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2.1            Introduction 

 Fungi have gained attention in recent years for 
their importance in health and economy. Acting    
in symbiotic relationships with plants as biofun-
gicides, producing numerous drugs as antibiotics 
and hydrolytic enzymes, for example, for second 
generation biofuels, and causing plant and animal 
diseases, the importance of fungi is remarkable 
nowadays (Borkovich and Ebbole  2010 ). 
Furthermore, the increase of available sequenced 
genomes of different fungi allows functional 
genomic analyses to elucidate mechanisms of 
gene regulation for enzyme production, substrate 
sensing, signaling cascades, etc. as well as their 
interconnections and conserved metabolic path-
ways in different fungi. Available molecular 
genetic tools allow the transfer of DNA to a tar-
geted locus in the genome (Olmedo-Monfi l et al. 
 2004 ). Combinations of these tools with different 
transformation systems are being used for effi -
cient genetic modifi cations of fungi for research 
purposes and industrial strain improvement. High 
throughput approaches have been developed to 
facilitate construction of whole genome knock-
out libraries, for example, for  Neurospora crassa  

(Collopy et al.  2010 ) or  Trichoderma reesei  
(Schuster et al.  2012 ). 

 Protoplasting is one of the methods commonly 
used to prepare cells in order to genetically mod-
ify fungi. More than six decades have passed 
since the fi rst reports appeared on protoplast iso-
lation from yeasts (Bachmann and Bonner  1959 ; 
Eddy and Williamson  1959 ) and fi lamentous 
fungi (Bachmann and Bonner  1959 ; Fawcett 
et al.  1973 ). Since then, the interest in the 
improvement of this technique has enabled scien-
tists to achieve higher transformation rates and 
more effi cient targeting to the appropriate 
genomic locus. Protoplast preparation requires 
removal of the fungal cell wall, nowadays pre-
dominantly by using enzymes. Mechanical and 
other nonenzymatic methods have been reported, 
but they have not been used extensively due to 
their inconvenience. Nevertheless, some of these 
disadvantages could be due to the specifi c proce-
dure for each particular organism and the physi-
ological state that might be induced in the 
protoplasts as a consequence of the treatments 
used (Sun et al.  1992 ; Von Klercker  1982 ). 
Alternative methods to protoplast transforma-
tion include electroporation, biolistics, and 
 Agrobacterium  transformation (see other chap-
ters of this book), which were established to 
improve the transformation effi ciency for some 
species that are not suitable for protoplast trans-
formation. The simplicity in technical operations 
and materials required for this method make the 
protoplast transformation the most commonly 

        A.   Rodriguez-Iglesias ,  M.Sc.    •    M.   Schmoll ,  Ph.D.      (*) 
  Department of Health and Environment—
Bioresources ,  AIT Austrian Institute of Technology , 
  Konrad-Lorenz Strasse 24 ,  Tulln   3430 ,  Austria   
 e-mail: monika.schmoll@ait.ac.at  

 2      Protoplast Transformation 
for Genome Manipulation in Fungi 

              Aroa     Rodriguez-Iglesias      and     Monika     Schmoll     

mailto:monika.schmoll@ait.ac.at


22

selected method to perform transformations in 
fi lamentous fungi. Therefore, enzymatic methods 
for protoplasting have early on become the choice 
for most labs (Peberdy  1979 ). However, with the 
recent high throughput projects for gene manipu-
lation, electroporation is increasingly applied 
(Park et al.  2011 ; Schuster et al.  2012 ). 

 In this chapter we provide an overview about 
different steps of genetic transformation of fungi 
and a review of different protocols for protoplast 
transformation in fungi.  

2.2     The Fungal Cell Wall: 
A Barrier to be Removed 

 The fi rst obstacle found when intending to trans-
fer exogenous DNA into the fungal cell is the cell 
wall. Most protoplasting procedures remove this 
cell wall by using enzymatic digestion, mainly 
using fungal enzymes (Gruber and Seidl-Seiboth 
 2012 ). Therefore, the structure of fungi cell wall 
determines the enzymes needed to digest it 
(Adams  2004 ). 

2.2.1     Composition of the Fungal 
Cell Wall 

 The main components of the fungal cell wall are 
chitin, 1,3-β- and 1,6-β-glucans, proteins, man-
nans, and other polymers, which are cross-linked 
forming this complex structure. The crystalline 
polysaccharides, chitin and β-glucans, constitute 
the skeletal portion of the wall, whereas the amor-
phous polysaccharides and protein–polysaccha-
ride complexes are components of the wall matrix. 
The shape, integrity, and mechanical strength of 
the fungus is determined by the chemical compo-
sition and the cell wall, which is responsible for 
the interaction of the fungus with its environment 
as well as biological activity (Adams  2004 ; 
Gooday  1995 ; Lesage and Bussey  2006 ). 

 For most of fungi, the central core of the cell 
wall is a branched β-1,3/1,6-glucan that is linked 
to chitin via a β-1,4 linkage. β-1,6 glucosidic 
linkages between chains account for 3 % and 4 % 
of the total glucan linkages, respectively, in 

 Saccharomyces cerevisiae  and  A. fumigatus  
(Adams  2004 ; Fleet  1991 ; Fontaine et al.  2000 ; 
Gooday  1995 ; Kollar et al.  1995 ; Lesage and 
Bussey  2006 ; Perez and Ribas  2004 ). The cell 
wall structures of these fungi were investigated in 
detail. This structural core, which determines the 
mechanical strength, is suggested to be fi brillar 
and embedded in an amorphous cement (usually 
removed by alkali treatment) (Latgé  2007 ). This 
structure varies markedly between species of 
fungi, although there is a close correlation 
between taxonomic classifi cation and cell wall 
composition among fungi determined by their 
evolution (Bartnicki-Garcia  1968 ; Borkovich and 
Ebbole  2010 ). The basic composition of all fun-
gal cell walls, including those of the distant chy-
trids, consists of a branched polysaccharide of 
β-1,3/1,6 glucan that is linked to chitin via a β-1,4 
linkage. This ancient ancestral fungal cell wall 
has been further modifi ed and decorated in the 
various fungal orders (Borkovich and Ebbole 
 2010 ). As an example, α-l,3 glucan is present in 
cell walls of Ascomycetes and Basidiomycetes. 
Following their bifurcation, β-1,6 glucan was 
added to Ascomycetes and xylose to 
Basidiomycetes (Kollar et al.  1997 ; Ruiz-Herrera 
et al.  1996 ; Vaishnav et al.  1998 ). Within the 
Ascomycetes, more differences have been devel-
oped between the yeasts and fi lamentous fungi. 
The yeast  S. cerevisiae  contains β-1,6 glucan, 
whereas fi lamentous fungi such as  A. fumigatus  
contain linear α-1,3/1,4 glucan and galactoman-
nan with galactofuran side chains (Fontaine et al. 
 2000 ; Kollar et al.  1997 ). Regarding to chitin 
content, cell walls of fi lamentous fungi contain 
higher levels than those of yeasts (approximately 
15 % vs. 2–3 %, respectively). The reason may be 
that the cell wall of fi lamentous fungi is cylindri-
cal and under high turgor pressure, therefore it 
needs to increase its rigidity (Borkovich and 
Ebbole  2010 ). The attachment to embedded pro-
teins and mannans also differs between fi lamentous 
fungal cell walls from those of the yeasts. Mannan 
chains in  S. cerevisiae  cell wall are only found 
attached to cell wall proteins (CWPs), whereas in 
 A. fumigatus , mannan chains are also found 
directly linked to glucans (Borkovich and Ebbole 
 2010 ; Latgé  2007 ; Lesage and Bussey  2006 ). 
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These differences in the cell wall composition 
between yeast and fi lamentous fungi may have 
appeared because of different evolutionary pres-
sures. The adaptation of the fi lamentous fungal 
cell wall to extremely rapid deposition and 
growth at the hyphal tip and its ability to pene-
trate hard surfaces (Collinge and Trinci  1974 ) 
differ from the isotropic growth usually confi ned 
to surfaces in yeast (Borkovich and Ebbole  2010 ). 
This could be the reason why mutations in secre-
tory and transport-related genes in yeast usually 
result in less severe phenotypic consequences 
than in fi lamentous fungi (Borkovich and Ebbole 
 2010 ). The morphological complexity of fi la-
mentous fungi makes slight disturbances in 
homeostasis more obvious than they are in yeast 
(Seiler and Plamann  2003 ; Whittaker et al.  1999 ).  

