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Abstract A 8.6-kb disruption cassette, referred to here as
apyrG-blaster and consisting of the Aspergillusniger pyrG
gene flanked by adirect repeat that encodes the neomycin
phosphotransferase of transposon Tn5 was constructed.
Following transformation of a uridine/uracil auxotrophic
pyrG strain of A. fumigatus, genomic insertions of the
pyr G-blaster were obtai ned either by targeted genereplace-
ment at the rodA locus, resulting in the formation of hy-
drophilic spores, or by ectopic integration. In both cases,
recombination between the two elements of the direct re-
peat could be selected in the presence of 5-fluoro-orotic
acid and resulted in the excision of the A. niger pyrG gene,
producing A. fumigatus uridine/uracil auxotrophs that re-
tained their additional mutant phenotype because of the
persistence of one of the two elements of the direct repeat
at the site of insertion of the pyrG-blaster. Selection for
uracil/uridine prototrophy can therefore be used again to
disrupt another gene.

Key words Aspergillus - Transformation -
pyrG-blaster - Infection

Introduction

In recent years, genetic transformation of the opportunis-
ticfungal pathogen Asper gillusfumigatus has become pos-
sible, allowing the manipulation of the fungus at the ge-
netic level and thus the assessment of the role of different
proteins in pathogenesis (Tang et al. 1992; Monod et al.
1993). Transformation of A. fumigatus is integrative and
relieson the use of dominant selection markersthat encode
resistance to various antibiotics [hygromycin (Punt et al.
1987; Tang et al. 1992; Monod et al. 1993); phleomycin
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(Austin et al. 1990; Jaton-Ogay et al. 1994; Smith et al.
1994)]. Other dominant selection markers including ben-
omyl (Orbach et al. 1986; Seip et a. 1990) and phosphi-
nothricin (Avalos et a. 1989), although they have not yet
been tested, might also prove useful for transformation of
A. fumigatus.

Because of the lack of a sexual cycle that prevents the
characterization of auxotrophic mutants of A. fumigatus,
transformation strategies that involve the conversion of an
auxotrophic mutation to prototrophy have not been devel-
oped in A. fumigatus, whereas they are well established in
many other fungal species including Saccharomyces ce-
revisiae (Guthrieand Fink 1991), Candida albicans (Kurtz
et al. 1988), and several species of the Aspergillus group
(Tilburn et al. 1983; van Hartingssveldt et al. 1987; Wol-
oshuk et al. 1989; Skory et al. 1990). Complementation of
uridine/uracil auxotrophs using the orotidine-5'-phosphate
(OMP) decarboxylase-encoding gene has received much
attention because of the propertiesthat are associated with
this enzyme: while mutants that lack the activity are aux-
otrophic for uridine and uracil, they become resistant to 5-
fluoro-orotic acid (5-FOA) which is converted to the toxic
intermediate 5-fluoro-UMP in prototrophs (Boeke et al.
1984). This provides a positive selection that has been ap-
plied successfully to the identification of uracil/uridine
auxotrophs in various fungal species (van Hartingssveldt
et al. 1987; Woloshuk et al. 1989; Skory et a. 1990) and
to the development of new strategies for the manipulation
of fungal genomes (Rothstein 1991; Sikorski and Boeke
1991). An exampleisthe use of the so-called “ ura-blaster”
in gene-disruption experiments (Alani et al. 1987; Fonzi
and Irwin 1993). Ura-blasters are tripartite cassettes that
contain an OM P-decarboxylase gene flanked by two iden-
tical elementsthat form adirect repeat. After gene disrup-
tion, forced excision of the OM P-decarboxylase gene oc-
cursin the presence of 5-FOA by recombination between
the two elements of the direct repeat, yielding a strain that
still has the mutation of interest because of the persistence
of a single element of the direct repeat at the mutated lo-
cus. A consequence of this approach isthe fact that the re-
sulting strain has recovered its uridine/uracil auxotrophy,



and can thus be subjected to another round of transforma-
tion using the same selection scheme.

The development of atransformation system using the
OMP-decarboxylase gene as a selection marker in A. fu-
migatus might therefore provide a versatility that cannot
be obtained with the currently available antibiotic resis-
tance-based tansformation systems. Here, we report the
identification of strains of A. fumigatus that have a muta-
tion in the pyr G gene which encodes OM P-decarboxylase.
Furthermore, we present the design of adisruption cassette
analogous to the previously described ura-blasters (Alani
etal.1987; Fonzi and Irwin 1993) and referredto asapyrG-
blaster. A demonstration that the pyr G-blaster can be used
to sequentially disrupt genes in the A. fumigatus genome
is presented.

