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Improved methods for engineering sequence-specific nucleases, including zinc finger nucleases (ZFNs) and TAL effector

nucleases (TALENs), have made it possible to precisely modify plant genomes. However, the success of genome modi-

fication is largely dependent on the intrinsic activity of the engineered nucleases. In this study, we sought to enhance ZFN-

mediated targeted mutagenesis and gene targeting (GT) in Arabidopsis bymanipulating DNA repair pathways. Using a ZFN

that creates a double-strand break (DSB) at the endogenous ADH1 locus, we analyzed repair outcomes in the absence of

DNA repair proteins such as KU70 and LIG4 (both involved in classic nonhomologous end-joining, NHEJ) and SMC6B

(involved in sister-chromatid-based homologous recombination, HR). We achieved a fivefold to 16-fold enhancement in

HR-based GT in a ku70 mutant and a threefold to fourfold enhancement in GT in the lig4 mutant. Although the NHEJ

mutagenesis frequency was not significantly changed in ku70 or lig4, DNA repair was shifted to microhomology-dependent

alternative NHEJ. As a result, mutations in both ku70 and lig4 were predominantly large deletions, which facilitates easy

screening for mutations by PCR. Interestingly, NHEJ mutagenesis and GT at the ADH1 locus were enhanced by sixfold to

eightfold and threefold to fourfold, respectively, in a smc6bmutant. The increase in NHEJ-mediated mutagenesis by loss of

SMC6B was further confirmed using ZFNs that target two other Arabidopsis genes, namely, TT4 and MPK8. Considering that

components of DNA repair pathways are highly conserved across species, mutations in DNA repair genes likely provide

a universal strategy for harnessing repair pathways to achieve desired targeted genome modifications.

[Supplemental material is available for this article.]

Customizable, sequence-specific nucleases make it possible to pre-

cisely modify the genomes of many higher organisms, including

diverse plant species (Voytas 2013). There are three primary types of

sequence-specific nucleases, namely, zinc finger nucleases (ZFNs)

(Kim et al. 1996; Carroll 2011), TAL effector nucleases (TALENs)

(Christian et al. 2010; Bogdanove and Voytas 2011), and mega-

nucleases (Smith et al. 2006; Paques and Duchateau 2007). All

three nuclease types introduce targeted DNA double-strand breaks

(DSBs), which activate the cell’s DNA repair pathways, principally

nonhomologous end-joining (NHEJ) and homologous recombina-

tion (HR) (Kanaar et al. 1998; Puchta 2005; Hartlerode and Scully

2009). NHEJ predominates in nonreplicating cells and repair is often

imprecise, such that mutations are introduced at the cut site. HR,

which enables gene replacement or gene targeting (GT), pre-

dominates in replicating cells. Because genome modifications

made with customizable nucleases rely on DSB repair, it should be

possible to manipulate DNA repair pathways to influence the type

and frequency of targeted modifications attained. For example,

promoting NHEJ should enhance nuclease-mediated site-specific

mutagenesis; however, there are no reports of this approach being

successful in plants. Strategies to enhance HR have been reported

in a few plant studies; for example, high-frequency HR was ob-

tained by overexpressing the yeast RAD54 gene (Shaked et al.

2005). Enhanced HR was also attained in Arabidopsis by knocking

out RAD50 (Gherbi et al. 2001) or CAF1(Endo et al. 2006) or by

overexpressing SMC6B (also known as MIM) (Hanin et al. 2000).

Almost all of these studies used a GUS transgene reporter that

measures intrachromosomal, single-strand annealing (SSA) and/or

synthesis-dependent strand annealing (SDSA) in which sister

chromatids or homologous chromosomes are used as repair tem-

plates (Orel et al. 2003; Puchta 2005). For GT, exogenous donors or

chromosomally integrated, nonallelic donors are usually used. The

repair mechanisms used in GT, therefore, could be quite different,

and it remains to be determined whether previously demonstrated

manipulations of DNA repair pathways will apply to GT of en-

dogenous genes. One of the few attempts to influence GT in plants

involved overexpression of the bacterial RecA protein, which en-

hanced the fidelity of DSB-induced GT in tobacco but not the

overall GT frequency (Reiss et al. 2000).

