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Abstract

Targeted gene mutation by allelic replacement is important for functional genomic analysis and metabolic engineer-
ing. However, it is challenging in mutating the essential genes with the traditional method by using a selection
marker, since the first step of essential gene knockout will result in a lethal phenotype. Here, we developed a two-
end selection marker (Two-ESM) method for site-directed mutation of essential genes in Saccharomyces cerevisiae
with the aid of the CRISPR/Cas9 system. With this method, single and double mutations of the essential gene
ERG20 (encoding farnesyl diphosphate synthase) in S. cerevisiae were successfully constructed with high efficiencies
of 100%. In addition, the Two-ESM method significantly improved the mutation efficiency and simplified the
genetic manipulation procedure compared with traditional methods. The genome integration and mutation efficiencies
were further improved by dynamic regulation of mutant gene expression and optimization of the integration modules.
This Two-ESM method will facilitate the construction of genomic mutations of essential genes for functional
genomic analysis and metabolic flux regulation in yeasts.

Key Points

* A Two-ESM strategy achieves mutations of essential genes with high efficiency of 100%.

* The optimized three-module method improves the integration efficiency by more than three times.
* This method will facilitate the functional genomic analysis and metabolic flux regulation.
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Introduction

The development of microbial cell factories is considered one
of the feasible approaches for sustainable supply of chemicals,
biofuels and pharmaceuticals (Ebert et al. 2018; Eichenberger
etal. 2018; Meadows et al. 2016; Nielsen and Keasling 2016).
For this purpose, it is essential to efficiently redirect carbon
fluxes toward products of interest by comprehensive metabol-
ic engineering (Hong et al. 2019), which involves
reconstructing heterologous biosynthetic pathways (Brown
et al. 2015; Trantas et al. 2009), overexpressing the rate-
limiting steps (Dai et al. 2013; Donald et al. 1997; Zhou
et al. 2012), elimination of the feedback inhibition (Engels
et al. 2008; Luttik et al. 2008; Zhou et al. 2016) and/or down-
regulating competing pathways (Brown et al. 2015;
Rodriguez et al. 2015). Recently, several advanced genetic
editing tools have been developed for rapidly constructing
and optimizing biosynthetic pathways in microbial cell facto-
ries (Lv et al. 2019; Wijsman et al. 2019; Wong et al. 2017).

In general, downregulating competing pathways are
implemented by knocking out the pathway relating genes,
which however may lead to lethal or auxotrophic pheno-
types (Anderson et al. 1989; Compagno et al. 1996;
Jennings et al. 1991). Lethality clearly prohibits cell fac-
tory construction and auxotrophy brings high-cost supple-
mentation of essential nutrients in industrial processes.
Downregulating the gene expression through promoter re-
placement is an alternative approach to repress the com-
peting pathways. For example, in Saccharomyces
cerevisiae, downregulating the expression of ERG9 (squa-
lene synthase encoding gene) in the sterol biosynthetic
pathway, through replacing its native promoter with a
weak or conditionally repressed promoters, succeeded in
improving the sesquiterpene production with enhanced
supply of the precursor farnesyl diphosphate (FPP) and
repressed competitive sterol biosynthesis (Asadollahi
et al. 2008; Paddon et al. 2013; Scalcinati et al. 2012;
Xie et al. 2015). However, some bifunctional enzymes
such as ERG20p can synthesize both geranyl diphosphate
(GPP, C10) and FPP (C15) by consecutive condensation
of C5 units isopentenyl diphosphate (IPP) and
dimethylallyl diphosphate (DMAPP) in the mevalonate
(MVA) pathway (Withers and Keasling 2007). It is chal-
lenging to improve the monoterpene production by down-
regulation of ERG20, which cannot prevent GPP con-
sumption toward FPP synthesis (Fischer et al. 2011;
Oswald et al. 2007). Indeed, replacement of the native
ERG20 promoter with a weaker promoter resulted in a
reduced monoterpene production (Zhao et al. 2017),
which might be attributed to the reduced supply of pre-
cursor GPP (see blue part in Supplemental Fig. S1). Some
exogenous GPP synthases showed a specific GPPS activ-
ity in vitro, which however failed in improving
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monoterpene production in yeast (Zhao et al. 2016), due
to the strong competition from the wild-type ERG20p.
Engineering the ERG20p variants, toward high specific
GPP synthase with low activity toward FPP synthesis,
significantly increased the production of monoterpenes
(Fischer et al. 2011; Ignea et al. 2014; Zhao et al.
2016). Allelic replacement of the wild-type ERG20 with
its mutants would help to construct a genetically stable
strain for redirecting metabolic fluxes toward monoter-
pene biosynthesis (see red part in Supplemental Fig. S1).
More importantly, allelic replacement of the essential
gene to create a mutant is crucial for functional genomic
analysis (Yang et al. 2020; Zhang et al. 2015).

