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ABSTRACT Significant advances in genomics underscore the importance of targeted mutagenesis for gene function analysis. Here we
have developed a scheme for long-range targeted manipulation of genes in the Drosophila genome. Utilizing an attP attachment site
for the phiC31 integrase previously targeted to the nbs gene, we integrated an 80-kb genomic fragment at its endogenous locus to
generate a tandem duplication of the region. We achieved reduction to a single copy by inducing recombination via a site-specific DNA
break. We report that, despite the large size of the DNA fragment, both plasmid integration and duplication reduction can be
accomplished efficiently. Importantly, the integrating genomic fragment can serve as a venue for introducing targeted modifications
to the entire region. We successfully introduced a new attachment site 70 kb from the existing attP using this two-step scheme,
making a new region susceptible to targeted mutagenesis. By experimenting with different placements of the future DNA break site in
the integrating vector, we established a vector configuration that facilitates the recovery of desired modifications. We also show that
reduction events can occur efficiently through unequal meiotic crossing over between the large duplications. Based on our results, we
suggest that a collection of 1200 lines with attachment sites inserted every 140 kb throughout the genome would render all Drosophila
genes amenable to targeted mutagenesis. Excitingly, all of the components involved are likely functional in other eukaryotes, making

our scheme for long-range targeted manipulation readily applicable to other systems.

ROSOPHILA melanogaster is an excellent organism for

the genetic analysis of cellular and developmental pro-
cesses. For the past two decades, methods of gene targeting
by homologous recombination have facilitated the engineer-
ing of crafted mutations (Gloor et al. 1991; Rong and Golic
2000; Rong et al. 2002; Gong and Golic 2003). The wealth
of information provided by bioinformatic analyses has further
aided geneticists in the design of mutations. Gene targeting in
flies, however, is quite labor intensive, discouraging its use in
systematic mutagenesis, which involves more than one tar-
geted allele, although success stories have revealed the ben-
efits of such approaches (Gronke et al. 2010; Spitzweck et al.
2010).
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Recently, several laboratories have demonstrated that, by
combining homologous recombination with the efficient
phiC31-mediated site-specific recombination method, the
need for repetitive gene targeting of individual alleles to
the endogenous locus can be eliminated (Gao et al. 2008;
Huang et al. 2009; Weng et al. 2009; Iampietro et al. 2010).
We developed the site-specific integrase-mediated repeated
targeting (SIRT) method, in which an attP attachment site
for phiC31 integrase is first targeted to the genome in the
proximity of the locus of interest using gene targeting by
homologous recombination. Further modifications are car-
ried out by integration of a plasmid that carries the modified
locus and the “partner” attachment site attB. Recombination
between chromosomal attP and plasmid-born attB is irre-
versible and highly efficient in fly embryos expressing
phiC31 (Groth et al. 2004; Bischof et al. 2007). Integration
of the plasmid leads to duplication of the chromosomal lo-
cus, which is subsequently reduced to one copy by repair of
an induced DNA double-strand break (Rong et al. 2002; Gao
et al. 2008).
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Figure 1 Generating an 80-kb duplication
by site-specific integration. (A) Integration
schematic. At the top is the pWalkman vec-
tor built on the pPlacman] backbone, which
contains P-element ends (solid arrowheads),
a white maker (open oval), FRT sites (half-
arrows), and an I-Scel cut site (IST in con-
struct pWalkman{nbs-llp} IS1 and 1S2 in
pWalkmani{nbs-Ilp} 1S2). Below the pWalk-
man vector is the 82-kb nbs-/lp insert, which
contains two attB sites (solid arrows), one at
each locus, separated by 68 kb. Below the
82-kb insert is the chromosomal region with

PP

attL @nbs attB@lIip attR@nbs
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an attP (shaded arrow) targeted to nbs.
Note that the chromosomal region of /ip
does not contain any att site (wt). The posi-

wit@llp
=5 tions for two sets of PCR primers (solid and

=5 = -

- -

- shaded half arrows) used in B are indicated.

A phiC31-mediated recombination (“X")

between attP and attB at nbs gives rise to the duplication depicted at the bottom. Only the integration of pWalkman{nbs-IIp}IS1 is shown. The FRTs
are not shown but are in close proximity to the P-element ends. (B) Representative results for diagnostic PCR tests. Marker size in kilobases is indicated to
the left of the gel images. (Top) PCR analyses with nbs primers. The PCR templates are the following: lane 1, a wild-type line without any attachment
site; lane 2, a duplication line from previous plasmid integration at attP@nbs; lane 3, plasmid DNA of pWalkman(nbs-llp)IS1; lane 4, the attP@nbs
starting line; and lane 5, an integration line with the 80-kb duplication. (Bottom) Results of PCR analyses with /lp primers. Lane “m" contains the marker.
The PCR templates are the following: lane 6, a wild-type line, and lane 7, an integration line from this study.

One versatile aspect of SIRT not shared by traditional
gene-targeting methods is that a particular attP site can be
used to modify not only one’s gene of interest, but all of the
genes in its vicinity. In theory, the range amenable to SIRT
manipulation from an attP insertion is limited only by the
size of the genomic clone in the attB-containing plasmid.
Encouragingly, Venken et al. developed the P[acman] sys-
tem for the introduction of large DNA fragments into the fly
genome using phiC31 and achieved integration of genomic
fragments on the order of 100 kb with remarkable efficien-
cies (Venken et al. 2006). We took advantage of this techni-
cal innovation and set out to determine whether a preexisting
att site could render a surrounding genomic region of similar
size amenable to targeted modification. Our study reveals that
modifying a genomic region 70 kb away from the attachment
site can be quite efficient. In addition, both integration and
reduction reactions for our large genomic fragment occurred at
a frequency comparable to those previously achieved. Further-
more, reduction events could be recovered from spontaneous
events that occur through meiotic recombination. We took the
opportunity to introduce a new att site 70 kb downstream
from the original one, further expanding the mutable region
by at least another 70 kb. We propose to combine our target-
ing scheme with transposon-delivered att sites genome-wide to
render all Drosophila genes amenable to targeted mutagenesis.

