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To overcome the limited availability of antibiotic resistance markers in filamentous fungi, we adapted the
FLP/FRT recombination system from the yeast Saccharomyces cerevisiae for marker recycling. We tested this
system in the penicillin producer Penicillium chrysogenum using different experimental approaches. In a
two-step application, we first integrated ectopically a nourseothricin resistance cassette flanked by the FRT
sequences in direct repeat orientation (FRT-nat1 cassette) into a P. chrysogenum recipient. In the second step,
the gene for the native yeast FLP recombinase, and in parallel, a codon-optimized P. chrysogenum flp (Pcflp)
recombinase gene, were transferred into the P. chrysogenum strain carrying the FRT-nat1 cassette. The
corresponding transformants were analyzed by PCR, growth tests, and sequencing to verify successful recom-
bination events. Our analysis of several single- and multicopy transformants showed that only when the
codon-optimized recombinase was present could a fully functional recombination system be generated in P.
chrysogenum. As a proof of application of this system, we constructed a �Pcku70 knockout strain devoid of any
heterologous genes. To further improve the FLP/FRT system, we produced a flipper cassette carrying the FRT
sites as well as the Pcflp gene together with a resistance marker. This cassette allows the controlled expression
of the recombinase gene for one-step marker excision. Moreover, the applicability of the optimized FLP/FRT
recombination system in other fungi was further demonstrated by marker recycling in the ascomycete Sordaria
macrospora. Here, we discuss the application of the optimized FLP/FRT recombination system as a molecular
tool for the genetic manipulation of filamentous fungi.

Site-specific recombination is an important molecular tool
for functional genetic studies in both prokaryotes and eu-
karyotes and is mediated by two major recombinase families,
the resolvase/invertase family and the integrase family (9, 65).
The resolvase/invertase family is characterized by the con-
served catalytic amino acid serine, which allows intramolecular
reactions, whereas the integrase family is able to mediate both
intra- and intermolecular recombinations due to an autocata-
lytic activity of the conserved residue tyrosine (19, 35). The
best-studied members of the integrase family are the � inte-
grase of bacteriophage �, the recombinase Cre of Escherichia
coli bacteriophage P1 (1, 62), the XerCD proteins of E. coli (6),
and the eukaryotic FLP recombinase of the yeast Saccharomy-
ces cerevisiae (9, 51). Common to all these systems are two
different or identical recognition sites that serve as the DNA
substrate for the recombinase.

In recent years, recombinases have become important tools
to manipulate genetically prokaryotes as well as eukaryotes. In
this study, we have modified the FLP/FRT recombination sys-
tem from yeast for application in filamentous fungi. The FLP/
FRT recombination system is encoded by the 2�m (6.4 kb)
plasmid that is present in most isolates of S. cerevisiae. Due to

its stable partitioning and amplification system, this plasmid is
available with a copy number of 60 to 100 copies per cell (16,
63). If the copy number drops below a certain level, the 45-kDa
FLP recombinase catalyzes recombination between two 599-bp
sites. These sequences are present in inverted orientation and
allow the 2�m plasmid to exist in two conformations, namely,
the A conformation when it is silent and the B conformation
when it can replicate itself and thus maintain a constant plas-
mid copy number per cell (64). Analysis of the 599-bp inverted
repeat sequence revealed that only 34 bp, the FLP recognition
targets (FRT), are necessary for successful recombination (54).
For every FLP-mediated recombination, a total of four FLP
recombinases and two FRT sequences are needed. Two of the
four proteins bind to one FRT sequence because every FRT has
two 13-bp FLP-binding sites which are interrupted by an 8-bp
spacer region. In this spacer DNA strand breakage takes place,
producing 8-bp overhanging ends. After strand breakage, the
overhanging ends of the two FRT fragments come together by
complementary base pairing so that a recombinant FRT se-
quence is generated (2, 51).

The FLP/FRT recombination system has been successfully
applied in model organisms such as E. coli (10, 55) as well as in
pathogenic and nonpathogenic Gram-negative and Gram-pos-
itive bacteria (53). In addition to prokaryotes, the FLP/FRT
recombination system has been adapted for use in several
eukaryotes (26). For example, it is well established in diverse
yeasts (11, 41, 57, 60) and has been used successfully to modify
the genomes of higher eukaryotes, including animal and hu-
man cell lines (5, 37, 58). Despite this tool’s application in
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higher eukaryotes, it has not yet been used in filamentous
fungi. We present the first application of the FLP/FRT recom-
bination system in a filamentous fungus, the major penicillin
producer Penicillium chrysogenum. A limiting factor to manip-
ulate P. chrysogenum genetically is the small number of suitable
resistance markers. To overcome this problem, we generated a
codon-optimized FLP/FRT recombination system to establish
an efficient marker recycling system in this fungus. Using the
optimized FLP/FRT recombination system, we demonstrate in
a two-step approach the functionality of this system by con-
struction of a marker-free P. chrysogenum strain lacking the
ku70 (Pcku70) gene for optimized homologous recombination.
A further advancement was the construction of a novel induc-
ible nat1 flipper cassette allowing marker recycling in a one-
step approach. The broader applicability of this recombination
system was finally shown by its use in the model ascomycete
Sordaria macrospora (34).

MATERIALS AND METHODS

Strains, culture conditions, and transformation procedure. E. coli strain K-12
XL1-blue (Stratagene) was used for plasmid construction and maintenance (7).
All P. chrysogenum and S. macrospora strains used in this study are listed in Table
1. P. chrysogenum P2niaD18 and the �Pcku70 strain lacking the Pcku70 gene (22)
as well as the S. macrospora wild-type strain (34) served as recipients for the
integration of different FRT-flanked resistance cassettes.

All P. chrysogenum strains were grown at 27°C and 120 rpm for 3 days in liquid
complex culture medium (CCM) or minimal medium (MM) or grown on solid
CCM or MM (21, 39). To induce the P. chrysogenum flp (Pcflp)-mediated
site-specific recombination, appropriate strains were grown on solid MM sup-
plemented with 2% xylose (25). Liquid or solid Burkholder’s minimal medium
(BMM) was used for the cultivation of the S. macrospora strains (45).

