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ABSTRACT

We have demonstrated that a yeast FLP/FRT site-
specific recombination system functions in maize and
rice protoplasts. FLP recombinase activity was
monitored by reactivation of f-glucuronidase (GUS)
expression from vectors containing the gusA gene
inactivated by insertion of two FRTs (FLP
recombination targets) and a 1.31 kb DNA fragment.
The stimulation of GUS activity in protoplasts co-
transformed with vectors containing FRT inactivated
gusA gene and a chimeric FLP gene depended on both
the expression of the FLP recombinase and the
presence and structure of the FRT sites. The FLP
enzyme could mediate inter- and intramolecular
recombination in plant protoplasts. These results
provide evidence that a yeast recombination system
can function efficiently in plant cells, and that its
performance can be manipulated by structural
modification of the FRT sites.

INTRODUCTION
With the development of more efficient DNA transformation
procedures, there is an increasing need to specifically control
modifications of higher eukaryotic genomes. In situ mutagenesis
of genes of interest opens new opportunities to study the role
of specific genes in basic metabolic or developmental activities
of a living cell. DNA recombination systems can serve as a useful
means to accomplish this task. Gene targeting strategies take
advantage of endogenous homologous recombination activities
to introduce foreign DNA into specific sites of a genome (1-5).
Site-specific recombination systems may assist gene targeting
strategies for more efficient and controlled manipulations of
genomic DNA (6).
Among known and characterized site-specific recombination

systems, the Cre/lox system of the bacteriophage P1(7,8), the
Gin recombinase of phage Mu (9), and the R/RS system of
pSRl(10) have been tested and proven to function in plant cells.
The FLP/FRT recombination system of yeast has been shown
to function in bacteria (11, 12), insects (13,14), and animal cells
(15). The FLP recombinase encoded by the 2 Itm plasmid DNA
of Saccharomyces cerevisiae is related to the R recombinase
encoded by the pSR I plasmid of Zygosaccharomyces rouxii (16).

All of these systems are of interest because of their simplicity;
they need just one protein (recombinase) and recombination site
to be fully operational in contrast to the more complex
bacteriophage X or phage Mu recombination systems (9).

In the yeast FLP/FRT system, the target FRT nucleotide
sequence consists of three repeated DNA sequences of 13 bp
each; two repeats in a direct orientation and one repeat inverted
relative to the other two. In addition, there is an 8 bp spacer
region between the repeats which determines the orientation of
the FRT recombination site (17). The FLP recombinase binds
to all three repeats, cleaves the sites at the borders of the spacer,
and exchanges the DNA strands (18-20). Depending on the
orientation of the recombination sites, the DNA fragment between
the FRTs can be either inverted or excised. Additionally, the FLP
recombinase can act on target FRT sites located on separate DNA
molecules. These intermolecular recombinations can lead to
integration of foreign DNA into FRT sites in bacterial and mouse
genomes (11,15).

In this paper we report the functionality of the FLP/FRT
recombination system and describe some of the features of the
FLP/FRT recombination activities in maize and rice protoplasts.

MATERIALS AND METHODS
Plasmid constructions and DNA manipulations
All DNA manipulations were conducted according to Sambrook
et al. (21). Bacterial transformations were carried out using
competent Escherichia coli cells, strain DH5ca. Plasmid DNA
was isolated and purified using CsCl density gradient
centrifugation.

Synthesis ofFLP expression vectors. A genomic clone of maize
Adh 1 was described previously (22) as was the construction of
the vector pAeiGUS (23). Plasmid pAHC27 was graciously
provided by Dr Peter H.Quail, University of California,
Berkeley. Plasmids pNEO3GAL and pOG44 were purchased
from Stratagene, LaJolla, CA. pUbiGUS was constructed by
ligation of the XbaI fragment of pAHC27 into HindIII-BamHI
restriction sites of p35SGUS (24). This ligation put the maize
ubiquitin gene 5' controlling elements in front of the gusA coding
sequence. For the construction of pAeiFLP, both pAeiGUS and
pOG44 were digested with BglII and Sacd. The 1.5 kb fragment

* To whom correspondence should be addressed
± J.C.M. is an employee of DowElanco on educational leave assignment

