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Abstract This paper discusses the importance of culture
collections in plant pathology and reviews the methods
currently available to store cultures. The preservation and
maintenance of plant pathogenic fungi in a viable yet stable
state for long periods has always been important, because
isolates of these fungi can serve as standards for identification

of quarantine taxa. Such isolates are also important for testing
disease resistance and for plant breeding programs. The
increasing use of molecular sequences analysis in the
systematics of plant pathogenic fungi has meant that main-
taining fungi in culture collections has become essential.
Herein we discuss trends in the identification of plant and
post-harvest pathogens, using Aspergillus, Colletotrichum,
Phyllosticta and Mycosphaerella and its anamorphs as
examples. Herbarium specimens, although still a require-
ment of the Botanical Code when describing new species
are, perhaps, less important in providing useful information
when defining a pathogenic species. Many pathogen groups
consist of complexes of species and morphology alone can
no longer distinguish among species. However, ex-type
living cultures are essential for identification and future
species comparisons that incorporate the use of molecular
techniques. As such, ex-type cultures of any new species of
pathogen, or when new diseases are reported or studies
involving pathogenic strains are published, cultures of the
taxa studied should be deposited in widely available culture
collections, preferably in at least three members of World
Federation for Culture Collections. Methods for the storage
of fungal cultures such as water preservation, freezing,
mineral oil overlay, freeze drying and lyophilization are
reviewed in this paper. The main objective of culture
preservation is to maintain the vigor and genetic character-
istics of a pure culture. Therefore, safe long-term preserva-
tion methods are required to ensure fungal survival and
retention of any valuable characteristics. To minimize the
risk of any morphological, physiological, or genetic
changes, several different preservation conditions should
be used whenever possible. The present review also
describes a complete preservation methodology that can
be used for plant pathogenic fungi.
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Introduction

Fungi are some of the most important organisms in the
world. They play vital roles in ecosystem functioning
(Stephenson 2010) and also have a considerable influence
on humans and human-related activities (Pointing and Hyde
2001). Plant pathogens are among the most important of all
fungi, since they have profound negative influences in
many different types of ecosystems. For example, some
plant pathogens cause huge losses in crop and tree
production and spoilage of commodities in post-harvest
storage (Agrios 2004); others, such as Phytophthora
cinnamomi in Australia, may impact negatively on natural
ecosystems (Cahill et al. 2008). Culture collections are
libraries containing examples of the genotypic and pheno-
typic diversity of plant pathogens. Thus, they represent
irreplaceable and invaluable resources that are essential for
advancing future research in plant pathology and related
disciplines. They also provide a vital source of information
from which to develop and assess control and regulatory
methods to be used against threats from new and re-
emerging pathogens (Kang et al. 2006).

Historically, herbaria have been depositories of fungal
diversity and have been used to store voucher specimens
and type material of particular species for future compar-
isons (Hawksworth 1974). However, since plant pathogens
are often complexes of species (O’Donnell et al. 2004; van
Niekerk et al. 2004) and since each taxonomic entity within
a given complex cannot be identified solely on the basis of
morphology, herbarium material has less significance than
previously. Living material is essential for distinguishing
species and a major portion of the materials in most
herbaria is old and has been dead so long that DNA cannot
easily be extracted and sequenced. As such, fungal culture
collections are absolutely essential to preserve fungi for
future use. For example, long-term preservation of fungal
cultures in a viable and stable state is exceedingly important
and essential for future studies relating to pathogen
identification, disease control, quarantine and breeding
resistant plants.

In this paper we review the advances that have taken place
in the naming of plant pathogens and the associated need for
living reference collections containing ex-types (i.e., culture
collections). Culture collections have become the ‘new
herbaria’ for plant pathogens. We also review the methods
available to preserve plant pathogens as living cultures.

Herbaria and culture collections: historical aspects

Mycologists have been collecting fungi for scientific
purposes for more than 300 years, and they have deposited
dried specimens of these fungi as exsiccata or in

government or private herbaria. In 1955 the Botanical
Code stipulated that for any species described as new to
science, type material should be deposited in a recognized
herbarium and that the place of deposition should be
designated. If the place of deposition (usually a herbarium)
was not named in the publication, the name was deemed
invalid.