Transformation of individual P. chrysogenum strains was performed as de-
scribed by Janus et al. (25) and Hoff et al. (22). Transformation of S. macrospora
was preformed according to Nowrousian et al. (45). Transformants were selected
by growth on medium containing 150 �g ml�1 nourseothricin, 40 �g ml�1

phleomycin, or 7 �g ml�1 pyrithiamine.
Growth tests. Recombination events in transgenic strains were detected by

growth tests on MM and CCM containing 200 �g ml�1 nourseothricin, 40 �g
ml�1 phleomycin, or 7 �g ml�1 pyrithiamine. Strains were grown for 5 days at
27°C. All transformants and the wild-type strains were grown on CCM without
selection, as positive controls.

Construction of recombinant plasmids. For construction of the FRT-nat1
cassette, the FRT sequences of the native FLP/FRT recombination system were
used to flank the nourseothricin resistance gene (nat1) of Streptomyces noursei at
the 5� and 3� ends. For this purpose the complementary oligonucleotides FRT1
and FRT2 were annealed to obtain the 5� FRT sequence, and the primers FRT3
and FRT4 were used to generate the 3� FRT sequence. The 5� FRT was first
inserted between the PstI and BamHI restriction sites of plasmid pD-NAT1 (32),
generating plasmid pDNAT1-FRT1. This plasmid was then hydrolyzed with SacI

and NotI and used for ligation with the 3� FRT. The resulting plasmid carries the
full FRT-nat1 cassette and was named pDNAT1-FRT1-2.

In the case of plasmid pKOKU70_Phleo, a 5� ku70-FRT fragment was amplified
with primers 5�ku70FRT_s and 5�ku70FRT_a, and PCR with pKOKU70 as a tem-
plate was conducted as published by Hoff et al. (22). The resulting 1.1-kb amplicon
was ligated into plasmid pDrive (Qiagen, Hilden, Germany), and DNA sequencing
was done by custom-provided services (MWG-Biotech, Germany). Plasmid
pD5ku70FRT was hydrolyzed with KpnI-BamHI and the 5� ku70-FRT fragment was
ligated into plasmid pD-Phleo (22) using the corresponding restriction sites. The
resulting recombinant plasmid was named p5ku70FRT_Phleo. In the next step,
oligonucleotides 3�ku70FRT_s and 3�ku70FRT_a were annealed, and the resulting
3� FRT site was ligated into p5ku70FRT_Phleo using EcoRI-HindIII restrictions
sites to generate plasmid p53ku70FRT_Phleo. In a final step, plasmid pKOKU70
was hydrolyzed with NotI and HindIII, and the obtained 3� ku70 fragment was
ligated in p53ku70FRT_Phleo using the corresponding restriction sites. The result-
ing plasmid was designated pKOKU70_Phleo and carries the complete FRT-ku70
cassette together with the integrated ble gene under the control of the trpC promoter
[trpC(p)] from Aspergillus nidulans.

For construction of plasmid pPTRII_FLP the recombinase gene was amplified
with the primers 5-FLP and 3-FLP from plasmid pSFU1 (40) and further sub-
cloned into pDrive (Qiagen, Germany) for DNA sequence analysis. In the
resulting recombinant plasmid, the flp gene was flanked by the NcoI and SalI
sites, which were used in a subsequent step to integrate flp behind the strong trpC
promoter of plasmid pD-Phleo. In this plasmid a 1.7-kb KpnI fragment carries
the fungal trpC promoter upstream of the flp gene. In order to generate a fungal
transformation vector the 1.7-kb fragment was inserted in the free-replicating
plasmid pPTRII (31). This new vector was named pPTRII_FLP.

The optimized Pcflp recombinase gene was cloned into plasmid pUC57PcFLP
(GenScript). The sequence was further modified by amplification with primers
P3, P4, and pUC57PcFLP as templates. Since primer P4 contains recognition
sequences for KpnI and HindIII, the recombinant Pcflp sequence was flanked by
these restriction sites. The resulting Pcflp gene, with a size of 1.3 kb, was ligated
into pDrive, sequenced (MWG-Biotech, Germany), and subsequently isolated
using NcoI-HindIII restriction sites. This fragment was ligated into plasmid
pD-Phleo using restriction sites NcoI-HindIII. The resulting recombinant plas-
mid, carrying the Pcflp gene under the control of the trpC promoter, trpC(p),
from A. nidulans, was designated pPtrpCPcFLP. In a final step, the trpC(p)-Pcflp
fragment was digested with KpnI and cloned into the unique restriction site of
plasmid pPTRII to generate plasmid pPTRII_PcFLP.

Plasmid pGPS2.1-Pcflp was designed as described by Dreyer et al. (12) with
the following modifications: plasmid pPtrpCPcFLP was hydrolyzed with KpnI to
isolate the Pcflp gene under the control of the trpC promoter, which was then
integrated into pGPS2.1-hph.

The nat1 flipper cassette was designed by first annealing the complementary
oligonucleotides 5FRTlong_s and 5FRTlong_a as well as 3FRTlong_s and
3FRTlong_a to produce either the 5� FRT or 3� FRT sequence. The 3� FRT
fragment was introduced into the NotI-ApaI restriction sites of plasmid pTOPO
(Invitrogen, Germany). The resulting plasmid p3FRT was digested using HindIII
and SacI for insertion of the 5� FRT site to produce p53FRT. The next step
involved eluting a 1.0-kb cassette containing the nat1 marker gene under the
control of the trpC promoter from plasmid pD-NAT1 and inserting it into the
BamHI-SacI restriction sites of plasmid p53FRT to generate p53FRTnat. Fi-
nally, p53FRTnat was hydrolyzed with NotI and BamHI to integrate the 3.0-kb