.) 1993 Oxford University, Press



970 Nucleic Acids Research, 1993, Vol. 21, No. 4

carry ing the FLP coding sequence firoimi pOG44 was theni ligated
directly into the eluted 4.4 kb fragment of pAeiGUS replacing
the 1!ousA coding sequence. pUbiFLP was obtainied bv isolating
the 1.5 kb HindIII-SclI FLP fragmient fromi pOG44 and
subcloning into the respective sites of pGEM-7Z( - ) (Proin1e'aL.
Madison, WI)). The resulting2 plasmid was cleaved with Sac! and
Sitl, and the 1.5 kb FLP fragmnent was then hgated directlv
into the Sad-StnaI digested pUbiGUS replacing the g'usA
frae-mient with the FLP gene.

Syathesvis o FRTcontaifiun vectors. Two primleI-s (5'-GTGAT-
CAGAAGTTCCTATTCCGAAGTTCCTATTCTCTA(GAA-
A-3') and (5 '-CTGATCAGAAGTT CCTATACTTTCTAGA-3')
were annealed (4 nmoles each) and incubated with 5 units of T4
DNA polvmerase and 50 nmoles of each dNTP in 0.1 mnl at I I
for 3 hrs to forii a coimiplete FRT recomiibinationl site of 48 bp.
The primer-extended fragments contained a B(cI restriction site
otn each end. Phosphate groups were then added to the ter-miiinal
nucleotides by incubation with 20 units of T4 DNA kinase ancd
16 nmoles ATP in 30 ,ul of 1 xkinase buffer. The resultine
double-stranded DNA framnients wrere blunt-end ligated and
clea'ed with Bcl restriction enzyme. The products were then
ligated directly into the BgllI site of pUbiGUS formiing pUFRTG.
The FRT insertions were into the non-translated leader sequence
of the ubiquitin gene and not into coding sequenlces (Fig..3). For
the construction of the pUFRTmG vector, containing a shorter-
version of the FRT site (37 bp). the primer extended products
were blunt-end ligated into the BglII site of pUbiGUS (the BgIll
site of pUbiGUS was filled-in using T4 DNA polvmerase).
Confirmation of the short FRT sequence was by sequencing the
double-stranded plasmid DNA. pU2FRTG and pU2FRTmG were
constructed by ligation of the 1 .31 kb XbaI fragnment of
pNEO,BGAL into pUFRTG and pUFRTmG. respectively. The
insertions of the XbaI fragment were recovered in both orienta-
tions to generate pU2FRTG and pU2FRTG rev (the latter
containing nonfunctional FRT sites; Fig.3). The test plasmid
pUbiFRT for intermolecular- recombination was constructed bN
EcoRI restriction of pU2FRTmG and religationi of the resultine
plasmid DNA fragments. The other substrate for interniiolecular
i-ecombination, pFRTGUS. was obtained by digestion of
pU2FRTmG with LcoRI and BatinHI, isolation of the fraerment
containing the gusA coding sequence and the FRT site, and
ligation of the resulting fraetmient into the respective sites ot
pGEM-7Z f( -).

Molecu/lar- Analysis of DNA. Polymerase chain reactions (PCRs(
were carried out in a Perkin-Elmer Cetus DNA thermal cvcler.
Anmplification was performed using reagents and protocols as
outlined by the Perkin-Elmer Cetus GeneAmp PCR Kit (Perkin-
Elmer Cetus, Norwalk. CT). Sequences ot prinMers Were:
5'-CCCCAACCTCGTG-3' for the first exon of the ubiquitin
gene and 5'-GGGGTTTCTACAGGACG-3' fot the 5' end of
the gusA coding sequence. PCR i-eactions contained S ptl of
template DNA, 5 yt of primer solution (10 nmoles/Al). 5 ,ul ot
IOxPCR buffer 11 (25), 2 tI dNTPs mix (final concentration
200 jiM of each nucleotide), and 0.25 ,ul of Taiq polynmerase (2.5
units/ 100 ,lt) in a final volume of 50 ,ul. Denatur-ation, annealing.
and extension steps were perforimied at 94°C for I minute, 45°C
for 1 minute, and 72°C for 2 minutes, respectivelv. The extensioin
steps were increased 15 seconds with each cNcle. Five microliters
of each amplified product were analyzed using .0( agarose g-el

