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ABSTRACT: Genome editing is an important tool for building
novel genotypes with a desired phenotype. However, the funda-
mental challenge is to rapidly generate desired alterations on a
genome-wide scale. Here, we report TALENs (transcription
activator-like effector nucleases)-assisted multiplex editing
(TAME), based on the interaction of designed TALENs with
the DNA sequences between the critical TATA and GC boxes,
for generating multiple targeted genomic modifications.
Through iterative cycles of TAME to induce abundant
semirational indels coupled with eflicient screening using a
reporter, the targeted fluorescent trait can be continuously and
rapidly improved by accumulating multiplex beneficial genetic
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modifications in the evolving yeast genome. To further evaluate its efficiency, we also demonstrate the application of TAME for
significantly improving ethanol tolerance of yeast in a short amount of time. Therefore, TAME is a broadly generalizable platform
for accelerated genome evolution to rapidly improve yeast phenotypes.
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sually, cellular phenotypes involve synergistic actions of

different genes that manifest as layered gene regulatory
networks and specific expression programs. The major layers
consist of transcriptional regulatory elements that can integrate
multiple signals and perform sophisticated, combinatorial
functions during transcription."”> Combinatorial regulation
of transcription has several advantages, such as controlling
gene expression in response to a variety of environmental
signals and employing a limited number of transcriptional
regulatory elements to create many combinations of
regulators that are modulated by diverse sets of conditions.’
Thus, platforms for scalable, tunable, and synergetic
modulation of transcriptional regulatory elements would be
capable of generating diverse phenotypes and thereby enable
faster directed evolution of living cells under specific selective
conditions.*

Traditional random mutagenesis, metabolic engineering, and
adaptive evolution have created genetic variants with usefully
altered phenotypes.s'_8 However, these methods are laborious,
relatively inefficient, and difficult to use in parallel and for
continuous modification of specific gene networks or genomes
on short time scales. Recently, breakthroughs in engineering
nucleases, such as zinc-finger nucleases (ZFNs), transcription
activator-like effector nucleases (TALENs), and clustered
regulatory interspaced short palindromic repeat (CRISPR)/
Cas-based RNA-guided DNA endonucleases, have offered new
opportunities for multiplex engineering strategies at the genome
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level aimed at allowing the evolution of biological systems.”'°

Multiplex genome editing is performed with multiple mod-
ifications on whole genomes, thereby potentially uncovering new
or greatly improved phenotypes with beneficial properties.
TALENs are nonspecific DNA-cleaving nucleases fused to
DNA-binding domains with a series of tandem repeats that can
be easily engineered to target essentially any DNA sequence and
generate desirable modifications in a wide range of cell types and
organisms.""'* The ability of TALENS to quickly and efficiently
alter DNA sequences promises to profoundly impact biological
research and multiplex genome editing. Hence, multiplex
genome editing based on specifically designed TALENSs could
be a powerful tool to induce multiple targeted modifications,
thereby obtaining desired phenotypes.

Here, we report a new TALENs-assisted multiplex editing
(TAME) toolbox, based on multiplex interactions of TALENs
with the DNA sequences between the critical and conserved
TATA box (TATAAA) and GC box (GGGCGG), developed
after functional analysis of different TALENs and genomic
sequence mapping via a self-programmed script. We use this
toolbox to induce multiple modifications that improve the
complex phenotypes of Saccharomyces cerevisiae rapidly and
efficiently. Furthermore, we explore the prospects for extending
efficient and semirational genome editing and discuss the
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Figure 1. Evaluation and application of TALENS in S. cerevisiae. (A) Diagram of TALENs-induced double-strand breaks and their repair by NHEJ.
(B) Diagram of the design of different TALENS used to investigate site-directed modification efficiency. L and R represent the left and right TALE
binding sites, respectively, and S represents the spacer length of the TALENs. The numbers indicate the binding length or spacer length of the
sequences. (C) Effect of the number of TALE repeats on URA3 modification. (D) Effect of the TALENS spacer length on URA3 modification. (E) Indels
generated in the targeted region of URA3 by different TALENSs. The underlined red nucleotides represent the binding sites for URA3 editing. All data are
from at least three biological replicates and are shown as the mean =+ SD.

application of continued advances toward the development of a B RESULTS AND DISCUSSION

flexibly programmable yeast chassis. Our study demonstrates a
powerful and efficient TALENs-mediated toolbox for achieving
multiplex genome modifications and generating genetic diversity,
thereby improving complex phenotypes of living cells in short

amounts of time.

