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m u t a g e n e s i s  b y  

r e c o m b i n a t i o n  i n  D .  m e l a n o g a s t e r

Yikang S. Rong,1,2,4 Simon W. T iten ,1,2 Heng B. X ie,1,2 Mary M. G olic,1,2 Michael Bastiani,1 
Pradip Bandyopadhyay,1 Baldomero M. Olivera,1 Michael Brodsky,3,5 Gerald M. Rubin,3 
and Kent G. G olic1,2,6

d e p a r tm e n t of Biology, University of Utah, Salt Lake City, Utah 84112, USA; 2Stowers Institu te  for Medical Research, 
Kansas City, Missouri 64110, USA; 3Howard Hughes Medical Institute, D epartm ent of M olecular and Cell Biology, 
University of California, Berkeley, California 94720, USA

Wc used a recently developed m ethod to produce m utant alleles of five endogenous D r o s o p h i la  genes, 
including the hom olog of the p 5 3  tumor suppressor. Transgenic expression of the FLP site-specific 
recombinase and the I-Scel endonuclease generates extrachromosomal linear D N A  m olecules in  vivo. These 
m olecules undergo hom ologous recombination w ith  the corresponding chromosom al locus to generate 
targeted alterations of the host genom e. The results address several questions about the general u tility  of this 
technique. We show  that genes not near telom eres can be efficiently targeted; that no knowledge of the 
m utant phenotype is needed for targeting; and that insertional m utations and allelic substitutions can be 
easily produced.

[K ey W ords: G ene targeting; D rosoph ila : recom bination ; FLP; I-Scel]
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W e recen tly  described a m ethod  for targeted  m odifica­
tio n  of the  D rosoph ila  genom e th rough  hom ologous re­
com bination  (HR). T he ab ility  to  engineer specific 
changes in to  th e  genom e is a h ighly  useful ad junct to 
genetic investiga tion  in  any organism , b u t especially  in  a 
species w ith  a com pletely  determ ined  genom e sequence 
such  as D rosoph ila  m ela n o g a ste r  (Adams ct al. 2000). 
T his procedure had, u n til recently , been lacking in  D ro ­
soph ila . In our previous reports, w c targeted  tw o genes, 
rescuing a m u ta n t allele of th e  first and generating  a 
m u ta n t allele of th e  second (Rong and G olic 2000, 2001). 
A t th is  tim e  the re  is a clear need for dem onstra tions of 
th e  generality  of th is  technique. T h a t is, can a varie ty  of 
genes in  different locations be m odified by HR? T here is 
also a need for th e  developm ent of techn iques th a t can 
produce m u ta n t alleles of target genes. In th is  work, w c 
address b o th  issues by applying new  m ethods for ta r­
geted m utagenesis of five au tosom al genes.

A varie ty  of schem es has been produced for targeted 
gene m odification  in  organism s such  as yeast and m ice 
(R othstcin  1991; M uller 1999). H owever, these  m ethods 
rely critica lly  on th e  ab ility  to  cu ltu re  single cells and 
carry ou t selections for rare events. Because th e  targeting
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techn ique w c use occurs in  w hole anim als, w c devised 
v arian t approaches for in troducing  m u ta tio n s in to  chro­
m osom al genes. T he m ethods arc m echan istically  s im i­
lar to  those  developed for yeast and m ouse, b u t procc- 
durally  qu ite  different, as they  do n o t rely  on chem ical 
selections. Instead, a t each step, arb itrary  genetic m ark ­
ers w ith  sim ple visible phenotypes arc used for genetic 
screening. In our previous experim ents, th e  frequency of 
targeted  gene m odification  th rough  H R varied from  ~1 in  
500 gam etes to  ~1 in  30,000 gam etes. T hese frequencies 
arc easily  w ith in  reach of th e  pow er provided by genetic 
screening.

To perform  gene targeting  in  flics w c use transgenic 
expression of FLP site-specific recom binase and I-Scel 
endonuclease to  generate a targeting  donor m olecule in  
vivo. T his donor m olecule is derived from  a th ird  tran s­
genic clem ent: a P c lem en t carrying D N A  hom ologous 
to  th e  target locus. W ith in  th e  P c lem ent, FLP Rccom- 
b inasc Target sites {FRTs) flank a segm ent of D N A  from  
the  target locus, and an I-Scel recognition  s ite  is placed 
w ith in  th e  target-hom ologous sequence. T he expression 
of FLP and I-Scel excises the  donor sequence from  its 
in itia lly  random  chrom osom al location  and generates a 
double-strand break  (DSB) w ith in  the  sequence th a t is 
hom ologous to  th e  target gene. T he DSB s tim u la tes  HR 
of th e  donor and th e  corresponding chrom osom al target 
locus (Fig. 1). A ctual targeting events m ay be recovered 
by screening for m ovem ent of an eye-color m arker gene 
th a t is carried in to  th e  target locus as part of th e  donor 
D N A. A n alternative, m ore rapid, screening m ethod  has 
also been described (Rong and G olic 2001). T he process 
of gene targeting  in  D rosoph ila  is diagram ed in  Figure 2.
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Figure 1. General form of ends-in gene tar­
geting. The recombinogenic donor molecule 
is generated by FLP and l-Scel action on a P- 
element donor construct, causing excision of 
the target-homologous sequence and the 
marker gene, and cutting at the l-Scel site. HR 
with the chromosomal target locus generates 
a tandem duplication of the sequence that 
was present in the donor with incorporation 
of the marker gene between duplicated target 
segments. Mutations engineered into the do­
nor (indicated as asterisks) may be carried 
into both copies of the target gene.

In th is  paper w e apply tw o new  procedures to  generate 
m u ta n t alleles of genes th a t are identified  only by D N A  
sequence. Knowledge of th e  m u ta n t pheno type is n o t 
required  or relied  on in  these  procedures. M oreover, th e  
end  p roduct of one p ro toco l is a p recise su b stitu tio n  of an 
engineered m u ta n t allele for th e  w ild-type allele: no  ex­
ogenous D N A  is le ft beh ind  a t th e  target locus o ther 
th an  th e  in troduced  m u ta tio n .

W e used  these procedures to  specifically m u ta te  sev­
eral endogenous genes a t a varie ty  of chrom osom al loci. 
W e show  th a t th e  process is sufficiently  efficient and 
flexible to  be generally  u sefu l for m odification  of th e  
D rosoph ila  genom e.

R esults

G en era l p a ra m e te rs  o f gen e ta rge tin g  in  D rosophila

W e construc ted  a P -elem ent vector, pTV2, to be used  as 
a general transfo rm ation  vector for gene targeting. T h is 
vector carries an  FRT-flanked w + gene jw*sj th a t is used  
for transform ation , and to  track  m ovem en t of th e  donor 
to  detec t gene targeting. W e used  transfo rm ants of donor 
co n stru c ts  in  TV2 to  carry o u t targeted  m utagenesis of 
five genes (Fig. 3). O nly one of these  genes w as know n  by 
ex isting  m u ta n ts  prio r to th is  w ork. T able 1 show s th e  
efficiency of targeting  ob ta ined  for each gene. Tw o gen­
eral trends appear. First, targeting  is substan tia lly  m ore 
efficien t in  th e  fem ale germ  lin e  th an  in  th e  m ale germ  
line . Looking a t th e  data for pu g  {p u g ilis t; Rong and G olic
1998) and p 5 3  (encoding th e  D rosoph ila  hom olog of th e  
p53 tu m o r suppressor; Brodsky e t al. 2000; O llm ann  et 
al. 2000), fem ales produced targeting  events in  -3 %  of all 
v ials (33 independen t events in  1118 vials), w hereas in  
m ales th e  frequency w as approxim ately  sixfold low er (5 
independen t even ts in  1012 vials; P  = 0.001). A  sim ilar 
bias w as apparen t in  our original w ork  (Rong and G olic 
2000), w here  a gene on th e  X  chrom osom e w as targeted.

T hese  resu lts  ex tend  th a t observation  to  show  th a t a 
significantly  enhanced  efficiency of targeting  in  fem ales 
also applies to  au tosom al target genes. W e conclude th a t 
rela tive ly  ineffic ien t targeting  in  m ales is n o t re la ted  to 
lack  of a hom olog because th is  difference occurs for bo th  
au tosom al and X -linked genes.

A no ther sign ifican t difference betw een  m ales and fe­
m ales is th a t th e  targeted  (homologous) recom binan ts 
ou tn u m b er th e  non targe ted  (illegitim ate) events by 3:1 
in  fem ales, b u t in  m ales th a t re la tionsh ip  is reversed, 
w ith  non targe ted  events ou tnum bering  targeted  recom ­
b inan ts by a lm ost 2:1 (P = 0.005).