TABLE 1. Fungal strains used in this study

Organism Strain Genotype Reference

P. chrysogenum P2niaDi8 Penicillin producer; niaD� 23
�Pcku70 �Pcku70::trpC(p)::nat1 22
PcFRT1 FRT::trpC(p)::nat1::FRT This study
PcFRT2Y FRT::trpC(p)::nat1::FRT trpC(p)::flp ptrA(p)::ptrA This study
PcFRT2P FRT trpC(p)::Pcflp ptrA(p)::ptrA This study
�Pcku70FRT1 �Pcku70::FRT::trpC(p)::ble::FRT This study
�Pcku70FRT2 trpC(p)::Pcflp ptrA(p)::ptrA �Pcku70::FRT This study
PcFLIP1 FRT::xyl(p)::Pcflp::trpC(p)::nat1::FRT This study
PcFLIP2 FRT This study

S. macrospora SmFRT1 FRT::trpC(p)::nat1::FRT trpC(p)::Pcflp trpC(p)::hph This study
SmFRT2P FRT trpC(p)::Pcflp trpC(p)::hph This study
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xylP-Pcflp construct; the resulting plasmid was named pXPcFLPnatFRT and
contained the complete nat1 flipper cassette. The sequences of all oligonucleo-
tides and features of recombinant plasmids are given in Tables 2 and 3.

Molecular analysis of fungal transformants. Genomic DNA from both primary
and secondary transformants was isolated as described previously (22, 48). For
molecular analysis, genomic DNA of transformants from strain PcFRT1 was hydro-
lyzed with BamHI, separated by agarose gel electrophoresis, and blotted for South-
ern hybridization (52). A 32P-radiolabeled, 0.9-kb nat1 fragment was chosen as the
probe. Bulk DNA was used for PCR analysis (23), followed by agarose gel electro-
phoresis to separate the amplicons. Template DNA from primary transformants or
plasmid pDNAT1-FRT1-2 served as a positive control and generated a fragment of
1.3 kb with primers FN_s and FN_a (see Fig. 2). However, both primers amplified
a 0.2-kb DNA molecule when DNA from secondary transformants PcFRT2Y
(PcFRT2 carrying the yeast flp gene), PcFRT2P (PcFRT2 carrying the Penicillium-
optimized codon usage), and SmFRT2 (S. macrospora secondary transformant) was
used. The 0.2-kb fragment was sequenced (MWG, Germany) and further analyzed
using the program LALIGN http://www.ch.embnet.org/software/LALIGN_form
.html). In the case of strain PcFLIP1, the PCR analysis using genomic DNA gen-
erated fragments with sizes of 2.5 and 3.1 kb, whereas a 0.3-kb amplicon could be
detected in the PcFLIP2 strain.

Bioinformatics analysis. In order to construct a codon-optimized flp gene, the
codon usage of P. chrysogenum was analyzed using databases at http://www.kazusa
.or.jp/codon/ and genome sequence data from van den Berg et al. (61). To decrease
the GC content in the optimized recombinase sequence, not only the optimal codon
triplets were chosen but also triplets in the second or third preference. After optimal
codon selection, codon optimization was verified by using the program JCat (Java
Codon Adaptation Tool [http://www.jcat.de/]) (18). The adapted recombinase se-
quence was extended at both ends using the restriction enzymes NcoI and BamHI
and sent to GenScript (Piscataway, NJ) for custom synthesis and cloning into
pUC57PcFLP. The resulting recombinant gene was named Pcflp.

RESULTS

Construction of the FRT-nat1 cassette and generation of
primary transformants. To generate a functional FLP/FRT
recombination system, we constructed an FRT-nat1 cassette in

which the nourseothricin resistance gene (nat1) of Streptomy-
ces noursei is flanked by two FRT sites in direct-repeat orien-
tation. In this construct, which is contained in plasmid
pDNAT1_FRT1-2, the nat1 gene encoding an N-acetyltrans-
ferase is under the control of the strong and constitutive fungal
trpC promoter from A. nidulans (32). For fungal DNA-medi-
ated transformation, a 1.5-kb EarI restriction fragment from
pDNAT1_FRT1-2, in which the FRT-nat1 cassette is flanked
by short bacterial plasmid sequences, was used.

The ectopic integration of this linear DNA fragment into the
P. chrysogenum recipient strain P2niaD18 generated a large
number of primary transformants (PcFRT1). To confirm the
presence of the FRT-nat1 cassette in PcFRT1 transformants,
oligonucleotides FN_s and FN_a were used for PCR amplifi-
cation from genomic DNA. The primers hybridize to the bac-
terial sequences of the linear transformation fragment, thus
allowing amplification of the ectopically integrated cassette
that otherwise is flanked by uncharacterized genomic DNA
sequences. As expected, a 1.3-kb fragment was detected in
all transformants (data not shown). Six recombinant strains,
designated T2, T3, T4, T11, T12, and T18, were chosen for
Southern hybridization analysis. The autoradiograph in Fig. 1B
obtained from hybridization with a nat1 gene fragment as a
radio-labeled probe identified a single band in strains T2 and
T4, indicating that single-copy integration events of the FRT-
nat1 cassette had taken place. In contrast, the several bands
found in the other lanes indicate multicopy transformants.
T11, which had four hybridizing bands, was chosen for further
analysis as a representative example of a multicopy FRT-nat1

TABLE 2. Sequences of oligonucleotides used in this work

Oligonucleotide Sequence (5�–3�) Specificitya

FRT1 GGAAGTTCCTATACTTTCTAGAGAATAGGAACTTCG 5� FRT sense � PstI � BamHI
FRT2 GATCCGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCCTGCA 5� FRT antisense � PstI � BamHI
FRT3 CGAAGTTCCTATACTTTCTAGAGAATAGGAACTTCGC 3� FRT sense � SacI � NotI
FRT4 GGCCGCGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCGAGCT 3� FRT antisense � SacI � NotI
5FRTlong_s AGCTTGAAGTTCCTATACTTTCTAGAGAATAGGAACTTCGAGCT 5� FRT sense � HindIII � SacI
5FRTlong_a CGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCA 5� FRT antisense � HindIII � SacI
3FRTlong_s GGCCGCGAAGTTCCTATACTTTCTAGAGAATAGGAACTTCGGGCC 3� FRT sense NotI � ApaI
3FRTlong_a CGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCGC 3� FRT antisense NotI � ApaI
5�ku70FRT_s GGTACCATCCTCCATTTGCGCGCTTTCCCT pKOKU70 (nt 285–308) � KpnI
5�ku70FRT_a GGATCCGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCTGTTAG

CAAGTAGGTATCCTCGGGAGATTGGAAATATTAAAAGGTGTAAA
pKOKU70 (nt 1256–1305) � BamHI

3�ku70FRT_s AATTCGAAGTTCCTATACTTTCTAGAGAATAGGAACTTCA 3� FRT sense � EcoRI � HindIII
3�ku70FRT_a AGCTTGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCG 3� FRT antisense � EcoRI � HindIII
5-FLP CTCCATGGGAATGCCACAATTTGGTATATTATGTAA flp gene of plasmid pSFU1 (nt 1–26) �

NcoI
3-FLP GAGTCGACATAGGTACCTTATATGCGTCTATTTATGTAGGATGAA

AGGT
flp gene of plasmid pSFU1

(nt 1250–1281) � KpnI � SalI
P1 GCGGGCAGTGAGCGCAACGCAATTAA pXPcFLPnat1FRT (nt 84–109)
P2 GGCCTCTTCGCTATTACGCCAGCT pXPcFLPnat1FRT (nt 4444–4467)
P3 ATCTAGATACCATGGGTATGCCCCAGTT pUC57PcFLP (nt 424–451)
P4 TAAAGCTTAATGGTACCTAGGATCCTTAGATGCGGCGGT pUC57PcFLP (nt 1699–1720) � KpnI �

HindIII
P5 CTCCTCTGGGTAGGTCTTAAGCTG 5� flanking region of Pcku70 (22)
P8 CCCCCAGGTGGCCAAAGCATCTT 3� flanking region of Pcku70 (22)
FN_s CCCAGGCTTTACACTTTATGCTT pNATFRT1-2 (nt 135–157)
FN_a CCAGTGAATTGTGCGGCCATTT pNATFRT1-2 (nt 1420–1441)
recombinant_FRT GTGAGCGGATAACAATTTCA Recombinant FRT sequence

(nt 182–201)

a nt, nucleotide.
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transformant. Both the single- and multicopy strains were used
to generate secondary transformants.

Synthesis of a codon-optimized flp recombinase gene for
construction of an expression plasmid. When we compared
the codon bias of the native flp recombinase gene from yeast
with the general codon usage in P. chrysogenum using the
online databases at http://www.kazusa.or.jp/codon/ and the ge-
nome sequence of P. chrysogenum (61), we found distinct dif-
ferences. For example, in the native flp gene, the amino acid
arginine is mostly encoded by the triplets AGA and AGG but
never by codon CGC. In contrast, CGC is the favored codon
for arginine in P. chrysogenum, with AGA and AGG being
used only in �10% of cases (data not shown). Furthermore,
the S. cerevisiae flp gene has a GC content of 37%. In contrast,
the nuclear genome of P. chrysogenum has an overall GC
content of 48.9%, with exon regions having a GC content of
52.8% and intron sequences having a lower GC content of
45.3% (61). Due to these differences between S. cerevisiae and
P. chrysogenum, the codon usage bias for each amino acid in
the flp recombinase gene was determined. Based on these
properties, we decided to synthesize an flp recombinase gene
with a bias for preferred P. chrysogenum codons.

In a first attempt, we generated a codon-optimized recom-
binase gene in silico with a GC content of 61%. Since P.
chrysogenum exons have an average GC content of 52.8%, we
generated in silico a second version with a mixture of codons

used in the first, second, and third preferences. The resulting
sequence had a GC content of 57% with 73% DNA homology
to the native flp recombinase gene, despite modification of
over 66% of all triplets. To determine whether the modified
Pcflp sequence was mostly compatible for P. chrysogenum, we
used the program JCat (18) for codon adaptation. This pro-
gram compares the sequence of any gene with the codon usage
database of a chosen organism. As a database for P. chrysoge-
num is not available in JCat, the database of the next most
closely related filamentous fungus, Aspergillus niger, was used
to test the quality of the codon adaptation as the species have
a very similar codon usage (47, 61). The codon adaptation
index (CAI) was calculated for both the native flp gene and the
codon-optimized Pcflp sequence. The CAI can have a value
between 0 and 1; the more the CAI tends to 1, the less opti-
mization is needed. The native flp recombinase gene has a CAI
of 0.17, indicating that this gene is not fully suitable for optimal
expression in P. chrysogenum. In contrast, the CAI of 0.81 of
the codon-adapted Pcflp recombinase gene (see Fig. S1 in the
supplemental material) is a strong indicator that this gene can
be used for optimal expression in filamentous fungi.

Expression of the native and codon-adapted FLP recombi-
nase genes in P. chrysogenum. Using the primary PcFRT1
transformants T2, T4, and T11, we generated secondary trans-
formants that carry either the yeast gene (flp) or the codon-
optimized recombinase gene (Pcflp) by transformation with the

TABLE 3. Plasmids used to establish the native and optimized FLP/FRT recombination system in P. chrysogenum

Plasmid Characteristic(s)a Reference or
source

pD-NAT1 trpC promoter of A. nidulans, nat1 gene of S. noursei 32
pDNAT1-FRT1 trpC promoter of A. nidulans, 5� FRT sequence, nat1 gene of S. noursei This study
pDNAT1-FRT1-2 5� FRT sequence, trpC promoter of A. nidulans, nat1 gene of S. noursei, 3� FRT sequence This study
pKOKU70 5� ku70 fragment, trpC promoter of A. nidulans, nat1 gene of S. noursei, 3� ku70 fragment 22
pD5ku70FRT 5� ku70 fragment This study
p5ku70FRT_Phleo 5� ku70 fragment, 5� FRT sequence, trpC promoter of A. nidulans, ble resistance gene of