Evaluation of the Efficiency of TALENs-Mediated
Targeted Mutagenesis in Saccharomyces cerevisiae. In
living cells, TALENSs-induced double-strand breaks (DSB) can
create random sequence alterations, such as insertions, deletions,

or nucleotide substitutions (collectively termed indels),
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Figure 2. Potential TALENS binding sites containing the targeted GGGCGG and TATAAA sequences and related genes. (A) RNA polymerase II core
promoter element. (B) Location analysis of sites containing GGGCGG and TATAAA sequences. (C) Functional analysis of related genes.
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through NHEJ (nonhomologous end joining)-mediated repair
(Figure 1A)." To achieve precise genome modifications at the
targeted site, TALEs (transcription activator-like effectors)
designed to recognize 12—18 bp specific sequences separated
by a 13—22 bp spacer were typically required in previous
studies.'*'® However, TALENS containing 12—18 TALE repeats
theoretically have very few chances to be functional at multiple
sites in the genome.16 Thus, to introduce modifications at
multiple sites in a genome, TALE repeats against short sequences
(e.g., less than 12 bp) would be needed.

Here, the efficiency of TALENs-mediated targeted muta-
genesis induced by specific short sequences (4—12 bp) with
different spacer lengths (5—40 bp) was first assessed by targeting
the URA3 gene (Figure S1, Supporting Information) and
measuring S-fluoroorotic acid (5-FOA) resistance in S. cerevisiae
(Figure S2, Supporting Information). Cells with mutated and
nonfunctional URA3 can grow on 5-FOA plates, whereas cells
with functional URA3 are unable to grow.'” When separately
using TALEN pairs targeting specific 4, 6, 9, and 12 bp sequences
with a fixed 22 bp spacer length, the TALEN pair with 12 TALE
repeats showed the highest rate of site-specific mutagenesis in the
URA3 gene (Figure 1C). The rate of site-specific mutagenesis
decreased as the number of TALE repeats was reduced.
When using TALEN pairs with a fixed number of TALE repeats
(12 repeats) and different spacer lengths (S, 10, 20, 30, and
40 bp), the TALEN pairs with 20 and 30 bp spacer lengths
showed significantly higher rates of site-specific mutagenesis than
those with shorter or longer spacers, consistent with previous
studies."> Sequencing the possible mutations further proved
that TALENs could play a role in site-specific modification and
generate diverse indels when different TALE binding sequences
are used (Figure 1E). For the purpose of inducing targeted
multiplex editing in the genome, these results suggested that
TALEN pairs targeting specific short sequences could be
promising even though the modification efficiency might be
not optimal.

To identify all possible TALE binding targets in yeast, we
mapped the yeast genome with fixed sequence pairs of 4—9 bp
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with 0—50 bp spacer lengths using a self-programmed script. The
results showed that the number of TALE binding sites with more
than 6 bp was limited and not suitable for multiplex editing.
Thus, in this study, binding site selection and analysis based on
6 bp sequences with less than a 50 bp spacer length was used
to design possible modifications through multiple genomic
targeting.

Genome-Wide Computational Analysis and Selection
of Multiple TALENs Modification Sites. As the canonical
binding site for transcriptional binding proteins in eukaryotes,
the conservative TATA box is related to the interaction between
RNA polymerase and DNA and affects the transcriptional
expression of about 20% of genes, which are associated with
responses to stress and are highly regulated.ls_zo Moreover, the
GC-rich box is another distinct pattern of nucleotides found in
some eukaryotic promoter regions upstream of the TATA box.
It has the consensus sequence GGGCGG and a similar function
as an enhancer.”’ Therefore, altering the genomic region
between TATA and GC elements at multiple loci could produce
various combinations of gene expression and result in a diversity
of phenotypes.”” Thus, to develop the strategy for multiplex
genome editing, these two conserved cis-acting regulatory
elements were selected to form a complete TALEN binding
site (Figure 2A).

The consensus sequence of the GC box, GGGCGG, and that
of the TATA box, TATAAA, separated by 0—50 bp spacers were
mapped against the S. cerevisize S288c genome to identify
potential TALENs-mediated modification sites using our self-
programmed script. A total of 66 potential modification sites
were identified, probably involving 98 genes (Supporting
Information data set S1). Among these sites, more than half
(about 58%) were located in promoter regions (Figure 2C). In
addition, 9 and 33% of sites were located in 3’-untranslated
regions (3’-UTR) and coding regions, respectively. Among the
98 related genes whose expression might be altered by TALENS-
mediated modifications, 74% of these genes encode regulators
of gene expression, such as transcription factors involved in
response to environmental nutrients or stress (Figure 2B and
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Figure 3. TALENs-assisted multiplex editing. (A) Diagram of TALENs-assisted multiplex editing (TAME) for fluorescence diversity in yeast. The
double-strand breaks (DSB) induced by TALENS at defined loci can be repaired by nonhomologous end-joining (NHE]). NHE]-mediated repair leads
to the introduction of variable length insertion, deletion, or substitution (indels) mutations and generates semirational genome disturbances. The
mCherry expression cassette was constructed as a monitor to reflect the alteration of chassis cells. (B) Top: A pair of TALENS designed and constructed
based on TATAAA and GGGCGG in the S. cerevisiae S288c genome. Bottom: Fluorescence dispersion and relative growth rate of populations M-CK,
M-AT6, and M-T6. The relative dispersion was analyzed by flow cytometry, and variation is indicated by standard deviation (SD).