Because of th e  increased efficiency of targeting in  fe­
m ales, targeting of N L a z  (N eu ra l L azarillo ; Sanchez e t al. 
2000), G C  (y -g lu ta m y l c a rb o x y la se ; Li e t al. 2000; 
W alker e t al. 2001), and C G 11305  (a hom olog of th e  yeast 
Sir2  gene; G asser and C ockell 2001) w as done only 
th rough fem ales. For th e  genes targeted  in  th is  w ork, 
independen t hom ologous recom bination  even ts w ere re ­
covered from  fem ales a t an average (unweighted) ra te  of 
~1 per 40 vials. T hese  crosses typically  produce -1 0 0  
progeny per vial. T argeting  events w ere often recovered 
in  c luste rs (but scored as single events), m ak ing  th e  per 
gam ete ra te  of targeting  b e tte r than  1 in  4000. Because 
th e re  are a t le as t tw o and som etim es four (in G 2) target 
chrom osom es per cell, th e  cellu lar targeting ra te  is  at 
le as t 1 in  2000.

S ubstan tia l varia tion  in  efficiency occurred a t different 
target genes. A t C G 11305 , targeting averaged 1 even t per 
17 vials, b u t a t G C , i t  w as as in frequen t as 1 even t per 
340 vials {P = 0.0003). It is likely  th a t som e of th is  varia­
tion  is  a ttr ib u tab le  to th e  donor/ta rge t D N A  sequences 
or th e ir  chrom osom al context.

In  m o st cases, targeting  resu lted  in  th e  pred ic ted  p re­
cise duplication  of th e  target D N A  (referred to as C lass II 
events; Rong and G olic  2000). H ow ever, a sm all n um ber 
of C lass III even ts (having in se rtions or deletions w ith in  
one or b o th  of th e  duplicated  segm ents) and C lass IV
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Donor (w +) flies (cross to F LP  l-S ce l)
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in development
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w+ not on target 
chromosome

non-targeted
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Figure 2. Schematic representation of the targeting process. In 
the first step, donor-bearing flies are crossed to flies carrying the 
heat-inducible FLP and I~SceI genes. The progeny of this cross 
are heat-shocked during the first few days of their development, 
and the eclosing daughters are crossed to w  males. Because FLP- 
mediated excision is very efficient (typically >99% with the 
38°C, 1-h heat shock used here; Golic and Golic 1996), most 
progeny have white eyes. The w+ progeny are screened to look 
for movement of the w* marker from the donor chromosome to 
the target chromosome using test crosses with marked chromo­
somes (Rong and Golic 2000). Balancer chromosomes may be 
incorporated in the initial crosses to facilitate the process. Al­
ternatively, a second round of FLP induction can be used to 
rapidly identify nonexcised donors and exclude them from fur­
ther analysis (Rong and Golic 2001). This method allows the use 
of donor insertions that lie on the same chromosome as the 
target locus. Potential targeting events are confirmed by mo­
lecular analysis of genomic DNA. This figure presumes that a 
w,+ gene is used in the donor to track movement of the targeting 
molecule, and that the flies carry white  null mutations on their 
X  chromosomes.

even ts (trip lications of th e  target locus) w ere also p ro ­
duced (Table 1). M olecu lar confirm ation  of targeting  w as 
u sua lly  accom plished by genom ic Southern  b lo tting  (Fig. 
4), except th a t PCR w as used  for N L az  targeting (see 
M ateria ls and M ethods).

In  these experim ents, different donor in se rtions ta r­
geted w ith  differing efficiency. In  th e  pug-targeting  ex­
p erim en ts, one in se rtion  of th e  donor gave targeting  a t a 
ra te  of 1 in  17 vials, b u t ano ther gave no  targeting  events

white+ progeny

,________________ I__________________ ,
| test w+ linkage

\ r
w + linked to 

target chromosome

molecular analyses-]

in  a lm ost 200 v ials (P = 0.002 for pu g  targeting). V aria­
tion  w as also observed in  p53  and C G I 1305  targeting, 
although  i t  w as n o t s ta tis tica lly  significant. T he  basis for 
th is  difference m ay be re la ted  to  th e  th ree-d im ensional 
location  of donor and target w ith in  nuclei, b u t because 
donor location  w as n o t determ ined  in  detail, th e  n a tu re  
of such  a re la tionsh ip  is unknow n . T here w as no  obvious 
advantage to  using  donor in se rtions located  on th e  sam e 
chrom osom e as th e  target locus.

A no ther source of varia tion  in  targeting  efficiency m ay 
be th e  ex ten t of hom ology th a t a donor m olecu le carries 
to  th e  ta rge t locus. To exam ine th is  issue w e com pared 
th e  frequency of pu g  targeting  ob ta ined  in  these  experi­
m en ts  (w ith 8.9 kb of donor:target hom ology) w ith  p re­
v ious experim en ts th a t used  only 2.5 kb of hom ology 
(Rong and G olic  2001). Targeting  efficiency increased 
m ore th a n  fivefold in  th e  cu rren t experim ents (18 inde­
p en d en t events in  721 v ials here vs. 2 in  455 v ials p rev i­
ously), suggesting th a t th e  ex ten t of donorrtarget ho m o l­
ogy plays a sign ifican t ro le  in  targeting  efficiency. T h is is 
also th e  case for targeting  in  o ther system s (Deng and 
C apecchi 1992; Papadopoulou and D um as 1997; G ray 
and H onigberg 2001).

In trodu cin g  p o in t m u ta tio n s

In  these experim ents tw o m ethods w ere used  to produce 
m u ta n t alleles of th e  target gene. Because th e  ends-in, or 
insertional, targeting  approach th a t w e used  here gener­
ates a target s ite  duplication , bo th  copies of th e  target 
gene m u s t be m u ta ted  to  generate a m u ta n t allele. In 
p revious w ork  w e did th is  by u sing  only  a sm all po rtion  
of th e  ta rge t gene in  th e  donor, so th a t each of th e  copies 
generated by targeting  carried only a p artia l gene and 
they  w ere n on functional (Rong and G olic  2001). In  th e  
p resen t experim ents, w e took  a different approach: We 
chose to  engineer p o in t m u ta tio n s  w ith in  th e  coding re ­
gions of th e  ta rge t genes. T hese m u ta tio n s  ranged from  
single-base changes to  in se rtions of 10-20 nucleo tides. 
Each copy of th e  target gene produced by ends-in  ta rge t­
ing is  com posed of sequence derived from  th e  target and 
from  th e  donor. T hus, m u ta tio n s  engineered to bo th  
sides of th e  I-Scel s ite  can be carried in to  th e  target gene 
to  generate tw o m u ta n t copies.

W e used  th is  m ethod  to  generate a m u ta n t allele of pug  
by in troducing  stop codons in to  bo th  copies of a targeted  
pug allele. T he  m u ta n ts  had  th e  sam e recessive eye color 
defect th a t  w as prev iously  observed for n u ll alleles of 
th is  gene (Rong and G olic  1998). A  m u ta n t allele of G C  
w as generated in  th e  sam e fashion.

C ellu lar exonucleases are expected to  enlarge th e  DSB 
m ade by I S  ce l in to  a gap. In  th e  course of HR, th is  gap is 
filled by copying th e  corresponding in fo rm ation  from  th e  
chrom osom al target (Szostak e t al. 1983). T he  conse­
quence of gap repair is th a t som e proportion  of targeted  
genes w ill n o t carry th e  in troduced  m u ta tio n  because 
exonucleo ly tic  d igestion  rem oved i t  p rio r to  HR. A  good 
exam ple is  provided by th e  N L az  targeting, w here  th e  
tw o  recovered targeting  events each carried only one of 
th e  tw o engineered m u ta tio n s  p resen t in  th e  donor.
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NLaz

22A

Figure 3. Targeted genes. The names 
(above) and cytological positions (below) of 
the genes that we have targeted in this 
work are indicated.

T he  practica l im plica tion  of gap enlargem ent is th a t 
there  is m ore su rety  of in troducing  a m u ta tio n  to  th e  
target if th e  m u ta tio n  is farther from  th e  cu t site. T he 
resu lts  w e ob ta ined  in  targeting  five genes are sum m a­
rized in  Figure 5. W e successfully  in troduced  m u ta tio n s 
to  th e  target gene a t d istances ranging from  400 bp to  
1300 bp from  th e  l-S ce l cu t site. In  m o st cases, th e  m a­
jority  of th e  targeted  alleles carried th e  m u ta tio n  in  ques­
tion. W e did no t succeed in  in troducing  a m u ta tio n  only  
260 bp aw ay from  th e  cu t site, b u t only  tw o events w ere 
exam ined. A  m ore extensive screen m igh t recover ta r­
geting events th a t incorporated  th e  closer m u ta tion .