Southern- blot a'nalysis of the agarosc eel containine PCR
amplified DNA was performed accordine to Sambi-ook et a!. (2 1)
using capillary transter- to Hyhond-N miemlbirane (Amersham.
Arlington Heights. IL). DNA wa1s tfixed to the memiibrane by UV
iri-radiation and incubated in pre-hyhridization solution (5 x SSPE.
5 xDDenhardt's solution. ().571 KSDS) at 65 C for 4 hours. The
radioactive probe (a '-P-labeled .Sal-B,l- lII fracgent isolated
froIml pUbiGUS) was prepar-ed usine the Multiprime DNA
labelaincl SystC co1rcc0ldine'J to the Imlautfiacturer 's instructions
(Amer-shcam. Arlington- Heights. IL). The probe contained the
complete ubiquitin intron and pairt of the tfirst exon. The blot was
hybridized overnight in pre-hbhridization- solution at 65 °C and
subsequcnttly processcd accorcdilln to standard procdures (21).
The nucleotide sequences of the FRT sites were determined

by a miiodified dideoxv mlethod 26) using Sequenase Versioni 2.0
(LUitec States Biochemiecal Cles\land. OH). CsCI purified
pUFRTG and pU2FRTm-nG plasmid DNA was used as template
DNA. The primiier- WaIs the samiie as that used for PCR which
anneraleCd to the 5' end of the fi-st exon (of the ubiquitin gene.

Transformation procedures
A cell suspension culture of maiztl/e (Zeo Ina'us' L. ) was initiated
from A188xBMS type II callus and maintained as previously
described (27). Seven days prior to protoplast isolation, 2 ml
packed cell volume (PCV`) of the suspension culture was
transferr-ed into 37 mll of MS medium (28) supplemented with
3.5 mel 2.4-D.
Approximatelv 51Sm PCV of suspensioln cells were digested

for 3 h in 2(0 ml MS imiedium containine 0.2 M mannitol. 0.5
mn/l thiamine, 2 mew 1 .4-D. 80 mM CaCl'2H,0. 2
cellulase. On 2S5 pectiniase (\VWorthinto0n Biochemical Co..
Freehold, NJ). ancd 0.1 7l pectolyase Y-23 (Seishin
Pharmlaccutical Co.. Tokyo, Japan). pH 6.0. Protoplasts were
filtered througih a 48 pmi nyloni miiesh screen and pelleted by
centrifugation Lat 5() x - l'or 15 nminutes. The pellet was suspended
in 4 ml of protoplast culture medtiuILm (PCM) containing 9% Ficoll
400 (Sieimna Chemilcal Co.. St. Louis. MO) and overlaid with
4 ml of tr-anisforimiaitioni imiediuIllm (TN ). The tiransformiation
mediumii consisted of 100 mM MES buffer, pH 5.5, 0.2 M
mannitol. and 80 mMN CaCL 2H(0. Following centrifugation at
75 x for I m1inutes. a hand of protoplasts was collected frotim
the intei-face, and the concentration was adjusted to l1Ox 107
protoplalsts/mI with TNI\

Protoplast trcansfor-mallttion wlas per-for-med in 1 2 ml Falcon
polystyrene tubes by pipetting N()-25 tl of plasmid DNA ( 1.0
mg/ml) followed by 0.(5 ml of protoplasts and 0.5 ml of 50%
PEG (polyethylene glycol. MWV -8000:. Sigma Chemical Co.,
St. Louis, MO.) dissolved in F-solution (29). Protoplasts were
incubated for 20 minutes at rooml temperature. After incubation.
330 tl of the protopl(ast solutioln Were traLnsferred to a 12-well
microcultuire dish containincy ' ml solidified 0.8% lowAvV melting
point aglarose (Betheseda Research Laboratories, Gaithersburg,
MD) in PCM. Plates were then wrapped with Parafililm and
incubatedi at 25°C in the dark tor approximately 24 hrs.

