher Scientific) and purified using the RNA Cleanup Kit (New England Biolabs).

186

Prior to RNP assembly, the sgRNA was denatured and refolded as described by Pohl et al. (Pohl

187

et al., 2018). RNPs were assembled in a 150 μl reaction in buffer B (1 M sorbitol, 25 mM CaCl2,

188

10 mM Tris.Cl pH 7.5) containing 15 µl 10x Cas9 buffer (20 mM HEPES, 150 mM KCl, 8 mM
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189

MgSO4· 7 H2O, 0.1 mM EDTA, 0.5 mM dithiothreitol, pH 7.5), 4.25 μl EnGen Cas9-NLS (20

190

μM, New England Biolabs), 2.7 µg sgRNA at 37°C for 10 min.

191

RNP delivery and transformation

192

For the generation of protoplasts 10 ml of an overnight liquid culture with an OD600 of approx.

193

1 were centrifuged at 6000 g for 5 min. The cell pellet was washed with 20 ml buffer A

194

(100 mM KH2PO4, 1.2 M sorbitol, pH = 5.6) and resuspended in lysing solution (15 ml buffer

195

A containing 150 mg lysing enzymes from T. harzianum (Sigma-Aldrich, St. Louis, MO, USA,

196

L1412) and 150 mg β-glucanase from T. longibrachiatum (Sigma-Aldrich, G4423). This

197

suspension was incubated at 24°C on a rotary shaker at 140 rpm until protoplasts formed

198

(approx. 1 h). Protoplasts were recovered by the addition of 25 ml ice-cold 1.2 M sorbitol and

199

centrifugation at 4°C and 3000 g for 10 min. Protoplasts were washed once with 30 ml 1.2 M

200

ice-cold sorbitol and twice with 10 ml ice-cold buffer B and then resuspended in 1 ml ice-cold

201

buffer B (volume adjusted to the OD600 of the overnight culture). For transformation, 100 µl of

202

the protoplast suspension were mixed with 100 µl “20% PEG solution” (20% (w/v) PEG 4000,

203

0.67 M sorbitol, 20 mM CaCl2, 10 mM Tris pH = 7.5) and 2 µl β-mercaptoethanol added. Next,

204

150 µl of the RNP mix or 150 µl Buffer B were added. For transformation of DNA, 5 μg of

205

undigested plasmid DNA or 3 µg of linear donor DNA were used, respectively. The reactions

206

were incubated on ice for 30 minutes and 750 µl “60% PEG solution” (60% (w/v) PEG 4000,

207

10 mM CaCl2, 10 mM Tris pH = 7.5) added stepwise. After 20 minutes at 23°C, 4.1 ml of

208

buffer C (1 M sorbitol, 10 mM Tris.Cl pH= 7.5) were added stepwise. Different amounts of the

209

transformation mix were added to 20 mL of melted, 50°C warm selection medium, containing

210

1 M sucrose. This mixture was poured into sterile petri dishes. The plates were incubated at

211

24°C for 6 to 14 days until colonies were visible.

212

Construction of pJET-pyrG

213

The pyrG gene of A. fumigatus was amplified by PCR using the Q5 DNA Polymerase (New

214

England Biolabs), the primers pyrG_fwd-AflII-NsiI and pyrG_rev-EcoRI-AatII, and the
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215

plasmid pFC330 (Nødvig et al., 2015) as template. The PCR was inserted into pJET1.2 using

216

the CloneJET PCR Cloning Kit (Thermo Scientific) according to the manufacturer’s

217

instructions. The sequence was verified by Sanger sequencing (at Microsynth AG, Balgach,

218

Switzerland) (Fig. S16 and Fig. S17).

219

Construction of disruption cassettes

220

For the construction of pUC18_Apdp4 (Fig. S18) a gene assembly strategy using the NEBuilder

221

HiFi DNA Assembly Cloning Kit (New England Biolabs) was followed. The pyr4 gene was

222

amplified using the primers pyr4dl4_20bp_rev and pyr4dl4_20bp_fwd and the plasmid pJET-

223

pyr4 (Derntl et al., 2016) as template. The two 500 bp-long homology flanks of the dl4 gene

224

were amplified using the primers dl4_5Overlap500_fwd and dl4_5Overlap_rev or

225

dl4_3Overlap_fwd and dl4_3Overlap500_rev and genomic DNA of A. pullulans EXF-150 as

226

template. The plasmid pUC18 was amplified with the primers pUC18_fwd and pUC18_rev.

227

The sequence of pUC18_Apdp4 was verified by Sanger sequencing (at Microsynth AG). Linear

228

disruption cassettes (Fig. S19) for transformation were amplified using the primers

229

dl4_20bpover_fwd and dl4_20bpover_rev or dl4_500bpover_fwd and dl4_500bpover_rev and

230

pUC18_Apdp4 as template. The PCR products were purified with the GeneJet PCR Purification

231

Kit (Thermo Scientific) according to the manufacturer's instructions. Several PCR reactions

232

were pooled to obtain enough DNA for transformation. The DNA was concentrated by

233

precipitation with sodium acetate and ethanol and dissolved in double-distilled water (ddH2O).