Table 1. Recovery of gene targeting events

Gene

Female germ line Male germ line

N T NT N T NT

NLaz (5.1 kb)
on X 505 2 2

GC  (6.9 kb)
on X 85 1 0
on 2a 131 0 0
on 3a 31 0 0
on 3a 93 0 0

pug  (8.9 kb)
on X 173 7b 0 304 3C 0
on 2 194 0 0 304 0 2
on 3 221 3 4 121 2 2
on 3 133 8d 3 75 0 3

p53  (8.6 kb)
on X 158 9e 1
on 2a 171 5 0 146 0 1
on 3a 68 1 0 62 0 1
on 3a 20 0 0

CGI 1305 (5 kb)
on X 50 3f 1
on 3a 17 0 1
on 3a 37 1 0
on 3a 34 4 3

Totals 2121 44 15 1012 5 9

The target gene, the extent of donor-target homology, and the 
chromosome where the donor was inserted are given in the left 
column. N, number of vials screened; T, vials with targeting 
events; NT, vials with non-targeted events. 
aIn these crosses only half of the tested females carried the do­
nor element—we have corrected by multiplying the number of 
vials tested by 0.5. 
bTwo were Class IV events. 
cOne was a Class IV event. 
dTwo were Class III events. 
eOne was a Class IV event. 
fTwo were Class III events.

T w o -s tep  a lle lic  su b s titu tio n

T here  are m any  cases in  w hich  th e  m ethod  of in tro d u c­
ing tw o p o in t m u ta tio n s  m igh t be difficult to  apply. For 
instance, in  th e  case of genes th a t are very  sm all, th e  
co n stra in t of p lacing  th e  l-S ce l s ite  and th e  tw o m u ta ­
tions w ith in  th e  gene m ay cause d ifficulties because th e  
donor m u ta tio n s  w ill frequen tly  be lo st to  gap enlarge­
m en t. In  addition , one of th e  tw o m u ta tio n s  m ay be 
forced ra th e r  far dow nstream  in  th e  gene, allow ing th e  
possib ility  th a t a hypom orphic or neom orphic pep tide 
m ay still be encoded.

To deal w ith  these s itu a tio n s w e designed a m ethod  
for carrying o u t allelic su b stitu tio n s  in  tw o steps (Fig. 6). 
T he  goal of th is  schem e is to  m ake  a sim ple su b stitu tio n  
of an engineered m u ta n t allele  for th e  w ild-type allele in 
th e  chrom osom e, and  to  do so w ith  no lim ita tio n s  on th e  
location  of th e  m u ta tio n  w ith in  th e  gene and  no know l­
edge of th e  pheno type produced by th e  m u ta n t allele. In 
th e  first step, an ends-in targeting event carries a single 
m u ta tio n  in to  th e  chrom osom e a t th e  target locus. In  th e  
second step, th e  target s ite  duplication  is collapsed to  a 
single copy of th e  target th a t carries th e  in troduced  m u ­
tation,- all o th e r D N A  ex trinsic  to  th e  locus is e lim i­
nated.

T he  first step is achieved by ends-in targeting  w ith  
TV2. T h is vector also carries one additional e lem en t be­
tw een  th e  m arker gene and  th e  N o tl  and  K p n l cloning 
sites: th e  22-bp recognition site  for th e  rare-cu tting  en ­
donuclease I-C rel (Thom pson e t al. 1992). W hen l-C re l is 
expressed in  flies w ith  a targeted  allele, th e  DSB pro ­
duced by l-C re l is m o st often repaired by recom bination  
betw een  th e  hom ologous regions th a t flank th e  DSB. 
T h is e lim ina tes th e  in te rven ing  m arker gene, providing 
an  easy screen for th e  event, and  produces a chrom osom e 
carrying a single copy of th e  target locus. Som e fraction 
of these  reduction  events w ill carry th e  m u ta tio n  from  
th e  donor. W e generated  m u ta n t alleles of four o u t of th e  
five target genes u sing  th is  m ethod . (R eductions a t G C  
w ere no t te s ted  for th e  p o in t m utations.)

T he  second step of th is  screen, reduction  of th e  ta n ­
dem  duplication  to  a single copy, is very  efficient. In 
th ree  cases (N L a z , G C , and  p u g ) w e scored th e  frequency 
of w + m ark er loss. A fter a 36°C, 1-h h ea t shock applied in 
th e  first 2-3  d of developm ent to induce expression of th e  
701-CreI transgene, w + loss averaged 36%  in  th e  m ale 
germ  line  (Table 2). W e typ ically  carry o u t th is  reduction  
step in  m ales, sim ply  as a m a tte r  of convenience. As 
judged by Southern  b lo tting  (Fig. 4; T able 2), nearly  all 
(94%) of these w + loss events occurred by sim ple HR 
betw een  th e  flanking repeats, leaving a single copy of th e
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Figure 4. M olecular verification of homologous recombination. A sample of the molecular data for targeting of three genes is shown 
here. On the left are shown diagrams of (A) the donor P elem ent, (B) the Class II targeted allele, and (C) the single-copy reduction. The 
wild-type allele is identical to C  except at C G 11305, where it is indicated separately. The asterisk in C G 11305 indicates the introduced 
m utation, w hich adds a new EeoRI site. In each diagram the target-homologous region is indicated by an open box; the w6" marker gene 
by a filled box; fragment sizes are indicated in  kilobases; the region used as a probe is indicated by a solid bar below each line. The 
endonuclease sites are: (A) Aee65I; (Ac) Aeelll; (B) BamHl-, (C) 1-Crel; (R) EeoRI; (S) I-Seel. On the right side, the corresponding Southern 
blots are shown. Above each lane, the genotype of the flies from w hich DNA was extracted is indicated w ith  reference to the diagrams 
to the left. Additional genotypes are: (+) wild-type (at the target locus); (NT) nontargeted event; (MW) molecular weight (mass) markers 
w ith sizes given (in kilobases) beside that lane. For p53, DNA in the left panel was digested w ith Aee65I, and in  the right panel w ith 
Aee65I and Aeein. For C G I 1305, DNA was digested w ith  EeoRI. For pug, DNA was digested w ith Bam H l.
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Figure 5. Retention of engineered m uta­
tions. (A) The fractions of targeting events 
that incorporated mutations placed in  the 
donor are given as a function of distance 
from the l-Scel site. The data were 
summed in cases where mutations were 
located similar distances from the I-Scel 
site. [B) A sample of PCR results used to 
determine the presence of the upstream 
point mutation (at the N nil site, 1.3 kb 
from I-5cel: see Materials and Methods) in 
targeted png  alleles. The smaller (490-bp) 
band indicates the presence of the mutant 
allele. Lane 1 is a molecular weight 
marker with band sizes indicated to the 
left. Lanes 2-8  and 11-26 use genomic 
DNA from flies with targeting events as 
template. The template DNA for lane 9 
comes from flies with an I-Crel-stimu-

lated reduction event (which retained the mutation; see Fig. 7). Lane 10 is from pug*** flies that carried the donor P element. The 
mutation was present in  all targeting events except those represented by lanes 20  and 24. Lane 13 represents a Class III targeting event.

target locus. T hree  of th e  w + loss events a t pug  w ere n o t 
straightforw ard reductions to  single copy, and probably 
resu lted  from  nonhom ologous end-joining (NHEJ) (Crit- 
chlow  and Jackson 1998), w h ich  deleted  all, or p a rt of, 
th e  w gene . Tw o of these th ree  w ere also associated  w ith  
linked  recessive le tha l m uta tions .

W ith  four of th e  targeted  genes, w e recovered single­
copy reduction  even ts th a t carried  an engineered m u ta ­
tion  (those show n in  Fig. 7 and N L az). In  th e  case of pu g , 
w e used  th is  p rocedure on a targeted  allele th a t had  in ­
corporated m u ta tio n s  in to  bo th  copies of th e  gene. In 
addition , th is  w as a C lass in  pug  allele, w ith  th e  right- 
hand  copy carrying a sm all deletion  (-550 bp). W e ob­
ta ined  reduction  events w ith  one, bo th , or n e ith e r of th e  
tw o in troduced  m u ta tio n s , includ ing  alleles w ith  and 
w ith o u t th e  deletion.

M ost of these events can be form ally explained as 
sim ple crossovers betw een  hom ologous regions to  each

side of th e  break. H ow ever, som e events appear to  re ­
qu ire m u ltip le  exchanges. A m ore likely  explanation  is  
th e  form ation  of heteroduplex  D N A  by single-strand an ­
nealing  (SSA; R udin and H aber 1988; Lin e t al. 1990; 
M ary on and  C arroll 1991). SSA relies on  th e  action  of a 
5 '-3 '  endonuclease to  generate regions of single-stranded 
D N A  th a t can  anneal by base com plem entarity . T hen, 
degradation of p ro trud ing  single-strand tails, po lym eriza­
tion  to  fill any rem ain ing  single-stranded regions, and 
ligation  fin ish  th e  process. If heteroduplex  D N A  is  gen­
erated  by s trand  annealing, i t  m ay be repaired so th a t a 
single reduction  event appears to  have undergone m u l­
tip le  exchanges. SSA is  a highly  efficient m echan ism  to  
repair a DSB betw een  repeated  sequences (Carroll 1996; 
Paques and  H aber 1999).