Supporting Information data set S1). For example, MSN2
encodes a transcription activator that plays a major role in yeast
general stress response by regulating gene activation and
repression,23 YAPS encodes an iron-responsive activator,”* and
MET28 encodes a transcription activator of genes in sulfur-
containing amino acid metabolism.”> These in silico analyses
suggest that simultaneous TALENs-induced modifications of
multiple sites containing both GGGCGG and TATAAA
sequences with a 0—50 bp spacer could potentially generate
genetic diversity on a genomic scale.

Design of TALENs-Assisted Multiplex Editing. On the
basis of in silico analysis of potential TALENs-mediated
modification sites containing both GGGCGG and TATAAA
sequences with a 0—50 bp spacer, we developed a novel genome
editing tool kit, termed TALENs-assisted multiplex editing
(TAME). The core idea of TAME is to apply designed TALENs
to introduce multiplexed genetic perturbations into the genome.
The typical flowchart of TAME is described in Figure 3A. First,
on the basis of sequence mapping against a whole genome using a
custom script, the possible TALENs modification sites
containing a pair of specific short TALE binding sequences
separated by spacers within a certain range are identified and
located to assess the practicality of multiplex genome editing.
Here, the GGGCGG and TATAAA sequences with 0—50 bp
spacers, which had dozens of locations in the yeast genome, were
selected to design a pair of TALENs. Then, the designed
TALENS that could recognize multiple sites in the genome are
introduced into yeast cells, where they trigger multiplex genome
editing by generating indels when the expression of the designed
TALENS is under the control of a suitable inducible element,
such as the GALI promoter. The offspring cells would harbor
various genomic modifications, generating diverse genotypes and
thereby producing different phenotypes. Once coupled with
efficient screening methods, cells with the desired phenotype
could be rapidly sorted out from the diverse mutated cell library.

As a proof of concept, we first constructed a multiplex
fluorescence-based phenotype library using TAME in S. cerevisiae
BY4741 as a model based on the interaction of TALENSs with the
genomic region between GGGCGG (T6-L) and TATAAA (T6-R)
to induce genomic modification at multiple sites (Figure 3B,
top); the inducible GALI promoter was used to optimize the
expression of the TALENs proteins. To establish an efficient
screening method, the fluorescent protein mCherry, expressed
from a plasmid, was used as a reporter to detect the phenotypic
diversity of the cells. The fluorescence diversity of cells treated
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with or without TAME was evaluated using flow cytometry
(FCM) and a microplate reader. The TAME-treated cell library
named M-T6 exhibited remarkable fluorescence diversity
(Figure S3, Supporting Information). Compared to the control
population (M-CK) without TAME treatment, M-T6 showed a
2.5-fold increase in the relative dispersion of fluorescence values
(Figure 3B, bottom). In addition, no mutation occurred in the
mCherry-containing reporter plasmid by DNA sequencing. The
reporter plasmids isolated from the M-T6 cell library were
further retransformed into a new control strain. The resulting
transformants did not show variations in fluorescence (Figure S4,
Supporting Information).

It has been reported that introduced DNA-binding proteins,
such as artificial transcription factors’**” or a catalytically dead
Cas9 mutant,*® may modulate gene expression by interfering
with transcriptional initiation, elongation, RNA polymerase
binding, or transcription factor binding, hence inducing
phenotypic variations. In order to distinguish between the effect
of DNA-binding protein TALE on gene expression and that of
TALEN on genome editing, which may contribute to phenotype
diversity, negative control TALEN plasmids with inactive
nuclease AFokl were constructed in parallel and cotransformed
with the mCherry-containing reporter plasmid into BY4741,
resulting in strain M-AT6. FCM analysis showed that M-AT6
had a slight diversity, with a 40% increase in the relative
dispersion of fluorescence values (Figure 3B and Figure S3,
Supporting Information). Therefore, the fluorescence diversity
of TAME-treated cells should mainly result from alterations of
the cellular chassis induced by TALENS at multiple sites of the
chromosomal DNA. Additionally, cell library M-T6 showed
significantly inhibited cell growth under TALENS toxicity during
the TAME process. By contrast, cell library M-AT6 showed a
slight inhibition of cell growth, which might result from the
disturbance of gene expression by TALE protein (Figure 3B).
Taken together, TAME-mediated genome modification may be
playing the major role in the induced phenotypic diversity,
although TALE DNA-binding protein might also contribute to
the phenotypic diversity to an extent. Therefore, TAME
successfully created genetic diversity by inducing multiplex
genome disturbances and may be applied to accelerate genome
evolution for improving a desired phenotype.

