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Insertional mutagenesis of pathogenic fungi
Jeremy S Brown and David W Holden∗

Screening insertional mutants for loss of virulence is an
effective method for investigating the molecular genetic
basis of bacterial pathogenesis, but has only recently been
applied to fungal pathogens. For many pathogenic fungi
transformation with heterologous plasmid DNA results
in complex integration events. This problem can now be
circumvented for some species using restriction enzyme
mediated integration. Insertional mutagenesis of Fusarium
oxysporum using the naturally occurring fungal transposon
impala has been described, but transposon tagging for
other fungi has yet to be developed. Although insertional
mutagenesis has recently identified important virulence
determinants of fungal phytopathogens, the lack of suitable
screening strategies has so far limited its applicability for
fungal pathogens of humans.
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Abbreviations
REMI restriction-enzyme-mediated integration
STM signature-tagged mutagenesis

Introduction
Classic genetic analysis using mutagens such as chemicals
or ultraviolet light has yielded a wealth of knowledge
on fungal physiology and development. These mutagens
mainly generate base pair deletions or substitutions, which
can result in the loss or alteration of gene function, and
their relative lack of specificity allows saturation of a
genome with mutations. Subsequent genetic analysis of
mutant strains can, however, be time-consuming because
it usually involves isolation of the mutated gene by
complementation using a genomic DNA library from the
wild-type strain. This partly explains the increasing use
of insertional mutagenesis by chromosomal integration of
transforming DNA. The presence of a selectable marker
in the transforming DNA can be used to establish linkage
between the insertion and the observed phenotype, and to
recover DNA representing the mutated allele for cloning
and subsequent analysis.

The economic importance of fungal phytopathogens and
the increasing incidence of fungal infections in hospital
patients [1] have stimulated research into the molecular
genetics of fungal pathogenesis. Although insertional
mutagenesis has been highly successful in identifying

virulence determinants of bacterial pathogens [2], there
are several problems in adopting this approach for fungi.
Apart from the fact that some fungi, such as Candida
albicans, do not have a haploid state that can be exploited
for random insertional mutagenesis, the most obvious
problem is the relative size of fungal genomes. Assuming
that mutagenesis is completely random, the theoretical
number of mutants necessary for saturation mutagenesis
can be estimated from the size of the genome and the
mean gene density. These are not known for pathogenic
fungi, but for Aspergillus nidulans the genome size is
approximately 31 megabases with a mean gene density of
1 per 3.2–3.8 kb [3•]. The mean length of 50 randomly
chosen genes whose complete sequences are available in
gene databases is 2.0 kb. A mutagenesis of A. nidulans will
therefore require in the order of 15,000 mutants to have a
mean mutation density of one per gene, and will require
several times that number to be fully comprehensive; the
comparable figure for some bacterial pathogens is 2000
mutants [4,5].

Approximately 3–4% of bacterial insertional mutants
are reduced in virulence [6,7•,8], but for fungal phy-
topathogens this figure is markedly lower, varying from
0.3%–1.4% [9•,10,11]. Several fungal pathogens of humans
are opportunistic and have not evolved ways of overcoming
the normal mammalian immune system. In these species
the proportion of attenuated insertional mutants is likely
to be relatively low compared to that for fungal phy-
topathogens.

Once an interesting phenotype has been identified it is
important to confirm that this is due to the insertion of the
transforming DNA and not due to a secondary mutation.
For bacteria this can be done quickly using conventional
genetic methods such as phage transduction, and in some
fungi linkage can be established by genetic crosses [11,12].
Pathogenic fungi, however, often lack a sexual cycle, so
linkage has to be established by the more tedious process
of cloning the affected gene and either complementing the
mutant strain with the wild-type allele or reconstructing
the mutant in a wild-type genetic background.

In this review we discuss current approaches for insertional
mutagenesis of fungi, and methods for screening mutants
to identify virulence determinants.

Methods for insertional mutagenesis
In order to exploit insertional mutagenesis for investigat-
ing the genetics of fungal virulence, an efficient method
is needed for generating transformants containing single
copy insertions of transforming DNA at different genomic
sites. Several methods are being developed with this goal
in mind.
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Transformation with plasmid DNA
For some fungi, transformation with heterologous plasmid
DNA carrying a selectable marker results in its single copy
insertion [13,14]. Although the transformation frequency
is generally low [9•,13], this method’s simplicity is
attractive, and has proved useful for the identification of
virulence genes from the plant pathogens Colletotrichum
lindemuthianum [9•] and Ustilago maydis [15]. For many
fungi, however, plasmid DNA integrates in multiple
copies, either at different genomic sites or in tandem
at one genomic site [16–19], and alternative methods of
insertional mutagenesis are necessary.