GUS activ'itv and protein determiniationi
Followinu the 24 hrs intcubation. protoplatsts wete collected and
resuspended in 300 ,ul of GUS extraction buffer (30) containing
0.1 7/f Triton X-100 (SNima Chemical Co.. St. Louis. MO). After
centrifueatiorn at 16.000 x g foi m in. a 2525 extr-act of the
protoplasts was incubated with 150 til of I tnM MUG (4-methyl

Uemhelliferyl .{-D-euIuirotlnidne) in GUSTextr-actioIn buffer in aelecti-ophoi-esis.
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96-well plate at 37°C. Reactions were stopped at various times
by adding 125 ,tl of GUS stop buffer (0.2 M CaCO3).
Fluorescence (excitation at 362 X and emission at 455 X) was
measured in a Perkin Elmer Luminescence Spectrometer LS50B
calibrated with standards of methylumbelliferone (Sigma
Chemical Co., St. Louis, MO). GUS activity was calculated from
the slope of the line generated from time points and normalized
to the protein content determined by the method of Bradford (26).

RESULTS

The FLP/FRT site-specific recombination system used in these
studies consists of two elements: plasmid DNA encoding the FLP
enzyme and test plasmids containing the FRT recombination sites
(Figs. 1 and 2). The FLP recombinase expressed from FLP
vectors should recombine test plasmid DNA within the FRT
target sites to restore expression of GUS enzyme (Fig. 1).
Expression of the FLP protein was driven by the maize Adh 1
promoter in pAeiFLP plasmid and by the maize ubiquitin
promoter in pUbiFLP plasmid (Fig. 2). Both constructs included
the first exon and intron of the respective genes. In the pAeiFLP
construction, the first intron contained 290 bp of the first Adh 1
intron fused at the Bg[l site to 81 bp of the synthetic intron from
pOG44 (Fig. 2B). Both promoters proved to be very effective
as determined in transient GUS expression assays of maize
protoplasts; however, the ubiquitin promoter was superior
(unpublished data).
The BgllI site of the first exon of the ubiquitin promoter in

pUbiGUS was chosen for insertion of the FRT sequences
following initial screening of other appropriate insertion sites.
Two different FRT sites were ligated into the BglH site-one short
37 bp FRT site referred to as FRTm and one complete 48 bp
FRT site referred to as FRT (Fig. 3). The FRTm site lacks the
third repeat which includes five additional FLP protein-DNA

Excision (intramolecular recombination)
N IVV,-F\1<

-GUS
..; ;;;;;;;.

'.%6_
*****]~~~~~~~~~~~~~~~~~~~~~~

..::::::::::3_

+GUS )

Integration (intermolecular recombination)

QIGU.'

:::I_L\\\e e ~~~~~~~0

contact sites; however, a similar FRT deletion (missing one repeat
and the same FLP protein-DNA contact sites) has been shown
to be as effective as the wild-type FRT site in in vitro assays
(18). Interestingly, insertion of the FRTm site into the pUbiGUS
resulted in higher expression of the GUS enzyme (Table 1).
Insertion of the full length FRT site resulted in reduction of GUS
expression (Table 1).
A second FRT site for intramolecular recombination of test

plasmids was created by insertion of the XbaI fragment of
pNEOfGAL into the single XbaI site of pUFRTG. Insertion of
the pNEO3GAL fragment provided supplemental sequences to
form an additional FRT site and a 1.31 kb spacer DNA which
separated the ubiquitin promoter from the gusA coding sequence
(Figure 3B). As a result, GUS activity in maize protoplasts
transformed with pU2FRTG was substantially reduced (Table
1). The reverse orientation of the ligated XbaI fragment of
pNEO3GAL should also inactivate GUS expression but should
not form functional FRT sites. pU2FRTmG rev. and pU2FRTG
rev. vectors were used to demonstrate that fully functional FRT
sites were required to obtain activation of GUS expression by
the FLP protein (Table 1, Fig. 3B).
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Figure 1. General strategy for observing FLP/FRT mediated intra- and
intermolecular recombinations between plasmid DNAs in maize and rice

protoplasts. GUS + and GUS - represent vectors either capable or incapable of

expressing the GUS enzyme.

Figure 2. The FLP expression vectors used to study activity of a yeast FLP/FRT
system in plant protoplasts. (A) Components of the recombination system to test
the DNA excision reaction catalyzed by the FLP protein. FLP enzyme can be
produced by either pAeiFLP or pUbiFLP. (B) Sequence of the junction sites
between cloned FLP coding sequence and adhl or ubiquitin maize promoters.
Thick lines indicate an open reading frame of adhl gene or the translation start
codon for FLP protein synthesis in the pUbiFLP vector. Note that the first exon
of the maize ubiquitin gene, in contrast to the adhl first exon, is not translated.
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Table 1. GUS activities in imiaize protoplasts transformed wvith vectors
containing FRT sites and the FLP gcnc.