Materials and Methods

Primer sequences are listed in Supporting Information, Ta-
ble S1.

Construction of the pWalkman vector

The unique Nhel site in pP[acman] was used to introduce an
FRT next to the 3’ inverted repeat of the P element as a prod-
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uct of annealing two oligos (NheFRT48-plus and NheFRT48-
minus) with overhangs compatible to Nhel. The unique Sphl
site was used to clone an FRT next to the 5' inverted repeat of
the P element. The FRT oligos used were SphFRT48-plus and
SphFRT48-minus. A clone was selected in which the two
FRTs are in a directed orientation. The unique Pmel site in
pP[acman] was used to clone an I-Scel cut site with the oligos
ScBaNhSpMIBsSb+ and ScBaNhSpMIBsSb—. This position
corresponds to IS1 in Figure 1. The I-Scel oligos also include
restriction sites for BamHI, Nhel, Sphl, Mlul, BsiWI, and Sbfl
enzymes immediately downstream of the I-Scel cut site but
upstream of the existing multiple cloning sites in pP[acman].

Construction of pWalkman{nbs-Iip}

A BAC clone (RP98-7E7) spanning the nbs-Ilp region was
obtained from BacPac Resources (http://bacpac.chori.org).
The gap repair method based on bacterial recombineering
(Venken et al. 2006) was used to subclone the 82-kb nbs-Ilp
region into the Ascl and EcoRI sites in pWalkman. A detailed
description of cloning by recombineering, including the in-
sertion of various DNA elements, can be found in Supporting
Information, File S1.

Fly genetics

The pWalkman constructs were injected into embryos with
a vasa-driven phiC31 transgene (Bischof et al. 2007) and an
attP insertion at nbs (Gao et al. 2008). Crossing schemes are
presented in File S2.

Results

Experimental design

We previously used SIRT to create an allelic series for the
nbs locus in Drosophila (Gao et al. 2008). To determine if the
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same attP site could be used to modify a remote region, we
set out to target a region ~70 kb from nbs.

We generated the pWalkman vector, which is based on
the P[acman] vector system that was developed to facilitate
cloning and large-scale production of plasmids containing
large genomic inserts (Venken et al. 2006). pWalkman
includes additional features to facilitate SIRT manipulation
(Figure 1). First, a cut site for the rare cutting I-Scel enzyme
was added to allow for double-strand break (DSB)-induced
reduction. I-Scel is more advantageous as a choice of DSB-
inducing enzyme than the I-Crel used in previous reduction
reactions because overproduction of I-Crel reduces viability
and fertility in flies (Rong et al. 2002). Second, two FRT sites
were placed in a directed orientation to enable FLP-mediated
excision of the plasmid backbone after plasmid integration.
Finally, additional restriction sites were added to ease cloning
of inserts.

While this targeting system could be used to mutate a
specific gene, we chose instead to insert another attachment
site at a distant “target region.” We reasoned that this would
create a valuable resource for those interested in using SIRT
to modify their genes of interest in the vicinity of the new
attachment site. We chose the region containing CG8177,
CG14168, and a cluster of four Ilp genes as the target region
for the new att site (from here on referred to as the Ilp locus).
Since the integrating plasmid has an attB site at the nbs locus
(attB@nbs), we decided to target an attB instead of an attP to
the Ilp locus (attB@Ilp) that is 68 kb away from attB@nbs.
Since the phiC31 integrase does not act on identical attach-
ment sites, our design would eliminate any complications due
to intramolecular recombination between sites on the same
plasmid.

To generate the construct, the 82-kb genomic fragment
from the nbs-Ilp region was subcloned into pWalkman, and
attB sites were added to nbs and Ilp loci (Figure 1). All three
cloning steps were accomplished by using bacterial recombin-
eering (Copeland et al. 2001). In the final construct, which
we named pWalkman{nbs-Ilp}, the 8-kb fragment to the left
of attB@nbs and the 6.5-kb one to the right of attB@Ilp were
included to extend the homology necessary for reduction of
the target duplication by homologous recombination (Figures
1 and 2). We have constructed two versions of pWalkman
{nbs-Ilp} in which the only difference is the placement of the
I-Scel cut site (IS). In pWalkman{nbs-Ilp}IS1, the I-Scel cut
site is at position IS1, while in pWalkman{nbs-Ilp}IS2, it is at
position IS2 (Figure 1).

An 80-kb tandem duplication

Embryo injections of the pWalkman{nbs-Ilp}IS1 construct
yielded 60 fertile adults, and 3 of these produced red-eyed
offspring, which indicates an integration frequency of 5%
(3/60, Table 1). All red-eyed progeny (15 in total) were
used to establish homozygous lines that were subjected to
genetic and molecular characterization. Integration of the
plasmid at nbs would place the white marker gene on chro-
mosome 3, a result observed for all 15 lines. It would also

generate a duplication of the 80-kb nbs-Ilp region with the
left copy having an attL at nbs and the right copy having an
attR at nbs (Figure 1). Since all four att elements (attB, attP,
attR, attL) differ in size, we used PCR reactions with the same
pair of flanking primers to identify each site. We present
a sample of the results in Figure 1B. In addition to a wild-
type (wt) line (lane 1), we used two additional control lines
for the nbs PCR, including the starting line carrying attP@nbs
(lane 4) and an integration line from our previous study (Gao
et al. 2008) as a reference for the size of attL and attR sites
(lane 2). While the starting line produced a PCR product of
~650 bp for attP, an integration line from this study yielded
a doublet consisting of an ~600-bp product for attL and an
~750-bp product for attR (lane 5), a result identical to that
obtained with a previous integration line (lane 2). At the
Ilp locus, the wt line produced an ~800 bp product (lane 6).
An integration line generated a doublet with an additional
~1050-bp product for attB (lane 7). These results were con-
firmed for 3 of the 15 lines that originated from two indepen-
dent parents.