Accelerated Genome Evolution To Improve Pheno-
types via TAME. On the basis of the multiplex modification of
TAME, accelerated genome evolution to accumulate favorable
mutations may be achieved under the appropriate selective

DOI: 10.1021/acssynbio.5b00074
ACS Synth. Biol. 2015, 4,1101-1111


http://dx.doi.org/10.1021/acssynbio.5b00074

ACS Synthetic Biology

Research Article

A

‘. Induction
ULR. == T, o

vy

120 @1st @2nd @3rd @4th @5th

-
o
o

80

60

40

Fluorescence per cell (A.U.)

20

M-CK

M-T6

O

2
15
1
05
0
-0.5
-1
1.5

2
>

$
Q0

Fold Change (log, ratio)

£

Induction

Screening

@)

Fluorescence per cell (A.U.)

D O L

& SO » » & &

c,oéyd’v&cpo&s c"oo?gaoé
<

o SRR

Indels

Parental

Whole genome resequencing

120

@ 1st @2nd @ 3rd W 4th

@ 5th

-
o
o

@
o

(o2
o

»H
o

N
o

o

CM-CK CM-AT6 CM-T6

& o A RS Q)
\Q% Q&-@’yvg.O\

FEITEE S E s

Figure 4. Accelerated fluorescent phenotype evolution of different yeast strains treated with TAME. (A) Flow diagram of the accelerated fluorescent
phenotype evolution by TAME. (B) Successive passage of evolving BY4741 strains with and without TAME. The eight yeast clones with high relative
fluorescent values were selected for the next passage, and the fluorescent value was the average value of the eight strains. The mCherry protein expression
level was quantitatively analyzed by native gel electrophoresis and a ChemiDoc XRS system. (C) Successive passage of evolving CEN.PK-1C strains
under TAME. CM-AT6 represents strains that carried the TALENSs with inactive nuclease Fokl. (D) Transcriptional profiling of modified genes in the
evolved strain M-T6-5. M-CK: control strain population with the fluorescent reporter. M-T6: population with the fluorescent reporter and TALEN
plasmids pYES2/CT-GC/p313-GAL-TA. M-T6-5: strain with the highest fluorescence value in the M-T6 population after passaging five times.

conditions by enriching for cells having the desired phenotype in
diverse cell populations. To confirm this feasibility, S. cerevisiae
BY4741 cells expressing the mCherry reporter and TALENSs were
cultivated and induced to generate a diverse mutant library as a
first generation. Then, eight yeast clones showing the highest
levels of red fluorescence were selected from about 200 clones
for the next round of induction and selection. This procedure
was repeated for five cycles, as shown in the flow diagram
(Figure 4A). The fluorescence intensities of cell populations
harboring the designed TALEN pair increased steadily and rapidly
over five generations of fluorescence selection, whereas the control
cells without the designed TALEN pair showed almost unchanged
fluorescence intensities during the passage process (Figure 4B,
bottom panel). At the end, the fifth-generation cell population
with the designed TALEN pair showed about a 5.7-fold increase
in fluorescence intensities compared to those of the control cells
lacking the designed TALEN pair as well as those of the first
generation of TAME-treated cells. Semiquantitative analysis of
mCherry by in-gel fluorescence further confirmed that the
protein expression of mCherry monomers and aggregates was
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increased in the TAME-treated cells through the successive
induction of TAME and fluorescence screening (Figure 4B, top
panel). Since the genomic and phenotypic variation among
S. cerevisiae isolates has been discussed previously,””** another
S. cerevisiae strain, CEN.PK-1C, was applied toward the evolution
of the fluorescent phenotype to determine if TAME is a general
tool for genome modification and evolution. Strain CEN.PK-1C
with mCherry showed greater than 2-fold higher fluorescence
expression than that of strain BY4741 before TAME treatment
(Figure 4B,C), which confirmed the genotypic variation between
these two strains. After TAME treatment, the fifth-generation
population of CM-T6 cells showed around a 2.4-fold increase in
fluorescence intensities compared to those of the control cells
lacking the designed TALEN pair as well as those of the first-
generation population of TAME-treated cells. Although the
increases in fluorescence via TAME in strain CEN.PK-1C were
lower than those in strain BY4741, both strains showed a
significant improvement in fluorescence expression after TAME
treatment. In addition, CM-AT6, with inactive Fokl, showed a
slight increase (about 1.5-fold) in fluorescence intensity
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ethanol, including biomass, glucose consumption, and ethanol production. ET6 represents a yeast population evolved in an increasing concentration of
ethanol assisted by T6, as described previously. The data represent the average values of three independent experiments with deviations varying between

S and 10% of the mean.

compared to that of the control, CM-CK, which further
confirmed that the TALE protein lacking genome editing activity
might also contribute to the phenotypic improvement to an
extent.

