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Nonhomologous chromosomal integration of foreign
DNA is completely dependent on MUS-53 (human
Ligd homolog) in Neurospora
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Homologous integration of a foreign DNA segment into a chro-
mosomal target sequence enables precise disruption or replace-
ment of genes of interest and provides an effective means to
analyze gene function. However, integration after transformation
is predominantly nonhomologous in most species other than yeast.
Here, we show that homologous integration in the filamentous
fungus Neurospora requires the homologous-recombination pro-
teins MEI-3 (yeast Rad51 homolog) and MUS-25 (yeast Rad54
homolog), whereas nonhomologous integration requires nonho-
mologous end-joining protein MUS-52 (yeast Ku80 homolog). Two
additional minor integration pathways are present, one MEI-3-
independent and homologous, the other MUS-52-independent and
nonhomologous. Homologous and nonhomologous mechanisms
compete when external DNA is integrated. In Neurospora, both
nonhomologous integration pathways, MUS-52-dependent and
MUS-52-independent, require MUS-53 (a homolog of human Lig4),
which functions in the final step of nonhomologous end-joining.
Because nonhomologous integration is eliminated in a LIG4-
disrupted strain, integration occurs only at the targeted site in
mus-53 mutants, making them an extremely efficient and safe host
for gene targeting.
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NA double-strand breaks (DSBs) are among the most

detrimental DNA lesions. Two major recombination path-
ways have been identified for their repair (1). These pathways
differ as to whether they require DNA sequence homology.
Homologous recombination (HR) repairs DSBs by retrieving
genetic information from an undamaged homolog, whereas
nonhomologous end-joining (NHEJ) rejoins them by direct
ligation of the strand ends without any requirement for sequence
homology.

These repair mechanisms have been conserved through evolu-
tion and operate in a wide range of organisms. Proteins required for
HR include Rad51, Rad52, Rad54, and RPA, whereas proteins
which are involved in NHEJ include DNA-dependent protein
kinase catalytic subunit (DNA-PKcs), the Ku70-Ku80 het-
erodimer, and the DNA ligase I'V (Lig4)-Xrcc4 complex (2). DNA
ligase IV is thought to be specific for NHEJ (3-5). The yeast
Saccharomyces cerevisiae uses mainly the HR system for DSB repair.
Therefore, in conventional gene targeting that occurs through the
HR mechanism, S. cerevisiae shows a very high homologous inte-
gration (HI) rate. In contrast with yeast, many other organisms,
including mammals, plants, and insects, seem to use NHEJ pref-
erentially for DSB repair. As a result, exogenous DNA can be
integrated anywhere in the chromosomes, even if it carries a long
stretch of homologous sequence. Therefore, gene targeting is an
inefficient method in most species other than yeast.

In humans, the technology of gene targeting through HR is
regarded as a potential tool for gene therapy. Although various
viral and nonviral vectors have been tried for gene targeting in
mammalian cells, the introduced DNA was found to be inte-
grated anywhere in the genome. In gene therapy it has become
clear that random, nonhomologous integration (NHI) can acti-
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vate protooncogenes in patients (6, 7). Therefore, attention is
focused on what can be done to minimize the risks of insertional
mutagenesis. However, the mechanism of nonhomologous inte-
gration, which probably involves the NHEJ pathway, has not yet
been clarified.

The filamentous fungus Neurospora crassa has been used
extensively for studying DNA repair. Genetic and molecular
analyses of Neurospora mutants revealed that mei-3, mus-11, and
mus-25 (homologs of S. cerevisiae RAD51, RAD52, and RAD54,
respectively) are involved in HR (8-10). Our previous report
(11) demonstrated that mus-51 and mus-52 (homologs of S.
cerevisiae YKU70 and YKUS80, which are homologs of human
KU70 and KU80, respectively) are involved in NHEJ of N. crassa.
We also showed that gene targeting rates in mus-51 and mus-52
were as high as 100%, compared with ~20% in wild type. This
finding was technically important because specific genes can be
inactivated very easily if these strains are used as recipients for
transformation. These strains have been used in the development
of a high-throughput method for knocking out genes of unknown
function in NV. crassa (12). Highly efficient gene targeting has also
been reported in KU-deficient mutants of Aspergillus nidulans, A.
fumigatus, A. sojae, A. oryzae, and Cryptococcus neoformans
(13-17), confirming that KU-deficient strains are excellent tools
for gene targeting in filamentous fungi. NHEJ components other
than KU70 and KUSO homologs have not been identified in
filamentous fungi. These include homologs of LIG4 and XRCC4.