The rest of the lines did not pass this simple PCR test.
Results from some of the PCR tests are shown in Figure S1.
We propose that these lines resulted from rearrangement of
the nbs-Ilp region. Such rearrangements can be brought about
by multiple exchanges between attB and attP at the two loci
on different homologous chromosomes or on sister chroma-
tids. For example, once the plasmid was integrated at nbs,
attB@Ilp could engage in a second round of phiC-31-mediated
exchange with attP@nbs on the homologous chromosome
since the plasmid-injected stock is homozygous for that attP
insertion. Instead of further characterizing these events, we
chose to focus our study on the integration lines that passed
the PCR test.

Target reduction induced by an I-Scel-generated DSB

To reduce the duplication to a single copy at the nbs-Ilp re-
gion, we followed a reduction procedure (File S2). We ini-
tiated reduction by inducing an I-Scel cut in the vector
sequences. If the repair of the resulting DSB proceeds through
homologous recombination (HR) between the two nbs-Ilp
copies, the repair product would be a single-copy locus (Fig-
ure 2). We previously observed that the plasmid backbone
included in the phiC31-mediated integration decreased effi-
ciency of reduction (Gao et al. 2008). For this reason, we
performed a FLP-mediated excision of the vector backbone
that is flanked by FRT sites (Figure 1) without deleting any
sequence from the white marker, prior to proceeding with the
reduction step.

Potential germline reduction events were recovered as
white-eyed progeny. These progeny occurred in ~10% of
germlines that carried both the duplication and a source of
I-Scel (Table 1). As I-Scel-induced white loss happens in the
mitotic component of the germline (Rong and Golic 2000;
Rong et al. 2002), we established homozygous lines for only
one white progeny from each white-producing germline to
ensure that only independent events were being evaluated.
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for lane 8. The 0.7-kb marker is indicated between the gel pictures. The PCR templates for the bottom panel are a reduction line for lane 9 and different
NHEJ-type lines for lanes 10-16. Lane “m"” represents markers with size indicated to the left in kilobases.

We verified the reduction outcomes for these lines using the
same PCR strategy employed to verify the duplications (Fig-
ure 1). We expected that the single reduced copy would fall
into three possible reduction types (Figure 2). If HR occurs
within the 8-kb region to the left of nbs, the reduction would
carry attR@nbs and be wt at the Ilp locus (reduction type 1).
If HR occurs within the 68-kb region between nbs and Ilp,
reduction would carry attL@nbs and be wt at Ilp (type 2).
Only if HR occurs within the most distal 6.5 kb of the nbs-Ilp
homology would it carry the desired attB@Ilp alongside
attL@nbs (type 3). Representative products for these PCRs
are shown in Figure 2B.

Table 1 summarizes the reduction results obtained from
using the pWalkman{nbs-Ilp}IS1 construct. Six of 21 white-
loss lines were precise reduction events based on PCR tests.
Five of the 6 resulted from a type 1 reduction. The one ex-
ception resulted from a type 2 reduction. While we did not
obtain any type 3 reduction events in this round, these desir-
able events were ultimately recovered in experiments de-
scribed in the next section.

Unexpectedly, we observed a fourth but predominant type
from our white-loss lines. For 15 of the 21 lines, the PCR
results looked identical to those from the original duplication
lines: a doublet in PCR tests for both the nbs and the Ilp loci.
We hypothesized that these lines resulted from imprecise
nonhomologous end joining (NHEJ) repair of the induced
DSB where the white marker had suffered sequence loss be-
fore the break was ligated. This hypothesis was confirmed in
14 lines, in which a positive PCR result for the presence of
vector sequences was evident (bottom panel in Figure 2B).

We have thus demonstrated two important aspects of this
system that suggest that it will be easily applicable for gene
targeting. First, we have found that reduction of an 80-kb
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duplication by DSB-induced HR can be efficient, with 10% of
the males tested in our experiment resulting in white-loss
events, of which 29% were reduction events. Second, we
showed that the types of reduction events can be distin-
guished by a simple PCR test.

To provide further evidence supporting the accuracy of our
PCR-based tests, we genotyped several lines from the re-
duction screen with regard to two single-nucleotide poly-
morphisms (SNPs) between the starting nbs-Ilp region on the
chromosome and the same region, but originating from the
BAC clone. We assayed a C/T SNP at position ~35 kb (p35)
and a single T insertion/deletion SNP at position ~44 kb
(p44) (see Figure 3 for approximate positions). As shown in
Figure S2, both SNPs are heterozygous in nonreduced lines
(NHEJ type), consistent with their carrying the duplication,
while reduced lines are homozygous at both positions.

Effect of I-Scel cut-site placement on the recovery
of reduction types

Our inability to recover type 3 reduction events that retain
attB@Ilp prompted us to consider whether the IS1 position
for the I-Scel cut site in pWalkman{nbs-Ilp}IS1 favors the
recovery of type 1 reduction, in which the Iip locus remains
wt. To test this hypothesis, we generated the pWalkman
{nbs-IIp}IS2 construct that carries the I-Scel cut site at po-
sition IS2, on the other side of white and closer to attB@Ilp
than IS1. This new construct was then taken through the
same series of experiments as pWalkman{nbs-Ilp}IS1 to re-
cover attB@Ilp in the reduction events.

The integration frequency for pWalkman{nbs-Ilp}IS2 was
6% (14 independent events of 220 fertile crosses). As before,
white mapped to the third chromosome in all 14 lines. Of the
10 lines that we tested by PCR, 3 showed PCR results
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Table 1 Frequency of reduction events

Reduction type®

Construct? Source of DSB? White-loss frequency© Reduction frequency? 1 2 3
pWalkman{nbs-Iip}
IS1 |-Scel 10% (24/230) 29% (6/21) 5 1 0
P transposase 13% (19/150) 37% (7/19) 6 1 0
Spontaneous’
Female 0.1% (39/35,000) 37/37 1 35 1
Femaled 0.1% (22/15,000) 8/8 1 7 0
Male 0.0% (0/8000) 0
IS2 I-Scel 13% (45/350) 39% (13/33) 6 1 6
Spontaneous’ female 0.1% (11/13,000) 11/11 0 11 0

? Constructs used for site-specific integration.
b The source of DSB that led to the reported reductions.

