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The CRISPR-Cas9 system is one of the defense mechanisms against foreign DNA
such as plasmids and phages in some bacteria and most archaca. CRISPR-Cas9 system in-
hibits phage infection, conjugation, and natural transformation by degrading foreign nucleic
acids that enter the cell. The system was optimized and adapted for laboratory application
as versatile genome editing tool. Currently, it is widely used for all types of organisms like
bacteria, plants, animal or human cell lines and fungi. The method is relatively easy and fast
compared to other techniques. Riboflavin (vitamin B,) plays a key role in metabolism of all
living organisms. Currently, the main way to obtain riboflavin is biotechnological synthesis.
Yeast Candida famata has huge industrial potential as producer of riboflavin and its devi-
ates. Some mutants of this species are the most flavinogenic organisms known. However, al-
ternative genetic code, low frequency of homological recombination and restricted number
of selective markers are main drawbacks for application of basic molecular techniques for
this yeast species. In this study, CRISPR-Cas9 system adapted for yeast Candida albicans
with alternative genetic code was successfully applied for flavinogenic yeast C. famata re-
sulted in generation of mutations in ADE?2 gene.
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The yeast Candida famata (C. flareri) is a cryotolerant, marine yeast, which can tolerate high
salinity levels [4, 9]. Furthermore, it also can be found in various types of food such as cheese, meat,
etc. [7]. It also belongs to the group of so called “flavinogenic yeasts” which are able to overproduce
riboflavin under conditions of iron limitation. Riboflavin (vitamin B,) is one of the most important
vitamins required for human and animals as it is the precursor of flavin nucleotides, FMN (flavin
mononucleotide) and FAD (flavin adenine dinucleotide), which are coenzymes for a wide range of
enzymes. Currently, this chemical is produced in large quantities for agriculture and medicine, thus
yeast C. famata has great biotechnological potential and can be used in large-scale industry [3].

Clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-associ-
ated (Cas) proteins form prokaryotic “immune” system against viruses and plasmids [6]. Labora-
tory CRISPR-Cas9 system is based on II type and consist of only two components: RNA-guided-
DNA endonuclease Cas9 and guide RNA [8]. Variations of CRISPR-Cas9 have been developed
for numerous groups of organisms [2, 5, 11, 13, 16].

This work is focused on application of new widespread method — CRISPR-Cas9 system
for genome editing in the yeast C. famata. We applied this method to introduce mutations in
ADE? gene to evaluate efficiency of the system in this yeast species. In addition, ADE2 gene was
used as new selective marker for complementation of acquired adenine deficiency mutation in C.
famata mutant.
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Materials and methods

The Escherichia coli strain DH5a [©80dlacZAMI1S, recAl, endAl, gyrA96, thi-1, hs-
dR17(r, m"), supE44, relA1, deoR, A(lacZYA-argF)U169] was used in experiments that required
a bacterial host. DH5a was grown at 37°C in rich (LB) medium as described [10]. Transformed E.
coli cells were maintained in rich medium containing 100 mg 1! of ampicillin.

The C. famata 1.20105 (leu?2) strain was grown on rich (YPD) medium consisting of pep-
tone (1%), yeast extract (0.5%) and glucose (2%) or mineral (YNB) medium consisting of yeast
nitrogen base (1.7 g/l), ammonium sulfate (0.5%), glucose (2%). Amino acids and nucleotides
were added to YNB in final concentration 40 mg/l. For selection of yeast transformants 4 mg/I
nourseothricin was added to YPD.

Standard cloning techniques were used [10]. Plasmid pV1093 was kindly provided by
Gerald R. Fink [15]. Restriction endonucleases and DNA ligase (Thermo Fisher Scientific) were
used according to the manufacturer’s instructions. Plasmid isolation from E. coli was carried out
as described in elsewhere [10]. PCRs were performed using a GeneAmp® PCR System 9700
thermocycler (Applied Biosystems, Foster City, CA, USA). The list of used primers is presented
in Table 1.