Culture collections, which are a more recent develop-
ment, are brought together under the World Federation for
Culture Collections (WFCC). The WFCC is concerned with
the collection, authentication, maintenance and distribution
of cultures of microorganisms and cultured cells. Its aim is
to promote and support the establishment of culture
collections and related services, to provide liaison and set
up an information network among the collections and their
users, to organise workshops and conferences, publications
and newsletters and work to ensure the long term
perpetuation of important collections [http://www.wfcc.
nig.ac.jp/aboutwfcc.html]. Culture collections evolved as
an attempt to preserve fungi in a viable state for future
studies in plant pathology, biosecurity, industry and
biodiversity. The advantage of culture collections over
herbaria is that they contain living material. Users are
increasingly demanding access to taxonomic information
through identifications based on DNA sequences, rather than
morphology of fruiting bodies. However, with continuing
subculture and storage, the characteristic morphology and
unique physiological attributes of plant pathogenic fungi may
change or be lost over time. Attempts to stop or reduce such
biological changes have been undertaken by scientists as long
as fungi have been cultured and stored. The first report on the
preservation of fungi in distilled water was by Castellani
(1939). Many fungi, including Alternaria sp., Rhodotorula
sp., Penicillium notatum, Aspergillus niger and Candida
albicans, were maintained in a viable condition for many
months. The protocol described by Castellani, in addition to
being easy and economically feasible for small laboratories,
yields satisfactory results for the maintenance of most
species of fungi (Onions 1983; Hartung de Capriles et al.
1989; Rodrigues et al. 1992). Viability is dependant upon the
particular organism involved, thus improved methods to
retain both viability and morphological stability over long
periods was needed (Borman et al. 2006).

Advances in understanding the classification of plant
pathogens

The identification of species in genera of plant pathogenic
fungi has always been, and still remains, complicated. Until
recently species were named mostly on the basis of
morphological characters, but there are numerous instances
in which it is has been shown that a particular species is in
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fact a complex of many species. Some notable examples
include Cercospora apii, a complex of numerous cerco-
sporioid taxa (Crous and Braun 2003); Fusarium oxy-
sporum, a complex of more than 50 taxa (Kvas et al. 2009);
and Colletotrichum gloeosporioides, which is presently
being studied and is likely to consist of numerous species
(Phoulivong et al. 2010). Recent advances in the naming of
species in such genera as Aspergillus, Colletotrichum,
Phyllosticta and Mycosphaerella and its anamorphs are
discussed in more detail below.

Aspergillus

The systematic treatment of Aspergillus is currently based
on morphology, along with some molecular and extrolite
data (Hong et al. 2005). It has long been known that
morphological species concepts in the genus were too broad
and often consisted of several species or even groups
containing many evolutionarily divergent species (Geiser
2004; Pringle et al. 2005; Balajee et al. 2005). Molecular
data are currently supplying the primary characters used to
establish the taxonomic framework of Aspergillus (Geiser et
al. 2007). The advantage of using molecular data is that
they provide a remarkably greater number of variable
characters that do not change according to environmental
conditions. These characters are more objective and
consistent when compared to morphological characters;
they also allow for convenient international communication
and information sharing. In addition, well-developed bio-
informatics tools cause the information to be less contro-
versial when different scientists analyze the same pool of
data. Dried herbarium samples, as compared to living type
cultures, do not provide satisfactory materials for DNA
extraction and subsequent molecular study. Therefore, dried
herbarium samples are being given less and less attention as
researchers carry out studies on Aspergillus.

