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Abstract

Gene targeting is a challenge in organisms where non-homologous end-joining is the pre-
dominant form of recombination. We show that cell division cycle synchronization can be
applied to significantly increase the rate of homologous recombination during transforma-
tion. Using hydroxyurea-mediated cell cycle arrest, we obtained improved gene targeting
rates in Yarrowia lipolytica, Arxula adeninivorans, Saccharomyces cerevisiae, Kluyvero-
myces lactis and Pichia pastoris demonstrating the broad applicability of the method.
Hydroxyurea treatment enriches for S-phase cells that are active in homologous recombina-
tion and enables previously unattainable genomic modifications.

Introduction

Integration of a DNA fragment in a host genome requires the action of a double-strand break
(DSB) repair mechanism [1, 2]. DSBs caused by environmental factors or natural cellular pro-
cesses are common and the two most prominent pathways for their repair are non-homologous
end-joining (NHE]) and homologous recombination (HR). Both pathways are highly con-
served, suggesting that DSB repair proceeds through nearly universal biological mechanisms
[3]. When a cell is transformed with a linear DNA molecule, NHE] results in random integra-
tion of the exogenous DNA into the genome. Such integrations can be useful for the expression
of a gene encoded by the introduced DNA. In contrast, HR targets recombination to a homolo-
gous locus [4]. Targeted recombination is essential in manipulating genomic loci (e.g. gene tar-
geting) or extra-chromosomal DNA (e.g. recombination cloning). NHEJ and HR coexist in
most cells but the balance in activity between them varies among species and cell types. One
species with a high ratio of NHE]-to-HR activity is Yarrowia lipolytica, an industrially impor-
tant non-conventional yeast that has been used for the production of single cell oil and protein
[5-7]. In Y. lipolytica cells transformed with linear DNA, NHE] prevails resulting in random
integration of the construct in the genome regardless of any chromosomal homology. Very few
HR-based events occur and the number of transformants that must be screened to obtain
strains with targeted integrations can be prohibitively large. For example, we have been unable
to obtain gene deletions by targeted integration in the wild-type Y. lipolytica strain YB-392
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(NRRL, ARS Culture Collection) used in our laboratory despite screening hundreds of trans-
formants (Table 1 and data not shown).

For the last 10 years, efforts to improve gene targeting efficiency have focused on genetically
abolishing the NHE] pathway. This approach has been successful in improving HR frequency in
Y. lipolytica [8, 9] and other fungi [10-20], as well as bacteria [21], plants [22-24] and animal
cell lines [25-27], but suffers from a number of drawbacks. The method is limited to a specific
genetic background (a NHE]-deficient strain) that may be difficult to obtain as it involves gene
deletion or mutation in an organism where gene targeting is challenging. A sequenced and
annotated genome is required to identify potential NHE] targets and these targets have not been
equally successful at increasing HR in the studies referenced above. Finally, mutation in the
highly conserved DSB repair pathways compromises the cell’s ability to maintain genome integ-
rity. Mutations may be lethal [25] while viable strains can be unstable and suffer from sensitivity
to DNA damage and increased mutation rates [9, 23, 28, 29]. These are undesirable traits in
industrial strains and there is a need for a method of gene targeting that avoids these pitfalls.

In the present study, we describe a method that reversibly alters the HR-to-NHE] ratio dur-
ing cell transformation while maintaining both DSB repair pathways genetically intact. We
have taken advantage of a natural and well-conserved oscillation in HR and NHE] activity dur-
ing the cell division cycle to significantly increase the frequency of targeted integration. In
wild-type cells, the choice between double-strand break repair pathways is influenced by the
phase of the cell cycle [3, 30]. In S. cerevisiae, NHE] is the preferred pathway for DSB repair in

Table 1. Effect of HU treatment on gene targeting efficiency. Transformants of Y. lipolytica, A. adeninivorans, S. cerevisiae, P. pastoris and K. lactis
untreated or pretreated with HU were screened to distinguish random and targeted integration events. The percentage of gene targeting is shown and the
number of total transformants screened is included in parentheses. Targeted genes are listed by their systematic names (Y. lipolytica, S. cerevisiae, P. pas-
toris K. lactis) or GenBank accession numbers (A. adeninivorans). The Fisher's exact test hypergeometric probability for each individual experiment is tabu-
lated in the last column.