To uncover the underlying alterations during accelerated
genome evolution via TAME, both whole-genome resequencing
and transcriptional profiling by microarray were analyzed and
compared between the control strain M-CK-S (without TAME
treatment) and the evolved strain M-T6-5 (with TAME
treatment), which showed the highest fluorescence from the
fifth cycle of selection. The whole-genome resequencing results
showed that 18 sites (27.3%) of 66 preidentified potential
modification sites involving 26 genes might be perturbed due to
the introduction of the indels in the M-T6-$ strain (Supporting
Information data set S2), suggesting that TAME could truly
generate multiplex genome modifications. On the other hand,
transcriptional profiling revealed that TAME-treated strain
M-T6-S exhibited differential expression of hundreds of genes
in comparison with the wild-type strain (Figure SS, Supporting
Information). The transcriptional reprogramming in the TAME-
treated strain was quite broad, but it exhibited an enrichment in
certain groups; in particular, 26 predefined genes were found to
be modified in the TAME-treated evolved strain. Moreover, the
expression levels of 24 of these 26 modified genes exhibited up-
or downregulation of more than 1-fold (Figure 4C). Functional
analysis revealed that these genes were mainly categorized in
DNA transcription, RNA export, and protein synthesis
(Supporting Information data set S2). For example, RRN3>'
and MSN2* encode essential transcription factors for DNA
transcription; YRAI*> and GBP2™ are involved in mRNA export;
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and RTG3,* COG6,® and AROI0™ are involved in the
regulation of protein synthesis and modification. Additionally,
a total of 246 SNPs were found in evolved strain M-T6 by whole-
genome resequencing (Supporting Information data set S3),
which might also generate genomic disturbances and result in
different impacts on genes expression. In general, transcriptional
reprogramming of these genes might influence cell chassis on a
global level, thereby indirectly increasing the expression of
mCherry protein.

Usually, cost-effective ethanol fermentation using yeast
requires tolerance to high concentrations of ethanol, which
involves synergistic effects on different genes.*”*® Therefore, it is
necessary to efficiently generate multiplex modifications on a
genome-wide scale in a realistic time frame. Since accelerated
genome evolution via TAME seemed to be capable of building
diverse and promising cellular chassis in a short amount of time,
we sought to demonstrate that a model-guided approach
combining TAME treatment and selective pressure could be
applied to accelerate the evolution of complex traits such as
ethanol tolerance. S. cerevisiae BY4741 with or without TAME
treatment was selected as the starting population and transferred
for five rounds in media containing increasing concentrations of
ethanol. The results showed that the strains (E-T6) with TAME
treatment manifested rapid adaptability to the high concen-
trations of ethanol in a short amount of time. However, the
control strains remained suppressed by ethanol during the same
passage process. To determine whether these evolved strains
were superior to the control strains in terms of increased ethanol
tolerance, the isolated wild-type and two evolved strains (named
E-CK, ET6-1, and ET6-2, respectively) were transferred five
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times in regular media without stress and then evaluated by
measuring cell growth under conditions of 8% (v/v) ethanol
(Figure SA,B). Cell growth assays using solid and liquid media
with ethanol showed that the evolved strains clearly grew faster
than the control, indicating that the TAME-treated strains
obtained an improved and stable trait of ethanol tolerance.
Furthermore, the evolved strains also showed superiority with
regard to glucose consumption and ethanol production under
ethanol stress (Figure SC,D). The control strain (E-CK) took 48 h
to completely utilize 20 g/L glucose and maximally produced
6.7 g/L ethanol at 36 h. By contrast, the evolved ET6-1 and ET6-2
strains consumed 20 g/L glucose in 36 and 24 h and produced
9.3 and 10.1 g/L ethanol, respectively. We further resequenced
and compared the whole genomes of evolved strain ET6-1 as well
as control strain E-CK. The results showed that seven sites
(10.6%) of a total of 66 potential TALENs modification sites
contained the TALENSs-induced indels (Supporting Information
data set S4). These modifications could affect different genes
encoding transcription polymerase, plasma membrane protein,
transporter, etc. It has also been reported that the mechanism of
ethanol tolerance is closely related to global transcription factors
and the plasma membrane.>**® Overall, the TAME toolbox
designed in this study could quickly improve the stress tolerance
of industrial yeast by inducing multiplex genetic modifications on
a genome-wide scale.