Extrolites and physiological features, although previously
applied less often, have now become one important approach
for studying species of Aspergillus. A combination of
molecular and extrolite data and/or physiological features
can result in a natural classification and allow scientists to
make a correct diagnosis of species of Aspergillus (Frisvad et
al. 2007). Secondary metabolites, which ideally could be
used as tool for diagnosis, are the molecules used most often
for species reorganization, as species produce unique profiles
and some of these components are unique to specific species
(Nielsen et al. 2004; Larsen et al. 2005). Growth and enzyme
profiles have been satisfactorily applied to the taxonomy of
the black-spored aspergilli (Murakami et al. 1979; de Vries
et al. 2005) and the possible use of this approach for all
groups of Aspergillus has been suggested (Frisvad et al.
2007). Again, without living cultures, this approach would
not be possible.

Although a herbarium specimen can serve as a long-
lasting morphological template for diagnosing species of
Aspergillus, the systematic treatment of Aspergillus is no
longer morphology-based. Herbarium specimens are not
reproducible and are subject to loss, destruction, or
depletion. Aspergillus serves as a good example to illustrate
the importance of living cultures for systematic and other
studies. Fortunately, most of the known species have living
ex-type cultures.

Colletotrichum

Colletotrichum (teleomorph known as Glomerella) is the
causal agent of anthracnose and other diseases of the
leaves, stems and fruits of numerous species of vascular
plants, including some important crops (Agrios 2004). The
systematics and species concepts in Colletotrichum are very
confusing. Morphologically indistinguishable species have
been classified in species complexes that actually contained
phylogenetically and biologically isolated species. For
example, species identified as C. gloeosporioides have
been recorded from nearly 2000 different plant species (as
per the USDA fungi-plant database), but many of these
fungi are likely to represent distinct taxonomic entities.

Recently, a special issue dedicated to studies of the
genus Colletotrichum was published in Fungal Diversity
(vol. 39, Dec 2009). This volume served as a fresh starting
point for studies of Colletotrichum, with previous work
reviewed, currently used names listed, approaches for
species recognization proposed and standard methodologies
suggested. Morphology-based species recognization is
rapidly becoming superseded by a molecular-based poly-
phasic approach. Living ex-type cultures are essential for
phylogenetic reconstruction, and comparative studies of
growth rate, carbon source utilization and secondary
metabolite profiles. Living cultures can also be used to
produce morphological features such as haustoria; features
which may not be present on the original material.

There are 46 species of Colletotrichum that are currently
provided with ex-type cultures (Hyde et al. 2009). The
existence of a living culture has become a precondition for
establishing the systematic placement of a particular species
and its phylogenetic relationships in Colletotrichum (Cai et
al. 2009). Epitypification (with designation of ex-epitype
living cultures) of some important species such as C.
gloeosporioides (Cannon et al. 2008) has made it possible
for the first time to fully resolve this complex, which
apparently contains numerous species (Phoulivong et al.
2010). Therefore, previous studies that involved C. gloeo-
sporioides should be reconsidered to establish if the
identification of the fungus in question was correct. Such
studies may give erroneous data on the distribution of
pathogens of quarantine concern. A recent study isolating
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fruit rot causal agents from Asian fruits has shown that the
so-called ubiquitous tropical anthracnose causal agents, C.
gloeosporioides and C. acutatum, are most likely other
species (Phoulivong et al. 2010). Recent neotypification of
C. falcatum, the causal agent of the red rot of sugarcane,
also revealed that most sequences deposited in GenBank
under the name “Colletotrichum falcatum” are not conspe-
cific with the neotype. Living ex-type cultures now
available from an increasing number of taxa of Colleto-
trichum have paved the way for a stable, consistent, reliable
and useful species classification.

The question could be asked as to whether or not we
should continue to use both Colletotrichum and Glomerella
when providing a modern treatment for the anthracnose
pathogens. The Botanical Code allows for different states of
the same organism to be assigned to different genera,
although with molecular data now becoming available to
link the asexual and sexual states, this no longer seems to
make sense. If the deposition of living states of types was a
requirement of the Botanical Code, and thus these types
were available in culture collections, it would become
easier to link the sexual state of species in the future. At
some point, it might even be possible to change the Code
and to use only one name (the asexual or sexual name) for
each species; this name may be the most well known name,
rather than by default the teleomorph name.