Organism

Y. lipolytica
Y. lipolytica
Y. lipolytica
Y. lipolytica

A.
adeninivorans

A.
adeninivorans

A.
adeninivorans

A.
adeninivorans

A.
adeninivorans

S. cerevisiae
P. pastoris
K. lactis

K. lactis

Target gene

YALIOD17534
YALIOD17534
YALIOD17534
YALIOB13970
KM409710

KM409711
KM409712
KM409713
KM409714

YOR128C
PAS_chr3_0085
KLLAOE02685

KLLAOE02685

doi:10.1371/journal.pone.0133434.1001

Marker

hph
hph
hph
hph
hph

hph
hph
hph
hph

nat
nat

prom-
nat-term

nat

Targeting homology Transformation condition Fisher’s exact test

length hypergeometric
probability

upstream downstream Untreated cells HU-treated cells

% gene targeting % gene targeting

(total transformants (total transformants

screened) screened)
40 bp 39 bp 0% (48) 4% (48) 2.47 x 107"
40 bp 39 bp 0% (96) 9% (96) 1.61x 1073
40 bp 39 bp 0% (96) 5% (96) 2.96 x 1072
50 bp 40 bp 0% (99) 15% (48) 2.89 x 107*
39 bp 37 bp 6% (72) 30% (96) 2.93x107°
39 bp 37 bp 8% (96) 33% (96) 1.19x107°
39 bp 40 bp 7% (96) 26% (96) 3.13x107*
39 bp 40 bp 21% (95) 64% (95) 1.02x107°
39 bp 40 bp 6% (96) 48% (96) 1.68x 107"
50 bp 50 bp 6% (639) 17% (258) 4.04 x 1077
50 bp 50 bp 1.6% (374) 5.4% (279) 5.01 x 1072
50 bp 50 bp 12% (123) 28% (155) 7.04 x 107*
50 bp 50 bp 79% (89) 97% (831) 1.47 x 107°
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G1, whereas HR is the predominant pathway in S/G2 phase when sister chromatids are avail-
able as templates for repair [31, 32]. We hypothesized that increasing the population of S-
phase cells during transformation could have a significant effect on the relative frequency of
targeted and random integration events. Hydroxyurea-mediated cell cycle arrest was chosen
from among a number of cell cycle synchronization protocols [33] because of its ease of use,
wide applicability and reversible effect. Hydroxyurea (HU) is a potent inhibitor of ribonucleo-
tide reductase [34-36]. By lowering the levels of ANTPs available for DNA synthesis, HU trig-
gers a Meclp-dependent signaling cascade that activates the intra-S-phase checkpoint thus
resulting in reversible S-phase arrest within a single cell cycle. HU has been applied in the
study of cell cycle biology in eukaryotic cells and has been shown to induce recombination in S.
cerevisiae [37]. We show that HU-treatment prior to transformation enables or enhances gene
targeting in multiple yeast strains.

Results

To test the effect of S-phase arrest on targeted integration in Y. lipolytica, actively dividing cul-
tures of YB-392 were cultivated in the presence or absence of HU prior to transformation. Cell
cycle arrest was confirmed by microscopy. An asynchronous Y. lipolytica culture presents a
mixed morphology with cells at the unbudded, small-budded and large-budded stage indicat-
ing an actively dividing population. HU-treated cells are arrested at the large-budded stage (Fig
1a). Each culture was then carried through the same conventional transformation protocol to
introduce a gene deletion cassette encoding a selectable marker flanked by short (37-50 bp)
sequences homologous to upstream and downstream regions of the gene of interest (Fig 1b
and 1c). Colonies were screened by phenotype or PCR to determine whether marker integra-
tion was random or targeted (Fig 1d). HU produced a dramatic shift in favor of targeted inte-
gration (Table 1). In agreement with our past experience with this strain, untreated YB-392
transformants contained only randomly integrated marker, rendering gene deletion
unattainable. When cells were treated with HU prior to transformation, gene targeting was
possible at rates that enable quick and reliable generation of knockouts. To demonstrate the

b
transformation
%//’— G1 ==——n Q;;;;)

HU-arrested antibiotic
cells plate

a

G2 c

d g

chromosome — <
'.’f} (/J
R m d resistance+ —< = random integration
Jﬁtréated_ resistance+ —>< = targeted integration

Fig 1. Method for increased gene targeting. Cells are grown in the presence of hydroxyurea to induce cell
cycle arrest in S-phase with high HR activity (a). Y. lipolytica YB-392 cells untreated or arrested at the large-
budded stage are shown. HU-arrested cells are transformed with an antibiotic resistance cassette bearing the
marker flanked by short regions of homology to the promoter and terminator of the target gene (b).
Homologous recombination between the cassette and genomic DNA leads to replacement of the target gene
with the marker (c). Antibiotic-resistant colonies are screened by PCR to distinguish between random and
targeted integration using primer sets specific to each integration outcome (d).

doi:10.1371/journal.pone.0133434.g001
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reproducibility of HR stimulation, the deletion of YALIOD17534 which had the lowest level of
targeting was performed three times. HU-treated cells showed targeting efficiencies of 4%, 9%
and 5% whereas no targeted integration was observed without treatment in 240 colonies
screened across the three experiments. We have used this method to delete 15 genes in YB-392.
We have observed gene-to-gene variation from 4-96% in the efficiency of gene targeting that
may be related to the local chromatin structure or phenotype of deletion (data not shown).

Given the near universal oscillatory nature of HR/NHE] activity and widespread effectiveness
of HU in cell cycle arrest, we reasoned that HU treatment would increase the rate of gene target-
ing in other organisms (Table 1). We found that treatment with HU increased gene targeting in
the non-conventional yeast Arxula adeninivorans 3-8 fold depending on the target locus. To
quickly evaluate the applicability of this method in three model yeast systems, we targeted the
ADE?2 locus in Pichia pastoris, Kluyveromyces lactis and Saccharomyces cerevisiae and scored
transformants for the characteristic red colony phenotype of ade2 mutants [10, 38, 39]. In all
three organisms, the percentage of red colonies increased with HU treatment prior to transfor-
mation. HU-treatment thus enabled or enhanced gene targeting in all five organisms tested.
Due to the low targeting efficiency we observed at the S. cerevisiae ADE2 locus, we wanted to
confirm that the color phenotype is representative of the genotype. We probed a set of six white
and six red colonies for the deletion-specific ADE2::nat product. Our results confirmed that all
the red colonies and only the red colonies contained correct targeting of the locus.