Materials and methods

Strainsand culture conditions. A. fumigatusstrainsused in this study
arelisted in Table 1. They were propagated at 37°C on Y GA (0.5%
Yeast extract, 2% glucose, 1.5% Bacto-agar), complete medium
(Cove 1966), or minimal-medium with 0.5 mM sodium glutamate as
anitrogen source (Cove 1966). Uridine or uracil were added at acon-
centration of 5 mM when appropriate. Liquid culturesused for trans-
formation or DNA preparation were grown in YG. Strains PAP105
[A(lac-pro) F'(lacl¥l A(lacZ)M15 pro™ Tn10)] and DH5a {endAl
hsdR17 supE44 thi-1 recAl gyrA relAl A(lacZYA-argF)U169 deoR
[@80dlac A(lacz)M15]} of Escherichia coli were used for plasmid
propagation. The S-lactam antibiotic carbenicillin (100 pg/ml), ka-
namycin (50 pg/ml) and tetracycline (15 pg/ml) were added to the
growth medium when required.

Plasmids and DNA manipulations. pAB4-1, which carriesthe A. ni-
ger pyrG gene (van Hartingssveldt et al. 1987), pAF3 which carries
adeleted version of the A. fumigatus rodA locus (Thau et al. 1994),
and pHP45Q-Km which carries the neo gene from transposon Tn5
(Prentki and Krisch 1984), were kind gifts of C. Van den Hondel,
S. Paris and H. Krisch, respectively. DNA manipulations were ac-
cording to Sambrook et al. (1989) and Ausubel et al. (1992). Trans-
formation of calcium-manganese-treated E. coli was as described
(Hanahan et al. 1991). Asafirst step in the construction of pCDA 14,
two plasmids were produced by insertion of an adaptor containing
a Hpal restriction site (5'-GATCGTTAAC-3') at one of the two
BamHI sites of pHP45Q-Km. The resulting plasmids, pPCDA7 and
pPCDAS, have a unique Hpal site 3' and 5' of the neo gene respec-
tively. A derivative of pCDA7, pCDA9Xba, was then constructed by

Tablel A.fumigatus strains

Strain Genotype Origin
CEA10 Wild-type CBS 144-89
CEA17 pyrG This study
CEA17-16 pyrG rodA::(neo-A.n.pyrG-neo)®  This study
CEA17-16F1  pyrG rodA::neo® This study
CEA17-14/1 pyr G xxx:: (neo-A.n.pyrG-neo)>®  This study
CEA17-14/1F  pyrG xxx::neo®? This study
CEA17-14/2  pyrG yyy::(neo-A.n.pyrG-neo)®®  This study
CEA17-14/2F  pyrG yyy::neo® This study

@ neo: Tn5 neomycin phosphotransferase gene; A.n.pyrG: A niger
OMP decarboxylase gene

b xxx and yyy are arbitrary designations for random loci in the A. fu-
migatus genome
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inactivating the EcoRI sitelocated 3' of neo and then converting the
BamHI site located 5' of neo into a Xbal site using the following
adaptor: 5'-GATCTCTAGA-3'. pCDA10 was derived from pCDA8
by converting the BamH|I site 3' of neo into an Xbal site as described
above. pCDA 14 was then obtained by subcloning the 2.3-kb EcoRI-
Xbal fragment of pCDA10 and the 4.0-kb Xbal fragment of pAB4-
1into pCDA9Xba that had been cleaved at the Xbal and EcoRI sites
located 5' of neo.

pBLSN*isaderivativeof Bluescript™ |1 SK* (Stratagene) whose
Kpnl site has been converted into a Notl site by insertion of the fol-
lowing adaptor: 5'-GCGGCCGCGTAC-3'. Blue/white selection is
maintained in pBLSN™. pCDA 15 was constructed by subcloning the
3.7-kb Apal-EcoRV fragment of pAF3 into Apal/EcoRV-digested
pBLSN*. pCDA 16 was then obtained by subcloning the 8.6-kb Hpal
fragment of pCDA 14 into the Hindl 1 site of pCDA15 that had been
filled in using the Klenow fragment of E. coli DNA polymerase I.