ERG20 is an essential gene for anabolic metabolism of down-
stream cellular components including sterols, dolichols, and ubi-
quinone (Anderson et al. 1989; Szkopinska et al. 1997,
Szkopifiska and Plochocka 2005), which are essential membrane
components or an important component of the electron transfer
system (Hartmann 1998; Okada et al. 1998; Sato et al. 1999). So
the key role of the FRG20 gene in cell growth makes its allelic
replacement rather challenging (see green part in Supplemental
Fig. S1). In general, a plasmid expressing the wild-type essential
gene is usually transformed into cells to ensure normal growth
before the knockout of the chromosomal wild-type essential gene
(steps 1-2 in Fig. 1a). The essential gene can be deleted using a
selection marker such as URA3 (step 3 in Fig. 1a) and then the
mutated gene can be introduced by replacing the selection marker
under counter selection stresses (such as 5-FOA for URA3 exclu-
sion) or CRISPR/Cas9 system (step 4 in Fig. 1a). Finally, the
plasmid carrying the essential gene or the guide RNA (gRNA)
plasmid can be removed (step 5 in Fig. 1a). This traditional system
is complicated and an additional copy of the wild-type gene on the
plasmid may cause reverse mutation via homologous
recombination.

Here, we developed a two-end selection marker (Two-
ESM) method with the aid of the CRISPR/Cas9 system for
rapid site-directed mutagenesis of essential genes in the
S. cerevisiae genome by using FRG20 as a model gene. At
the first step, we directly replaced the wild-type ERG20 with
the ERG20""?”" and ERG20**°" V27 by integration of one
module or three modules harboring the mutants with two
flanked selection markers such as HIS3 and amdSYM (Solis-
Escalante et al. 2013) (steps 1 and 2 in Fig. 1b, Fig. 4a). Then
the two flanked selection markers were simultaneously re-
moved with the CRISPR/Cas9 system (step 3 in Fig. 1b).
This Two-ESM system was capable of introducing single
and double mutations (ERG20V?”Y and ERG207°W N127W)
with high efficiency of 100%. Finally, this convenient Two-
ESM strategy was also applied to target mutagenesis of
CDC19 gene (encoding pyruvate kinase 1 PYKl1p), suggest-
ing that this method should facilitate precise pathway engi-
neering and functional genomic analysis in S. cerevisiae and
even other yeasts.
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Fig. 1 Schematic diagram of steps for mutating an essential gene on the
chromosome by using ERG20 as an example. a The traditional method:
Step 1 is to construct a plasmid harboring wild-type ERG20, which is then
transformed into yeast cells (step 2). Step 3 is to replace the genomic wild-
type ERG20 by using a selection marker such as URA3. Then the mutant
ERG20* is genomically integrated to replace the selection marker URA3
by using 5-FOA for URA3 exclusion or using the CRISPR/Cas9 system
(step 4). The blue arrow indicates that there are two different ways to
remove the selection marker in this step. Step 5 is to lose the plasmid
containing wild-type £RG20 or the gRNA plasmid. There is a risk of
homologous recombination between the mutant genome-integrated