Phyllosticta

Guignardia and its asexual state Phyllosticta are genera
desperately in need of modern revision. Guignardia has not
been monographed and more than 335 species epithets have
been listed under this genus. van der Aa (1973) gave an
account of 46 species of Phyllosticta, which he accepted in
the genus. Later, van der Aa and Vanev (2002) listed all
names proposed in Phyllosticta, suggesting redisposition of
many of them. Recent phylogenetic study has revealed the
difficulty in identifying species of Guignardia and Phyllos-
ticta as there are few morphological characters to differen-
tiate among species, while few living types are available in
culture collections for sequencing. In many endophyte
studies, isolated strains of Guignardia have been assigned
to Guignardia mangiferae (G. endophyllicola) (Okane et al.
2003). The type of this taxon, which was described from
mango in India (Roy 1968), apparently no longer exists
(Wulanderi, pers. comm.) and ascospores in the protologue
are typical of numerous species in Giugnardia (e.g. G.
musae F. Stephens, G. cocoes [Petch] K.D. Hyde) which
might be more appropriate earlier names. Therefore, even
though numerous sequences have been deposited in
GenBank under this putative species name, the name is
inappropriate. As such, it is important to find earlier names
with this typical ascospore type and epitypify new

collections from the same host. Once the epitype can be
sequenced, it can be established whether or not species with
the same ascospore type are separate species in a species
complex or represent a single taxonomic entity and genes
can be found that differentiate species.

In a similar way, the type of Guignardia citricarpa, which
causes citrus black spot, an important disease of orange, is
apparently lost. Wulanderi et al. (2009) described Phyllos-
ticta citriasiana, which causes citrus tan spot in the Asian
region, and differentiated it from G. citricarpa on the basis of
morphology and molecular data. Wulanderi et al. (2009)
used what they considered to be authentic strains of G.
citricarpa for comparison with their new species. However,
Wulanderi et al. (2009) could not compare their new species
with the type of G. citricarpa. Even if a type had been
available, it would have been more than 60 years old and
unlikely to yield DNA for sequencing and comparison. An
epitype for G. citricarpa needs to be found on orange in
Australia. This is a good example of an instance in which an
epitype needs to be found for an important pathogen of
quarantine significance. Although it is a requirement of the
Botanical Code (McNeill et al. 2006) to deposit a herbarium
specimen of the epitype in a designated herbarium, it is
probably important to deposit living cultures of the epitype in
culture collections for future work with the living organism.

Our understanding of species within the generaGuignarida
and Phyllosticta lags far behind the situation for Aspergillus
and Colletotrichum, yet without living cultures it will be
impossible to advance beyond the present inadequate
morphological-based system, which can only group taxa
into species complexes. Once again the need for extype
cultures in culture collections seems apparent.

Mycosphaerella and its anamorphs

Mycosphaerella and its anamorphs have long been poorly
understood. The genus is polyphyletic and has anamorphs
distributed in more than 30 genera (Crous and Braun 2003;
Crous et al. 2007; Crous 2009). The characters that separate
sexual stages, in particular, are few in number and in the
past many species were placed in Mycosphaerella sensu
stricto, but recent work has shown that members can be
placed into at least five families (Crous et al. 2007; Crous
2009). The anamorphs have been placed in several
anamorphic genera including Cercospora sensu stricto and
Cladosporium sensu stricto. Both of these genera have
undergone reorganisation, at first based on morphological
features (e.g., Deighton 1974, 1976; Crous and Braun 2003)
but, more recently, by a combination of morphological and
molecular data (e.g., Crous et al. 2001, 2006). For future
studies there is a basic need for living cultures that represent
all of these genera, and ultimately for cultures of all species.
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A recent paper on the sooty blotch disease of apple
describe two genera that closely resemble Pseudocerco-
sporella (Frank et al. 2010). The type of the genus is P.
ipomeae (P. bakeri) and it has no living culture. Therefore,
an effort was made to find a new collection to designate as
an epitype, which they sequenced. By doing this they were
able to describe the causal agent of sooty blotch disease on
apple as a new species in a new genus, illustrating the
importance of having living cultures of taxa available. The
designated epitype material (a requirement) will become
old with time and its usefulness will decrease. Therefore,
the living epitype was deposited in CBS (not a requirement)
and is available for future studies of any kind.