Here, to investigate the mechanism of gene targeting and
chromosomal integration, we measured the chromosomal in-
tegration frequency and gene-targeting rate of exogenous
DNA in Neurospora strains that are defective in HR and
NHEJ. Our results suggest that chromosomal integration is
achieved by four pathways: two involving MEI-3-dependent
and MEI-3-independent HI and two involving MUS-52-
dependent and MUS-52-independent NHI. Furthermore, the
Neurospora LIG4-homolog, mus-53, was identified and char-
acterized. Gene targeting in mus-53 was 100%, the same as in
mus-51 and mus-52 mutants. However, unlike mus-51 and
mus-52, the mus-53 mutant has a gene-targeting rate of 100%
even if the DNA sequence homologous to the targeted is very
short. We propose that MUS-53 is required for both the
MUS-52-dependent and MUS-52-independent NHI pathways.
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Fig.1. Scheme of experiments to assay chromosomal integration and targeting
efficiency. The black box represents the selectable marker, the bialaphos-
resistance gene bar. The gray box shows the mtr gene. The targeting vector was
constructed by replacing part of the mtr ORF with bar. The mtrtargeting DNA was
flanked by homologous sequences ranging from 50 bp to 2 kbp. Targeting DNA
was introduced by electroporation into recipient cells, which are sensitive to both
bialaphos and PFP (A). Integration into mtr by HI results in resistance to both
bialaphos and PFP (B). NHI produced transformants resistant to bialaphos but
sensitive to PFP, because the endogenous mtr gene isintact and the mtr mutation
is recessive (C). Integration efficiency was calculated as number of bialaphos-
resistant cells per total recipient cell number [(B + C)/Al. The targeting (HI) rate
of mtr was calculated as the ratio of PFP-resistant transformants to bialaphos-
resistant transformants [B/(B + C)], and the NHI rate was calculated as the ratio
of PFP-sensitive transformants to bialaphos-resistant transformants [C/(B + C)].

These findings provide new insight into the chromosomal
integration mechanisms. mus-53 also provides a highly effi-
cient alternative to mus-51 or mus-52 for inactivating specific
genes.

Results

Experimental System to Assay Efficiency. To study the mechanism of
foreign DNA integration, we measured the targeting frequency in
wild type, in HR-defective strains (mei-3, mus-11, and mus-25), and
in the NHEJ-defective strain mus-52. Double mutants carrying
mus-52 in combination with each of the HR-defective mutations
were also tested to examine the detailed relationships between HR
and NHEJ in chromosomal integration. The mi#r gene on chromo-
some IV was selected as a target for gene disruption because
mitr-defective mutants show resistance to the amino acid analog
p-fluorophenylalanine (PFP) (18). If a DNA fragment including the
bialaphos-resistance gene bar is integrated at the mir locus, the
strain should be resistant to both bialaphos and PFP. On the other
hand, if the fragment is integrated at a site other than mtr, the strain
should be resistant to bialaphos but not to PFP (Fig. 1). Transfor-
mation (chromosomal integration) frequencies were calculated as
the number of bialaphos-resistant colonies per total recipient cell
numbers. The HI rate (gene targeting) was calculated as the ratio
of PFP-resistant transformants to bialaphos-resistant transfor-
mants. The NHI rate (nonhomologous chromosomal integration) is
the ratio of PFP-sensitive transformants to bialaphos-resistant
transformants. We constructed linear DNA fragments with long
(2-kbp) or short (50-bp) sequences showing homology for the mr
region carried on each side of the bar gene. These fragments were
introduced by electroporation into recipient strains with different
genetic backgrounds.

