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Filamentous fungi are a large group of diverse and economically
important microorganisms. Large-scale gene disruption strategies
developed in budding yeast are not applicable to these organisms
because of their larger genomes and lower rate of targeted
integration (T1) during transformation. We developed transposon-
arrayed gene knockouts (TAGKO) to discover genes and simulta-
neously create gene disruption cassettes for subsequent transfor-
mation and mutant analysis. Transposons carrying a bacterial and
fungal drug resistance marker are used to mutagenize individual
cosmids or entire libraries in vitro. Cosmids are annotated by DNA
sequence analysis at the transposon insertion sites, and cosmid
inserts are liberated to direct insertional mutagenesis events in the
genome. Based on saturation analysis of a cosmid insert and
insertions in a fungal cosmid library, we show that TAGKO can be
used to rapidly identify and mutate genes. We further show that
insertions can create alterations in gene expression, and we have
used this approach to investigate an amino acid oxidation pathway
in two important fungal phytopathogens.

powerful asset for functional genomic analysis is the ability

to create large annotated single gene mutant collections.
For model research organisms such as baker’s yeast, Drosophila,
Caenorhabditis, Arabidopsis, and mice, whole genome knockout
collections (1), transposon lines (2), or insertional mutant col-
lections (3, 4) are well developed. However, in addition to these
model organisms there is a vast array of economically important
organisms where genome sequences and functional genomic
technologies are lacking. For example, filamentous fungi are
causal agents of severe human (5, 6) and crop (7, 8) diseases, and
many others are being exploited in the fermentation and food
industries (9). Few of these fungal genomes have been analyzed,
and large-scale approaches to functional analysis are needed.

The model fungus, Saccharomyces cerevisiae, has ~6000 genes
in 12 Mb of DNA sequence (10). Targeted integration (TI) for
creating gene-specific mutations is very efficient and requires
only 50-bp fragments of target gene homology on either side of
a selectable marker (11, 12). In contrast, many filamentous fungi
have genome sizes in the range of 30-40 Mb and are estimated
to contain at least 10,000 genes (13). Genome studies using
expressed sequence tag analysis suggest that more than half of
these genes lack homologues in S. cerevisiae (14). TI occurs at
very low frequencies (1-20%) for many filamentous fungi, and
larger fragments of target gene homology must be used to obtain
targeted insertion events (15).

To initiate genome-wide mutagenesis studies in filamentous
fungi we developed an approach we call transposon-arrayed gene
knockouts (TAGKO) (Fig. 1). In vitro transposition (IVT)
(16-19) into cosmid libraries is used to create gene sequencing
templates. Subsequent sequencing and analysis from these tem-
plates creates an annotated collection of insertional gene dis-
ruption vectors. We demonstrate that IVT can be used to create
an unbiased set of insertions into an individual cosmid clone or
a cosmid library. TI occurs at much higher frequencies with the
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use of TAGKO generated cosmid vectors than with conventional
gene disruption vectors. In addition we demonstrate that inser-
tions into different regions of a gene can cause modulations
in gene expression. Finally, we show that TAGKO can be used
for comparative analysis of a biochemical pathway in two
important crop pathogens, Magnaporthe grisea and Mycospha-
erella graminicola.

Materials and Methods

Fungal Strains and Assays. M. grisea strain Guyll (20) and M.
graminicola strain PG1 (isolated from an infected wheat leaf and
verified by internal transcribed spacer sequencing) were used as
wild-type (WT) fungi in this study. M. grisea and M. graminicola
were grown in complete medium and minimal medium (MM) as
described (21). Oatmeal agar (22) was used for M. grisea morphol-
ogy growth assays. M. grisea and M. graminicola mutant and WT
strains were grown in the presence of 95 different nitrogen sources
in a Phenotype Microarray plate (PM3; Biolog, Haywood, CA)
according to the manufacturer’s recommendations. Growth exper-
iments were also performed in microtiter plates containing MM or
MM with L-phenylalanine (MM-N + phe) or L-tyrosine (MM-N +
tyr) as the sole nitrogen source followed by transfer to complete
medium to assess viability. All growth experiments were repeated
with at least two independent transformants per construct. Ap-
pressorium formation and rice infection assays for M. grisea were
performed as previously described (23). Images of leaf samples
were collected with a Spot RT digital camera (Diagnostics Instru-
ments, Sterling Heights, MI).