In this study, we tested the consequence of manipulating key

regulators of NHEJ and HR on targeted mutagenesis or GT medi-

ated by sequence-specific nucleases. In classic NHEJ (C-NHEJ),

KU70 dimerizes with KU80 to form KU protein complexes, which

directly bind toDSBs to initiate repair (Pastwa andBlasiak 2003). In

HR, SMC6 acts when sister chromatids are used as repair templates

in both human (De Piccoli et al. 2006; Potts et al. 2006) and
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Arabidopsis cells (Watanabe et al. 2009). SMC6 dimerizes with

SMC5 to form SMC6/5 complexes that initiate repair of DSBs using

sister chromatids as templates (Potts 2009). The upstream posi-

tions of KU70 and SMC6 in theNHEJ orHR pathways, respectively,

made them good candidates as regulators of DNA repair pathway

choice.We also chose LIG4, because it carries out awell-known and

conserved function downstream from KU (Pastwa and Blasiak

2003). A ZFN that targets the endogenous Arabidopsis ADH1 gene

was used to create DSBs (Zhang et al. 2010), andNHEJmutagenesis

and GT were measured in whole seedlings and rosette leaf pro-

toplasts in each of the three DNA repair mutant backgrounds. Our

results clearly demonstrate that manipulating these key DNA re-

pair genes in Arabidopsis can influence the efficiencies and out-

comes of targeted mutagenesis and GT.

Results

Targeting a DSB at the ADH1 locus in different DNA repair

mutants

We previously reported targeted mutagenesis at the Arabidopsis

ADH1 locus using custom ZFNs expressed from an estradiol-in-

ducible promoter (Supplemental Fig. S1A; Zhang et al. 2010). We

generated a line (designated ADH1-ZFN-4) that has two ADH1

ZFN monomers expressed from a single mRNA and separated

by the T2A translational skipping sequence. The ADH1 locus is

wild type (WT) in this line and thus cleavable by the nuclease.

Immunoblot analysis indicated that the ZFNs were induced

by estrogen (Supplemental Fig. S1B), and the ADH1-ZFN trans-

gene was mapped to chromosome 1 by TAIL-PCR (Supplemental

Fig. S1C).

The ADH1-ZFN transgene was crossed into ku70, lig4, and

smc6b backgrounds. We chose SMC6B for study because muta-

tions in this gene (1) cause hypersensitivity to the DNA-damag-

ing agent MMS (Mengiste et al. 1999); (2) show very slow DNA

repair kinetics (Kozak et al. 2009); and (3) have more severe de-

fects in DNA repair than the smc6a mutant (Watanabe et al.

2009). We obtained a new allele, smc6b-3, which was generated

by a T-DNA insertion (Supplemental Fig. S1D). Full-length SMC6B

mRNA was not detected by RT-PCR in the smc6b-3 mutant, sug-

gesting it is a null allele. Because neither ku70, lig4, nor smc6b is

closely linked to the ADH1-ZFN-4 trans-

gene (Supplemental Fig. S1E), it was pos-

sible to obtain F3 plants that were ho-

mozygous for both the transgene and the

mutations (Supplemental Fig. S1F).

High-frequency ZFN-mediated

mutagenesis in the smc6b mutant

To compare ZFN-induced mutagenesis in

the different genetic backgrounds, the

mutant plant lines with the ADH1-ZFN

transgene were grown on MS medium

with estradiol to induce ZFN expression.

Since an NlaIII restriction site overlaps

with the ZFN cut site, PCR fragments that

include the ZFN target site will be ren-

dered undigestable by NlaIII if they sus-

tain NHEJ-induced mutations (Zhang

et al. 2010). All of the ZFN-expressing

plants showed detectable levels of muta-

genesis (Fig. 1A) with a strikingly higher level in smc6b mutants,

approximating 30% of the PCR products or a sixfold increase over

the WT (Fig. 1B).

To test whether enhanced mutagenesis in the smc6b back-

ground occurs with other ZFNs, we introduced ZFNs targeting the

Arabidopsis genes TT4 (At5g13930) (Zhang et al. 2010) and MPK8

(At1g18150) (Sander et al. 2010) into smc6b mutants by floral dip

transformation. ZFN-mediated mutagenesis in pooled transgenic

seedlings was measured, and a nearly fourfold increase in muta-

genesis by the TT4-ZFNwas observed in smc6b compared withWT

(Fig. 2A; Supplemental Fig. S2A). The mutation frequency for the

MPK8-ZFN increased approximately twofold in smc6b (Fig. 2B;

Supplemental Fig. S2B). Differences in ZFN activity and chromo-

somal context may contribute to the observed differences in mu-

tagenesis frequencies; nevertheless, these results clearly demon-

strate that ZFN-mediated mutagenesis is significantly enhanced in

the absence of SMC6B.