Four Independent Pathways for Integrating Foreign DNA into N. crassa
Chromosomes. The HI rate was 23.33% in wild-type but 0% in
HR-defective strains, including mei-3, mus-11, and mus-25 (Table
1). This result clearly demonstrates that homology-dependent in-
tegration depends on a functional HR mechanism. On the other
hand, as shown in ref. 11, HI was 100% and NHI was 0% in mus-52,
suggesting that all NHI events depend on MUS-52 when foreign
DNA carrying 2-kbp homology is introduced into wild type. Trans-
formation frequency in mus-52 (3.81 = 0.39 X 10~6) was almost the
same as in wild type (4.07 = 0.67 X 107°). However, in the
NHI-defective mutant, homology-dependent integration events
increased 4-fold over wild type. Conversely, the NHI frequency in
HR-defective mutants, in which HI could not occur, increased
significantly compared with wild type. These results suggest that
pathways of HI and NHI compete against one another in wild-type
cells.

Table 1. Integration frequency of an exogenous DNA fragment that has a 2-kbp mtr homologous sequence flanking the bar gene

on both sides

Relative Relative NHI Relative

S. cerevisiae TF = SE,* value HI frequency,$ value of frequency,** value of
Strain homolog X106 of TFt  HI* % X106 HI frequency™ NHI,! % X106 NHI frequency ™
Wild type 4.07 £ 0.67 1 23.33 0.95 1 76.67 3.12 1
mus-52 YKU80 3.81 = 0.39 0.94 100 3.81 4.01 0 0 0
mus-11 RAD52 27.33 = 6.33 6.71 0 0 0 100 27.33 8.76
mei-3 RAD51 29.83 =3.94 7.33 0 0 0 100 29.83 9.56
mus-25 RAD54 15.17 = 2.47 3.73 0 0 0 100 15.17 4.86
mus-52 mus-11 YKU80 RAD52 0 0 0 0 0 0 0 0
mus-52 meij-3 YKU80 RAD51 0.32 £ 0.04 0.08 96.26 0.31 0.33 3.74 0.01 0.003
mus-52 mus-25 YKU80 RAD54 0.08 = 0.03 0.02 88.9 0.07 0.07 1.1 0.009 0.003

TF, transformation frequency.

*Frequency was calculated as the number of bialaphos-resistant colonies per total cell number. Averages and standard errors are from more than three

independent experiments.

TRelative value of transformation frequency was calculated as the transformation frequency in the mutant divided by the transformation frequency in the wild type.
*HI (%) = (the number of PFP-resistant colonies/the number of bialaphos-resistant colonies) X 100.

SHI frequency = (the number of PFP-resistant colonies/the number of bialaphos-resisrant colonies) X transformation frequency.

TRelative value of HI frequency was calculated as the HI frequency in the mutant divided by the HI frequency in the wild type.

INHI (%) = (the number of PFP-sensitive colonies/the number of bialaphos resistant colonies) X 100.

**NHI frequency = (the number of PFP-sensitive colonies/the number of bialaphos-resistant colonies) X transformation frequency.

T*Relative value of NHI frequency was calculated as the NHI frequency in the mutant divided by the NHI frequency in the wild type.
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Table 2. Integration frequency of an exogenous DNA fragment that has 50-bp mtr homologous sequence flanking the bar gene

on both sides

Relative Relative Relative

S. cerevisiae TF += SE,* value HI frequency,s value of NHI frequency, ** value of
Strain homolog x10-6 of TF*  HL* % X 106 HI frequency™ NHI,I % X10-6 NHI frequency™**
Wild type 17.25 = 1.91 1 0.18 0.03 1 99.82 17.22 1
mus-52 YKU80 0.03 = 0.01 0.0017 0 0 0 100 0.03 0.0017
mus-11 RADS52 125.2 + 25.75 7.26 0 0 0 100 125.2 7.27
mei-3 RAD51 128.33 = 15.9 7.44 0 0 0 100 128.33 7.45
mus-25 RAD54 124.4 + 21.11 7.21 0 0 0 100 124.4 7.22
mus-52 mus-11 YKU80 RAD52 0 0 0 0 0 0 0 0
mus-52 mei-3 YKU80 RAD51 0.0025 = 0.0025 0.00014 0 0 0 100 0.0025 0.00015
mus-52 mus-25 YKU80 RAD54 0.005 = 0.0022  0.00029 0 0 0 100 0.005 0.00029

TF, transformation frequency.