Nucleic Acids. Cosmid vector pcosKAS was constructed as follows.
Homing endonuclease I-Ceul and PI-Pspl sites were introduced
into pBluescript KS+ (Stratagene) Sall and Clal sites with the
use of the linkers 5'-AGCGGCCCGTAACTATAACGGTC-
CTAAGGTAGCGAAGGCCGCT-3" and 5'-AGCGGCCT-
TCGCTACCTTAGGACCGTTATAGTTACGGGCCGCT-3’
for I-Ceul, and 5'-AGCGGCCAAAATCCTGGCAAACAGC-
TATTATGGGTATTATGGGTGGCCGCT-3" and 5'-AG-
CGGCCACCCATAATACCCATAATAGCTGTTTGCC-
AGGATTTTGGCCGCT-3' for PI-Pspl to create pKAhome.
The Xhol-EcoRV fragment from pKAhome was introduced into
the Apal site of the pKAhome to create a multiple cloning site

Abbreviations: TAGKO, transposon-arrayed gene knockout; Tl, targeted integration;
IVT, in vitro transposition; IM, integration mutant; WT, wild type; MM, minimal medium;
MACI, Magnaporthe grisea adenylate cyclase gene; HPD4, p-hydroxyphenylpyruvate
dioxygenase.
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database [accession no. AF32553 (M. grisea HPD4)].
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Fig. 1. Transposon-arrayed gene knockouts. The IVT reaction includes a
transposon, the corresponding transposase, and recipient DNA. The transpo-
son carries the hygromycin phosphotransferase gene that confers resistance
to hygromycin in Escherichia coli, M. grisea, M. graminicola, and other
filamentous fungi (35). The recipient DNA consists of cosmid clones. The
cosmid vector contains homing endonuclease sites flanking the cloning site
and the B-lactamase gene. The IVT products are transformed into E. coli, and
individual transposon insertion sites are determined by sequencing. Cosmids
containing an appropriate transposon insertion are digested with the homing
endonuclease to release full-length inserts for transformation. Ectopic and Tl
events are distinguished by PCR analysis, and mutants are subjected to phe-
notype analysis. El, ectopic integration.

