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and protein engineering to achieve the titer, rate and yield 
necessary for the commercialization of new industrial fer-
mentation products.
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Introduction

The yeast Saccharomyces cerevisiae has been a eukaryotic 
model organism and an important industrial fermentation 
host for many decades. It has been used in the production 
of fuels and chemicals, such as grain and cellulosic ethanol, 
isobutanol, butanediol, isoprene as well as various higher 
value-specialty chemicals, nutraceuticals and pharmaceuti-
cals, e.g., artemisinin and amorphadiene, β-carotene, asta-
xanthin, flavonoids, and short chain fatty acids [4, 17, 20, 
32, 35]. Some of the most time consuming steps in the met-
abolic engineering process are the screening and selection 
of appropriate enzymes, and optimization of the pathway 
fluxes to redirect the native metabolic pathways towards 
high-level production of the target fermentation products. 
For the construction of stable and robust industrial yeast 
strains, it is highly desirable to have all the genetic ele-
ments for the engineered metabolic pathway integrated 
into the yeast genome. Although S. cerevisiae has an effi-
cient homologous recombination mechanism that allows 
the integration of linear DNA fragments, the chromosomal 
integration efficiency is still relatively low, and therefore, 
depends on the use of selection markers to screen for 
strains that contain the DNA fragments integrated at the 
targeted loci [30]. Usually individual gene expression cas-
settes are pre-assembled via a variety of approaches such 
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as subcloning ([21], SOEing PCR [27], Gibson assembly 
[11], and Golden Gate assembly [24]. These expression 
cassettes are further combined into multiple gene expres-
sion cassettes in  vitro or subcloned in  vivo to encode a 
multi-step enzyme pathway, as well as a positive selection 
marker such as a URA3 or kanamycin resistance gene (e.g., 
KanMX) before integrating into a target locus in the yeast 
genome [1]. Integration of a multi-step metabolic pathway 
may involve a lengthy process with several rounds of chro-
mosome integration and recycling of selection markers.

A variety of approaches have been developed for modular 
DNA assemblies taking advantage of the homologous recom-
bination in S. cerevisiae. Gibson et al. carried out a one-step 
assembly of 25 overlapping DNA fragments and created the 
complete circular 592  kb synthetic Mycoplasma genitalium 
genome as a self-replicating plasmid in yeast [11]. Shao et al. 
generated an eight gene cassette (19  kb) either on a plas-
mid or in yeast genome with high efficiencies (70–100  %) 
by homologous recombination and multiple copy chromo-
somal integration into the δ regions of the genome [30]. For 
the integration of target pathway genes, native homologous 
recombination efficiency was significantly improved upon 
the generation of a double strand DNA break in the genome 
using restriction enzymes such as the homing endonuclease 
I-SceI, which can be repaired using gene expression cassettes 
as donor DNAs for homologous recombination [19].

CRISPR (clustered regularly interspaced short palindromic 
repeats)-Cas (CRISPR-associated proteins) systems were first 
identified in bacteria as part of an immunity system towards 
bacteriophage and plasmids [13]. It has been used to improve 
the phage resistance of some lactic acid bacteria through 
natural adaptation and selection [3]. Over the last few years, 
RNA-guided CRISPR-associated protein (RNA-guided Cas9) 
technology has been used to introduce gene editing in many 
organisms, e.g., bacteria, S. cerevisiae yeast, the filamentous 
fungus Trichoderma reesei, Caenorhabditis elegans, mam-
malian cells, and plants [3, 5, 8–10, 21, 22]. Dicarlo et  al. 
reported the first example of sgRNA/Cas9 mediated gene dis-
ruption in S. cerevisiae [7]. Ryan et al. used the sgRNA/Cas9 
system to create multiple DNA breaks simultaneously across 
the genome of diploid or polyploid S. cerevisiae strains, while 
inserting either short dsDNA ‘barcodes’ or up to three over-
lapping dsDNA fragments into these dsDNA breaks without 
the use of a selection marker [29].

Recently, several studies have been published on multi-
plex metabolic pathway engineering in S. cerevisiae using 
RNA-guided Cas9 systems (summarized in Table  2). Hor-
witz et al. integrated six DNA constructs encoding 11 genes 
of the muconic acid biosynthetic pathway simultaneously 
into 3 genomic loci by co-expression of three guide RNAs 
targeting the different loci [14]. Jakočiūnas et  al. applied a 
multiplex sgRNA/Cas9 system for simultaneous knockout 
of five genes [15]; they also integrated three groups of DNA 

fragments, each with five overlapping DNA sequences at 
three loci simultaneously via sgRNA/Cas9 [16]. Mans et al. 
combined ACS1/ACS2 double gene deletion with the simul-
taneous in vivo assembly and integration of six overlapping 
DNA fragments into the ACS1 locus [23]. Ronda et al. inte-
grated three gene cassettes simultaneously into three inter-
genic loci using multiplex sgRNA targeting [28]. Tsai et al. 
reconstructed a xylose utilizing S. cerevisiae yeast strain 
using sgRNA/Cas9, and demonstrated that it had similar per-
formance as a strain constructed through traditional integra-
tion approaches using selectable markers [33]. The number of 
multiplex gene targeting ranges from 2 to 6 loci, with integra-
tion cassettes containing ~45–60 bp homology recombination 
arms between various overlapping integration fragments or 
with genomic sequences proximal to the sgRNA target site. 
Assuming the homologous recombination is efficient for the 
multi-fragment assemblies, the different sgRNA/Cas9 target-
ing efficiencies are likely due to the intrinsic sgRNA/Cas9 
targeting efficiency of each genomic locus.

These recent studies have demonstrated that genome edit-
ing facilitated by the homologous recombination system of 
S. cerevisiae has been made more efficient by generating 
chromosomal double strand breaks using RNA-guided Cas9, 
allowing high frequency chromosomal integration of multi-
ple DNA fragments. So far it has been shown that a 3–6 piece 
DNA assembly can be directly integrated into a single target 
site via homologous recombination, but there has not been 
any attempt to assemble larger number of DNA fragments in 
the same genome locus. Although recently a combinatorial 
approach of transcriptional balancing was applied for the bio-
synthesis of violacein through a five step pathway [18], it is not 
known whether multiple combinations of gene expression lev-
els for a given pathway assembly can be simultaneously gen-
erated using sgRNA/Cas9. To make the sgRNA/Cas9 tool box 
more versatile for the assembly and integration of large num-
bers of DNA fragments in the yeast genome, we demonstrated 
the efficient homologous recombination-directed assembly 
of up to 17 DNA fragments in a single transformation step in 
the S. cerevisiae genome via sgRNA/Cas9. As a proof of con-
cept for further optimization of the gene expression levels to 
improve flux for the engineered metabolic pathway, we gener-
ated a small combinatorial library of three carotenoid pathway 
genes directly in the genome. Such combinatorial strain librar-
ies allow the simultaneous optimization of multiple enzyme 
expression levels for metabolic pathway assembly.