Materials and methods
Strains, plasmids, and reagents

Strains and plasmids used in this study were listed in
Supplemental Table S1 and Table S2, respectively.
PrimeStar DNA polymerase was purchased from TaKaRa
Bio (Dalian, China). 2 x Taq Master Mix (Dye Plus),
ClonExpress II One Step Cloning Kit, and ClonExpress
MultiS One Step Cloning Kit were purchased from Vazyme
Biotech (Nanjing, China). DNA gel purification and plasmid
extraction kits were supplied by OMEGA (Norcross, USA).

ERG20* and the wild-type ERG20 carried in the plasmid, which may
lead to changing the mutant ERG20* back to the wild-type ERG20 (the
red arrow). The red line indicates possible homologous recombination in
this step. b Mutating FRG20 gene by the Two-ESM method: Step 1 is to
construct the module containing the mutant ERG20%*. Step 2 is to
integrate the module to the chromosome by homologous
recombination. Step 3 is to remove the two selection markers with the
efficient CRISPR/Cas9 system. E-1 and E-2 represent the part sequence
of'the ERG20* gene. Step 4 is to lose the gRNA plasmid. Each step has a
corresponding number of experimental days and the total are also shown
on the right side

All oligonucleotides (Supplemental Table S3) were synthe-
sized at Sangon Biotech (Shanghai, China). Yeast extracts,
tryptone, agar powder, and peptone were from Sangon
Biotech. All other chemicals were purchased from Sangon
Biotech unless stated otherwise.

Strain cultivation
Unless otherwise specified, Escherichia coli cells were grown
at 37 °C and 220 rpm (Zhichu Shaker ZQZY-CS8) on Luria-

Bertani (LB) medium (10 g/L tryptone, 5 g/L yeast extract,
10 g/L NaCl). A total of 100 mg/L of ampicillin was normally
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supplemented for plasmid maintenance. Yeast strains were
generally cultivated in YPD media consisting of 10 g/L yeast
extract, 20 g/L peptone, and 20 g/L glucose. A total of
200 mg/L. G418 was used for selection of transformants har-
boring a KanMX cassette. Strains containing URA3 based
plasmids were selected on synthetic complete media without
uracil (SC-URA), which consisted of 6.7 g/L yeast nitrogen
base (YNB) without amino acids and 20 g/L glucose. The
URA3 marker was recycled on SC+5FOA plates containing
6.7 g/L'YNB, 20 g/L glucose, and 1 g/L 5-fluoroorotic acid (5-
FOA). Strains containing a HIS3 based cassette were cultured
in SG-HIS (synthetic complete medium with 20 g/L galactose
as carbon source and histidine omitted). Strains containing the
amdSYM cassette (Solis-Escalante et al. 2013) were selected
on SM media (3 g/L KH,PO,, 0.5 g/L MgSO, -7H,0, 6.6 g/L
K,S04, 0.6 g/L acetamide, 20 g/L glucose or galactose) with
trace metal and vitamin solutions (Verduyn et al. 1992). All
the above media were supplemented with 40 mg/L histidine
and/or 60 mg/L uracil if needed. 20 g/L agar was added to
make solid media. Yeast cells were cultivated at 30 °C and
220 rpm in liquid media.

Strain construction

Transformation of E. coli was performed according to a
previously described protocol (Inoue et al. 1990). All
S. cerevisiae strains used in this study were derived
from CEN.PK113-11C (MATa SUC2 MAL2-8c his3Al
ura3-52). For constructing a CRISPR/Cas9 system, the
module containing the Cas9 gene and the KanMX ex-
pression cassette was amplified from the pECAS9-
gRNA-KanMX-tHFD1 plasmid (Zhu et al. 2017) and
integrated into the genomic XI-5 site (Mikkelsen et al.
2012) by homologous recombination (the resulting strain
SYO01). Then, the KanMX targeting gRNA expression
plasmid and the repair fragment were transformed into
SYO01 for removing of KanMX marker. Amplification
primers and repair primers are shown in Supplemental
Table S3.