2.2.2     Functions and Biological 
Activity of the Fungal 
Cell Wall 

 Concerning the biological activity of fungal cell 
wall, it provides protective and aggressive func-
tions. It acts as an initial barrier in contact with 
hostile environments. Its absence can cause the 
death of the fungus unless there is an osmotic sta-
bilizer. Regarding to the aggressive function, it 
harbors hydrolytic and toxic molecules, required 
for a fungus to invade its ecological niche. 
Furthermore, its rigid structure is useful as a 
force for the penetration of insoluble substrates 
that it colonizes or invades (Latgé  2007 ). 

 Polysaccharides, which represent 80–90 % of 
the dry matter of fungal cell walls, include amino 
sugars, hexoses, hexuronic acids, methylpen-
toses, and pentoses (Bartnicki-Garcia  1970 ). 
Glucose and  N -acetyl- D -glucosamine (GlcNAc) 
usually represent the chemical elements of skel-
etal wall polysaccharides, such as chitin, non- 
cellulosic β-glucans, and a-glucans. 

 Each component of cell wall performs specifi c 
functions, owing to distinctive physicochemical 
properties. Chitin and β-glucans are responsible 
for the mechanical strength of the wall, while the 
amorphous homo- and heteropolysaccharides, 
often in association with proteins, act as cementing 

substances and constitute the carbohydrate 
 moieties of extracellular enzymes and cell wall 
antigens (Ballou and Raschke  1974 ; Gander 
 1974 ; Lampen  1968 ). The location within of cell 
wall components the wall structure also plays a 
role in the functional specialization. The outer 
surface of the cell wall is composed of amor-
phous material (often glycoprotein in nature), 
leading to a smooth or slightly granular texture. 
The interfi brillar spaces of the inner wall layer 
are fi lled with amorphous material, similar to that 
of the outer wall layer. In contrast, the layer of the 
wall adjacent to the plasmalemma is mainly com-
posed by skeletal microcrystalline components. 
Due to plasticity of fungal cell walls, the struc-
ture varies during different growth phases. Newly 
synthesized portions of the walls are thin and 
smooth, whereas older portions have the primary 
wall covered with secondary layers composed of 
amorphous matrix material (Hunsley  1973 ; 
Hunsley and Gooday  1974 ; Hunsley and Kay 
 1976 ; Trinci  1978 ; Trinci and Coolinge  1975 ). 
Consequently, young mycelium is more vulnera-
ble to enzymatic degradation than aged hyphae. 

2.2.2.1    Chitin 
 Chitin, an α,β-(1,4) polymer of  N -acetyl-
glucosamine (GlcNAc), is the second main cell 
wall fi ber (Borkovich and Ebbole  2010 ). It forms 
microfi brils that are stabilized by hydrogen 
bonds. Chitin provides tensile strength to the cell 
wall and composes approximately 2 % of the 
total cell wall dry weight in yeast, and 10–15 % 
in fi lamentous fungi (Borkovich and Ebbole 
 2010 ; Klis et al.  2002 ; Roncero  2002 ), even 
though previous literature reports that chitin rep-
resents between 0.3 and 40 % of the fi lamentous 
fungi cell wall dry weight (Mol and Wessels 
 1990 ; Molano et al.  1980 ; Sietsma and Wessels 
 1990 ). The absence of chitin and most glucans 
from plant and mammalian species makes these 
components of the fungal cell wall potential and 
actual targets for antifungal drugs (Beauvais and 
Latgé  2001 ; Gooday  1977 ; Latgé  2007 ; 
Nimrichter et al.  2005 ; Selitrennikoff and Nakata 
 2003 ). Synthesis of chitin is well studied in yeast 
and occurs mainly in the plasmalemma (Braun 
and Calderone  1978 ; Jan  1974 ), specifi cally, 
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at sites of polarized growth (Lenardon et al. 
 2010 ). Depending on the growth phase, chitin 
synthesis can occur at the bud tip (early bud 
growth) (Sheu et al.  2000 ) or over the entire bud 
surface (isotropic growth) in  S. cerevisiae . After 
nuclear division, chitin is directed towards the 
mother-bud neck to prepare for cytokinesis 
(Lenardon et al.  2010 ). 

 Chitin is folded to form antiparallel chains, 
attached through intra-chain hydrogen bonds that 
lead to formation of strong fi brous microfi brils 
(Lenardon et al.  2010 ). In the zygomycetes the 
polymer chitosan is produced when part of the 
chitin is deacetylated immediately after synthesis 
but before chains crystallize by one or more chi-
tin deacetylases (Ariko and Ito  1975 ; Davis and 
Bartnicki-Garcia  1984 ). However, in  C. albicans  
less than 5 % of chitin is deacetylated to chito-
san, while zygomycetes and the basidiomycete 
 Cryptococcus neoformans  have more than two- 
thirds deacetylated to chitosan (Baker et al.  2007 ; 
Bartnicki-Garcia  1968 ). Chitosan could be more 
elastic and resistant to the action of hostile chi-
tinases than chitin (Lenardon et al.  2010 ). 
Nevertheless, partially deacetylated glucosami-
noglycans are also observed (Datema et al. 
 1977b ). Through ionic interactions, these insolu-
ble polycationic polymers bind to essentially 
soluble polyanionic glycuronans (containing 
glucuronic acid, fucose, mannose, and galac-
tose), which are maintained insoluble in the wall 
(Datema et al.  1977a ,  b ). In contrast, the chitin 
(glucosaminoglycan) of the walls of ascomycetes 
and basidiomycetes is fully acetylated and asso-
ciated with (1-3)-β-/(1-6)-β-glucan in an alkali- 
insoluble complex (Wessels  1994 ).  

2.2.2.2    Glucans 
 Glucans,  D -glucose polymers, represent the main 
fi brous component of the cell wall (Borkovich 
and Ebbole  2010 ). Glucans differ both in type 
and in relative proportions of individual glyco-
sidic bonds. β-glucans are most abundant in fun-
gal cell walls, present usually as constituents of 
the skeletal microfi brillar portions of the walls, 
although some fungi also contain glucose poly-
mers linked by α-glycosidic bonds, such as 
 S. pombe  (Hochstenbach et al.  1998 ). Mainly, 

glucans can be found in long β-1,3 or short β-1,6- 
linked chains forming the main bulk (30–60 %, 
dry weight) of the cell wall (Borkovich and 
Ebbole  2010 ). β-1,3 glucans have a coiled spring- 
like structure that confers elasticity and tensile 
strength to the cell wall (Borkovich and Ebbole 
 2010 ). β-1,6 glucan acts as a fl exible glue by 
forming covalent cross-links to β-1,3 glucan and 
chitin and to cell wall mannoproteins (Kapteyn 
et al.  2000 ; Kollar et al.  1997 ; Lowman et al. 
 2003 ; Shahinian and Bussey  2000 ; Sugawara 
et al.  2004 ). α-1,3 glucan harbors an amorphous 
structure and forms an alkali-soluble cement 
within the β glucan and chitin fi brils (Beauvais 
et al.  2005 ; Grün et al.  2005 ). 