Materials and methods

Strains, plasmids, growth media and reagents

E. coli strain DH5α (New England Biolabs, Ipswich, MA) 
and TOP10 (Life Technologies, Grand Island, NY) were 
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used for routine subcloning and plasmid transformation. 
S. cerevisiae strain BP1548 was used as the host strain for 
gene expression and pathway integration. l-canavanine 
was obtained from Sigma-Aldrich (St. Louis, MO, USA); 
β-carotene was from MP Biomedicals (Solon, OH, USA).

Yeast strains were cultivated in either YPD (10 g/L yeast 
extract, 10 g/L peptone, 20 g/L glucose), or synthetic com-
plete (SC) media with 6.7 g/L yeast nitrogen base (DifCo/
BD, Franklin Lakes, New Jersey) with an appropriate 
amino acid drop out mix (Formedium, Norfolk, UK). The 
canavanine selection medium is SC-Arg-Lys containing 
60 mg/L l-canavanine.

The crtE, crtB, crtI, and crtY genes were PCR amplified 
from the carotenoid pathway in Yarrowia lipolytica expres-
sion plasmids (pYPS102, pYCRTEBI) [31].

PCR products were purified by agarose gel electro-
phoresis or using DNA Clean and Concentrator Col-
umns (Zymo Research Corporation, Irvine, CA) before 
being used as templates for the DNA assembly and yeast 
transformation.

Cas9 target site selection

Initial sgRNA target sites were enumerated across an 
S. cerevisiae S288c reference genome using the pattern 
N20NGG encompassing the PAM sequence NGG. The can-
didates were further refined to ensure the uniqueness of 
the target site in the genome, by eliminating the sequence 
N20NAG which contains a single base mismatch at the 
PAM site. As described by DiCarlo et al. [7], duplicate tar-
get sites were identified and removed using Bowtie2. Can-
didate sgRNA target sites were removed if they contained 
T6 which can cause premature transcriptional termina-
tion. Remaining candidate sgRNA target sites were loaded 
into a DuPont proprietary genome browser along with the 
yeast gene model for reference and indexed to enable gene 
search.

Plasmid construction

The yeast 2μ plasmid-based vector pSE005 was con-
structed for expression of the Cas9 gene in plasmid 
pRS426-PDC1-PmeI-SfiI which contains PDC1 pro-
moter, PmeI and SfiI restriction sites, and ILV5 terminator 
(300 bp of the 3′ downstream UTS sequence of ILV5 gene) 
subcloned into the polylinker of pRS426 (2μ vector with 
URA3 selection marker) (34). pSE005 contains the PDC1 
promoter, the Cas9 gene with 3′NLS (Nuclear Localization 
Sequence) based on Cong et al. (5), and the ILV5 termina-
tor. The Cas9 gene was codon optimized for expression in 
Y. lipolytica, synthesized by Genscript (Piscataway, New 
Jersey), and PCR amplified using 5′ primer SE004 and 3′ 
primer SE005 (adding PmeI and SfiI sites, respectively). 

The DNA sequences of all the primers and gBlock DNAs 
in this study are included in Table S3 in the Supplementary 
Files online.

The guide RNA expression cassettes including the 
SNR52 promoter and the SUP4 terminator were synthe-
sized as gBlock DNA by IDT  (Integrated DNA Technolo-
gies, Coralville, Iowa) and subcloned into pRS423 (2μ 
vector with HIS3 selection marker) or pRS424 (2μ vector 
with TRP1 marker). pSE008 contains the gBlock DNA 
encoding for sgRNA.CAN1.Y [7] (Table S4, Supplemen-
tary Files) cloned into XhoI and SacI sites in the polylinker 
of pRS423; pSE028 contains the gBlock DNA for sgRNA.
HO.F cloned into the NotI and SacI sites of pRS423. 
pSE029 contains the the gBlock DNA for sgRNA.HO.G 
cassette between NotI and SacI sites of pRS423. pSE045 
is the HIS3 marker containing derivative of pSE029, con-
structed by ligating the NotI-SacI cassette from pSE029 
into the polylinker of pRS423.

Yeast transformation

Yeast transformations with plasmids and linear DNAs 
were performed using the Frozen-EZ yeast transformation 
II Kit™ (Zymo Research, Irvine, CA, USA) or electropo-
ration. To perform electroporation, overnight yeast cul-
tures were diluted 1:10 in 50 mL fresh YPD or SC-uracil 
media, grown to an OD600 of 0.8–0.9, and harvested by 
centrifugation at 700g for 5  min. The cells were resus-
pended in 30 mL of 0.1 M Lithium acetate, 10 mM Dithi-
othreitol, 10  mM-Tris–HCl, pH 7.5, 1  mM EDTA and 
incubated at room temperature for 1 h. The cells were har-
vested again at 700 g for 5 min, washed twice in 40 mL 
sterile water followed by washing in 10  mL of ice cold 
1 M sorbitol, before resuspending in 300 µL of 1 M ice 
cold sorbitol. To transform DNA by electroporation, 1 µg 
of DNA (in up to 5 µL) and 50 µL of cells were mixed in 
microfuge tube and incubated on ice for 5 min. The yeast 
cells/DNA mixture was added to a 0.1  cm chilled elec-
troporation cuvette, and electroporation was performed 
at 1.5 kV, 25 μF (GenePulser II, BioRad, Hercules, CA, 
USA). The cells were incubated in YPD or SC media for 
1 h at 30 °C, plated on selective media and incubated at 
30 °C for 3 days.

Integration of the β‑carotene pathway into the CAN1 
locus

A total of 17 DNA fragments (PCR#1-#17, Table S1, Sup-
plementary Files) were generated by PCR as components 
for the overlapping assembly of 5 expression cassettes at 
the CAN1 locus. Table S1 contains a list of the DNA frag-
ments including template and primer names, the sizes 
of the PCR products, as well as the overlapping DNA 
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sequences for each fragment. The carotenoid pathway 
(crt) genes were PCR amplified from plasmids pYPS102 
and pYcrtEBI [31]. The five terminator fragments were 
synthesized as gBlock DNAs and PCR amplified using 5′ 
primers with 50  bp overlap with the corresponding ORF, 
and 3′ PCR primers with 50  bp overlap with the unique 
linker sequence that marks the junction between each ter-
minator and the next promoter for the following gene 
cassette (L2–L6). These 15 fragments are flanked by two 
250 bp fragments, GB10 and GB11, with homology to the 
sequences upstream and downstream of the sgRNA/Cas9 
target site CAN1.Y. All PCR products were purified and 
DNA concentrations were determined using a NanoDrop 
ND1000 machine (NanoDrop Products, Wilmington, DE, 
USA). The PCR fragments were combined in equal molar 
amounts to a total of 2 μg of DNA in a total volume of 22, 
and 1 μl was analyzed by electrophoresis. Finally, the com-
bined DNA fragments were lyophilized and redissolved in 
8 μL ddH2O.

Yeast strain BP1548Cas9 was constructed by transfor-
mation of pSE005 into BP1548. For the in vivo assembly 
of the 17 genes of the β-carotene pathway at the CAN1 
locus, 1 μg of the various DNA fragments were combined 
with 0.14 μg of pSE008 and transformed into BY1548 by 
electroporation.