Site-directed mutagenesis of ERG20 or CDC19 was
performed by PCR using oligonucleotides introducing
the respective mutation (Ho et al. 1989). The integration
modules were assembled by one-pot fusion PCR as pre-
viously described (Zhou et al. 2012). In spite of single or
double mutations, the module containing one selection
marker was called the one-end selection marker method
(One-ESM), while the module with two selection markers
was called the two-end selection marker (Two-ESM).
HIS3 and amdSYM selection markers were mainly used
in this study. The DNA cassettes or plasmids were trans-
formed to S. cerevisiae by using the chemical transforma-
tion protocol (Duan et al. 2019).
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Plasmid construction

Initially, a new gRNA plasmid was constructed using
the pROS10 plasmid (Mans et al. 2015) as a template
with two primers (P6 and P7 in Supplemental Fig. S2a)
containing the 20-bp recognition sequences to obtain the
module including the gRNA expression cassette and the
2-um sequence, and a single primer (6005 in
Supplemental Fig. S2a) binding at each of the two
SNRS52 promoters to obtain a linearized plasmid back-
bone. The two fragments were combined using a One
Step Cloning Kit, followed by transformation to E. coli
for screening by ampicillin resistance encoded on the
plasmid backbone. Determining the specific 20 bp se-
quence was the most critical, which could be referred to
by some gRNA scoring websites (http://yeastriction.tnw.
tudelft.nl). In this paper, the backbone sequence
arrangement and the plasmid assembly method were
optimized based on the pROS10 sequences. First,
ampicillin expression cassette was integrated into the
fragment to replace the 2-pm sequence (Supplemental
Fig. S2B). Then, we performed the construction of
pYSg4 on the basis of pYSg3, using two complementa-
ry primers P10 and P11 with a length of 59 bp, which
were located in the middle of the bla (ampicillin resis-
tance) gene, to split the expression module containing
the 20 bp specific sequence into two parts
(Supplemental Fig. S2c¢). These two fragments were
named part 1 and part 2, and the length of primers
P8/P9 containing specific 20-bp sequences was short-
ened to P4/P6, from 120 to 69 bp. Part 1 was amplified
using the primers P8/P10, part 2 was amplified by the
primers P9/P11, and backbone still was amplified with
the 6005 primer. These three fragments were assembled
into plasmids by the MultiS One Step Cloning Kit
in vitro, and the assembled mix were transformed into
E. coli. All plasmids were verified by DNA sequencing.

Verification of the mutant strain

Selected yeast colonies (eight to ten) from the agar plates
were cultured in 2 mL of corresponding liquid medium at
30 °C for 24 to 48 h. Then, 100 ul of culture broth were
taken for genomic DNA extraction by a quick extraction
method (Looke et al. 2011). The module integration of the
chromosome in the mutant strain was verified by colony
PCR. Based on the correct colony PCR verification, the
OREF (open reading frame) sequence of a mutant gene was
amplified for sequencing, and the sequencing results direct-
ly showed whether the strain was mutated successfully. The
mutation efficiency in this study is the ratio of the number of
mutant strains containing mutated genes to the number of
total sequenced strains.
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Results