Requirement to deposit living cultures of plant
pathogens

In each of the genera mentioned above, species names are
based on sequence data as well as morphological characters.
However, the former has generally taken precedence in
differentiating taxa, especially those in species complexes.
Some type strains have been sequenced and the resulting
sequence data deposited in GenBank; as such, GenBank
serves as a repository of very important data. However, Cai et
al. (2009) found that 86% of ITS sequences named as
Colletotrichum gloeosporioides in GenBank are wrongly
applied. It is not possible to go back and check the identities of
many of these fungi, since they do not have associated
herbarium material and more importantly, many do not have
preserved living cultures. Even if herbaria material was
available, it might be of little use, as morphological characters
may not be useful for distinguishing species. Therefore, to be
truly useful, GenBank accessions should have associated
living material as isolates in recognized culture collections as
well as being represented by dried herbarium material.

At this time, ITS, SSU, LSU and a few other gene
regions are sequenced routinely in fungal pathogens, and
ITS has been recommended as the barcoding gene.
However, we cannot predict which gene will be most
informative in the future, and the popular gene regions of
today may be replaced by genes with better resolution in
the future. When this happens, it is essential that living
isolates are available for future studies. This may include
not only genes, but other areas of science, such as
proteomics, which have not yet proven to be useful in
classification studies.

In addition to the traditional reasons, such as determining
resistance against fungicides and use in plant breeding
programs, the example described above highlights the need
for isolates of plant pathogens to be deposited in culture
collections. Our recommendation is that scientific journals
require cultures from all published studies to be deposited in

international culture collections and that the mycological
communities should consider making the deposition of
isolates a strong recommendation of the Botanical Code
when describing new species (at least those of cultivatble
microfungi). Unfortunately, this cannot be a universal
requirement of the Code, since not all fungi will grow in
artificial culture.

Recommendations

Based on what has been discussed thus far, we suggest that
the following recommendations should be considered.

1. When sequence data obtained from living isolates of
fungi are deposited in GenBank, the entry should be
accompanied by details indicating that a culture of the
fungus in question has been deposited in a minimum of
three recognized international culture collections.

2. When a new taxon is introduced, and a living isolate is
available, publication details should provide information
indicating that the cultures are deposited in a minimum of
three recognized international culture collections.

Culture collections, the new herbaria

Like Latin descriptions, which are a requirement of the
Botanical Code, but in our opinion should be considered
outdated and unnecessary, the sole requirement for deposi-
tion of dried herbarium material in preference to living
cultures is also questionable. Where possible, both living
cultures (where possible) and dried herbarium specimens
should be deposited for every fungus described as new to
science.

The need for herbaria

The importance of dried herbarium specimens versus living
cultures has been questioned, but it also could be argued
that both may be equally important. In a recent study, we
revived several cultures of Stemphylium from a culture
collection. In nearly every case, the cultured isolates had
lost their vigour for growth and, even more importantly,
they had lost their ability to produce conidia. Therefore,
although the living material was available for sequencing,
we had no idea of the morphological characters of the
collections. Fortunately, in most cases, the material from
which the isolates were taken had been deposited as
herbarium material. There is also the ability to produce
dried cultures of fungi and to deposit these in a herbarium.
Such dried cultures will likely show colony characteristics,
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provide an indication of growth rate and, for many fungi,
wild-type spores and fruit bodies will be present.

