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ABSTRACT

The World Health Organization recently published the first list of priority fungal
pathogens highlighting multiple Candida species including C. glabrata, C. albicans, and C. auris.
The use of CRISPR-Cas9 and auxotrophic C. glabrata and C. albicans strains have been
instrumental in the study of these fungal pathogens. Dominant drug resistance cassettes are
also critical for genetic manipulation and eliminate the concern of altered virulence when using
auxotrophic strains. However, genetic manipulation has been mainly limited to the use of two
drug resistance cassettes, NatMX and HphMX. Using an in vitro assembled CRISPR-Cas9
ribonucleoprotein (RNP)-based system and 130-150 bp homology regions for directed repair,
we expand the drug resistance cassettes for Candida to include KanMX and BleMX, commonly
used in S. cerevisiae. As a proof of principle, we demonstrated efficient deletion of ERG genes
using KanMX and BleMX. We also showed the utility of the CRISPR-Cas9 RNP system for
generating double deletions of genes in the ergosterol pathway and endogenous epitope
tagging of ERG genes using an existing KanMX cassette. This indicates that CRISPR-Cas9
RNP can be used to repurpose the S. cerevisiae toolkit. Furthermore, we demonstrated that this
method is effective at deleting ERG3 in C. auris using a codon optimized BleMX cassette and
effective at deleting the epigenetic factor, SET1, in C. albicans using a recyclable SAT1. Using

this expanded toolkit, we discovered new insights into fungal biology and drug resistance.

IMPORTANCE: The increasing problem of drug resistance and emerging pathogens is an
urgent global health problem that necessitates the development and expansion of tools for
studying fungal drug resistance and pathogenesis. We have demonstrated the effectiveness of
an expression-free CRISPR-Cas9 RNP-based approach employing 130-150 bp homology
regions for directed repair. Our approach is robust and efficient for making gene deletions in C.
glabrata, C. auris and C. albicans as well as epitope tagging in C. glabrata. Furthermore, we

demonstrated that KanMX and BleMX drug resistance cassettes can be repurposed in C.
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glabrata and BleMX in C. auris. Overall, we have expanded the toolkit for genetic manipulation

and discovery in fungal pathogens.

INTRODUCTION

Fungal infections pose a significant public health concern, with over a billion superficial
infections and 1.5 million deaths occurring annually worldwide (1, 2). Candida species are
responsible for roughly 40-70% of invasive fungal infections (1-3), and several species are
classified as “high priority fungal pathogens” by the World Health Organization (WHO) for study,
including C. glabrata, C. albicans, and C. auris. Infections can range from superficial to life-
threatening, with invasive candidiasis leading to a mortality rate of 20-60% (4, 5). Currently,
there are three major antifungals clinically used for treatment of fungal infections; azoles,
echinocandins, and polyenes (6-8). However, antifungal drug resistance has become a
significant concern, highlighted by the increase in clinically acquired drug resistance in C.
albicans and C. glabrata and the recent emergence of a multi-drug resistant pathogen, C. auris
(8, 9). With increased drug resistance and emerging pathogens, there is an urgent need for the
development and expansion of new and existing tools for studying drug resistance and
pathogenesis in Candida, especially in non-albicans Candida (NAC) species.

To address this need, several groups use various Clustered Regular Interspaced Short
Palindromic Repeats (CRISPR) based methods for genetic manipulations. CRISPR-Cas9 is a
tool that utilizes the Cas9 endonuclease to direct double stranded breaks (DSBs) at the desired
locus by binding to a gene specific guide RNA followed by a protospacer-adjacent motif (PAM)
sequence. A Cas9-mediated DSB will activate either the nonhomologous end-joining (NHEJ) for
error-prone repair resulting in insertions or deletions or a precise homology directed repair
(HDR) using a donor template. Using both approaches can greatly enhance the efficiency to

generate genetic mutations, gene replacements, or epitope tags.
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81 There are two common strategies for utilizing CRISPR genome editing in C. albicans or

82  C. glabrata. One approach involves the expression of the Cas9 enzyme and sgRNA from

83  separate plasmids while the other approach uses one plasmid for expressing Cas9 and sgRNA

84 (10, 11). These plasmid-based approaches can be either episomally expressed or integrated in

85 the genome (12, 13). Another approach is using an expression-free CRISPR-Cas9

86  ribonucleoprotein (RNP) method (10, 14-18). The CRISPR-Cas9 RNP approach has been used

87  with a HDR template containing the NAT1, SAT, and HygB resistances cassette for generating

88 gene deletions in C. glabrata, C. auris, C. lusitaniae, and C. albicans (14-18). A major

89 advantage of this system is that the CRISPR-based RNP system does not require plasmid

90 engineering or species-specific promoter expression in cells (10, 11, 18). Instead, recombinant

91 Cas9 protein, crRNA and tracrRNA are assembled as a ribonucleoprotein complex in vitro and

92 electroporated into competent cells which reduces the steps needed to genetically manipulate

93  prototrophic strains or clinical isolates.

94 In this study, we used an expression-free CRISPR-Cas9 RNP-based approach using

95 homology regions of 130-150 bp for making efficient gene deletions in C. glabrata and C. auris.

96 Our CRISPR-Cas9 RNP approach showed improved efficiency over a non-CRISPR based

97 method using ADE?2 as our reporter for gene disruption. Furthermore, all drug resistance

98 cassettes used for gene disruptions and epitope tagging were PCR amplified using homology

99 regions of 130-150 bp, indicating large flanking sequences are not required with the CRISPR-
100 Cas9 RNP-based approach. Our approach also permits making double deletions and epitope
101  tagging which are difficult to make without CRISPR. More importantly, we demonstrated the
102  utilization of drug resistance cassettes KanMX and BleMX in C. glabrata for generating gene
103  deletions and KanMX for generating epitope tags. These two drug resistance cassettes have
104 not been widely used for C. glabrata but are extensively used for S. cerevisiae. Finally, we
105 demonstrated that the CRISPR-Cas9 RNP approach can also be utilized for making gene

106 deletions in C. auris using codon optimized BleMX. Overall, using the CRISPR-Cas9 RNP
4
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107  approach allowed us to expand the fungal pathogen toolkit by demonstrating that KanMX

108 containing plasmids used for S. cerevisiae can be repurposed for C. glabrata and that BleMX
109 can be used for C. auris and C. glabrata. Furthermore, we showed the utility of these tools by
110  providing phenotypic characterization of factors that alter ergosterol biosynthesis and

111  fluconazole drug susceptibility.