¢ For induced events, the frequency was calculated by dividing the number of male parents yielding white-eyed progeny over the total number of males tested. The actual
counts are included in parentheses. For spontaneous events, the frequency was calculated by dividing the number of white-eyed offspring over the total number of

progeny. The counts are included in parentheses.

9 Calculated by dividing the number of confirmed reductions over all white-loss events tested by molecular means.

€ For the molecular structure of different types of reduction events, see Figure 2.

fSpontaneous events are categorized according to the gender of the duplication-carrying parents.

9 Flanking recessive markers were used to demonstrate homolog exchanges (see text).

consistent with an un-rearranged duplication, and one of
these lines was taken through the reduction procedure.

Table 1 shows the frequencies for reduction with the new
construct. Recovery of white-loss events occurred at a similar
frequency to that for the previous construct (13%, 45/350
germlines). As was observed previously, more than half (20/
33) of the analyzed white-loss lines remained in a state of
duplication (NHEJ type, Figure 2). Remarkably, this time the
reaction was not biased against type 3 reduction, resulting
in recovery of six lines carrying attB@IIp out of 13 confirmed
reduction events. Therefore, by putting the I-Scel cut site on
the side of the vector that is closer to the desired modifica-
tion (attB@IIp) with respect to white, we were able to im-
prove its recovery in the final reduced locus from O to 46%
(6/13).

We also wanted to determine whether an inhibition of
NHEJ DSB repair would result in an increase in reduction
frequency. For that purpose, we repeated the reduction
procedure in a background mutant for DNA ligase 4 (lig4,
File S2). Of 330 lig4 mutant males tested, 49 gave white-
eyed progeny (15%). Of 10 white-loss events tested by PCR,
2 were reduction events (20%), with both of them carrying
the desired attB@Ilp modification. Therefore, the reduction
frequencies recovered from the lig4 mutant background are
very similar to those obtained in wt males, suggesting that
Ligase 4 is not essential for generating the NHEJ-type events
in our system.

Reductions induced by P-element transposase

As another way to initiate reduction, we explored the use of
the P-element transposase to generate the DSBs. This strat-
egy is possible because pWalkman sequences contain two
P-element ends. Although these P-element ends are in an
“inside-out” orientation when compared to their natural ori-
entation, they can nevertheless be acted on by the P trans-
posase to generate a DSB (Liang and Sved 2009). To test the

efficacy of this approach, we introduced a source of P trans-
posase into the duplicated lines and screened for potential
reduction events as before. We observed a white-loss fre-
quency of 13% and a bias toward type 1 reduction (Table 1),
similarly to what we obtained using I-Scel.

Recovering reduction by spontaneous recombination

During the course of this study, we observed white-eyed
progeny from flies carrying the 80-kb duplication without
exposure to I-Scel or the P transposase. We suspected that
these events could result from spontaneous recombination
between the copies in the nbs-Ilp region. We envisioned
three possible modes of crossing over that could lead to
the loss of white, including crossovers (1) between the two
nbs-Ilp copies on the same chromatid, (2) between copies on
sister chromatids but out of register, and (3) between copies
on homologous chromosomes also out of register (unequal
crossing over). To recover more of these spontaneous events
for molecular analyses, we crossed female flies homozygous
for the duplication to white males and looked for white-eyed
individuals among the heterozygous progeny. Using the
pWalkman{nbs-Ilp}IS1 construct, we recovered 39 white
individuals from 35,000 offspring (~0.1%, Table 1). We
tested 37 of these by the same PCR scheme as shown in
Figure 1, and all were confirmed to be reduction events.
One of them contained attB@IIp. We also observed a strong
bias toward one reduction type, specifically type 2 (35/37),
which resulted from recombination within the 68-kb region
between nbs and Ilp. We confirmed that spontaneous reduc-
tions occurred at the same rate of 0.1% in the germlines of
females carrying the duplication made from the pWalkman
{nbs-Ilp}IS2 construct. All 11 recovered events resulted
from a type 2 reduction. In our previous experience with
SIRT at the nbs locus, we did not observe any spontaneous
white-loss events. However, our prior experimental setup
included a smaller 5.5-kb duplication of the region (Gao
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Figure 3 Spontaneous products are crossovers between the two dupli-
cated copies. The two parental copies of the nbs-/lp region are shown on
the top with the four pieces of sequence heterology labeled according to
their approximate distance from the left end of the nbs-llp region. The
physical distance between heterologous sites is shown in kilobases below
the diagram for the parental copies. (Bottom) Another representation of
the nbs-llp parental copies and their five crossover products with each
heterology depicted as a solid circle. The three types of reduction product
have been defined in Figure 2. The number to the right of each product
represents the number of lines identified for each outcome.

et al. 2008). Our results here suggest that the presence of
a larger duplication can induce another means to recover
reduction products via spontaneous recombination.

Spontaneous events are results
of meiotic recombination

We hypothesized that the spontaneous recombination events
observed in our screen resulted from unequal crossing over
between homologous chromosomes in meiosis. We made two
observations consistent with this hypothesis. First, most of the
events (35/37) were of type 2, which arise from crossovers
within the largest portion of homology between the two
duplicated copies (68 of 82 kb). Second, we did not observe
any presumed NHEJ type events (Table 1), which is consis-
tent with the fact that NHEJ is not a major pathway for the
repair of meiotic DSBs (Joyce et al. 2012).

Nonetheless, the nature of the spontaneous events could
be accounted for by both mitotic and meiotic events. We set
out to further distinguish between these two possibilities.
First, a similar screen did not yield any white-eyed events in
8000 progeny from males homozygous for the duplication
(Table 1). This is consistent with the fact that meiotic re-
combination is limited to Drosophila females. Second, we
found that spontaneous reduction events are always accom-
panied by the exchange of flanking markers on homologous
chromosomes, a hallmark of meiotic recombination. To track
the exchange of flanking markers, we generated females ho-
mozygous for the nbs-Ilp duplication and heterozygous for
markers on the centromere-distal side of the duplication and
on the centromere proximal side. In these females, one dupli-
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cation carries the hairy! (h') distal mutation but is wild type at
the proximal locus of approximated (app*), while the other
duplication carries h* and app’. Females of this genotype were
used to set up the screen for spontaneous reductions. All
resulting reduction events were crossed to flies homozygous
for both h! and app’ to assay the mutation status on the re-
duced chromosome. All 23 events carried either both or nei-
ther of the flanking recessive mutations, indicating that the
flanking regions of the homologs were exchanged. Taken col-
lectively, these results serve as strong evidence that the spon-
taneous events result from unequal crossing over in meiosis.