containing an I-Ceul, PI-Pspl, Xhol, I-Ceul, and PI-Pspl cas-
sette. This cassette was inserted into the BamHI site of pWELS
(Stratagene), yielding pWEhome. The construct pcosKAS was
created by removing the neomycin resistance gene from pWE-
home by Sal/l/Smal restriction digestion. Cosmid libraries of M.
grisea and M. graminicola were constructed in pcosKAS as
described (24). Cosmid libraries were quality checked by pulsed-
field gel electrophoresis, restriction digestion analysis, and PCR
identification of single genes (data not shown). DNA from 10
cosmid pools (=~20,000 colony-forming units) was prepared by a
modified alkaline lysis method (25). The Frigg transposon was
constructed by cloning the Aph gene controlled by the TrpC
promoter (26) into the Hpal site of pMM2611 (27). Thyra was
constructed by insertion of the TrpC/hph gene into the Sall site
of EZ::tnpMOD (Epicentre Technologies, Madison, WI). The
TrpC/hph gene was cloned into the EcoRYV sites of GPS3 (New
England Biolabs) to create Sif. The B-lactamase gene was
inactivated by truncation in all transposons. Transposon DNA
for IVT was prepared by standard methods. A linear Mu
transposon (Finnzymes, Helsinki) was amplified and cloned into
pGEM-T (Promega). The kanamycin resistance gene was de-
leted by Nrul /pfIMI double digestion, and the TrpC/hph cassette
was inserted (blunt) to yield Vor. IVT was performed according
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to manufacturer’s recommendations and as described (17).
Transformants were grown on Luria Broth agar containing 25
png/ml hygromycin B and 50 pg/ml ampicillin (Frigg) or 50
pg/ml hygromycin and 50 pug/ml ampicillin (Sif, Thyra, Vor).
DNA was prepared as described (21) and cut with Hpal, and
Southern analysis was performed as described (24) with the use
of M. grisea WT and integration mutant (IM) strains IM-135,
IM+3660, IM+6930, and IM+7582. A M. grisea adenylate
cyclase (MAC1) probe used for Southern analysis was amplified
with the use of the primers CCAGAAGCAAGAGCCCTACA
and CATGTTCTTTGCGGCTTTCT. M. grisea total RNA was
extracted with an RNAqueous-Midi kit (Ambion, Austin, TX)
according to the manufacturer’s recommendations. Northern
analysis was performed as described (24). A fragment of the
actin gene of M. grisea was amplified with the primers CCGT-
GACTTGACCGACTACC and GACATGGATACCAC-
CGCTCT. Transcript ends were analyzed by 3’ rapid amplifica-
tion of cDNA ends (28) followed by sequencing.

Sequencing and Sequence Analysis. Colonies were picked into
384-well trays containing Super Broth (K. D. Medical, Columbia,
MD), K. D. 50 pug/ml ampicillin, and 8% glycerol and incubated
overnight at 37°C. Ninety-six-well blocks were inoculated with
the overnight cultures and incubated overnight with agitation at
37°C, and the 384-well plate was stored at —80°C. Cosmid DNA
was prepared as above. Cosmids were sequenced with the use of
Big Dye Terminators (Perkin—Elmer) and primers at the ends of
each transposon. The average read length from each transposon
end was 500 Phred 20 bases (29, 30). Reactions were purified
with the use of Sephadex columns and analyzed on an ABI377
or 3700 (Perkin—-Elmer) under standard conditions.

DNA sequences containing at least 100 nucleotides with a
Phred value of 20 or above (29-30) were selected for analysis.
The total number of transposon insertions was calculated by
combining the two sequences obtained from the same transpo-
son insertion event when applicable. Crossmatch (31) was used
to identify insertions into the cosmid vector and M. grisea
repeated sequences. M. grisea genomic DNA sequences were
analyzed with the BLASTN algorithm for an M. grisea expressed
sequence tag data set (Paradigm Genetics) and with the un-
gapped BLASTX algorithm for protein databases (32). The pro-
tein databases were derived from the National Center for
Biotechnology Information (http://www.ncbi.nlm.nih.gov, nr,
December 6, 2000), the S. cerevisiae genome (http://genome-
www.stanford.edu/Saccharomyces, orf trans.fasta), the Can-
dida albicans genome (http://sequence-www.stanford.edu/
group/candida, Ca-Assembly6.orf trans.gz), and a filamentous
fungal protein database. The filamentous fungus protein data-
base was constructed from information from the European
Bioinformatics Institute (http://www.ebi.ac.uk, SWALL, 21-Dec-
2000:fungi, not Saccharomycetes, not Schizosaccharomycetales).