To delete the K. lactis ADE2 gene, we used the nourseothricin resistance gene (nat) either
with or without a constitutive promoter and terminator built into the deletion cassette. In both
cases, the deletion cassette was flanked by 50 base pairs of homology directly upstream and
downstream of the ADE2 gene. HU treatment increased the percentage of gene targeting with
either cassette (Table 1). As we have observed in the past for Y. lipolytica (data not shown),
omission of the promoter/terminator had a positive effect on gene targeting in K. lactis, pre-
sumably by restricting nourseothricin resistance to transformants where nat expression was
driven by an endogenous promoter and terminator as would occur with correctly targeted inte-
gration at the ADE2 locus.

To evaluate the statistical significance of our results, we calculated the hypergeometric proba-
bility of each dataset based on Fisher’s exact test [40]. This value represents the likelihood of
randomly obtaining the observed distribution if the two conditions (with or without HU treat-
ment) were equivalent. All but one value are below 3% and in the case of the least significant
experiment, the first attempt at deletion of YALIOD17534, the value dropped to more significant
levels when the experiment was repeated and more colonies were analyzed. An analysis of the
cumulative YALIOD17534 data (16 targeted integrants per 240 colonies with HU treatment)
yields a p-value of 1.2 x 107>, The statistical analysis supports the conclusion that HU treatment
prior to transformation enhances gene targeting in all strains and loci tested (Table 1).

Discussion

Gene targeting is critical to the study of gene function, pathway engineering in industrial
strains, and therapeutic applications. In most organisms, DNA integration after transformation
is predominantly non-homologous rendering the isolation of cells with targeted integration
difficult and time consuming. Random integration is the result of a high ratio of NHE]J-to-HR
activity. Efforts to eliminate NHE] through mutation have been successful but limit researchers
to mutant background strains that are not available in all organisms. Furthermore, NHE]
mutants are prone to genomic instability.

We found that HU treatment prior to transformation is an effective way to synchronize
cells in S-phase when HR activity is high and thus increase the rate of gene targeting. Using
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this treatment, we successfully increased the rate of gene targeting in five yeast strains. In the
case of Y. lipolytica YB-392, HU-treatment was critical for industrial strain engineering of this
host in our laboratory as it enabled gene deletions that were unattainable with standard trans-
formation methods. Gene targeting improvements in the other strains tested were more mod-
est, ranging from 1.2- to 8-fold. We did not optimize transformation and HU treatment
protocols for these strains; it is therefore possible that higher rates could be achieved with addi-
tional work to achieve uniform cell cycle arrest and high transformation efficiency. Nonethe-
less, HU treatment prior to transformation consistently yielded higher rates of gene deletion
underlining the wide applicability of the method.

It is important to note that in all cases gene targeting was achieved with short flanks of
homology to the target locus, ranging from 37 to 50 base pairs in length (with additional
homology across the initiating methionine or stop codon). Short homology regions were part
of the oligonucleotide primers used to amplify the selectable markers, obviating the need to
construct gene-specific plasmids with long homology regions. The ability to target genes with
such short flanks expedites strain engineering and reduces associated costs. Short homology
regions are also used in extrachromosomal recombination protocols such as recombination
cloning and yeast-mediated ligation [41-43]. The ability to increase the rate of HR even by a
small factor, could be essential in these applications.

The length of targeting homology is among several factors known to affect the efficiency of
recombination [44]. In derivatives of the S. cerevisiae strain used in this study (S288C), target-
ing efficiency has been reported to drop from 98% to 46% when the homology length is
reduced from 900 bp to 90 bp [45]. A study using 35-51 bp of homology at various chromo-
somal loci in S. cerevisiae strain W303-1B demonstrated targeting efficiencies ranging from
17% to 60% [46]. The short length of homology (50 bp) we used to target ADE2 in S288C may
therefore have contributed to the low (6%) targeting efficiency we observed. Low targeting effi-
ciency could be due to a secondary effect of homology length on specificity of integration. It is
reasonable that short homology regions will have partial matches at unintended loci and this
would be a sequence-dependent variable. Nevertheless, any locus or sequence-dependent vari-
ables equally hold for both treated and untreated cells while the purpose of our study was to
evaluate the effect of HU-treatment on the basal level of gene targeting. We observed a near-tri-
pling of gene targeting efficiency at S. cerevisiae ADE2 (from 6% to 17%) underlining the wide
applicability of the method.

Other means of cell cycle synchronization are available to enrich for high HR cells. Cells can
be arrested at any stage of the cell cycle using established methods (e.g. benomyl, nocodazole,
o-factor, nutrient limitation [33, 47]) and released into a synchronous cell cycle from which
samples can be tested for HR activity by transformation in order to identify the most efficient
population. Alternatively, yeast at a specific cell cycle stage can be isolated from asynchronous
cultures by elutriation. Synchronization by any of these methods does not require a specific
genetic background and can be inserted as a step between growth and transformation in most
transformation protocols.

As HU treatment addresses the same fundamental issue of high NHE]-to-HR activity as the
NHE] gene deletion approach to gene targeting, it would be reasonable to expect enhanced
gene targeting through HU treatment in those organisms where NHE] gene deletion suc-
ceeded. We demonstrated that this is the case for Y. lipolytica, K. lactis and P. pastoris where
NHE] mutations were previously studied [8-10, 20]. We expect this method to be widely appli-
cable in high NHE] organisms, potentially including higher eukaryotes where NHE] mutants
have also been used and algae.

Biotechnology efforts often focus on non-conventional organisms that exhibit favorable
characteristics with respect to the intended product and process parameters. Inability to
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engineer these organisms and specifically to delete genes via homologous recombination can
be a barrier to their utilization. Enhancement of gene targeting through HU-mediated arrest is
quick, reversible, and does not permanently alter the strain or compromise its genetic stability.
The latter is especially important in maintaining the productivity, robustness and growth prop-
erties engineered in industrial strains. The method described in this study could potentially
open up new microbiological industrial platforms and facilitate strain engineering in existing
industrial strains.