Isolation of A. fumigatus pyrG mutants. A suspension of freshly har-
vested spores of A. fumigatus strain CEA10 in water (2x107 sp/ml)
was treated with 4-nitroquinoline-N-oxide as described (Harriset al.
1994). The mutagen was inactivated by the addition of 1 vol of 5%
sodium thiosulphate and spores were plated at various dilutions on
5-FOA plates [minimal-medium agar plates containing 5 mM uri-
dine, 5 mM uracil and 1 mg/ml of 5-fluoro-orotic acid (InterSpex
Products Inc., Foster City, U.S.A.)]. Survival rates were estimated
by plating non-mutagenized and mutagenized spores on minimal-
medium agar plates containing uridine and uracil. 5-FOA-resistant
colonies were observed after incubation at 37°C for 2 days. In order
to limit the occurrence of multiple mutations, only mutants obtained
from mutagenized spores with a survival rate above 75% were fur-
ther tested for uridine and uracil requirement. Reversion of the uri-
dine/uracil auxotrophy of selected mutants was tested by plating up
to 5x108 spores on minimal-medium agar plates. Only mutants that
did not show reversion were selected for further study.

Aspergillus transformation. A. fumigatus protoplasts were prepared
from germinating conidiospores grown for 5 h at 37°Cin YG medi-
um containing uridine and uracil, using Novozym 234 as described
for A. nidulans (Osmani et al. 1987). Transformations were carried
out asdescribed and transformation mixturesweremixed with 3.5 ml
of minimal medium containing 1% agar and 0.4 M (NH,),SO, and
1 M sucrose as osmotic stabilizers, and then poured onto minimal-
medium agar plates containing 0.4 M (NH,),SO, and 1 M sucrose.
In each transformation, 10° Novozym-treated spores were mixed
with 5ug of pAB4-1, Hpal-digested pCDA14 or Notl-digested
pCDA16. Transformants (2-10 per pg of transforming DNA) be-
came visible after 2 days of incubation at 37°C and the RodA™ phe-
notype could be scored after purified transformants had been incu-
bated for 3 days at 37°C on complete medium.

Selection of A. niger pyrG excision in the presence of 5-fluoro-orot-
ic acid. Freshly harvested spores from A. fumigatus strains carrying
agenomic insertion of the Hpal fragment of pPCDA 14 were plated at
various densities on 5-FOA plates (see above); pyr G revertants were
obtained after 2 days of incubation at 37°C. The use of high plate
densities (>107 spores/plate) prevents the appearance of 5-FOA-re-
sistant colonies. Determination of the frequency of pyrG loss was
made by simultaneous plating on minimal-medium containing uri-
dine and uracil.

Genomic DNA analysis. Genomic DNA of A. fumigatus strains was
prepared according to Girardin et al. (1993) and digested with Sall
or EcoRI. DNA restriction fragments transferred onto nylon mem-
branes (Hybond N** Amersham) were hybridized with the appropri-
ate probes in 50% formamide, 5% SSC, 1% SDS, 5xDenhardt, 10%
Dextran sulphate, for 16 h at 42°C. Final washes were performed at
65°Cin 0.2xSSC. The 4.0-kb Xbal fragment of pAB4-1, the 3.7-kb
Notl fragment of pCDA15, and the 2.3-kb Hindlll fragment of
pHP45Q-Km were used to probe the A. niger and A. fumigatus pyrG
genes, the A. fumigatus rodA gene, and the neo gene of transposon
Tnb, respectively. In addition to the expected 6.7-kb fragment, the
rodA probe detects a4.8-kb fragment that islikely to be homologous
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to the DNA region located 5' of rodA, since it was not detected
using a shorter probe (Thau et al. 1994). Labelling was performed
usi ng the Rediprime labelling kit (Amersham) in the presence of
[a-3?P]dCTP (Amersham). Washed membranes were exposed to
X-Omat films (Kodak).

Results
Isolation of a A. fumigatus pyrG mutant

Mutantsof Aspergillussp. that lack orotidine-5'-phosphate
(OMP) decarboxylase activity are auxotrophic for uridine
and uracil and resistant to 5-fluoro-orotic acid (5-FOA)
(van Hartingssveldt et al. 1987; Woloshuk et al. 1989;
Skory et a. 1990). Colonies able to grow in the presence
of 5-FOA, uridine and uracil were selected after mutagen-
esis (see Materials and methods). Among 100 5-FOA-
resistant colonies, 79 were found to be uridine/uracil aux-
otrophs. Most of these clones were similar in size, mor-
phology and sporulation to the wild-type strain when sup-
plemented with 5 mM uridine and uracil.