 Synthesis of glucans almost exclusively 
occurs in the cell wall or at the outer surface of 
the plasmalemma, due to their insolubility and 
high degree of crystallinity (Farkas  1979 ). 
Furthermore, the fungal cell wall contains abun-
dant branched 1,3-β- and 1,6-β-cross-links 
between proteins and homo- and heteropolysac-
charides, chitin, glucan, and other wall compo-
nents (Cabib et al.  2001 ; Klis et al.  2006 ). 
Nevertheless, the linkages between the individual 
macromolecular components of the wall do not 
involve ligase-type enzymes. There is a self- 
assembly of subunits in the formation of wall fab-
ric through physicochemical interactions, apart 
from the non-catalytic formation of disulfi de 
bridges between the protein moieties of wall gly-
coproteins. The number of chemical and physico-
chemical links increases with the cell age. Hence, 
older portions of the walls are more resistant 
to attacks by endogenous (Polacheck and 
Rosenberger  1975 ) as well as exogenous (Brown 
 1971 ; Necas  1971 ; Villanueva  1966 ) polysaccha-
ride hydrolases. Therefore, protocols to remove 
fungal cell walls require young cells—generally 
between 16 and 20 h after germination—for pro-
toplast preparation. Changes during germination 
vary depending on the fungus. For example, 
 P. notatum  spores increase the cell wall content 
of glucosamine, galactosamine, and glucose dur-
ing the transition from resting spores to swollen 
spores, to germlings, and to grown mycelium, 
while galactose content is decreased when spores 
reached the swollen stage (Martin et al.  1973 ). 
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However,  Colletotrichum lagenarium  conidia 
show a decrease in the content of mannose in the 
cell wall, and xylose and rhamnose disappear 
from the mycelial wall (Auriol  1974 ). Surprisingly, 
it was reported that in  T. viride , the cell wall from 
conidia does not contain chitin, in contrast to 
grown mycelium (Benitez et al.  1976 ). The fun-
gus  Puccinia graminis  var.  tritici  was shown to 
undergo less changes during germination, such 
as decreasing the amounts of neutral sugars in 
the cell walls and increasing the content of chitin 
and protein in the mycelial wall (Ellis and 
Griffi ths  1974 ).  

2.2.2.3    Non-cellulosic β-Glucans 
 (1,3;1,4)-β- D -Glucans consist of unbranched 
and unsubstituted chains of (1,3)- and 
(1,4)-β-glucosyl residues. The physicochemical 
properties of the polysaccharides and the func-
tional properties in cell walls depend on the 
ratio of (1,4)-β-d - glucosyl residues to (1,3)-β- D -
glucosyl residues (Burton and Fincher  2009 ). 
These polysaccharides are not extensively 
found in fungi, only in certain species as the 
pathogenic fungi  Rhynchosporium secalis  
(Pettolino et al.  2009 ). The regular distribution 
of polysaccharides in the cell wall due to the 
molecular links formed by (1,3)-β-glucosyl res-
idues results in less soluble and less suitable gel 
formation in the matrix phase of the wall. The 
gel-like material offers some structural support 
for the wall, combined with fl exibility and 
porosity. Moreover, these interactions can be 
infl uenced by associations with other polysac-
charides or proteins in the cell wall (Burton and 
Fincher  2009 ).  

2.2.2.4    Mannans 
 Mannans are polymers of mannose and can be 
found as α-1,6/α-1,2 or α-1.3/β-1,2 mannan 
chains either attached directly to glucans or cova-
lently attached to proteins via asparagine 
(N-linked) or serine/threonine (O-linked) amino 
acid residues (Cutler  2001 ; Shibata et al.  2007 ). 
They comprise 10–20 % of the dry weight of the 
cell wall (Borkovich and Ebbole  2010 ; Lesage 
and Bussey  2006 ).  

2.2.2.5    Proteins 
 Polysaccharide–protein complexes represent a 
principal cell wall constituent, especially in 
yeasts (Bartnicki-Garcia  1968 ; Calderone and 
Braun  1991 ; Phaff  1971 ). The amount of glyco-
proteins in the cell wall is variable, between 10 
and 40 %, whereas the actual polypeptide content 
is about 4 % (de Groot et al.  2007 ; Klis et al. 
 2002 ). The main role of proteins in the wall is to 
modify and crosslink the wall polymers, instead 
of being involved in structural maintenance. 
Moreover, proteins exposed to the outer surface 
can also participate in determining antigenic and 
adhesive properties (Calderone and Braun  1991 ; 
Hazen  1990 ).   

2.2.3     Enzymes, Biosynthesis, 
and Degradation 
of the Fungal Cell Wall 

 The structure of the fungal cell wall is highly 
dynamic and changes constantly during cell 
expansion and division in yeast, growth, morpho-
genesis, spore germination, hyphal branching, 
and septum formation in fi lamentous fungi. 
Hydrolytic enzymes, which are closely associ-
ated with the cell wall, are responsible for the 
maintenance of wall plasticity and functions dur-
ing mycoparasitism (Gruber and Seidl-Seiboth 
 2012 ). Among hydrolases identifi ed to date, chi-
tinases, glucanases, and transglycosylases are 
found to be responsible for breaking and reform-
ing of bonds within and between polymers, lead-
ing to re-modeling of the cell wall during growth 
and morphogenesis (Adams  2004 ; Lesage and 
Bussey  2006 ). The presence of these polysaccha-
ride hydrolases in fungi indicates an autolytic 
activity in the fungal cell wall (Barras  1972 ; 
Fevre  1977 ; Fleet and Phaff  1974 ). This autolytic 
function involves not only cell wall weakening 
during growth and other morphogenetic pro-
cesses (Adams  2004 ; Lesage and Bussey  2006 ). 
Therefore, the cell wall of fungi is a dynamic 
structure whose functions may vary with envi-
ronmental conditions and in the course of cell 
and life cycles (Farkas  1979 ). 
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 Composition of the cell wall determines the 
enzymes required to digest this structure. 
Therefore, removal of the fungal cell wall com-
posed by glucans or cellulose, chitin and prote-
ases involves the presence of chitinases, 
proteases, cellulases, β-glucanases, etc. in com-
mercial preparations. Examples are the lysing 
enzymes form  Trichoderma harzianum  (provided 
by Sigma-Aldrich;  L1412 ), which is frequently 
used for protoplast preparation from fi lamentous 
fungi, but also for yeast spheroplast transforma-
tion by hydrolyzing poly (1-3)-glucose of the 
yeast cell wall glucan (Kelly and Nurse  2011 ). 
This preparation contains β-glucanase, cellulase, 
protease, and chitinase activities. Lysing enzymes 
from  Rhizoctonia solani , apart from β-(1-3)-
glucanases, also contain protease, pectinase, and 
amylase activities (Liu et al.  2010 ). Also 
Driselase from  Basidiomycetes sp.  has been used 
for digestion of arabinoxylans by fungal 
 glycanases (Liu et al.  2010 ). This commercial 
preparation contains laminarinase, xylanase, and 
cellulase (Product from Sigma-Aldrich). Bovine 
serum albumin (100 mg) (Sigma, St. Louis, MO, 
USA) and β- D -glucanase (1 g) (InterSpex 
Products, San Mateo, CA, USA) can be also used 
for cell wall digestion (Pratt and Aramayo  2002 ).   