Methods
Strains and media

Wild type Yarrowia lipolytica strain YB-392 was obtained from the ARS Culture (NRRL) Col-
lection. The Arxula adeninivorans type strain (ATCC 76597), wild type Kluyveromyces lactis
(ATCC 8585, NRRL Y-1140), wild type Pichia pastoris (ATCC 76273, NRRL Y-11430) and
Saccharomyces cerevisiae (ATCC 204508, S288C) were obtained from ATCC. All strains were
cultured in YPD (10 g/L yeast extract, 20g/L bacto peptone, 20 g/L glucose) with the addition
of 20 g/L agar for solid media and either hygromycin B (300 pg/ml) or nourseothricin (50 pg/
ml for K. lactis and P. pastoris, and 100 pg/ml for S. cerevisiae) for antibiotic selection. Y. lipoly-
tica, K. lactis, P. pastoris and S. cerevisiae were cultured at 30°C and A. adeninivorans at 37°C.
Hydroxyurea (HU) was obtained from Sigma-Aldrich. Y. lipolytica YALIOB13970 deletion can-
didates were screened on minimal media (6.7 g/L Yeast Nigrogen Base without amino acids, 20
g/L agar) supplemented with 20 g/L glucose or glycerol.

Generation of deletion cassettes

The E. coli hph gene, conferring hygromycin B resistance (GenBank: AEJ60084.1) and the
Streptomyces noursei nat gene, conferring nourseothricin resistance (GenBank: CAA51674.1)
were codon-optimized for expression in Y. lipolytica (Genscript) (S1 Text). For deletions in Y.
lipolytica and A. adeninivorans, the hph gene was amplified by PCR using outer primers that
attach short flanks homologous to the promoter and terminator of target genes immediately 5’
and 3’ to the ORF in combination with internal iph primers. A two-fragment deletion cassette
was thus made for each target such that the fragments overlapped in the hph reading frame but
neither fragment alone contained the entire functional gene. Omission of a full promoter and
terminator in the cassette and splitting of the marker coding sequence into two PCR fragments
reduce the probability that random integration of these pieces will be selected [48]. Marker
integration at the target locus by homologous recombination enhances transcription using the
intact local promoter and terminator. For deletions in P. pastoris, K. lactis and S.cerevisiae, the
nat gene was amplified in two overlapping fragments with outer primers that provide homol-
ogy 5 and 3’ of the ADE2 gene as described for hph constructs. In addition to this deletion cas-
sette, a cassette that included a promoter and terminator for nat expression was used to target
the K. lactis ADE2 gene. The target homology regions were the same as for the deletion cassette
without a promoter/terminator. The two PCR products for each target gene were co-trans-
formed into Y. lipolytica without purification. The PCR products were purified using a PCR
purification kit (Qiagen) and co-transformed into A. adeninivorans, P. pastoris, K. lactis and S.
cerevisiae.

The Y. lipolytica [49], P. pastoris, K. lactis and S. cerevisiae genomes are publicly available.
The genome of A. adeninivorans strain ATCC 76597 was sequenced by Synthetic Genomics
for Novogy Inc. and used to design deletion cassettes for this study. The relevant sequences are
accessible at GenBank (#KM409710-4). A genome for A. adeninivorans has also recently been
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published [50]. All primers used to amplify deletion cassettes in this study are listed in (S1 and
S3 Tables).

HU arrest

Y. lipolytica grown overnight on solid YPD media was used to inoculate a 25-ml YPD culture
at ODggg = 0.5. After 3 hrs of growth, 50 mM HU was added. Cells were harvested 2 hrs post
HU addition. HU treatment was determined to arrest growth while maintaining viability of the
cells (data not shown) [51-53]. A. adeninivorans, P. pastoris, K. lactis and S. cerevisiae grown
overnight in liquid YPD cultures were diluted 1:10 in 25-ml YPD. After 3.5 hrs of growth, HU
was added to 25 mM (A. adeninivorans), 100 mM (K. lactis) and 200 mM (8. cerevisiae and P.
pastoris). Cells were harvested 2 hrs post HU addition.

Transformation

Y. lipolytica cells were washed with water and resuspended in a pellet volume of water. 50 pl
was aliquoted per transformation reaction, cells were centrifuged and the supernatant was dis-
carded. 9 ul of each PCR product (without purification) and 92 pl of transformation mix (80 pl
60% PEG4000, 5 ul 2M DTT, 5 pl 2M lithium acetate pH 6, 2 pl 10 mg/ml single stranded
salmon sperm DNA) were added to the cell pellet. The transformation reaction was mixed well
by vortexing and heat shocked at 39°C for 1 hr. Cells were centrifuged, the supernatant was dis-
carded, cells were resuspended in 1 ml YPD, transferred to culture tubes and cultured over-
night before plating on selective media.