Fungal Transformation. Transformation of M. grisea and M. gra-
minicola was performed essentially as described (33, 34), but
with B-glucanase (InterSpex Products, San Mateo, CA). Trans-
formants were purified and DNA was extracted as described
(33). PCR was used to identify homologous recombination
events. IMs are named according to the distance between the
start codon and the insertion; i.e., IM-135 has an integration
event 135 bp upstream of the start codon. Primers were as
follows: CTTCAGCCGTCTCCAAAGTC and CTTGTTTGC-
CCACCAAATCT for IM+3660; GCCCAATCGCTAACAA-
CATC and AGTATTGGCAGCGACTCACC for IM-135;
CATATGGGGTCTGTGGAAGC and CCCTTGAAGGCAA-
GAGTTGT for IM+6930; GGCCACCTTGTTGTTTTGTT
and CAAAAGGGCCAGCTGTATGT for IM+7582; ATA-
ACTTTCGCGGCACCTT and TCCTCTTGCAACTC-
CCAGTC for M. grisea IM+840; CCCGGTATGCGATA-
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Fig. 2. Tlis a function of homologous DNA length. Tl frequency vs. homol-
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gene knockouts in M. grisea strain Guy 11. MA, MAC1 (36); P, PMK1 (23); A,
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ATCTTC and CGGAATCAGATGACTTGCTG for M. grisea
IM-190; GACCGAACAGGTGATGTGAA and AG-
CAAAATCGGCACACTCTT for M. graminicola IM-20; and
TCGCTTCGTCTTCACATCAC and TCCTTGTCATCGA-
CACTCCA for M. graminicola IM+411. Primer pairs were
designed to flank the transposon insertion site. For each dis-

ruption experiment two independent TI events and one ectopic
integration event were characterized.

Results and Discussion

Targeted Integration in Filamentous Fungi. When filamentous fungi
are transformed with DNA carrying a selectable marker, inte-
gration occurs at homologous or ectopic sites. The frequency of
integration at a homologous site is variable and may depend on
the size of the homologous DNA region of the transforming
DNA (15). Transformation of M. grisea was performed with
different sized DNA fragments containing the MACI gene (36)
and 10 other DNA fragments generated with the use of TAGKO
(Fig. 1). We measured the frequency of gene targeting, analyzing
between 24 and 96 transformants per construct. TI frequencies
were generally low when the homologous region contained less
than 5 kb of homologous DNA (Fig. 2), was introduced as a
closed circle, or lacked homologous sequences at the ends
(unpublished results). However, TI frequencies increased with
increasing length of homologous DNA (Fig. 2). Although TI
frequencies were somewhat locus dependent, TAGKO-
generated DNA fragments generally yielded higher TI frequen-
cies than previously published vectors for M. grisea (Fig. 2). The
results strongly suggest that increased DNA fragment size in-
creases gene targeting frequencies.

Transposon Mutagenesis. A potential limitation for transposon
mutagenesis is the preferential or biased insertion of transposons
into certain sequences in a targeted DNA region. We surveyed
the insertion site biases for four different transposons engi-
neered to carry a hygromycin phosphotransferase gene (Thyra,
Frigg, Sif, and Vor) in a 36-kb recipient DNA fragment (Fig. 3).
Insertion sites were determined by sequencing from the trans-
poson ends. Monte Carlo simulations (39) showed that 89
random insertions must be recovered to mutagenize each kilo-
base of a 36-kb cosmid sequence (P = 0.95). The target cosmid
insert is 52% AT (typical for many filamentous fungi) and does
not contain long homopolymeric tracts or simple sequence
repeats (data not shown). Frigg and Thyra have strongly biased
in vitro insertion patterns (Fig. 3). The bias does not correspond
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Analysis of M. grisea TAGKO mutants in MACT. (A) Transposon insertion sites in MACT. P designates the probe used for RNA analysis. (B) Fungal growth

assays. Mutant and WT strains were grown on oatmeal agar and photographed after 7 days. (C) Appressorium formation on various surfaces or in the presence
of cCAMP. The experiment was repeated three times with 250 germinated spores counted for each strain. (D) Rice pathogenicity assays. Sample leaves were
photographed 7 days after inoculation. (E) RNA blot analysis of MACT mRNA levels. Thirty micrograms of total RNA was used for each strain.

to AT-rich or GC-rich DNA, coding or noncoding DNA, or sites
of DNA bending as determined by computer analysis (data not
shown). Sif and Vor displayed much less bias, the former being
superior. Based on this analysis we selected Sif for whole genome
analysis.