2.3     Getting Foreign DNA 
into the Fungal Cell 

 Filamentous fungi have gained an increased 
importance in recent years for production of 
organic chemicals, enzymes, and antibiotics. 
Most of strains used in industry for those pur-
poses have been developed by screening and/or 
mutagenesis. Moreover, the genome of different 
species has been published, and genome 
sequences available for numerous fungi provide 
fast access to sequence data of individual genes 
to be modifi ed. Versatility and convenience of 
molecular genetic tools nowadays available are 
constantly increasing, also as a consequence of 
high throughput functional genomics studies 
such as the  Neurospora crassa  whole genome 
knockout project (Colot et al.  2006 ). Those tools 
allow for transferring exogenous DNA to the 

genome. One of the most common techniques to 
transform different fi lamentous fungi is proto-
plast transformation. This procedure has a gen-
eral application for different host strains. 

 However, alternative methods to protoplast 
transformation have been developed for fungal 
transformation, such as electroporation, biolis-
tic transformation (Ruiz-Díez  2001 ), and 
 Agrobacterium -mediated transformation (AMT) 
(Michielse et al.  2005 ).  A. tumefaciens  transfers a 
part of its DNA (transferred DNA (T-DNA)) to a 
high number of fungal species and its application 
with fungi is still increasing. AMT is an alterna-
tive for those fungi that are diffi cult to transform 
with traditional methods or for which the tradi-
tional protocols failed to yield stable DNA inte-
gration. The simplicity and effi ciency of AMT 
allows for generation of a large number of stable 
transformants. Furthermore, T-DNA is integrated 
randomly and mainly as a single copy, which 
makes this method suitable for insertional muta-
genesis in fungi, obtaining high homologous 
recombination frequencies (Michielse et al. 
 2005 ). Biolistic transformation is a powerful 
method when protoplasts are diffi cult to obtain 
and/or the organisms are diffi cult to culture. This 
is particularly applicable to arbuscular mycorrhi-
zal (AM) fungi (Harrier and Millam  2001 ). 

 Nevertheless, different integration events 
are observed using different approaches for 
fungal transformation. Hence, single-copy 
integration events were detected when  AMT  
was used for transformation (de Groot et al. 
 1998 ; Malonek and Meinhardt  2001 ; Meyer 
 2008 ; Meyer et al.  2003 ; Mullins and Kang 
 2001 ). Protoplast transformation preferentially 
leads to multicopy integration events (Meyer 
 2008 ; Meyer et al.  2003 ; Mullins and Kang 
 2001 ) and lower homologous integration than 
other methods (Grallert et al.  1993 ). The infl u-
ence of the transformation technique on the 
outcome of the DNA integration event can 
determine the design of the genetic modifi ca-
tion approach. For instance, for targeted inte-
gration or gene deletion,  AMT  would be the 
method of choice, since it has been shown to 
favor homologous recombination (HR). 
Nevertheless, protoplast transformation is still 
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the standard method in most labs (besides 
 electroporation), because laborious vector con-
struction and preparation largely alleviate the 
advantages of AMT. Moreover, protoplasting 
transformation would be choice if multiple 
copies of a gene of interest should integrate at 
random sites in the genome (heterologous 
recombination). If AMT does not result in a 
good effi ciency of transformation, protoplast 
transformation using a NHEJ-defi cient recipi-
ent strain could be used instead (Meyer  2008 ). 

 The fi rst protoplast transformation was made 
in  Saccharomyces cerevisiae . Hutchison and 
Hartwell ( 1967 ) had designed a protocol for pro-
toplast preparation by dissolving the cell walls 
with a commercial glucanase preparation 
(Glusulase) and stabilizing the resulting proto-
plasts with sorbitol. The goal of this fi rst fungal 
transformation was to use the protoplasts for 
studies on macromolecular synthesis. The next 
approach using protoplasts for transformation 
was made on a  leu2  mutant to revert the auxotro-
phy to prototrophy by introducing wild type 
DNA in the presence of calcium chloride 
(Hinnen et al.  1978 ). Later on, the use of proto-
plasts for transformation was extended to the 
fi lamentous members of the class  ascomycetes, 
N. crassa  (Case et al.  1979 ) and  Aspergillus 
nidulans  (Tilburn et al.  1983 ), and to several 
other species over the next years till nowadays. 
Although the original protocols have been 
improved, the main steps were not fundamen-
tally changed: fi rst, the fungal cell wall needs to 
be removed by enzymatic degradation. During 
and after this step, osmotic stabilization of the 
generated protoplasts is required for survival. 
Thereafter, several chemicals are used to render 
the remaining cell membrane permeable for for-
eign DNA. Finally, DNA is added to the proto-
plasts and shuttled into the cells. In the following 
we give an overview on protocols used for these 
steps, which can serve as a basis for trouble 
shooting of existing protocols and for develop-
ment of new protocols for fungi, for which trans-
formation has not yet been attempted or achieved. 
A summary of conditions used in various organ-
isms is provided in Table  2.1 .

2.3.1       Removing the Cell Wall: 
Protoplast Preparation 

2.3.1.1    Cell Type and Growth Phase 
 For protoplast preparation, different cell types 
have been used in different species. Germinating 
micro- and macroconidia can be the choice for 
protoplast preparation (Olmedo-Monfi l et al. 
 2004 ). Generally, as protoplasting involves remov-
ing the cell wall, the growth phase should be cho-
sen in a way that the fungal cell wall is vulnerable 
to the attack by hydrolytic enzymes, which is more 
likely in an early stage after germination. 

 The time necessary to grow the mycelium 
plays an important role in protoplast preparation, 
and is related to the growth phase (Naseema et al. 
 2008 ). The components of the cell wall vary dur-
ing different stages of the growth phase, leading 
to different degrees of composition/digestion of 
the cell wall. Moreover, components and their 
relative ratios in the fungal cell wall also differ 
between different species. Usually, the mycelium 
is more sensitive to lytic enzymes in the log phase 
(Naseema et al.  2008 ). In  Neurospora  sp. usually 
young mycelium (after 4–6 h of growth at 
25–30 °C) is used to release protoplasts from 
hyphae after enzymatic treatment to break the 
cell wall (Buxton and Radford  1984 ; Vollmer and 
Yanofsky  1986 ). A more recent protocol uses 
conidial spheroplasts for transformation, grow-
ing  N. crassa  for 3 days at 34 °C followed by 2 
days at room temperature (Pratt and Aramayo 
 2002 ). However, depending on the needed proto-
plast preparation effi ciency, different alternatives 
can be considered. For  Aspergillus  and 
 Penicillium  species both germinating conidia and 
mycelium were used (Fincham  1989 ).  A. niger  
was grown for 20 h (Azizi et al.  2013 ), while  A. 
nidulans  can be grown for 10 h (Mania et al. 
 2010 ), both at 30 °C. A pre-culture of  Penicillum 
chrysogenum  is grown for 24 h at 30 °C (Flanagan 
et al.  1990 ; Hamlyn et al.  1981 ; Sukumar et al. 
 2010 ). Mycelium of  Podospora anserina  (Brygoo 
and Debuchy  1985 ) and  Ascobolus immersus  
(Goyon and Faugeron  1989 ) is used for proto-
plast preparation since those species do not pro-
duce conidia. Nevertheless, basidiospores (used 
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for  Schizophyllum commune  (Munoz-Rivas et al. 
 1986 )), dikaryotic mycelium, or, in some cases, 
the very small vegetatively produced oidia can be 
used (Agaricales and other Basidiomycetes). 
 Coprinopsis cinerea (Coprinus cinereus)  was 
grown for 48 h at 37 °C (Binninger et al.  1987 ) 
while other Basidiomycetes as  Ustilago maydis  
were grown for 18 h at 30 °C (Waard  1976 ) or for 
24 h at 24 °C (Liu et al.  2010 ). For protoplasts 
from  Fusarium pallidoroseum  (mycelium is 
obtained by centrifugation for 10 min at 10,000 g  
from a liquid culture), the optimal incubation 
time is 18 h at 25 °C (Naseema et al.  2008 ), while 
for  F. graminearum  incubation takes 12–16 h at 
room temperature (Goswami  2012 ). The optimal 
age of cultures reported for  T. harzianum  was 
16–24 h at 25–29 °C (Balasubramanian and 
Lalithakumari  2008 ). Mycelium of  T. atroviride  
was used for protoplast preparation, being 
13–14 h at 28 °C the conditions for pre-growth 
(Cardoza et al.  2006 ). For  T. reesei  the optimal 
pre-growth is 16 h at 28 °C.  Paracoccidioides 
brasiliensis  was grown for 72 h (De Borba et al. 
 1994 ). For  Stagonospora nodorum ,  Cochliobolus 
sativus ,  Pyrenophora teres , and  Cercospora beti-
cola  the protocol indicates the growth of cells for 
4 days at 27 °C (Liu and Friesen  2012 ). The 
choice of cell type in any fungus is a matter of 
experience, and the effi ciency of protoplasting 
can hardly be predicted in advance. 