A. adeninivorans, P. pastoris, K. lactis and S. cerevisiae cells were washed with water and
resuspended in 2 ml 100 mM lithium acetate and 40 pul 2 M DTT. The mixture was incubated
at 37°C (A. adeninivorans) or 30°C (P. pastoris, K. lactis and S. cerevisiae) with rotation for 1
hr. From this point on, cells and reagents were kept on ice. Cells were harvested by centrifuga-
tion, washed with water followed by 1 M sorbitol and resuspended in 2 ml 1 M sorbitol. 40 pl
of this suspension and 2.5 pl of each purified PCR product were mixed in a chilled 0.2 cm elec-
troporation cuvette per transformation reaction. Electroporation was performed at 25 pF, 200
Q, 1.5 kV. For P. pastoris, K. lactis and S. cerevisiae, 1 ml of 1 M sorbitol was added to the
cuvettes after electorporation and cells were incubated for 1 hr at 30°C. Cells were transfered to
culture tubes containing 1 ml YPD and cultured overnight before plating on selective media.

Transformant screening

For PCR-based screening, antibiotic-resistant colonies were patched onto fresh plates to con-
firm antibiotic resistance. A small amount of cells from each patch was picked and smeared
into PCR tubes, microwaved for 2 min and then frozen at -20°C for 5 min before being used as
the template for PCR analysis with primer sets specific to random or targeted integration out-
comes (Fig 1, S2 and S3 Tables). Results were scored and presented in Table 1 as gene targeting
percentage of total transformants screened. Y. lipolytica YALIOB13970 (GUT2, mitochondrial
glycerol-3-phosphate dehydrogenase) deletion leads to inability to utilize glycerol as the sole
carbon source. Transformants were therefore screened for lack of growth on media containing
glycerol as the sole carbon source and the loss of the YALIOB13970 gene was confirmed by the
absence of the gene-specific product. P. pastoris, K. lactis and S. cerevisiae ade2 deletion pro-
duces pink colonies. Transformants were therefore scored visually and are presented in Table 1
as the percentage of red colonies out of the total number of colonies screened. Targeted integra-
tion was also probed by PCR for the deletion-specific ADE2::nat product in a subset of 6 red
and 6 white S. cerevisiae transformants.
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Fisher's exact test

The exact hypergeometric probability of obtaining each experimental result in Table 1 was
determined using the Fisher’s exact test formula:

(a+ D) (c+d)(a+)(b+4d)
alblcld!n!

where a is the number of targeted integrations observed in untreated cells, b is the number of
targeted integrations observed in treated cells, ¢ is the number of random integrations observed
in untreated cells, d is the number of random integrations observed in treated cells and n is the
sum of all observations (a+b+c+d).

Supporting Information

S1 Text. Sequences used in deletion cassettes.
(DOCX)

S1 Table. Primer pairs used to construct deletion cassettes.
(DOCX)

$2 Table. Primer sets used for PCR analysis of transformants.
(DOCX)

$3 Table. Primer sequences.
(DOCX)

Acknowledgments

We are grateful to Annapurna Kamineni for optimizing the Arxula adeninivorans transforma-
tion protocol. We thank the members of the Novogy Inc. team for critical discussions in the
development of this method.

Author Contributions

Conceived and designed the experiments: VT EB AJS GS. Performed the experiments: VT.
Analyzed the data: VT. Contributed reagents/materials/analysis tools: VT AJS EB. Wrote the
paper: VT.

References

1. van Attikum H, Bundock P, Hooykaas PJ. Non-homologous end-joining proteins are required for Agro-
bacterium T-DNA integration. EMBO J. 2001; 20(22):6550—-8. PMID: 11707425

2. van Attikum H, Hooykaas PJ. Genetic requirements for the targeted integration of Agrobacterium T-
DNA in Saccharomyces cerevisiae. Nucleic Acids Res. 2003; 31(3):826-32. PMID: 12560477

3. Chapman JR, Taylor MR, Boulton SJ. Playing the end game: DNA double-strand break repair pathway
choice. Mol Cell. 2012; 47(4):497-510. doi: 10.1016/j.molcel.2012.07.029 PMID: 22920291

4. Orr-Weaver TL, Szostak JW, Rothstein RJ. Yeast transformation: a model system for the study of
recombination. Proc Natl Acad Sci U S A. 1981; 78(10):6354—8. PMID: 6273866

5. Beckerich JM, Boisrame-Baudevin A, Gaillardin C. Yarrowia lipolytica: a model organism for protein
secretion studies. International microbiology: the official journal of the Spanish Society for Microbiology.
1998; 1(2):123-30.

6. Nicaud JM. Yarrowia lipolytica. Yeast. 2012; 29(10):409-18. doi: 10.1002/yea.2921 PMID: 23038056

7. Sabirova JS, Haddouche R, Van Bogaert |, Mulaa F, Verstraete W, Timmis K, et al. The 'LipoYeasts'
project: using the oleaginous yeast Yarrowia lipolytica in combination with specific bacterial genes for

the bioconversion of lipids, fats and oils into high-value products. Microbial biotechnology. 2011; 4
(1):47-54. doi: 10.1111/j.1751-7915.2010.00187.x PMID: 21255371

PLOS ONE | DOI:10.1371/journal.pone.0133434 July 20, 2015 8/11


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133434.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133434.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133434.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0133434.s004
http://www.ncbi.nlm.nih.gov/pubmed/11707425
http://www.ncbi.nlm.nih.gov/pubmed/12560477
http://dx.doi.org/10.1016/j.molcel.2012.07.029
http://www.ncbi.nlm.nih.gov/pubmed/22920291
http://www.ncbi.nlm.nih.gov/pubmed/6273866
http://dx.doi.org/10.1002/yea.2921
http://www.ncbi.nlm.nih.gov/pubmed/23038056
http://dx.doi.org/10.1111/j.1751-7915.2010.00187.x
http://www.ncbi.nlm.nih.gov/pubmed/21255371