F urther exam ination  of th e  resu lts  of Figure 7 provides 
added support for th e  SSA m echan ism . If SSA is  a very 
efficient m echan ism  (as th e  reduction  step  is), th en  i t  is

Figure 6. Allelic substitution. In the first 
step, a standard ends-in targeting is used to 
carry a single point mutation into the target 
locus (see Fig. 1). In the second step (shown 
here), the target locus duplication is reduced 
to a single copy by HR between the repeated 
sequence elements. This event is stimulated 
by an I-Crel-generated DSB between the re­
peats.
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Table 2. R ed u c tio n  o f d u p lica ted  target loci to  single copy

I-Crel-stimulated 
loss of w hite3 Reduction to single copy1’

Gene N Frequency N Frequency

N Laz 125 0.32 ND
GC 256 0.57 6 1.00
pug{n)c 1008 0.28 ND
pug(III)c 1229 0.28 13 0.77
p53 ND 18 1.00
C G  1130.5 ND 7 1.00

’The targeted chromosome or its homolog was dominantly 
marked. Heat-shocked 701-CieI-bearing males were crossed to 
w 1118 females w ith the appropriate balancer chromosome for 
recovery of the reduction allele. Plies tha t received the targeted 
chromosome were scored as w hite ' or w hite. The frequency of 
white-eyed flies is reported here.
'’Chromosomes in which the target locus had lost the w ' marker 
were examined by Southern blotting. The frequency of reduc­
tion to single copy by homologous recom bination (as dia­
grammed in Pig. 6) is reported here.
“Numerals in parentheses refer to a Class II targeting event 
(from canonical HR), and a Class III targeting event (with a 
small deletion in the right hand copy of the pug  gene). All other 
targeting events were Class II.
ND, N ot done.

easy to  im agine th a t th e  en tire  top  copy (as drawn) of th e  
target locus, or nearly  so, w ill becom e single-stranded by 
th e  tim e  th e  left end of th e  b o tto m  copy becom es single­
stranded. Rapid annealing  of th e  single-stranded com ple­
m en tary  portions pred ic ts th a t re ten tio n  of th e  m u ta ­
tions th a t are fu rthest from  th e  s ite  of th e  DSB (those 
located in  th e  b o tto m  copy) w ill be favored, and th is  was 
observed. SSA in  o ther organism s show s sim ilar charac­
te ris tic s  (Carroll 1996). T h e  location  of a m u ta tio n  in  th e  
top  or b o tto m  copy of th e  gene depends sim ply  on 
th e  o rien ta tion  of th e  target-hom ologous D N A  w ith in  
pTV2. It follow s tha t, for m axim al efficiency, th e  engi­
neered segm ent should  be orien ted  w ith  th e  m u ta tio n  on 
th e  side of th e  I-Scel s ite  th a t is farther aw ay from  th e  
I-C rel site, giving th e  targeted arrangem ent diagram ed in  
Figure 6.

In trin s ic  J-CreJ s ite s

T h e reduction  to  single copy s tim u la ted  by I-C rel cu ttin g  
is very efficient. H owever, th e  36%  reduction  seen here 
is m uch  less th a n  w e observed previously, w here I-Scel 
w as used to  generate th e  DSB betw een  repeated se­
quences (Rong and G olic 2000). In th a t case w e observed 
a lm ost 90%  reduction  to  single copy. Such a high level 
could no t be achieved w ith  l-C rel because, u n lik e  I-Scel, 
a high level of I-C rel expression strongly  reduces v iabil­
ity. T h e  l-C rel recognition  s ite  lies in  a h ighly  conserved 
region of th e  C h la m yd o m o n a s  gene th a t encodes th e  23S  
ribosom al RN A  su b u n it— 17 of 22 bp of th is  s ite  are 
identical in  th e  D rosoph ila  28S  gene. T h e  differences 
th a t do exist have all been  observed in  substra te  se­
quences th a t can  be cu t by th is  enzym e in  v itro  (Argast

et al. 1998). W hen l-C re l is expressed in  flies it does cu t 
w ith in  th e  rD N A  clusters  located in  th e  heteroch rom a­
t in  of th e  X  and Y chrom osom es (data n o t shown). This, 
presum ably, is th e  basis for th e  le th a lity  produced by 
l-C rel expression. C onsequently , a m oderate hea t shock  
is used to  induce l-C rel expression so th a t th e  flies will 
survive to  reproduce.

A concern  w ith  using th is  procedure m ight be th a t 
DSBs in  rD N A  could resu lt in  m u ta tio n s th a t w ould  in ­
terfere w ith  subsequen t analysis. T h is seem s un like ly  to  
be a problem  for analysis of targeted  au tosom al genes. 
Fresh X  and Y chrom osom es can  be easily  su b stitu ted  
in to  th e  m u ta n t flies after th e  reduction  event, and a 
straightforw ard m olecu lar analysis of th e  target locus 
should  reveal any unexpected  rearrangem ents at th a t 
site. In th e  case of X -linked target genes, a lesser heat 
shock  could be used to  reduce th e  chance of coincident 
dam age to  rD N A  arrays of th e  X . T h e  screen is very easy 
and w ould w ork  w ell even w ith  very low rates of reduc­
tio n  to  single copy.

N one of th e  target genes reported here are v ita l genes, 
and m u ta n t alleles of th e  four genes produced in  th is  
fashion (expected to  be nu ll alleles) w ere viable in  th e  
hom ozygous condition . In th e  vast m ajority  of cases, n e i­
th e r  le thal nor visib le m u ta tio n s arose elsew here on th e  
target chrom osom es co inciden t to  th e  reduction  events. 
In only  th ree  instances (at pu g  and N L a z ) did a new  lethal 
occur on a chrom osom e w ith  an apparent (judged by loss 
of w~) reduction  allele. O ne such  pu g  a llele was obvi­
ously no t th e  expected reduction  event, as judged by 
S outhern  b lo tting , and on th is  basis could easily be ex­
cluded from  use  in  fu rthe r experim ents. T h e  n a tu re  of 
th e  second pu g  allele was n o t defin itively  determ ined, 
b u t w as consis ten t w ith  a large deletion. T h e  recessive 
le thal chrom osom e generated during N L a z  reduction  did 
no t carry th e  m u ta n t allele, and w as no t exam ined fur­
ther.

T h e  occasional occurrence of le thal m u ta tio n s on th e  
target chrom osom e, unrela ted  to  th e  target locus, does 
p o in t ou t th e  necessity , as w ith  any m u ta tio n a l te ch ­
nique, of verifying th a t observed phenotypes are a ttr ib ­
u tab le  to  th e  m u ta tio n  of in te rest. T echn iques for estab­
lish ing  th is  are w ell know n and include m apping, 
co m plem en ta tion  w ith  a w ild-type transgene, and th e  
u se of m u ltip le  independently  derived alleles.

D iscussion

T h e resu lts presen ted  here address th e  m ost im portan t 
questions about th e  usefulness of th is  gene-targeting 
techn ique  for D rosoph ila . F irst (Engels 2000), can  genes 
th a t are n o t close to  te lom eres be targeted? Second 
(A nonym ous 2000), can  general m ethods be developed 
for targeted  m utagenesis? A nd th ird  (Gloor 2001), can 
th e  procedure be m ade efficient enough to  serve as a 
general m ethod  for gene d isruption? O ur resu lts show  
th a t th e  answ er to  all these  questions is "yes."

In  th e  case of th e  first question , Engels proposed th a t 
th e  m echan ism  of gene targeting  involved break-induced 
rep lication  (BIR), w herein  targeting  w ould  occur by onc-
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Figure 7. Single-copy reduction results. 
(A ) Three targeted genes were reduced to 
single copy and assayed for the retention 
of point m utations located as shown (co­
ordinates given in kilobases from the left 
end of the duplicated target segment). For 
pug, a Class UT allele having a small dele­
tion in the right-hand (lower) copy of the 
gene was used. The num ber of each type 
that also have the deletion is given in pa­
rentheses. Class II alleles were used in the 
other cases. (/>’) A sample of the PCR assay 
data for retention of m utations in pug  re­
duction alleles. Lanes 1 and 8 are m olecu­
lar weight markers w ith sizes indicated to 
the left. Genomic DNA from homozygous 
flies was used as tem plate for PCR with 
the primers ProxH5' and MTH4826u, 
which amplify a 3.7-kb fragment from a 
wild-type pug  allele and a 3.2-kb band 
from the deletion copy. Lanes 2, 4, 6, 9, 11, 
and 13 represent the amplification prod­
ucts from potential reduction events. All 
except lane 6 represent actual single-copy 
reduction that retained the deletion; lane 6 
is an example of w h ite ' loss w ithout re­
duction to single copy, and both the left- 
hand p u g  gene copy (full length) and right- 
hand deletion-bearing copy are present. 
Lanes 3, 5, 7, 10, 12, and 14 are the corre­
sponding PCR products digested w ith Spel 
to indicate the presence or absence of the 
engineered m utations. All the single-copy 
reduction alleles shown here retained only 
the m utation represented as U in A , except 
the event represented by lane 12, that re­
tained neither. (C) A sample of the allele- 
specific PCR data used to determine 
w hether the p53  single-copy reduction al­
leles carried the engineered m utation. The 
presence of the 1.3-kb band indicates the 
presence of the m utan t allele. These re­
sults were confirmed by the complemen­
tary PCR that amplified only the wild-type 
allele (data not shown). Lanes 1 and 27 are 
m olecular weight markers; lanes 2-25 
each represent PCR using genomic DNA 
from independently isolated reduction ho­
mozygotes as tem plate. Lane 26 is a PCR 
amplification from the p53  donor con­
struct.

