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SUMMARY 

The genetic investigation of fungi has been extended substantially by DNA-mediated transformation, providing a supplement to more conventional genetic 
approaches based upon sexual and parasexual processes. Initial transformation studies with the yeast Saccharomyces cerevisiae provided the model for transform- 
ation systems in other fungi with regard to methodology, vector construction and selection strategies. There are, however, certain differences between S. cerevisiae 
and filamentous fungi with regard to type of genomic insertion and the availability of shuttle vectors. Single-site linked insertions are common in yeast due to 
the high level of homology required for recombination between vectored and genomic sequences, whereas myceliaI fungi often show a high frequency of heterolog- 
ous and unlinked insertions, often in the form of random and multiple-site integrations. While extrachromosomally-maintained or replicative vectors are readily 
available for use with yeasts, such vectors have been difficult to construct for use with filamentous fungi. The development of vectors for replicative transformation 
with these fungi awaits further study. It is proposed that replicative vectors may be inherently less efficient for use with mycelial fungi relative to yeasts, since 
the mycelium, as an extended and semicontinuous network of cells, may delimit an adequate diffusion of the vector carrying the selectable gene, thus leading to 
a high frequency of abortive or unstable transformants. 

INTRODUCTION 

For want of a better definition, ' fungi are ornery microbes 
with creatiw~ instincts. ' The adjectives 'ornery'  and 'creative' 
apply especially to industrial fungi. The Society for Industrial 
Microbiology was founded in large part based upon the cre- 
ative capabilities of fungi. The year was 1949 and the focus 
was on penicillin. No doubt, when Charles Thom was cata- 
loguing the species of Penicillium and Aspergillus [92,112], 
he was impressed by the variety of metabolic activities associ- 
ated with these fungi as well as by their potential for commer- 
cial development. He not only discussed penicillin production 
by P. notatum and related species, but provided details on the 
elaboration of other types of secondary metabolites, such as 
the production of organic acids, principally citric acid, the role 
of these fungi in providing flavor constituents for roquefort 
and camembert cheeses and their use in oriental food fermen- 
tations. 

Thom was also aware of the limitations for genetic research 
with these largely asexual or anamorphic fungi. He devoted a 
chapter to variation, both between and within species, detailing 
the general ntility of natural as well as ' imposed'  variation in 
selecting strains for commercial use. Thorn did not use the 
term 'mutation' ,  although a program of mutagenesis and 
screening of survivors was implicit from his writings. The sub- 
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sequent adoption of mutation/screening programs by industry 
has been most successful, converting trace amounts of com- 
pound into economical yield of product. Keep in mind that 
Thorn's monographic studies predated concepts related to for- 
ced heterokaryosis, vegetative incompatibility, and parasex- 
ual recombination. 

Conventional genetics of fungi typically involve in situ 
mutagenesis, either spontaneous or induced, and in vivo 
recombination mediated by a sexual or at least a parasexual 
cycle. The new genetics or molecular genetics involves in vitro 
recombination of DNA sequences by restriction enzyme clea- 
vage and ligation and by use of site-directed mutagenesis of 
isolated nucleotide sequences. DNA that is recombined or 
mutant by design is then introduced to the cell line via trans- 
formation, circumventing a need for mating competence and 
sexuality. 

TRANSFORMATION : INTEGRATIVE VERSUS 
REPLICATIVE 

Today we have at our disposal procedures for in vitro 
manipulation of genetic material through recombinant DNA 
(rDNA) technology and the concerted introduction of recom- 
bined constructs into fungal systems. As such we are able to 
draw upon a world gene pool. 

Simply defined, genetic transformation is a heritable change 
in a cell line mediated by the uptake and expression of exogen- 
ously supplied DNA. The transformation event may be addi- 
tive and involve expression of a newly-introduced gene or it 
may be subtractive and result in disruption or replacement of 
some resident gene activity. Nucleotide sequences involved in 
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the transformation may be inserted into chromosomal or 
genomic sites (integrative transformation) or they may be 
located on an extrachromosomal and autonomously rep- 
licating element (replicative transformation). 

Regardless, the introduced or vectored DNA is typically a 
hybrid or chimeric molecule, as it carries: (i)a prokaryotic- 
specific replicon as well as a drug resistance marker for clon- 
ing and selection in bacteria and (ii) a selectable marker gene 
with appropriate expression signals for transformation of the 
fungus. 