S. hindustanus
This study

p53ku70FRT_Phleo 5� ku70 fragment, 5� FRT sequence, trpC promoter of A. nidulans, ble resistance gene of
S. hindustanus, 3� FRT sequence

This study

pKOKU70_Phleo 5� ku70 fragment, 5� FRT sequence, trpC promoter of A. nidulans, ble resistance gene of
S. hindustanus, 3� FRT sequence, 3� ku70 fragment

This study

p3FRT 3� FRT sequence This study
p53FRT 5� FRT sequence, 3� FRT sequence This study
p53FRTnat 5� FRT sequence, trpC promoter of A. nidulans, nat1 gene of S. noursei, 3� FRT sequence
pXPcFLPnatFRT 5� FRT sequence, xyl promoter of P. chrysogenum, Pcflp gene, trpC promoter of A.

nidulans, nat1 gene of S. noursei, 3� FRT sequence
This study

pSFU1 URA3 flipper cassette 40
pDrive UA-based PCR cloning Qiagen, Germany
pDFLP flp gene This study
pD-Phleo trpC promoter of A. nidulans, ble resistance gene of S. hindustanus 22
pPtrpCFLP trpC promoter of A. nidulans, Pcflp gene This study
pPTRII Self-replicating plasmid; ptrA resistance gene of A. oryzae, AMA1 sequences of

A. nidulans
31

pPTRII_FLP trpC promoter, flp gene, ptrA resistance gene of A. oryzae, AMA1 sequences of
A. nidulans

This study

pUC57PcFLP Pcflp gene GenScript
pPtrpCPcFLP trpC promoter of A. nidulans, Pcflp gene This study
pPTRII_PcFLP trpC promoter, Pcflp gene, ptrA resistance gene of A. oryzae, AMA1 sequences of

A. nidulans
This study

pGPS2.1-hph trpC promoter of A. nidulans, hph of K. pneumoniae, left and right borders from
transposon Tn7 (New England Biolabs)

12

pGPS2.1-PcFLP trpC promoter of A. nidulans, hph of K. pneumoniae, left and right borders from
transposon Tn7 (New England Biolabs), Pcflp gene

This study

a S. hindustanus, Streptoalloteichus hindustanus; K. pneumoniae, Klebsiella pneumoniae.
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self-replicating plasmids pPTRII_FLP and pPTRII_PcFLP, re-
spectively. The resulting transformants, carrying the yeast gene
(PcFRT2Y) or the synthetic recombinase gene with the Peni-
cillium-optimized codon usage (PcFRT2P), were characterized
by PCR analysis, growth tests, and sequencing to verify the
functionality and efficiency of the FLP/FRT systems in P. chry-
sogenum. We expected that after FLP- or Pcflp-mediated site-
specific recombination, a single, recombinant 34-bp FRT site
remains as a remnant of the complete FRT-nat1 in the genome
of the resulting strain. As a consequence, the secondary trans-
formants should be sensitive to nourseothricin.

In the case of strains transformed with flp, growth tests
showed that none of 30 secondary PcFRT2Y transformants
was nourseothricin sensitive when grown on the selection me-
dium. Growth tests with strains transformed with flp showed
that none of 40 secondary transformants had lost the nourseo-
thricin resistance gene. To exclude the possibility that hetero-
karyons are responsible for nourseothricin resistance, a total of
300 single-spore isolates from two single-copy and two multi-
copy PcFRT2Y transformants were tested on nourseothricin-

containing medium (data not shown). None had lost the resis-
tance marker, indicating that only a very minor fraction of
nuclei is carrying the FRT sequence without the resistance
marker gene.

A completely different result was obtained with transfor-
mants PcFRT2P carrying Pcflp. All 34 tested transformants
derived either from the single-copy PcFRT1 T2 or T4 trans-
formant showed sensitivity to the antibiotic nourseothricin.
Similarly, 16 out of 20 analyzed transformants received from
the multicopy transformant PcFRT1 T11 showed no growth on
nourseothricin-containing medium (see Fig. S2 in the supple-
mental material). These data clearly indicate that the codon-
adapted FLP/FRT recombination system can efficiently work in
different P. chrysogenum transformants.

These results from the growth tests correlate perfectly with
our PCR analyses (Fig. 2). As indicated in Fig. 2A, oligonu-
cleotides FN_s and FN_a hybridize to sequences flanking the
FRT-nat1 cassette. Amplification of the cassette with these two
primers generated a 1.3-kb amplicon, whereas a 0.2-kb frag-
ment was generated after excision of the FRT-nat1 cassette by
an FLP-mediated site-specific recombination event. For am-
plification, we used genomic DNA from the above-described
fungal transformants carrying one of the two recombinase
genes. All recombinant strains (PcFRT2Y) carrying the
yeast flp gene delivered both the large and the small ampli-
cons, thus indicating that the recombinase-mediated recom-
bination was highly inefficient in these transformants (Fig.
2B). The large fragment of 1.3 kb, however, was completely
missing in all transformants (PcFRT2P) carrying the codon-
optimized Pcflp recombinase gene. From the results of the
PCR analyses together with data from growth tests, we con-
clude that all FRT-nat1 cassettes were excised from the
chromosomal DNA.

That successful recombination had occurred was confirmed
by sequencing a recombinant FRT sequence from the second-
ary transformants PcFRT2P. This site consists of the left and
right halves from both FRT sequences of the FRT-nat1 cassette
(Fig. 3). Both FRT sequences are flanked by different restric-
tion sites, namely, by the PstI and BamHI and by the pair SacI
and NotI. After excision of the FRT-nat1 cassette, the recom-
binant FRT should be flanked by restriction sites PstI and NotI.
Sequencing of the 0.2-kb fragment from the secondary
PcFRT2P transformants confirmed this prediction (Fig. 3).
Taken together, our data clearly demonstrate that the opti-
mized FLP/FRT recombination system is functional in P. chry-
sogenum and can be used as an efficient marker recycling sys-
tem to generate multiple deletion strains with a limited
number of resistant markers.