sided recom bination  events th a t required  invasion of the  
hom olog and  unschedu led  D N A  syn thesis  to  the  te lo ­
m ere to  finish. Part of th e  evidence th a t supported  h is 
thesis  w as th a t targeting  of th e  X -linked y e l lo w  gene was 
m ore efficient in fem ales (with tw o Xs) than  in m ales 
(with one X ). H owever, w e found th a t targeting  of au to ­
som al genes w as also m ore efficient in fem ales. It seem s,

instead, th a t it is th e  physiology of th e  fem ale germ  line 
th a t m akes the  difference, and no t th e  presence or ab­
sence of a hom olog. It is also clear th a t targeting  can 
w ork  efficiently  for genes th a t are very far from  te lo ­
m eres. T he pu g  gene is -2 0  M b aw ay from  the  nearest 
te lom ere and w as targeted  w ith  reasonable efficiency 
(>1/4000 gam etes) in th is  work.
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Wc previously  show ed one m ethod  for targeted  gene 
d isrup tion . Two additional techn iques for producing m u ­
ta n t alleles of targeted  genes arc show n in  th is  w ork. 
A lthough th e  ends-in  targeting  th a t w c used  generates a 
d up lication  of th e  donor D N A  a t th e  target locus, th is  
has no t been  an  im ped im en t to  th e  generation  of m u ta n t 
alleles. In tw o eases th e  duplicated  gene segm ents each 
carried a po in t m uta tion , producing a m u ta n t allele de­
sp ite  th e  dup lication  of target sequence. T h is procedure 
has th e  advantage of generating a m u ta n t allele as th e  
direct resu lt of targeting, providing th e  m ost rapid rou te  
to  m u ta n t flics for phenotypic analyses. A no ther benefit 
of th is  approach is th a t th e  m u ta n t allele is tagged w ith  
th e  w~ m arker, m aking  it easy to  follow  in  crosses.

A lternatively , a single m u ta tio n  m ay be in troduced  
in to  one of th e  tw o copies of th e  gene, and in  a second 
step, th e  targeted  locus is reduced to  a single copy by an 
I-C rel-m cdiated DSB. T here arc also a num ber of advan­
tages to  th is  approach. Because a m u ta tio n  is in troduced  
to  only  one side of th e  I-Scel site, m u ch  m ore flexibility  
is  allow ed w hen  build ing  th e  donor construc t. T he I-Scel 
site  need no t be placed w ith in  th e  gene, and th e  m u ta ­
tio n  m ay be located  essen tially  anyw here in  th e  gene. 
T his provides th e  ab ility  to  carry ou t a very fine analysis 
of gene function . A lleles w ith  specific singlc-am ino-acid 
changes can be produced and analyzed in  hom ozygous 
cond ition  w ith o u t th e  p o ten tia l confusion of o ther a lle­
les being present. Furtherm ore, a series of specifically 
a ltered  alleles can be generated and tested  in  iso la tion  or 
com binatorially . S im ilar m ethods have been  proven 
h ighly  useful in  yeast and m ice (R othstein  1991; M uller
1999). However, th e ir  usefulness depends on th e  use of 
selective m ethods to  efficiently  recover th e  reduction  
allele. T he use of I-Crel to  s tim u la te  th e  reduc tion  event 
provides a reasonable su b s titu te  for application  to  D ro­
soph ila .

T his m ethod  m ay prove especially useful if th e re  is 
concern  th a t th e  targeted  gene m ay be haplo insufficicnt. 
In  such  cases th e  donor construc t m ay be designed so 
th a t th e  targeted  allele s till has one good copy of th e  
target gene and th e  m u ta n t allele is generated only  after 
reduction  to  single copy. T he recovery of only  w ild-type 
and no m u ta n t alleles in  th e  reduction  step  m ay ind icate  
haploinsufficicncy.

A nother significant feature of th is  m ethod  is th a t no 
foreign D N A  is left beh ind  at th e  target locus (except the  
m uta tion ) after reduction  to  single copy. T his can be 
particu larly  useful to  fully  ensure th a t a gene 's regula­
tio n  is no t altered  by th e  in tro d u c tio n  of a m arker gene. 
In  m am m alian  system s, C rc-m cdiatcd  site-specific re­
com bination  has been  used to  rem ove m arker genes after 
transfo rm ation  or targeting  (Torres and K uhn 1997), b u t 
a lo x  s ite  is left beh ind  in  such  instances.

T he efficiency of targeting  in  these  experim ents w as as 
h igh  as 1 targe ting  event in  -1500  gam etes {C G I 1305), 
and ranged as low  as 1 in  34,000 gam etes (GC). It is 
possible to  achieve m utagenesis rates in  th is  range w ith  
chem ical m utagens, and G loor suggested th a t th is  ta r­
geting  procedure is, therefore, no easier to  use th a n  clas­
sical m utagenesis m ethods. T h is criticism , of course,

overlooks th e  fact th a t gene targeting  requires no k n o w l­
edge of th e  m u ta n t phenotype, w hereas trad itiona l m u ­
tagenesis p rotocols arc based on phenotypic screening, 
and often  require m ore arduous crosses to  look for reces­
sive phenotypes. M oreover, th e  m olecu lar iden tifica tion  
of w h ich  gene has been  m u ta ted  to  produce a phenotype 
m ost often  requires a large in v estm en t of tim e  and effort. 
Phenotypic screening of random  m u ta tio n s  is certain ly  
very powerful, especially for im plica ting  genes in  a pro­
cess w here th e ir  invo lvem ent w as no t suspected. But, 
w hen  a gene of in te rest has already been  identified, per­
haps th rough  b iochem ical or in form atic  m ethods, gene 
targeting  is a m ore d irect and efficient rou te  to  obta in ing  
m u ta n ts  if th ey  do no t already exist.

W c w ere surprised to  find th a t th e  frequency of non- 
targctcd  in se rtio n  varied for different donors. Wc in i­
tia lly  though t th a t nontargctcd  in sertions w ould  occur at 
a rela tively  constan t background rate, hav ing  no p articu ­
lar re la tion  to  th e  frequency of hom ologous recom bina­
tion . O ne exp lanation  for th e  difference in  nontargctcd  
in se rtion  frequency m igh t be th e  rap id ity  of degradation 
of th e  cu t donor. Because th e  recognition  and recovery of 
in sertions of any type require an  in ta c t w h ite  gene, it 
could be th a t larger donors buffer th e  w h ite  gene for a 
longer period, allow ing it m ore opportun ity  to  in se rt at 
nonhom ologous sites. H ow ever (from females) w c recov­
ered a m u ch  h igher rate  of nontargctcd  events in  th e  
C G I 1305-targeting crosses j~l in  28 vials) th a n  in  th e  
o ther targeting  crosses (w ith pug  being closest a t ~1 in  
100 vials), and yet th e  C G I 1305  "buffer" sequence w as 
th e  sm allest used in  th is  w ork. Instead, the re  appears to  
be a correla tion  (r = 0.86, P = 0.03), betw een  th e  frequen­
cies of targeted  and nontargctcd  insertions. A n explana­
tio n  th a t accounts for th is  is to  suppose th a t th e  DSB 
generated by I-Scel has a half-life th a t is at least partially  
contro lled  by th e  sequences th a t flank th e  cu t site. Some 
sequences, for exam ple those  flanking  th e  I-Scel site  in  
th e  G C  donor, m ay p rom ote  rapid in tram o lecu la r repair 
of th e  DSB, reducing th e  opportun ity  for bo th  targeted 
and nontargctcd  in tegration . A no ther possib ility  to  ex­
p la in  th e  low  frequency of G C  targeting  m ay be th a t 
m any  C lass II targeting  events occurred b u t w en t u nde­
tected , because th ey  w ere frequently  reduced to  C lass I 
(allelic substitu tion ) events during th e  targeting  process. 
T he observation th a t reduction  to  single copy at G C  w as 
nearly  tw ice  as efficient as at th e  o ther te sted  genes of­
fers som e support for th is.