112

113 RESULTS

114  The CRISPR-Cas9 RNP system for efficient gene replacement in C. glabrata using 130-
115 150 bp homology regions.

116 CRISPR-mediated or non-CRISPR-based methods generally rely on large flanking

117  homologous regions ranging from 500 bp to 1000 bp for efficient gene replacements in Candida
118  species (18, 19). Often steps to generate long flanking regions are time consuming and tedious
119  using either cloning or multi-step fusion PCR approaches. The initial CRISPR-Cas9 RNP

120  system developed for Candida species including C. glabrata utilized long homology regions
121 ranging from 500 to 1000 bp (18). However, using CRISPR-Cas9 plasmid-based system and
122 auxotrophic cassettes, it has been reported for C. glabrata that flanking homology regions

123 ranging from 20-200 bp can be used for gene insertions resulting in gene disruption (12). To
124  determine if short homology regions flanking drug resistance cassettes were efficient in making
125 gene deletions in C. glabrata using a CRISPR-Cas9 RNP method, we PCR amplified drug

126  resistance cassettes using long oligonucleotides (IDT Ultramers) that range from ~130-150 bp
127  of homology to the ADE2 gene. The ADE2 gene was selected due to its red pigment phenotype
128 when ADEZ2 gene is disrupted which allows for quick determination of gene replacement

129 efficiency and has been commonly used to determine CRISPR efficiency (13, 20, 21). Using the
130 pAG25 NatMX and pAG32 HphMX plasmids (Fig. 1A, 1B) (22), we deleted the entire ADE2
131  open reading frame and counted the proportion of white and red colonies (Fig. 1C). With the

132  addition of a CRISPR-Cas9 RNP containing two gRNAs and 130-150 bp of flanking homology,
5


https://doi.org/10.1101/2023.06.16.545382
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.16.545382; this version posted June 17, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

133  we observed a five-fold increase in the proportion of red colonies compared to the cassette

134  alone (Fig. 1D). With an efficiency of 62% red colonies, we determined that long homology

135  regions are not required for efficient gene replacement in C. glabrata using NatMX. Similarly, we
136  observed a five-fold increase in the proportion of red colonies using Hygromycin B (HphMX),
137  with an efficiency of 55% replacement using our CRISPR-Cas9 RNP method (Fig. 1E).

138  Altogether, these data suggest that our modified CRISPR-RNP method using 130-150 bps of
139  homology can efficiently generate single gene deletions in C. glabrata.

140

141  Using CRISPR-Cas9 RNP system to generate sequential gene replacements utilizing

142  NatMX and HphMX resistance cassettes.

143 After determining this system efficiently generates single gene deletions, we then tested
144  whether the CRISPR-Cas9 RNP method was sufficient for making sequential gene disruptions
145  for generating double deletion strains. While the pAG25 and pAG32 plasmids are effective for
146  use in single deletions, it is often difficult to generate double gene deletions with these

147  replacement cassettes using standard transformation methods. We suspect that making double
148  deletions using drug resistance cassettes are difficult because they often share homology with
149  the TEF1 promoter and TEF1 terminator (Fig. 1A, 1B). To overcome these issues, we tested if
150 our CRISPR-Cas9 RNP method was sufficient for generating double gene deletions using

151 HphMX and NatMX resistance cassettes.

152 For proof of principle, we probed the ergosterol biosynthesis pathway, a critical pathway
153  for azole antifungal drugs. Azole drugs inhibit Erg11, lanosterol 14-alpha-demethylase, to block
154  ergosterol biosynthesis and leads to accumulation of an Erg3-dependent toxic sterol 14a-

155  methyl-3,6-diol and growth arrest (23-25). Thus, ERG gene deletions or mutations in this

156  pathway can alter azole susceptibility and growth. For example, ERG3 is known to have an

157  azole resistant phenotype when deleted or mutated in S. cerevisiae or C. albicans which is a

158 consequence of not producing the toxic sterol 14a-methyl-3,6-diol (24, 26, 27). However, there

6
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159 has been conflicting results in C. glabrata where ERG3 deletions do not confer resistance to
160 fluconazole while microevolved ERG3 mutations and clinical isolates have shown resistance to
161 fluconazole (25, 28-31). To address this issue, we used our CRISPR-Cas9 RNP method to

162  make erg3A strains using the pAG25-NatMX and pAG32-HphMX as a template or erg5A strain
163  using NatMX (Fig. 1A, B). We performed five-fold serial dilution spot assays on these strains to
164  confirm and compare their phenotypes with and without 64 pg/mL fluconazole in SC media (Fig.
165 2A, B). Both erg3A strains demonstrate a slow growth phenotype, but also a clear increased
166 resistance to fluconazole (Fig. 2A). However, the erg5A strain did not have an observable

167  growth defect without fluconazole and little to no growth on fluconazole containing plates (Fig.
168 2B).

169 Next, we used our CRISPR-Cas9 RNP method to generate erg34erg5A double deletion
170  strains, by deleting ERG5 with HphMX in the previously constructed erg3A (NatMX) strain. After
171  confirming positive transformants via colony PCR, five-fold serial dilution spot assays with and
172 without 64 pg/mL fluconazole were performed. Interestingly, all erg3Aerg5A strains display a
173  synthetic growth defect, more than what was observed in the single erg34 and erg5A strains
174  (Fig. 2B). Despite this significant growth defect under untreated conditions, erg34erg5A strains
175  were still able to grow on fluconazole containing plates similar to an erg3A strain (Fig. 2B). To
176  further validate these strains, we grew cells in SC media to mid-log phase and collected cells for
177  gRT-PCR expression on both ERG3 and ERGS5. In each strain lacking ERG3, we detected no
178  ERGS3 transcript, confirming that ERG3 was deleted (Fig. 2C). Additionally, in each strain

179 lacking ERG5, we detected no ERG5 expression (Fig, 2D), confirming ERG5 was deleted.

180 Interestingly, we do see decreased expression of ERG3 in the ergbA strain and increased

181  expression of ERG5 in the erg3A strain which is consistent with what is observed in S.

182  cerevisiae (32, 33). Altogether, these results suggest that our CRISPR-Cas9 RNP method

183  permits engineering of single and double deletions in C. glabrata. Moreover, we clearly
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184  established that erg3A strains are resistant to fluconazole and identify a genetic interaction
185 between ERG3 and ERG5.

186

187 The CRISPR-Cas9 RNP system efficiently generates gene deletions utilizing the BleMX
188  drug resistance cassette in C. glabrata.