Mapping points of meiotic crossing over

The large number of recombinant lines that we recovered
within the 82-kb interval presented us with an opportunity
to investigate whether the crossing-over points are clustered
within a relatively small interval. We arbitrarily divided
the 82-kb region into five subregions using four pieces of
heterology between the duplicate copies (Figure 3). At po-
sition 8 kb (p8) from the left end of the nbs-llp genomic
fragment is the attR/attl heterology at nbs. At positions
35.1 kb (p35) and 43.7 kb (p44) there is a pair of previously
described SNPs (Figure S2). At position 75.6 kb (p76) is the
attB heterology at Ilp. Reduction homozygotes were geno-
typed with regard to the four heterologous locations. The
results are shown in Figure 3. As expected for the type 1
event, all four sites of heterology correspond to the right
copy in the duplication (i.e., parental 2), while for the type
3 event they correspond to the left copy (i.e., parental 1).
For type 2 events, we recovered crossovers within all three
regions of the 68 kb subdivided by the sites of heterology.
Although the crossing-over frequency within this region is
not strictly proportional to the extent of homology, we did
not observe any region with a crossing-over rate that is
greatly disproportional to the extent of homology.

Discussion

We have previously demonstrated that the SIRT method
greatly facilitates targeted manipulation of genes situated
close to a previously targeted phiC31 integrase attachment
site (Gao et al. 2008, 2011). We hypothesized that this prin-
ciple can be applied to genes farther away from that attach-
ment site with the use of a larger DNA fragment. Here we
provided a proof-of-principle study by modifying a region
situated almost 70 kb from an existing attachment site. Our
results lead us to propose this procedure as a strategy for
accessing new genes for repeated mutagenesis.

Long-distance targeted modification

Although phiC31-mediated insertion of large DNA fragments
at ectopic positions occurs at a frequency of 2-4% for con-
structs >50 kb (Venken et al. 2006), we were uncertain of
whether such a frequency could be achieved when inserting
a large fragment at its endogenous location because of poten-
tial instability of the resulting large duplication. This concern
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was resolved when we recovered integrations at a frequency
of 5% or greater and were able to maintain the stocks
indefinitely.

Interestingly, we observed infrequent spontaneous reduc-
tion events in female germlines homozygous for the dup-
lication. Unequal meiotic crossing over between tandem
duplications has been previously observed in many cases
(e.g., Green 1962). We provided evidence that spontaneous
reduction in our system happens through a similar mecha-
nism. The genetic crosses for the recovery of spontaneous
events are quite simple, making it an attractive alternative to
the I-Scel-induced mitotic recombination method. In addi-
tion, the elimination of the NHEJ-type events simplifies PCR
testing. However, this might not be a viable option when
dealing with genomic regions with an intrinsically low mei-
otic recombination frequency.

Our previous experiences in reducing tandem duplications
with a site-specific DSB all involved small duplications of
a few kilobases in size (Rong et al. 2002; Gao et al. 2008,
2011). Here we faced the question of whether the efficiency
of reducing a large duplication by a site-specific DSB would
not drop to a prohibitive level. When comparing with our
previous results, we observed a substantial drop in white-loss
events (from 77-100% to 10-13%) and a substantial increase
in NHEJ repair products (from essentially 0% to 60-70%).
Nevertheless, our results remain rather encouraging. For the
10-13% of germlines that did experience white loss, about
one-third of the white-loss events (29-39%) are reduction
events. This translates to about one reduction event for every
30 male germlines tested. More importantly, the goal of our
study was to recover not only reduction events of the dupli-
cation, but also the specific event with our desired modifica-
tion, i.e., attB@Ilp. Around 46% of the reduction events from
experiments using the pWalkman{nbs-Ilp}IS2 construct re-
tain attB@Ilp. Therefore, a desired reduction event could be
recovered for every 65 (30/0.46) males tested.

Recombination mechanisms for the reduction
of large duplications

When comparing the efficiency of attB@IIp retention in the
reduction product, we obtained startlingly different results
with two different vector configurations depending on which
side of the white gene the future DSB site was placed (Figure
1 and Table 1). For construct pWalkman{nbs-IIp}IS2, in
which the I-Scel cut site is physically closer to attB@Ilp with
respect to white, nearly half of the reduction events retained
attB@Ilp. Remarkably, none of the six events retained attB@!IIp
when recovered with pWalkman{nbs-Ilp}IS1, in which the
I-Scel cut site is farther away from attB@Ilp. This result is
also observed when using P transposase as a means of gen-
erating the DSB, most likely due to similar positioning of the
DSB to the one generated by I-Scel at position IS1 (see
Figures 1 and 2 for the position of P-element ends in the
duplication). This preference in regard to the placement of
the DSB is opposite to that previously observed when much
smaller duplications were tested (Rong et al. 2002; Gao

et al. 2008). The previous results are consistent with reduc-
tion occurring via the DSB repair mechanism of single strand
annealing (SSA), which is the predominant mechanism for
repairing a DSB flanked by direct repeats of a few kilobases
in size (Rong and Golic 2003; Wei and Rong 2007). In SSA,
both ends of the DSB experience single-strand resection at
the 5’ to 3’ direction. Resection has to be sufficiently extensive
to expose complementary single-stranded regions between the
two repeats. Annealing of the two regions followed by trim-
ming of the protruding single-stranded tails complete the re-
pair process, thus reducing the two copies to one. Thus, SSA
repair would result in the preferential loss of sequence heter-
ology closer to the DSB (Figure 4A).