@’PLOS ‘ ONE

Gene Targeting through Cell Cycle Synchronization

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Verbeke J, Beopoulos A, Nicaud JM. Efficient homologous recombination with short length flanking
fragments in Ku70 deficient Yarrowia lipolytica strains. Biotechnology letters. 2013; 35(4):571-6. doi:
10.1007/510529-012-1107-0 PMID: 23224822

Kretzschmar A, Otto C, Holz M, Werner S, Hubner L, Barth G. Increased homologous integration fre-
quency in Yarrowia lipolytica strains defective in non-homologous end-joining. Curr Genet. 2013; 59(1—
2):63-72. doi: 10.1007/s00294-013-0389-7 PMID: 23423527

Kooistra R, Hooykaas PJ, Steensma HY. Efficient gene targeting in Kluyveromyces lactis. Yeast. 2004;
21(9):781-92. PMID: 15282801

Ninomiya Y, Suzuki K, Ishii C, Inoue H. Highly efficient gene replacements in Neurospora strains defi-
cient for nonhomologous end-joining. Proc Natl Acad Sci U S A. 2004; 101(33):12248-53. PMID:
15299145

Goins CL, Gerik KJ, Lodge JK. Improvements to gene deletion in the fungal pathogen Cryptococcus
neoformans: absence of Ku proteins increases homologous recombination, and co-transformation of
independent DNA molecules allows rapid complementation of deletion phenotypes. Fungal genetics
and biology: FG & B. 2006; 43(8):531—-44.

Poggeler S, Kuck U. Highly efficient generation of signal transduction knockout mutants using a fungal
strain deficient in the mammalian ku70 ortholog. Gene. 2006; 378:1-10. PMID: 16814491

Ueno K, Uno J, Nakayama H, Sasamoto K, Mikami Y, Chibana H. Development of a highly efficient
gene targeting system induced by transient repression of YKU80 expression in Candida glabrata.
Eukaryot Cell. 2007; 6(7):1239-47. PMID: 17513567

Maassen N, Freese S, Schruff B, Passoth V, Klinner U. Nonhomologous end joining and homologous
recombination DNA repair pathways in integration mutagenesis in the xylose-fermenting yeast Pichia
stipitis. FEMS yeast research. 2008; 8(5):735—-43. doi: 10.1111/].1567-1364.2008.00383.x PMID:
18435744

Abdel-Banat BM, Nonklang S, Hoshida H, Akada R. Random and targeted gene integrations through
the control of non-homologous end joining in the yeast Kluyveromyces marxianus. Yeast. 2010; 27
(1):29-39. doi: 10.1002/yea.1729 PMID: 19894210

de Boer P, Bastiaans J, Touw H, Kerkman R, Bronkhof J, van den Berg M, et al. Highly efficient gene
targeting in Penicillium chrysogenum using the bi-partite approach in deltalig4 or deltaku70 mutants.
Fungal genetics and biology: FG & B. 2010; 47(10):839-46.

Ushimaru T, Terada H, Tsuboi K, Kogou Y, Sakaguchi A, Tsuiji G, et al. Development of an efficient
gene targeting system in Colletotrichum higginsianum using a non-homologous end-joining mutant
and Agrobacterium tumefaciens-mediated gene transfer. Mol Genet Genomics. 2010; 284(5):357-71.
doi: 10.1007/s00438-010-0572-1 PMID: 20853009

Nakazawa T, Ando Y, Kitaaki K, Nakahori K, Kamada T. Efficient gene targeting in DeltaCc.ku70 or
DeltaCc.ligd mutants of the agaricomycete Coprinopsis cinerea. Fungal genetics and biology: FG & B.
2011; 48(10):939-46.

Naatsaari L, Mistlberger B, Ruth C, Hajek T, Hartner FS, Glieder A. Deletion of the Pichia pastoris
KU70 homologue facilitates platform strain generation for gene expression and synthetic biology. PLoS
ONE. 2012; 7(6):€39720. doi: 10.1371/journal.pone.0039720 PMID: 22768112

Zhang X, Chen W, Zhang Y, Jiang L, Chen Z, Wen Y, et al. Deletion of ku homologs increases gene tar-
geting frequency in Streptomyces avermitilis. Journal of industrial microbiology & biotechnology. 2012;
39(6):917-25.

Tanaka S, Ishii C, Hatakeyama S, Inoue H. High efficient gene targeting on the AGAMOUS gene in an

Arabidopsis AtLIG4 mutant. Biochem Biophys Res Commun. 2010; 396(2):289-93. doi: 10.1016/j.
bbrc.2010.04.082 PMID: 20406622

Jia Q, Bundock P, Hooykaas PJJ, de Pater S. Agrobacterium tumefaciens T-DNA Integration and
Gene Targeting in Arabidopsis thaliana Non-Homologous End-Joining Mutants. J Botany. 2012;
2012:1-13.