Plasrild DNA uLsed tor GUS activity
transformation (nimiol MU mlmin mg proteini)

- DNA
pUbiGUS
pUFRTmG
pUFRTG

pU2FRTmG
pU2FRTmG rev.
pU2FRTG
pU2FRTG rev.

pUbiFRT
pFRTGUS
Co-transformed with pUbiFLP:
pU2FRTmG
pU2FRTmG rev.
pU2FRTG
pU2FRTG rev.

pUbiFRT +pFRTGUS

101 -t 0.05
70 ± 8
136 ± 32
40 3'

1.5 ±(0.1
1.9 + 0. 1
0.3 -i)0.05

0.14 ±t- 0.04
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activity of four independent meCa.s1Urcicmets (totall of tw.el% timeic poin1 ts
standalrd error.

A.
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0111
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e: on exon
translation startpU2FRTG rev.
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rZ2.77-1 GUS coding sequence LX\\ Ubiquitin promoter

Figure 3. Structure of the FRT site-containing vectors. (A) A single full or shor-t
FRT site was ligated into the BglII site of the ubiquitin first exon. Astel-isks shoss
the FLP binding sites as presented by Sciencoff et al.. (35). Arrows denote 13
bp inverted repeats. pUFRTmG vector contained only one 13 bp repeat and one

shorter 11 bp inverted repeat. This FRT site lacks tlve FLP protein contact sites.
(B) Insertion of the XbaI fragment of pNEO3GAL into the XAbI site of the FRT
vectors provided the second FRT site and led to inactivation of GUS expression.

Description of the pNEOQGAL can be found in (15).

Activity of the FLP protein was monitored by assaying transient
GUS activity in maize protoplasts co-transformed with pAeiFLP
and pU2FRTmG. GUS activity was higher in co-transformed
protoplasts than in protoplasts transformed with only pU2FRTmG
(Fig. 4A). The restored GUS expression was approximately

Figure 4. (A) GUS activitv in m1;aizc protoplasts co-tr1ansfomcd with pAciFtP
(or FlIP cxprCssioln) and pU2FRTI-nG (thec FRI site-containling) vectors. (BH GUiS

activity in mialuzl proto Iasts co-transbforittd ssith sai-vine lamounts ((0--5(01 g) o1

pAeiFLP DNA "iild pU FRIiG vctoirs. Totdl D)NA Lise(i was adjUSted to 1 (X)
it with sonicatcd s admon sperm DNA. Note thalt thc pAciFLP vcctot- (25
lone in the transtorm stion mIeCdiulm did Inot iIdCILIeC eXpI-rSsion] of GtUS in pr-otoplasts
ahovc hacket ouLMi.

of that observed after pr-otoplast trainsfoiioiration with the conitirol
pUFRTmnG. GUS activity in maize protoplasts transformed with
only pAeiFLP was similar to background GUS activity (Fig. 4B).
Thus, the FLP/FRT i-ecombination systerm appeared to be
functional in maize protoplasts. This was further substantiated
by the increase of GUS activitv in imaize protoplasts co-

transformed with increasine amounts of pAeiFLP DNA
(Fig. 4B). This indicated not only that an increase in GUS
expression was dependent on the amount of the FLP enzyme

present, but also that the amount of the FLP protein might limit
the recombination process.
The stronger ubiquitin promoter was used to increase the

amount of FLP proteill in co-transformiied protoplasts. Table 1
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42.

E: vectors containing minimal FRT
[9 vectors containing full FRT
m 2FRT reverse vectors

46.6

13

4.4 5.2
0.35 ~0.31 0.52 1.3

NA pUFRTmG pU2FRTmG pU2FRTG pU2FRTmG pU2FRTG
pUbiGUS pUFRTG,

- pUbiFLP + pUbiFLP
Plasmid DNA

Figure 5. GUS activity in rice protoplasts co-transformed with a set of DNA
vectors to test the activity of the FLP/FRT recombination system. Co-
transformation conditions and GUS assays were the same as for maize protoplasts
(Table 1) except CPW medium was used to resuspend protoplasts before
transformation rather than the TM medium used for maize protoplast
transformation(37).