ZFN-mediated mutagenesis and GT in leaf protoplasts

To compare ZFN-induced GT in different genetic backgrounds, we

delivered a donor template concomitant with induction of ZFN

expression by estradiol. The donor construct has homology arms

each around 150 bp (Fig. 3A; Supplemental Fig. S3), and successful

GT incorporates a 68-bp sequence and simultaneously deletes 12

bp at the ZFN cut site. GT was initially detected by PCR using

a primer that anneals to a site within the 68-bp insertion and an-

other that anneals to the flanking genomic DNA sequence outside

of the homology arms (Fig. 3A). In samples with both the donor

and the ZFN (induced by estradiol), a GT-specific product was re-

producibly amplified from ADH1-ZFN-4 ku70, ADH1-ZFN-4 lig4,

and ADH1-ZFN-4 smc6b protoplasts, but only faintly from ADH-

ZFN-4 protoplasts (Fig. 3B). TheGT-specific PCR bandswere absent

in all ‘‘donor only’’ samples when the ZFN was not induced (Fig.

3B), indicating that the observed PCRproducts are not likely due to

DNA recombination during PCR amplification (Meyerhans et al.

1990). We conclude that GT is greatly enhanced by ZFN-induced

DSBs, and that knocking out KU70, LIG4, or SMC6B attains an

additional enhancement.

To confirm these results, PCR was conducted using primers

that recognize sites completely outside of the homology arms of

Figure 1. ZFN-mediated mutagenesis at the ADH1 locus in different DNA repair mutants. (A) ADH1-
ZFN-mediatedmutagenesis in Col (WT), ku70, lig4, and smc6mutant backgrounds. DNA from 1-wk-old
pooled seedlings grown on 20 mM estradiol MS medium was used for PCR amplification of the ZFN
target site. The PCR products were digested with NlaIII. This experiment was repeated six independent
times with similar results. (B) High-frequency mutagenesis in the smc6b mutant. Mutation frequencies
were measured by dividing the signal intensity of the uncut band by the total signal from uncut and cut
bands. Four biological replicates of ADH1-ZFN-4 and ADH1-ZFN-4 smc6b were used to calculate mu-
tation frequencies.
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the donor; the population of amplified DNA fragments includes

those with both NHEJ-induced mutations as well as GT events.

Genomic DNAwas digested with NlaIII prior to PCR amplification

to increase the proportion of PCR products with alterations of the

ZFN recognition site (and thereby the NlaIII restriction enzyme

site; enrichment PCR, see Methods). Uncut PCR products, in-

dicative of mutagenesis, were observed in samples derived from

ADH1-ZFN-containing plants treated only with estradiol (Fig. 4A).

Larger deletions were present in the ku70 and lig4 backgrounds

relative to smc6b and WT, as indicated by the presence of shorter

PCRproducts (Fig. 4A). Similar observationsweremade for samples

treated with both the donor and estradiol (Fig. 4B). In addition,

a larger DNA band was clearly detected in ADH1-ZFN-4 ku70,

ADH1-ZFN-4 lig4, and ADH1-ZFN-4 smc6b protoplasts, but only

faintly in the ADH-ZFN-4 protoplasts and not in the WT control

(Fig. 4B). This DNA band was ;50 bp larger than the WT PCR

product, the size expected for GTevents. Cloning and sequencing of

this larger PCR product from the ADH1-ZFN-4 ku70 line confirmed

that it was due toGT: 68 bpwas inserted and 12 bpwas deleted at the

target site (Fig. 4C). Interestingly, GT seemed particularly enhanced

in ku70 relative to the lig4 or smc6b backgrounds.

Mutation profiling by 454 sequencing

The PCR products obtained using primers outside of the homology

arms were subjected to 454 Life Sciences (Roche) pyro-sequencing

to assess outcomes of DSB repair at the nucleotide level. PCR

products derived from protoplasts treated with donor only served

as negative controls and established the baseline level of PCR and

DNA sequencing errors, which ranged from 0.08% to 0.11% of the

sequencing reads (Fig. 5A; Supplemental Table S1). As expected,

the mutation frequency in smc6b background was very high—

approximating 40% of the sequencing reads and representing an

eightfold increase over WT. In contrast, the mutation frequency

in ku70 or lig4 was not significantly different from WT, and pres-

ence of the donor did not appreciably impact mutation frequen-

cies across all genotypes.

The majority of mutations recovered in the various genetic

backgrounds were deletions—roughly three quarters in WT and

smc6b (Fig. 5B). The proportion of deletions in ku70 or lig4 was

significantly higher and approximated 90% of all mutations

(Fig. 5B). Conversely, the proportion of insertions in ku70 or lig4

was significantly lower than in WT or smc6b (Fig. 5C). As a conse-

quence, the ratio of deletions to insertions increased approxi-

mately fourfold in WT to ;61-fold in ku70 and ;34-fold in lig4,

clearly demonstrating that both mutants are more likely to have

DSB-induced deletions than insertions (Fig. 5D). Notably, the ratio

of deletions to insertions in ku70 dropped nearly 70% in the

presence of the donor, whereas a more modest decrease was ob-

served in lig4; smc6b and WT strains showed no statistical differ-

ence in the presence or absence of donor (Fig. 5D). As indicated

below, this shift was likely due to an enhancement in GT when

NHEJ is impaired and implies that KU70 plays a more important

role than LIG4 in controlling DNA repair pathway choice.