Strong promoter driving ERG20 mutants
for improving cellular fitness

The ERG20™"?"% has a severely reduced enzyme activity for
FPP synthesis (Ignea et al. 2014) and thus retards the yeast cell
growth, which would make it challenging in allelic replace-
ment of wild-type ERG20 with this mutant. Indeed, direct
induced expression of the ERG20™"?”Y cassette by the native
ERG20 promoter resulted in the absence of colonies on the
plate (Fig. 2a), which suggested that a high level of FPPS
activity was essential for homologous recombination. We thus
leveraged a strong galactose induced promoter GALIp to en-
hance the expression of the ERG20"'?”Y and achieved the
normal growth of cells with 20 g/L galactose during gene
replacement (step 1 and 2, Fig. 1b). The GALIp driving
ERG20V"?"W cassette rescued the cell growth in the plates
with dozens of colonies (Fig. 2b). Then the GALIp was re-
moved together with the selection markers by using the
CRISPR/Cas9 system and the native ERG2(0 promoter was
left for expressing ERG20""?”% (step 3 in Fig. 1b). This result
clearly showed that a temporary strong induced promoter sig-
nificantly improved the integration efficiency of gene cas-
settes carrying gene mutants with low enzyme activities and
that it achieved site-directed mutagenesis of essential genes.

One-end and two-end selection marker method

A selection marker is essential for targeted integration of
DNA fragments and a one-end selection marker (One-
ESM) is usually enough for genome integration of normal
fragments. However, One-ESM may have negative partial
DNA fragment recombination during allelic replacement
of site-directed mutants, especially if the site-directed mu-
tants adversely affect cellular fitness (Fig. 3a). Actually,
though the colony PCR analysis showed that there were
identical 100% positive integration efficiency

Fig. 2 Temporary induced (a)
expression of ERG20™?"" by
GALIp enabled genome
integration of ERG20™'?”%. The
impact of the ERG20™?"V
expression induced by the native
ERG20 promoter (a) or the strong
GAL]I promoter (b) respectively
on transformation results in the
Two-ESM method

ERG20p (b)

(Supplemental Fig. S3), DNA sequencing (Supplemental
Fig. S4) showed that the One-ESM methods, with
amdSYM as a back-end selection marker (strains SY04)
and HIS3 as a front-end selection marker (strains SY05),
had only a 0% and 30% positive mutation efficiency, re-
spectively (Fig. 3c). These data suggested that partial
DNA fragment recombination took place when using
One-ESM. In detail, when the selection marker is located
at the front end, the front part of ERG20™"?”Y mutation
site might undergo a homologous recombination with the
genome (see right part with red lines in Fig. 3a), resulting
in the failed integration into the mutation site. Similarly,
when the marker is on the back end, the posterior ORF
sequence of the ERG20"'?"V site may also be
homologously recombined with the genome (see left part
with red lines in Fig. 3a). In particular, the integration of
ERG20V"?"Y conferred stresses for the cell growth due to
its severely weak activity for FPP synthesis, which would
make it challenging for integration of the correct mutation
compared to non-sense homologous recombination with
no growth stress. It is worth mentioning that the front-
end method used the GALI promoter to express
ERG20"'?7%_ while the back-end method used a weak
ERG20 promoter (Fig. 3a). The higher mutation of effi-
ciency of GALI promoter containing ERG20" 127V further
confirmed that using a strong promoter for temporary in-
ducing the expression of ERG20V"?”% could not only en-
hance the integration efficiency but also increase the mu-
tation rate.

Thus, we developed a two-end selection marker (Two-
ESM) mediated recombination strategy that could clamp the
site-directed mutants to replace the wild-type gene by using
two selection stresses (Fig. 3b). This Two-ESM method,
with HIS3 and amdSYM as flanked markers, enabled a
100% mutation efficiency, which suggested that the Two-
ESM method succeeds in clamping the ERG20V"?"Y to re-
place the wild-type ERG20, even though ERG20""?”Y con-
fers strong stress on cell growth. However, the two-ESM

GAL1p
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(a)

One-ESM method

m o Genome
”_5

Successful mutation Failed mutation
\ J

SY04

(b)