189 Since our CRISPR-Cas9 RNP system is efficient at generating single and double

190 deletions in C. glabrata using NatMX and HphMX, we then tested whether this system was
191 effective for using other drug resistance cassettes typically not used in C. glabrata. We first
192 tested BleMX, which confers resistance to Zeocin, as the use of BleMX has been reported once
193 in C. glabrata using a non-CRISPR transformation method, albeit at extremely low efficiency
194  (<1%) (34). To first determine whether the CRISPR-Cas9 RNP system effectively generates
195 gene deletions using BleMX, we deleted the entire open reading frame of ADEZ2 using the

196 pCY3090-07 plasmid as a template (Fig. 3A) (35). When comparing the proportion of red

197  colonies with and without the addition of CRISPR-Cas9, a five to six-fold increase in efficiency
198  was observed (Fig. 3B). Next, using the pCY3090-07 plasmid, we deleted ERG3 using our
199 CRISPR-Cas9 RNP method and subsequently performed a five-fold serial dilution spot assay
200  with and without 64 pug/mL fluconazole to compare phenotypes of these strains with previously
201  constructed erg34 strains. Similar to the previously constructed erg34 strains, we again

202  observed an azole resistant phenotype. Thus, our results using 4 different drug resistance
203  cassettes clearly indicate that erg3A strains are resistant to fluconazole under the indicated
204  conditions (Fig. 3C and 4C). These data show that BleMX is an effective dominant drug

205 resistance cassette in C. glabrata when using the CRISPR-Cas9 RNP system.

206

207  The CRISPR-Cas9 RNP system efficiently generates gene deletions utilizing the KanMX

208 drug resistance cassette in C. glabrata.
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209 After determining that our CRISPR-Cas9 RNP was effective for single and double gene
210 deletions using NatMX, HphMX and BleMX, we tested whether this system permitted the use of
211 KanMX as a drug resistance cassette in C. glabrata. Although KanMX is routinely used in S.
212  cerevisiae, KanMX has not been successfully utilized for genetic manipulations in C. glabrata.
213  The use of KanMX drug resistance cassettes would allow the repurposing of many S. cerevisiae
214  tagging and deletion KanMX cassettes for C. glabrata. In our studies, we have successfully

215 generated several C. glabrata deletion strains using HphMX or NatMX using ~130-150bp

216  homology with chemical transformation and electroporation (36, 37). However, any attempts to
217 use KanMX as a drug selection cassette using these two methods were not successful (data not
218 shown and Fig. 4B). To first determine whether the CRISPR-Cas9 RNP system is sufficient for
219  repurposing KanMX for use in C. glabrata, ADE2 was deleted using the KanMX drug resistance
220 cassette amplified from the pUG6 plasmid (Fig. 4A) (38). We observed 55% red colonies

221  suggesting that the CRISPR-Cas9 RNP method is efficient in generating gene deletions using
222 KanMX and 800 pg/ml G418 (Fig. 4B). In contrast, when using electroporation without the aid of
223  CRISPR-Cas9, only one red colony out of 86 was observed indicating an efficiency of 1.1%. We
224 were also able to successfully delete ERG3 with our CRISPR-Cas9 RNP method using KanMX.
225 A five-fold serial dilution spot assay with and without 64 ug/mL fluconazole were performed to
226  compare the phenotype to previously constructed erg3A strains. Importantly, we observe an
227  azole resistant phenotype similar to the other constructed erg3A strains (Fig. 4C). These data
228 demonstrate that KanMX is an effective drug resistance cassette for use in C. glabrata when
229  using the CRISPR-Cas9 RNP approach.

230

231 The CRISPR-RNP system generates endogenous epitope tagged proteins using KanMX
232  in C. glabrata.

233 Because our data indicate that KanMX is a suitable drug resistance cassette for gene

234  deletions in C. glabrata, we next determined if using the CRISPR-Cas9 RNP method would also
9
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235  permit endogenous epitope tagging using the C-terminal 3xHA-KanMX plasmid (pFAGa)

236  commonly used for S. cerevisiae (Fig. 5A) (39). ERG3 and ERG11 were used to demonstrate
237  that the CRISPR-Cas9 RNP method would allow for endogenous C-terminal tagging using

238  KanMX. After confirming the presence of the insert via colony PCR, strains were grown with and
239  without 64 pg/mL fluconazole in SC media and collected at mid-log phase for immunoblotting
240  using anti-HA (12CAb5). Histone H3 was used as a loading control. Our data indicate that Erg3
241  protein is expressed under untreated conditions and induced under fluconazole treatment (Fig.
242  5B), which is consistent with transcript analysis from our previous study (40). Erg11 protein is
243  also expressed under untreated conditions and induced under fluconazole treatment (Fig. 5C)
244  similar to what is observed for Erg3 (Fig. 5B) and consistent with previous transcript and protein
245 analysis (40, 41). To confirm that the epitope tag does not alter azole susceptibility, we

246  performed five-fold serial dilution spot assays with and without 64 ug/mL fluconazole, using an
247  erg3A strain as a control. All epitope tagged Erg3-3xHA strains grow similar to WT under both
248  untreated and fluconazole treatment (Fig. 5D). We observe the same effect for Erg11-3xHA

249  strains with and without fluconazole treatment (Fig. 5E). Altogether, these data suggest that the
250 CRISPR-Cas9 RNP system effectively generates endogenous epitope tagged proteins using
251 KanMX and C-terminally tagging Erg11 and Erg3 does not appear to alter azole susceptibility.
252

253  The CRISPR-Cas9 RNP system allows the use of BleMX as a drug resistance cassette for
254  C. auris.

255 It has been previously demonstrated that a CRISPR-Cas9 RNP system can be utilized in
256  C. auris using SAT1 as a drug resistance cassette (14-16, 18). With this, we tested whether the
257 CRISPR-Cas9 RNP system allowed for the utilization of BleMX as a drug resistance cassette in
258  C. auris. We first codon-optimized BleMX for use in CTG-clade species and named the plasmid
259  pCdOpt-BMX (Fig. 6A). Using this codon-optimized BleMX plasmid as a template, we deleted

260 ERGS3in C. auris AR0387 using the CRISPR-Cas9 RNP method. After confirming the presence
10


https://doi.org/10.1101/2023.06.16.545382
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.16.545382; this version posted June 17, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

261  of BleMX via colony PCR, we performed five-fold serial dilution spot assays with and without 64
262  ug/mL fluconazole on each strain. Similar to the C. glabrata erg3A strains, we observed a

263  similar azole resistant phenotype across all clones (Fig. 6B). These data determine for the first
264  time the effective use of our codon optimized BleMX in C. auris when using the CRISPR-RNP
265  approach.