Nishizawa-Yokoi A, Nonaka S, Saika H, Kwon Y|, Osakabe K, Toki S. Suppression of Ku70/80 or Lig4
leads to decreased stable transformation and enhanced homologous recombination in rice. The New
phytologist. 2012; 196(4):1048-59. doi: 10.1111/j.1469-8137.2012.04350.x PMID: 23050791

Fattah FJ, Lichter NF, Fattah KR, Oh S, Hendrickson EA. Ku70, an essential gene, modulates the fre-
quency of rAAV-mediated gene targeting in human somatic cells. Proc Natl Acad Sci U S A. 2008; 105
(25):8703-8. doi: 10.1073/pnas.0712060105 PMID: 18562296

lizumi S, Kurosawa A, So S, Ishii Y, Chikaraishi Y, Ishii A, et al. Impact of non-homologous end-joining
deficiency on random and targeted DNA integration: implications for gene targeting. Nucleic Acids Res.
2008; 36(19):6333—42. doi: 10.1093/nar/gkn649 PMID: 18835848

PLOS ONE | DOI:10.1371/journal.pone.0133434 July 20, 2015 9/11


http://dx.doi.org/10.1007/s10529-012-1107-0
http://www.ncbi.nlm.nih.gov/pubmed/23224822
http://dx.doi.org/10.1007/s00294-013-0389-7
http://www.ncbi.nlm.nih.gov/pubmed/23423527
http://www.ncbi.nlm.nih.gov/pubmed/15282801
http://www.ncbi.nlm.nih.gov/pubmed/15299145
http://www.ncbi.nlm.nih.gov/pubmed/16814491
http://www.ncbi.nlm.nih.gov/pubmed/17513567
http://dx.doi.org/10.1111/j.1567-1364.2008.00383.x
http://www.ncbi.nlm.nih.gov/pubmed/18435744
http://dx.doi.org/10.1002/yea.1729
http://www.ncbi.nlm.nih.gov/pubmed/19894210
http://dx.doi.org/10.1007/s00438-010-0572-1
http://www.ncbi.nlm.nih.gov/pubmed/20853009
http://dx.doi.org/10.1371/journal.pone.0039720
http://www.ncbi.nlm.nih.gov/pubmed/22768112
http://dx.doi.org/10.1016/j.bbrc.2010.04.082
http://dx.doi.org/10.1016/j.bbrc.2010.04.082
http://www.ncbi.nlm.nih.gov/pubmed/20406622
http://dx.doi.org/10.1111/j.1469-8137.2012.04350.x
http://www.ncbi.nlm.nih.gov/pubmed/23050791
http://dx.doi.org/10.1073/pnas.0712060105
http://www.ncbi.nlm.nih.gov/pubmed/18562296
http://dx.doi.org/10.1093/nar/gkn649
http://www.ncbi.nlm.nih.gov/pubmed/18835848

@’PLOS ‘ ONE

Gene Targeting through Cell Cycle Synchronization

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

Bertolini LR, Bertolini M, Maga EA, Madden KR, Murray JD. Increased gene targeting in Ku70 and
Xrcc4 transiently deficient human somatic cells. Molecular biotechnology. 2009; 41(2):106—14. doi: 10.
1007/s12033-008-9098-8 PMID: 18759011

Barnes G, Rio D. DNA double-strand-break sensitivity, DNA replication, and cell cycle arrest pheno-
types of Ku-deficient Saccharomyces cerevisiae. Proc Natl Acad Sci U S A. 1997; 94(3):867-72. PMID:
9023348

Dudasova Z, Dudas A, Chovanec M. Non-homologous end-joining factors of Saccharomyces cerevi-
siae. FEMS microbiology reviews. 2004; 28(5):581-601. PMID: 15539075

Karanam K, Kafri R, Loewer A, Lahav G. Quantitative live cell imaging reveals a gradual shift between
DNA repair mechanisms and a maximal use of HR in mid S phase. Mol Cell. 2012; 47(2):320-9. doi:
10.1016/j.molcel.2012.05.052 PMID: 22841003

Aylon Y, Kupiec M. Cell cycle-dependent regulation of double-strand break repair: a role for the CDK.
Cell Cycle. 2005; 4(2):259-61. PMID: 15655342

Mathiasen DP, Lisby M. Cell cycle regulation of homologous recombination in Saccharomyces cerevi-
siae. FEMS microbiology reviews. 2014; 38(2):172—84. doi: 10.1111/1574-6976.12066 PMID:
24483249

Amon A. Synchronization procedures. Methods Enzymol. 2002; 351:457-67. PMID: 12073363

Sinclair WK. Hydroxyurea: differential lethal effects on cultured mammalian cells during the cell cycle.
Science. 1965; 150(3704):1729-31. PMID: 5858026

Rosenkranz HS, Levy JA. Hydroxyurea: a specific inhibitor of deoxyribonucleic acid synthesis. Biochi-
mica et biophysica acta. 1965; 95:181-3. PMID: 14289027

Slater ML. Effect of reversible inhibition of deoxyribonucleic acid synthesis on the yeast cell cycle. J
Bacteriol. 1973; 113(1):263-70. PMID: 4120066

Galli A, Schiestl RH. Hydroxyurea induces recombination in dividing but not in G1 or G2 cell cycle
arrested yeast cells. Mutation research. 1996; 354(1):69-75. PMID: 8692208

Zonneveld BJ, van der Zanden AL. The red ade mutants of Kluyveromyces lactis and their classification
by complementation with cloned ADE7 or ADE2 genes from Saccharomyces cerevisiae. Yeast. 1995;
11(9):823-7. PMID: 7483846

Dorfman BZ. The isolation of adenylosuccinate synthetase mutants in yeast by selection for constitutive
behavior in pigmented strains. Genetics. 1969; 61(2):377-89. PMID: 5807803

Fisher RA. Statistical Methods for Research Workers. Edinburgh: Oliver and Boyd; 1925.