5-FOA resistanceresultsfrom mutation in the genesen-
coding either orotate phosphoribosy! transferase, pyrF, in
Aspergillus sp., or OMP decarboxylase, pyrG, in Aspergil-
lus sp. (Boeke et al. 1984). Complementation of a pyrG
mutation iseasily achieved by transforming amutant strain
with the pyr G gene from another fungal species (Ballance
and Turner 1985; Woloshuk et al. 1989). Three 5-FOA-re-
sistant A. fumigatus strains were therefore tested by trans-
formation with pAB4-1, apBR322 derivative carrying the
A. niger pyrG gene (van Hartingssveldt et al. 1987). Ura-
cil/uridine prototrophs were recovered in all three cases
demonstrating that these three mutant strains carry apyrG
mutation. Southern analysis using the A. niger pyrG gene
as a probe for the A. fumigatus pyrG locus or else a mod-
erately repetitive sequence element of the A. fumigatus ge-
nome (Girardin et al. 1993) indicated the absence of any
genomic rearrangement in al three mutants (data not
shown). One of these strains, CEA 17, was selected for fur-
ther study.

A “pyrG-blaster” for gene disruption experiments
in A. fumigatus

The newly-constructed vector pPCDA14 (Fig. 1) carriesthe
A. niger pyrG gene flanked by adirect repeat derived from
aregion of transposon Tn5 coding for neomycin phospho-
transferase, which confers kanamycin resistancein E. coli.
The 8.6-kb pyrG-blaster is easily recovered by digestion
of pCDA14 with Hpal (Fig. 1).

Disruption of the A. fumigatus rodA gene using
the pyrG-blaster

In order to test the functionality of the pyrG-blaster dis-
ruption cassettein transformation experiments and succes-
sive excision of the pyr G selection marker, we constructed

EcoRl 0.00

Pvul 10.40

Sall 1.90

Xbal 2.30

[Bpalls.s0
pCDA14

Sall 8.20 10.90 Kb

BamHl 4.10

Sall 4.20
Xbal 6.30

Sall 5.00

Fig. 1 Restriction map of pCDA14, a pBR322 derivative that con-
tains the 8.6-kb pyrG-blaster consisting of the A. niger pyrG gene
(A.n. pyrG) flanked by direct repeats. Direct repeats that contain the
neomycin phosphotransferase (neo) gene of transposon Tn5, confer-
ring kanamycin resistance in E. coli, are shown as solid boxes. A. ni-
ger DNA is shown as a dotted box. pBR322-derived DNA is shown
as athin line. The transcriptional directions of A.n. pyrG, neo, and
bla that confers carbenicillin resistance in E. coli, are indicated by
arrows. Thepositionsof important restriction sites, including thetwo
Hpal sites (boxed) that are used to release the pyrG-blaster from
pCDA14, are indicated

A. fumigatus rodA mutants by gene replacement. Due to
the lack of their conidial rodlet layer, these mutants pro-
duce hydrophilic spores that are easily wettable and form
coloniesthat are much darker than wild-type, thereby pro-
viding a visual screen for transformation-mediated gene
replacement at the rodA locus (Thau et al. 1994).

The 3.7-kb insert of pAF3 (Thau et al. 1994), carrying
flanking genomic regions of the rodA gene, was first sub-
cloned into pBLSN™ (see Materials and methods) to yield
pCDA15. The 8.6-kb Hpal fragment of pCDA 14 was then
subcloned into the unique Hindl 1l site of pPCDA15 result-
ing in pPCDA16. Notl digestion of pCDA16 produces a
12.3-kb fragment containing 2 kb of the rodA 5’ non-cod-
ingregionand 1.7 kb of therodA 3' non-coding region sep-
arated by the pyrG-blaster (Fig. 2-A1l). Thisfragment was
used to transform protoplasts of CEA17 to uridine/uracil
prototrophy. Seven transformants were recovered. Only
one displayed the RodA™ phenotype. Southern analysis of
Sall-digested genomic DNA of thismutant strain, CEA17-
16, demonstrated that the RodA™ phenotype resulted from
the expected gene replacement at the rodA locus as shown
in Fig. 2: the wild-type 6.7-kb Sall fragment (Fig. 2-A2
and B) was converted into five Sall fragments exhibiting
different hybridization patterns with the rodA, pyrG and
neo probes(Fig. 2-A3and B). Thisresult demonstratesthat
the pyr G-blaster can be used for genereplacement in A. fu-
migatus.
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5-fluoro-orotic acid-mediated excision
of the pyrG-blaster