Restriction-enzyme-mediated integration
Restriction-enzyme-mediated integration (REMI) facili-
tates single copy integration of heterologous transforming
DNA for several eukaryotes [12,20–23]. This process
requires the addition of a restriction enzyme with a single
site in the transforming plasmid, to the transforming reac-
tion. REMI frequently increases transformation efficiency
compared to conventional transformation [12,23,24]. How
REMI works is unclear, but for several fungi integration of
transforming DNA occurs at genomic restriction sites cor-
responding to those of the enzyme used for REMI [12,20].
The restriction enzyme presumably cleaves genomic DNA
at some of its recognition sites, a proportion of which then
provide targets for integration of the linear transforming
plasmid. This results in genomic DNA containing a copy
of the transforming plasmid flanked by restriction sites for
the REMI restriction enzyme.

For many fungi, REMI provides a method of limiting
how many copies of the transforming plasmid integrate
into transformant genomic DNA [10,11,23,24]. As REMI
insertions occur at genomic restriction enzyme recognition
sites, the proportion of mutable genes per genome can
be estimated from the genome size, G+C content and

mean gene length. For example, the G+C content of A.
nidulans is close to 50% [25]. Using a mean gene size
of 2.0 kb (see above), saturation mutagenesis by REMI
using a 6 bp recognition sequence restriction enzyme
would result in insertions in approximately half of the
total number of genes. Furthermore, insertions occurring
near the 3′ ends of genes or in introns may not affect
gene function. Southern analysis of mutants has not
provided evidence of REMI hot-spots in the genomes
of those fungi studied [10,11,20], but this possibility is
difficult to exclude. Clearly, comprehensive mutagenesis
of pathogenic fungi using REMI requires the use of at
least two 6 bp recognition sequence restriction enzymes.

Despite these limitations, REMI mutant banks have been
used successfully to isolate virulence genes for several
fungal phytopathogens, including U. maydis, Magnaportha
grisea and Cochliobolus heterostrophus [10–12] (Table 1).
With some organisms REMI results in tandem insertions
in a proportion of transformants [11,23,24]. These could
arise from the formation of concatemers of the transform-
ing plasmid before integration, or by repeated rounds of
homologous recombination with a plasmid inserted into
the chromosome. Dephosphorylation of the transforming
plasmid to prevent concatemer formation during REMI
transformation of Penicillium paxilli did not decrease the
frequency of tandem insertions, suggesting that, at least for
some fungi, the latter mechanism is predominant [24]. See
Riggle and Kumamoto (this issue, pp 395–399) for further
information on REMI.

Other methods
Bacterial transposons derived from Tn5, Tn10 and Tn917
have been used extensively for insertional mutagenesis
of bacteria [2]. Numerous fungal transposons have been
identified, including some which show evidence of active
transposase function [26,27]. Recently, insertional mutants

Table 1

Examples of virulence determinants of pathogenic fungi identified by insertional mutagenesis.

Organism Method of insertional Method for screening Genes Gene product and phenotype Reference
mutagenesis for phenotype isolated

C. lindemuthianum PT Excised leaves clk1 Serine/threonine kinase, involved in [9•]
penetration of the cuticle by appressoria

M. grisea REMI In planta ? ? [11]
REMI In planta con4, con7 Spore morphogenesis [39•]
REMI In planta acropetal Defective appressorium development [44]

U. maydis REMI In planta ? Reduced virulence (13 mutants) [10]
PT In vivo morphology myp1 Defective for filamentous growth [15]

C. heterostrophus REMI T-toxin assay ? T-toxin deficient [12]

C. glabrata REMI STM cell culture ? An adhesin †

S. cerevisiae∗ SM In vitro Several Defective for filamentous growth [31•]
∗S. cerevisiae is not a pathogen but provides a useful model of cell morphology switching for C. albicans. †B Cormack, personal communication.
PT, plasmid transformation; SM, shuttle mutagenesis; STM, signature-tagged mutagenesis.
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of Fusarium oxysporum have been generated using a
strain which contains a copy of the naturally occurring
transposon impala in the NiaD gene encoding nitrate
reductase [28]. Selection for restoration of NiaD function
was accompanied by excision of impala with transposition
to new chromosomal loci, permitting the isolation of
avirulent mutants [28]. This type of transposon would
therefore appear to have considerable promise as a tool for
insertional mutagenesis of fungi.

