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We induced mutants of Gibberella fujikuroi deficient in gibberellin (GA) biosynthesis by transformation-
mediated mutagenesis with the vector pAN7-1. We recovered 24 GA-defective mutants in one of nine trans-
formation experiments performed without the addition of a restriction enzyme. Each mutant had a similar
Southern blot pattern, suggesting the integration of the vector into the same site. The addition of a restriction
enzyme by restriction enzyme-mediated integration (REMI) significantly increased the transformation rate
and the rate of single-copy integration events. Of 1,600 REMI transformants, two produced no GAs. Both
mutants had multiple copies of the vector pAN7-1 and one had a Southern blot pattern similar to those of the
24 conventionally transformed GA-deficient mutants. Biochemical analysis of the two REMI mutants con-
firmed that they cannot produce ent-kaurene, the first specific intermediate of the GA pathway. Feeding the
radioactively labelled precursors ent-kaurene and GA12-aldehyde followed by high-performance liquid chro-
matography and gas chromatography-mass spectrometry analysis showed that neither of these intermediates
was converted to GAs in the mutants. Southern blot analysis and pulsed-field gel electrophoresis of the trans-
formants using the bifunctional ent-copalyl diphosphate/ent-kaurene synthase gene (cps/ks) and the flanking
regions as probes revealed a large deletion in the GA-deficient REMI transformants and in the GA-deficient
transformants obtained by conventional insertional transformation. We conclude that transformation proce-
dures with and without the addition of restriction enzymes can lead to insertion-mediated mutations and to
deletions and chromosome translocations.

The rice pathogenic fungus Gibberella fujikuroi (mating pop-
ulation C) is a well-known producer of gibberellins (GAs).
GAs are responsible for the growth aberrations observed in
rice plants infected with G. fujikuroi (bakanae disease). Al-
though GA formation has also been observed in Sphaceloma
manihoticola (30), Neurospora crassa (20), Phaeosphaeria sp.
(19), and some other plant pathogens (38), G. fujikuroi is
unique because of the enormous quantities of GAs that it can
secrete.

Chemically, GA metabolism in G. fujikuroi is relatively well
understood (9, 12, 23), but molecular genetic analysis of this
pathway has only recently begun (16, 25, 39–41, 43). We have
isolated and characterized the genes coding for enzymes that
are involved in the initial steps of GA biosynthesis: HMG-CoA
reductase (43), FPP synthase (16), and GGDP synthase (25).

Several molecular approaches have been used to identify
specific genes in the GA pathway in G. fujikuroi. A PCR ap-
proach using oligonucleotide primers, based on conserved
amino acid sequences encoded by corresponding plant genes,
led to the cloning of a gene from G. fujikuroi coding for the
bifunctional copalyl diphosphate/ent-kaurene synthase (CPS/
KS) (40). A second approach is to assume transcriptional reg-
ulation of genes involved in the GA pathway and then to
screen for differential mRNA expression. Differential cDNA
screening led to the cloning of a pathway-specific cytochrome

P450 monooxygenase gene and the flanking genes, which have
all been shown to be involved in GA biosynthesis in G. fujikuroi
(39). The disadvantage of this approach is that it also yields
housekeeping genes that are induced under GA production
conditions, e.g., nitrogen starvation. Furthermore, some GA
biosynthesis genes might not be differentially expressed and
cannot be cloned by this technique. Therefore, we developed
an insertional mutagenesis strategy to identify GA-deficient
mutants. Insertional mutagenesis via integrative transforma-
tion has been successfully used to tag genes in N. crassa (18),
Aspergillus nidulans (37), Colletotrichum lindemuthianum (8),
Coprinus cinereus (14), and Magnaporthe grisea (36).

In many cases, insertional mutagenesis has been extended to
include restriction enzyme-mediated integration (REMI). Ini-
tially, the method was developed for Saccharomyces cerevisiae
(33), but it has also been used successfully for other fungi,
including Dictyostelium sp. (21), Ustilago maydis (3), Cochliobo-
lus heterostrophus (22), M. grisea (34, 36), A. nidulans (32), and
Penicillium paxilli (17).

Our objectives in this study were (i) the recovery of GA-
deficient mutants by insertional mutagenesis, (ii) the isolation
of the “tagged” genes, and (iii) the identification of the bio-
chemical pathway lesions in the mutants. We obtained path-
way-specific mutants by transformation, but all of the transfor-
mants obtained with or without restriction enzymes have major
deletions in their genomes.