Table 1

List of primers used in this work
ATATGGATGGAAAGACTATAGGTATCTTAGGTGGTTAAGCTTTGATTAGGTCGTATG-
ATTGTTGAAGCAG

OL96 |TAGTTTTAATATTTAATCTATGTGCTGCTTCAACAATCATACGACCTAAT
OL97 |ATTTGCAACAATCATACGACCTAATG

OL98 |AAAACATTAGGTCGTATGATTGTTGC

OL104 |[CTTAATCCAAGAGATGGACTTATATATTG

OL105 |CCTTACATGGGCTTCAAATTG

OL139 |GGGGATATCAAGCTTTAGTGCTAAAACTGAAAATTAAATCAG

OL140 |AAAGTCGACAAAAGACAAGAAGAAATGAAGCAG

SEQ |CGTTGGCGTCAACATGTTC

OL9%4

Variable part of guide DNA was a result of hybridization of two single-strand primers: top
primer for Watson strand (5°->3’) and bottom primer for Crick strand (3’ <5”). Following mix:
top primer (100 uM) — 1.5 ul, bottom primer (100 uM) — 1.5 pl, Buffer 2 (NEB) — 5 pl, HO - 92
ul was prepared for annealing, then it was heated at 95°C for 10 minutes and then slowly cooled
to room temperature. Obtained product was represented with double-strand oligonucleotide with
sticky ends and was able to be ligated with plasmid pV 1093, linearized with restriction endonu-
clease BsmBI.

Repair template was generated as described [15].

Transformation of C. famata was performed as described [14].

Results and discussion
For validation of CRISPR-Cas9 system, it was decided to disrupt ADE2 gene. Disruption
of the gene leads to accumulation of red pigment to confer easily detectible phenotype of the ade2
mutants [12]. The efficiency of this approach was demonstrated for C. albicans and Saccharomy-
ces cerevisiae [1, 15]. Plasmid pV1093, harboring cas9 gene under control of ENO/ promoter of
C. albicans, SAT1 gene providing resistance to nourseotricin under control of ACT/ promoter of
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C. albicans and cassette for expression of gRNA under control of SNR52 promoter as a starting
plasmid. The 20-nt guide targeting 38-58nt region of ADE2 gene obtained with pair of primers
OL97/0OL98 was cloned into plasmid pV1093 as describer in Materials and Methods. Construct-
ed plasmid designated as pcrADE (Fig. 1,A) was linearized with Sacl and Kpnl endonucleases
and used for C. famata transformation. Repair template, obtained from PCR amplification with
pair of primers OL94/0L96 was added into transformation mix with linearized pcrADE plasmid
and was expected to introduce HindIII site into the target region trough homological recombina-
tion. However, this plasmid resulted in a low frequency of transformation yielding less than 5
colonies per 1 mg of DNA and no red colonies were detected.

To increase transformation frequency LEU2 gene was used as selective marker in part
with ARS element.

A o] __cess_ >-<SATIACTiR -y ———
B) {enore]  caso > H =y

Fig. 1. Linear schemes of plasmids: A — pcrADE (14064 bp), B — pcrADE/LEU2/ARS (15024 bp), C —
pCfARS16/ADE2 (5784 bp). Double line indicates the bacterial vector backbone

Plasmids pcrADE and pCfARS16 [14] harboring LEU2 gene and ARS element of C.
famata were combined via ligation of both Sacl-linearized vectors. Then, plasmid backbone of
pCfARS16 was removed using restriction endonucleases Aatll and Sacll with subsequent self-
ligation. Constructed plasmid was designated as pcrADE/LEU2/ARS (Fig. 1,B). This plasmid
resulted in a significantly higher transformation frequency reaching more than 200 transformants
per 1 mg of DNA. Several red colonies were picked up among selected transformants. Red colo-
nies (ade strains) were unable to grow on medium lacking adenine. However, HindIII site, pre-
senting in repair template, did not arise in target location in frame of ADE?2 gene, revealing repair
with non-homologous end joining (NHEJ). To disclose mutations, the 974 bp fragment of ADE?2
gene was isolated from four ade strains using primers OL104/OL105 and sequenced with primer
SEQ. Results of sequencing is presented in Table 2.

The ade strains were cultivated in non-selective rich medium to remove plasmid pcrADE/
LEU2/ARS from cells. Then, their ability to grow on mineral media lacking adenine or/and leu-
cine was tested to verify leu and ade auxotrophy. It was demonstrated that none of ade strains
were able to grow on mineral medium without leucine and adenine (Fig. 2). Strain #4 (C. famata
leu2ade?2) was chosen for next work.