Indeed, heterologous gene expression and a wide latitude 
in promoter recognition among unrelated species are now evi- 
dent and render it possible to develop transformation schemes 
for a broad spectrum of less well-studied fungi. To date nearly 
100 species of fungi have been transformed, including species 
with limited or no potential for traditional genetic study 
[37,38,64]. 

Integrative vectors may insert DNA sequences at heterolog- 
ous or homologous genomic sites; transformants are character- 
istically obtained at rather low frequencies but are relatively 
stable, even without post-transformational selection. Re- 
plicative vectors contain a fungal-specific replicon for auto- 
nomous replication to high copy number or, as an alternative, 
may be variously modified to function as an independent 
minichromosome; transformants are typically obtained at 
higher frequencies but are relatively unstable, unless continu- 
ous selective pressure is applied. 

These general comments on fungal transformation and 
exceptions to such generalizations will be discussed in the text 
that follows. 

TRANSFORMATION IN YEAST 

Two pioneering studies with Saccharomyces cerevisiae 
[9,49] provided the first compelling evidences for fungal trans- 
formation and have provided models for the design of trans- 
formation experiments with other yeast species and with many 
filamentous fungi. Both of these early studies (Table 1) used 
protoplast preparations of strains auxotrophic for leucine. The 
strains carried mutations at the leu2 gene, a gene encoding/3- 
isopropylmalate dehydrogenase. Both studies employed 
defined chimeric plasmids containing the wildtype allele for 
leu2, and thus selection for transformation was based on proto- 
trophic growth in the absence of leucine. Procedurally, the vec- 
tor DNA was added to osmotically stabilized protoplasts in 
the presence of calcium chloride (CaC12) and the preparation 
was subsequently treated with polyethylene glycol (PEG), a 
procedure that is now adopted most commonly in fungal trans- 
formation experiments. 

Results from these two initial studies with S. cerevisiae 
provided convincing evidences, respectively, for integrative 
transformation [49] and replicative transformation [9]. The 
studies employed Southern (1975) hybridization probes for 
vectored sequences in order to confirm the transformations and 
to distinguish between integrative (chromosomal) and rep- 
licative (extrachromosomal) location of the transforming 
DNA. Integrative transformation of three types was described 

TABLE 1 

Yeast transformation 

I n t e g r a t i v e  [491  v s  R e p l i c a t i v e  [9 ]  

Genomic 
insertion (three 
types, see 
Fig. 1) 

Low; one/pg 
DNA 

Stable 

Indirect 

Mendelian 

- p r o t o p l a s t s  u s e d  

(Ca/PEG) 
- p r o t o t r o p h i c  

s e l e c t i o n  

- c h i m e r i c  v e c t o r  

D N A  

Autonomous replication 
(ori, ars) 

-frequency High; 3000//zg DNA 

- s t a b i l i t y  w i t h o u t  Unstable 
s e l e c t i o n  

- r e c o v e r y  i n  E. coli Direct 

- i n h e r i t a n c e  Non-mendelian 

by Hinnen and coworkers [49], although homologous single- 
site integration was the type most common in the yeast system. 

Transformation frequencies vary significantly between inte- 
grative and replicative modes of transformation, and this dif- 
ference was evident from these early studies. Typically, 1-100 
(rarely more but less than 1000) transformants are derived per 
/xg DNA per 107 protoplasts via integrative transformation, 
whereas 1000 to several thousand transformants per/xg DNA 
per 107 protoplasts are obtained via replicative transformation. 

Direct recovery in E. coli of the initial transforming vector 
from a fungal transformant (replicative transformation) was 
evident in the study by Beggs [9], whereas indirect recovery 
in E. coli of a vector or vector sequences from a transformed 
fungus (integrative transformation) required restriction enzyme 
digestion of the genomic DNA of the fungus and subsequent 
ligation of derived fragments [107]. 

DNA UPTAKE 

Methodology for DNA-mediated transformation of fungal 
cells involves a sequence of several steps (Table 2). These 
include: (i) preparation either of protoplasts or of intact cells 
that are competent for uptake of DNA, (ii)incubation or 

TABLE 2 

General transformation protocol 

- Generation of competent propagules (protoplasts) 

- Treatment of propagules with transforming DNA (Ca/PEG, 
lithium salts, electroporation, biolistics) 

- Regeneration of treated propagules on selective medium 
(antibiotic resistance, prototrophy) 

- I s o l a t i o n  of stable transformants 

- Analysis of transformants (Southern blot, genetic analysis) 
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exposure of such propagules to the transforming DNA, 
(iii) regeneration of the DNA-treated propagules into colony- 
forming units, and (iv) selection or ~'isual detection of colonies 
(transformants) that stably incorporate and express the DNA. 
Transformants are isolated and then analyzed, either by 
hybridization probes and/or tl~rough genetic analysis, to con- 
firm the presence of the introduced DNA. 