Plating of conidiospores of strain CEA17-16 on minimal-
medium containing 5-FOA, uridine, and uracil resulted in
the appearance of uridine/uracil auxotrophs at a frequency
of 4x10™*. All of these auxotrophs retained their RodA™~
phenotype. In contrast, spontaneous uridine/uracil auxo-
trophs were obtained at afrequency of less than 10~ from
the wild-type strain, suggesting that the high level of re-
version of the CEA17-16 strain was due to theinsertion of
the pyrG-blaster at the rodA locus. Southern analysis of
Sall-digested genomic DNA from six 5-FOA-resistant de-
rivatives of strain CEA17-16 confirmed this hypothesis.
As shown in Fig. 2 (panels A4 and B) for strain CEA17-
16F1, the appearance of aPyrG™ phenotype was correl ated
with the disappearance of three Sall fragments of 3.2 kb,
2.3 kb and 0.8 kb corresponding to the A. niger pyrG gene
and to one of the two elements of the direct repeat. Fur-
thermore, the persistence of one neo gene at the disrupted
rodA locus could be demonstrated by the similar hybrid-
ization profiles obtained with the rodA and neo probes
(Fig. 2-A4 and B).

Using the Hpal fragment of pCDA14 for transforma-
tion of strain CEA17, we had obtained several transfor-
mants that carry a single copy of the pyrG-blaster inte-
grated at a random position in their genome (data not
shown). Asobserved with strain CEA17-16, 5-FOA-resis-
tant derivatives of these strains were obtained at a rela-
tively high frequency (Table 2) and were found to result
from the excision of the pyr G-blaster by recombination be-
tween the two elements of the direct repeat, one of which
is maintained at a random site in the genome (data not
shown). Data presented in Table 2 show that 5-FOA-resis-
tant derivatives of pyrG-blaster-transformed strains can
occur at frequencies closeto 10~ in all cases tested, sug-
gesting that excision of the pyrG-blaster isindependent of
its chromosomal location.

<l
-

Fig. 2 A gene replacement at the rodA locus of A. fumigatus using
the pyrG-blaster. 1 map of the Notl fragment of pCDA 16 containing
rodA disrupted by the pyrG-blaster; 2 genomic DNA of the CEA17
recipient strain; 3 genomic DNA of RodA™ transformants following
gene replacement at the rodA locus with sequences of the Notl frag-
ment of pCDA16; 4 genomic DNA of RodA™ strains obtained after
5-FOA-selected excision of the A. niger pyrG gene and of one direct
repeat. Open box, A. fumigatus DNA; solid box, coding region of the
rodA gene; solid line, A. niger DNA; open-boxed arrows, direct re-
peats with the neo gene of transposon Tn5. Sall restriction fragments
predicted to hybridize with the A. fumigatus rodA (A.f. rodA), A. ni-
ger pyrG (A.n. pyrG) and Tn5 neo probes respectively are shown as
arrows with their expected size in kb. L Sall; V EcoRV; N Notl.
B Southern hybridization of Sall-digested genomic DNAS of wild-
type strain CEA 10, pyrG strain CEA 17, pyr G rodA:: (neo-A.n. pyrG-
neo) strain CEA17-16 and pyr G rodA::neo strain CEA17-16F1. I den-
tical filters were probed with the A. niger pyrG (A.n. pyrG), A. fumi-
gatus rodA (A.f. rodA) and Tn5 neo probes as described in Materials
and methods. The4.5-kb Sall fragment carrying the A. fumigatuspyr G
gene is detected by the A.n. pyrG probe as indicated (A.f. pyrG). An
unexpected 4.8-kb fragment, detected by the A.f. rodA probe in all
four strains, is shown by a dot (see Material and methods). Sizes of
the hybridizing restriction fragments are indicated in kb

Table2 Freguency of pyrG loss by different A. fumigatus strains

Strain Growth medium for Frequency

spore production® of PyrG™®
CEA10 —-u <107
CEA17-16 -u 4 x10741.8 x 1074¢
CEA17-14/1 -u 2x10°
CEA17-14/1 +U 2x 107
CEA17-14/2 -u 8x107°
CEA17-14/2 +U 9x107°

a_U: complete medium; +U: complete medium + 5 mM uridine and
uracil

b Ratio between the number of colonies obtained on minimal medi-
um containing uridine, uracil and 5-FOA and those obtained on min-
imal medium containing uridine and uracil