Cosmid DNA pools prepared from a 10X genome-equivalent
M. grisea cosmid library were mutagenized in vitro with the Sif
transposon, and the DNA sequences adjacent to the transposon
insertions were analyzed. A total of 38,882 sequences represent-
ing 25,179 insertions were analyzed. The vector (6 kb) constitutes
~15% of the cosmid, and the actual number of insertions into
the vector (4,702/25,179 = 18.7%) supports the random trans-
poson insertion model. Of the 20,477 insertions characterized as
M. grisea DNA insertions, 0.1% showed matches to ribosomal
DNA and 6.8% to M. grisea transposon repeat sequences.
Comparison to an expressed sequence tag set (8,044 unique M.
grisea expressed sequence tags) showed homology to 2,680
different genes. A total of 31.8% of the insertions showed strong
(e < 1072%) or moderate (1072 =< ¢ = 10~%) matches to the
National Center for Biotechnology Information nonredundant
protein database. We found 16.4% and 18.6% matches to
proteins from the genome databases of Saccharomyces cerevisiae
and Candida albicans, respectively, and ~20.9% of the insertions
revealed homologies to filamentous fungal proteins. Interest-
ingly, 49.1% (2,102/4,285) of the genes showing homology to
filamentous fungal proteins were exclusive to this data set,
showing no homology (e > 10~%) to either S. cerevisiae or C.
albicans protein data sets. The p-hydroxyphenylpyruvate dioxy-
genase (HPD4) protein (see below) was a member of this
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exclusive set. We conclude that many of the insertions produced
by TAGKO identify uncharacterized genes.

Generation of Allele Diversity. Insertional mutations should create
different allele phenotypes. We investigated a collection of
insertions in the MACI gene (Fig. 44). cAMP signaling is
required for the formation of infection structures (appressoria)
in M. grisea (36). Appressoria differentiate when the tip of a
spore germ tube contacts a hydrophobic surface. Appressoria
generate turgor pressure needed to penetrate the rice leaf cuticle
(21). IM+3660 (exon insertion) and IM+6930 (intron insertion)
show reduced growth, sporulation, appressorium formation, and
pathogenicity consistent with a MAC! null phenotype (Fig. 4
A-D and ref. 36). However, IM+3660 and IM+6930 show
dramatically different MACI mRNA levels (Fig. 4E). As antic-
ipated, IM+3660 produces no full-length MACI mRNA, as
detected by RNA blotting. IM+6930 produces abundant mRNA
that does not contain the 3’ exon (data not shown). The resulting
null phenotype of IM+6930 suggests that this region is required
for MACI function.

Upstream (IM-135) or downstream (IM+7582) insertions in
MACI displayed wild-type growth and colony morphology (Fig.
4B). The insertion in IM-135 is 135 bp upstream of the MACI
start codon and has WT levels of appressorium formation and
pathogenicity but elevated mRNA levels (Fig. 4 C and E).
Southern analysis confirmed a single integration event in IM-
135. The increased mRNA levels show that this insertion up-
regulates the MACI mRNA. In contrast, IM+7582 shows re-
duced appressorium formation, slightly reduced pathogenicity
(Fig. 4 C and D), and dramatically reduced MACI mRNA levels
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Analysis of M. graminicola and M. grisea HPD4 TAGKO mutants. (A) The L-phenylalanine (L-phe) and L-tyrosine (L-tyr) degradation pathway. X indicates

the pathway block by inactivation of HPD4. (B) M. graminicola and M. grisea HPD4 alleles showing the location of the TAGKO insertions. (C) Graphs showing
growth of M. graminicola WT vs. IM+411 at 7 days in the presence of 95 different nitrogen sources (.-Phe and L-Tyr are indicated) and time courses of M.
graminicola WT, IM-20, and IM+411 in MM-N + Phe and MM-N + Tyr, respectively. (D) Graphs showing growth of M. grisea WT vs. IM+840 at 7 days in the
presence of 95 different nitrogen sources (L-Phe and L-Tyr are indicated) and time courses of M. grisea WT, IM-190, and IM+840 in MM-N + Phe and MM-N +
Tyr, respectively. (E) Plate images showing growth recovery on complete medium of M. graminicola WT, IM-20, and IM+411 (after 8 days) and M. grisea WT,
IM-190, and IM+840 (after 5 days) after incubation in MM, MM-N + Phe or MM-N + Tyr, as indicated. The schematic plate diagram depicts the location of each

strain.