 However, from the examples given above, a 
good starting point for developing a protoplasting 
protocol for a new species is young mycelium 
from conidia germinated and grown for 12–24 h 
at temperatures of 25–30 °C.  

2.3.1.2    Growth Conditions 
 In addition to the growth phase, the growth con-
ditions applied to reach this growth phase are 
crucial. Besides the suitable temperature of 
25–30 °C, the medium composition of the culture 
is important. Again, depending on the organism, 
different media compositions proved successful. 
 N. crassa  is grown in complete medium with 
sucrose (Case et al.  1979 ; Mautino et al.  1996 ; 
Vollmer and Yanofsky  1986 ) or Vogel’s minimal 
medium with sucrose (Akins and Lambowitz 
 1985 ; Schweizer et al.  1981 ).  Acremonium 

 chrysogenum  can be grown on a modifi ed 
medium suggested by Demain and colleagues, 
which contains meat extract, fi sh meal, corn steep 
solids, ammonium acetate, sucrose, and glucose 
(Demain et al.  1963 ; Demain and Newkirk  1962 ; 
Hamlyn et al.  1981 ).  A. niger  can be grown in 
transformation medium (Kusters-van Someren 
et al.  1991 ) or in SAB-UU broth (sabouraud agar, 
pH 6.5, supplemented with uridine and uracil) 
(Azizi et al.  2013 ). Other  Aspergillus  strains were 
grown in minimal medium supplemented with 
yeast extract, casamino acids, glucose, and uri-
dine (Hamlyn et al.  1981 ; Pontecorvo et al.  1953 ). 
 T. harzianum  and  T. atroviride  are grown in PDB 
(Potato Dextrose Broth) (Balasubramanian and 
Lalithakumari  2008 ), while  T. reesei  is grown on 
malt extract plates (Gruber et al.  1990 ).  P. chrys-
ogenum  was grown on the medium containing 
mineral salts, corn steep liquor, yeast nucleic 
acid hydrolysates, methionine, phenylacetyle-
thanolamine, sucrose, and agar (Macdonald et al. 
 1963 ) supplemented with yeast extract and casa-
mino acids (Hamlyn et al.  1981 ) and also in PDB 
(Flanagan et al.  1990 ; Sukumar et al.  2010 ). A 
similar medium was used for  F. pallidoroseum  
(Naseema et al.  2008 ). Nevertheless, for  F. gra-
minearum  YPD medium (yeast extract, bactopep-
tone, and dextrose) is the medium of choice 
(Goswami  2012 ), as well as for  S. cerevisiae  
(Ezeronye and Okerentugba  2001 ). Protoplasts 
from  C. cinerea  were prepared using oidia grown 
in YMG (yeast extract, malt extract, and glucose) 
media (Binninger et al.  1987 ). The medium used 
for  U. maydis  pre-growth is composed of yeast 
extract, bactopeptone, and sucrose (Eppendorf 
 2002 ; Waard  1976 ). PDA (Potato Dextrose Agar) 
was the medium used for  Lentinus lepideus  pro-
toplast preparation (Kim et al.  2000 ).  Rhizoctonia 
solani  was grown in V8 juice agar (Liu et al. 
 2010 ),  P. brasiliensis  in PYG (peptone, yeast 
extract, and glucose) medium (De Borba et al. 
 1994 ), and  Pseudozyma fl occulosa  in YMPD 
(yeast extract, malt extract, peptone, and dex-
trose) (Cheng and Belanger  2000 ) for protoplast 
preparation.  S. nodorum ,  C. sativus ,  P. teres , and 
 C. beticola  are grown in Fries medium (Liu and 
Friesen  2012 ). Germination of spores and initial 
cultivation can be done on solid media (ideally 
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covered with cellophane to enable easy removal 
of mycelia) or in liquid culture.  

2.3.1.3     Optimal Enzyme Combination 
for Lysing the Cell Wall 

 After reaching the optimal growth phase for pro-
toplasting, the fungal cell wall as major obstacle 
for uptake of DNA has to be removed (Olmedo- 
Monfi l et al.  2004 ). The structure of the cell wall 
is different among different fungi, requiring dif-
ferent enzyme combinations together with spe-
cifi c conditions to suffi ciently degrade the cell 
wall and release protoplasts. Furthermore, com-
bination of enzymes was found to be more effi -
cient than using single enzymes for this purpose 
(Gallmetzer et al.  1999 ), which is in accordance 
with the presence of diverse compounds in the 
fungal cell wall. Therefore, the selection of 
enzymes is a key factor in protoplast preparation. 
The effectiveness of cell wall degradation 
depends on the combination of choice for differ-
ent batches of lytic enzymes. 

 Traditionally, commercially available enzymes 
have been used for protoplast isolation from 
yeasts. The digestive juice from  Helix pomatia  
was the fi rst lytic enzyme preparation used, which 
contains muramidases and β-glucuronidases 
(Eddy and Williamson  1959 ). Later, the same 
enzyme mixture has been also used extensively by 
many other groups with  C. neoformans  and 
 S. cerevisiae  (Deutch and Parry  1974 ; Foury and 
Golfeau  1973 ;    Partridge and Drew  1974 ; Peterson 
et al.  1976 ; Shahin  1972 ; Whittaker and Andrews 
 1969 ) and it was commercially available as 
“helicase”, “sulfatase,” and “glusulase” (Peberdy 
 1979 ). A second enzyme, zymolyase, commer-
cially known as Zymolase 100T and derived from 
 Arthrobacter luteus , has also been used since then 
for the isolation of protoplasts from different 
fungi, as  S. cerevisiae  (   Dziengel et al.  1977 ; 
Ezeronye and Okerentugba  2001 ; Tomo et al. 
 2013 ) and  P. brasiliensis  (Zymolase 20T) (De 
Borba et al.  1994 ). 