For an alternative assembly approach, the 17 overlap-
ping DNA fragments were pre-assembled in  vitro via 
Gibson assembly using Gibson Assembly Master Mix 
following manufacture’s protocol (New England Biolabs, 
Ipswich, MA, USA) into 5 sub-assemblies of the pro-
moter-gene-terminator cassettes each consisting of 3 or 
4 of the original 17 fragments. Equal molar of each DNA 
fragment (0.24 pmol) was combined for each of these 5 
sub-assemblies in a total of 5 μL, to which 5 μL of the 
2× Gibson assembly mix was added, and incubated at 
50 °C for 1 h. After the completion of the Gibson assem-
bly reaction, each sub-assembly was PCR amplified 
using primers that anneal to the 5′ and 3′ ends of each 
assembled DNA fragment, using the Phusion DNA pol-
ymerase (New England Biolabs), 0.4 μM of each PCR 
primer, and PCR condition as follows: 98  °C, 10  s; 35 
cycles of 98 °C for 1 s, 57 °C for 5 s, 72 °C for 60 s; and 
72 °C for 2 min.

To transform the 5 sub-assemblies of DNA frag-
ments into the yeast host strain BP1458Cas9, equal molar 
amounts of each of the 5 fragments totaling 1  μg were 
combined with 140  ng of plasmid pSE008 and trans-
formed into 50 μL of competent cells by electroporation 
as described above, and selected on SC-histidine plates for 
4 days at 30 °C. This transformation event yielded 8 colo-
nies, which were grown for 4 days at 30 °C. After 4 days, 7 
of 8 clones had more intense orange colors relative to wild 
type yeast host strain.

Integration of combinatorial gene expression cassettes 
for the β‑carotene pathway at the HO locus

PXI319 from the first carotenoid cassette assembly and 
integration step contains both the Cas9 expression plasmid 
pSE005 (pRS426.PDC1-Cas9) and the sgRNA expres-
sion vector pSE008 (pRS423.SNR52-sgRNA.CAN1.Y). To 
remove the sgRNA vector while retaining the Cas9 vector, 
the cells of PXI213 were restreaked to single colonies on an 
SC-uracil plate and incubated at 30 °C for 3 days. The pres-
ence of the pSE005 plasmid (URA3 marker) and the loss 
of the pSE008 plasmid were confirmed by restreaking on 
an SC-uracil plate and by PCR amplification using primers 
that hybridize to the HIS3 locus to confirm the absence of 
the HIS3 gene. The presence of the plasmid pSE005 (URA3 
marker) was confirmed by restreaking on an SC-uracil 
plate. This Cas9 expressing strain was named PXI213 and 
used as host strain for the next round of sgRNA/Cas9 medi-
ated integration. The assembly of the combinatorial DNA 
fragment library at the HO locus of PXI213 was carried 
out with a total of 12 DNA fragments (Table S2, Supple-
mentary Files). The PDC1 promoter fragment (PCR #24) 
was synthesized by PCR amplification using genomic DNA 
from strain PXI213 that contains the L1 linker-PDC1 pro-
moter sequence in the CAN1.Y integration cassette, using 
a 5′ primer that includes 50  bp of 5′ HO gene sequence 
(SE173), and a 3′ primer (P2069) that contains 50 bp over-
lapping sequences with crtY gene. The RPS5 promoter 
fragment (PCR #25) was amplified from gBlock DNA 
(GB30) using SE173 as the 5′ primer that contains 50 bp 
of 5′ HO gene sequence, and P2109 as the 3′ primer that 
includes 50 bp overlap with the crtY gene. PGI1 promoter 
was PCR amplified (PCR#20) from GB31(gBlock DNA) 
using primers P2082 and P2110, which generated the 
same linker sequences as TDH3 promoter, with L2 linker 
at the 5′ end, and a 50 bp overlap with crtI gene at the 3′ 
end. Similarly, ENO2 promoter (PCR# 21) was amplified 
using GB32 (gBlock DNA) as template, and P2084 and 
P2111 as 5′ and 3′ primers to generate the L3 linker at the 
5′ end, and 50 bp overlap with crtB at the 3′ end. Each of 
the three genes was amplified using PCR primers at 5′ and 
3′ ends of the respective ORFs. The TKL1t sequence was 
amplified using PCR primers (P2093, SE174) with gBlock 
DNA GB020 (Table S4, Supplementary Files) as template. 
To perform the combinatorial assembly with two possible 
promoter elements per gene, these 12 DNA fragments were 
combined in equal molar concentrations to a total of 1 μg, 
and transformed into PXI213 together with pSE045 by 
electroporation.

Several hundred colonies were obtained from the trans-
formation after incubating the SC-histidine plate for 3 days 
at 30  °C, of which 28 transformants were selected ran-
domly to be evaluated. From these clones, 22 transformants 
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that had equal or higher levels of orange color formation 
based on visual inspection were screened (6 other clones 
with similar orange color as control were not screened) for 
cassette integration at the HO-G locus by colony PCR using 
the amplification primer pair SE175/SE090 (Table S3, Sup-
plementary Files) that hybridize to 5′ and 3′ of the HO-G 
integration site. 16 of the 22 clones showed a PCR ampli-
fication product that is consistent with an expected insert 
size of 8  kb; while the other 6 clones gave 300  bp PCR 
products indicating the presence of the wild type HO gene 
with no insertion (Fig.  4b). The production of β-carotene 
was confirmed by HPLC analysis [6].

Results

Selection and testing of sgRNAs using template dsDNAs 
for ORF deletion

To test the efficiency of sgRNA/Cas9 directed chromo-
somal integration, we first used double stranded oligo-
nucleotides (dsDNA) as template DNA to perform the 
homology directed repair of the DNA double strand breaks 
generated by the Cas9 enzyme at several sgRNA tar-
gets in the genome. We chose three sgRNA targets in the 
yeast genome, including the CAN1.Y site in the CAN1 
gene (encoding arginine permease) [7], and HO.F and 
HO.G target sites in the HO endonuclease gene. In each 
case, 90 bp dsDNA containing 45 bp from the 5′- and 3′- 
of DNA sequences flanking the entire ORF (open read-
ing frame) was used as template DNA for the repair of the 
dsDNA break generated by sgRNA/Cas9. Plasmid pSE005 
(pRS426-PDC1-Cas9) was transformed into the haploid 
yeast strain BP1548 (MATa ura3Δ::loxP his3Δ), to create 
BP1458Cas9 strain for the constitutive expression of Cas9 
under the PDC1 promoter (Table 1). To perform the CAN1 
ORF deletion, strain BP1458Cas9 was co-transformed with 
plasmid pSE008 (pRS423-SNR52-sgRNA.CAN1.Y) and 
the 90  bp dsDNA (SE80/SE81) flanking the CAN1 gene. 
44 % of the transformed clones on SC-histidine plate were 
shown to be canavanine resistant by restreaking on Mini-
mal agar plates containing canavanine. Colony PCR and 
DNA sequencing of canavanine resistant (CanR) transfor-
mants showed that 8 out of 8 randomly picked CanR trans-
formants have complete deletion of the CAN1 gene with the 
expected sequences from the homology-directed recom-
bination of the 90 bp dsDNA. In the absence of the Cas9 
expression vector, co-transformation of CAN1-sgRNA 
vector and the HR donor DNA fragment (90 mer dsOligo) 
into the BP1458 host strain resulted in >103 transformants 
containing the sgRNA vector while no canavanine resistant 
clone was detected. This indicates that the presence of Cas9 
is required for the dsDNA break mediated disruption of the 

CAN1 gene without using canavanine resistance as a posi-
tive selection marker, although it is known that homologous 
recombination is already quite efficient in S. cerevisiae.