Ma H, Kunes S, Schatz PJ, Botstein D. Plasmid construction by homologous recombination in yeast.
Gene. 1987; 58(2—-3):201-16. PMID: 2828185

Bubeck P, Winkler M, Bautsch W. Rapid cloning by homologous recombination in vivo. Nucleic Acids
Res. 1993; 21(15):3601-2. PMID: 8346047

Kuijpers NG, Chroumpi S, Vos T, Solis-Escalante D, Bosman L, Pronk JT, et al. One-step assembly
and targeted integration of multigene constructs assisted by the I-Scel meganuclease in Saccharomy-
ces cerevisiae. FEMS yeast research. 2013; 13(8):769-81. doi: 10.1111/1567-1364.12087 PMID:
24028550

Klinner U, Schafer B. Genetic aspects of targeted insertion mutagenesis in yeasts. FEMS microbiology
reviews. 2004; 28(2):201-23. PMID: 15109785

Manthey GM, Navarro MS, Bailis AM. DNA fragment transplacement in Saccharomyces cerevisiae:
some genetic considerations. Methods Mol Biol. 2004; 262:157-72. PMID: 14769961

Baudin A, Ozier-Kalogeropoulos O, Denouel A, Lacroute F, Cullin C. A simple and efficient method for
direct gene deletion in Saccharomyces cerevisiae. Nucleic Acids Res. 1993; 21(14):3329-30. PMID:
8341614

Manukyan A, Abraham L, Dungrawala H, Schneider BL. Synchronization of yeast. Methods Mol Biol.
2011;761:173-200. doi: 10.1007/978-1-61779-182-6_12 PMID: 21755449

Goswami RS. Targeted gene replacement in fungi using a split-marker approach. Methods Mol Biol.
2012; 835:255-69. doi: 10.1007/978-1-61779-501-5_16 PMID: 22183659

Dujon B, Sherman D, Fischer G, Durrens P, Casaregola S, Lafontaine |, et al. Genome evolution in
yeasts. Nature. 2004; 430(6995):35—44. PMID: 15229592

Kunze G, Gaillardin C, Czernicka M, Durrens P, Martin T, Boer E, et al. The complete genome of Blas-
tobotrys (Arxula) adeninivorans LS3—a yeast of biotechnological interest. Biotechnology for biofuels.
2014;7:66. doi: 10.1186/1754-6834-7-66 PMID: 24834124

Amberg DC, Burke DJ, Strathern JN. Inducing Yeast Cell Synchrony: Hydroxyurea Arrest. Cold Spring
Harbor Protocols. 2006; 2006(1):pdb.prot4174. doi: 10.1101/pdb.prot4174 PMID: 22485575

PLOS ONE | DOI:10.1371/journal.pone.0133434  July 20, 2015 10/11


http://dx.doi.org/10.1007/s12033-008-9098-8
http://dx.doi.org/10.1007/s12033-008-9098-8
http://www.ncbi.nlm.nih.gov/pubmed/18759011
http://www.ncbi.nlm.nih.gov/pubmed/9023348
http://www.ncbi.nlm.nih.gov/pubmed/15539075
http://dx.doi.org/10.1016/j.molcel.2012.05.052
http://www.ncbi.nlm.nih.gov/pubmed/22841003
http://www.ncbi.nlm.nih.gov/pubmed/15655342
http://dx.doi.org/10.1111/1574-6976.12066
http://www.ncbi.nlm.nih.gov/pubmed/24483249
http://www.ncbi.nlm.nih.gov/pubmed/12073363
http://www.ncbi.nlm.nih.gov/pubmed/5858026
http://www.ncbi.nlm.nih.gov/pubmed/14289027
http://www.ncbi.nlm.nih.gov/pubmed/4120066
http://www.ncbi.nlm.nih.gov/pubmed/8692208
http://www.ncbi.nlm.nih.gov/pubmed/7483846
http://www.ncbi.nlm.nih.gov/pubmed/5807803
http://www.ncbi.nlm.nih.gov/pubmed/2828185
http://www.ncbi.nlm.nih.gov/pubmed/8346047
http://dx.doi.org/10.1111/1567-1364.12087
http://www.ncbi.nlm.nih.gov/pubmed/24028550
http://www.ncbi.nlm.nih.gov/pubmed/15109785
http://www.ncbi.nlm.nih.gov/pubmed/14769961
http://www.ncbi.nlm.nih.gov/pubmed/8341614
http://dx.doi.org/10.1007/978-1-61779-182-6_12
http://www.ncbi.nlm.nih.gov/pubmed/21755449
http://dx.doi.org/10.1007/978-1-61779-501-5_16
http://www.ncbi.nlm.nih.gov/pubmed/22183659
http://www.ncbi.nlm.nih.gov/pubmed/15229592
http://dx.doi.org/10.1186/1754-6834-7-66
http://www.ncbi.nlm.nih.gov/pubmed/24834124
http://dx.doi.org/10.1101/pdb.prot4174
http://www.ncbi.nlm.nih.gov/pubmed/22485575

el e
@ ) PLOS ‘ ONE Gene Targeting through Cell Cycle Synchronization

52. Rodri‘guez C, Lo’pez MC, A Domi’'nguez. Macromolecular synthesis during the yeast-mycelium transi-
tion in Yarrowia lipolytica. Experimental Mycology. 1990; 14(4):310-21.

53. Herrero AB, Lopez MC, Fernandez-Lago L, Dominguez A. Candida albicans and Yarrowia lipolytica as
alternative models for analysing budding patterns and germ tube formation in dimorphic fungi. Microbi-
ology. 1999; 145 (Pt 10):2727-37. PMID: 10537194

PLOS ONE | DOI:10.1371/journal.pone.0133434  July 20, 2015 11/11


http://www.ncbi.nlm.nih.gov/pubmed/10537194