Table 2
Sequence of target region in wild-type (WT) and CRISPR-Cas9 induced mutants.
WT ATTAGGTCGTATGATTGTTG
#2 ATTA-GTCGTATGATTGTTG
#3 ATTG-GTCGTATGATTGTTG
#4 ATTG-GTCGTATGATTGTTG
#5 ATTACGGTCGTATGATTGTTG

Notes: Bold underlined nucleotides or hyphen indicate mutations.
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Selected leu2ade? strain gave an opportunity to use ADE2 gene as a new selective marker
for C. famata. Genome fragment harboring ADE2 ORF with 673 bp upstream start codon as pro-
moter and 518 bp downstream stop codon as terminator was isolated with pair of primers OL139/
OL 140 and cloned into HindIII/Sall sites of pPCfARS16 instead of LEU2 gene. Constructed plasmid,
pCfARS16/ADE2 (Fig. 1,C), was tested on its ability to transform C. famata #4 strain solely or in
combination with pCfARS16. Thus, the transformation frequency for pPCFARS16/ADE2 alone was
equal to pCfARSI16, reaching ~200 colonies transformants per 1 mg DNA. In case of co-transfor-
mation with both pCfFARS16/ADE2 and pCfARS16, transformation frequency dropped in 4-5 fold.

C. famata
120105

#5 #3

Fig. 2. Growth test of parental (C.famata 120105, leu?2) and selected ade?2 strains on YPD (A), on YNB with

leucine (B) and on YNB without leucine (C)

To conclude, CRISPR-Cas9 system is promising tool for genome engineering of C. fama-
ta. Set of ade2 strains was constructed with CRISPR-Cas9. All selected ade? strains revealed
NHEIJ type of reparation of double-strand break caused by Cas9. DNA fragment harboring ADE?2
gene form C. famata was isolated and successfully used as a new selective marker.
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OJIEPKAHHSI MYTAIIA Y ADE2 T'EHI 3 BAKOPUCTAHHSIM CRISPR-CAS9
CUCTEMU Y ®JABIHOTEHHUX APIKIAIB CANDIDA FAMATA

O. Juzax!, K. Imutpyk!, A. Cubipumii' >*

'Biooin Monexynaprnoi eenemuxu ma 6iomexnonoeii
Incmumym bionoeii knimunu HAH Yxpainu
eyn. [lpacomanosa, 14/16, Jlvsie 79005, Yrpaina
’Biooin 6iomexnonoeii i mikpobionoeii, Keutyecokuil yHisepcumem
syn. Zelwerowicza, 4, Kewys 35-601, Ilonvwa
e-mail: sibirny@cellbiol.lviv.ua

Cucrema CRISPR-Cas9 € onHuM 13 MeXaHI3MiB 3aXHUCTY ASSKHX OaKTepiii i 0i1bIIOCTI
apxeit Bix uyxopinnoi JIHK, nanpuknazn, Bix muasmiz i ¢aris. CRISPR-Cas9 cucrema npu-
ruiuye iH¢iKyBaHHs (aramu, TpanchOpMaIIiio Ta KOH IOTAI0 HUIIXOM PYyHHYBaHHS 1yKO-
pinnoi JIHK, sika nmorpanuia B kinituHy. L{fo cucremy Oyso onTHMi30oBaHO i aJarToBaHO
JU1st 1aOOPATOPHOTO 3aCTOCYBAHHSA SIK YHIBEPCAIbHUH IHCTPYMEHT pEeJaryBaHHsS I'EHOMY.
Ha ceoromni CRISPR-Cas9 cuctema mHpOKO BUKOPHUCTOBYEThCS Y TEHETHUHIN iHKeHepii
OakTepiii, TprOIB, POCIIMH, TBAPUH YH JIFOACHKUX KIITHHHUX JiHii. [TOpiBHIHO 3 1HIIMMH,
el MeTosl € BiTHOCHO JIeTKMM i 1BMAKMM. PuGodmasin (Bitamin B)) Binirpae kimodoBy
posb B 0OMiHI pEYOBHH yCiX )KHUBHX OpraHi3MiB. Y HaHH{ yac OiOTEXHOJOTIYHHN CHHTE3
€ OCHOBHUM CIocoO0M oTpuManHs pubodmasiny. [dpixmxi C. famata MaioTh BeTUKHIA
HPOMHCIIOBHIT MOTEHIIAN SIK POAYLEHTH prdodaBiny Ta foro noxiguux. Jeski MyTaHTH
[bOTO BHAY JAPDK/DKIB € HaWOLIbII (hIaBIHOrEHHHMMH Cepell YCiX BiJIOMHX OpraHi3MiB.
[TpoTe anbTepHATUBHUI TEHETHYHHUH KO/, HM3bKa YaCTOTa TOMOJIOTIYHOI peKOMOIHAIIT Ta
HEBEJIMKA KiJIbKICTh CEJICKTUBHUX MapKepiB 00MEXYIOTh MOXKIIMBOCTI TeHETUYHOT iHXKeHepil
poro BUIY ApiKIKIB. Y miit po6oti CRISPR-Cas9 cucrema, agantoBaHa Ayt JPLKIKIB
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Candida albicans 3 anpTepHATUBHUM T'€HETUYHUM KOJIOM, OyJjia yCIIIIHO 3aCTOCOBAHA JUIS
OTpUMaHHs MyTauiil y reHi ADE?2 ¢nasinorennux apixmxis C. famata.