For the deletion of the HO gene via sgRNA-guided 
Cas9, we selected and compared two sgRNA sequences 
(HO.F and HO.G) using a DuPont proprietary Browser 
(described in “Materials and Methods” section). To probe 
the ORF deletion efficiencies in diploid industrial strains, 
we performed the HO deletion in PXI318, a derivative 
of the diploid strain YE1358 isolated by William Ruther-
ford (DuPont Pioneer). A 90 bp annealed dsDNA (SE107/
SE108) flanking the HO gene was used as homologous 
recombination template DNA. Plasmid pSE045 was co-
transformed into the diploid yeast strain PXI318 together 
with the SE107/SE108 dsDNA template, and selected for 
tryptophan prototrophy. Eight colonies from each sgRNA-
targeted transformation were analyzed by PCR for the dele-
tion of the HO gene, which showed that the sgRNA-HO.F 
generated biallelic ORF deletion in 25  % of the transfor-
mants, with no monoallelic deletion identified. In contrast, 
100  % (8 out of 8 clones screened) of the sgRNA-HO.G 
transformants had complete deletion of both alleles of the 
HO gene (Table 2).

Design of the β‑carotene biosynthetic pathway cassette 
for integration into yeast genome via sgRNA‑guided 
Cas9

The biosynthetic pathway for β-carotene was used as proof 
of principle for the one-step assembly of a multi-gene 
pathway at a single locus in the S. cerevisiae genome. In 
plants and certain fungi, β-carotene is made from the sterol 
biosynthetic pathway precursor isopentenyl diphosphate 
(IPP), which is synthesized via the mevalonate pathway 
from acetyl-CoA. IPP is converted to farnesyl diphosphate 
(FPP) by FPP synthase, and FPP is subsequently converted 
to β-carotene via the carotenoid pathway, or to squalene 
via the sterol pathway. To engineer the yeast S. cerevisiae 
into a β-carotene producing strain, the expression of four 
enzymes is required to redirect flux from FPP and IPP into 
the β-carotene biosynthetic pathway. These include gera-
nylgeranyl diphosphate (GGPP) synthase (crtE), phytoene 
desaturase (crtB), neurosporene desaturase-lycopene syn-
thase (crtI), and lycopene cyclase (crtY) [31]. A rate-lim-
iting step in the mevalonate pathway is the conversion of 
3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) to meva-
lonate by the action of HMG-CoA reductase. To remove 
product inhibition of HMG-CoA reductase (encoded 
by HMG1), the soluble, non-membrane bound catalytic 
domain of Hmg1 (tHmg1) was overexpressed in S. cer-
evisiae, resulting in a higher flux from FPP to squalene, 
an intermediate of the ergosterol pathway [34]. tHMG1 
expression has been included in β-carotene biosynthetic 



	 J Ind Microbiol Biotechnol

1 3

Ta
bl

e 
1  

S
tr

ai
ns

 a
nd

 p
la

sm
id

s

N
am

e
G

en
ot

yp
e

D
es

cr
ip

tio
n

So
ur

ce

S.
 c

er
ev

is
ia

e 
st

ra
in

s

 C
E

N
.P

K
11

3
M

A
Ta

 M
A

L
2-

8c
 S

U
C

2
Pr

ot
ot

ro
ph

ic
 h

ap
lo

id
 la

b 
st

ra
in

E
U

R
O

SC
A

R
F

 B
P

15
48

M
A

Ta
 u

ra
3Δ

::
lo

xP
 h

is
3Δ

C
E

N
.P

K
11

3,
 u

ra
-  h

is
−

 a
ux

ot
ro

ph
A

. K
ru

ck
eb

er
g,

 B
. P

au
l

 Y
E

13
58

M
A

Ta
 M

A
T
α

W
ild

 ty
pe

 p
ro

to
tr

op
hi

c 
di

pl
oi

d 
S.

 c
er

ev
is

ia
e 

st
ra

in
D

uP
on

t P
io

ne
er

 P
X

I1
04

M
A

Ta
 M

A
T
α

 u
ra

3Δ
::

K
an

M
X

 u
ra

3Δ
::

K
an

M
X

Y
E

13
58

, u
ra

−
 a

ux
ot

ro
ph

T
hi

s 
st

ud
y

 P
X

I3
18

M
A

Ta
 M

A
T
α

 u
ra

3Δ
 u

ra
3Δ

 tr
p1
Δ

tr
p1
Δ

P
X

I1
04

, u
ra

−
 tr

p−
 a

ux
ot

ro
ph

Z
. X

ue

 P
X

I3
18

C
as

9
M

A
Ta

 M
A

T
α

 u
ra

3Δ
 u

ra
3Δ

 tr
p1
Δ

tr
p1
Δ

 p
SE

00
5

E
xp

re
ss

io
n 

of
 C

as
9 

un
de

r 
PD

C
1 

pr
om

ot
er

 in
 p

SE
00

5 
pl

as
m

id

 B
P

15
48

C
as

9
M

A
Ta

 u
ra

3Δ
::

lo
xP

 h
is

3Δ
, p

SE
00

5
E

xp
re

ss
io

n 
of

 C
as

9 
un

de
r 

PD
C

1 
pr

om
ot

er
 in

 p
SE

00
5 

pl
as

m
id

T
hi

s 
st

ud
y

 P
X

I3
19

M
A

Ta
 u

ra
3Δ

::
lo

xP
 h

is
3Δ

, c
an

1:
:P

D
C

1-
cr

tY
-F

B
A

t.T
D

H
3-

cr
tI

-
A

D
H

t.G
P

M
-c

rt
B

-T
K

L
t.P

G
K

-c
rt

E
-C

Y
C

t.T
P

I-
tH

M
G

1-
TA

L
t, 

pS
E

00
5,

 p
SE

00
8

In
te

gr
at

io
n 

of
 β

-c
ar

ot
en

e 
pa

th
w

ay
 c

as
se

tte
 in

to
 C

A
N

1 
lo

cu
s,

 c
lo

ne
 

R
1–

22
T

hi
s 

st
ud

y

 P
X

I2
13

M
A

Ta
 u

ra
3Δ

::
lo

xP
 h

is
3Δ

, c
an

1:
:P

D
C

1-
cr

tY
-F

B
A

t.T
D

H
3-

cr
tI

-
A

D
H

t.G
P

M
-c

rt
B

-T
K

L
t.P

G
K

p-
cr

tE
-C

Y
C

t.T
P

I-
tH

M
G

1-
TA

L
t, 

pS
E

00
5

β
-C

ar
ot

en
e 

pr
od

uc
in

g 
st

ra
in

 w
ith

 e
xp

re
ss

io
n 

of
 C

as
9 

un
de

r 
PD

C
1 

pr
om

ot
er

 in
 p

SE
00

5 
pl

as
m

id
T

hi
s 

st
ud

y

P
la

sm
id

s

 p
Y

PS
10

2
cr

tY
, c

rt
Z

, c
rt

W
 e

xp
re

ss
io

n
Y.