shows GUS activities in corn protoplasts following transformation
using plasmids containing either one or two FRT's and in
combination with the pUbiFLP expression vector. When
pUbiFLP was introduced into maize protoplasts along with the
test plasmids, GUS activities were restored for both pU2FRTmG
and pU2FRTG to 81 % and 45% of the respective control
treatments. Reactivation of GUS in the presence of pUbiFLP and
the vectors containing both FRT's indicated that FLP protein
catalyzed excision of the 1.31 kb fragment. When the FRT's were
mutated by the reverse ligation of the 1.31 kb fragment
(pU2FRTmG rev. and pU2FRTG rev.), GUS activity was not
restored indicating that these FRT sites were not recognized by
the FLP protein (Table 1).
The FLP protein can catalyze recombination between two

separate DNA molecules. To observe such intermolecular
recombination at the FRT sites, the ubiquitin promoter or the
gusA coding sequence was removed from pU2FRTmG to form
pFRTGUS and pUbiFRT, respectively. Introduction of two FRT
sites into protoplasts on two separate DNA molecules (pUbiFRT
and pFRTGUS) produced approximately a 4-fold increase in GUS
activity above background activity in protoplasts transformed with
pFRTGUS alone (Table 1). This activity was 15% of the positive
control (protoplasts transformed with pUFRTmG) (Table 1). The
relatively high background expression of GUS in pFRTGUS
transformed protoplasts (6 + I unit) might be the result of the
entire first intron and part of the ubiquitin first exon being present
in this vector.
The FLP/FRT recombination system has also been tested in

rice protoplasts (Fig. 5). The recombinase-mediated excision of
DNA proved to be as effective in rice as in maize protoplasts.
The same pattern of response was observed for the different
plasmid constructions containing FRTs. Co-transformation of rice
protoplasts with pUbiFLP and either pU2FRTmG or pU2FRTG
gave 75% and 31 % restoration of the control GUS activity.
Vectors containing inactive FRT sites gave only 1-2% of the
control GUS activity (Fig. 5).

Figure 6. Electrophoretic analysis of PCR amplified products of total DNA isolated
from co-transformed maize protoplasts. (A) Products of the PCR amplification
reactions. The primers used are described in the Materials and Methods section.
Lanes 1 and 8 are kb ladders (BRL). Lanes 5-7 represent the amplification
products of total DNA isolated from x 107 maize protoplasts treated with no
DNA (lane 5), pUFRTmG (lane 6), and co-transformed with pUbiFLP and
pU2FRTmG (lane 7). Lanes 3, 4 show the amplification products of pUFRTmG
and pU2FRTmG plasmid DNA (5 ngs), respectively. Lane 2 shows negative
control of PCR reaction - no template DNA. (B) Southern blot analysis of DNA
amplified by PCR reactions. After separation of the PCR products on an agarose
gel, DNA was transferred onto a nylon membrane and hybridized to the 32P-
labeled probe (first intron of the ubiquitin gene). Lanes 4, 5. and 6 represent
hybridization patterns of the PCR products from total DNA isolated from
transformed protoplasts. The 1.18 kb fragment amplified by the PCR procedure,
as a result of FLP-mediated recombination reaction, contains sequences hybridizing
to the first intron of the ubiquitin gene.

PCR analysis of total DNA isolated from co-transformed maize
protoplasts indicated the presence of recombinant plasmid DNA
molecules (Fig. 6). The two primers used for the analysis amplify
the region between the ubiquitin transcription start and the 5'
end of the gusA coding sequence. The length of this region is
2.49 kb in pU2FRTmG and pU2FRTG. After removal of the
1.31 kb fragment as a result of the recombination reaction, the
amplified region should be reduced to 1.18 kb and should then
be equivalent to the amplification product of pUFRTG DNA.
The fragment of 1. 18 kb was identified in the products of the
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PCR reaction using total DNA isolated from maize protoplasts
co-transformed with pU2FRTmG and pUbiFLP as a temnplate
(Fig. 6A, lane 7). The identity of this fragment was confirmed
through hybridization using a probe specific to the first intron
of the ubiquitin gene (Fig. 6B, lane 6).