Two-ESM method

enome
A/L1p
ClMarker 1 ERG@>jMarker I
Genome
arker I XD ERG20* arker II

Successful mutation

SY06

Fig. 3 The mutation efficiencies of ERG20* when using One-ESM and
Two-ESM methods. a The homologous recombination diagram of SY04
and SYOS strains obtained by the One-ESM method. The left part shows
that the selection marker is located at the back end of mutant ERG20%*,
which is induced to express by the ERG20 promoter (strains SY04). The
right part shows that the selection marker is located at the front end of
mutant ERG20*, which is induced to express by the GALI promoter
(strains SYO05). Both SY04 and SYO0S5 strains had two possible
homologous recombination processes, and the processes of successful

method produced fewer colonies as compared with the One-
ESM method (Supplemental Fig. S5), which might be at-
tributed to the difficulties in the integration of a larger mod-
ule of a two-ESM integrating cassette.

Multi-module assembly increased integration
efficiency

Although the mutation efficiency of the Two-ESM
method was higher than that of the One-ESM method,
the number of transformants was obviously reduced
(Supplemental Fig. S5). It was likely that the large
module in the Two-ESM method led to the reduction
of integration efficiency. We thus divided our large fu-
sion fragment (Fig. 4a) into three modules, which was
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(c)

Failed mutatlon

Successful mutation
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SY05
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$
= 80
e
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©
o
© 40
[
S
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SY04 SY05 SY06
gend {amasym]  [HISDgend | [HISlgend |

and failed mutations are represented by black and red arrows,
respectively. Black solid lines indicate desired homologous
recombination and red lines indicate undesired homologous
recombination. The red mark * indicates the site of the mutation. b The
homologous recombination diagram of SYO06 strains obtained by the
Two-ESM method. The black arrow and black solid lines indicate the
homologous recombination process with successful mutations. ¢ The
mutation efficiencies of One-ESM and Two-ESM methods. Single
mutation efficiency of ERG20V"?”Y in SY04, SY05 and SY06 strains

called three-module strategy, which enabled a 3-fold
higher integration efficiency in the single mutation of
ERG20""?”" in comparison with that of one-module
strategy (Fig. 4b). While introducing the double muta-
tion of ERG20*°™. N127W the three-module strategy
showed an 3.7-fold improvement of integration efficien-
cy compared with one-module strategy (Fig. 4c).
Furthermore, we observed a slight improvement in mu-
tation efficiency using three-module strategy (100%)
compared with one-module strategy (93%, Fig. 4c and
Supplemental Fig. S6). This result clearly showed that
the three-module strategy improved the integration and
mutation efficiencies and the Two-ESM method was ap-
plicable in double mutation of the lethal gene with a
high efficiency of 100%.
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Fig. 4 Three-module strategy improved the genomic integration of
ERG20 mutant (ERG20%) cassette. a Schematic diagram of three-
module strategy. The one-module is divided into three parts by splitting
two selection markers into two segments. Then two broken selection
markers are in vivo assembled into the complete gene by homologous

Simultaneous removing two selection markers
with the efficient CRISPR/Cas9 system

Simultaneous removing the two markers flanked the gene
mutants is required for seamless site-directed mutagenesis of
the target gene. Counter selection markers such as URA3 have
been successfully used for seamless genome manipulation
(Akada et al. 2006; Zhou et al. 2011), however, it is challeng-
ing to simultaneously remove two selection markers as there is
low frequency in natural chromosome breaking. Thanks to the
CRISPR/Cas9 system that can break the target double-strand
DNA sequence with high frequency and specificity (Mans
et al. 2018), we may seamlessly remove the two marker genes
with the aid of homologous recombination with an enhanced-
specificity Cas9 nuclease variant from Streptococcus
pyogenes (Slaymaker et al. 2016).