 li
po

li
ti

ca
 e

xp
re

ss
io

n 
ve

ct
or

P.
 S

ha
rp

e

 p
Y

C
R

T
E

B
I

cr
tE

, c
rt

B
, c

rt
I 

ex
pr

es
si

on
Y.

 li
po

li
ti

ca
 e

xp
re

ss
io

n 
ve

ct
or

P.
 S

ha
rp

e

 p
R

S4
26

-P
D

C
1-

Pm
eI

-S
fiI

pR
S4

26
-P

D
C

1-
IL

V
5t

S.
 c

er
ev

is
ia

e 
ex

pr
es

si
on

 v
ec

to
r

W
. S

uh

 p
SE

00
5

pR
S4

26
-P

D
C

1-
C

as
9-

IL
V

5t
S.

 c
er

ev
is

ia
e 

ex
pr

es
si

on
 v

ec
to

r 
fo

r 
C

as
9

T
hi

s 
st

ud
y

 p
SE

00
8

pR
S4

23
-S

N
R

52
-s

gR
N

A
.C

A
N

1.
Y

S.
 c

er
ev

is
ia

e 
ex

pr
es

si
on

 v
ec

to
r 

fo
r 

sg
R

N
A

.C
A

N
1.

Y
B

as
ed

 o
n 

D
ic

ar
lo

 e
t a

l.

 p
SE

02
8

pR
S4

24
-S

N
R

52
-s

gR
N

A
.H

O
.F

S.
 c

er
ev

is
ia

e 
ex

pr
es

si
on

 v
ec

to
r 

fo
r 

sg
R

N
A

.H
O

.F
T

hi
s 

st
ud

y

 p
SE

02
9

pR
S4

24
-S

N
R

52
-s

gR
N

A
.H

O
.G

S.
 c

er
ev

is
ia

e 
ex

pr
es

si
on

 v
ec

to
r 

fo
r 

sg
R

N
A

.H
O

.G
T

hi
s 

st
ud

y

 p
SE

04
5

pR
S4

23
-S

N
R

52
-s

gR
N

A
.H

O
.G

S.
 c

er
ev

is
ia

e 
ex

pr
es

si
on

 v
ec

to
r 

fo
r 

sg
R

N
A

.H
O

.G
T

hi
s 

st
ud

y



J Ind Microbiol Biotechnol	

1 3

pathway engineering in S. cerevisiae strains, which led 
to improved β-carotene production while maintaining an 
appropriate level of ergosterol to support normal growth of 
the yeast cells [25, 26].

We designed a combined expression cassette for the 
tHMG1 gene together with crtE, crtB, crtI and crtY genes 
from Pantoea stewartii DC413 which were codon opti-
mized for expression in the oleaginous yeast Y. lipolytica 
[31]. Expression of these 5 genes was under control of 5 
glycolytic yeast promoters: TPI1, PGK1, GPM1, TDH3 
and PDC1, respectively (Fig.  1). The two medium level 
promoters TPI1 and PGK1 are utilized for expression of 
the two upstream genes tHMG1 and crtE, while the three 
strong promoters GPM1, TDH3 and PDC1 were selected 
for expression of the three downstream genes crtB, crtI 
and crtY, to maximize the pathway flux towards β-carotene 
from FPP. The yeast promoters were selected based on tran-
scription profile data in the Yeast Genome Database (http://
yeastgenome.org/). Several unique 50 bp linker sequences 
(L1–L6, Fig.  1) were introduced at the intergenic regions 
between each of the individual gene cassettes, as well as 

before the first promoter (PDC1) and after the last termi-
nator (TAL1t). Each 50 bp linker sequence contains a dis-
tinctive 8-bp restriction enzyme recognition site (Table S2, 
Supplementary Files). The linkers can be used as unique 
priming sites for PCR amplification using linker-specific 
primers, as well as sites for restriction mapping. These 
linker sequences are included as part of the PCR amplifica-
tion primers that hybridize to the 5′ end of the promoter and 
3′ end of the terminator of each gene cassette. To integrate 
the five gene expression cassettes into the CAN1 locus in S. 
cerevisiae genome, two homology sequences (5′HD/GB10 
and 3′HD/GB11, Fig. 1 and Table S4, Supplementary Files) 
were synthesized as gBlock DNAs (IDT), each containing 
200 bp flanking DNA sequences from the CAN.Y sgRNA 
site. The 5′ CAN1-flanking DNA fragment GB10 also con-
tains the 50  bp linker L1 which overlaps with the PDC1 
promoter PCR fragment, while the 3′-CAN1-flanking 
DNA fragment GB11 contains the 50  bp linker L6, over-
lapping with the TAL1 terminator PCR DNA fragments 
(Fig. 1). Therefore, there are a total of 17 overlapping DNA 
fragments, with 5 groups of promoter-gene-terminator 

Table 2   sgRNA/Cas9 targeting sequences used in this study, and the efficiencies of these sgRNAs in gene targeting for ORF deletion

Target gene Guide RNA Target sequence Plasmid Template dsDNA Targeting efficiency (%)

CAN1 CAN1.Y gatacgttctctatggaggatgg pSE008 (HIS3) SE80/SE81 44

HO HO.F tcttacgttatgtgcgcagatgg pSE028 (TRP1) SE107/SE108 25

HO HO.G ccagagtgtataaaatgtggcgg pSE029 (TRP1) SE107/SE108 100

HO HO.G ccagagtgtataaaatgtggcgg pSE045 (HIS3) SE107/SE108 100 

Linker Sequence (5'-3') Restric�on Site
L1 ggccctgcaggcctcatagctg�tcctgtgtgaaa�g�atccgctca SfiI
L2 gcggccgccgactcactatagggcgaa�ggagctccaccgcggtggc NotI
L3 ggcgcgcctccc�tagtgaggg�aa�gcgcgc�ggcgtaatcat AscI
L4 gcccgggcctggaaagcgggcagtgagcgcaacgcaa�aagtgag�ag SrfI
L5 cctgcaggca�aggcaccccaggc�tacac�tatgc�ccggctcgt SbfI
L6 cc�aacgtgag�tcg�ccactgagcgtcagaccgtagggccctgcaggcc SfiI

(a)

(b)

Fig. 1   a Design of the one-step assembly of the β-carotene bio-
synthetic pathway in the CAN1.Y locus via sgRNA/Cas9 mediated 
chromosome integration. The β-carotene biosynthetic pathway is 
shown as a fully assembled and integrated 11.8  kb DNA fragment 
composed of five gene cassettes for the expression of crtY, crtI, crtB, 
crtE, tHMG genes (orange) under yeast promoters (P1–P5, green) 

PDC1, TDH3, GPM1, PGK1, and TPI1, with respective terminator 
sequences (FBAt, ADHt, TKLt, CYCt, TALt, yellow). L1-L6 (vio-
let): unique linker sequences between adjacent gene expression cas-
settes and between 5′ and 3′ terminal gene cassette and the homology 
domains (5′HD and 3′ HD). b L1–L6 linker sequences

http://yeastgenome.org/
http://yeastgenome.org/
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assemblies, and 2 homologous recombination domains for 
integration of the combinatorial cassette into the CAN1 
locus.