266

267 Using CRISPR-Cas9 RNP system to generate heterozygous and homozygous deletions in
268 C. albicans.

269 SET1, a known histone methyltransferase, when deleted in C. glabrata or S. cerevisiae
270  alters azole susceptibility and ERG gene expression including ERG3 (37, 42). We sought to
271  determine whether loss of SET1 in C. albicans exhibits a similar phenotype. To test this, we
272  generated both heterozygous and homozygous SET7 deletion mutants in a sequential manner
273  where the entire open reading frame was deleted with the SAT1 selection marker to generate
274  the heterozygous deletion and then subsequently recycled using FLP recombinase to make the
275 homozygous deletion in the C. albicans SC5314 strain (Fig. 7A) (43). Because Set1 is a histone
276  H3K4 methyltransferase, we wanted to confirm the loss of methylation in the set1A/A strains
277  using immunoblot analysis using H3K4me1, H3K4me2, and H3K4me3 specific antibodies (Fig.
278  7B). Since Set1 is the sole histone H3K4 methyltransferase in most yeast species, we observed
279  acomplete loss of H3K4 methylation in the set1A/A strain which is consistent with previous

280 reports in a CAl4 strain (44, 45). We also determined that the SET1/set1A strain exhibited no
281 change in H3K4 methylation status indicating loss of one allele didn’t impact global histone

282  methylation (Fig. 7B). To assess azole susceptibility in C. albicans, we performed five-fold serial
283  dilution spot assays with and without 0.5 ug/mL fluconazole. Interestingly, we did not observe
284  altered susceptibility to azoles in the set1A/A or SET1/set1A strains (Fig. 7C). This is in clear
285  contrast to what is observed when SETT is deleted in C. glabrata and S. cerevisiae indicating a

286  species-specific difference and utilization of SET71 (36, 37).
11
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287 DISCUSSION

288 In this study, we have expanded the toolkit in Candida by utilizing the CRIPSR-Cas9
289  RNP approach which allowed the repurposing of drug resistance cassettes for genetic

290 manipulation in prototrophic strains. Using these tools, we established that deleting ERG3 in C.
291  glabrata and C. auris confers a fluconazole resistant phenotype. We also identified a synthetic
292  genetic interaction between C. glabrata ERG3 and ERG5 and determined azole susceptible
293  differences between C. albicans set1A/A strains and C. glabrata set1A strains.

294 We show that the use of CRISPR-Cas9 RNP with homology regions of 130-150 bp is
295 efficient at making single gene deletions, double deletions and epitope tags in C. glabrata.

296  Although three CRISPR-Cas9 RNP studies have used long flanking sequence for gene

297  deletions in C. glabrata and C. auris (14, 15, 18), studies have shown short homology regions of
298  ~50-70bp are feasible for making gene deletions in C. auris and C. albicans (16, 17, 46). We
299 have attempted to use short homology regions of ~60 bp for deleting genes in C. glabrata, but it
300 appears not to be as consistent using ~130-150 bp flanking sequences. In addition, 130-150 bp
301 homology regions have been useful for making double deletion and epitope tagged strains in C.
302 glabrata.

303 Using the CRISPR-Cas9 RNP method, we also determine that two additional drug

304 resistance cassettes (KanMX and BleMX) can be used reliably in C. glabrata allowing for more
305 complex genetic manipulations. With a repertoire of four drug resistance cassettes available for
306 usein C. glabrata, this greatly increases the flexibility and utility for manipulating prototrophic
307 clinical isolates where auxotrophic makers are not readily available or feasible. In addition, our
308 study successfully demonstrates the repurposing of KanMX-containing plasmids traditionally
309 utilized for making gene deletions or C-terminal epitope tags in S. cerevisiae, for use in C.

310 glabrata. While we clearly demonstrate that the endogenous C-terminal 3xHA tagging

311  constructs used for S. cerevisiae is suitable for C. glabrata, this approach may not work for all

312 genes, as C-terminal tagging may disrupt the function of the protein. Thus, our approach would
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313  also allow for repurposing endogenous N-terminal tagging constructs designed for S. cerevisiae.
314  For example, our lab has generated N-ICE plasmids with KanMX selection cassettes for N-

315 terminal tagging essential and non-essential genes in S. cerevisiae (47). We would suspect
316 these plasmids and other KanMX-containing plasmids could be directly used in C. glabrata.

317  Additionally, the efficiency of endogenous epitope tagging proteins using CRISPR allows for
318 more functional and mechanistic studies, as endogenous epitope tagged proteins have been
319 used sparingly in prototrophic strains and clinical isolates of C. glabrata. This is particularly

320 important since antibodies to endogenous proteins are scarce and costly to make.

321 Our study also shows that BleMX dominant drug selection cassette can be used in

322  deleting genes in C. glabrata but also C. auris. Although BleMX has been used previously in C.
323  glabrata using standard electroporation, the efficiency was extremely low and has not been

324  typically used for routine genetic manipulation (34). BleMX showed the lowest efficiency of the
325  drug selection cassettes used in our study. Nonetheless, we clearly demonstrate the CRISPR-
326  Cas9 RNP method does improve homologous recombination efficiency enough where BleMX
327 can be used. Moreover, our codon optimized BleMX plasmid will be readily available as another
328 effective and needed dominant selection cassette for C. auris. Currently, we have not

329 determined if our codon optimized BleMX drug resistance cassette can be used in other CTG
330 clade species.

331 CRISPR-Cas9 RNP has been used successfully for C. glabrata, C. auris, C. lusitaniae,
332 and C. albicans (14-18). We have also successfully used the CRISPR-Cas9 RNP approach to
333  delete C. albicans SET1 using a recyclable SAT1 cassette. Interestingly, the loss of SET1 does
334  not confer azole susceptibility in contrast to when SETT1 is deleted in C. glabrata or S. cerevisiae
335 which is due to either altered ERG 71 gene expression or PDR5 expression, respectively (36,
336  37). Because C. albicans is part of the CTG clade and is more evolutionarily distant to C.