*Frequency was calculated as the number of bialaphos-resistant colonies per total cell number. Averages and standard errors are from more than three

independent experiments.

TRelative value of transformation frequency was calculated as the transformation frequency in the mutant divided by the transformation frequency in the wild

type.

*HI (%) = (the number of PFP-resistant colonies/the number of bialaphos-resistant colonies) x 100.

SHI frequency = (the number of PFP-resistant colonies/the number of bialaphos-resisrant colonies) X transformation frequency.
TRelative value of HI frequency was calculated as the HI frequency in the mutant divided by the HI frequency in the wild type.

INHI (%) = (the number of PFP-sensitive colonies/the number of bialaphos resistant colonies) X 100.

**NHI frequency = (the number of PFP-sensitive colonies/the number of bialaphos-resistant colonies) X transformation frequency.
TTRelative value of NHI frequency was calculated as the NHI frequency in the mutant divided by the NHI frequency in the wild type.

To further investigate the relationship between HI and NHI
in the chromosome integration pathway, we examined the
transformation frequency of the mus-52 mus-11 double mu-
tant, in which both NHEJ and HR are inactive. No transfor-
mants appeared, indicating that foreign DNA carrying 2 kbp
of homology was not integrated in this double mutant (Table
1) and that the RAD52 homolog mus-11 and the YKUS0
homolog mus-52 are absolutely required for integration of
foreign DNA carrying 2 kbp of homology.

On the other hand, a small number of bialaphos-resistant colo-
nies were still found in the mus-52 mei-3 and the mus-52 mus-25
double mutants, which are also defective in the functions of both
HR and NHEJ. The majority of those colonies (96.26 and 88.9%,
respectively) were resistant to PFP, meaning that they were derived
from HI although the recipient strains were defective in HR. We
also confirmed that bar was integrated at the mi#r locus using PCR
(data not shown). This finding suggests that a second HI pathway
is activated when the two major chromosomal integration pathways,
MUS-52-dependent NHI and MEI-3-dependent HI, are blocked.
This putative second HI pathway must depend on MUS-11, because
DNA fragments were not integrated into the chromosome at all in
the mus-52 mus-11 double mutant. Furthermore, transformation by
NHI also occurred at a very low level in mus-52 mei-3 and mus-52
mus-25 (0.01 X 107%and 0.009 X 1076, respectively), suggesting the
existence of a MUS-11-dependent but MUS-52-independent sec-
ond NHI pathway for chromosomal integration.

With 50-bp homology (Table 2), the HI rate in wild type was
extremely low (0.18%), indicating that 50 bp of homology is not
enough for effective homology searching and targeting. HI was not
increased even in mus-52. However, a low rate of NHI was detected
in mus-52, which is defective in NHEJ function. This finding
supports the existence of MUS-52-independent NHI. A similar
effect was seen in mus-52 mei-3 and mus-52 mus-25 double mutants.
We conclude that MUS-11 and MUS-52 are key regulators of
integration in Neurospora and that there are four subpathways: two
major pathways, one of which is MEI-3-dependent, governing HI,
the other MUS-52-dependent, governing NHI, and two minor
“back-up” pathways, one MEI-3-independent HI and the other
MUS-52-independent NHI.

Characterization of the Neurospora LIG4 Homolog, mus-53. To fur-
ther study the mechanism of NHI by NHEJ, we searched the
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Neurospora genome database (www.broad.mit.edu/annotation/
fungi/neurospora/) to find an ortholog of human LIG4. A
candidate was identified that encodes a 1,046-aa polypeptide
which shows 25% identity and 38% similarity to human Lig4.
Furthermore, this protein has two tandem BRCA1 C-terminal
domains at the C terminus, which are conserved in human Lig4
(19) and S. cerevisiae Dnl4/Lig4 (20). The BRCA1 C-terminal
domains of DNA ligase IV in human and yeast are essential
for binding to another NHEJ protein, Xrcc4 or Lif1, respectively
(21, 22).