Microhomology-mediated alternative NHEJ in ku70 and lig4

We further examined deletion profiles in all samples treated with

either estradiol (Fig. 6) or both donor and estradiol (Supplemental

Fig. S4). Overall, the results from both conditions were quite

comparable. About 80%of deletions inWTand smc6bwere <10 bp;

the remaining 20%predominantly ranged from 10 to 49 bp (Fig. 6A;

Supplemental Fig. S4A). In contrast, for ku70 or lig4, deletions from

1 to 9 bp were extremely rare and larger deletions predominated. For

example, ;20% of deletions in ku70 were longer than 100 bp. Dif-

ferences were also observed in deletion profiles between ku70 and

lig4: there were a greater number of 10- to 49-bp deletions in lig4

than in ku70, whereas ku70 had more deletions longer than 100 bp.

The differences in deletion profiles between WT and smc6b

versus ku70 and lig4 suggested a shift in the repairmechanismused

to correct the DSB, and thus we looked for evidence of micro-

homology (MH) at repair sites indicative of alternative NHEJ

(A-NHEJ). We found MH ranging from 1 to 6 bp (Fig. 6B; Supple-

mental Fig. S4B; Supplemental Table S2). In a rare case, 7 bp

(TTTTAGA) of MH was used (Supplemental Table S2), resulting in

a 147-bp deletion. In either WT or the smc6b background, nearly

90% of the deletions used noMH orMH of 1 bp in length, and the

Figure 2. High-frequency mutagenesis by other ZFNs in the smc6b
background. (A) TT4-ZFN-mediatedmutagenesis in Col and smc6mutant
backgrounds. (B) MPK8-ZFN-mediated mutagenesis in Col and smc6
mutant backgrounds. In both cases, DNA was prepared from 1-wk-old
pooled T1 seedlings in Col or smc6 backgrounds. The seedlings were
grown on 20 mM estradiol MS medium. Target sites were PCR-amplified
and digested with NspI (for TT4-ZFN) or MslI (for MPK8-ZFN). Four
biological replicates of each sample were used to calculate mutation
frequencies (see Supplemental Fig. S2). (Error bars) Standard errors.
(*) Statistically significant differences (P < 0.005, t-test).

Figure 3. ZFN-facilitated gene targeting at the ADH1 locus. (A) A
schematic of the ADH1 locus is shown with exons depicted as black boxes.
The donor plasmid shown below the locus contains a left homology arm
(LHA) of 161 bp and a right homology arm (RHA) of 144 bp. Successful HR
will result in an insertion of 68 bp and deletion of 12 bp at the ZFN cut site.
(B) PCR-based detection of HR. Protoplasts derived from the five geno-
types were treated with donor only, donor and estradiol, and estradiol
only. As depicted in panel A, the ZY070-F and ZY073-R1 (F+R1) primer set
was used to detect HR events. Amplification of the locus with the ZY070-F
and ZY070-R (F+R) primer set was used as a PCR control. (Arrows) Am-
plification products due to HR. This experiment was repeated twice with
similar results.
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remaining 10% of deletions almost exclusively using MH of 2 bp

(Fig. 6B; Supplemental Fig. S4B). Since deletions using 1 or 2 bp of

MH could happen quite frequently by chance via classic KU70/

LIG4-dependent NHEJ, they are less likely to represent events

repaired by A-NHEJ. The fact that MH sequences of >2 bp, espe-

cially 6 bp, were frequently used in ku70 and lig4 strongly suggests

that MH-dependent repair was used in these mutants.

To further explore whether the larger deletions resulted from

MH-dependent repair, we examined the lengths of all deletions

from 2 to 150 bp in all four genotypes (Fig. 6C; Supplemental Fig.

S4C). Four frequently occurring deletion sizes were identified that

were 38 bp, 46 bp, 50 bp, and 142 bp in length. Analysis of these

deletions revealed in each case that there was one or a few base pairs

of MH at the repair site (Fig. 6C; Supplemental Fig. S4C; Supple-

mental Table S3). This analysis not only revealed that MH was re-

sponsible for making the larger deletions, but also suggested that

MH-based repair was used in WT and smc6b, although less often.