MATERIALS AND METHODS

Strains and plasmids. The transformation experiments were performed with
the G. fujikuroi wild-type strain IMI 58289 (Imperial Mycological Institute,
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Egham, United Kingdom). Plasmid pAN7-1 (28), which carries the hygromycin
B resistance gene, was used to transform G. fujikuroi.

Media and culture conditions. For DNA isolation, the fungal strains were
grown in 100 ml of CM liquid medium optimized for Fusarium spp. (27) for 3
days at 28°C on a rotary shaker at 200 rpm. For a standard GA assay of REMI
transformants, strains were grown in test tubes containing 5 ml of 10% ICI
medium (11).

DNA isolation. Genomic DNA was isolated according to the method of Cenis
(5). The mycelium was harvested by filtration through sterile filter paper, washed
with sterile distilled water, frozen in liquid nitrogen, and lyophilized for 24 h. The
lyophilized mycelium was ground to a fine powder. Plasmid DNA was extracted
by using Jetprep columns (Genomed, Bad Oeynhausen, Germany) following the
manufacturer’s protocol.

Southern blot analysis. The restricted genomic DNA was transferred to Hy-
bond N1 filters (Amersham, Braunschweig, Germany). The 32P-labelled probes
were prepared by the random oligomer-primer method (31). Filters were hy-
bridized under high-stringency conditions at 65°C in 53 Denhardt’s solution
containing 5% dextran sulfate (31). Filters were washed in a mixture of 23 SSPE
(13 SSPE is 0.18 M NaCl, 10 mM NaH2PO4, and 1 mM EDTA [pH 7.7]), 0.1%
SDS, and 13 SSPE at hybridization temperature.

DNA transformation. Transformation of G. fujikuroi was conducted with cir-
cular or linearized plasmid pAN7-1 (28) with or without addition of restriction
endonucleases. Protoplasts were obtained as described previously (41). To mix-
tures containing 50 ml of protoplasts at a concentration of 1 3 108 per ml in STC
(1.3 M sorbitol, 10 mM Tris-HCl [pH 7.5], 10 mM CaCl2), 10 mg of plasmid DNA
and 50 ml of polyethylene glycol (PEG) (25% PEG 6000 in STC) were added. For
REMI transformation, 10 mg of plasmid DNA was incubated with a restriction
endonuclease (HindIII or XbaI) in 50 ml for 2 h and then mixed with 50 ml of 23
STC. The restriction mixture (100 ml) and 50 ml of PEG 6000 were added to 50
ml of protoplasts. The transformation mixture was incubated on ice for 25 min,
and then an additional 2 ml of PEG 6000 was added. The mixture was mixed and
kept at room temperature for 10 min before 4 ml of STC buffer was added. The
transformation mixture was added to 100 ml of liquified regeneration medium
(0.05% yeast extract [Difco, Detroit, Mich.], 0.7 M sucrose, 2% agar] containing
125 mg of hygromycin B (Calbiochem, Bad Soden, Germany)/ml. Individual
transformants appeared after 3 to 4 days at 28°C. They were transferred to CM
agar supplemented with 125 mg of hygromycin B/ml. For further purification,
single microconidium colonies were isolated and tested again for hygromycin
resistance.

Molecular analysis of the transformants. The number of copies of integrated
pAN7-1 in G. fujikuroi transformants was determined by Southern blot hybrid-
ization. Genomic DNA from the transformants and the wild-type IMI 58289
were digested with HindIII and EcoRI, which cut once and twice, respectively, in
pAN7-1. Hybridization signals of HindIII-digested DNA were analyzed to de-
termine the copy number of integrated vector.

GA assays. (i) TLC. For standard analysis of GA formation, transformant and
wild-type strains were incubated in 5 ml of 10% ICI medium for 7 days on a
rotary shaker (200 rpm) at 28°C. After separation of the mycelium, 10 ml of the
culture fluid was analyzed by thin-layer chromatography (TLC) (using chloro-
form:ethyl acetate:acetic acid [90:60:5]). For the detection of GAs, plates were
air dried, exposed over HCl for 30 min, and heated at 120°C for 10 min. GAs
were visualized with UV light (365 nm).