To investigate its function in Neurospora, we used gene replace-
ment to disrupt the LIG4 homolog as described in Materials and
Methods. Mutagen sensitivity of the disrupted mutant was analyzed
by spot test (Fig. 24). The mutant showed mild sensitivity to methyl
methanesulfonate (MMS) and bleomycin (BLM) but was not
sensitive to UV or to other chemical agents. Following the estab-
lished rules of genetic nomenclature in Neurospora (23), this gene
was named mus-53. The gene maps near leu-1 in linkage group ITIR.
Apical growth of mus-53 in race tubes was normal, and no mor-
phological abnormalities were observed (data not shown). Ho-
mozygous crosses were fertile, with normal asci and ascospores.

Epistatic relationships between mus-53 and other recombination
repair genes were examined using double mutants with uvs-6, mei-3,
mus-11, and mus-52, and determining the sensitivity of each strain
to MMS (Fig. 2B). The uvs-6 mutation (yeast RADS50) is epistatic
to mus-53. In contrast, both the mus-53 mei-3 and the mus-53
mus-11 double mutants were more sensitive than either parental
single mutant. Sensitivity of the mus-53 mus-52 double mutant was
identical to that of the parental mus-53 strain. mus-53 therefore
belongs to the NHEJ group of recombination repair mutants and
not to the HR group.

Highly Efficient Gene Targeting Is Observed in mus-53. Gene targeting
was used to determine whether the gene targeting frequency was
increased in mus-53 as well as in mus-52. With 2-kbp homology, the
targeting frequency was 100% in mus-53, the same as in mus-52
(Table 3). However, transformation was five times less frequent
than in wild type (0.85 = 0.08 X 107 vs. 4.07 = 0.67 X 107°), and
this low transformation frequency was suppressed by mus-52. The
low transformation frequency in mus-53 might be explained if the
repair pathway cannot subsequently be changed from NHI to HI
once MUS-52 proteins start to work. This result suggests that
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Fig.2. Sensitivity and epistasis analysis of mus-53. (A) Sensitivity of wild type, mus-52, and mus-53 to UV and chemical agents. Conidial suspension was spotted
on the agar surface of plates containing 4-nitroquinoline 1-oxide (4NQO, 75 ng/ml), camptothecin (CPT, 0.4 png/ml), hydroxyurea (HU, 1.5 mg/ml), MMS (0.175
wl/ml), and bleomycin (BLM, 5 pg/ml). Cells were UV-irradiated at 375 J/m2. (B) Sensitivity to MMS of double mutants compared with their parental single
mutants. A conidial suspension was treated with MMS (1.5 ul/ml) for the indicated time. (a) Wild type (filled squares), mus-52 (filled circles), mus-53 (open
diamonds), and mus-52 mus-53 (open triangles). (b) mus-53 (open diamonds), uvs-6 (filled circles), and mus-53 uvs-6 (open triangles). (c) mus-11 (filled circles),
mus-53 (open diamonds), and mus-11 mus-53 (open triangles). (d) mei-3 (filled circles), mus-53 (open diamonds), and mei-3 mus-53 (open triangles).

MUS-53 acts later than MUS-52 during gene integration. On the
other hand, when foreign DNA with only 50-bp homology was
introduced into mus-53, no transformants appeared. We hypothe-
size that MUS-53 is essential for integration of foreign DNA with
short homology.