Construction of a marker-free recipient for the generation
of knockout strains. We have recently reported the generation
of a �Pcku70 strain as a recipient for the construction of
knockout strains in P. chrysogenum (22). As shown in Fig. 4A,
the Pcku70 gene of P2niaD18 was replaced in the �Pcku70
strain by homologous recombination using the nat1 resistance
marker. This strain was used as recipient for a further trans-
formation experiment with a vector molecule carrying the
phleomycin (ble) resistance marker. The ble gene is flanked by
two FRT sites as well as sequences homologous to the 5� and
3� regions of the Pcku70 gene. After selection of transfor-
mants on phleomycin-containing medium, we obtained a

FIG. 1. Characterization of primary transformants from P. chryso-
genum. (A) Schematic representation of the FRT-nat1 cassette. Adja-
cent to the nat1 resistance gene are two FRT sites in direct repeat
orientation, and both are flanked by vector sequences. (B) Southern
hybridization analysis of the primary PcFRT1 transformants to identify
the copy number of ectopically integrated FRT-nat1 cassettes.
Genomic DNAs of the recipient strain P2niaD18 and the transfor-
mants were digested with BamHI and hybridized with a 32P-labeled
nat1 probe. The single-copy transformants T2 and T4 and the multi-
copy transformant T11 were chosen for further experimental analyses.
S, single copy; M, multicopy.
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�Pcku70FRT1 strain where the nat1 cassette was replaced by
the ble marker. Due to efficient homologous recombination, 9
out of 18 tested transformants contained the expected substi-
tution. These strains have lost the ability to grow on nourseo-
thricin-containing medium. For the next step, we used two
randomly selected transformants as recipients to introduce the
self-replicating plasmid pPTRII_PcFLP carrying the Pcflp re-
combinase gene. After selection on pyrithiamine, a total of 18
transformants were tested for their capability to still grow on
phleomycin. Two transformants (�Pcku70FRT2) had lost the
phleomycin resistance phenotype, thus suggesting that excision
of the phleomycin resistance gene had occurred (see Fig. S3 in
the supplemental material). The above described substitutions

and excisions in the diverse strains shown in Fig. 4 were further
verified by PCR analyses. Amplification was performed with
primer pair P5 and P8 flanking the Pcku70 region and located
outside the recombination sites (Fig. 4A). As indicated in Fig. 4B,
the different events result in amplicons that can clearly be distin-
guished by their sizes. The smallest amplicon of 2.4 kb, indicating
a Pcflp-mediated site-specific recombination event, was found in
the �Pcku70FRT2 strain. A further loss of the recombinase gene
carrying the plasmid was achieved by growth of the transformants
on pyrithiamine-free medium. In conclusion, we have constructed
a recipient strain for efficient homologous recombination that is
free of any heterologous gene sequences. Only the 34 bp of a
single FRT site reside within the fungal genome. This experimen-

FIG. 2. Analysis of secondary transformants. (A) Schematic map of the FRT-nat1 cassette before (top) and after (bottom) site-specific excision.
Arrows indicate location of PCR primers and bars show the length of the predicted amplicons. (B) PCR analysis of secondary transformants as
indicated. PcFRT2Y and PcFRT2P indicate fungal transformants carrying either the yeast (flp) or the codon-adapted recombinase (Pcflp) gene,
respectively. T2.1, T2.2, T2.4, T2.5, T4.1, T4.2, T4.4, and T4.5 indicate single-copy primary transformants while T11.1, T11.2, T11.4, and T11.5
represent multicopy primary transformants. A 1.3-kb amplicon is generated when the complete FRT-nat1 cassette is present in the tested
transformants, whereas a 0.2-kb fragment could be amplified only after an excision of the FRT-nat1 cassette by an FLP-mediated site-specific
recombination event. DNA of plasmid pFRT served as a positive control.

FIG. 3. Structure and sequence of a recombinant FRT sequence in the genomic DNA. FRT sequences before (top) and after (middle)
recombination are flanked by different restriction sites, as indicated. The recombinant DNA sequence obtained from PcFRT2P is shown at the
bottom.
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tal approach and the generated transformants provide the basis
for both the nat1 and the ble marker to be used for further
construction of double or triple knockout mutants.

Construction of an nat1 flipper cassette for one-step marker
excision. All above-described experiments require a two-step
strategy for successful excision of the FRT-nat1 cassette. We
therefore constructed an nat1 flipper cassette for one-step
marker recycling. The cassette contains the nat1 resistance
marker as well as the gene for the Pcflp recombinase, which
is under the control of the xylose-inducible xyl promoter
(70). As shown in Fig. 5A, both genes are flanked by the two
FRT sites on the nat1 flipper cassette. For transformation of
P2niaD18, a linear restriction fragment was used carrying
the nat1 flipper cassette as well as flanking plasmid se-
quences. The corresponding transformants (PcFLIP1) were
selected on nourseothricin-containing medium with glucose
as a carbon source. To induce the Pcflp-mediated recombi-

nation, 12 transformants were further grown for 72 h in
liquid medium with xylose as a carbon source but lacking
any antibiotics. Subsequently, these transformants were
transferred onto solid medium with or without nourseothri-
cin but lacking xylose in both cases. We found that 2 out of
12 transformants had lost nourseothricin resistance, and
these were designated PcFLIP2 T1 and PcFLIP2 T3 (Fig.
5A). In the following PCR analyses (Fig. 5B), the lack of the
nat1 flipper cassette was confirmed with the primer pairs as
indicated. The whole flipper cassette is still present in
strains (PcFLIP1) that grow on glucose as a noninducible
carbon source. After induction on xylose, the 0.3-kb ampli-
con, carrying only the recombinant FRT sequence, can be
detected in the PcFLIP2 transformants. Thus, with the op-
timized FLP/FRT recombination system described here, it is
possible to eliminate and to recycle any marker using a
one-step approach.