(ii) GC-MS conditions. Samples for gas chromatography-mass spectrometry
(GC-MS) analysis were converted to methyl esters by dissolution in methanol
(200 ml), the addition of excess ethereal diazomethane, and then evaporation to
dryness under N2. Samples were converted to trimethylsilyl (TMSi) ethers by
heating with N-trimethyl-N-trimethylsilyltrifluoracetamide at 90°C for 30 min.
The derivatized samples were analyzed by GC-MS by using a VG7070 device
(V.G. Analytical, Wythenshawe, Manchester, United Kingdom), as described
previously (15).

(iii) Provision of labelled substrates. ent-[1,7,12,18-14C4]kaurene and
[1,7,12,18-14C4]GA12-aldehyde were prepared from R-[2-14C]mevalonic acid as
described by Graebe et al. (13). [17-3H,13C]GA4 was a gift from B. O. Phinney
(University of California, Los Angeles).

(iv) GC-MS analysis of cultures. Cultures of G. fujikuroi were grown for 10
days in 300-ml shake flasks containing 100 ml of 10% ICI medium (11) at 25°C
and 180 rpm. Mycelium and culture medium were separated by filtration. The
mycelium was extracted with methanol and analyzed by GC-MS as described
above. The culture medium was acidified to pH 2.5 with 1 N HCl and partitioned
against ethyl acetate (33 equal volume). The ethyl acetate phase was taken to
dryness in vacuo and analyzed by GC-MS. For quantitative determination of
ent-kaurene in the mycelium or of the GA3 in the medium, ent-[14C4]kaurene or
[17-2H2]GA3 (a gift of L. N. Mander, Australian National University, Canberra,
Australia), respectively, was added as an internal standard prior to extraction.
Samples were analyzed by GC-MS with selected ion monitoring by using a
Hewlett-Packard 5970 gas chromatograph coupled to a mass selective detector.
In the case of ent-kaurene, ions in the molecular ion cluster were monitored to
determine specific radioactivity and the ent-kaurene content was calculated from
isotope dilution (4). For quantification of GA3, the molecular ions for 17-2H2-
labelled and unlabelled GA3, at an m/z of 506 and 504, respectively, were
monitored, and the GA3 content was determined from the peak area ratios by
reference to a calibration curve.

(v) Culture feeding experiments. Cultures were grown in 40% ICI medium
(ICI medium with 40% of the nitrogen source) (15) at 25°C in shake flasks at 180
rpm. After 2 days, the mycelium was transferred to 0% ICI medium (no nitro-
gen). The labelled substrates were added, and the incubation was continued for
2 days. After filtration, the acidified culture medium was partitioned against ethyl
acetate, and the dried extract was taken up in water and adjusted to pH 7 to 8
with KOH. Samples were purified on a QAE Sephadex A25 column and a C18
cartridge (Waters, Taunton, Mass.) as described previously (6) and then analyzed
by high-performance liquid chromatography (HPLC) with on-line radiomonitor-
ing, using equipment and general conditions described elsewhere (24). We con-
firmed metabolite identity by analyzing fractions containing radioactivity by
GC-MS after derivatization. Nonpolar metabolites were extracted from the my-
celium with methanol and analyzed by TLC or HPLC without purification. In
some cases, the GA biosynthesis inhibitors, AMO-1618 (200 mM) (2) and/or
paclobutrazol (100 mM) (29), were added to cultures of strain IMI 58289 to
reduce formation of nonlabelled products that would interfere in the GC-MS
analysis.

PFGE. Protoplasts at a concentration of 2 3 108 per ml were embedded in
1.2% agarose solution (InCert Biozym, Oldendorf, Germany) containing 1.2 M
sorbitol and 50 mM EDTA (pH 8.0) to get 0.6% agarose plugs (45). For lysing
the cells, the plugs were incubated with a mixture of 0.5 M EDTA, 0.1 M
Tris-HCl (pH 8.0), 1% sarcosyl, and 2 mg of proteinase K (Sigma, Deisenhofen,
Germany)/ml for 48 h at 50°C and 100 rpm, changing the buffer after 24 h. The
plugs were washed three times for 5 min and three times for 1 h with a mixture
of 0.5 M EDTA and 0.1 Tris-HCl (pH 8.0) at 4°C and 100 rpm. They were stored
in 50 mM EDTA (pH 8.0) at 4°C. Pulsed-field gel electrophoresis (PFGE) was
performed with a CHEF-DR III device (Bio-Rad, Munich, Germany). Gels were
run with an agarose (FASTLANE, FMC; Biozym, Oldenburg, Germany) con-
centration of 0.8% in 13 TAE buffer (31) at 14°C. Each block ran for 24 h at 2
V/cm, and the switch times and the angles were 1,200 s and 96° (block 1), 1,500
s and 100° (block 2), 1,800 s and 106° (block 3), and 2,100 s and 110° (block 4).
For Southern analysis the gels were incubated with 0.25 M HCl for 30 min and
then blotted with LKB 2016 Vacu-Gene (Pharmacia, Freiburg, Germany) for 3 h
onto Hybond N1 filters (Amersham) by using 0.4 M NaOH as a transfer buffer.