MUS-53 Is a Key Regulator of NHI. To test whether our hypothesis is
correct, 2-kbp, 1-kbp, 500-bp, 300-bp, 100-bp, and 50-bp lengths of
the mitr gene were attached on both sides of the bar gene and

transformed into wild type, mus-52, and mus-53. Transformation
frequency and the rate of gene targeting were assayed (Fig. 3). In
wild type, the gene-targeting rate was low when the homology was
short. HI was rare even with a homology length of 300 bp. In
contrast, the gene-targeting rate in mus-52 was ~50% at 300-bp
homology length, increasing to 100% with homology >1 kbp. In
mus-52, both transformation frequency and gene-targeting rate
were low when the homology was short, perhaps because the
MUS-52-independent NHI pathway was activated by the short

Table 3. Integration frequency of an exogenous DNA fragment that has a 2-kbp (bold) or 50-bp (italic) mtr homologous sequence

on both sides of bar gene in the mus-53 mutant

Relative Relative Relative
S. cerevisiae TF = SE,* value HI frequency,$ value of NHI frequency,** value of
Strain homolog X106 of TF*  HL* % X106 HI frequency™ NHI,I % X106 NHI frequency '
Wild type 4.07 = 0.67 1 23.33 0.95 1 76.67 3.12 1
17.25 = 1.91 1 0.18 0.03 1 99.82 17.22 1
mus-52 YKU80 3.81 £ 0.39 0.94 100 3.81 4.01 0 0 0
0.03 = 0.01 0.0017 0 0 0 100 0.03 0.0017
mus-53 LIG4 0.85 = 0.08 0.21 100 0.85 0.89 0 0 0
0 0 0 0 0 0 0 0
mus-52 mus-53 YKU80 LIG4 4.37 +£0.29 1.07 100 4.37 4.6 0 0 0

TF, transformation frequency. See Fig. 3 for the effect of intermediate-sized flanks.

*Frequency was calculated as the number of bialaphos-resistant colonies per total cell number. Averages and standard errors are from more than three
independent experiments.

TRelative value of transformation frequency was calculated as the transformation frequency in the mutant divided by the transformation frequency in the wild
type.

*HI (%) = (the number of PFP-resistant colonies/the number of bialaphos-resistant colonies) X 100.

SHI frequency = (the number of PFP-resistant colonies/the number of bialaphos-resisrant colonies) X transformation frequency.

TRelative value of HI frequency was calculated as the HI frequency in the mutant divided by the HI frequency in the wild type.

INHI (%) = (the number of PFP-sensitive colonies/the number of bialaphos resistant colonies) X 100.

**NHI frequency = (the number of PFP-sensitive colonies/the number of bialaphos-resistant colonies) X transformation frequency.

T*Relative value of NHI frequency was calculated as the NHI frequency in the mutant divided by the NHI frequency in the wild type.

14874 | www.pnas.org/cgi/doi/10.1073/pnas.0604477103 Ishibashi et al.
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Fig.3. Homology-dependent transformation frequency and HI in wild type,
mus-52, and mus-53. Transformation frequency and HI were measured ac-
cording to the strategy shown in Fig. 1. (A) Open bars, gray bars, and filled bars
indicate transformation frequency in wild type, mus-52, and mus-53 as recip-
ients. (B) Open circles, open squares, and open triangles indicate rates of Hl in
wild type, mus-52, and mus-53, respectively. The asterisk indicates that there
was no mtr-resistant transformant.

homology even though integration could not occur via HR. Trans-
formation frequency was lower in mus-53 than in mus-52 when
homology was short. In mus-53, surprisingly, gene targeting was
100% even with 100-bp homology, but no transformants appeared
with 50-bp homology. This means that 50-bp homology is not
enough for gene targeting even in mus-53.

We conclude that MUS-53 function is required for all NHI
pathways, both MUS-52-dependent and MUS-52-independent. Ac-
cordingly, DNA introduced into mus-53 is integrated only at the
target site.

Discussion

We demonstrated previously that gene-targeting efficiency be-
comes 100% in Neurospora mutants mus-51 or mus-52, which are
defective in end-joining (11). The first step in non-HR repair of
DSBs is binding of Ku70 and Ku80 heterodimers to broken DNA
ends. After the DNA ends are processed by Ku proteins, they are
joined by the Ligd—Xrcc4 complex. Genetic characterization of
mus-53, which is the Neurospora ortholog of human LIG4, indicated
that Lig4 plays a significant role in NHI.