The most consistent and widespread procedure for fungal 
transformation, especially with reference to mycelial fungi, is 
CaC1JPEG treatment of protoplasts exposed to vector DNA. 

Procedures for the preparation of protoplasts employ 
muralytic enzymes from various sources [82], but the most 
commonly used enzyme preparation for transformation exper- 
iments is Novozyme 234 (Novo Industries, Copenhagen), a 
commercial enzyme mixture derived from the fungus Tricho- 
derma viride [7]. Alternative procedures for DNA uptake, such 
as electroporation [8,84,88,94,96,98] and biolistics [2,67,115] 
are gaining acceptance. Electroporation offers the benefit of 
simple one-step sample preparation, but provides no substan- 
tial benefit in terms of increased transformation frequency, and 
protoplasts are still required for efficient transformation by this 
procedure. Biolistics is a relatively new procedure, employing 
specialized equipment and microprojectiles coated with the 
transforming DNA. Again, this procedure seems no more 
efficacious Jin yielding transformants, but it is especially useful 
with fungi that do not grow well in laboratory culture or that 
fail to yield regenerative protoplasts in sufficient numbers for 
transformation experiments. 

Lithium salt treatment has been used with some success, 
initially with intact yeast cells [53], and subsequently with 
mycelial fungi [13,30,31,131]. 

VECTOR DEVELOPMENT 

Integrative vectors 
The minimal requirements for an integrative vector are: 

(i) a selectable marker with appropriate regulatory signals for 
expression in the transformed fungus (eukaryotic part) and 
(ii) a replicon plus selectable marker for the cloning and recov- 
ery of the vector in a bacterial host (prokaryotic part). Vector 
pAN7-1 is a typical and extensively used vector for integrative 
transformation (Fig. 2). 

Based on restriction enzyme analysis of DNA from among 
transformants, coupled with genetic analysis of meiotic pro- 
geny from crosses between individual transformants and wild- 
type, Hinnen and coworkers [49] were able to discern three 
patterns of integrative transformation in S. cerevisiae. These 
patterns are depicted in Fig. 1 and explained in the figure leg- 
end. Their results and data from subsequent studies [78,80] 
indicated that homologous recombination was the rule for inte- 
grative transformation in S. cerevisiae, as Type I and III trans- 
formants were prevalent and Type II was exceedingly rare 
[79]. 

There appears to be far less of a threshold require- 
ment for homologous recombination in the transformation 
of filamentous fungi, although results have not been consist- 
ent in this regard. The relative frequencies among the three 
patterns of integration vary in these fungi, depending on 

I. Homologous (single cross-ovedlinked inse~ion) 

m" 

M + " ~  m" 

II. Heterologous (single cross-over/unlinked insertion) 

m Z 
; ~  ' ~ ~ / X ~  ~ 

.�9 
m- M + 

III. Homologous (double cross-over/gene replacement) 

m" 

G 
M + 

Fig. 1. Patterns of integrative transformation observed in fungi. DNA 
is illustrated by double-helical representation and is distinguished as 
chromosomal DNA (closed helix) or vector DNA (open helix). Spec- 
ific alleles are shown as boxes labelled m- (closed box) on the chro- 
mosome and M + (open box) on the vector. Type I integration involves 
homologous pairing and a single cross-over resulting in linked inser- 
tion with M + and m- separated by intervening vector DNA sequences. 
Type II involves heterologous or ectopic pairing and a single cross- 
over resulting in unlinked insertion with M § and m- widely separated 
(as shown) or on different chromosomes (not shown). Type III 
involves homologous pairing with cross-overs on either side of the 
m-/M + pairing resulting in a substitutive event in which vector 
sequences other than M + are not integrated into the chromosome and 
the entire m is excised. The Type III pattern depicted is but one 
example of what may occur, since the insertion, depending on the 
sites of cross-over may not replace the entire m- (gene disruption) 
but substitute a critical or essential sequence within the gene (gene 
replacement). Type III might also resuk from a mechanism other than 
simple cross-overs. Such a mechanism (gene conversion) is discussed 
by Fincham [37]. Types I, II and III can be distinguished by genetic 
analysis of meiotic progeny, showing either m-/M § linkage (Type I), 
divergence in linkage or nonlinkage (Type II) or nonrecovery of the 