For reducing large duplications, SSA is unlikely to be the
major mechanism, simply due to the extent of resection re-
quired. In our case, resection of both ends would encompass
at least 82 kb of nbs-Ilp plus 5 kb of white sequences. Instead,
we propose that a significant portion of the reduction events
that we recovered were the result of a “one-ended invasion
crossover” mechanism, which has been previously invoked to
account for repair products during spontaneous recombina-
tion between two direct repeats in yeast (Prado and Aguilera
1995). We envision that resection of the DSB end proximal to
one of the repeats would expose single-strand homology lead-
ing to that end invading the homologous region in the other
repeated copy (Figure 4B). This one-ended invasion ultima-
tely leads to the resolution of a single Holliday junction and
the appearance of the reduction product (for a detailed de-
scription of the model, see Figure 4 in Prado and Aguilera
1995). This model predicts that sequence heterology that is
proximal to the DSB (e.g., attB@Ilp) would be part of the
invading end and be more likely to be retained in the reduc-
tion product. On the other hand, heterology separated from
the DSB end by vector sequences would be less likely to be
retained. This is consistent with our inability to recover events
that retained attB@Ilp when construct pWalkman{nbs-IIp}
IS1 was used to create the duplication and with the preferred
recovery of attR@nbs (type 1 reduction in Figure 2). On the
other hand, attB@Ilp was efficiently recovered when pWalk-
man{nbs-Ilp}IS2 was used. We did recover cases in which
attB@Ilp was not retained even with this favorable configu-
ration. Further investigation is needed to shed light on the
repair mechanisms responsible for these reduction products.

Based on these results, we suggest that, for reducing a large
duplication, the genomic insert within the pWalkman vector
should be oriented in such a way as to place the I-Scel site
closer to the end of the insert that carries the modification,
similar to the IS2 position in Figure 1. In addition, because the
FLP-catalyzed vector excision would not be necessary, using P
transposase might be a simpler way to induce reduction.

Toward genome-wide targeted manipulations
in Drosophila

The goal of knocking out every gene in Drosophila has been
a long-lasting crusade for the fly community (Bellen et al.
2011). A significant portion of the 15,000 annotated genes
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still lack defined mutations after a century of random muta-
genesis in Drosophila. The invention of a reliable gene target-
ing method by Rong and Golic in 2000 opened the possibility
for disrupting every fly gene by homologous recombination.
However, gene targeting in complex organisms is inherently
labor intensive and time-consuming, making its genome-wide
application a daunting task. In addition, the return from a ge-
nome-wide knock-out collection is limited, as it provides only
a single allele for each gene. Yet systematic mutational studies
become increasingly important for our complete comprehen-
sion of gene function. Thus, even with the availability of a ge-
nome-wide knock-out collection, subsequent modifications of
a particular gene have to be introduced as transgenes at ec-
topic loci and might be under the influence of chromosome
position effects that are not well understood.

We suggest, as an alternative, the creation of a collection
of fly lines carrying att sites distributed throughout the
whole genome, which would enable unlimited rounds of
targeted manipulations for essentially all genes. If we con-
sider that any att site creates a point of access to ~140 kb
of the surrounding DNA (70 kb in each direction), then the
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Figure 4 The effects of different repair mechanisms on
reduction outcomes. (A) SSA repair as the mechanism
for reduction. (Top) A DSB has been induced between
two direct repeats (block arrows) with each horizontal line
representing a DNA strand and vertical lines representing
base pairing. The two heterologies between the repeats
are denoted by an “X"” and by an asterisk. The heterology
indicated by the asterisk is more likely to become single
stranded and thus excluded from the final reduction prod-
uct due to its being closer to the DSB. (B) The “one-ended
invasion crossover” model as the mechanism for reduc-
tion. The 80-kb duplication is shown for both pWalkman
{nbs-llp} constructs. In the top diagram, IS1 is cut and the
right end of the DSB in the bottom copy invades the ho-
mologous sequences of the top copy, leading to loss of
the attB heterology. In the bottom diagram, I1S2 is cut and
the left end of the DSB in the top copy invades homolo-
gous sequences of the bottom copy, leading to retention
of the attB. Note that in either case the invaded copy can
be located on the sister chromatid instead.

attB retained

160 Mb of the fly genome could be covered with 1200 dif-
ferent att stocks. We propose that transposable elements can be
utilized to distribute the att sites throughout the genome. Prog-
ress in this regard has already been made with the availability
of independent collections, such as the MiMIC lines (Venken
et al. 2011). Our method will be additionally advantageous
in two ways. First, it can be used to modify a region 70 kb or
less from an existing att site. Second, it can be used to fill large
gaps void of any att site (hence the name “Walkman” for our
vector). The estimated number of 1200 new stocks represents
a small burden if we consider that, in 2010, the Bloomington
Stock Center alone reported holding 38,000 different stocks.
The potential utility of these ~1200 stocks would be unprec-
edented. Once any locus is equipped with a proximal att site,
the possibilities for further modification by SIRT are endless.
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File S1

Supporting Text

Cloning of the 82kb insert by recombineering-mediated gap repair

Primers bacL-f and bacL_Notl-r (with a 3’ Notl site) were used to amplify a 500bp left arm of homology, and
primers bacR_Notl-f (with a 5’ Notl site) and bacR-r were used to amplify a 500bp right arm of homology. The two
arms were ligated after Notl digestion, and Ascl and EcoRlI sites were added by a second round of PCR with bacL_Ascl-
f and bacR_EcoRI-r. The resulting 1000 bp product, flanked by Ascl and EcoRl, was cloned into pWalkman and used for
gap repair. To verify the integrity of the BAC fragment throughout the construction, 10 PCR primer pairs spaced
evenly throughout the 80 kb were used (see Table S1C for their sequences). The final construct was also verified by

restriction digest analyses with several enzymes: Sall, Kpnl, Notl, BamHI and sequencing of cloning junctions.