A few fungi, exemplified by Saccharomyces cerevisiae, recom-
bine short lengths of their own DNA into chromosomal
DNA very efficiently by homologous recombination. This
ability has been exploited to produce two methods
of insertional mutagenesis. The first method, internal
fragment disruption [29], is based on the integration of
small internal segments of plasmid-borne genes at their
homologous chromosomal sites. For the second method,
shuttle mutagenesis, transposon-mediated disruptions are
introduced into a genomic DNA library in a bacterial
host or in vitro, and then re-introduced into the host cell
chromosome by homologous recombination [30]. Shuttle
mutagenesis has been used to isolate genes involved
in switching from the yeast form to filamentous growth
morphology of S. cerevisiae [31•], which may provide a
useful model for pathogens such as C. albicans or U. maydis
where switching to filamentous growth is related to
virulence [32•,33]. Although transposon insertion systems
carrying markers of transformation for pathogenic fungi
have been developed [34], the incidence of homologous
recombination for many pathogenic fungi appears to be
too low for either of these methods to be generally
feasible [35–38].

Screening of mutants
The method used to screen mutants should obviously be
relevant to the pathogen’s disease process, the ideal being
infection of the host species or, for human pathogens,
an animal substitute. If previous research has suggested
a particular phenotype is associated with virulence, then
it may be possible to screen insertional mutants for
loss of that phenotype by in vitro tests. For example,
the Tox1 locus responsible for T-toxin production by
C. heterostrophus was discovered by screening 1310 REMI
mutants for T-toxin production using a microbial assay
[12]. For many plant pathogens large numbers of mutants
can be tested for their inability to cause disease after
inoculation of individual mutant strains onto the plant
host or harvested fruit [10,11,33,38,39•]. Excised primary
leaves or bulb layers maintained in petri dishes can offer
a more manageable alternative to infecting whole plants
[9•,38,40]. But for human pathogens inoculation of each
mutant into a separate animal is simply not practicable and
screening for virulence determinants requires different
approaches.

Cell culture assays representing a stage known to be
important for virulence can be a useful substitute for
animal models of infection for some pathogens. Cell
culture is particularly appropriate for assessing adhesion of
pathogens to host cell surfaces [41] and for investigating
intracellular pathogens, such as H. capsulatum, using a
macrophage-like cell line [42]. Despite these advantages,
cell culture can not replicate the cellular architecture of
the target organ or the complex interactions between
the immune system and an invading pathogen. Organ
culture systems which represent the respiratory mucosa are
available, and can partially circumvent the limitations of
cell culture [43].

Signature-tagged mutagenesis (STM) enables mixtures
of different mutants to be screened within one animal,
and has been used successfully to identify virulence
genes of some bacterial pathogens [6,7•,8]. In STM each
insertional mutation carries a different DNA sequence
tag which can be detected by hybridization analysis.
The tags are flanked by invariant sequences which are
used for co-amplification and labelling of the tags by
PCR. The hybridization signals from tags in mutant
strains recovered from the target organ of the infected
animal are compared with those from the strains used as
inoculum. Tags which are lost during infection represent
mutants that are attenuated in virulence [6]. STM requires
a method of insertional mutagenesis and an infection
model capable of supporting growth of numerous different
mutants. We have recently established an STM system
for Aspergillus fumigatus and have validated it using an
avirulent mutant auxotrophic for para-aminobenzoic acid
(PABA) synthesis. When combined in an inoculum with
95 different insertional mutants, the PABA auxotroph is
reliably identified as attenuated in virulence (JS Brown,
abstract 64, Nineteenth Fungal Genetics Conference,
18-23 March 1997, Pacific Grove, California). Although
large numbers of mutants have to be screened to identify
small numbers of avirulent mutants, STM does appear
to be a feasible method for investigating the genetics of
fungal pathogenesis.

Conclusions
Insertional mutagenesis has only recently been used to
investigate the genetics of virulence of fungal pathogens,
and will require screening of large numbers of mutants in
order to isolate relatively few virulence determinants. This
strategy has already been successful in identifying novel
virulence determinants of several fungal phytopathogens.
In the absence of suitably developed transposons REMI
provides a convenient means for carrying out insertional
mutagenesis for several species of fungi. Investigation of
the major fungal pathogens of humans by insertional mu-
tagenesis presents specific technical challenges, including
the development of valid screens for mutants with reduced
virulence.
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