Direct assembly of 17 overlapping DNA fragments in S. 
cerevisiae genome

To assemble the multiple overlapping DNA fragments effi-
ciently in  vivo, it is necessary to utilize Cas9 target sites 
in S. cerevisiae genome that are known to be highly effi-
cient in generating double strand breaks via the sgRNA-
targeted cleavage by the Cas9/sgRNA complex. For this 
study, we used the sgRNA-CAN1.Y site located 207  bp 
downstream of ATG start codon in the CAN1 gene, and the 
sgRNA-HO.G site located 100  bp upstream of the TAA 
stop codon in the HO gene. Based on the design of the 
combined gene expression cassette (Fig.  1), the 17 DNA 
fragments with 50  bp overlapping sequences were gener-
ated by PCR amplification of the carotenoid pathway bear-
ing plasmids (pYPS102 and pYCRTEBI) and BY1548 
genomic DNA as templates, or gBlock DNA fragments 
(IDT, Coralville, Iowa). Each of the amplified fragments 
has 50 bp of sequence that is homologous to the adjacent 
fragments upstream and downstream. The overlapping 
DNA fragments would be assembled in vivo via homolo-
gous recombination with its neighboring fragment, into 
the CAN1.Y sgRNA target locus to generate the entire five 
gene cassette integrated into the genome (Fig.  2a). First, 

the Cas9 expression plasmid pSE005 (pRS426.PDC1-
Cas9) was transformed into BP1548 to generate the host 
strain BP1548Cas9. This allows the constitutive expression 
of Cas9 before the introduction of the sgRNA vector and 
donor DNA fragments. Second, the 17 overlapping DNA 
fragments (Table S1, Supplementary Files) were trans-
formed into the strain BP1548Cas9 together with plasmid 
pSE008 (pRS423.SNR52-sgRNA.CAN1.Y) and the trans-
formants were plated onto SC-uracil& histidine selective 
media. A total of 24 colonies were obtained from the trans-
formation, which were repatched on SC-arginine-lysine 
media containing 60 μg/mL l-canavanine. Four of the 24 
transformants showed positive growth on the canavanine 
plate, indicating that the CAN1 gene was disrupted. PCR 
analysis of the 4 CanR transformants, using primers JZ942 
and JZ943 that hybridize to the CAN1 locus at 5′ and 3′ of 
the sgRNA-CAN1.Y site, respectively, produced bands of 
the expected size for the integrated region (11.8 kb, Fig. 2b 
(A)). Each of the 5 gene expression cassettes was con-
firmed to be present based on PCR reactions using prim-
ers specific to each of the linkers (L1–L6) in the integration 
cassette (Fig. 2b (B–F)). In addition, the 5′ and 3′ integra-
tion junctions of the combined cassette in the CAN1.Y site 
were confirmed by PCR amplification using primer SE073 
located upstream in the CAN1 locus, and reverse primer 
P2081 located in the L1 linker (Fig.  2b (G); and forward 
primer P2105 in the TAL1 terminator and the CAN1 locus 
reverse primer SE074 (Fig.  2b (H)). Therefore, all four 

Fig. 2   Simultaneous in vivo 
assembly and chromosomal 
integration of the 17 overlap-
ping DNA fragments into the 
CAN1.Y Cas9 target site. a 
Depiction of the 17 overlap-
ping DNA fragments. Each 
DNA fragment contains 50 bp 
overlapping sequences with 
the adjacent DNA fragment(s). 
b Agarose gel analysis for the 
confirmation of the assembled 
cassette in the CAN1 locus 
by PCR amplification of the 
complete integration cassette 
(Amplicon A), five individual 
gene cassettes (Amplicons B, C, 
D, E, F), 5′ integration junction 
(Amplicon H), and 3′ integra-
tion junction (Amplicon G). c 
Table for the PCR amplicons, 
with descriptions for the DNA 
cassettes, PCR primer pairs, and 
PCR product sizes
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transformants were confirmed to contain the integrated 
β-carotene pathway genes and their corresponding promot-
ers and terminators as designed in Fig. 1. These four trans-
formants also showed orange color formation after 4  day 
incubation on YPD plates (Fig. 5a, BP1548, R1–6, R1–12, 
R1–20, and R1–22).

As an alternative pathway assembly strategy, the 17 DNA 
fragments were pre-assembled into 5 separate gene cassettes 
via Gibson assembly (Fig.  3). The five cassettes  assem-
bled in  vitro are 5′HD(CAN1)-L1-PDC1-crtY-FBAt-
L2, L2-TDH3-crtI-ADHt-L3, L3-GPM1-crtB-TLKt-L4, 
L4-PGK1-crtE-CYCt-L5, and L5-TPI1-tHMG-TALt-L6-
3′HD(CAN1). For the pre-assembled fragment CAN1-5′HD-
PDC1-crtY-FBAt at the 5′ end of the pathway cassette, the 
Gibson assembly reaction contained PCR fragments 1, 2, 3, 
and 16 to include the 5′ CAN1 homology sequences (CAN1-
5′HD, Table S1, Supplementary Files); while the last gene 
cassette at the 3′ end (TPI-tHMG1-TALt-CAN1-3′HD) 
contained PCR fragments 13, 14, 15 and 17 to include the 
3′ CAN1 homology sequence (CAN1-3′HD). The five pre-
assembled DNA fragments were transformed with plas-
mid pSE008 into strain BP1548Cas9 for recombinational 
integration at the sgRNA-CAN1.Y site. Seven of eight 

transformants on the SC-histidine plate were confirmed for 
the insertion of the 5-gene cassette, and 6 of these 7 con-
firmed transformants developed orange colored colonies on 
YPD plates after 4 days.

Generation of a combinatorial library and screening 
for improved β‑carotene biosynthesis

We continued to use the β-carotene biosynthetic path-
way as a model to demonstrate combinatorial gene 
expression library construction via sgRNA/Cas9. The 
β-carotene producing strain PXI213 (clone #R1–22 
(PXI319) from the 17-piece DNA assembly with pSE008 
plasmid removed) contains all the necessary enzymes 
for the pathway, but is not yet optimized for β-carotene 
production.