Stretches of 6 bp of MH were used most frequently among all

deletions (Fig. 6B; Supplemental Fig. S4B), including the motifs

‘‘ATCTTC (6bp/26bp)’’ and ‘‘AAACAC (26bp/18bp)’’ (Fig. 6D;

Supplemental Fig. S4D). In both cases, the 6 bp of MH is located

very close to the ZFN cut site and resulted in deletion sizes of 38 bp

and 50 bp, respectively. The frequency of using the ‘‘AAACAC

(26bp/18bp)’’ MH was only about one quarter of that of ‘‘ATCTTC

(6bp/26bp),’’ although there was only a 12-bp difference for their

deletion sizes. This suggests that the mechanism of searching for

MH from theDSB is very efficient, likely obeying a ‘‘first come, first

use’’ rule. Further evidence comes in comparing deletions resulting

from the same 6 bp of MH located at different distances from the

cut site: ATCTTC (6bp/26bp) and ATCTTC (6 bp/130 bp). The 6 bp

ofMH closest to theDSBwas used almost exclusively relative to the

distal site, suggesting that the MH-dependent repair machinery

searches for MH outward from the DSB in a very efficient manner,

rarely skipping the first available region of MH.

High-frequency GT in ku70 mutants

As revealed by both PCR (Fig. 3B) and enrichment PCR (Fig. 4B), GT

was enhanced in all three DNA repair mutants, especially in ku70

(Fig. 4B). We used 454 pyro-sequencing to quantify these observed

enhancements. No GT events were found for all ‘‘donor only’’

samples in both biological replicates, indicating that the frequency

of GT was <0.01% (the number of sequencing reads ranged from

3727 to 7404) (Table 1). In contrast, HR events were detected in all

samples treated with both the donor and estradiol with one ex-

ception: No HR was detected for the ADH1-ZFN-4 sample in rep-

licate 3. The data clearly demonstrate that a DSB created by the ZFN

greatly stimulates GT. We observed variation in GT frequencies

Figure 4. Enrichment PCR detection of ZFN-mediated NHEJ and GT at the ADH1 locus. (A) Detection of mutagenesis at the ADH1 locus. Protoplasts
derived from the five genotypes were treated with estradiol. An enrichment PCR procedure (see Methods) was performed to detect ZFN-induced mu-
tagenesis (uncut band). This experiment was repeated twice with similar results. (White asterisks) PCR products shorter than wild type (WT). (B) Simul-
taneous detection of mutagenesis and GT at the ADH1 locus. Protoplasts derived from the five genotypes were treated with both estradiol and the donor.
An enrichment PCR procedure was performed to detect ZFN-induced mutagenesis (lower uncut band) and GT (upper uncut band) (red asterisk). (White
asterisks) PCR products shorter than WT. Note that for one of the two WT controls (lane 1), the first round of NlaIII digestion of the WT DNA was so
complete that very little PCR product was obtained for the second round of digestion. This experiment was repeated twice with similar results. (C ) DNA
sequence confirmation of gene targeting events. The larger PCR band indicated by a red asterisk in panel B in the ku70 background was cloned and
sequenced. The upper box indicates a sequencing trace expected for an HR product. The lower box indicates the 12 bp in the WT target locus that was
deleted through GT.
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between biological replicates, which was likely due to differences

in the efficiency of donor delivery and donor plasmid quality.

Nevertheless, the overall pattern was clear: GTwas enhanced in all

three mutants, and there was at least a threefold to fourfold in-

crease in lig4 or smc6b across all three experiments. Application

of the Cochran-Mantel-Haenszel test demonstrated that the

enhancement in GT in the three independent replicates was

reproducibly higher than WT (P = 8.7310�164 for ku70, P =

8.6310�13 for lig4, and P = 1.1310�24 for smc6b). In replicate

1, which contained the highest number of sequencing reads, the GT

frequency in ku70 was >5%, which was even higher than the NHEJ

mutagenesis frequency (4.21%) in the same sample and represented

a 16-fold increase in GT from WT (Table 1; Supplemental Table S1).

Consistent with the enrichment PCR results (Fig. 4B), the 454 se-

quencing data indicate that loss of KU70 has a greater effect than

deficiency in LIG4 or SMC6B in promoting HR-based GT.

In plants, synthesis-dependent strand annealing (SDSA) is the

primary mechanism by which DSBs are repaired (Formosa and

Alberts 1986; Puchta 2005). In SDSA, one endof the break is typically

repaired by HR and the other by NHEJ (Puchta et al. 1996). This

would yield some events with insertions introduced by HR that are

flanked by NHEJ-induced mutations. We analyzed the DNA se-

quences of all GT events and found examples in the mutant back-

grounds indicative of repair by both HR and NHEJ (Supplemental

Tables S4, S5). In ku70, for example, ;11% of the GT events were

associated with mutations on one side of the targeted insertion. It is

likely that SDSA was also used to repair

breaks in wild type, but the number of re-

covered events (i.e., 55) was likely too

small to detect targeted insertions flanked

by NHEJ-induced mutations.