Future Considerations. Many innovative approaches for
genome engineering, sometimes combined with classical strain
engineering, have been developed, providing powerful platforms
for multiple evolutions of complex phenotypes.*' ™ In this
study, we established a new toolbox of TALENs-assisted
multiplex editing (TAME) for accelerated genome evolution
and successfully improved a yeast cell chassis with increased
fluorescence expression and ethanol tolerance. TALENS is an
emerging genome engineering method that has been broadly
applied in eukaryotic organisms.***” In recent studies, TALENs
were functionally applied in S. cerevisiae to achieve effective
knockout and replacement of individual genes.'*° However, no
applications of TALENSs have been reported for genome-wide
multiplex editing. To our knowledge, this is the first report of
TALENs designed to create multiplex and combinatorial
mutations among 66 potential genomic loci in S. cerevisiae,
which were defined by the binding sequences of a TALEN pair,
including the enhancer-like GC box GGGCGG and the TATA
box TATAAA. Therefore, TALENSs-assisted multiplex editing
could be potentially applied to accelerate the phenotypic
evolution of living cells.

Since multiplex mutations during TAME treatment were
created and accumulated through NHEJ (nonhomologous end
joining)-mediated repair induced by TALENS, the efficiency of
NHE] repair system determines the efficiency of multiplex
genome editing. Eukaryotes have evolved two distinct enzymatic
DSBs repair approaches to maintain genomic integrity:
homologous recombination (HR) and NHEJ. In yeast, the
error-prone NHE] efficiency is low. For example, the rate of
NHE]J-based disruption of ADE2, LYS2, and URA3 genes was in
the range of 0.15—5.4%, whereas the efficiency of HR-based
disruption of URA3 was in the range of 4.5—27%.'® Therefore,
multiple rounds of TAME treatment might be helpful to
accumulate indels. Recently, NHE] activity was reduced by
inhibiting DNA ligase IV, a key enzyme in the NHE] pathway, to
promote HR, thereby increasing the efficiency of precise genome
editing with CRISPR-Cas9.>" In reverse, promoting NHE] at the
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expense of HR activity would increase the efficiency of TAME for
driving the phenotypic evolution of S. cerevisiae.

Although the designed TALEN pair here allowed multiplex
genome editing to occur, the potentially mutated sites were still
limited due to the fact that only sites with consensus sequence
features, including the enhancer-like GC box GGGCGG and the
TATAbox TATAAA as well as the appropriate spacer length, can
be targeted. Thus, it is challenging to tailor the genomic target
selection by TAME, whereas the selection of targets is much
more versatile using other directed multiplex genome evolution
tools, such as YOGE or RNAL*™* In eukaryotes, the presence
of multiple binding sites for different transcription factors results
in combinatorial regulation and generates particular phenotypes.
Recent studies have also quantified in vitro affinities® and
elucidated detailed in vivo maps of transcription factor binding
within intergenic regions in yeast.*>** Thus, more potential sites
would be available in conjunction with genome mining.
Moreover, if designed targeted sequences could be integrated
into the genome, then it will be easy to precisely achieve
combinatorial regulation of multiple genes by TAME, which is
significant for optimizing pathways and metabolic networks.

In addition, TALENS has been reported to produce off-target
effects.>>*® Thus, TAME is also faced with the problems of off-
target effects and cytotoxicity. The use of only 6 TALE repeats
for multiplex and simultaneous modification in the TAME model
might lead to higher off-target rates and cytotoxicity. Likewise,
off-target effects are also observed using multiplex automated
genome engineering (MAGE) and other genome engineering
technologies and are difficult to avoid in mismatch repair-
deficient strains.”” Since TAME employed the use of efficient
screening with a fluorescence reporter or selective stress, random
off-target mutations might provide possible evolutionary drivers
to some extent. On the other hand, TALENSs-based inhibition of
cell growth was observed during TAME treatment, but this could
be alleviated by optimizing the expression of TALENSs through a
more stringent induction method.

Since fully annotated genome sequences of many important
microbial organisms are publically available®® and novel
screening methods have been explored, the TAME toolbox
could be applied to enhance the creation of phenotypic diversity
in the adaptive laboratory evolution of many other native
organisms. Furthermore, recent interest in the area of synthetic
biology and genome engineering will stimulate the development
of newer genome-scale engineering approaches to engineer
multiple complex phenotypes for applications in a realistic time
frame.

B METHODS

Computational Analysis of Potential TALE Binding
Sites on the S. cerevisiae $288c Genome. To identify
potential TALE binding sites, custom Per! scripts (Table S3,
Supporting Information) were used to scan the S. cerevisiae S288c
genome (version R64-1-1, GenBank assembly ID
GCA_000146045.2). When searching the potential TALE
binding sites containing both GGGCGG and TATAAA
sequences with a 0—50 bp spacer, the algorithm was as indicated
in Figure S6. Then, the yeast genes with potential TALE binding
sequences were sorted out and annotated according to the
National Center of Biotechnology Information (NCBI) data-
base. The detailed information is listed in Supporting
Information data set S1.