 For  N. crassa , Glusulase and Novozym 234, 
the commercial name of an enzyme mixture 
from  T. viride , which was most frequently used, 
were the most common enzyme preparations for 
protoplasting (Case et al.  1979 ; Vollmer and 

Yanofsky  1986 ). Production of Novozym 234 
(Novo Nordisk) was however discontinued and 
the product was replaced by “Lysing enzymes 
from  Trichoderma harzianum ” (Sigma-Aldrich), 
also known as Glucanex, in many research groups 
(used for  P. chrysogenum  Hamlyn et al.  1981 ; 
Flanagan et al.  1990 ; Sukumar et al.  2010 ), 
 P. fl occulosa  (Cheng and Belanger  2000 ),  T. atro-
viride  (Cardoza et al.  2006 ), and  F. pallidoroseum  
(Naseema et al.  2008 ). More recently, bovine 
serum albumin (Sigma) in combination with β-d - 
glucanase (InterSpex Products, San Mateo, CA, 
USA) was used for cell wall digestion of 
 N. crassa  (Pratt and Aramayo  2002 ).  A. niger  and 
 A. nidulans  protoplasts were prepared using 
Glucanex, which contains cellulase, protease, 
and chitinase activities (Azizi et al.  2013 ; Mania 
et al.  2010 ). Likewise, Glucanex was also used 
for protoplast preparation of  Sclerotium rolfsii  
(Fariña et al.  1998 ). For  Trichoderma  the new 
mixture seems to work equally well as the 
Novozyme product (Steiger  2013 ). Both enzyme 
mixtures contain mainly 1,3-glucanases and chi-
tinases, among other hydrolytic enzymes such as 
cellulases and proteases. For  U. maydis  cellulases 
and the commercial product Driselase (enzyme 
mixture containing cellulases, pectinase, lami-
narinase, xylanase, and amylase) were used for 
cell wall digestion (Waard  1976 ). Likewise, for 
cell wall digestion of  R. solani  (Liu et al.  2010 ) 
and  F. graminearum  (Goswami  2012 ), a combi-
nation of lysing enzymes and Driselase were 
used. For  S. nodorum ,  C. sativus ,  P. teres , and 
 C. beticola  a combination of β-1,3 glucanase and 
Driselase (from Sigma-Aldrich) is used for cell 
wall digestion (Liu and Friesen  2012 ). Some 
researchers have preferred to use defi ned enzyme 
mixtures of cellulases and chitinases for prepar-
ing protoplasts of  C. cinerea  (Binninger et al. 
 1987 ). For the taxol-producing ascomycete 
 Ozonium,  lywallzyme was the most effi cient 
enzyme to produce protoplasts as tested with sev-
eral combinations of enzymes (Zhou et al.  2008 ). 

 The concentration of enzyme mixture neces-
sary for digestion of cell wall has to be tested for 
each enzyme combination and each fungus. For 
 F. pallidoroseum  20 mg of lytic enzyme/mL was 
reported as optimal concentration for achieving 
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the maximum yield of protoplasts (Naseema 
et al.  2008 ). For  T. harzianum  and  T. viride  it was 
shown that 5 mg/mL of the lytic enzyme 
Novozym 234 in osmotic stabilizer (0.6 M KCl) 
was the optimal concentration for protoplast 
preparation (Balasubramanian and Lalithakumari 
 2008 ). For  T. reesei , 5 mg/mL of Novozym 234 
were used (Gruber et al.  1990 ) and the same con-
centration of Glucanex is currently used. Hundred 
milligrams of bovine serum albumin (Sigma, St. 
Louis, MO, USA) in combination with 1 g of 
β- D -glucanase (InterSpex Products, San Mateo, 
CA, USA) were used for cell wall digestion of 
 N. crassa  (Pratt and Aramayo  2002 ). 

 An alternative to improve the protoplast prepa-
ration effi ciency is to make a pretreatment to 
modify or infl uence the structure of cell wall. As a 
result, the cell wall can be more fl exible or sensi-
tive during the treatment with enzymes. Addition 
of 2-mercaptoethanol was found to improve the 
release of protoplasts (Ezeronye and Okerentugba 
 2001 ; Peberdy  1979 ). Likewise, pretreatment 
with 2-mercaptoethanol containing 0.1 M Tris 
and 0.1 M EDTA improved the protoplast prepa-
ration effi ciency (Zhou et al.  2008 ). Mercapto-
compounds are assumed to accelerate cell wall 
degradation due to the rupture of disulphide bonds 
of cell wall proteins (Okerentugba  1984 ). 

 Also for  S. cerevisiae  transformation, the use 
of lithium ions to make cell walls permeable to 
DNA without forming protoplasts was adopted 
as the alternative by some groups (Das et al. 
 1984 ; Dhawale et al.  1984 ; Ito et al.  1983 ; 
Limura et al.  1983 ).  

2.3.1.4     Stabilizing Protoplasts 
During and After Removal 
of the Cell Wall 

 During digestion of the cell wall, fungi need to 
keep the osmotic balance to avoid rupture of 
cells. Rigid cellular walls are necessary for fun-
gal cells to survive in hypotonic environments. 
When the cell wall is removed, a hypertonic envi-
ronment is necessary to keep the cell stable and 
avoid lysis. Therefore, all solutions used for pro-
toplast preparation have to contain an osmotic 
stabilizer to prevent lysis of protoplasts. At the 
same time, contact with any agents that could 

possibly damage the cell membrane once the cell 
wall is removed (such as traces of soap on glass-
ware) has to be avoided. Sorbitol, at concentra-
tions between 0.8 and 1.2 M, has been most 
commonly used and seems to be satisfactory for 
many species including  N. crassa  (Case et al. 
 1979 ; Vollmer and Yanofsky  1986 ; Mautino et al. 
 1996 ),  Aspergillus  sp. (Azizi et al.  2013 ; De 
Bekker et al.  2009 ; Mania et al.  2010 ), 
 Trichoderma  sp. (Gruber et al.  1990 ),  P. brasil-
iensis  (De Borba et al.  1994 ),  F. graminearum  
(Goswami  2012 ), and  U. maydis  (Waard  1976 ; 
Eppendorf  2002 ). For  Aspergillus  and  Penicillium  
sp., potassium chloride at concentrations between 
0.6 and 0.7 M is used as standard osmotic stabi-
lizer (Ballance and Turner  1985 ; Díez et al.  1987 ; 
Picard et al.  1987 ). A similar solution is applied 
for  Ozonium  sp. (Zhou et al.  2008 ). Magnesium 
sulfate at 1.2 M was also used for  A. niger, 
A. nidulans , and  S. rolfsii  protoplast preparation 
(Fariña et al.  1998 ; Tilburn et al.  1983 ). Other 
alternatives are 0.5 M mannitol which was 
applied for protoplasting of  C. cinerea  (Binninger 
et al.  1987 ) and sucrose for  Podospora  sp. 
(Brygoo and Debuchy  1985 ),  L. lepideus  (Kim 
et al.  2000 ),  P. fl occulosa  (Cheng and Belanger 
 2000 ), and  R. solani  (Liu et al.  2010 ) as osmotic 
stabilizers. For  T. virens , sorbitol is the osmotic 
stabilizer of choice for protoplast preparation 
(Catalano et al.  2011 ). Nevertheless, for  T. har-
zianum  and  T. viride , a test for the optimal con-
centration of the optimal osmotic stabilizer 
revealed 0.6 KCl as ideal (Balasubramanian and 
Lalithakumari  2008 ), which also works for 
 Trichothecium roseum  (Balasubramanian et al. 
 2003 ) and  F. pallidoroseum  (Naseema et al. 
 2008 ). Likewise, KCl as osmotic stabilizer 
increased the regeneration effi ciency for 
 Talaromyces fl avus  when added to regeneration 
medium (Santos and De Melo  1991 ). A similar 
effect was observed for  S. nodorum ,  C. sativus , 
 P. teres , and  C. beticola  (Liu and Friesen  2012 ). 
In general, it is assumed that inorganic salts are 
more effective for fungi while sugar and sugar 
alcohols are considered more advisable with 
yeasts and higher plants (Lalithakumari  1996 ). 
However, as the protocols reviewed above show, 
protoplasting is possible with both agents in 
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concentrations of 0.5–1 M and has to be opti-
mized for every fungus individually. The concen-
tration of osmotic stabilizer is critical to keep the 
protoplasts alive, and low concentrations of sor-
bitol or sucrose around 0.2 M in single layer cul-
tures or 1 M in overlay medium can increase the 
fast growth of colonies, while higher concentra-
tions could inhibit them (Ruiz-Díez  2001 ).  