In  these  experim ents w c have n o t been  concerned w ith  
generating  donor D N A s th a t arc iso-sequential w ith  th e  
target locus. M any of th e  construc ts  w ere b u ilt using 
PCR to produce segm ents of th e  donor. In o ther cases, 
subcloncs from  genom ic libraries w ere used. In no in ­
stance w as particu lar care used to  derive th e  donor from  
th e  ac tua l chrom osom e th a t w ould  be targeted. It is pos­
sible th a t targeting  could be m ade m ore efficient by en ­
suring th a t donor and target arc iso-sequential (as for 
m ouse targeting; tc  Riclc et al. 1992), b u t w c conclude 
th a t it is no t generally  necessary for efficient targeting  in  
flics.

O ur findings con trast strik ing ly  w ith  th e  resu lts  of ta r ­
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geting in  m ouse ES cells w ith  respect to  th e  ratio  of 
targeted  to  non targe ted  insertions. W e observed a m uch  
h igher p roportion  of targeted  insertions th a n  is typ ical in  
ES cells. W hen positive-negative  se lec tion  is n o t used  in  
ES cell transform ation , th e  m ajority  of positively  se­
lected  clones con ta in  non targe ted  insertions. T hese of­
te n  o u tnum ber targeted  in sertions by orders of m agn i­
tu d e  (M ansour et al. 1988; Bollag et al. 1989). In D ro ­
soph ila  fem ales, th e  m ajority  of donor m obiliza tion  
events w ere targeted, and even in  m ales they  co n s titu ted  
one-th ird  of th e  to ta l. In D rosoph ila , positive-negative  
se lec tion  is no t needed to  se lect th e  targeting  events b e ­
cause m ost are targeted.

T he difference betw een  m ales and fem ales in  our re­
su lts  suggests th a t th e  arrays of D N A  repair enzym es 
expressed by different cell types at least partly  contro l 
targeting success, and th a t D rosoph ila  m ay provide rela­
tively  advantageous proportions. Im proving th e  effi­
ciency of targeting  by m an ipu la ting  th e  levels of repair 
ac tiv ities is no t likely  to  be easy because th e  balance of 
ac tiv ities th a t provides efficient gene targeting  is p rob­
ably com plex (Pierce et al. 2001; Yanez and  Porter 2002).

A nother in fluence on th e  efficiency of gene targeting  
in  th e  D rosoph ila  sy stem  m ay be th e  fact th a t th e  donor 
D N A  is derived from  a preex isting  chrom osom al site, 
w ith  th e  donor already packaged as chrom atin . T his m ay 
co n trib u te  to  efficient targeting  and m igh t p artly  explain 
som e of th e  varia tion  seen w hen  different in sertions of 
th e  sam e donor e lem en t are used. They m ay be bound  by 
different p ro te ins and consequently  target w ith  different 
efficiencies.

G eneral guidelines for efficient targeting  m ay be de­
duced from  our results. First, targeting  is m ore efficient 
in  fem ales: enough so th a t i t  is probably no t w orth  
screening for targeting  th rough  th e  m ale germ  line. Sec­
ond, several different in sertions of th e  donor elem en t 
shou ld  be used because targeting  efficiency can vary con­
siderably for different sites of insertion . Finally, to  in ­
crease th e  probability  of efficient targeting  it seem s p ru ­
den t to  use  as large an ex ten t of hom ology as is feasible. 
O ur resu lts suggest th a t th e  donor shou ld  carry 5 kb or 
m ore of target site  hom ology for reasonably efficient ta r­
geting.

P ractical considerations of cloning w ill typ ically  con­
s tra in  th e  leng th  of hom ology, b u t o ther factors m ay also 
en ter in to  th e  decision. For instance, th e  u se  of a long 
target-hom ologous segm ent m ay resu lt in  an undesirable 
dup lication  of a neighboring gene. If th e  m u ta n t is gen­
erated  by th e  reduction  to  single copy, th is  need no t be a 
concern  because pheno typ ic analysis w ill be perform ed 
in  a genotype w ith o u t th e  duplication.

A target s ite  duplication  m igh t be used  to  advantage by 
construc ting  a donor th a t generates experim entally  u se­
ful alleles at th e  duplication  stage, and after reduction  to  
single copy. A particu larly  advantageous com bination  
w ould  be th e  generation  of a gene th a t encodes a fusion 
of th e  w ild-type p ro te in  and G reen F luorescent P rotein 
(GFP; C halfie et al. 1994) as th e  first step, and a nu ll 
a llele in  th e  second step. T he fusion p ro te in  w ou ld  be 
used  to  report th e  expression p a tte rn  of th e  target gene
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and th e  subcellu lar location  of th e  protein . A fter reduc­
tio n  to  single copy, a m u ta n t allele is produced for p h e­
notypic analysis. Because th e  5 ' regulatory sequences of 
th e  target gene rem ain  in ta c t in  th e ir  proper chrom osom ­
al context, expression of th e  GFP fusion p ro te in  is likely 
to  reflect th e  w ild-type expression pattern . A dditionally, 
because th e  second copy of th e  target gene w ill be a m u ­
tan t, th e  fusion p ro te in  can be te sted  in  hom ozygous 
condition, or heterozygous w ith  th e  single-copy m u tan t, 
for com plem en ta tion  of any phenotypes th a t are ob­
served in  th e  m u tan t. T he resu lts can confirm  th a t lo­
calization  of th e  GFP fusion p ro te in  reflects function  
(Wang and H azelrigg 1994). An additional refinem ent 
m ay be th e  inc lusion  of a significant s tre tch  of 3 ' target 
sequence follow ing GFP, so th a t som e reduction  events 
w ill produce th e  m u ta n t allele and o thers th e  GFP fusion 
w ith  no additional ex trinsic  DNA.

In any m eth o d  th a t involves th e  in tro d u c tio n  of m u ­
ta tions, i t  is im p o rtan t to  place th e m  a sufficien t d is­
tan ce  from  th e  I-Scel s ite  to  prevent inev itab le  loss to  gap 
enlargem ent. O ur resu lts suggest th a t 400 bp is suffi­
cient, b u t even greater d istances m ay be advisable if a 
sm all screen is planned, so th a t even if only a few ta r ­
geting events are recovered, th e  chance of incorporating  
th e  m u ta tio n  w ill be high. G loor e t al. (1991) character­
ized th e  ex ten t of gap en largem ent during P-elem ent- 
m ediated  gene conversion. T heir resu lts suggest th a t a 
m u ta tio n  shou ld  lie -4 5 0  bp from  th e  DSB for a 50% 
chance of being converted, w h ich  is n o t d issim ilar to  our 
findings for gene targeting.

W e previously  speculated  th a t C lass III events could  be 
used as a po ten tia l rou te  to  generate m u ta n ts  in  a target 
gene (Rong and G olic 2000). O ne of th e  reduction  events 
from  th e  C lass III pug  targeting  event carried th e  deletion 
th a t w as generated  during targeting, b u t ne ith e r of th e  
engineered p o in t m u ta tions . T his sm all deletion  w ith in  
th e  coding region of pug  generated  a nu ll a llele th a t gave 
th e  recessive pug  phenotype (data no t shown), confirm ­
ing th a t th is  can be a useful m ethod  for generating  m u ­
ta n ts  in  a target gene.

It is in te resting  th a t th e  m u ta n t alleles of all five genes 
th a t w e targeted  are hom ozygous viable, and lack  obvi­
ous phenotypes, pug, p53, and C G I 1305  m u ta n ts  do 
have sub tle  phenotypes (in eye p igm enta tion , cell death, 
and position  effect variegation, respectively), b u t they  
are n o t im m edia te ly  revealed to  casual observation. This 
m ay be a reflection  of th e  s ta te  of genetic research in  
D rosoph ila . G enes uncovered in  standard  screens m ost 
often  have m u ta n t phenotypes th a t can be recognized 
w ith  reasonable facility. G enes th a t do n o t m u ta te  to  
give an easily visib le pheno type aw ait analysis th rough  
th e  use of m u ta n ts  recovered in  o th e r types of screens. 
T hese m ay inc lude random  transposon  in se rtion  collec­
tions (Spradling et al. 1999), screens of chem ically  
trea ted  chrom osom es for random ly induced  changes 
w ith in  a specific region (Bentley at al. 2000), or gene 
targeting  as w e have described here. T hese m ethods p ro­
vide th e  keys to  connect th e  iden tifica tion  of genes by 
genom e sequencing projects w ith  stud ies of th e ir  func­
tion.
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Materials and methods

P lasm id  construction

The targeting  vec tor pTV 2  Two oligonucleotides (S'-GTAC 
CAAAACGTCGTGAGACAGTTTGCCATG-3' and 5'-GCAAA 
CTGTCTCACGACGTTTTGGTACCATG-3'), providing the rec­
ognition sites for l-Crel and Kpnl, were annealed and ligated 
into SpAT-cut pP[>w,’s»N>] (from f. Feder, University of Chicago, 
Illinois), which is a modified form of pP[>w,’s>] (Golic and 
Lindquist 1989). A clone was selected that had incorporated the 
oligonucleotide to provide the following orientation of sites: 
FRT, N o tl, Kpnl, l-Crel, w hs, FRT. The N o tl  and Kpnl sites are 
unique and useful for insertion of engineered donor constructs.