Discussion

Precise genome modifications created by

sequence-specific nucleases have consid-

erable value for both basic and applied

plant biology. To increase their efficacy,

most effort has focused on improving the

intrinsic activities of these nucleases. In

this study, we demonstrate that by ma-

nipulating DNA repair pathways, ZFN-

induced genome modification frequen-

cies can be increased and the types of

modifications that result from cleavage

can be predicted and controlled.

Among the three DNA repair mu-

tants tested, we found that a deficiency in

SMC6B greatly enhanced ZFN-mediated

mutagenesis at three different endoge-

nous gene targets. Since SMC6B appears

to have redundant functionswith SMC6A

(Watanabe et al. 2009), knocking down

SMC6A in an smc6b mutant may lead to

even higher frequencies of mutagenesis.

Notably, ku70 or lig4 mutations did not

significantly alter mutagenesis frequen-

cies, consistent with a previous report

that ZFN-mediated mutagenesis was not

improved in a ku80 mutant (Osakabe

et al. 2010).

Analysis of DNA repair products pro-

vided compelling evidence in Arabidopsis for an MH-dependent

A-NHEJ pathway, which recent work suggests involves multiple

compensatory subpathways (Charbonnel et al. 2011). A-NHEJ was

used in WT cells infrequently, but very often when C-NHEJ was

disrupted by knocking out KU70 or LIG4. The fidelity with which

DNAbreaks were repaired by C-NHEJ and A-NHEJwas comparable,

because mutation frequencies did not differ when either pathway

predominated. Thus, for the purpose of improving mutagenesis, it

is unlikely to be useful to switch between these two NHEJ pathways.

The use of ku70or lig4backgrounds, however, could facilitate screens

for targeted mutations. Approximately 40% of the deletions were

>50 bp in these mutants, and such deletions, when amplified by

PCR, should be distinguishable fromWTamplicons when separated

using a high-percentage agarose or polyacrylamide gels. This would

expedite and reduce expenses when screening for mutations over

methods that use either PCR and restriction enzyme digestion

(Guschin et al. 2010; Zhang et al. 2010) or DNA sequencing.

We previously reported efficient GT at an endogenous locus in

tobacco using ZFNs (Townsend et al. 2009). Here, we demonstrate

GT at an endogenous locus in Arabidopsis and that GT frequencies

can be enhanced in ku70, lig4, and smc6b backgrounds. Loss ofKU70

had the biggest effect—resulting in increases in GTas high as 16-fold

over WT. Our data are consistent with studies in other higher or-

ganisms. For example, knocking out one copy of KU70 resulted in

a fivefold to 10-fold increase in GT in human cells (Fattah et al.

2008), and in Drosophila, knocking out LIG4 promoted roughly

Figure 5. Mutagenesis profiles revealed by 454 sequencing. (A) The total mutation (insertion, de-
letion, and nucleotide substitution) frequency for each sample was scored. (B) Proportion of deletions in
total mutation events in different genotypes under different treatments. (C ) Proportion of insertions in
total mutation events in different genotypes under different treatments. (D) Relative ratio of deletion
events to insertion events in different genotypes under different treatments. Protoplasts derived from
Col, ku70, lig4, and smc6b plants and carrying the same ADH1-ZFN-4 transgene were treated with
donor, estradiol, or donor and estradiol. Two (donor treatment) or three (estradiol, donor and estradiol)
independent biological replicates were subjected to 454 high-throughput sequencing and analysis.
(Error bars) Standard errors. In all panels, statistically significant differences between the mutants and
Col (WT) are indicated by asterisks (P < 0.05, t-test).
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a threefold increase in HR (Bozas et al. 2009). The significant dif-

ferences that we observed between ku70 and lig4 in terms of the

ratio of deletions to insertions, the size of the deletions, and the

frequencies of GT all suggest that KU70 is the main regulator of

pathway choice for DNA DSB repair in Arabidopsis. This is consis-

tent with the finding that KU regulates NHEJ pathway choice in

human somatic cells (Fattah et al. 2010).

Some DSBs were repaired by a combi-

nationofHRandNHEJ (Supplemental Figs.

S4, S5), consistent with SDSA (Risseeuw

et al. 1995; Puchta et al. 1996; Shalev and

Levy1997; Puchta 1998, 1999;Wright et al.