337 glabrata and S. cerevisiae, this may suggest a species-specific utilization of SET1.
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338 In contrast to C. glabrata, we have not been able to utilize KanMX in C. albicans due this
339 organism’s high tolerance/resistance to the aminoglycoside antibiotic, G418. However, it has
340 been reported that adjuvants such as quinine or molybdate can suppress background growth of
341  C. albicans and allow successful integration of codon optimized CaKan and CaHygB cassettes
342  using standard chemical transformation procedures (48). We anticipate that using these

343  constructs, adjuvants, and the CRISPR-Cas9 RNP method could reduce background growth
344  and increase HDR for efficient use of these markers in C. albicans. Alternatively, simultaneous
345  deletion of both alleles with KanMX or HygB without adjuvants may work, since a CRISPR-RNP
346  based system has been used successfully to simultaneously delete both alleles in C. albicans
347  when using SAT1 and HygB (17).

348 Overall, our study provides the field additional ways to efficiently manipulate Candida
349 pathogens. Importantly, this approach provides us further insight in the ergosterol pathway and
350 species differences in azole susceptibility in Candida pathogens when SET1 is deleted although
351 additional studies would be needed to further address the mechanisms of these observations.
352  Applying this expanded toolkit to other studies in Candida should enhance our understanding of
353  fungal drug resistance and pathogenesis.

354

355

356
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357 MATERIALS AND METHODS

358 Yeast strains and plasmids

359  All strains used are described in Table S1. C. glabrata strains were derived from the Cg2001
360 (ATCC 2001). C. albicans strains were derived from SC5314 (49), a gift from William A. Fonzi,
361 Georgetown University. C. auris AR0387 strain was obtained from the CDC AR Isolate Bank.
362 Yeast cells were grown in YPD medium or synthetic complete (SC, Sunrise Science) medium as
363 indicated. The pAG25, pAG32, and pUG6 plasmids were obtained from Euroscarf (22, 38). The
364 pFA6a-3HA-KanMX and pCY3090-07 plasmids were obtained from Addgene (35, 39). The

365 pBSS2-SATT flipper plasmid was provided to us by P. David Rogers, St. Jude Children’s

366  Research Hospital with permission from Joachim Morschauser (43). pCdOpt-BMX (BleMX) was
367 synthesized by IDT where the TEF1p-BleMX-TEF 1t sequence was codon optimized for CTG
368 clade Candida species using the IDT codon optimization tool, custom synthesized and cloned
369 into the pUCIDT plasmid. The pCdOpt-BMX plasmid can be obtained at Addgene (ID number
370  203929).

371

372  PCR amplification for gene deletion and epitope tagging

373  All oligonucleotides used are denoted in Table S2. Forward primers used for gene deletions
374  were designed with homology regions of ~130-150 bp flanking the 5’-ORF of the target gene of
375 interest followed by 20-25 base pairs of sequence homologous to the indicated plasmid.

376  Reverse primers were designed with homology regions ~130-150 bp flanking the 3’-ORF of the
377  target gene of interest followed by 20-25 base pairs of sequence homology to the indicated

378 plasmid. PCR conditions for amplification of replacement cassettes are as follows: 95°C for 5
379 minutes; 95°C for 30 seconds, 52°C for 30 seconds, 72°C for 2-3 minutes for a total of 30

380 cycles, with a final elongation step at 72°C for 10 minutes. The final PCR products were pooled
381 and purified from agarose gels.

382
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383 CRISPR gRNA design and selection

384  Custom Alt-R CRISPR gRNAs were designed and ordered from Integrated DNA Technologies
385 (Table S3). For each gene deletions, two CRISPR gRNAs were designed in close to the 5" and
386 3’ ORF of the gene of interest. For epitope tagging, one CRISPR gRNA was designed in the
387 3'UTR of the gene of interest. CRISPR gRNAs were selected based upon their designated “On-
388 Target Score” as determined by the CRISPR-Cas9 guide RNA design checker (IDT). Potential
389 gRNAs were screened for Off-Target events using the CRISPR RGEN Tools Cas OFFinder

390 (http://www.rgenome.net/cas-offinder/). Selected gRNAs required >75 On-Target Score as well

391 as 0 potential off target events with 3 mismatches or less.

392 CRISPR-Cas9 RNP system

393 The CRISPR-Cas9 RNP method was based on Grahl et al. with slight modifications (18). Briefly,
394  Alt-R CRISPR crRNA and tracrRNA were used at a working concentration of 20 yM. CRISPR-
395 Cas9 crRNAs:tracrRNA hybrid was made by mixing together 1.6 uL of crRNA (8 puM final

396 concentration), 1.6 pL of tracrRNA (8 uM final concentration), and 0.8 uL of RNAse free water.
397 Two crRNAs, 0.8 pL of each was added at a stoichiometric equivalent to tracrRNA and for C-
398 terminal tagging one crRNA, 1.6 uL was used. The CRISPR RNP mix was incubated at 95°C for
399 5 minutes and allowed to cool to room temperature. 3 uL of 4 uM Cas9 (IDT) was added to the
400 mix (final concentration of 1.7 yM) and incubated at room temperature for 5 minutes.

401 Cell transformation

402 25 mL of the desired strain was grown to an ODego Of 1.6 to saturation prior to transformation.
403  Cells were collected by centrifugation, resuspended in 10 mL 1x LiTE Buffer (100 mM LiAc, 10
404 mM Tris-HCI, 1 mM EDTA), and shaken at 250 rpm at 30°C for an hour. DTT was added to a
405 final concentration of 100 mM and cells were incubated at 30°C for an additional 30 minutes.
406  Cells were then collected by centrifugation, washed twice with 1 mL ice cold water, and washed
407 once more with 1 mL of cold sorbitol. Cells were resuspended in 200 yL of cold sorbitol for

408 electroporation.
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409 Electroporation and colony PCR

410 20 pL of prepared cells, 1-3 ug of drug resistant cassette DNA, CRISPR mix, and RNAse free
411  water to a final volume of 45 yL was mixed and transferred to a BioRad Gene Pulser cuvette
412 (0.2 cm gap). Cells were pulsed using an Eppendorf Eporator at 1500 V and immediately

413  resuspended in 1 mL of ice-cold Sorbitol. Cells were then collected by centrifugation,

414  resuspended in 1 mL of YPD media, and allowed to recover by incubation at 30°C at 250 rpm
415  for 3-24 hours. Cells were then collected, resuspended in 100 uL of YPD, and plated onto drug
416  selective media at the desired concentration. Nourseothricin (GoldBio) was used at a final

417  concentration of 300 pg/mL for antibiotic selection of the NatMX cassette. Hygromycin B

418 (Cayman) was used at a final concentration of 500 pg/mL antibiotic selection of the HphMX
419  cassette. Geneticin (G418, GoldBio) was used at a final concentration of 800 ug/mL for

420 antibiotic selection of the KanMX cassette. Zeocin (Cayman) was used at a final concentration
421  of 600 yg/mL for antibiotic selection of the BleMX cassette in C. glabrata and 800 ug/mL in C.
422  auris. Colonies were streaked onto fresh plates with the desired drug, and single colonies were
423  selected and restreaked onto fresh YPD plates. Colonies were screened via colony PCR using
424  primers indicated in Table S2. Three independent clones were verified by PCR and analyzed for

425  phenotypic characterizations.