Insertion of DNA elements by recombineering

The insertion of attB@nbs and attB@Ilp were accomplished with bacterial recombineering using the galk
positive-negative selection system (WARMING et al. 2005) essentially as described on the website
http://redrecombineering.ncifcrf.gov/. Briefly, we generated the galK insert by PCR, using primers with flanking
homology to the nbs region — nbsGalk-f and nbsGalk-r. This fragment was inserted at nbs at the position identical to
that of the attP in the nbs-attP line (GAo et al. 2008) in the construct pWalkman{nbs-Ilp}, and clones were selected on
galactose plates. Subsequently, galK was replaced by an attB insert with nbs flanking homology. Primers nbs2776-f
and nbs3169-r were used to amplify attB@nbs from an existing construct (GAo et al. 2008). After the second round of
recombineering, cells that retained galK were selected against on deoxygalactose plates. A similar procedure was
followed for attB@Ilp, which was placed within the intergenic region between CG8177 and CG14168. The following
primers were used to insert GalK: bac810Galk-f and bac810Galk-r; and attB: bac810_attB-end with bac810_attB-head.
The success of attB placement in each case was verified by sequencing.

For I-Scel cut site insertion at position I1S2, the I-Scel cut site at IS1 (described previously) was first removed by
galK selection and replaced with original sequences in pP[acman]. Subsequently, a cut site was inserted at the new
position, again using galK selection. The primers used were: up7993Galk-f and dn7993Galk-r for inserting galK at IS1;
acman?7929-f and acman8029-r for restoring IS1 site to pP[acman] sequences; up8150Galk-f and dn8150Galk-r for
inserting galK at 1S2. To insert the cut site at I1S2, oligos up81501S2-f and dn8150IS2-r were annealed and converted to
dsDNA by a single round of DNA synthesis. This DNA was then used as template in a PCR with primers up8150IS2plus-f

and dn8150IS2plus-r to generate PCR product used to replace galK at 1S2.
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File S2
Crossing schemes for induced reduction

I. Reduction by IScel

1. FLP-mediated excision of vector sequences

w P[ry’, 70Flp]; Sb/TM6 (F) X w; Dp(3;3)nbs-lp,w’ (M)

progeny heat shocked at 37°C for 1 hour

w; Dp(3,3)nbs-1lp™"*% w*/TM6

2. Reduction by I-Scel cutting

2.1. I-Scel on chromosome 2

w; Dp(3,3)nbs-1lp™"*% w* Sb/TM6B (M) X w; P[v*, 70I-Scel] Sco/CyO (F)

V

progeny heat shocked at 37°C for 1 hour

w; P[v', 701-Scel] Sco/+; Dp(3,3)nbs-lIp"™"*° w* Sb/+ (M) X w; TM3/TM6B (F)

V

Scored Sb progeny for w and established lines

2.2. I-Scel on chromosome 3 (with ligase 4 mutation)

w; Dp(3,3)nbs-llp™"%% w* (M) X w lig4™; P[v*, 70I-Scel] Sb/TM6B (F)

w ligd™; Dp(3,3)nbs-1Ip™"*, w'/P[V,

progeny heat shocked at 37°C for 1 hour

701-Scel] Sb (M) X w; TM3/TM6B (F)

Scored Sb” progeny for w, and established lines

N. Wesolowska and Y. S. Rong 35Sl



Il. Reduction by P transposase

Sb A2-3/TM6B (M) X w; Dp(3;3)nbs-llp,w” (F)

w; Sb A2-3/ Dp(3;3)nbs-llp,w’ (M) X w; Sb/TM6 (F)

Score Sb or Ubx single mutant progeny for w

Legend:

M and F stand for male and female respectively. A heat shock treatment to the progeny was administered on day 3
after the cross had been set up. Dp(3,3)nbs-lip,w’ indicates the 82kb duplication (Dp) of the nbs-lip region marked
with white®. Dp(3,3)nbs-1lg"""*°, w* denotes the same duplication but with vector sequences excised by FLP
recombinase. We did not verify the excision of the vector nor established an “excised” stock as FLP has been shown to
function at virtually 100% efficiency under these conditions (Gouic and LinpquisT 1989, WEeI and RonG 2007). pP[ry’,
70FLP] is a hsp70 promoter-driven FLP transgene on the X chromosome (GoLic and LiNnbQuisT 1989). pP[v+, 70I-Scel] is a
hsp70 promoter-driven I-Scel tansgene (RONG and GoLic 2003). We used one insertion on chromosome 2 marked with
Sco and one on chromosome 3 marked with Sb. The lig411 mutation was previously described (WEl and RonG 2007). A

P transposase source is denoted as A2-3.
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Figure S1 Integration lines with possible rearrangement of the nbs-lIp region. Representative results for diagnostic
PCR tests of integration lines showing abnormal patterns. Marker size is indicated to the left of the gel pictures in kb.
At the top is the PCR test for the nbs region (for primer locations see Figure 1). At the bottom is the PCR test for the
Ilp region. Lane 1: wt; lane 2: a duplication line from a previous integration at attP@nbs; lanes 3-6: additional
integration lines from pWalkman{nbs-1lp}IS1 integration. Note that the absence of the attB@IIp band in the lanes 3-6
suggests that the attB might have participated in an additional round of phiC31-mediated recombination.
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Figure S2 Genotyping SNPs in reduction events. Genotyping of the C/T SNP at position p35 is shown at the top.
Sequences around the SNP region are shown for eight samples. Sample 1 was PCR amplified from pWalkman{nbs-Ilp}
plasmid DNA showing a “C” at p35. Sample 2 was PCR amplified from genomic DNA of the starting line with attP@nbs
showing a “T” at position p35. Samples 3 and 4 were amplified from genomic DNA of two NHEJ type lines (Figure 2).
The sequencing data shown at the right displays a C/T double peak suggesting that both nbs-Ilp copies are present,
which is consistent with NHEJ type events not being reduced. Samples 5-8 were derived from four lines that have
been classified as “reduced” based on the PCR tests shown in Figures 1 and 2. Either a “C” or a “T” single peak was
displayed in the sequencing data, consistent with the presence of a single nbs-llp copy. Genotyping of the T indel SNP
at position p44 is shown at the bottom. The samples are the same as the ones used for genotyping p35. At this
position, the nbs-llp region derived from the BAC clone (sample 1) has a string of nine “Ts”, while the chromosomal
copy has eight (sample 2). For samples 3 and 4 (NHEJ type), the deletion of a single “T” resulted in the appearance of
a double peak for all bases downstream of the indel, due the presence of both nbs-Ilp copies. For reduced samples
(samples 5-8), the indel is homozygous, again consistent with the presence of only one nbs-/Ip copy.
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Table S1 Primers used for plasmid construction, gap repair, verification PCRs and PCR assays