(Fig. 4E). cDNA sequencing shows that the WT MACI mRNA
terminates 901 bp downstream from the stop codon, whereas the
IM+7582 message terminates 439 bp downstream from the stop
codon (data not shown). We conclude that TAGKO has the
potential to generate allelic variants with different levels of gene
expression and function.

Cross-Validation of Gene Function with TAGKO. The cereal fungicide
market is primarily focused on rice and wheat to control diseases
such as rice blast (caused by M. grisea) and wheat blotch (caused
by M. graminicola) (40). A useful approach to discovering
fungicide target candidates is to identify pathways that, when
blocked, lead to the rapid arrest of growth and/or cell death.
Tyrosine and phenylalanine are metabolized through a pathway
involving p-hydroxyphenylpyruvate dioxygenase (HPD4 gene)
(Fig. 54) (41-43). Inhibitors of this pathway are known, and a
block in this pathway leads to the generation of toxic interme-
diates (44). Multiple TAGKO insertions in both the M. gramini-
cola and M. grisea HPD4 genes (Fig. 5B) were identified and used

5114 | www.pnas.org/cgi/doi/10.1073/pnas.091094198

to generate insertional mutant strains. Mutant strains of both
fungi (M. graminicola: IM-20, IM+411; M. grisea: IM-190,
IM+840) were tested for their ability to use a variety of nitrogen
sources in a 96-well-based assay, and all mutant strains showed
impaired growth in the presence of tyrosine and phenylalanine
(Fig. 5 C and D). Growth of both fungi was severely limited when
tyrosine was used as the sole nitrogen source (MM-N + tyr). To
determine whether blockage of HPD4 function could lead to
cytotoxicity, cells were removed from the presence of tyrosine or
phenylalanine and tested for recovery on complete medium (Fig.
SE). When compared with recovery from nitrate or phenylala-
nine-containing media, M. graminicola mutants recovered
poorly from tyrosine-inhibited growth. M. grisea mutants showed
similar levels of recovery in the two cases. We conclude that the
M. grisea and M. graminicola HPD4 genes function in an or-
thologous pathway involved in the metabolism of tyrosine and
phenylalanine, but that phenotypic differences may indicate
differential sensitivities to pathway intermediates. Fungal-
specific components of these pathways may yet be useful as

Hamer et al.



fungicide targets. TAGKO can thus be used to cross-validate
pathways for use in fungicide discovery.

Summary

In vitro transposition into large insert libraries, followed by DNA
sequencing, can be used to rapidly generate a library of inser-
tional mutagenesis vectors for functional genomic approaches.
Although the genome sequences for M. grisea and M. graminicola
are unknown, sufficient DNA sequence information is obtained
from each insertion to allow annotation. The approach described
here for analyzing fungal genomes may be a useful addition or
alternative to traditional skim sequencing strategies. An advan-
tage of TAGKO is the generation of clones useful for insertional
mutagenesis.

We chose cosmid libraries to generate large inserts for im-
proved gene targeting. Although cosmid libraries have been used
routinely for analyzing fungal genomes (45, 46), we envision that
additional types of libraries may be equally suited to this
protocol. For example, for filamentous fungi with higher fre-
quencies of gene targeting, plasmid libraries may be better
suited. In other fungi, including M. grisea, bacterial artificial
chromosomes libraries have been constructed to facilitate map-
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