426  Serial dilution growth assay

427  For serial dilution spot assays, yeast strains were inoculated in SC media and grown to

428  saturation overnight. Yeast strains were diluted to an ODgoo of 0.1 and grown in SC media to log
429 phase shaking at 30°C. The indicated strains were spotted in five-fold dilutions starting at an
430  ODeoo of 0.01 on untreated SC plates or plates containing 8 ug/mL, 16 ug/mL, or 64 ug/mL

431  fluconazole (Cayman). For C. glabrata and C. auris, plates were grown at 30°C on SC plates for
432 48 hours prior to imaging. For C. albicans, plates were grown at 30°C on YPD plates for 48

433  hours prior to imaging.
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434  Quantitative real-time PCR analysis

435 RNA was isolated from cells grown in SC media by standard acid phenol purification as

436  previously described (37). Reverse transcription to generate cDNA was performed using the
437  ABM All-In-One 5X RT MasterMix (ABM). Primer Express 3.0 software was used for designing
438  primers for gene expression analysis by quantitative real-time polymerase chain reaction (Table
439  S4). A minimum of three biological replicates, as well as three technical replicates, were

440 performed for each biological replicate. All data were analyzed using the comparative CT

441 method (2-22°T). RDN18 (18S ribosomal RNA) was used as an internal control. All samples were
442  normalized to the Cg2001 WT strain (Table S5).

443  Cell extract and Western blot analysis

444  Whole cell extraction and Western blot analysis were performed as previously described (50,
445  51). The anti-HA (Roche 12CA5, 1:10,000) monoclonal antibody was used as previously

446  described (52). Histone H3K4 methylation-specific antibodies were used as previously

447  described: H3K4me1 (Upstate, 07-436; 1:2,500), H3K4me2 (Upstate, 07-030; 1:10,000), and
448  H3K4me3 (Active Motif 39159, 1:100,000) (42, 53). Histone H3 rabbit polyclonal antibody

449 (PRF&L) was used at a 1:100,000 dilution.
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641 FIGURE LEGENDS

642

643  FIG 1 The CRISPR-Cas9 RNP system using 130-150 bp homology regions efficiently generates
644  ADEZ2 deletions in C. glabrata using NatMX and HphMX. (A) Schematic of pAG25 NatMX

645 plasmid. P1 and P2 indicate location of amplification sequences. (B) Schematic of pAG32

646  HphMX plasmid. P1 and P2 indicate location of amplification sequences. (C) Representative
647  transformation plate for ADE2 deletion using NatMX with and without addition of CRISPR-RNP.
648 (D) Total number of positive transformants using NatMX with and without addition of CRISPR-
649 RNP. Numbers represent the summation across three separate transformations. (E) Total

650 number of positive transformants using HphMX with and without addition of CRISPR-RNP.

651  Numbers represent the summation across three separate transformations.

652

653 FIG 2 The CRISPR-Cas9 RNP system generates single and double gene deletions utilizing
654  NatMX and HphMX in C. glabrata. (A and B) Five-fold serial dilution spot assays with and

655  without 64 pg/mL fluconazole (FLZ). Indicated single deletion strains were generated using the
656 CRISPR-Cas9 RNP method. Double deletion strains were generated using CRISPR-Cas9 RNP
657 method sequentially and three independent clones are shown. Images were captured at 48
658 hours. (C and D) Expression of the indicated genes were determined by qRT-PCR analysis of
659 mid-log phase cells. Data was normalized to RDN18 mRNA levels and are the average of three
660 biological replicates with three technical replicates each. Error bars represent the standard

661  deviation.

662

663  FIG 3 The CRISPR-Cas9 RNP system efficiently generates gene deletions utilizing BleMX in C.
664  glabrata. (A) Schematic of pCY3090-07 plasmid. P1 and P2 indicate location of amplification
665  primer sequences. (B) Total number of positive transformants using BleMX with and without
666 addition of CRISPR-Cas9 RNP. Numbers are the summation across three separate

667 transformations. (C) Five-fold serial dilution spot assays of indicated strains with and without 64
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668  pg/mL fluconazole (FLZ). Two independent clones are shown for erg34 (BleMX). Images were
669  captured at 48 hours.

670

671 FIG 4 The CRISPR-RNP system efficiently generates gene deletions utilizing KanMX for C.

672  glabrata. (A) Schematic of pUG6 plasmid. P1 and P2 indicate location of amplification primer
673  sequences. (B) Total number of positive transformants using KanMX with and without addition
674  of CRISPR-RNP. Numbers are the summation across three separate transformations. (C) Five-
675  fold serial dilution spot assays of indicated strains with and without 64 ug/mL fluconazole (FLZ).
676 Images were captured at 48 hours.

677

678 FIG 5 The CRISPR-Cas9 RNP system generates endogenous epitope tagged proteins using
679 KanMXin C. glabrata. (A) Schematic of pFA6-3HA-KanMX plasmid. P1 and P2 indicate location
680 of amplification primer sequences. (B and C) Indicated strains were either untreated (-) or

681 treated (+) with 64 ug/mL of fluconazole (FLZ) for three hours. Whole cell extracts were isolated
682  and immunoblotted against HA antibody for detection of Erg3 or Erg11. Histone H3 was used as
683 aloading control. Three independent clones were represented for Erg3-3xHA and Erg11-3xHA.
684 (D and E) Five-fold serial dilution spot assays of indicated strains with 0, 16, and 64 pg/mL

685 fluconazole (FLZ), respectively. Three independent clones were represented for Erg3-3xHA and
686  Erg11-3xHA. Images were captured at 48 hours.