m- allele (Type III). 
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Fig. 2. Restriction enzyme map of the integrative vector pAN7-1 
(6.5 kb). This vector (inner circle) contains the E. coli hygromycin B 
phosphotransferase (hph) gene fused to expression signals from the A. 
nidulans glyceraldehyde-3-phosphate dehydrogenase (Pgpd) and the 
transcription-termination sequence from the A. nidulans tryptophan 
synthetase (ttrpC) gene [89]. Blackened areas of the inner circle rep- 
resent regions of the plasmid of fungal (A. nidulans) origin, whereas 
unshaded areas are of bacterial (E. coli) origin. The gene for resistance 
to ampicillin (ApR), as well as the direction for transcription (arrows) 
for Ap r~ and hph, are indicated. The prokaryotic origin of replication 
(ori) of this plasmid is not shown but is located between Ap R and 
Pgpd. Relevant restriction enzyme sites are shown and the alternating 
thin and thick lines of the outer circle specify interval lengths in kilob- 

ases (kb) for adjacent restriction fragments. 

the strain and even the marker used [5,10,13,20,30,32,39,42, 
44,58,59,70,72,113,119,126,133]. 

Regardless, variable integration, with a predilection for 
Type II insertions, is a common feature among mycelial fungi. 
It is peculiar that addition of repetitive DNA to vectors often 
has no effect upon transformation frequency [101,113,125], 
but an exception has been noted in the case of Alternaria alter- 
nata, as addition of ribosomal DNA sequences to the vector 
enhanced transformation twenty-fold [117]. 

While sequence homology may not be a requisite for vector 
integration in the filamentous fungi, it is nonetheless apparent 
that these fungi do recognize homology between DNA 
sequences. Several lines of evidence support this view. Fre- 
quently, tandem repeats of an integrated sequence are observed 
at genomic sites, indicating either formation of plasmid oligo- 
mers in the fungus before integration or an integration of 
additional plasmid monomers by homologous recombination 
at the genomic site of initial integration [56,126]. 

Multiple copy integration, either in the form of tandem 
repeat sequences or multiple site integration, provides a mech- 
anism for gene amplification potentially quite useful in applied 
research [50]. 

Replicative vectors 
Replicative vectors, in addition to the requirements outlined 

for integrative vectors, require a eukaryotic (fungal) replicon. 
Such vectors, exemplified by yeast-replicating plasmids (YRp) 
are called shuttle vectors. 

The development of systems for replicative transformation 
has depended largely upon modification of normally integrat- 
ive vectors through in vitro introduction of replicons that are 
varied as to type and derivation. In yeast fungi, replicative 
vectors, based either upon an origin of replication (ori) from 
the 2-/xm DNA plasmid of S. cerevisiae [9,104] or, alterna- 
tively, upon autonomously replicating sequences (ars) from 
the genome of S. cerevisiae [109,128], were among the first 
such vectors to be developed. 

Sequences comparable to genornic ars-type sequences of S. 
cerevisiae have been identified in several other fungal systems 
(Phycomyces blakesleeanus [93]; Mucor circinelloides 
[97,112,122]; Aspergillus oryzae [61]; Ustilago maydis [118]). 
Fragments of mitochondrial DNA (mtDNA), that presum- 
ably contained either ori or ars have also been used in 
forming replicative vectors for transformation 
[12,34,62,102,105,106,113,132]. While these ars-type 
sequences are functional as replicons in S. cerevisiae, they 
often do not function as such in the source fungus. It is note- 
worthy that an ars sequence from a linear DNA plasmid 
associated with the mitochondria of Nectria haematococca has 
been used to develop a replicative vector for transformation 
of U. maydis [98]. Sequences initially considered to be ori- 
type sequences from circular DNA plasmids of mitochondrial 
origin have also been used to develop replicative vectors for 
transformation in Podospora anserina [106] and Neurospora 
crassa [45,108]. However, the confirmation and sequence 
identity of such putative replicons await further investigation. 