Targeting experiments showed distinct differences between
mus-52 and mus-53. In mus-52, transformation frequency was
almost the same as in wild type, but in mus-53 it was 4-5 times lower,
as expected if HI frequency per total transformants is the same in
mus-53 as in the wild type, and the only transformants appearing on
the selection plate are from HI. In a mutant defective in MUS-53
protein, all integrations are processed by the HR pathway.

Use of mus-53 offers a distinct advantage when the transforming
DNA has limited homology with the recipient sequence. When
DNA with <500-bp homology is introduced into mus-52, HI
decreases and NHI increases as homology length becomes shorter.
In mus-53, however, transformants are exclusively from HI, even in
experiments with short homology. This result is important because
it means that with mus-53 as recipient, all transformants will be
from HI and none will be from NHI. The host is thus protected
from NHI, and there is no need for further tedious experiments to
determine whether DNA fragments are integrated ectopically.
Although targeting has great promise for gene therapy, NHI has
been a serious problem because it may activate protooncogenes and
result in cancer. The system described here may provide a solution.

Four targeting patterns were observed in targeting experiments
using three HR-deficient strains (mei-3, mus-11, and mus-25) and
two NHEJ-deficient strains (mus-52 and mus-53) (Fig. 4). Major
transformation pathways are MEI-3-dependent HI and MUS-52-
dependent NHI, whereas minor pathways are MUS-11-dependent
but MEI-3-independent HI and MUS-11-dependent but MUS-52-

Ishibashi et al.
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Fig.4. Pathways for integration of exogenous DNA into chromosomal DNA.
Exogenous DNA is integrated into the chromosomes by two major pathways,
mus-11-dependent and mus-52-dependent. Downstream of these two chro-
mosomal integration pathways is achieved by four pathways: two involving
mei-3-dependent and mei-3-independent HI and two involving mus-52-
dependent and mus-52-independent non-HI. Both nonhomologous integra-
tion pathways, mus-52-dependent and mus-52-independent, require mus-53.
The genes in parentheses represent S. cerevisiae homologs.

independent NHI. MUS-51 and MUS-52 interact physically and are
concerned in the same function (data not shown). The fact that no
transformants appeared in the mus-11 mus-52 double mutant
means that only these two chromosomal-integration pathways are
present.

In yeast, Rad51-dependent HR and Ku-Lig4-dependent NHEJ
are major DSB repair pathways. At least three additional pathways
have been reported: Ku-independent DSB rejoining, Rad52-
dependent single strand annealing (SSA), and Rad52-dependent
end-joining (24-26). We anticipate that these pathways exist and
function in the minor integration pathway in Neurospora.

NHEJ-independent DSB rejoining has also been reported in
mammals (27). However, the relationship between DSB repair and
gene targeting is not clear. In the present study, we used Neurospora
to demonstrate the importance of using a Lig4-deficient strain for

Table 4. Strains of Neurospora crassa used in this study
Strain/FGSC

number Genotype Source/reference
C1-T10-37A A Laboratory stock
C1-T10-28a A Laboratory stock
74-OR31-16A A al-2 pan-2 cot-1 (29)
54y0-828-3 A mus-52::Hyg" (11)
54y0-828-4 a mus-52::Hyg" (11)
FGSC6409A A mus-11 FGSC
FGSC2764A A mei-3 FGSC
FGSC6425a a mus-25 FGSC
54yo-8m11-4 A mus-52::Hyg" mus-11 This study
54y0-8m3-17 A mus-52::Hyg" mei-3 (11)
54y0-8m25-13 A mus-52::Hyg" mus-25 This study
FGSC10139A A mus-53::Hyg" This study
FGSC10140a a mus-53::Hyg" This study
ICBC480A A mus-52::Hyg" mus-53::Hyg" al-2 This study
740R-270-104a a uvs-6 al-2 pan-2 cot-1 Laboratory stock
ICBC461a a mus-53::Hyg" uvs-6 al-2 pan-2 This study
ICBC422a a mus-53::Hyg" mus-11 pan-2 This study
ICBC436A A mus-53::Hyg" mei-3 pan-2 This study

FGSC, Fungal Genetics Stock Center.
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gene targeting. Our results may provide a pathway for developing
gene-targeting methods in higher eukaryotes.