687

688 FIG 6 The CRISPR-Cas9 RNP system generates gene deletions using a codon optimized

689  BleMXin C. auris. (A) Schematic of pCdOpt-BMX plasmid. P1 and P2 indicate location of

690 amplification primer sequences. (B) Five-fold serial dilution spot assays of indicated C. auris
691  strains with and without 64 ug/mL fluconazole (FLZ). Four independent clones were represented

692  for Caurerg34 strain (BleMX). Images were captured at 48 hours.
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693 FIG 7 The CRISPR-Cas9 RNP system is used for deleting SET7 in C. albicans. (A) Schematic
694  of pPBSS2-SAT1-FLP plasmid. P1 and P2 indicate location of amplification primer sequences.
695 (B) Whole cell extracts were isolated from indicated C. albicans strain SC5314 and

696 immunoblotted against methyl-specific H3K4 mono-, di- and trimethylation antibodies. Histone
697 H3 was used as a loading control. (C) Five-fold serial dilution spot assays of indicated C.

698 albicans strains with and without 0.5 ug/mL fluconazole (FLZ). Images were captured at 24
699  hours.

700
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701  Supplemental Material
702 SUPPLEMENTAL TABLES
703 Table S1: Yeast Strains and Genotype
Yeast Strain | Genotype Reference Strain Name
ATCC 2001 C. glabrata prototrophic wild www.atcc.org | CQWT
Candida type strain
glabrata WT
SDBY1620 Cg2001 erg34::NatMX This study Cgerg34 NatMX
SDBY 1621 Cg2001 erg34::HphMX This study Cgerg34 HphMX
SDBY1622 Cg2001 erg34::KanMX This study Cgerg34 KanMX
SDBY1623 Cg2001 erg34::BleMX This study Cgerg34 BleMX
SDBY 1624 Cg2001 ergbA::NatMX This study CgergbA
SDBY 1625 Cg2001 erg34::NatMX This study Cgerg34ergbA
ergbA::HphMX
SDBY 1626 Cg2001 ERG3-3xHA::KanMX | This study CgERG3-3xHA
SDBY1627 Cg2001 ERG11-3xHA::KanMX | This study CgERG11-3xHA
SC5314 C. albicans prototrophic wild www.attc.org | SC5314
type strain
SDBY 1628 SC5314 SET1/set1A::FRT This study CaSET1/set14
SDBY1629 SC5314 This study Caset14/set14
set1A::FRT/set1A::FRT
C. auris | C. auris clinical isolate CDC AR Caur0387
ARO0387 Isolate Bank
SDBY1630 Caur0387 erg34::BleMX This study Caur0387erg34
704
705
706 Table S2: Primer Names and Sequences

Name Sequence

CgERG3-001F KO
NatMX/HphMX

ctgggcccatacgaccgttacataattgcccagtgcagccatcggtttttacctatacgtggg
aactacgagaacaagagctaagagtataaatattgggtacatttgtcttgcatttcagataac
ctacagccagtagaagCGCCAGATCTGTTTAGCTTGCCTTGTCC

CgERG3-002R KO
NatMX/HphMX

gggtcatgaaagagttatgatgtaggaaaagtaatgtgtgcgcgagacaccggtgtttcctg
tctagttggtcttcttcttgtcggtgttgtagactctgtctgtgtcgtcaccttccacctcttggatgta
agcggcggttictctagettgcGTGGATCTGATATCATCGATGAATTCG
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CgERG3-003F KO
KanMX

ctgggcccatacgaccgttacataattgcccagtgcagccatcggtttttacctatacgtggg
aactacgagaacaagagctaagagtataaatattgggtacatttgtcttgcatttcagataac
ctacagccagtagaagCAGCTGAAGCTTCGTACG

CgERG3-004R KO
KanMX

gggtcatgaaagagttatgatgtaggaaaagtaatgtgtgcgcgagacaccggtgtttcctg
tctagttggtcttcttcttgtcggtgttgtagactctgtctgtgtcgtcaccttccacctcttggatgta
agcggcggtttctctagcttgcCATAGGCCACTAGTGGATCTG

CgERG3-005F 3xHA
Tag KanMX

gaggactccctgttcgaccctaagctaaagatggacaagaaggtcctagaaaagcaagc
tagagaaaccgccgcttacatccaagaggtggaaggtgacgacacagacagagtctac
aacaccgacaagaagaagaccaacATCTTTTACCCATACGATGTTCT

CgERG3-006R 3xHA
Tag KanMX

gagaagtaatgcgcatcgcagatcaaaggttggtaagccatagctgcatacgatgattggt
gtaggagggtcagtacatgataaagaggaccgttatttgagtaaatagttcttgagtgaactt
ctatttcatattggtatatATCGATGAATTCGACGTCG

CgERG3-007F
Verification Primer

agaagagctgatctctctagaagtg

CgERG3-008F
Verification Primer

acacatgtccaacaacccag

CgERG3-009R
Verification Primer

tgtggaggcgaggagtagaaag

CgERG3-010F KO
BleMX

ctgggcccatacgaccgttacataattgcccagtgcagccatcggtttttacctatacgtggg
aactacgagaacaagagctaagagtataaatattgggtacatttgtcttgcatticagataac
ctacagccagtagaagCCAGATCTGTTTAGCTTGCCTC

CgERG3-011R KO
BleMX

gggtcatgaaagagttatgatgtaggaaaagtaatgtgtgcgcgagacaccggtgtttcctg
tctagttggtcttcttcttgtcggtgttgtagactctgtctgtgtcgtcaccttccacctcttggatgta
agcggcggtttctctagettgcGCCACTAGTGGATCTGATATCATC

CgERG5-001F KO
NatMXIHphMX

actggcttctgctaaacgagcgattgttcgtcctcgtaatctcgtaatctcgtaatgeggttcttc
cggtgaacccggtcgctaacgcaaatttictgaataatataaatacggctagtgcaattggg
atacccgattcccttctcttacaggaaaagcaaacttcacccCGCCAGATCTGTTT
AGCTTGCCTTGTCC

CgERG5-002R KO

caatggagtgaccttgtgcttgaagtcagtgaatagagcgaacttaccgatcaaagcagtc

NatMX/HphMX atggtaatcatgacataggtttgacctagacaaacgtgtggaccacagccgaagaccaac
cagttcttcttagcttcgttagctggagaaccticgacGTGGATCTGATATCATCG
ATGAATTCG

CgERG5-003F cgcggatttctgagagagagg

Verification Primer

CgERG11-001F 3xHA
Tag KanMX

cgcttactgtcaattgggtgtgttgatgtccattttcatcagaaccatgaaatggcgttacccaa
ctgaaggtgaaactgtcccaccatctgacttcacctccatggtcaccctaccaactgeccct

gctaagatctactgggaaaagagacatccagaacaaaagtacATCTTTTACCCA
TACGATGTTCT
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CgERG11-002R 3xHA
Tag KanMX

ctgcatacattgctagttatacggatgaagacatcgtatagttcgtttagcagcaaagccctct
aaacgaaacaaccagcttaagtcatgccgaaatatccatgttgatattcacgatgacttact
attaggctaatgaatcagcgtatatcccgtatacgagccagacagcATCGATGAAT
TCGACGTCG