The AT-rich ars consensus sequence, (A/T)TTTAT 
(A/G)TTT(A/T), is estimated to be distributed throughout the 
S. cerevisiae genome in about 400 copies [36,128]. This 11- 
bp sequence plus associated DNA-bending activity influenced 
by sequences flanking the ars are important for replicative 
activity [75,127]. 

Yet another source of replicons for construction of rep- 
licative vectors in fungal transformation has involved portions 
of chromosomes, such as the centrometric (cen) region of the 
S. cerevisiae chromosome III [24,74] and the centromere- 
affiliated (ans) sequence from a genomic library of A. nidulans 
[4,15,27]. Unfortunately, cen sequences from S. cerevisiae do 
not function in A. nidulans, despite the fact that respective 
7-bp consensus sequences for one cen (TTCCGAA) and ans 
(TTCCTAA) have considerable homology. Centromere-based 
plasmids of S. cerevisiae, however, do function in the congen- 
eric S. kluyveri [40]. 

Vectors that are centromere-based, if also replicative, may 
be combined with telomeric portions of chromosomes 
[74,87,88,110] thereby effectively converting the vector into a 
linearized minichromosome with the potential for autonomous 
replication. More recently, the introduction of telomeric 
sequences to the ends of linear extrachromosomally-main- 
tained DNA in the fungus Crytococcus neoformans has been 
reported [33]. The addition of such sequences per se increased 



the efficiency, and presumably also the replicative potential, 
of a lineariTed vector for transformation of this yeast. Again, 
the identity and nucleotide sequence of replicons involved in 
such plasmid constructs remain to be determined. It has been 
suggested that the mere introduction of the 6-bp telomeric 
repeat sequence (TTAGGG) may be sufficient to convert an 
integrative 'vector into a replicative one carrying some poten- 
tial for self-replication [14,33,130]. 

Yeast artificial chromosomes (YAC), initially developed 
from linearJized YRp plasmids, contain both centromeric and 
telomeric sequences [14,74]. These vectors are maintained at 
one copy per cell and behave during mitotic growth and 
through meiosis as stable vectors. 

An artificial chromosome must have: (i) at least one ori or 
ars, (ii) telomeric sequences at the termini of the linear DNA, 
and (iii) a centromeric region for division spindle fiber attach- 
ment during division. The YAC have proven to be most useful 
in constructing gene libraries for eukaryotes, especially mam- 
malian systems, since inserts in the order of 1 Mb are clonable, 
thereby overcoming problems inherent in screening larger 
cosmid-based libraries [73,81,95,100]. Transformation fre- 
quencies using YAC may show size bias for the insert; inserts 
of approximately 330 kb seem to be an optimal size and the 
size bias can be minimized by addition of polyamines [25]. 
Recently, both copy-number control elements [103] and a 
mammalian-derived ori [76] have been incorporated into 
YAC, improving the prospects for gene amplification through 
a transformation system based on this type of vector. By 
inserting a rescue plasmid with a selectable marker into a YAC 
it is possible to recover fragments from such a construct by 
homologous; recombination [47]. 

Artificial chromosomes comparable to that of YAC remain 
to be developed for mycelial fungi. Telomeric DNA has been 
isolated from N. crassa [99]. Recently, telomeric DNA from 
P. anserina has also been isolated and used to form a lin- 
earized self-replicating plasmid [54], and a centromeric region 
of this fungus has been cloned [29]. These results portend the 
development of an artificial chromosome for use in filamen- 
tous fungi. 

Despite the extent and scope of varied procedures for in 
vitro manipulation of vectors in the development of fungal 
transformation systems, there are rather few examples for in 
vivo generation and maintenance of replicative transforming 
molecules among fungal systems. Noteworthy in this regard 
are the recombinant plasmids with autonomously replicative 
potential that have been described in three basidiomycetes, U. 
violacea [11,86], Phanerochaete chrysosporium [90,91], and 
Pleurotus ostreatus [83]. In U. violacea the actual transform- 
ation for anlibiotic resistance involved integrative events, even 
though replicative molecules containing initial vector 
sequences, as well as DNA sequences derived from mitochon- 
dria, were Mentified in certain of the transformants [86]. It is 
not known if the mitochondria of U. violacea harbor linear 
DNA plasmids similar to those described for Nectria haemato- 
cocca [88] and Pl. ostreatus [134] or if ars-type sequences 
from the mitochondrial genome were involved in recombining 
with the initial vector. 