Kniouosi cnosa: ADE2, CRISPR, Candida famata.
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A. JInzak!, K. Imutpyk!, A. Cubupubrii' >*

'Omaoen monexynapnoil cenemuru u GUOMeEXHONOSUU
Hucemumym duonoeuu knemrxu HAH Ykpaunet
yi. Apacomanosa, 14/16, Jlbeos 79005, Yrpauna
20Omoen buomexnonozuu, JKeutysckuil ynusepcumem
. Zelwerowicza, 4, Keutys 35-601, Honvuia
e-mail: sibirny@cellbiol.lviv.ua

Cucrema CRISPR-Cas9 sBusercss oMHHM W3 MEXaHM3MOB 3aIIUTHl HEKOTOPBIX
OakTepuid 1 OospIIMHCTBA apxeil ot uyxkepoxHoi JIHK, Takoi kak mmasmuael u Qarm.
CRISPR-Cas9 cucrema mnomaBnser uHuuupoBaHue ¢(aramu, TpaHchopmanuioo u
KOHBIOTALlMK TMyTeM paspymieHus gyxepoxnoir JHK, koropas momama B kieTky. Ota
cucteMa ObITa ONTHMH3MPOBAHA M AaaNTUPOBaHA s JJAOOPATOPHOTO TNPUMEHEHUS
KaK YHHBEPCAIbHBII HMHCTPYMEHT peaakTtupoBanus reHoma. Ha ceromus CRISPR-
Cas9 cucrema IIMPOKO HCIIOJIB3YETCS B TEHETHYECKON HHXKEHEpUH OaKkTepuid, TpuOOB,
pacTeHui, KUBOTHBIX WM YETOBEYECKUX KIETOYHBIX JUHUHA. 1o cpaBHEHUIO ¢ ApyrUMH,
3TOT METOJ SBISAETCSI OTHOCHTENIBFHO JETKUM M OblcTphiM. Pubodnasun (Buramma B2)
UTPAET KITI0YEBYIO POJTb B 0OMEHE BEIECTB BCEX JKMBBIX OPraHW3MOB. B HacTosee Bpemst
OMOTEXHOJIOTHUECKHHA CHHTE3 SBISETCS OCHOBHBIM CHOCOOOM MOJy4eHHUs puboduiaBuHA.
Hpoxoxku C. famata o6namaioT OONBIIMM NPOMBIIIICHHBIM NOTEHLIHAJIOM B KadeCcTBE
npoayneHTa pudodraBiuHa 1 €ro Mpou3BoIHBIX. HEKOTOpBIE MyTaHTBI 3TOTO BUIA APOXIKEH
SIBISIIOTCA  Hambousiee (PITAaBUHOTEHHBIMU CPEIH BCEX M3BECTHBIX OpraHm3MoB. OmHaKo
aNbTEpPHATUBHBIA TCHETUYECKHUI KOJ, HI3Kas YacTOTa TOMOJOTHYECKOH pEeKOMOMHAINY U
HEeOONBIION HAOOP CENEKTUBHBIX MAPKEPOB OrPAHHUYMBAIOT BO3MOXKHOCTH T€HETHIECKOM
HMH)XEHEPHH 3TOro Bujaa apoxokeil. B atoii pabotre CRISPR-Cas9 cucrema, anantupoBanHast
s apoxoxeit Candida albicans ¢ anbTepHATUBHBIM T€HETHYECKUM KOJIOM, ObLIA YCTICITHO
HCTIONB30BaHa /1S IOTy4eHHs MyTaluii B rene ADE2 ¢pnaBuHOreHHBIX Apoxokei C. famata.

Knroueswvie cnosa: ADE2, CRISPR, Candida famata.