¢ Two separate experiments were performed for strain CEA17-16

Table 3 Freguency of RodA™ mutants among transformants of var-
ious A. fumigatus strains

Strain PyrG* RodA~ Frequency of
transformants transformants RodA~ transformants

G102 (42) 4 11.9%

CEA17 (exp.1) 7 1 14.3%

CEA17 (exp.2) 33 16 48.5%

CEA17-14/1F 59 12 20.3%

CEA17-14/2F 49 9 18.4%

8Thau et al. 1994; primary transformants of strain G10 were scored
for hygromycin resistance using plasmid pAF3hph

Multiple disruptions using the pyrG-blaster

In order to test if the pyrG-blaster could be used in succes-
siveroundsof transformation, wetook advantage of strains
CEA17-14/1F and CEA17-14/2F which were generated by
random integration of the pyrG-blaster in the genome fol -
lowed by 5-FOA-mediated excision of the A. niger pyrG
gene (see previous section). These strains can therefore be
used to monitor the influence of an integrated copy of one
element of the direct repeat on the legitimate recombina-
tion of a disruption construct containing the pyrG-blaster.
Strains CEA17, CEA17-14/1F and CEA17-14/2F were
transformed using Notl-digested pCDA16 and PyrG*
transformants were scored for the RodA™ phenotype. Re-
sults presented in Table 3 show that the presence of an en-
dogenous copy of the neo gene does not interfere with the
integration of the disruption construct at its expected tar-
get, sincesimilar levels of RodA™ transformants have been
obtained in all strains tested.

Discussion

We haveidentified pyrG strains of A. fumigatusand shown
that they are efficiently transformed to uridine/uracil pro-
totrophy using the A. niger pyrG gene, thus providing a



new transformation system for A. fumigatus. Furthermore,
we have reported on the design of a tripartite disruption
cassette, referred to as a “pyrG-blaster”, and its applica-
tion to the construction of multiple gene replacements in
A. fumigatus. This cassette was successfully used to dis-
rupt the rodA gene of A. fumigatus or random genesin the
A. fumigatus genome. Recombination between thetwo ele-
ments of the direct repeat in the pyrG-blaster can occur at
high frequency (10*) and is easily selected in the presence
of 5-FOA. The resulting strains have the expected muta-
tion with only one element maintained at the target gene,
and are therefore susceptible to a new round of transfor-
mation using pyrG as a selection marker. Our results are
similar to those obtained by others with “ura-blasters” in
S cerevisiae (Alani et al. 1987) and C. albicans (Fonzi and
Irwin 1993): afrequency of recombination betweenthetwo
elements of the direct repeat averaging 107, a low level
(if any) of interchromosomal recombination (likely to be
reduced in our experiments because of the use of the A. ni-
ger pyrG gene), and efficient integration of disruption con-
structs at their target site in strains that already carry the
neo gene. In contrast to results obtained in S. cerevisiae
and C. albicansusing ura-blasters (Alani et al. 1987; Fonzi
and Irwin 1993), we could not demonstrate spontaneous
excision of the A. niger pyrG gene during vegetative
growth (data not shown) because of technical limitations
(replicaplating of alarge number of colonies of A. fumig-
atus is not easily achieved). However, the similar fre-
guency of loss of A. niger pyrG and the homokaryotic na-
ture of the 5-FOA -resistant colonies suggest that the exci-
sion process precedes the first nuclear division that occurs
during conidiospore germinationinthe presenceof 5-FOA.

Theavailability of apyrG-based transformation system
in A. fumigatus provides new opportunities to study this
human pathogen. In addition to the transformation vectors
that have been developed for the examination of other As-
pergillus species, the dual selection that can be applied to
the pyrG gene will allow the development in A. fumigatus
of strategiesthat have already been used to manipulate the
genomes of lower eukaryotes such as S. cerevisiae and C.
albicans and that could not be developed using antibiotic-
based selection procedures. For instance pop-in/pop-out
gene replacements that allow targeted mutagenesis (site-
specific deletion) at thegenomiclevel (Rothstein 1991) are
now accessible and should facilitate the characterization
of genes that participate in A. fumigatus pathogenicity
and/or proliferation. It is now possible to construct multi-
ply disrupted strains of A. fumigatus and other fungal spe-
ciesthat are efficiently transformed by the A. niger pyrG
gene. The method should be especially useful in the study
of processes that involve numerous isozymes, e.g. chitin
biosynthesis (Mellado et al. 1995) and proteolysis (Jaton-
Ogay et al. 1994; Reichard et al. 1994).