Culture collections

Many methods have been used for the preservation of living
fungi. These include preservation on agar slants with periodic
transfer, in sterile water (McGinnis et al. 1974), silica gel
(Perkinsd 1962), soil (Bakerspiegel 1953), on oil covered
slants (Buell and Weston 1947), cryopreservation at low
temperatures (−80°C), storage in liquid nitrogen vapour
(−130–−180°C) (Carmichael 1962; Elliott 1976; Stalpers et
al. 1987; Chandler 1994), and as freeze-dried cultures
(lyophilization) (Schipper and Holtman 1976). Several
references for culture preservation can be sourced from
http://ukncc.co.uk/html/Information/Collection%20manage-
ment.htm. The selection of a particular technique of cultural
preservation depends upon the anticipated use of the organism
as well as the time, facilities and resources available
(Manoharachary et al. 2005). No single technique has been
applied successfully to all fungi, although storage in or
above liquid nitrogen is now well developed for many fungal
strains. Managers of culture collections must select a suitable
method for each fungus, perhaps using a second method as a
back-up, but certainly including multiple cultures for each
strain. Fungal preservation requires care and is not always
easy. Moreover, novel techniques are sometimes necessary to
maintain viable fungal cultures for longer periods of time.

Preserving isolates of relevant pathogens from past disease
epidemics is equivalent to medical researchers keeping
historical isolates of pathogens from previous epidemics or
outbreaks, or to archiving the key documents needed for
understanding an important historical event (Kang et al.
2006). The second part of this review provides an account of
various preservation procedures relating to the growth and
maintenance of plant pathogenic fungi.

Methodology and advantages

Preservation of fungi in water

The least expensive and most low-maintenance method
for preservation of fungal cultures is water storage, in
which the cultures are immersed in distilled water
(Boesewinkel 1976; Ellis 1979). There are two simple
techniques that can be used for preparing cultures for
water preservation.

1. Several disks, cut from fungal cultures grown on an
appropriate medium, are transferred to sterile, small
screw-cap vials filled with several milliliters of

sterilized water. Prepared cultures must be capped
and stored either at room temperature or kept
cooled.

2. Agar slants previously prepared in screw-capped tubes
are inoculated with fungal cultures and then incubated
for 2 wk at an appropriate temperature. Slanted cultures
with suitable growth are covered with 6–7 ml of sterile
distilled water and gently agitated to release the fungal
spores and hyphae. The fungal suspension obtained in
this manner is aseptically transfered to sterile glass
vials, which are then tightly capped to prevent water
evaporation, labeled and then stored at 4°C (McGinnis
et al. 1974).

The water preservation method has been used successfully
to maintain Aspergillus fumigatus, A. niger, Aspergillus sp.,
Cladosporium bantianum, C. carrionii, Fusarium sp.,Mucor
sp., Penicillium nonatum, Penicillium sp., and Rhizopus sp.,
for up to one year (Diogo et al. 2005). Burdsall and
Dorworth (1994) used this method to maintain 151 species
of wood-decaying members of the Basidiomycotina for
varying periods up to 7 years. They noted that water storage
is a quick, easy, and inexpensive method that may maintain
genetic stability. In addition, oomycetes, ascomycetes and
hyphomycetes can be maintained by this method. High
recovery rates were reported for cultures of Phytophthora
clandestina stored in sterile deionised water on millet seeds,
without loss of pathogenicity (Simpfendorfer et al. 1996).
Isolates of Gaeumannomyces graminis stored as agar plugs
in sterile water at ambient temperature have survived more
than 20 years (Hornby et al. 1998). The virulence of isolates
of Gaeumannomyces graminis var. graminis against wheat
plants was maintained and did not seem affected even after
10 years (Elliott 2005). Storage of species of Botryosphaeria
from grapevine as mycelium plugs in sterile water at 4°C has
been reported as a better method for maintaining viability
and preservation of growth rates compared with mineral oil
(Baskarathevan et al. 2009).

Mineral oil preservation

The second low cost and simple preservation method for
fungal cultures involves the use of mineral oil and was
first employed by Sherf (1943). In this method, suitable
fungal growth is transferred to a slanted screw cap vial
containing PDA or other suitable medium and incubated
for 2 wk at an appropriate temperature. Vials with clean
normal growth are then covered with a small amount of
sterile mineral oil. Vials may also be sealed with Parafilm
prior to storage (Elliott 2005). Oil prevents dehydration of
the media over a long period of storage. Effectiveness of
this method has been proven during the course of many
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investigations involving different groups of fungi (Buell
and Weston 1947; Pumpianskaya 1964; Perrin 1979;
Bunny 1981).