The  NLaz donor e lem en t  The PI clone DS08613 spanning the 
N L a z  genomic sequence was used as template. The first two 
PCR reactions were w ith the N o t  1 forward primer (5'-TCT 
T AT AAGCGGCCGC AC AT AAATCG AATGGC-3') and the 
HjndTTT l-S ce l reverse prim er (S'-TATAATAAGCTTTAGG 
GATAACAGGGTAATGTCTAAACGATCAGTTGCAAGCG- 
3') to give a 2125-bp product, and the HjndTTT forward (5'- 
TT AT AAAAGCTTT CCT ATTCT AAATCTATC AG AATG-3') 
and N o t  1 reverse primer (S'-TCTTATAAGCGGCCGCATCT 
TGGCCATATCTCGGTTTAA-3') to give a 3035-bp product. 
Herculase polymerase (Stratagene) and reaction conditions sug­
gested by Stratagene were used. The reaction products were 
gel-purified, cut w ith HjndTTT, and ligated together. A dilute frac­
tion of the ligation mix was used as tem plate for a PCR reaction 
using the N o tl  forward and reverse primers. From this, a 5.1-kb 
band was gel-purified, cut w ith N o tl, and ligated into the N o tl-  
cut vector pHSS6 (Seifert et al. 1986), and transformed into bac­
teria. Plasmid DNA was digested w ith T-SeeT to verify the in ­
tegrity of the cut site in the targeting sequence.

Next, two prem ature stops were engineered into the targeting 
sequence of N Laz. The first stop in exon 2 was generated by 
cutting pHSS6+NLaz w ith Xhol, b lunting w ith Klenow, and 
then religating to generate a new Pvul site and a stop. The 
second stop in exon 3 was generated by designing two primers 
that incorporated Spel sites. Forward Spel (S'-ATACGGAC 
TAGTCCATATACTGAAGTATTCGA-3') and Reverse Spel 
(5'-ATACGGACTAGTGCGTCTGGTACGAGTACGCA-3') were 
used to amplify from the pHSS6+NLaz tem plate a linear se­
quence w ith Spel ends that included the vector and N Laz. DNA 
was run on an agarose gel, excised, purified, and then digested 
w ith Spel. The DNA was purified from the digest, ligated, and 
transformed into bacteria. Plasmid DNA was cut w ith Spel, 
N o tl, and Pvul to verify the engineered stops. The pHSS6+NLaz 
w ith both verified stops was cut w ith T-SeeT to reverify the in ­
tegrity of that site. Finally, the engineered N L a z  fragment was 
removed from pHSS6 by N o tl  digestion and ligated into N o tl-  
cut pTV2. This donor P elem ent was transformed into D ro­
sophila  by standard techniques (Rubin and Spradling 1982).

The  GC donor e le m e n t  For the GC  donor elem ent, 6.9 kb of 
DNA encoding the D rosophila  -^-glutamyl carboxylase and 
flanking DNA (from -2261 to +4661, w ith nucleotide +1 being 
the start of the in itiation codon) was cloned by PCR amplifica­
tion of genomic DNA in four fragments and assembled in PCRII 
(Invitrogen). The four fragments were: (1) -2261 to +72; (2) +72 
to +910; (3) +910 to +1746; and (4) +1746 to +4661. Nucleotide 
sequence changes were introduced into the PCR-amplified 
DNA using primers containing the desired changes. The follow­
ing changes were introduced: (1) at +69 the genomic sequence 
ACACCTAGGTCGTCGGAA was replaced by ACAGCTAGC 
TCGTAATCGGAA; (2) at +909 the sequence TTCATGACTC

TGGAA was replaced by TTCATGACTCTGTAGGGATAA 
CAGGGTAATCTGGAA; (3) at +1744 TTCCCGGGACTAAC 
TCTG was replaced by TTCCCGGGACTATAAACTCTG. 
Step 2 introduced an T-SeeT site, and steps 1 and 3 introduced 
stop codons to either side of the T-SeeT site. The cloned DNA in 
pCRTT was flanked by N o tl  sites, and the N o tl  fragment contain­
ing the cloned genomic fragment w ith modifications was trans­
ferred to pTV2. This GC  donor elem ent was transformed into 
D rosophila.

The  pug donor e le m e n t  An 8.9-kb fragment containing the 
pug~ gene and flanking genomic DNA was obtained from the P 1 
genomic clone D S01137 by digestion w ith £eoRT. This fragment 
was cloned into the £eoRT site of pBluescript IT SK(+/-). A 
double-stranded oligonucleotide derived by annealing N h e -stop- 
plus (5'-CTAGACTAGTCTAGC-3') and M je-stop-m inus (5'- 
CTAGGCTAGACTAGT-3') contains stop codons in all three 
reading frames. It was cloned into the N h e  I site in the 3 ' region 
of the pug~ coding sequence. The pug+pBS+Nhe-stop was next 
cut w th N rul, and a Spe Linker (5'-CTAGACTAGTCTAG-3') 
from New England Biolabs was ligated into this site. This pug~ 
cassette, w ith point m utations, was removed as an £eoRT frag­
m ent and ligated into pHSS6 at its £eoRT site. N ext an T-SeeT 
recognition sequence generated by annealing two oligonucleo­
tides (5'-GGCCTAGGGATAACAGGGTAAT-3' and 5'-GGC 
CATTACCCTGTTATCCCTA-3') was ligated into the A p a l  
site located in approximately the center of the pug~ cassette. 
The completed donor elem ent was then transferred to the tar­
geting vector pTV2 by cutting at the N o tl  sites in pHSS6 and 
pTV2, and transformed into flies by standard techniques.

The  p53 donor e le m e n t  An 8.6-kb genomic fragment that in ­
cludes the Drosophila  p53  gene was PCR-amplified using the 
genomic PI clone DS02942 as template, and cloned into pBlue­
script. A m utation was introduced into the coding region by 
oligo-directed mutagenesis, which changed the genomic se­
quence of 5 '-CTGCAGGACATTCAGAT-3' to 5'-CTGTAGG 
TAATTAAGAT-3'. An T-SeeT cut site was introduced by the 
same method, which changed the genomic sequence of 5'-AAG 
GTCCAGATCA-3' to 5'-AAGGTCATTACCCTGTTATCCCT 
ACAGATCA-3'. The 8.6-kb fragment was then removed as an 
A cc65l~ N otl fragment (with the N o tl  site from the endogenous 
p53  sequence), cloned into pTV2, and transformed into D ro­
sophila.

The  CGI 1305 donor The engineered gene was produced 
by PCR using the following primers w ith genomic DNA 
as a template. The 5' end of the gene was produced using primer 
1 (5 '-TGAAGCGGCCGCTTTGGCCAGCAGCCGGATAT-3', 
which adds an N o tl  site) and primer 2 (5'-GGTGAATTCTT 
TATTCCTAAGCCCTGCGAAATGATGTTG-3', which adds 
an in-frame stop codon and an £eoRT site), and was cloned into 
a modified pBluescript KS vector using N o tl  and £eoRT sites. 
The region from the N o tl  site to an internal X hol site was then 
replaced by the N o tl-  and SalT-cut PCR product of primer 5 
(5'-ATTTGCGGCCGCGATGTACACACGGGTTC-3', adding 
an N o tl  site) and prim er 6 (S'-GCGTCGACTAGGGATAA 
CAGGGTAATGGAACTCCTCCACCTGCCG-3', adding T-SeeT 
and Sail sites). The resulting plasmid, carrying the 5' end of 
C G I 1305, was then cut w ith £eoRT and HjndTTT, and the 3 ' 
fragment of the gene was ligated into these sites. The 3 ' portion 
of the gene was generated by PCR using primer 3 (5'-TAG 
G A A T AAAGAATTCACCAAGCATCTAGTTT GCTACAC G- 
3 ', providing an £eoRT site that, when ligated to £eoRT from 
primer2, also causes a shift in the reading frame downstream of 
the stop codon from primer 2) and primer 4 (S'-GGGGTAC
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CATTGACTCAAGGGTAATCATT-3', adding ail Acc65I site). 
This was cloned into pBluescript KS at the EcoRI and EcoRV 
sites, and then removed by digestion w ith EcoRI and H indlE  for 
ligation to the 5 ' end of the gene, as mentioned. The resulting 
engineered donor was cloned into pTV2 using N o tl  and Acc65I 
sites.