Transformation of A. fumigatusfrequently resultsin ec-
topic integrations of the transforming DNA (Tang et al.
1992; Monod et al. 1993; Paris et al. 1993; Jaton-Ogay
et a. 1994; Smith et al. 1994; Thau et al. 1994). A similar
phenomenon was observed during transformation with the
pyr G-blaster and resulted, after 5-FOA-mediated excision
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of the A. niger pyrG gene and of one element of the direct
repeat, in A. fumigatus strains that only carry asingle in-
sertion of the Tn5 neo gene at a random site in their ge-
nome. This new aproach to produce insertional mutants of
A. fumigatus might prove useful sincetheresulting strains,
in contrast to those generated by ectopic integration of a
shuttle vector, do not carry bacterial sequences other than
the neo gene and are therefore more suitable for further
gene manipulation. The method might beimproved by tak-
ing advantage of restriction enzyme-mediated integration
(REMI) of the transforming DNA, a process that has been
shown to increase transformation efficiency and single-
copy integration in several fungal species (Schiestl and
Petes 1991; Shi et al. 1995). Furthermore, DNA regions
flanking an insertion that causes a specific phenotype can
be recovered, together with the Tn5 neo gene, on the ba-
sis of the kanamycin resistance conferred in E. coli. The
applicability of this strategy, as well asits advantage over
transformation-mediated mutagenesis with plasmids car-
rying an E. coli replication origin and selection marker, re-
main to be evaluated.

Acknowledgements | thank S. Parisfor plasmid pAF3,C.A.M.J.J.
van den Hondel for plasmid pAB4-1 and for suggesting the use of a
resistance gene in the direct repeat, and H.M. Krish for plasmid
pHP45Q-Km. Thanks are due to J.-P. Latgé for constant encourage-
ment and to M. Cormier for her expertise in typing this paper.

References

Alani E, Cao L, Kleckner N (1987) A method for gene disruption
that allows repeated use of URAS selection in the construction of
multiply disrupted yeast strains. Genetics 116:541-545

Austin B, Hall RM, Tyler BM (1990) Optimized vectors and selec-
tionfor transformation of Neurospora crassa and Aspergillusnid-
ulansto bleomycin and phleomycin resistance. Gene 93:157-162

Ausubel FM, Brent R, Kingston RE, Moore DD, Seidman JG, Smith
JA, Struhl K (1992) Short protocolsin molecular biology. Wiley,
New York

AvalosJ, Geever RF, Case ME (1989) Bial aphosresistance asadom-
inant selectable marker in Neurospora crassa. Curr Genet 16:
369-372

Ballance DJ, Turner G (1985) Development of a high-frequency
transforming vector for Aspergillus nidulans. Gene 36:321-331

Boeke JD, Lacroute F, Fink GR (1984) A positive selection for
mutants lacking orotidine-5'-phosphate decarboxylase activity
in yeast: 5-fluoro-orotic acid resistance. Mol Gen Genet 197:
345-346

Cove DJ(1966) Theinduction and repression of nitrate reductasein
the fungus Aspergillus nidulans. Biochim Biophys Acta 113:
51-56

Fonzi WA, Irwin MY (1993) Isogenic strain construction and gene
mapping in Candida albicans. Genetics 134:717—728

Girardin H, Latgé J-P, Skirantha T, Morrow B, Soll D (1993) Devel-
opment of DNA probes for fingerprinting Aspergillus fumigatus.
JClin Microbiol 31:1547-1554

Guthrie C, Fink GR (1991) Guide to yeast genetics and molecular
biology. Academic Press, San Diego

Hanahan D, Jessee J, Bloom FR (1991) Plasmid transformation of
Escherichia coli and other bacteria. Methods Enzymol 204:
63-113

Harris SD, Morrell JL, Hamer JE (1994) Identification and charac-
terization of Aspergillus nidulans mutants defective in cytokin-
esis. Genetics 136:517-532



82

Hartingssveldt W van, Mattern |E, van Zeijl CMJ, Pouwels PH, Van
den Hondel CAMJJ (1987) Development of a homologoustrans-
formation system for Aspergillus niger based on the pyrG gene.
Mol Gen Genet 206:71-75

Jaton-Ogay K, Paris S, Huerre M, Quadroni M, Falchetto R, Togni
G, Latgé JP, Monod M (1994) Cloning and disruption of the gene
encoding an extracellular metalloprotease of Aspergillus fumig-
atus. Mol Microbiol 14:917-928