This simple method has been used successfully to preserve
a number of different fungi, including Colletotrichum
gloeosporioides, C. gossypii, C. nigrum, Coniothyrium
conicola, Diplodia cajani, Phomopsis sp., Pyrenochaeta
romeroi and Septoria lycopersici (Borba and Rodrigues
2000). It is an appropriate way to preserve oomycetes, which
are difficult to keep by other methods. In addition, it was
used for the fungal plant pathogen Gaeumannomyces
graminis var. graminis by Bunny (1981), who stated that
strains stored on oil covered slants maintained their virulence
on wheat plants better than those kept on ordinary agar
slants. Preservation on agar slopes under oil also was
demonstrated to be effective for ectomycorrhizal basidiomy-
cetes (Heinonen and Holopainen 1991).

Silica gel preservation

Storage in silica gel is inexpensive and simple and has
been demonstrated to be trustworthy for maintaining
genetic markers. The silica gel method as developed by
Perkinsd (1962) can be used to preserve viable cultures
for 4–5 years, depending on the culture medium and
fungal strain used. Since the silica gel can prevent all
fungal growth and metabolism, the risk of any morpho-
logical, physiological, and genetic changes may be
minimized.

For silica gel preservation, fungal cultures are grown on
an appropriate medium for 3–5 days to achieve a suitable
growth. Screw-cap tubes are then filled with 6- to 22-mesh
sterilized silica gel (180°C for 90 min). The silica gel is
then chilled to about 4°C and placed in an ice-water bath.
Spores are suspended in a 10% (v: v) solution (previously
cooled to 4°C) of dry powdered skimmed milk in distilled
water. The spore suspension is added to the silica gel and
left for 30 min in the ice bath. Tubes are kept for 1–2 wk at
room temperature and viability is assessed on agar plates. If
the cultures are viable, the caps on the tubes are tightened,
and the tubes are stored in a tightly sealed container at 4°C.

Since Perkins (1962) described the technique, cultures of
Aspergillus nidulans (Barrett et al. 1965), Rhodotorula sp.
(Reinharddt 1966), Claviceps paspali (Mizrahi and Miller
1968), Ustilago rnaydis (Puhallaj 1968), Saccharomyces
cerevisiae (Grivell and Jackson 1969), A. parasiticus
(Mayner et al. 1971), Endothia parasitica (Puhallaj and
Anagnostaksi 1971), Candida spp. (Parinao et al. 1972),
Fusarium oxysporum and Verticillium spp. (Rogers 1972)
have been preserved on silica gel. In addition, the silica gel
preservation method also has been used successfully to
preserve several other fungi (i.e., Aspergillus niger, Fusa-
rium oxysporum, Gliocladium sp., Mucor hiemalis, Peni-

cillium sp., Saccharomyces cerevisiae, Sordaria fimicola,
Thamnidium elegans and Verticillium spp.) as reported by
Trollope (1975) and 17 species of Fusarium as indicated by
Windels et al. (1988, 1993). In addition, silica gel has also
been used to preserve the viability of spores of rust fungi,
which cannot be grown on agar. The disadvantages of the
silica gel preservation method is that some fungi may
loose the ability to sporulate, and the time of storage is
quite short (between 2 and 4 years) (Onions 1983; Smith
1993).

Preservation in soil or sand

Since described by Atkinson (1954), soil has been used to
preserve fungal cultures for extended periods. Some of the
phytopathogenic fungi, particularly those belonging to soil-
borne groups, have been preserved by this method. In this
method, soil with 20% water content, or sand, is placed in
60 ml glass bottles and sterilized by autoclaving at 121°C
for 25 min. One milliliter of a fungal spore suspension,
prepared by adding an appropriate volume of sterilized
water to a 1 week-old culture, is added to each bottle. After
incubation for 2–14 days at room temperature, bottles with
good fungal growth are stored at 4°C. This method was
used successfully for the preservation of Septoria by
Shearer et al. (1974) and Borba and Rodrigues (2000),
Pseudocercosporella by Reinecke and Fokkema (1979),
Rhizoctonia by Sneh et al. (1991) and Fusarium spp. by
Windels et al. (1993).