Materials and Methods

Strains and Plasmids. Table 4 shows the N. crassa strains used in
these experiments. C1-T10-34A, C1-T10-28a (28), and 74-OR31-
16A (29) are wild-type strains. The mus-53::Hyg" strain was gener-
ated by gene replacement as described (11); to make a targeting
vector, 1.3-kbp EcoRV DNA of the central region of the N. crassa
LIG4 homolog, mus-53 (NCU06264.2), was replaced by a 1.5-kbp
length of the hygromycin-resistance gene (Hyg"). The vector was
introduced into wild-type 74-OR31-16A. Hygromycin-resistant
transformants were isolated, and it was confirmed by PCR and
Southern blotting whether a mus-53 gene was disrupted correctly in
those strains. The transformants were then backcrossed to wild-type
C1-T10-28a to make the genetic background homogeneous. Strains
KZM6220A (FGSC10139A) and KZM6224a (FGSC10140a) were
used as mus-534 and mus-53a standards. Escherichia coli strains
DH1 and XL-1 Blue were used for amplification of plasmids.
Plasmids pUC19 (Stratagene, La Jolla, CA) and pGEM-T Easy
(Promega, Madison, WI) were generally used for construction of
new vectors. pPBARGEM?7-1 (30) carrying bar and pCSN43 (31)
carrying Hyg were obtained from the Fungal Genetics Stock Center
(University of Missouri, Kansas City, MO).

General Genetic Manipulation in N. crassa. Genetic analysis was
carried out as described by Davis and de Serres (32).

Electroporation. Electroporation was used for introduction of ex-
ogenous DNA into recipient cells as described (11).

Determination of Transformation Frequency and Gene Targeting Rate.
To measure integration frequency and the rate of targeting to
the mtr locus, vector pGS1-2KR (9.5 kbp) was constructed as
follows: A DNA fragment of mtr was generated by PCR using N.
crassa genomic DNA as a template and the two primers: mtr-5'
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(5'-GAAACGACGGGATGTGAGAT-3') and mtr-3" (5'-
GATAATGAGGTAGCAGGAGC-3"). PCR cycling was car-
ried out with the Expand High-Fidelity PCR system (Roche
Diagnostics, Indianapolis, IN) following the manufacturer’s pro-
tocol. The PCR product was integrated into pGEM-T Easy
(Promega) to make pGEMMTR. Then it was digested with
blunting enzyme Mscl to delete a ~1-kbp fragment containing
the promoter and part of the m#r ORF. A 2.7-kbp DNA fragment
containing the bialaphos resistance gene bar was cut out from
pBARKSI with blunting enzymes Scal and Smal and inserted
into Mscl-digested pPGEMMTR to produce pGS1-2KR, which
carries 2 kbp of the mir gene on both sides of bar. We also
constructed pGS1-1KR, pGS1-500R, pGS1-300R, pGS1-100R,
and pGS1-50R, which have 1 kbp, 500 bp, 300 bp, 100 bp, or 50
bp of mtr on both sides of bar, respectively. Digestion of these
plasmids with EcoRI produces 6.7-kbp, 4.7-kbp, 3.7-kbp, 3.3-
kbp, 2.9-kbp, and 2.8-kbp linear fragments carrying 2 kbp, 1 kbp,
500 bp, 300 bp, 100 bp, or 50 bp of mtr on both sides of bar,
respectively. These fragments were introduced into various host
strains by electroporation. Conidial suspensions were then
plated on medium containing bialaphos (200 ug/ml) and incu-
bated at 30° for 3 days. Transformants resistant to bialaphos were
isolated and tested by spot tests for resistance to PFP (20 ug/ml)
and to bialaphos. To confirm whether transformants included
products of HI, PCR with two primer sets was performed as
described (11).

Mutagen Sensitivity. Sensitivity was investigated by spotting a conid-
ial suspension on agar medium containing the chemical agent (33).
Sensitivity to MMS was determined as described (34).
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