DISCUSSION

Relatively simple site-specific recombination systems of
prokaryotes and eukaryotic yeast provide potential fok)
manipulations of eukaryotic genomic DNA. The Cre/lox system
of the bacteriophage P1 has already proven its usefulness. It has
been used to remove selectable markers (hlpt and ALS" genes)
from the genome of transgenic tobacco cells (31.32) and to stabilize
expression of (-galactosidase in transgenic mouse cells (6).

Eukaryotic recombination systems (from yeast plasmids.)
however, may be more effective for operation in the nucleus of
eukaryotic organisms. Due to the complexity of eukaryotic
chromatin, prokaryotic recombinases may be less efficient in
recognizing specific sites and performing the recombination
reactions. O'Gorman et al. (15) observed greater efficiency of the
FLP/FRT recombination system versus the Cre/lox system in
mouse cells; however, the observed effect might have been related
to either the activity of the recombinases or differences in the vector
constructions. For higher plant cells, the choice of site-specific
recombination systems is limited. Despite the advanced research
on the prokaryotic Cre/lox system (32,33) and successful
expression of a mutant Gin recombinase in Arahidopsis thialica
and tobacco protoplasts (9), only one eukaryotic site-specific
recombination system (the R/RS system of yeast) has been
demonstrated to function in plant cells prior to this report (10).
The results presented here show that the FLP recombinase of

yeast can promote the site-specific recombination between FRT
sites in both maize and rice cells. This conclusion is based on
the following evidence. Transient expression of the GUS enzyme
from recombination test vectors increased in protoplasts co-
transformed with functional FLP expression vectors, and the
magnitude of this increase depended on the amount of co-
transformed plasmid DNA containing the FLP gene.
Additionally, higher expression of GUS protein in co-transformed
protoplasts was observed when a stronger promoter was used
to drive expression of the FLP protein. The increase in GUS
expression was abolished if the FRT sites in test vectors were
mutated. Lastly, the products of the site-specific recombination
reaction were identified in co-transformed protoplasts.
When the stronger maize ubiquitin promoter was placed in the

FLP gene vectors instead of the Adh 1 promoter. the restored GUS
activity increased from approximately 10% to 60-90%7( of the
corresponding positive control (protoplasts transformed with
pUFRTmG). This indicated that, when using pAeiFLP. the
amount of the FLP protein expressed was too small to saturate
the recombination system at the time of GUS activity assays. A
large excess of FLP expression vector DNA relative to test
plasmid DNA in a transformation mixture could increase the
efficiency of the recombination reaction (15, Fig. 4B). However.
as demonstrated in this paper, the use of a stronger promoter
to drive expression of the FLP protein would appear to be a better
solution for obtaining high recombination signals.
The high efficiency of FLP catalyzed DNA excision found in

our experiments when using the short FRT recombination sites
may be related to the reversibility of the recombination reaction.

intermolecular- reactions (14. 36. Tlble 1). Alteration of the
structure of the FRT sites waLls onec appIoach to ailter the r-ates
of the recombination reactions in each direction (35). Javaram
(36) sho\wed that the FRT site when composed of only two repeats

(comparable to the FRTm site used in this study) was virtually
a non-substrate for the interinmoleculai- recoimibination in bacteiria
cells, but the DNA excision realction waL1s still detectable. Morris
et al. ( 14). using similar synthetic ERT sites, observed 60-100I
efficiencx of excisions and veryr low numlber- of integration events
in insect embryos. In contrast. the coimiplete FRT sites used by
O'Gorman et al. ( 15) yielcded low efficiency of excisions

(8-47%c) but a high number of interation events in Imlousc and
monkey cells. We have demonstrated vairing efficiencies of

accumulation of excision products based upon the structure of

the FRT sites integrated into otherwise identical DNA vectors.
Under the same conditions in either maize or rice protoplasts.
plasmid DNA with the full length FRT sites gave only a modest
increase in GUS expression (25- 50%7 of thc control treatmiient)
as compared to the short FRT sites (60-90%).
The obvious next step in research on the veast FLP/FRT s5 stem

in plants is to show its interactions w\ith cenomic DNA. We do
not anticipate major difficulties in this search since a similar R/RS
recombination systemn (10). as well as otheI prokaryotic
recombination systems (8,9). were able to recognize their target
sites once integrated into genomi c DNIA.
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