We first optimized a plasmid for simultaneous expression
of two guide RNAs (gRNAs), which is essential for precise
genome editing. The pROS10 plasmid has been constructed
for simultaneous expression of two gRNAs (Mans et al.
2015), which contains two gRNA expression modules that
are back-to-back flanked at the 2 -pum replication sequence.
This kind of element arrangement had a high level of false
assembled constructs, since the plasmid backbone could cy-
clize without assembling the gRNA expression module and
the 2-pum sequence, and there was no selection marker kicking

(C) ERG20A99W, N127W
48 + r 120%
S, 40 - F 100% —~
2~ S
05 32 4 - 80% >
o £ o
E o S
© 24 - 60% -3
59 &
=316 - L 40% @
ST c
3% £
N~—" m [ 0,

E 8 20% 5:%
0 0% =

One-module Three-module

B Mutation efficiency

recombination. b The integration and mutation efficiencies of ERG20
NI27W by using one-module and three-module strategies. ¢ The
integration and mutation efficiencies of ERG20™"*°" N127W_All data
represent the mean + s.d. of biological triplicates

out these false constructs during plasmid assembly in E. coli
(pROS10’, plasmids Fig. 5a). We thus swapped the location of
the bla (for ampicillin resistance) and the 2-um replication
sequence, which enabled the picking out the successfully as-
sembled gRNA plasmid under the ampicillin stress. Indeed,
new plasmids pYSg3 led to a 2-fold higher positive ratio in
harboring gRNAs than that of pROS10’ (Fig. 5b).We then
tried to improve the targeted double gRNAs assembly in the
plasmid. In the previous protocol, the gRNAs were integrated
through PCR amplification of the selection marker bla with
end-end structural gRNA by using primers P4 and P6
(Supplemental Fig. S2b) and the PCR fragment was assem-
bled into plasmids pYSg3. However, the primers P4 and P6
had an identical sequence in the structural gRNA part, binding
to Cas9, which resulted in random combinations of two 20-bp
recognition sequences of P4 and P6 and hence four different
possible plasmids with a low assembly specificity (plasmids
pYSg3 in Fig. 5a). Indeed, this gRNA plasmid assembly
method obtained four types of plasmids (gl+g2, g2+gl, gl+
gl, g2+g2), and two gRNA integration plasmids (gl+g2 and
g2+gl) had only a small ratio of 22.5%, which made it chal-
lenging to pick out the targeted plasmids. To improve the
specificity of simultaneous integration of two gRNAs gl and
g2, we split the bla fragment and amplified the two fragments
separately by using the bla inner binding primers P10 and P11
(P8/P10 for part 1 and P9/P11 for part 2, Supplemental Fig.
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Fig. 5 Optimizing gRNA
expressing plasmids for
simultaneously expressing two
gRNAs. a pROSI0 is the initial
plasmid used as a template to
amplify the gRNA expression
cassette and backbone. It may
assemble empty plasmid without
gRNAs in resulting plasmid mix
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S2c). Then these two DNA fragments were assembled into the
backbone from the pYSg3 plasmid and only the correctly
assembled bla with gl and g2 rendered the ampicillin resis-
tance during colony selection. This modified method enabled
simultaneously specific assembly of two gRNAs (gl+g2) with
a positive rate of 85.0%, a 3.8-fold improvement compared
with the traditional plasmid assembly without a split of bla
(Fig. 5b). Furthermore, the length of the primers P8/P9 in the
method of constructing the plasmid pYSg4 was nearly 33%
shorter than that of P4/P6 in the previous method, saving the
costs in long primer synthesis. This specific gRNA assembly
method should facilitate the integration of multiple gRNAs for
multiplex genome editing. Finally, this gRNA plasmid en-
abled the simultaneous removal of the two selection marker
with an efficiency of 100%, and thus succeeded in the seam-
less gene replacement of ERG20.