By contrast, the in vivo generated replicative plasmids of 
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Ph. chrysosporium were apparently formed through recombi- 
nation between a low-copy endogenous circular DNA plasmid 
and the original non-replicative vector [90,91]. The trans- 
formants of Ph. chrysosporium did not appear to contain inte- 
grative vector sequences, unlike results reported for U. 
violacea. 

In Pl. ostreatus [83,85] two plasmids have been analyzed 
and share a DNA insert now known to be homologous with a 
1.15-kb sequence from P1 bacteriophage [48]. The Pl. 
ostreatus transformants consistently lacked evidence for inte- 
gration of vector sequences into chromosomal DNA, and if 
such integration occurred at all, it must have been highly tran- 
sient [83,85]. These results suggest that the insert sequence of 
P1 origin somehow functions as a surrogate replicon in Pl. 
ostreatus. 

Also noteworthy are examples of replicative molecules in 
one highly unstable strain of A. nidulans [41], in the phyto- 
pathogenic Fusariam oxysporum [88], and in the zoopatho- 
genic Histoplasma capsulatum [129,130]. The plasmid of A. 
nidulans contains a chromosomal-derived insert (AMA); it is 
circular and supercoiled and undergoes in vivo rearrangement. 
The AMA sequence, when introduced into appropriate selec- 
tion vectors, apparently directed autonomous replication in 
two other Aspergillus species and in Gibberella fujikuroi, 
although only a two-fold increase in transformation frequency 
was observed [16]. The recombinant plasmids of F. oxysporum 
and H. capsulatum were derived through vector and chromo- 
some recombination and contain telomeric sequences. The F. 
oxysporum plasmid contains an ars, and although nonrep- 
licative in S. cerevisiae, replicates in two related plant patho- 
gens, N. haematococca and Cryphonectria parasitica [88]. 

An additional example for a replicative plasmid is the cir- 
cular plasmid of the zygomycete Absidia glauca [18]. This 
plasmid contains an insert derived from the SEC1 genomic 
locus and can also replicate autonomously in another zygomy- 
cete, Paras#ella simplex [17]. 

It is assumed that replicative vectors, although extrachro- 
mosomal, may be located in the nucleus wherein relevant 
enzymes for DNA replication are available. The frequent 
association of centromeric and telomeric sequences with these 
vectors, effectively improving upon transformation frequency 
and more stable transmission, is presumably related to an 
association with the cytoskeletal network. Replicative vectors 
without such an association may not be stably maintained or 
transmitted readily through a growing mycelium. This might 
compromise sufficient and sustained expression of the sel- 
ectable gene vectored into the mycelium, resulting in forma- 
tion of minicolonies or even leading to lethal consequences. 
Filamentous fungi, as opposed to yeasts, may be more prone 
to lose such vectors, even with selection. This in part may 
explain the continued lack of success in developing gen- 
eralized vectors for replicative transformation with mycelial 
fungi. 

PROMOTER RECOGNITION 

A fungal transformation vector requires appropriate regu- 
latory sequences to insure proper expression for the introduced 
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gene(s) of interest. A promoter or transcription-initiation 
sequence, positioned in the region upstream or 5' to the ATG 
start codon of the reading frame, is an absolute requirement. 
In this 5' region a signal or secretion sequence may also be 
required, if the ultimate gene product is to be transported from 
the cell. At the 3' end of the gene a transcription-termination 
sequence beyond the stop codon may be required. 

Fungal genes that have been cloned for use in vector con- 
struction often carry their native regulatory sequences and it 
is assumed, a priori, that these homologous expression signals 
are likely to be more efficient than corresponding heterologous 
or interspecific signals. This assumption is based on early indi- 
cations that the yeast S. cerevisiae only poorly recognizes 
mycelial fungal promoters and can, at best, only poorly excise 
introns from these fungi [52,69]. 

It is now evident that there is a wide latitude for promoter 
recognition among the non-yeast ascomycetes and the basidio- 
mycetes, and that other types of regulatory signals may simi- 
larly be functional across genetic and even higher taxonomic 
categories [51,66,68]. Since there are rather few studies on 
this subject, there are few conclusions to be drawn. 