CgERG11-003F
Verification Primer

gtggtggtagacacagatgtatcg

CgERG11-004R
Verification Primer

ggaaatataaacaacatgggcgc

AQTEF1-001R
Verification Primer

ggaagtatatgaaagaagaacctcagtgg

CgADE2-001F KO
NatMX/HphMX

gtgtcaagttccaattgagagatcagaccctttcaaaaaccactaaaacggttigataatatt
acttgtgtgaagctactgtcatcagttictatcagattcatttgttaccaacgatacaggtttatttt
gcttacgaataataCGCCAGATCTGTTTAGCTTGCCTTGTCC

CgADE2-002R KO
NatMX/HphMX

catatcacgaagaaattttgcattaaatatattatagcatattatgtaaacagcaatagacattt
aaaaacatatgaagttaagatacataaatcttctgaatttcaagcaaagactaactggttttat
agatggtgctGTGGATCTGATATCATCGATGAATTCG

CgADE2-003F KO
BleMX

gtgtcaagttccaattgagagatcagaccctttcaaaaaccactaaaacggttigataatatt
acttgtgtgaagctactgtcatcagttictatcagattcatttgttaccaacgatacaggtttatttt
gcttacgaataatacCAGATCTGTTTAGCTTGCCTC

CgADE2-004R KO
BleMX

catatcacgaagaaattttgcattaaatatattatagcatattatgtaaacagcaatagacattt
aaaaacatatgaagttaagatacataaatcttctgaatttcaagcaaagactaactggttttat
agatggtgctGCCACTAGTGGATCTGATATCATC

CgADE2-005F KO
KanMX

gtgtcaagttccaattgagagatcagaccctttcaaaaaccactaaaacggttigataatatt
acttgtgtgaagctactgtcatcagttictatcagattcatttgttaccaacgatacaggtttatttt
gcttacgaataataCAGCTGAAGCTTCGTACG

CgADE2-006R KO
KanMX

catatcacgaagaaattttgcattaaatatattatagcatattatgtaaacagcaatagacattt
aaaaacatatgaagttaagatacataaatcttctgaatttcaagcaaagactaactggttttat
agatggtgctCATAGGCCACTAGTGGATCTG

CaurERG3-001F KO
BleMX

ctattcatagttccagtattgaccccacattggctgtgtattcccccgaaacaatgttccccttac
cggcatacaaacaaagaaaccgagtcggacgatgctcgtttagagctcgttttcagtatac
gaggcCAGATCTGTTTAGCTTGCCTC

CaurERG3-002R KO
BleMX

cgggccttctgtacgagcggcccaatctgtcccacaacgtggtgaattggcecatagttgtagt
tgaagtacaagtggtgcacagtgtggcacgctgtgccattgaccacggggtcattcgacat
gtactggccgGGCGGCGTTAGTATCGAATC

CaurERG3-003F
Verification Primer

cacggattagacagtttaccgg

CaurERG3-004R
Verification Primer

gccacggaaaagtaaagaatccac
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CaSET1-001F KO gcatttggacgttgactactacaggagtatatcaataaacaagtgtttaataactgtgacaaa
aggcagacaaaagcagagtttttgtgagagagtcaagattaaagcttcctcaatactatttta
tttaacgtataacaaataaaaacaagaagcttgtaatcaaacatacaccttgctGGGTA
CCGGGCCC

CaSET1-002R KO gtgagccccccgaatgagcaaactaaattagatcatgtttctticcticaatgaaaaaatgat
gctgtataaacatggcttgacttatttgaaacaaggaggggggttggtcgaatcaccacaca
tatgacatcagaattatctgacaatactaaatttcaccacttgatttatcacacgGCCGCT

CTAGAACTAGTGG
CaSET1-003F ccttgatggtggatggtagttggag
Verification Primer
CaSET1-004R ccggatacttatcgtgtgccaataaatce

Verification Primer

SAT1-001R Verification cccactccccaatctttgaat
Primer

707  *Bold and underlined sequences indicate amplification sequences; KO = Knock Out primers;
708 Verification = primers used to confirm deletions and epitope tag strains

709

710

711

712 Table S3: CRISPR gRNA sequences

Name Sequence

CgERG3 gRNA-001 KO | ataccacgttgcaactcaacAGG

CgERG3 gRNA-002 KO | acacatgtccaacaacccagTGG

CgERG3 gRNA-003 C- cctttttgatagttttgcaaAGG
Terminal Tag

CgERGS5 gRNA-001 KO | ttcaaagtctaccctatcatCGG

CgERGS5 gRNA-002 KO | accagactaccaagctccaaAGG

CgERG11 gRNA-001 C- | aggttttgaccattgattatTGG
Terminal Tag

CgADE2 gRNA-001 KO | cgacaatcatacggcccaacTGG

CgADE2 gRNA-002 KO | agactatagtgacctcaaatGGG

CaSET1 gRNA-001 KO | catagatcaagtaccaaggaTGG

CaSET1 gRNA-002 KO | agttatttaaagactggtatAGG

CaurERG3 gRNA-001 gtactaactgcaattcaccaTGG
KO
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CaurERG3 gRNA-002 tgtgcaacgggaacaccatgGGG
KO

713  *Bold and underlined sequences indicate PAM sequence; KO = Knock Out primers
714
715 Table $4: gRT-PCR Primers

Name Sequence
CgERG3 F GE tgggagcaccacggtctaag
CgERG3 R GE cagtcggtgaagaagatgaaagtg
CgERG5 F GE gtcaccgccegctttgg
CgERG5R GE ccgtaccaggtcttggtgaaa
CgRDN18-001F acggagccagcgagtctaac
CgRDN18-002R cgacggagtttcacaagattacc
716  *GE = Gene expression primers
717
718 Table S5: qRT-PCR
Gene Strain Mean RQ St. Dev N
CgERG3 CgWT 1.00 0.42 3
CgERG3 Cgerg34A 0.00 0.00 3
CgERG3 Cgerg3AergbA 0.00 0.00 3
CgERG3 CgergbA 0.38 0.22 3
C9gERG5 CgWT 1.00 0.61 3
CgERG5 Cgerg34A 217 0.79 3
CgERG5 Cgerg3Aergb/A 0.00 0.00 3
CgERG5 CgergbA 0.00 0.00 3
719
720
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