Kurtz MB, Kirsch DR, Kelly R (1988) The molecular genetics of
Candida albicans. Microbiol Sci 5:58-63

Mellado E, Aufauvre-Brown A, Specht CA, Robbins PW, Holden
DW (1995) A multigene family related to chitin synthase genes
of yeast inthe opportunistic pathogen Asper gillusfumigatus. Mol
Gen Genet 246:353-359

Monod M, Paris S, Sarfati J, Janton-Ogay K, Ave P, Latgé J-P (1993)
Virulence of alkaline protease-deficient mutants of Aspergillus
fumigatus. FEM S Microbiol Lett 106:39-46

Orbach MJ, Porro EB, Yanofsky C (1986) Cloning and characteriza-
tion of the gene for beta-tubulin from a benomyl-resistant mu-
tant of Neurospora crassa and its use as a dominant selectable
marker. Mol Cell Biol 6:2452-2461

Osmani SA, May GS, Morris RN (1987) Regulation of the mRNA
levels of nimA, agenerequired for the G2-M transition in Asper-
gillus nidulans. J Cell Biol 104:1945-1504

Paris S, Monod M, Diaquin M, Lamy B, Arruda LK, Punt PJ, Latgé
JP (1993) A transformant of Aspergillus fumigatus deficient in
the antigenic cytotoxin ASPFI. FEMSMicrobiol Lett 111:31-36

Prentki P, Krisch HM (1984) In vitro insertional mutagenesiswith a
selectable DNA fragment. Gene 29:303-313

Punt PJ, Oliver RP, Dingemanse MA, Pouwels PH, Van den Hondel
CAMJJ (1987) Transformation of Aspergillus based on the Hy-
gromycin-B resistance marker from Escherichia coli. Gene
56:117-124

Reichard U, Effert H, Richel R (1994) Purification and character-
ization of an extracellular aspartic proteinase from Aspergillus
fumigatus. JMed Vet Mycol 32:427-436

Rothstein R (1991) Targeting, disruption, replacement and alleleres-
cue: integrative DNA transformation in yeast. Methods Enzymol
194:291-301

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning: ala-
boratory manual. Cold Spring Harbor, New York

Schiestl RH, Petes TD (1991) Integration of DNA fragments by il-
legitimate recombination in Saccharomyces cerevisiae. Proc Natl
Acad Sci USA 88:7585-7589

Seip ER, Woloshuk CP, Payne GA, Curtis SE (1990) Isolation and
sequence analysis of abeta-tubulin gene from Aspergillus flavus
and its use as a selectable marker. Appl Environ Microbiol
56:3686-3692

Shi Z, Christian D, Leung H (1995) Enhanced transformation of Mag-
naporthe grisea by restriction enzyme mediated integration of
plasmid DNA. Am Physiopathological Soc 85:329-333

Sikorski RS, Boeke JD (1991) Invitro mutagenesisand plasmid shuf-
fling: from cloned gene to mutant yeast. Methods Enzymol
194:302-318

Skory CD, Horng JS, Pestka JJ, Linz JE (1990) Transformation of
Aspergillus parasiticus with ahomol ogous gene (pyr G) involved
in pyrimidine biosynthesis. Appl Environ Microbiol 56:3315—
3320

Smith M, Tang CM, Noorden SV, Holden DW (1994) Virulence of
Aspergillus fumigatus double mutants lacking restrictocin and an
alkaline protease in a low-dose model of invasive pulmonary
aspergillosis. Infect Immun 6204:5247-5254

Tang CM, Cohen J, Holden DW (1992) An Aspergillus fumigatus
alkaline protease mutant constructed by gene disruption is defi-
cient in extracellular elastase activity. Mol Microbiol 6:1663—
1671

Thau N, Monod M, Crestani B, Rolland C, Tronchin G, Latgé JR,
Paris S (1994) rodletless mutants of Aspergillus fumigatus. In-
fect Immun 62:4380-4388

Tilburn J, Scazzochio C, Taylor GG, Zabicky-Zissman JH, Locking-
ton RA, Davies RW (1983) Transformation by integration in
Aspergillus nidulans. Gene 26:205-221

Woloshuk CP, Seip ER, Payne GA, Adkins CR (1989) Genetic trans-
formation system for the aflatoxin-producing fungus Aspergillus
flavus. Appl Environ Microbiol 55:86-90