FIG. 4. Generation of a marker-free �Pcku70 strain. (A) Strategy for construction of different strains. Location of primers for the PCR analysis
in panel B is shown, and the predicted sizes of amplicons are given. (B) PCR analysis with DNA from different strains as indicated. HR,
homologous recombination. P5 � P8 indicates the pair of primers used for PCR amplification.
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Establishment of the FLP/FRT recombination system in S.
macrospora. To extend the application of the optimized FLP/
FRT recombination system to a further filamentous fungus, we
chose the model ascomycete S. macrospora (46), which belongs
to the Sordariomycetes and is distantly related to P. chrysoge-
num, a member of the Eurotiomycetes. For our analysis, we
used plasmids which were successfully tested in P. chrysogenum
as described above. First, the 1.3-kb FRT-nat1 cassette was
ectopically integrated into the wild-type strain to generate pri-
mary SmFRT1 transformants. The codon-adapted Pcflp re-
combinase gene was then introduced into three of the primary
SmFRT1 transformants using plasmid pGPS2.1-Pcflp confer-
ring hygromycin resistance. Characterization of the 53 result-
ing secondary SmFRT2P transformants revealed that 26 were
unable to grow on selection medium containing nourseothri-
cin; thus, excision of the FRT-nat1 cassette by the Pcflp recom-
binase resulted in the loss of the nat1 gene. To verify this
recombination event, a PCR analysis with the primer pair
FN_s and FN_a was performed. As shown in Fig. 6, the 1.3-kb
FRT-nat1 cassette was detectable in only the primary SmFRT1
transformants, while all nourseothricin-sensitive secondary
SmFRT2P transformants carry only the 0.2-kb amplicon, indi-
cating a successful recombination event in S. macrospora. It
can be foreseen that the optimized FLP/FRT recombination
system will be applied to fungi unrelated to the two species
investigated in this study.

DISCUSSION

The complete genome sequences of a large number of fila-
mentous fungi are already available, thereby enabling the ap-
plication of fundamental functional genetic studies. One ap-
proach will be the analysis of candidate genes, e.g., involved in
the regulation of metabolism and/or morphogenesis. A com-

FIG. 5. One-step marker excision. (A) Map of the nat1 flipper cassette together with the location of primers for PCR analysis before (top) and
after (bottom) excision. The location of primers for panel B is given. (B) PCR analysis with DNA from strains as indicated. xyl(p), xyl promoter
of P. chrysogenum P1 � P3, P2 � P4, and P1 � P2 indicate primer pairs used for PCR amplification.

FIG. 6. PCR analysis of S. macrospora transformants with primers
as indicated. The location of both primers is shown in Fig. 2A. WT,
wild type. FN_s � FN_a indicates the primer pair used for PCR
amplification.
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mon and frequently used strategy in fungal genetics is the
disruption of the primary gene structure by insertion or sub-
stitution of marker genes using homologous recombination
systems (33). Usually, the number of gene disruptions followed
by complementation experiments within a single strain is de-
pendent on the available marker genes applicable to a given
fungus. One option to generate strains with multiple gene
substitutions is sexual recombination; however, this is not pos-
sible for most biotechnically relevant fungi since they usually
propagate exclusively by asexual means. Note that the FLP/
FRT recombination system established here should be appli-
cable to any given filamentous fungus.

Efficient expression of codon-adapted genes in filamentous
fungi. Filamentous fungi are often used as producers for
homo- and heterologous proteins because of their capability to
synthesize and secrete huge amounts of diverse products (8, 27,
42, 59). Heterologous gene expression is especially important
for increased production of pharmaceuticals and food addi-
tives because often the extraction of these compounds from
their natural sources is not cost-effective or production in the
corresponding hosts is impossible (4, 67). Unfortunately, how-
ever, the yield of most heterologous proteins is generally far
lower than that of homologous proteins (8). To solve this
problem, different approaches have been developed, including
multicopy integration of the coding gene, use of strong regu-
latory promoters, and fusion with carrier proteins (3, 38).
Moreover, codon usage has been identified as an important
factor for efficient gene expression, indicating that differences
in the codon usage between two species, in general, and be-
tween prokaryotes and eukaryotes, in particular, can result in
translation inefficiency (20, 27, 36, 59). Because of this, strat-
egies to remove codons from the native gene that are rare in
the new host or the introduction of tRNAs for rare codons into
the genome of a given organism have been developed (4, 68,
71). Another alternative is the complete synthesis of recombi-
nant genes, an option which has become affordable recently,
making the adaption of a complete heterologous gene to the
codon usage or codon bias of the organism of choice possible.

Recent examples from fungal systems include the complete
reconstruction of the firefly luciferase gene, resulting in a sig-
nificant increase in gene expression in Neurospora crassa (17).
Another example from the fungal field is the novel synthesis of
the Der f 7 gene encoding a mite allergen. This synthetic gene
was fused with the glucoamylase gene for optimal expression in
Aspergillus oryzae, offering the possibility to produce recombi-
nant allergens for immunotherapy (59). Both studies demon-
strate that codon optimization is a powerful strategy to im-
prove the level of gene expression to allow successful protein
synthesis in a given host. To establish the FLP/FRT recombi-
nation system in P. chrysogenum, we have optimized the codon
usage of the native flp recombinase gene from S. cerevisiae, an
approach which was previously done for optimal expression in
the prokaryote Mycobacterium bovis (56). This was necessary
since expression of the yeast flp gene was not sufficient to
generate any nourseothricin-sensitive single-spore isolates out
of 300 tested spores. A more practical system was obtained
with the codon-optimized Pcflp version, resulting in expression
levels for efficient excision of the FRT-nat1 cassette in P. chry-
sogenum. Thus, the adapted codon usage most likely allows the
translational system to be optimized. Preferred codons usually

correlate with the abundance of cognate tRNAs within a cell,
a prerequisite to balance codon with isoacceptor tRNA con-
centrations. Differences in codon usage were shown previously
to be significant obstacles for efficient heterologous gene ex-
pression (20). We observed variable frequencies of excision
between individual experimental approaches. Different pro-
moters in front of the Pcflp gene may result in different ex-
pression levels, which are responsible for the variable excision
frequency. For example the xyl promoter was activated for only
72 h, and longer incubation times might result in higher exci-
sion frequencies. Another explanation might be the different
host strains, e.g., P2niaD18 versus �Pcku70, used as recipients
in different experiments.