RESULTS
Transformation frequency. Protoplasts of the wild-type G.

fujikuroi IMI 58289 were transformed conventionally by circu-
lar or linearized plasmid DNA of the vector pAN7-1 and by a
modified REMI procedure in which 20, 50, and 100 U of one
of the restriction enzymes HindIII and XbaI, which linearize
the vector, were added to each transformation mixture (Table
1). Using circular plasmid DNA without restriction enzyme,
the transformation rate was very low. Addition of XbaI and
HindIII to the circular plasmid, and especially the addition of
HindIII at 50 U, significantly increased transformation effi-
ciency. Reproducibly high numbers of transformants were also
obtained with HindIII-linearized pAN7-1 (20 U), with or with-
out heat-inactivation of the restriction enzyme. Larger

TABLE 1. Transformation rates with different plasmid treatments
in transformation of G. fujikuroi IMI 58289

Enzyme Quantitya

(U)
Circular DNA

(T/mg)b
Linear DNA

(T/mg)

None 0.1

HindIII 20c 4.1
20 2.1d 3.6
50 6.2d 0.9

100 NDe 0.3d

XbaI 20c 0.1
20 ND 0.3
50 1.3 0.3

100 0.1d 0.3d

a The indicated quantity of enzyme was mixed with the DNA and then used
directly (circular DNA) or after a 2-h incubation at 37°C (linear DNA) for
transformation.

b Average number of transformants per microgram of DNA.
c The enzyme was heat inactivated for 30 min at 80°C.
d These are data from a single experiment.
e ND, not done.
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amounts of HindIII reduced the transformation frequency.
XbaI had no significant effect on transformation frequency
using linearized plasmid.

Integration events. The number of copies of integrated
pAN7-1 was determined by Southern blot hybridization. A
REMI event was defined as an integration of the linearized
plasmid into identical restriction sites in the genome (1). In
two of the 46 REMI transformants, the vector integrated at the
HindIII site in the genome and could be recovered after
HindIII restriction (data not shown). In all other cases, either
one or both HindIII sites were lost after the integration event
or the integration occurred at sites other than the restriction
sites in the genomic DNA. Of the 46 analyzed transformants
obtained by REMI, 38 carried one copy of the integrated
plasmid or tandem insertion events in one integration site.
With circular and linearized plasmids without addition of re-
striction enzymes, we obtained 24 and 29 single-copy transfor-
mants out of 50 analyzed, respectively. Therefore, the addition
of restriction enzyme apparently resulted in an increase in
single-copy integration events.

Screening for gib2 mutants. We screened approximately
1,600 transformants obtained by REMI and 371 transformants
obtained by transformation with linearized or circular vector
DNA without the addition of restriction enzyme for their abil-
ity to produce GAs. Among the REMI transformants, two
strains (gib1 and gib2) no longer produced GAs. Both mutants
were obtained by using HindIII as the restriction enzyme.
None of the transformants we obtained by conventional trans-
formation in eight independent experiments had a gib2 phe-
notype. However, in one transformation experiment using the
linearized vector pAN7-1, 24 transformants lacking GAs were
obtained from different transformation mixtures after screen-
ing by TLC (Fig. 1). All of the gib2 transformants had normal
growth and sporulation characteristics, and no obvious mor-
phological differences were observed. The REMI mutants
carry at least two (gib1) and six (gib2) copies of the transfor-
mation vector pAN7-1 (Fig. 2). The gib1 mutant lost at least
one HindIII site, since the intact plasmid could not be recov-
ered after HindIII restriction. Mutant gib2 has a strongly hy-
bridizing 6.8-kb HindIII fragment (vector size) that could re-
sult from a tandem integration of the vector in one location or
several independent REMIs (1). Fifteen of the 24 GA-defi-
cient mutants obtained following transformation without a re-
striction enzyme had single-copy insertions, and the remaining
nine had two copies of the vector. In Southern blots of HindIII

and EcoRI digests, the 24 GA-defective mutants and the
REMI mutant gib1 have nearly identical patterns. In Fig. 2, the
hybridization patterns for 11 of the 24 conventional and the
two REMI transformants are shown.