2.3.1.5     Incubation Time 
and Temperature 
for Lysing the Cell Wall 

 Effi cient uptake of foreign DNA and subsequent 
integration into the genome is crucially depen-
dent on complete removal of the fungal cell 
wall, but without destabilizing the vulnerable 
protoplasts. It is important to determine the tem-
perature range in which a maximal rate of lysing 
cell walls is achieved with different enzymes. 
The enzymolysis temperature for most fi lamen-
tous fungi was found to be between 24 and 
35 °C (Sun et al.  2001 ). In addition to osmotic 
shock, protoplasts can also be damaged by tem-
perature shocks, which have to be avoided. The 
incubation time necessary to break the cell wall 
varies from 2 to 3 h in most protocols for fungi, 
with increasing protoplast production of myce-
lia gradually until 3 h. Longer exposure time 
(also in dependence of enzyme combination) 
was reported to lead to rupture of protoplasts 
due to damage of the cell membrane (Zhou et al. 
 2008 ). In contrast, shorter exposure times to 
lytic enzymes resulted in higher capacity to 
regenerate protoplasts (Zhou et al.  2008 ). 
However, at the same time effi ciency of DNA 
uptake and genomic integration is likely to 
decrease if the cell wall is not completely 
removed. Therefore the optimum time and tem-
perature for a given species, cell type, and 
enzyme mixture used has to be found. 

 For  Ozonium  sp., 3 h at 30 °C were found to be 
the optimal conditions for maximum protoplast 
release (Zhou et al.  2008 ), as well as for  S. nodo-
rum ,  C. sativus ,  P. teres , and  C. beticola  (Liu and 
Friesen  2012 ). For  F. pallidoroseum , 3 h at 30 °C 
with constant stirring at 30 rpm were the condi-
tions used for protoplast preparation, while after 

4 h the mycelium was completely lysed (Naseema 
et al.  2008 ). Here it is important to note that also 
shearing forces due to stirring, but also subse-
quently due to rapid pipetting can cause the newly 
formed protoplasts to rupture. The maximum 
release of protoplasts from  T. harzianum  and 
 T. viride  was reported after 3 h of incubation at 
100 rpm, 28 °C and pH 5.5 (Balasubramanian and 
Lalithakumari  2008 ).  T. reesei  and  T. virens  proto-
plast preparation requires an incubation time of 
2 h at 30 °C with only gentle agitation, as well as 
for  A. niger  and  A. nidulans  protoplasts (Azizi 
et al.  2013 ; Mania et al.  2010 ) and  C. cinerea  
(Binninger et al.  1987 ). However, for  N. crassa , 
60–90 min at 30 °C was enough for protoplast 
release (Pratt and Aramayo  2002 ; Vollmer and 
Yanofsky  1986 ). For  P. chrysogenum , 2 h at room 
temperature are suffi cient for removal of the cell 
wall (Hamlyn et al.  1981 ; Flanagan et al.  1990 ; 
Sukumar et al.  2010 ). Digestion of the  L. lepideus  
cell wall requires an incubation time of 6 h of the 
mycelium for the release of protoplasts (Kim et al. 
 2000 ). The time and temperature used for  R. solani  
protoplast release consist on a fi rst incubation at 
37 °C for 15 min followed by 34 °C during 
105 min incubation (Liu et al.  2010 ). In case of  S. 
rolfsii  cell wall digestion requires 1 h of incubation 
at 45 °C (Fariña et al.  1998 ). For  U. maydis  the 
exact time for digestion of cell wall is determined 
by checking the number of protoplast released 
under the microscope, using around 30 °C for 
incubation (Waard  1976 ; Eppendorf  2002 ), like-
wise for  F. graminearum  (Goswami  2012 ).  

2.3.1.6     Evaluation and Storage 
of Protoplasts 

 In order to achieve high transformation effi -
ciency, protoplasts should be checked under the 
microscope in order to confi rm their integrity. 
Usually this is done by adding distilled water to 
the microscope slide. Due to the altered osmotic 
pressure, protoplasts will lyse, while cells with 
insuffi ciently degraded cell wall will remain 
intact and prevent effi cient uptake of DNA, which 
will decrease overall transformation effi ciency. 
If this is the case, incubation time should be 
increased (Becker and Lundblad  2001 ). 
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 Concentration of protoplasts can be checked 
directly under the microscope or in a hemocy-
tometer. The ratio of protoplasts to DNA can 
strongly infl uence transformation effi ciency. 
While a high number of protoplasts decreases the 
amount of DNA per cell and hence likelihood of 
integration, a low number of protoplasts and/or 
high DNA concentration will increase the total 
number of transformants obtained although their 
number per μg of DNA is lower (Forsburg  2003 ). 
However, increased amounts of DNA per proto-
plast can also result in multicopy integration. 

 After incubation for digestion, protoplasts are 
normally purifi ed by fi ltration through glass 
wool, glass fi lters, or nylon fi lters such as 
Miracloth (Calbiochem), followed by gentle cen-
trifugation to remove the supernatant and resus-
pension of the protoplasts in a solution containing 
osmotic stabilizers. The speed and time of cen-
trifugation depend on how sensitive protoplasts 
are. Longer centrifugation times normally result 
in a higher number of protoplasts to be obtained, 
but at the risk of damaging them. For  T. reesei  
10 min at 600 g  is appropriate, while for  F. palli-
doroseum  6 min at only 100 g  is used (Naseema 
et al.  2008 ). In general, it is important to avoid 
shearing forces by using swing out rotors instead 
of fi xed angle rotors, as the sliding along the wall 
of the tube might kill protoplasts. Similarly, vig-
orous vortexing or pipetting has to be avoided. 

 Once protoplasts are stabilized with sorbitol, 
they can be snap frozen and stored at −70 to 
−80 °C for many fungi. With  S. cerevisiae  and  S. 
pombe  this is commonly done with tolerable loss 
in transformation effi ciency (Altherr et al.  1983 ; 
Gietz and Schiestl  2007 ; Jimenez  1991 ). 

  Neurospora  protoplasts have been found to 
remain viable indefi nitely at −70 °C, and so a 
single batch can be used for several successive 
transformation experiments (Pratt and Aramayo 
 2002 ; Vollmer and Yanofsky  1986 ). Protoplasts 
of  Aspergillus  spp. are reported to be similarly 
robust (De Bekker et al.  2009 ). However, this is 
not the case for all protoplast preparations. For 
example, for transformation of  T. reesei  freshly 
prepared protoplasts are required, because stor-
age of protoplasts reduces drastically their effi -
ciency (Penttilä et al.  1987 ).  

2.3.1.7    Uptake of DNA/Transformation 
 The common protocol for transformation of proto-
plasts starts with mixing the purifi ed DNA (either 
linear or circular double-stranded), with the proto-
plast suspension and a solution containing poly-
ethylene glycol (PEG). In contrast to transformation 
protocols for yeast, using carrier DNA is not com-
mon during transformation of fi lamentous fungi. 
The incubation time necessary is between 15 and 
30 min on ice for most of fungi in order to allow 
for DNA attachment to protoplasts (Ruiz-Díez 
 2001 ). Although double- stranded DNA is nor-
mally used, single-stranded DNA was success-
fully transformed into  Saccharomyces  sp. (Singh 
et al.  1982 ) and  A. immersus  (Goyon and 
Faugeron  1989 ). 