We aimed to improve the pathway flux down-
stream from GGPP, the first isoprenoid pathway inter-
mediate committed to the β-carotene pathway, to 
β-carotene. The genes (crtB, crtI and crtY) encoding 
the last three enzymes leading to β-carotene were inte-
grated as a second copy into the genome. This integra-
tion was performed by Cas9-mediated integration at the 

Fig. 3   Construction of five β-carotene biosynthetic gene expres-
sion cassettes via Gibson DNA assembly and simultaneous in  vivo 
assembly and chromosomal integration of the 5 piece overlapping 
DNA fragments into the CAN1.Y Cas9 target site. a Depiction of 
the 5 overlapping DNA fragments pre-assembled from 17 overlap-

ping DNA fragments. Each of the five pre-assembled DNA cassettes 
contains 50 bp overlapping sequences with the adjacent DNA cassette 
or the chromosome DNA sequence at the CAN.Y site. b Agarose gel 
analysis for the confirmation of the assembled cassette in the CAN1 
locus. Amplicons A to F are described in Fig. 2
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sgRNA-HO.G locus of PXI213 strain. Instead of incor-
porating a single transcription unit for each of the three 
genes, we chose to construct a combinatorial library 
directly in the genome.

The assembly of the combinatorial DNA fragment 
library at the HO locus of PXI213 was carried out as fol-
lows (Fig.  4). A total of 12 DNA fragments (Table S2, 
Supplementary Files) were synthesized as components 
for the overlap assembly, of which PCR fragments #2–#8 
were previously used as components for the 17 piece DNA 
assembly into CAN1 locus as described above. DNA frag-
ments comprising two different promoters were synthesized 
with the same 5′ and 3′ linkers for the expression of crtB, 
while two additional pairs of promoter DNAs were synthe-
sized for crtI and crtY, respectively, thus providing a com-
bination of high and medium level promoters for each gene 
(Fig. 4). The following 6 promoters were chosen based on 

transcription profile data in Yeast Genome database (http://
yeastgenome.org): PDC1 and RPS5 promoters for crtY, 
TDH3 and PGI1 promoters for crtI, and GPM1 and ENO2 
promoters for crtB (Fig.  4). The combinatorial assembly 
of the six promoters with the three respective genes would 
generate 8 combinations of expression levels for crtB, 
crtI and crtY genes; resulting in transformants that can be 
readily screened for their levels of β-carotene production. 
Taken together, each pair of two neighboring DNA frag-
ments contains the same 50  bp linker sequence (Fig.  4a) 
for homologous recombination in vivo. The last DNA frag-
ment in the combinatorial assembly sequence is the TKL1 
terminator (TKL1t) fragment, which remains unchanged 
regardless of the choice of the recombination partner DNA 
fragment. Combining the two promoter DNA elements per 
gene, three gene fragments and three terminator elements 
gives a total of 12 DNA fragments each containing 50 bp 

Fig. 4   The assembly and integration of the crtY, crtI, crtB combina-
torial gene expression cassettes at the HO.G locus by RNA-guided 
Cas9. a DNA fragments for the combinatorial assembly and integra-
tion. Two sets of promoters including strong promoter (PDC1, TDH3, 
and GPM1) and medium strength promoters (RPS5, PGI1, ENO2) 
are selected for the expression of the three genes, crtY, crtI and crtB. 
Several unique 50 bp linkers are incorporated in the cassette construc-
tion, including L1, L2, L3, and L4. L1 and L4 linkers were fused with 
50 bp 5′ and 3′ homology domains (5′HD and 3′HD), respectively, as 

part of the first promoter pair (PDC1 and RPS5) and the TKL1 ter-
minator PCR product. b PCR analysis of the promoter elements in 
individual strains with the integrated cassette. The entire cassette was 
PCR amplified, and used as template for subsequence PCR amplifica-
tion of individual gene cassettes using promoter specific PCR prim-
ers. d 16 of 28 picked strains were analyzed for the distribution of 
the promoters in the combinatorial cassette. The strong promoters are 
shaded in blue, and the medium strength promoters are shaded in yel-
low

http://yeastgenome.org
http://yeastgenome.org
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overlapping sequences with their respective homologous 
recombination partners. The integration of the combinato-
rial assembly at the HO.G site results in deletion of 23 bp 
and 2 bp at 5′ and 3′ of the PAM site, respectively, with the 
concomitant elimination of the PAM sequence.

Strain PXI319 from the previous carotenoid cassette 
assembly and integration step contains both the Cas9 
expression plasmid pSE005 (pRS426.PDC1-Cas9) and 
the sgRNA expression vector pSE008 (pRS423.SNR52-
sgRNA.CAN1.Y). Upon removal of the pSE008 vector, 
this Cas9 expressing strain was named PXI213 and used 
as host strain for the next round of sgRNA/Cas9 mediated 
integration of second copies of the three downstream path-
way genes: crtY, crtI and crtB. The combined DNA frag-
ments for the combinatorial assembly (Table  3) were co-
transformed into strain PXI213 together with the sgRNA 
expression vector pSE045 (pRS423.SNR52-sgRNA.HO.G), 
and selected on the SC-histidine selective media for clones 
that contain the transformed sgRNA vector. A total of 16 
clones from 28 randomly selected transformants contained 
the crtY, crtI and crtB gene cassettes, with each gene fused 
to one or the other of the two possible promoters (Fig. 4c). 
Seven of the eight possible combinations of the 3 gene 
cassettes were present in the group of 16 clones (Fig. 4d). 
These 16 clones were restreaked on YPD plates and incu-
bated at 30  °C for 4  days, together with the host strain 
BP1458 as a non-carotenogenic control strain and the strain 
PXI213 from the first round of β-carotene pathway integra-
tion as a reference strain (Fig. 5). All 16 clones appeared to 
have greater orange color formation compared to the two 
parent strains. The production of β-carotene was confirmed 
by HPLC analysis, which showed that most of these clones 
had up to fourfold increases in β-carotene production com-
pared to the first generation strain PXI213 (see table in 
Fig. 5).