A. Primers used for plasmid construction

primer name sequence

ScBaNhSpMIBsSb+ tagggataacagggtaatggatccgctagcatgcacgegtacgectgeagg
ScBaNhSpM1BsSb- cctgcaggegtacgegtgeatgctageggatccattaccctgttatcecta
NheFRT48-plus ctaggaagttcctatactttctagagaataggaacttcggaataggaacttc
NheFRT48-minus ctaggaagttcctattccgaagttcctattctctagaaagtataggaacttc
SphFRT48-plus gaagttcctatactttctagagaataggaacttcggaataggaacttccatg

SphFRT48-minus gaagttcctattccgaagttectattctctagaaagtataggaacttccatg

B. Primers used for gap repair

primer name

sequence

bacL-f GCGGAGTTTCGATAAACAAAG

bacL_Notl-r ctcaageggccgcCTACGATAACAAACACCTGCCC
bacL_Ascl-f gtcaaggcgcgccGCGGAGTTTCGATAAACAAAG
bacR-r CTCGGCTATCTCGACTATCTCG

bacR_Notl-f gacaageggccgcCTCGAGGTCGTTTGTGGTTTGTG
bacR_EcoRlI-r cagttgaattcCTCGGCTATCTCGACTATCTCG

C. Primers used for verification of nbs-llp region integrity during cloning

primer name sequence

bac074-f gtatcgggatgcatcgaagt
bac074-r agagaaaatggccggagaat
bac064-f gctccaategtectceatcat
bac064-r caggtgtgttgggggaatac
bacl65-f AGCCGGTTTGTTTTTGTGTC
bacl65-r CTCGACGGTATCGTGGCTAT
bac267-f TCTACGTCATGGAGCACGAG
bac267-r ATTCATGGTTCCAGCGTCTC
bac320-f TCTTGAACTGCAGCACATCC
bac320-r CAACAACATGGGGCACTAGA
bac416-f CTCCCGACTCAACACCGTAT
bac416-r CCAGCTATGCCAAGTTCACA
bac502-f AGCAATACCAGGGGACAGTG
bac502-r AACGAAACGTAACCGACAGG
bac600-f TCGTCGATCTCTGGGTCTTT
bac600-r AGGCGTGAATAATGCGATTC
bac729-f ACGAGAAGCACGTCCAGTTT
bac729-r TCTGTTCATTGGGGCTAAGG
bac835-f AGGATGGAGGCTTGAGGATT
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bac835-r TTATCCCGGAATGCTTTGAG

D. Primers used for verification of gap repair junctions

primer name sequence

bacLj-f GATTGGGTATCATCGTTGGG
acman_7520d GGATCAAGAGCTACCAACTG??
acman_8363u CGCTGACTTTGAGTGGAATG
bacRend-f CTCCTCGTTCTCCCTGCACATG
acman7929-f gtgtaaaacgacggccagtg
acman8261-r gttcaatgatatccagtgcag

E. Primers used for positioning attachment sites (attB) at a) nbs locus and b) llp locus

a) attB at nbs

primer name sequence

nbsGalk-f ggctgatggtatggtaacctgtgtttaatgtcgtgectaaacgtaattaaCCTGTTGACAATTAATCATCGGCA
nbsGalk-r tatttcgcaagtttattgttagcaaaataaagtaactttacaagcgacggTCAGCACTGTCCTGCTCCTT

nbs2776-f ccaggaaactgaatcctect

nbs3169-r cggccgcaagaactttaaga

b) attB at llp

bac810Galk_f cacaatgaaatgatactaacgatacttaaaaacgtgttcaaactcttgtcaatattgtaaaaaacctgttgacaattaatcatcggea
bac810Galk_r caaatggtcatctgaccaaattcctaaatgaaagagaatgttgtttgecttttttgaatatcageactgtectgetectt
bac810_att-end cacaatgaaatgatactaacgatacttaaaaacgtgttcaaactcttgtcaatattgtaaaaaaatcgataccgtcgacatgec
bac810_att-head caaatggtcatctgaccaaattcctaaatgaaagagaatgttgtttgecttttttgaatattcgacgatgtaggtcacggt

F. Primers used for a) removing I-Scel at IS1 and b) placing a new one at I1S2

a) removing I-Scel at I1S1

primer name sequence

up7993Galk-f ccagtgagcgcegcegtaatacgactcactatagggegaattggagetegttt cctgttgacaattaatcatcggea
dn7993Galk-r gaccgctcgaggtttcctgeaggegtacgegtgeatgetageggatec tcageactgtectgetectt
acman7929-f gtgtaaaacgacggccagtg

acman8029-r gceggegegecatcgataac

a) placing I-Scel at 1S2

primer name sequence

up8150Galk-f GCGATAGAATGAGTGCGAGGCCGAGATAGTCGAGATAGCCGAGATACAATAC cetgttgacaattaatcatcggea

dn8150Galk-r ctactttccgcaaaaatgggttttattaacttacatacatactagaattc tcagecactgtcctgetectt
up8150I1S2-f GCGATAGAATGAGTGCGAGGCCGAGATAGTCGAGATAGCCGAGATACAATACATTACCCTGTTATCCCTA
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dn8150I1S2-r ctactttccgcaaaaatgggttttattaacttacatacatactagaattc TAGGGATAACAGGGTAAT

up8150IS2plus-f CTAGATATCGCCCGATTCAGATGCGGATATGGGAATGTGGCGATAGAATGAGTGCGAGG

dn8150IS2plus-r ctactttccgcaaaaatggg

G. Primers used for attachment site PCR assay

primer name sequence

nbs2858 caatcgcaagttgtccaagg
nbs3169 cggccgcaagaactttaaga
bac810L-f cgataatcgaatgcactgaag
bac810R-r ccagtcactgcaatcgtag
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