2005). Events repaired by both HR and

NHEJ were observed in all three mutant

backgrounds and accounted for 123 of the

1259 total GT products recovered. It is

likely that SDSA is also used to repair breaks

inWT; however, no evidence was observed

among the few GT events recovered from

WT strains. It is interesting to note that we

observed more imprecise NHEJ repair on

the left side of the DSB (Supplemental

Tables S4, S5). The reason for this asym-

metry is not clear, and it will be interesting

to see if it holds up in experiments in

which more GT events are analyzed.

Knocking out SMC6B enhanced all

three DNA repair mechanisms: C-NHEJ,

A-NHEJ, and HR. Blocking SMC6B func-

tion apparently hinders sister-chromatid-

mediated HR, and, consequently, NHEJ is

more frequent. When HR does occur,

‘‘substitute’’ DNA templates are used such

as the exogenous donor. Our results are

consistent with a study of SMC6 in hu-

man cells (Potts et al. 2006): Inactivation

of the SMC5/6 complex led to a twofold

enhancement in I-SceI-facilitated GT as

well as a twofold increase in imprecise

end-joining. The significant increase in

NHEJ observed by knocking down the

SMC5/6 complex in human cells (Potts

et al. 2006) or by knocking out SMC6B

in Arabidopsis (this study) suggests that

sister-chromatid-based HR is efficient in

eukaryotes. A recent study on Arabidopsis

SMC5 and SMC6 genes also supports

this conclusion: Sister-chromatid-based

HR was 25% as efficient in the smc6b-1

mutant (Watanabe et al. 2009). This ob-

servation is consistent with separate studies on SMC6B inArabidopsis

that used similar reporter systems (Mengiste et al. 1999; Hanin

et al. 2000). Collectively, these reported decreases in sister-chro-

matid HR in smc6bmutants contrast with our observed increase in

GT, likely because the GT template used for repair is nonallelic.

We propose a pathway choice model to explain our findings

(Fig. 7). Our model considers four pathways used for DNA DSB

Figure 6. Microhomology (MH)–based deletions predominate in ku70 and lig4. (A) Distribution of
deletions by length. (Error bars) Standard errors. (B) Distribution of deletions using no or 1–6 bp of MH.
(Error bars) Standard errors. (C ) Profile of 2- to 150-bp deletions. MH sequences contributing to large
deletion peaks are indicated. (D) Distribution of deletions that use different 6 bp of MH around the ZFN
site. The distances of the left MH sequence and the right MH sequence to the DSB are indicated in the
parentheses and separated by a slash. Data for all panels were generated from protoplasts derived from
Col, ku70, lig4, and smc6b plants that carried the same ADH1-ZFN-4 transgene. Protoplasts were treated
with estradiol, and three independent biological replicates were used for 454 sequencing and analysis.

Table 1. Enhanced GT in DNA repair mutants

Treatment ADH1-ZFN-4
ADH1-ZFN-4

ku70
ADH1-ZFN-4

lig4
ADH1-ZFN-4

smc6b

Donor only Rep. 1 0/3727 0/6458 0/6626 0/5627
Rep. 2 0/7404 0/7116 0/7208 0/6844

Donor and estradiol Rep. 1 53/16043 (0.33%) 851/15992 (5.32%) 127/13414 (0.95%) 188/13886 (1.35%)
Rep. 2 2/8506 (0.02%) 9/7928 (0.11%) 6/7992 (0.08%) 5/5613 (0.09%)
Rep. 3 0/8678 10/6657 (0.15%) 4/9634 (0.04%) 4/5970 (0.07%)

The number in the numerator is sequencing reads showing evidence of GT; the number in the denominator is the total number of sequencing reads.
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repair in Arabidopsis, including KU/LIG4-dependent C-NHEJ, MH-

dependent A-NHEJ, SMC6/SMC5-mediated sister-chromatid-based

HR, and other types of HR (including nonallelic HR used for GT).

The KU70/K80-mediated C-NHEJ pathway predominates in non-

replicating cells (G1phase). SMC6/SMC5-mediated sister-chromatid-

dependent HR is likely used by cells in the S andG2 phases of the cell

cycle when DNA is replicated and sister chromatids are paired. Dis-

ablingC-NHEJby knockingoutKU70/KU80orLIG4 leads to a shift to

the other three pathways, with loss ofKU70 orKU80having stronger

effects than LIG4, especially for switching to HR. Similarly, blocking

the SMC6/SMC5-mediated HR pathway promotes a shift to both

NHEJ pathways and other types of HR.