TALEN Plasmid Construction. According to the previously
described methods by Li et al,'>*® specific TALEN modules
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designed in this study were assembled by View Solid Biotech
(Beijing, China). To limit the potential toxicity of TALEN
activity during experiments, TALEN modules were inserted into
the restriction sites HindIIl and Xbal of pYES2/CT (URA3,
2MICRON, Invitrogen) under the control of the galactose-
inducible GALI promoter and CYCI terminator. The fragments
expressing TALEN modules, which bind to different lengths of
the left and right target sequences (4—12 bp) and have the same
spacer length in the URA3 gene (Figure S1, Supporting
Information), were subcloned into the pRS423 (HIS3,
2MICRON) and pRS425 (LEU2, 2MICRON) plasmids,
respectively, resulting in p423-GAL-Lx and p425-GAL-Rx
plasmids (x = 4, 6, 9, or 12). The fragments expressing
TALEN modules, which bind to the 12 bp right target sequences
paired with the 12 bp left target sequence and different spacer
lengths (5—40 bp) in the URA3 gene (Figure S1, Supporting
Information), were subcloned into the pRS425 plasmid, resulting
in p425-GAL-Sy plasmids (y = S, 10, 20, 30, or 40). The
fragments expressing the TALEN module that binds to the
TATAAA sequence was subcloned into the pRS313 (HIS3,
CEN) plasmid. The resulting plasmid was named p313-GAL-TA
and used as a TALEN pair with plasmid pYES2/CT-GC, which
contains the TALEN module that binds to the GGGCGG
sequence. Control plasmids pYES2/CT-GC-AFoklI and p313-
GAL-TA-AFokl with inactive Fokl nucleases were constructed
by enzyme digestion and disrupting the FokI gene expression
cassette. The primers Eagl-pGAL and Xmal-CYC1 (Table S1,
Supporting Information) were used to amplify the fragments
containing the TALEN modules as well as GALI promoter and
CYCI terminator. Escherichia coli DHSa competent cells
(TransGen Biotech, Beijing, China) were used for routine
cloning according to the manufacturer’s instructions. S. cerevisiae
BY4741 and S. cerevisisee CEN.PK-1C were used as different
initial strains for TAME model construction and application. The
constructed plasmids and strains are shown in Table S2,
Supporting Information. All TALEN plasmids were sequenced
using primers TALE-F and TALE-R (Table S1, Supporting
Information) by BGI Tech (Beijing, China).

Editing the URA3 Gene by Different TALENs in Yeast.
S. cerevisiae strain BY4741 (MATa; his3A1; leu2 AO; metl1SAO;
ura3A0) from EUROSCARF (Frankfurt, Germany) lacks the
coding sequence for the URA3 gene. The functional URA3 gene
under its own promoter and terminator was reintroduced into
BY4741 by replacing the PDCI gene. The resulting strain was
named BY474la. To evaluate the modification efficiency of
TALENs with different numbers of TALE repeats and a fixed
spacer length, p423-GAL-Lx and p425-GAL-Rx plasmids (Table S2,
Supporting Information) expressing TALEN pairs that target the
URA3 gene were transformed into BY4741a, respectively. To
evaluate the modification efficiency of TALENs with a fixed
number of TALE repeats (12 repeats) and different spacer
lengths, p423-GAL-L12 and p425-GAL-Sy plasmids (Table S2,
Supporting Information) expressing TALEN pairs that target the
URA3 gene were transformed into BY4741a, respectively. The
empty plasmids pRS423 and pRS425 were also used to transform
BY4741a as a negative control without TALEN editing. The
transformants were cultivated in synthetic complete (SC)
medium containing 20 g/L galactose but lacking histidine and
leucine for 24 h before plating on the 5-FOA plates, which are SC
medium plates containing 0.15% S-fluoroorotic acid (5-FOA)
but without histidine and leucine. The transformants were plated
in parallel on SC medium plates without 5-FOA. The efficiency
of URA3 gene editing by TALENs was measured by comparing
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the number of colonies on the 5-FOA plate and the plates
without S-FOA (Figure S2, Supporting Information). To identify
the types of indels induced by TALENSs, the URA3 gene was
amplified using genomic DNA extracted from those 5-FOA-
resistant colonies as the PCR template and the primer pair
URA3-F/URA3-R (Table S1, Supporting Information), which
was sequenced using primer URA3-F.