The  701-CreI transgene  Two oligonucleotide primers (5'- 
GTACCCGGATCCATGAATACAAAATATAAT-3'; 5'-GTGACT 
CGGTCGACTACGGGGACGATTTCTT-3') were used in the 
PCR to amplify the I-Crel coding sequence from the plasmid 
pB-E (Seligman et al. 1997), adding a K am H l site upstream of the 
start and a Sail site downstream of the stop. To place this under 
control of the D rosophila  hspJO  promoter, the plasmid 
p70ATG-Bam (Petersen and Lindquist 1989) was digested w ith 
Ham H l and Sail. The I-Crel fragment was also cut w ith Ham Hl 
and Sail, and it was ligated into p70ATG-Bam, replacing the 
hsp70 coding sequence w ith the I-Crel coding sequence, to 
make 701-Crel. The gene was removed as ail H/ndlH-EcoRI frag­
m ent and cloned into HindlE- and EcoRI-cut pHSS6. The gene 
was then removed as ail N o tl-N o tl  fragment, cloned into the 
P-element vector pYCl.8 (Fridell and Searles 1991) at the 
unique N o tl  site, and transformed into Drosophila.

G enetic  procedures

Detailed information about the D rosophila  genes and chrom o­
somes m entioned here can be found at http://flybase.bio. 
indiana.edu/. Crosses were carried out using standard tech­
niques. Mapping and stock-making were accomplished using 
standard balancer chromosomes. Heat shocks were performed 
as described (Golic and Lindquist 1989).

Targeting crosses Two methods were used to screen for tar­
geting. In the first, we screened for mobilization of the marker 
gene in test crosses, as described by Rong and Golic (2000), 
except that w+ was the marker rather than y*. In the second, 
more frequently used method, we screened for a lack of w hite+/ 
w hite mosaicism induced by FLP, as previously described (Rong 
and Golic 2001). This relies on the fact that in a targeted allele 
the w+ marker is 110 longer flanked by FRTs and is not subject to 
excision following FLP expression. It provides a quicker method 
to proceed from a transform ant of the donor P elem ent to the 
targeted allele. Details of the crosses can be found in the original 
works.

R ed u c tio n  to single copy  b y  I-C rel In a typical crossing 
scheme, flies carrying a Class II targeted allele (e.g., w 3118/Y; 
p53w+/p53w+ males) are crossed to w l l i s  701-Crel; S b /T M 6  fe­
males. (Autosomal insertions of 701-Crel are also available for 
use in X-linked gene-targeting procedures.) After 2-3 d, these 
parents are removed from the vials, and the progeny are heat- 
shocked (36°C, 1 h). Males that eclose (and are typically w hite+/ 
white mosaics) are individually mated to w 1118; S b /T M 6  fe­
males. The white-eyed Sb+ sons [w1118jY; p53rcdllccd/TM 6) are 
collected and mated to w 1118; Sb /TM 6  females to make stocks of 
the reduced alleles. Typically, only one soil is collected from a 
given father. Several independently derived stocks are generated 
and tested for the presence of ail introduced m utation.

V erification o f targeting

Southern blot analyses were used to verify targeting for all genes 
except N L a z  and were performed as described (Rong and Golic 
1998). For verification of N L a z  targeting, PCR was used. First, 
flies were chosen in which the w+ marker gene had moved from

its original X-chromosome location to the target chromosome. 
G enomic DNA was prepared to be used as tem plate. The prim ­
ers 5'-GAGACCACCTAAAATTGGCA-3' and 5'-TATCGCGA 
TGTGCATACAGA-3' were used to  amplify a 1.3-kb fragment 
from the N L a z  gene that spanned the location of the I-Scel site 
and both m utations (which were marked by unique Spel and 
Pvul sites). We reasoned that this amplified fragment would be 
cut w ith Spel or Pvul only if the donor had integrated at the 
target locus and retained at least one of the mutations: the wild- 
type N L a z  alleles would be amplified bu t not cut, and nontar­
geted integration would not be a substrate for amplification 
because the integrated ends would, m ost likely, be facing apart.

Verification o f the  incorporation o f p o in t m u ta tio n s

For N Laz, the same PCR reaction that was used to verify tar­
geting was also used to detect single-copy reduction alleles that 
retained the Spel-marked m utation. Genomic DNA from ho­
mozygous stocks was used as tem plate, and we looked for com ­
plete cutting of the amplified fragment w ith Spel to verify that 
the m utan t allele was the only one present, also providing ad­
ditional confirmation of the initial targeting.

For GC, allele-specific PCR was used to verify the incorpora­
tion of mutations. For the upstream m utation, two primers (5'- 
C AC A A AGT A AC AG CT AGCTCGT A A-3' and 5'-AGGATTC 
CCGGCTTGGAA-3') were used that allowed amplification of a 
1.2-kb fragment only from the m utan t allele. For the down­
stream m utation, two primers (5'-CGAGATGAAGTTGGT 
CAGAGTTTA-3' and 5' -GACGTGGAATAACCACAGCTA 
-3') were used that also gave a 1.2-kb fragment only from the 
m utant allele.

For pug, we used PCR to determine which m utations were 
present in the chromosome subsequent to targeting and reduc­
tion. In one procedure (as shown in Fig. 7) the primers ProxH5' 
(5'-GGAAATTGCGTATGCCAGCA-3'| and MTH4826u (5'- 
CTCAATTTCTCCGGTTTCCGTATTCAGA-3') were used to 
amplify a 3.7-kb segment of the pug  gene that spanned the sites 
of both point m utations. The point m utations introduce Spel 
recognition sequences. The amplified product was digested with 
Spel: bands of 0.5 and 3.2 kb indicate the presence of the more 
upstream m utation at N ru l  (designated U in Fig. 7); bands of 2.6 
and 1.1 kb indicate the presence of the downstream m utation 
engineered at the N h e l  site (designated D in Fig. 7); and the 
presence of three bands of 0.5, 2.1, and 1.1 kb indicates both 
m utations in a single-copy reduction allele. A single 3.7-kb band 
after Spel digestion indicates neither m utation is present.

To confirm the presence of the m utation introduced to the 
N ru l site, PCR was carried out w ith three primers: ProxH5', 
NruSpeld (5'-CCGTTAGATCCATTCGCGA-3'), and Test4 (5'- 
ACCTTCGTTAACCGTGTGCAA-3'). These prime amplifica­
tion of a 1005-bp fragment from wild-type and m utan t alleles, 
and a 490-bp fragment specific to the m utant. The presence of 
both bands (as shown in Fig. 5) indicated that the m utation was 
present. A sim ilar reaction was used to verify presence or ab­
sence of the m utation at the N h e l  site. The oligonucleotides 
pugseql (5'-TCAGTGTTGGAGCGTCTGAA-3'), Nhestopmi- 
nusd (5'-ACTTCGGGATAGTGCTAGC-3'|, and MTH4275U 
(5'-CAGAGCAGCTTTTTGACCA-3') prime amplification of a 
1233-bp fragment from wild-type and m utan t alleles and a 666- 
bp  fragment specific to the m utan t allele.

For p53, we used allele-specific PCR to determ ine which tar­
geted and reduction alleles carried the point m utation. Three 
primers were used: (1) 5f-GTTCGCCTGGATCTTAATTA-3f; 
(2) 5'-GTTCGCCTGGATCTGAATGT-3'; and (3) 5'-AATCGC 
TGCATGCGGTAGTA-3'. Primers 1 and 3 generate a 1.3-kb 
fragment specifically from the m utan t allele. Primers 2 and 3
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generate a 1.3-kb fragment specifically from the wild-type al­
lele.

For C G I 1305, Southern blotting of EcoRI-digested genomic 
DNA was used to ascertain the presence of the point m utation.

S ta tis tica l procedures

Statistical analyses were performed w ith the aid of GraphPad 
Instat version 3.0 for M acintosh (GraphPad Software).

For testing the difference betw een male and female germ-line 
targeting, a contingency test of homogeneity was performed for 
all pug  and p53  donors that had been tested in  both males and 
females and that gave any targeting events (these are, as listed in 
Table 1: first, third, and fourth for pug; and second and third for 
p53). The heterogeneity x’ was not significant (3.79, 4 d.f., 
0.25 < P < 0.5), and the results obtained for all these donors were 
added, w ith the sums used in a 2 x 2 contingency test of female 
versus male targeting efficiency.

To test the significance of the difference between targeted and 
nontargeted insertions recovered from females versus males, we 
used a 2 x 2 contingency test of total targeted and nontargeted 
events recovered from each sex. Contingency tests were also 
used to test w hether different insertions of the same donor con­
struct targeted w ith different efficiencies, and to test w hether 
targeting efficiencies for GC  and C G I 1305 were significantly 
different.

The coefficient of correlation (and corresponding one-tailed P 
value) betw een the frequencies of targeted and nontargeted 
events was determined using the unweighted average targeting 
(or nontargeting) frequency of each gene in females.
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