 The stabilization buffer, in which the proto-
plasts are suspended, is usually composed of cal-
cium ions and an osmotic stabilizer. Calcium ions 
are assumed to be responsible for opening chan-
nels or pores in the cell membrane to facilitate 
DNA uptake (Olmedo-Monfi l et al.  2004 ). The 
osmotic stabilizer is present to keep the osmotic 
balance, which is usually maintained by the cell 
wall (see above). PEG is considered responsible 
for clumping and    fusion of protoplasts, precipita-
tion of DNA and consequent induction of interac-
tion between DNA and the cell surface (Bird 
 1996 ; Fincham  1989 ). Although a more effi cient 
alternative to deliver DNA to the cells was pro-
posed, the role of PEG in DNA uptake remains 
largely unknown (Radford et al.  1981 ). 
Nevertheless, PEG is important for effi cient 
transformation and if poor frequencies are 
obtained, different lots of PEG should be tested 
(Becker and Lundblad  2001 ). Generally, lower 
molecular weight PEG (such as 3,350) works 
better than high molecular weight PEG (such as 
8,000), but also here optimization for an individ-
ual species may improve results. For yeast trans-
formations, it is recommended to remove PEG 
prior to plating the transformation mixture in 
order to increase effi ciency (Becker and Lundblad 
 1997 ). This may also be benefi cial for transfor-
mation of fi lamentous fungi. 

 In an alternative protocol, DNA can be encap-
sulated in liposomes (artifi cially constructed lipid 
vesicles), which can fuse with protoplasts. 
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Nonetheless, this is a time-consuming procedure 
compared to the routine protocols using free 
DNA (Fincham  1989 ). 

 Additional components can be added to the 
transformation mixture, such as 1 % (w/v) 
dimethyl sulfoxide (DMSO), to stimulate electro-
fusion of protoplasts (Case et al.  1979 ; Nea and 
Bates  1987 ), or 0.05–0.1 mg of heparin per mL 
(Kinsey and Rambosek  1984 ) in successful proto-
cols only for  Neurospora . Although several func-
tions of heparin are known, such as assisting 
serine protease inhibitors, it is unknown how this 
can infl uence transformation effi ciency (Bird 
 1996 ). Nevertheless, there is no evidence to con-
fi rm that these additional components could 
improve the yields of transformants in other fungi. 

 The DNA concentration needed for transfor-
mation usually varies between 3 and 10 μg, with 
10 μg being the ideal concentration, for example, 
for  T. reesei , although lower amounts also may 
yield satisfactory results. Regarding protoplast 
concentration, variations according to laboratory 
preferences are common. Usual amounts range 
from 5 × 10 7 –5 × 10 8  (Kubicek and Harman  1998 ) 
to 1 × 10 8 –1 × 10 9  mL −1  (Gruber et al.  1990 ). 

 Also the fi nal concentration of PEG is critical 
for the effi ciency of DNA uptake. Therefore, 
PEG added should be adjusted to fi nal volume of 
the solution including protoplasts and DNA 
(Gietz and Schiestl  2007 ). The concentration of 
calcium chloride can vary from 10 mM, as most 
commonly used for  S. cerevisiae ,  Aspergillus  sp., 
and other fi lamentous fungi, to 50 mM for 
 Neurospora  species (Fincham  1989 ). PEG solu-
tion can contain a fi nal concentration of 25 % 
(w/v) PEG 6000 (Gruber et al.  1990 ), although 
up to 10 volumes of 40 % (w/v) PEG 4000 can be 
used for majority of fungal species (Fincham 
 1989 ). Nevertheless, a protocol for  S. commune  
specifi es only a little over 1 volume of 44 % (w/v) 
PEG 4000 (Munoz-Rivas et al.  1986 ). pH seems 
to play a role to keep protoplasts stable and a 
range of 6–8 is used for different species of fungi 
(Ruiz-Díez  2001 ). Some protocols include the 
addition of lipofectin, a liposome preparation for-
mulated from cationic lipids (Bethesda Research 
Laboratories, Gaithersburg, MD), increasing 
the transformation effi ciency, as reported for 
 N. crassa  (Selitrennikof and Sachs  1991 ). 

 After 15–30 min of incubation with exogenous 
DNA, protoplasts, and PEG, some protocols 
include the addition of 1–2 mL of PEG, followed 
by an incubation time of 5–30 min (depending on 
the species) at room temperature (Gruber et al. 
 1990 ). However, normally protoplasts are quite 
stable and rounds for washing can be increased 
for convenience. Finally, stabilization buffer is 
added to the solution and in case of using an agar- 
overlay, mixed with the overlay medium or alter-
natively spread out on selective medium (Gruber 
et al.  1990 ). Interestingly, also the brand of agar 
used for plate preparation can infl uence transfor-
mation effi ciency (likely due to impurities) and 
should be considered when optimizing protocols.  

2.3.1.8     Incubation Time and Medium 
for Protoplast Regeneration 

 Regeneration of protoplasts can be improved 
depending on the media prior to application to 
selective medium. Therefore, protoplasts are usu-
ally transferred to regeneration media without 
selective pressure. However, in many cases, 
transformed protoplasts are transferred directly 
to media complementing an auxotrophic marker 
or containing a drug depending on the selectable 
marker gene used on the introduced DNA con-
struct, without prior cultivation on media lacking 
the selection reagent. In these cases, recovery of 
the fungus from the protoplast state is often 
called regeneration. The media used for regener-
ation have to be osmotically buffered to allow the 
recovery of protoplasts. 

  N. crassa  transformed protoplasts can be 
regenerated overnight at 25 °C in regeneration 
solution (Vogel’s salts + Sucrose + MgSO 4  + any 
necessary metabolic supplements) (Pratt and 
Aramayo  2002 ). Regeneration of  A. niger  proto-
plasts is done on a nonselective medium (mini-
mal medium pH 6.0, sucrose and agar) (De 
Bekker et al.  2009 ).  T. reesei  protoplasts after 
transformation were recovered on malt extract 
medium containing sorbitol, hygromycin B, and 
uridine (Guangtao et al.  2009 ). Later on, once 
protoplasts are regenerated, only those ones 
which harbor the transforming DNA can grow in 
the medium including a selection reagent. The 
maintenance of osmotic balance is critical for 
recovering protoplasts. Additionally, for protoplast 
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recovery in  Ozonium  sp., 0.1 % (w/v) Triton 
X-100 and 0.04 ‰ (w/v) sodium deoxycholate 
were used as colony restrictors. The use of these 
detergents or others is important to avoid spore 
clumping, in order to isolate single transformant 
colonies (Jensen et al.  2013 ). However, such col-
ony restrictors are most often only added for sin-
gle spore isolation steps after initial transformant 
isolation. Thereby decreased recovery of proto-
plasts due to a destabilizing effects of, for exam-
ple, the detergent Triton X-100 can be avoided.    

2.4    Concluding Remarks 

 Protoplasting is well established as a method for 
fungal transformation nowadays. Therefore, to 
develop a transformation system for a fungus, 
protoplasting is a good choice. Nevertheless, for 
many species there is considerable room for 
improvement with effi ciency of protoplast trans-
formation and we provided some strategies to 
optimize existing protocols. Developing and 
optimizing protoplast transformation with fungi 
still remains of process of trial and error to some 
extent and due to the varying cell wall composi-
tion and maybe also some defense mechanisms, 
protocols cannot be generalized.     
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