Generation of marker-free transgenic strains. The applica-
tion of the marker recycling system in the two filamentous
fungi P. chrysogenum and S. macrospora opens up the possibil-
ity of wider usage in diverse fungal systems. Such an applica-
tion will be an attractive option for applied microbiologists
when genetically engineered fungal strains are needed in bio-
technical production processes. Moreover, as the recombinant
strains will be marker free, there should be no problem in
fulfilling all essential safety requirements needed to obtain
marketing approval. We have previously shown that homolo-
gous resistance markers are suitable tools to construct recom-
binant strains devoid of foreign DNA sequences. Using the
homologous 	-tubulin gene from the cephalosporin C pro-
ducer Acremonium chrysogenum, we generated a mutated gene
version that confers resistance against the fungicide benomyl
(44). Using a linear DNA fragment carrying the mutated 	-tu-
bulin gene, we were able to generate transgenic strains lacking
any heterologous DNA. Similarly, pyrithiamine resistance-con-
ferring riboswitches from fungi can be used as homologous
selection markers (30). In this case, the resistance marker
resides within the fungal genome and can be used only once.
Alternative systems that allow elimination of homologous as
well as heterologous marker genes have been developed for
microorganisms and plants. For example, cotransformation of
two separate DNAs can be conducted; one incorporates a gene
of interest, and the other is a self-replicating plasmid carrying
the marker.

We have recently found for a filamentous fungus that self-
replicating plasmids can be eliminated from a host strain when
it is kept on nonselective growth medium (Hoff, unpublished
data). In another approach, intragenomic relocation of trans-
genes via transposable elements was used to eliminate select-
able marker genes in filamentous fungi (69). A similar study
used a counter-selectable marker flanked by direct repeats to
reestablish a functional allele in a transgenic strain (43). The
most elegant systems use site-specific recombinases for effi-
cient marker recycling. As demonstrated here and shown by
others, marker-free knockout strains can be generated carrying
only small sequences of foreign DNA (14–15, 29). Here, we
clearly demonstrated how highly applicable this system is by
generating a �Pcku70FRT2 strain devoid of any heterologous
gene. Ku70 is an important component of the nonhomologous
end-joining (NHEJ) pathway, a mechanism employed by fila-
mentous fungi to repair double-strand breaks. The deletion of
the ku70 gene, a component of the NHEJ pathway, leads to
much higher integration frequencies of foreign DNA by ho-
mologous recombination, making the construction of knockout
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strains a relatively straightforward approach (33). Moreover,
the optimized recombination system offers recycling of the
integrated resistance marker in a �ku70 background, thus al-
lowing the possibility for fast and efficient production of mul-
tiple deletion strains as the availability of suitable marker
genes is no longer the limiting factor. All comparable ap-
proaches with filamentous fungi have used the Cre/loxP recom-
bination system of bacteriophage P1. For example, Krapp-
mann et al. (29) were able to generate a double knockout
mutant in Aspergillus fumigatus by integrating the Cre/loxP
system in a two-step approach. A resistance cassette flanked by
loxP sequences and a self-replicating plasmid carrying the cre
gene were used to delete the pabaA gene encoding the para-
aminobenzoic acid (PABA) synthetase, which is involved in
virulence. After marker rescue by Cre-mediated recombina-
tion, these investigators used the system a second time to
remove the veA gene encoding a developmental protein.

Application potential of the recombination systems. The
FLP/FRT recombination system provides multiple options to
manipulate the genome of a chosen organism. In addition to
the efficient deletion of genes followed by marker recycling as
described in this report, integration of genes at defined loci
(24), gene tagging at the endogenous locus (49), and transient
gene inactivation (60) are useful applications to manipulate
organisms genetically.

To establish an efficient and safe recombination system, it is
important to control the time point of marker gene excision
mediated by the recombinase. To achieve this, different ap-
proaches have been developed. In mouse, for example, two
independent strains were generated, one containing the
marker gene flanked by the recombination sites and the other
one harboring the recombinase gene under the control of a
tissue- or cell type-specific promoter. After crossing of the two
strains, introduction of the recombination system results in
site-specific recombination of the marker gene in a specific
tissue (28). In addition to this application, an inducible Cre/
loxP system has been reported for A. nidulans that allows
consecutive deletions to be introduced (15). In this system, the
cre gene was placed under the control of the xylose-inducible
xlnA promoter, which can be repressed on medium containing
glucose. Development of an appropriate protocol enables the
efficient generation of sequential deletions in this fungus. How-
ever, this system uses a two-step strategy since the available
components are located on two different DNA constructs. An
alternative and efficient one-step strategy was recently applied
for Candida species. Different versions of so-called flipper cas-
settes flanked by the FRT sequences and containing both the
resistance gene and the inducible recombinase gene were gen-
erated (13, 40, 50, 57, 60, 66). Using a similar strategy, we
generated the nat1 flipper cassette for P. chrysogenum. To
prevent a spontaneous loss of the flipper, we used the inducible
xyl promoter from P. chrysogenum, which was shown recently to
be a valuable tool for the controlled off/on regulation of gene
expression (25). After only 72 h of induction we obtained P.
chrysogenum strains that had lost the flipper cassette. However,
it remains to be investigated whether longer induction times
lead to higher recombination efficiencies.

In conclusion, we have demonstrated by a two-step strategy
that the established FLP/FRT system enables the production of
marker-free deletion strains. This provides the opportunity in

future experiments to use the nat1 flipper in a fast and efficient
one-step approach for targeted gene excision.
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