Biochemical analysis of the GA-deficient REMI mutants.
Cultures of gib1, gib2, and IMI 58289 were analyzed by GC-

FIG. 1. Detection of GAs in culture filtrates of the wild type and of several mutant strains. Shown is a TLC plate after exposure to HCl and heat treatment observed
under UV light. Volumes of 10 ml of culture filtrate of the wild type and of different gib2 mutant strains were loaded in each lane as indicated.

FIG. 2. Integration pattern of the transformation vector obtained by South-
ern blot analysis. Genomic DNAs of the wild type and the gib2 mutants were
digested with HindIII (upper part of the figure; one restriction site in pAN7-1)
and EcoRI (lower part of the figure; two restriction sites in pAN7-1). The blot
was probed with linearized pAN7-1. Lanes: 1, gib11; 2, gib10; 3, gib9; 4, gib8; 5,
gib7; 6, gib6; 7, gib5; 8, gib4; 9, gib3; 10, wild type; 11, gib2; 12, gib. The heavy band
at 6.8 kb in lane 11 in the upper part marks the vector size. The heavy band at
2.5 kb in all lanes of the lower part of the figure corresponds to an internal EcoRI
fragment of the vector. Sizes are indicated on the left in kilobases.
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MS. The total ion chromatogram of the culture media of IMI
58289 showed at least 11 compounds, which were absent in the
corresponding chromatograms of the REMI mutants (Fig. 3).
Most of these compounds were identified as products of the
GA biosynthesis pathway by comparison of their mass spectra
with those of published spectra (10). Under conditions in
which GA3 accumulated to 120 mg per liter of culture medium
from the recipient strain, ,1024 mg of GA3 per liter was
present in the media from the two mutant strains. Further-
more, 45 mg of ent-kaurene per kilogram of mycelium (dry
weight) was measured in mycelium of IMI 58289, but less than
1 mg/kg occurred in the mycelium of the gib2 mutants. These
results suggest that the first step in the GA pathway, the con-
version of GGDP to ent-kaurene (Fig. 4), was affected in both
mutants.

Feeding experiments. The radioactively labelled intermedi-
ates of the GA pathway, ent-[14C4]kaurene, [14C4]GA12-alde-

hyde, and [17-3H2,13C]GA4, were incubated with the mutant
and wild-type cultures to determine if later steps of the path-
way were also affected (Fig. 4). To reduce the high level of
nonlabelled ent-kaurene in the mycelium of the wild-type
strain that would interfere with the metabolism of the labelled
substrate, we added AMO-1618, an inhibitor of ent-kaurene
formation from GGDP in plants and fungi (2), prior to the
addition of the labelled ent-[14C4]kaurene. With this treatment,
the metabolism of the labelled substrate by strain IMI 58289
could easily be detected by HPLC. In cultures of both mutants
incubated with ent-[14C4]kaurene, only the substrate was re-
covered in the mycelium, with no indication of metabolism,
even when the cultures were treated with AMO-1618.

After feeding of [14C4]GA12-aldehyde to cultures of the mu-
tants and IMI 58289, the wild-type strain synthesized labelled
GA13, GA4, GA7, and GA3. In neither mutant could conver-
sion of [14C4]GA12-aldehyde to the metabolites obtained with
the recipient strain be detected.

In mutant cultures treated with [17-3H,13C]GA4, a late in-
termediate in the pathway to GA3 (Fig. 4), a small peak with a
retention time corresponding to that of GA3 was present, but
the amount of this compound was too small for identification
by GC-MS. In the wild-type strain, the expected metabolism of
[17-3H,13C]GA4 was obtained.