234

Genotyping

235

For the extraction of chromosomal DNA, we used the colony PCR protocol described by Wu

236

et al. (Wu et al., 2017). For diagnostic PCR, 2µL of the resulting crude DNA extract was used

237

as the template in a 50-μl PCR with the OneTaq DNA polymerase (New England Biolabs)

238

according to the manufacturer's instructions. For subsequent agarose gel electrophoresis of the

239

DNA fragments, a GeneRuler 1-kb Plus DNA ladder (New England Biolabs) was applied to

240

estimate the fragment size. Loci to be sequenced were amplified by PCR with the Q5 DNA
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241

polymerase (New England Biolabs) according to the manufacturer's instructions and sequenced

242

at Microsynth AG.

243

Oligonucleotides

244

All oligonucleotides used in this study are listed in Table S1.

245
246
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Figures

370
371

Fig. 1 CRISPR/Cas9 mediated manipulation of ura3 in A. pullulans EXF-150 with RNP

372

delivery.

373

A Two different sgRNAs (green, ura3_sgRNA1; yellow, ura3_sgRNA2) direct the Cas9 to two

374

distinct target sites in the ura3 coding region. Introns are indicated in dark red.

375

B Partial sequences of ura3 coding region of the A. pullulans EXF-150 wildtype (wt) and six

376

5-FOA resistant colonies (#1-6) obtained after the delivery of Cas9 RNPs. Exon sequences are
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377

bold, the corresponding amino acid sequence is given above the genomic sequence. Target site

378

of ura3_sgRNA1 and ura3_sgRNA2 are highlighted in green and yellow, respectively. PAM

379

sites are underlined. In four colonies (#1, 2, 4 and 5) deletions occurred at the sgRNA1 target

380

site. In #2, 4 and 5, this resulted in a frame shift. In two colonies (#3 and 6) the entire gene

381

fragment between the two target sites (#3: 843 bp segment, #6: 821 bp segment) was lost.

382

C The A. pullulans EXF-150 wildtype (wt) and six 5-FOA resistant colonies (#1-6) were

383

cultivated on medium lacking uridine (left, SC-URA) and medium containing 5 mM uridine

384

(right, SC+Uri) for 7 days at 24°C.

385
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386
387

Fig. 2 Auxotrophy testing of colonies resulting from a co-delivery of RNPs targeting the ura3

388

and the praic genes.

389

A The A. pullulans EXF-150 wildtype (wt), the uridine auxotrophic strain Δura3 #6 (Δ), and

390

24 randomly selected 5-FOA resistant colonies resulting from the co-delivery of RNPs targeting

391

the ura3 and the praics genes were cultivated on minimal medium lacking adenine (left,

392

MM+Uri-Ade) and on medium containing 0.05 mM adenine (right, MM+Uri+Ade) for 7 days

393

at 24°C. Colonies #10, 13, 17 and 21 were not able to grow on medium without adenine (red

394

arrows).
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395

B The same strains were cultivated malt extract (MEX) plates supplemented with uridine and

396

adenine (MEX+Uri+Ade) for 7 days at 24°C. Adenine auxotrophic mutants produce a red

397

pigment due to the accumulation of an intermediate in purine biosynthesis.

398

399
400

Fig. 3 Auxotrophy testing of colonies resulting from a co-delivery of RNPs targeting the ura3

401

and the asl genes.

402

The A. pullulans EXF-150 wildtype (wt), the uridine auxotrophic strain Δura3 #6 (Δ), and 24

403

randomly selected 5-FOA resistant colonies resulting from the co-delivery of RNPs targeting

404

the ura3 and the asl genes were cultivated on minimal medium lacking arginine (left, MM+Uri-

405

Arg) and medium containing 2.5 mM arginine (right, MM+Uri+Arg) for 7 days at 24°C. Colony

406

#21 was not able to grow on medium without arginine (red arrow).

407
408
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409
410

Fig. 4 Schematic representation of disruption of dl4 with pyr4 disruption cassettes via

411

homologous recombination.

412

The uridine auxotrophic strain (EXF-150 Δura3 #6) was transformed with pyr4 integration

413

cassettes, in order to complement uridine auxotrophy and disrupt dl4 (red arrow) with the

414

marker gene pyr4 (grey arrow) via homologous recombination. The yellow frames represent 5′-

415

and 3′-flanks for the homologous recombination. 20 and 500 bp-long segments in vicinity to

416

the dl4_sgRNA target site were chosen as flanks. The white arrow indicates the recombination

417

event. Primers (black arrows) used for PCR are depicted: 1, 500_flank_fwd; 2, 20_flank_fwd;

418

3, pyr4_flank_rev; 4, 500_flank_rev; 5, 20_flank_rev; 6, pyr4_flank_fwd. Transformation of

419

donor DNA was carried out with and without delivery of dl4_sgRNA-Cas9 RNPs to assess

420

whether CRISPR/Cas9 RNPs increase HR frequency in A. pullulans.