In conclusion, this study on endogenous Arabidopsis genes

contributes a least three new insights into ZFN-mediated ge-

nome modification: (1) enhanced site-specific mutagenesis can

be achieved by knocking out SMC6B; (2) an increase in GT can be

realized by knocking out LIG4, SMC6B, and especially KU70; and

(3) deletionmutants can be easily identified by knocking out KU70

or LIG4. Although null mutants were used in this study, we an-

ticipate that suppressing these DNA repair genes using RNAi could

attain similar results. Because ZFNs, TALENs, and meganucleases

all make DNA DSBs, and because repair pathways for DSBs are

highly conserved, it is expected that our findings can be adopted

to facilitate the introduction of genome modifications in other

higher plants, including crop species.

Methods

Plasmids and plant materials

Both TT4-ZFN (Zhang et al. 2010) and MPK8-ZFN (Sander et al.

2010) were expressed under an estrogen-inducible promoter in the

binary vector pFZ19. Agrobacteria that carry these vectors were used

to transform bothCol (WT) and smc6b plants through the floral dip

method (Clough and Bent 1998). T-DNA insertional mutants were

obtained from the Arabidopsis Biological Resource Center (Ohio

State University, Columbus, OH) and include lig4-4 (SALK_044027)

(Heacock et al. 2007), ku70 (SALK_123114) (Kannan et al. 2008),

and smc6b-3 (SALK_124719). A transgenic homozygousADH1-ZFN-4

plant was derived from a line previously described (Zhang et al.

2010). Homozygous plants that contain both the ADH1-ZFN-4

transgene and mutations in each DNA repair gene were generated

by crossing and subsequent screening using primers summarized

in Supplemental Table S4. The donor construct (Supplemental Fig.

S2) was made by direct DNA synthesis.

Analysis of nucleic acids

Total RNAwas extracted from4-wk-oldColWTand smc6b-3 rosette

leaves with TRIzol reagent (Invitrogen). The extracted RNA was

used as a template for amplifying SMC6B and Actin2 with the

QIAGENOneStep RT-PCR kit (QIAGEN). The primer sequences are

included in Supplemental Table S4. Genomic DNA was extracted

from either seedlings or rosette leaves using the CTAB method

(Stewart and Via 1993). For enrichment PCR,;500 ng of genomic

DNAwas digested byNlaIII (forADH1-ZFN), NspI (forTT4-ZFN), or

MslI (for MPK8-ZFN) in a 50-mL reaction overnight. Four microli-

ters of digestion product was used for PCR amplification of the ZFN

target site in a 25-mL reaction. Ten microliters of PCR product of

each was then digested in a 40-mL reaction overnight. The di-

gestion products were subsequently examined by electrophoresis.

NHEJ and GT frequency measurements

Tomeasure NHEJ in seedlings,Arabidopsis seeds were first sterilized

by a 5-min treatment with bleach (2.6% sodiumhypochlorite) and

subsequent washes with sterile water. After incubating in the dark

for 4 d at 4°C, seeds in a 0.05% agar suspension were plated on

0.53 MS medium with 0.75% agar and 20 mM of b-estradiol

(Sigma-Aldrich). One-week-old seedlings were then pooled (with

six seedlings in each pool) for DNA extraction, and the DNA

concentration was adjusted to ;50 ng/mL. PCR and restriction

digestions were performed as described for enrichment PCR

(Zhang et al. 2010). Unsaturated images of the digestion products

resolved by electrophoresis were quantified using LabWork 4.5, an

image acquisition and analysis software (UVP). For measuring

NHEJ and GT in protoplasts, detailed protocols for the protoplast

transformation, sample preparation for 454-sequencing, and data

analysis are all included in the Supplemental Methods.

Immunoblot analysis

Rosette leaves of 4-wk-old Arabidopsis plants were infiltrated with

20 mM b-estradiol with a needleless syringe. Estradiol-treated leaves

were collected 24 h after infiltration and frozenwith liquid nitrogen.

Total protein samples were prepared by grinding 0.2 g of frozen leaf

tissue with 400 mL of 23 SDS sample buffer with a small mortar and

pestle. The tubes that contain the extracts were boiled for 5 min and

spun at 16,000g for 10 min at room temperature. The supernatants

were separated by SDS-PAGE and transferred to a PVDF membrane.

ZFNsweredetectedwith amouse Anti-Flag antibody (Sigma-Aldrich)

at 1:1000 dilution and the second antibody, goat anti-mouse

horseradish peroxidase (HRP) conjugate (Pierce), at 1:5000 dilution.

SuperSignal West Femto maximum sensitivity substrate (Pierce) was

used for detection using a chilled CCD camera.

Data access

DNA sequence data from this study have been submitted to the

NCBI Sequence Read Archive (SRA) (http://www.ncbi.nlm.nih.

gov/sra) under accession number SRP017506.
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