Discussion

The RNA-guided Cas9 system has enabled precise and 
rapid genome editing in many organisms. The current 
study together with several recent publications demon-
strated the versatile utility of RNA-guided Cas9 in estab-
lishing a platform for accelerated gene assembly and 
metabolic pathway engineering in S. cerevisiae. As double 
strand DNA breaks generated by RNA-guided Cas9 in the 
genome are toxic to the cell, it provides a strong positive 
selection for clones with gene editing or insertion/dele-
tion at the sgRNA target site. Consequently, multiple over-
lapping DNA fragment assembly directly in the genome 
becomes feasible, allowing the integration of in  vivo 
assembled DNA fragments at any desired genomic loci. 
To achieve high productivity of an engineered metabolic 

pathway, the expression levels of the pathway enzymes 
need to be optimized for better pathway flux and minimal 
accumulation of intermediates and byproducts, as well as 
reduced protein burden. Traditionally, the enzyme expres-
sion levels of an engineered pathway are individually opti-
mized; this stepwise approach usually requires multiple 
rounds of re-optimization due to potentially unbalanced 
fluxes in a multi-step pathway. We have demonstrated 
that multiple contiguous gene expression cassettes can 
be assembled in a combinatorial fashion directly into the 
yeast genome to generate a library of pathway expression 
strains, therefore, bypassing the multiple steps of plasmid-
based screening of combinatorial pathways, or of serial 
cassette integrations into the genome. Although we were 
not able to identify a single best promoter combination for 
the gene expression optimization of the lower carotenoid 
pathway, the results showed that having all three strong 
promoters (PDC1, TDH1, GMP1) did not lead to higher 
levels of β-carotene production. In addition, the β-carotene 
levels produced by the engineered strains in this study are 
lower compared to some other studies. This may be due to 
the lack of additional mutations that can further improve 
the flux towards the mevalonate and carotenoid pathways, 
as well as the use of crt genes that were codon optimized 
for Y. lipolytica instead of S. cerevisiae. Improved codon 
optimization may lead to higher flux in the engineered 
pathway. On the other hand, the use of Y. lipolytica codons 
for the Cas9 gene was likely appropriate, as we compen-
sated for the lack of codon optimization using the strong 
FBA promoter for the Cas9 expression.

We identified the HO.G Cas9 target site as a highly effi-
cient RNA-guided Cas9 cleavage site based screening of 
two potential Cas9 target sites identified using an in the 
HO.G site with the 90  bp double stranded recombination 
donor DNA spanning the 5′ and 3′ flanking sequences out-
side of the HO gene resulted in 100 % biallelic ORF dele-
tion via Cas9/sgRNA mediated homologous recombination 
in the diploid yeast strain PXI318Cas9. This demonstrates 
that homologous recombination-directed DNA repair can 
occur efficiently at sequences up to 1.6 kb away from the 
Cas9 cleavage site in both alleles of the diploid yeast strain. 
For strain construction in which certain genes need to be 
eliminated, such complete ORF deletions can be advanta-
geous. This is a first example for biallelic deletion of com-
plete ORFs carried out in a single transformation for a dip-
loid yeast strain. Due to the efficient Cas9 cleavage at the 
CAN1.Y [7] and HO.G target sgRNA sequences, these two 
sites were used for the integration of β-carotene biosyn-
thetic pathway genes.

We demonstrated for the first time that up to 17 overlap-
ping DNA fragments can be directly assembled in the yeast 
genome via sgRNA/Cas9-mediated chromosomal double 
strand DNA breaks and homologous recombination. This 
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is by far the largest number of DNA fragments assembled 
directly in yeast genome instead of a circular plasmid such 
as 2μ based vectors. Such an approach allows the construc-
tion of complete multi-enzyme metabolic pathways directly 
from individual DNA fragments encoding promoters, 
ORFs and terminators in a single step without the co-inte-
gration of a selectable marker. This will greatly facilitate 
the assembly of complex metabolic pathways to be stably 
expressed from the yeast genome, thus enabling the con-
struction of laboratory and industrial yeast strains without 
extensive rounds of integration and marker recycling steps. 
Both the efficiency of sgRNA/Cas9 targeting (e.g. 44 % for 
CAN1 gene ORF deletion) and multi-fragment assembly 
(17 % for the assembly of 17 fragments in a single locus) 
reported in this study can be further improved by more 
efficiently targeted sgRNA/Cas9 complex, and increasing 
the in  vivo concentrations of HR donor DNA fragments. 

Combined with multiplex targeting demonstrated in sev-
eral other studies, the simultaneous assembly of even more 
DNA fragments can be envisioned. As indicated by Gibson 
et al. [11], it may be possible to assemble a large number of 
overlapping DNA sequences in yeast (>25), albeit the prob-
ability of the entry of all the different DNA fragments into 
the nucleus of a single cell is reduced significantly with the 
increased complexity.

Alternatively, it is possible to assemble a metabolic 
pathway using overlapping DNA fragments containing 
various promoters, genes and terminators, and several pairs 
of 5′ and 3′ homology sequences to direct the integration 
of the same pathway cassette or different subsets of the 
metabolic pathway to multiple loci in the yeast genome. 
This will result in multi- copy integration of the pathway 
genes, which may be necessary for high-level expression 
of the engineered pathways. To demonstrate the potential 

Fig. 5   Yeast cells of host strain 
BP1548, first and second round 
chromosomal integration of 
the β-carotene biosynthesis 
cassettes streaked on YPD 
plate. a WT (BP1548), and 
clones R1–6, R1–12, R1–20 and 
R1–22 from the 17 piece DNA 
assembly and 1st round integra-
tion; and clones 1, 2, 3 from 
the combinatorial assembly 
and 2nd round chromosomal 
integration of crtY, crtI, crtB 
expression cassettes. Clone 
R1–22 (with pSE008 removed) 
is renamed PXI213. b PXI213, 
and clones 4, 5, 6, 8, 11, 12, 13 
from second round integration. 
c PXI213, and clones 14, 15, 16, 
17, 18, 27 and 28 from second 
round integration

Strain β-Carotene (mg/L)
BP1548 0
PXI213 0.04
Clone 1 0.18
Clone 2 0.16
Clone 4 0.16
Clone 5 0.21
Clone 6 0.15
Clone 8 0.14
Clone 11 0.2
Clone 12 0.21
Clone 13 0.14
Clone 14 0.14
Clone 15 0.23
Clone 16 0.13
Clone 17 0.13
Clone 18 0.15
Clone 27 0.11
Clone 28 0.2

(a) (b)

(d)
(c)
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application of multiple DNA fragment assembly, we gener-
ated a small combinatorial DNA library for the three down-
stream genes of the β-carotene biosynthetic pathway (crtB, 
crtI and crtY) directly integrated into the yeast genome 
to create a diversity library of strains. This enabled the 
screening of combinatorial libraries in stable chromosom-
ally integrated strains for the simultaneous testing of many 
hypotheses including the screening of mutant libraries of 
enzymes and transcription factors aimed at rapid improve-
ments of product titers. The diversity library generation 
can be applied to the combinatorial expression of multiple 
CRISPR-associated catalytically inactive dCas9 proteins 
[12] to select for desired levels of multiplex gene regula-
tion. Using this approach, it is also possible to carry out 
DNA shuffling while directly integrating the various shuf-
fled and assembled genes, gene fragments, promoters, etc., 
in the genome. From our experience of metabolic pathway 
engineering, the two promoter-per-genes strategy utilized 
in the current study is likely a practical approach for range 
finding in metabolic pathway engineering.

In summary, we established an expanded toolbox for the 
single step sgRNA/Cas9 mediated assembly and marker-
free chromosomal integration of multiple combinatorial 
gene expression cassettes and libraries. Combined with 
Cas9 directed genome editing, multiplexing ORF deletion 
and insertion, the approaches developed here will enable 
the rapid strain engineering in the future directed at scout-
ing of a variety of biosynthetic pathways leading to new 
targets and commercial products derived from metabolic 
pathway engineering.
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