FIG. 3. Total ion chromatograms from GC-MS of extracts from the culture
media from the wild type (A) and REMI mutant gib2 (B). Arrows in panel A
indicate retention times of intermediates in the GA pathway identified in the
culture medium of the wild type by GC-MS analysis as follows: 1, ent-kaurene; 2,
GA9; 3, GA25 1 GA24; 4, GA14; 5, GA4; 6, GA7; 7, GA13 1 GA36; 8, iso-GA3
1 GA16; 9, GA3.

FIG. 4. Simplified scheme of the GA-biosynthetic pathway. Fed intermedi-
ates are boxed.
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The results of these feeding experiments show that ent-kau-
rene formation and all of the downstream steps in the GA
pathway are either blocked or greatly reduced in activity in
both mutants.

Southern blot analysis of the GA-defective mutants. Since
neither of the GA-deficient REMI transformants produces

ent-kaurene, the first intermediate of the GA-biosynthetic
pathway, we initially thought that the vector had integrated
into the cps/ks locus coding for the bifunctional CPS/KS. We
probed a Southern blot of the mutants with the cps/ks gene
(40), but none of the 26 gib2 mutants obtained by REMI or
conventional mutagenesis showed any hybridization signal
(data not shown).

Further analysis using the flanking DNA fragments on the
left (a 13-kb SalI fragment and the following 9.4-kb SalI frag-
ment) and the right (a 6-kb SalI fragment and an 8-kb EcoRI
fragment) sides of the cps/ks locus (39) as probes revealed the
deletion to be at least 36 kb both in the REMI-derived GA-
deficient transformants and in the GA mutants obtained by
conventional transformation.

PFGE. We performed PFGE with protoplasts from the two
REMI strains, gib1 and gib2, and with gib24, which was gener-
ated by conventional transformation. The large deletion de-
tected by Southern blot analysis is also visible at the chromo-
somal level (Fig. 5). In two of the three mutant strains tested,
gib1 and gib24, chromosome 4 (according to the numbering in
reference 44) is missing, whereas the chromosome 5 band
seems to be intensified. In gib2, the situation is different. The
native chromosome 4 also is missing, but instead a larger chro-
mosome can be detected below chromosome 3, presumably
due to a chromosome translocation event (Fig. 5).

The gel was blotted and hybridized with different probes
(Fig. 6). With the cps/ks gene as probe, we found signals only
in the lanes with the wild type on chromosome 4. As controls,
we hybridized the same filter with the ggs1 (25) and the niaD
(41) genes of G. fujikuroi. The niaD gene is located on the
double band of chromosomes 8 and 9, giving hybridizing sig-
nals of the same size for the lanes with the wild type and the
gib2 mutants (Fig. 6). The ggs1 gene is located on chromosome
4, which carries the large deletion in the GA-deficient mutants.
In contrast to the cps/ks gene and the flanking regions, the ggs1
gene was not lost by the deletion. In gib1 and gib24, the hy-

FIG. 5. PFGE of DNA from the wild type and the mutant strains gib1, gib2,
and gib24. Numbering of the chromosomes follows that in reference 44. Chro-
mosomes of Schizosaccharomyces pombe were used as size markers (5.7, 4.7, and
3.5 Mb).

FIG. 6. Southern blot analysis of the chromosomes of the wild type and the mutants gib1, gib2, and gib24, using the cps/ks (A), niaD (B), and ggs1 (C) genes as
probes.

2562 LINNEMANNSTÖNS ET AL. APPL. ENVIRON. MICROBIOL.



bridization signal was found on a smaller chromosome of ap-
proximately the same size as chromosome 5 which is not
present in the wild-type strain. In gib2, the probe hybridized to
a larger chromosome apparently obtained by a chromosome
translocation event (Fig. 6C). The difference between the wild-
type chromosome 4 and the altered chromosome 4 of gib1 and
gib24 is about 0.3 to 0.4 Mb.

DISCUSSION

In other fungal systems, random insertional mutagenesis has
been used to obtain mutants following the insertion of a plas-
mid into the genome. We evaluated the feasibility of inser-
tional mutagenesis in G. fujikuroi by transformation with and
without the addition of restriction enzymes for isolating mu-
tants that are deficient in one of the presumed 9 to 13 genes
required for the conversion of GGDP to GA3 (23).

We also tried to isolate gib2 mutants by UV and chemical
mutagenesis and found only two mutants in a screen of ap-
proximately 12,000 survivors (data not shown). Conventional
mutagenesis often causes point mutations that yield leaky mu-
tants, which produce small amounts of the target secondary
metabolite (26). Insertional mutagenesis also enables the clon-
ing of the mutagenized gene directly using the integrated plas-
mid as a tag (3, 8, 22).