Application of the Two-ESM method to mutate other
essential genes

We further applied this Two-ESM method to introduce muta-
tions on other essential genes such as PYK/ (encoding
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pyruvate kinase 1, also known as CDC19), whose mutation
has been shown to regulate glycolysis (Fenton and Blair 2002;
Yu et al. 2018). We here tried to introduce a single mutation
RIIT or R369A, by targeted replacement of the wild-type
CDC19 with CDC19%°" or CDC19%%%%*, Similarly, the fusion
module containing CDC19%" or CDC19%*%** was also inte-
grated into the genome by the one-module strategy and the
three-module strategy, respectively (Fig. 6a). The results
showed that the three-module strategy had 3.7-fold and 3.8-
fold higher efficiencies for R911 and R369A, respectively,
than those of the one-module strategy (Fig. 6b, c). Similarly,
the three-module strategy improved the mutation efficiency
for both CDC19%°!" and CDCI19%%°* (Fig. 6b, ¢ and
Supplemental Fig. S7). This observation demonstrated that
the Two-ESM method can be widely used to mutate essential
genes with high efficiency.

Discussions

Here, we developed a two-end selection marker (Two-ESM)
method for rapid and efficient site-directed mutation of
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Fig. 6 Two-ESM method mediated mutation of CDC19” by one-module
or three-module strategies. a Schematic diagram one-module and three-
module strategies. b The integration and mutation efficiencies of

genomic essential genes. Using ERG20 as a model gene, we
firstly designed the integration cassettes containing the muta-
tion genes, two-end selection markers and homologous arms
(Fig. 1b), which was used for allelic replacement of the wild-
type gene. This Two-ESM method ensured the targeted muta-
tion by homologous recombination on the flanking homolo-
gous arms, not by partially homologous recombined between
the wild-type and mutation genes (Fig. 3). To compensate for
the low activity of the gene mutation such as ERG20""?”" that
may retard the cell growth, we then used a strong inducible
promoter GALIp for temporary induced expression of the
mutant in the integration cassettes and the promoter can be
removed with the selection marker at the second round
CRISPR/Cas9 based genome editing. We also found that di-
viding the integration cassette into three modules (splitting at
the inner side of the selection marker) significantly improved
(> 3-fold) the allelic replacement efficiency (Figs. 4 and 6). To
facilitate the removal of selection markers, we optimized the
gRNA assembly method (Fig. 5a), which enabled simulta-
neous and precise assembly of two gRNA at 85%, an 8.5-fold
improvement compared with that of the previous method (Fig.
5b). With this optimized gRNA expression plasmid and
CRISPR/Cas9 system, the two selection markers were simul-
taneously removed at a positive rate of 100%.

The traditional method not only requires the construction
of aplasmid carrying the wild-type ERG20 gene (pERG20),
but also the transformation of this plasmid into S. cerevisiae

Three-module strategy

THIS3 )
GAL1p

N\
HIS3-2 m-amdsm-1

(c) CDC19R3694
25 1 r 100%

- 80%
- 60%
- 40%
- 20%
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2 & B

Integration efficiency
)]

Mutation efficiency (%)

B Mutation efficiency

CDCI9%°" ¢ The integration and mutation efficiencies of or
CDCI19%3%%A All data represent the mean + s.d. of biological triplicates

(Fig. 1a). Furthermore, the targeted gene mutation always
involves a two-step gene replacement with the aid of a se-
lection marker. Finally, the plasmid pERG20 needs to be
lost after the replacement step. In contrast, this Two-ESM
method only needs a one-step replacement (Fig. 1b). We can
estimate that the total five-steps of the traditional method
may cost 12 days and the Two-ESM method only needs
8 days. Though convenient single base genome editing has
been developed, it however relies on limited specific nucle-
otide substitution between A/T and C/G (Gaudelli et al.
2017; Komor et al. 2016; Nishida et al. 2016). Moreover,
CasPER was developed for mutagenesis of some essential
genes in S. cerevisiae by combining with error-prone PCR
and CRISPR/Cas9 (Jakociunas et al. 2018), which however
was a random mutagenesis strategy and relies on a high-
throughput screening strategy. Comparatively, this Two-
ESM method can mediate target mutations at any sites of
essential genes with high efficiency.

In summary, a Two-ESM method was developed for site-
directed mutation of genomic essential genes, which should
be useful for functional genomic analysis and metabolic
engineering.
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