Adaptive Evolution of Yeast Cells via TALENs-Assisted
Multiplex Editing (TAME). Plasmids pYES2/CT-GC and
p313-GAL-TA expressing the TALEN pair, which was designed
to recognize the GGGCGG and TATAAA sequences, were used
to induce multiplex editing in the yeast genome. mCherry
fluorescent protein was expressed from plasmid pGAP-mCherry
(LEU2, 2MICRON, pGAP) as a readout of the adaptive evolu-
tion of yeast cells via TAME. The BY4741 and CEN.PK-1C
transformants containing plasmids pYES2/CT-GC, p313-GAL-TA,
and pGAP-mCherry were cultivated, and TALENs were
induced in the selective SC liquid medium (SC-H-L-U)
containing 20 g/L galactose and lacking histidine, leucine, and
uracil for 24 h; then, cells were plated on SC-H-L-U plates
containing 20 g/L glucose. After 48 h, single colonies were
picked and cultivated in SC-H-L-U medium (20 g/L glucose) for
12 h in 96 deep well plates. Eight cultures showing the highest
relative fluorescence values were used to start the next cycle. The
induction and screening process was repeated for five cycles, and
about 200 colonies were picked and compared by measuring
fluorescence values in each generation. The final evolved strain
showing the highest relative fluorescence value was named
M-T6-5 and chosen for further analysis. Empty plasmids pYES2/
CT, pRS313, and pGAP-mCherry were also used to transform
BY4741 and CEN.PK-1C as negative controls (M-CK and
CM-CK) without TALEN editing. At the same time, plasmids
pYES2/CT-GC-AFokl and p313-GAL-TA-AFokl were also
transformed into yeast with pGAP-mCherry to test the function
of TALEs. For cells showing increased fluorescence, plasmids
were isolated and retransformed to revalidate the phenotypes in
biological replicates.

Plasmids pYES2/CT-GC and p313-GAL-TA used in the
previous model were cotransformed into BY4741 for ethanol
tolerance evolution. The BY4741 transformants containing
plasmids pYES2/CT-GC and p313-GAL-TA were cultivated,
and TALENs were induced in selective SC liquid medium
(SC-H-U) containing 10 g/L galactose, 2 g/L glucose, and 8%
ethanol (v/v) and lacking histidine and uracil for 24 h; then, cells
were transferred five times in 50 mL closed-top tubes starting at
an ODy, of 0.2. Following this selection phase, the evolutionary
cell library was plated onto SC plates containing 20 g/L glucose
and 8% ethanol to ensure single-colony isolation. Empty
plasmids pYES2/CT and pRS313 were also used to transform
BY4741 as a negative control (E-CK) without TALEN editing.
The TAME-treated strains (ET6-1/ET6-2) and control strain
were transferred to stress-free medium five times, and the
resulting blank strains were identified and assayed for growth in
medium containing 8% ethanol.

Fluorescence Assays. Target yeast cells carrying the
mCherry reporter and different TALENs (or no TALEN as a
control) were grown overnight in SC media supplemented with
20 g/L glucose. One aliquot of the cultures was transferred into
fresh SC-L-H-U media supplemented with 20 g/L galactose and
induced for 24 h. After successive passaging for three times, the
culture was sorted and analyzed by a BD Influx flow cytometer
(Franklin Lakes, NJ, USA). The other aliquot of cultures was
used to assess the expression level of the mCherry reporter.
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The fluorescence value was measured using a Spectramax M2
microplate reader (Molecular Devices), exciting at 587 nm and
measuring emission at 610 nm, and the value was normalized
to cell density by measuring the optical density of cultures at
600 nm (ODgy).

Genome Resequencing and Data Analysis. Yeast
genomic DNA was extracted according to the method described
by Philippsen.®® Sequencing libraries were prepared and
sequenced by GENEWIZ, Inc. (Illumina/Solexa Genome
Analyzer II, Suzhou, China) using standard Ilumina sample
preparing and operating procedures. The Illumina short reads
were mapped to the reference genome of S. cerevisiae S288c to
assemble the corresponding genome of each sequenced strain.
The consensus sequences and polymorphisms among the
sequenced strains and S288c were delineated using SAMtools.

Semiquantitative Analysis of mCherry Protein Ex-
pression in Yeast. The selected strains with a high fluorescence
value from the evolutionary process (M-T6 and control M-CK)
were inoculated in SC-H-L-U medium with 20 g/L glucose for 12 h.
Yeast crude extracts were prepared according to the modified
method described by Kushnirov.®! Protein concentration was
determined using the bicinchoninic acid (BCA) protein assay kit
according to the manufacturer’s instructions (Thermo). The
same amounts of yeast crude extracts were used to separate
proteins by native gel electrophoresis. The mCherry protein
levels in yeast cell extracts were semiquantified using a
ChemiDoc XRS system (Bio-Rad). The excitation source was
blue trans-illumination, and the emission filter was a standard
filter. The exposure time of intense bands was under automatic
controls.

Microarray Analysis. Yeast mutants and controls were
grown to an ODgy of approximately 1.0. RNA was extracted
using the RNeasy mini kit (Qiagen, Hilden, Germany).
Microarray services were provided by Agilent, Inc. using the
Agilent Yeast 2.0 arrays and Agilent GeneSpring data processing
software. Arrays were run in triplicate with biological replicates to
allow for statistical confidence in the determination of differential
gene expression.
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