The presence of target sites for integration, rather than the
availability of foreign DNA, is the rate-limiting factor for plas-
mid integration (17). Modification of the conventional trans-
formation procedure by the addition of restriction enzymes to
the transformation mixtures (REMI) increases both the trans-
formation frequency and the number of single-copy integration
events in many fungi (1, 3, 17, 22, 34) and can potentially
randomize integration sites (36).

We have shown that both the linearization of plasmid
pAN7-1 and the presence of HindIII during transformation
significantly increased the transformation rate (Table 1) and
the percentage of single-copy integrations in G. fujikuroi. In
only two of the analyzed transformants were both recognition
sites for the restriction enzyme retained. In the other transfor-
mants, one or both restriction sites were lost during the inte-
grations, presumably by degradation of overhanging ends prior
to religation. In comparison, for P. paxilli (17) and U. maydis
(3), about 50% of the analyzed REMI transformants regener-
ated the recognition sites. The reason for the low rate of intact
restriction sites in G. fujikuroi is not clear.

Among 1,600 REMI transformants analyzed, two GA-defi-
cient mutants (gib1 and gib2) were identified by TLC. Analysis
of intermediates by GC-MS and feeding experiments showed
that both gib1 and gib2 are blocked at the first step unique to
the GA pathway, the biosynthesis of ent-kaurene. Southern
blot hybridization using the cps/ks gene as probe revealed that
the gib2 phenotype is not due to an integration event but to a
deletion. Interestingly, 24 gib2 mutants obtained by transfor-
mation with linearized plasmid also had large deletions (at
least 36 kb) at the cps/ks locus.

The results of the PFGE experiments are consistent with the
Southern blot analysis showing that the loss of ability to pro-
duce GAs in all of the transformants is due to a large deletion
in chromosome 4. The cps/ks gene probe hybridized only to
chromosome 4 from the wild-type strain. The failure of the
mutants to convert ent-kaurene or GA12-aldehyde indicates
that several biochemical activities are missing in the mutants
and is consistent with the hypothesis that all of the GA path-
way genes are clustered on chromosome 4. The fact that even
GA4, one of the last intermediates of GA biosynthesis, is not
metabolized to the same extent as in the wild-type strain dem-

onstrates that apparently all genes of the pathway are located
in the deleted region.

It is surprising that the 24 GA-deficient mutants obtained by
conventional transformation and the REMI transformant gib1
had nearly identical hybridization patterns. We suggest that
plasmid integration into a recombination hot spot in or near
the GA gene cluster on chromosome 4 results in chromosome
rearrangements, both deletions and translocations. At a mini-
mum, plasmid insertion appears to result in the loss of 300 to
400 kb of DNA, while in gib2, the chromosomal anomaly is
even more complex and involves both a deletion and a signif-
icant rearrangement (Fig. 6). Thus, the gib2 phenotype results
from a deletion in chromosome 4 and not the disruption of
individual genes.

Nonrandom integration into a recombination hot spot has
also been reported in A. nidulans after conventional transfor-
mation (7) and in M. grisea after a REMI approach (36), where
two insertions in two mutants out of 5,538 occurred in the same
gene coding for an acyltransferase (36). In C. heterostrophus,
transformation with and without restriction enzymes led to a
100-kb deletion (42) and a translocation (45) at the TOX1
locus, respectively (45). Large deletions were also obtained in
transformation-mediated mutants of the paxilline pathway (46)
and in REMI-mediated pathogenicity mutants of M. grisea
(36).

In conclusion, we think that transformation, with or without
addition of restriction enzymes, can lead not only to mutations
based on plasmid insertion, but also to deletions and other
chromosome rearrangements. The recovery of nontagged mu-
tants with large deletions in the region of the GA biosynthesis
genes was unexpected but provides additional evidence that
genes coding for enzymes in the GA pathway are clustered
near the cps/ks gene (43). Among these genes are several
cytochrome P-450–monooxygenase genes and a second GA-
specific geranylgeranyl diphosphate synthase (ggs2) gene.
Other genes in this region are still not identified. We plan to
use these deletion mutants to identify missing genes in the
cluster by complementation with cosmids and differential
cDNA screening comparing the expression patterns between
the wild type and the deletion mutants.
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