A rather detailed study on the activity of promoter and ter- 
minator sequences obtained from a range of fungi has been 
tested with respect to oomycetes [55]. Transient assays using 
the uidA or GUS reporter gene were conducted with Phyto- 
phthora infestans, P. megasperrna, and Achlya arnbisexualis. 
Oomycete promoters, derived from a heat-shock gene (hsp 70) 
of Bremia lactucae and from an actin gene of P. megasperma, 
regulated high GUS accumulation in each of the three oomy- 
cetes. By contrast, no activity or very limited activity was evi- 
dent using promoters from higher fungi (four ascomycetes and 
one basidiomycete). An oomycete terminator was not absol- 
utely required for GUS accumulation. These results indicate 
that transcriptional machinery among such lower fungi differs 
substantially from that of higher fungi, and that sufficient con- 
servation exists to allow vectors to be developed using 
expression signals from different oomycetes. 

BIOTECHNICAL ASPECTS 

The application of in vitro genetic methodology, through 
transformation and related procedures based on recombinant 
DNA (rDNA), has considerably broadened the prospects for 
industrial strain improvement. Scientists theoretically have at 
their disposal a kind of world gene bank, which provides not 
only an extended catalogue of structural genes but a vast array 
of regulatory signals--all subject to introduction into cloning 
vectors by in vitro recombination. Such cloning procedures are 
supplemental to traditional strategies in biotechnology based 
on in vivo recombination and random mutation. 

This paper has discussed transformation procedures for the 
fungi and the development of cloning vectors for use with 
these organisms. These lower eukaryotes combine ease in 
experimental manipulation with attributes required for eukary- 
otic molecular cloning. As such, fungi are especially important 
for industrial processes in which there is a need for an organ- 
ism that is competent to process and express eukaryotic genes 
properly, in contrast to prokaryotic systems that can neither 

splice mosaic genes nor recognize eukaryotic transcription, 
translation and signal sequences. 

The new genetics represents a progression in thinking 
among molecular geneticists away from strictly basic research 
opportunities. Much emphasis has been given to yeast systems 
in this regard. There is also much interest in using mycelial 
systems, especially species of Aspergillus, for the production 
of heterologous proteins [35,66,114]. The rationale for this is 
that mycelial fungi: (i) readily recognize intron splice sites of 
genes from heterologous sources [26], (ii)exhibit high level 
gene expression [1,22,23,57,77,124] and secretion of product 
[46,65,123], and (iii) possess strong and widely-recognized 
promoters such as Pgpd and PamdS [28,121]. Furthermore, 
there is considerable industrially-based experience in growing 
such fungi at production levels. 

The potential applications for fungal transformation 
schemes in biotechnology are many and are evident from 
recent studies involving heterologous gene expression. 
Examples are: (i) biocontrol of the chestnut blight fungus, Cry- 
phonectria parasitica, by integrating a cDNA copy of an RNA 
virus that confers hypovirulence [21]; (ii) cloning of specific 
mating type genes and demonstrating that the products of such 
genes are DNA-binding proteins that exhibit cross-species 
function [3,120]; (iii) targeting of a mitochondrial-derived 
gene from corn into yeast mitochondria and demonstrating 
expression by dysfunction for oxygen uptake [43]; (iv) inter- 
generic expression of a gene from Acremonium chrysogenum 
introduced into Pencillium chrysogenum, resulting in trans- 
genic production of a cephalosporin in a pencillin production 
system [19]; (v) expression in yeast of the bacterial uidA gene 
by a heat shock promoter from a higher plant [111]; (vi) coor- 
dinate expression of vectored cytochrome C genes from yeast, 
fruit-fly, and rat in a cycC-deficient yeast strain, showing 
varied and specific post-translational modification for the dif- 
ferent genes [60]; (vii) efficient production of murine antibody 
fragments by Trichoderma reesei [77]; (viii) overexpression 
of cellulases by multicopy integration of heterologous DNA 
sequences into yeast chomosomes [71]; (ix) hypersection of 
calf chymosin by Aspergillus species by introducing relevant 
signal sequences [116, 123]; and (x) introduction of a bac- 
terial-derived gene for hygromycin B resistance in the 
mycorrhizal Laccaria laccata [6,63] and the edible mushroom 
Pleurotus ostreatus [64,83] 

The various gene transfer systems now available have 
influenced both basic and applied research, permitting detailed 
molecular study through the identification, isolation and func- 
tional analysis of genes involved in many important biological 
processes. Transformation procedures transcend dependency 
upon sexual or parasexual processes for genetic manipulation 
of fungi. 

By extending the potential for 'imposed' variation through 
rDNA technology, it is hoped that industrial fungi will become 
less 'ornery' and even more 'creative'. 
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