Use of organic materials

Several techniques have been developed over the years
for preservation of pathogenic or other host-specific
fungi, particularly those that need specific organic
substrates. Cereal grains, straw, filter paper, wood chips
and insects are some of the organic substrates that have
been used. A number of different cereal grains (e.g.,
barley, millet, oats, rye, sorghum, wheat) can be used for
the preservation of phytopathonenic fungi. In this method
cereal seeds are prepared by soaking them overnight in
water containing chloramphenicol (50 ng/ml). The water
is removed and the grains are placed in screw-cap vials
and autoclaved for 1 h at 121°C over 2 consecutive days.
Vials are inoculated with actively growing cultures and
incubated at 23–27°C for 7–10 days. Cultures are then
dried thoroughly in a desiccation chamber. The caps on
the vials are tightened and wrapped with Parafilm, and
the vials stored at −25°C (Sneh et al. 1991). In our
laboratory, we have used different preparation methods in
which a weighed amount of cereal grains was put into a
50 ml conical flask, an equal volume (w-v) of distilled
water added and the flasks were autoclaved at 121°C for
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30 min. Flasks were inoculated with a particular fungal
isolate and incubated at a temperature suitable for further
growth. Small amounts of the colonized seeds were
aseptically transferred to sterile 2 ml eppendorf tubes,
labeled and stored immediately at −80°C.

Singleton et al. (1992) mentioned that grains of oats,
barley, wheat, rye, millet, and sorghum could be used to
preserve species of phytopathogenic fungal from such
genera as Leptosphaeria, Magnaporthe, Rhizoctonia and
Sclerotinia for periods up to 10 years. This method also
can be used for preserving several known plant patho-
genic fungi such as Cephalosporium, Fusarium and
Sclerotium. Cultures of Phytophthora clandestina were
successfully stored in sterile deionised water on millet
seeds, and they maintained high recovery rates after
10 months without any loss of their pathogenicity
(Simpfendorfer et al. 1996).

Wood chips and toothpicks have been used success-
fully for long-term preservation of some wood-infecting
fungi for up to 10 years (Nelson and Fay 1985; Delatour
1991). Small wood pieces or toothpicks are sterilized at
121°C for 20 min in plugged test tubes. Tubes are
inoculated by placing 4 mm disks cut from the margins
of fresh plated fungal cultures and incubated until an even
fungal colonization of the wood is observed. The colo-
nized wood is transferred to sterile test tubes containing a
small amount of 2% malt agar, plugged with cotton and
incubated for about 1 week, after which, the cotton plugs
are replaced with sterile Parafilm and the tubes are then
stored at 4°C.

Some plant pathogenic fungi can be stored and main-
tained on pieces of substrate from their host plant tissues.
Plant root infecting fungi such as Pyrenochaeta and
Thielaviopsis can be maintained in this way (Singleton et
al. 1992). On the other hand, some fungi such as Neozygites
fresenii cannot be cultured in vitro, although it can be
maintained successfully on frozen, infected aphid mummies
(Steinkraus et al. 1993).

Preservation by freezing

Fungal cultures can be kept frozen for many years at
−20 to −95°C to maintain viability. There are two
procedures used for preserving fungal cultures by
freezing. First, slanted cultures can be placed in the
freezer immediately after reaching suitable growth
(Carmichael 1962). Second, disks cut from vigorously
growing fungal cultures can be aseptically transfered
to cryovial tubes containing 15% sterilized glycerol
solution as a cryoprotectant (Ito and Yokoyama 1983). In
general, fungi growing on organic substrates, such as
cereal grains, plant parts, agar strips, and toothpicks, can
be kept frozen. Several types of phytopathogenic fungi

have been maintained by deep freezing for long periods
of time. For example, Alternaria alternata, Bipolaris
spicifera, Curvularia sp. and Penicillium sp. were main-
tained on PDA at −70°C up to 13 years (Pasarell and
McGinnis 1992) and strawberry pathogenic fungi Colleto-
trichum fragariae, C. gloeospoioides, C. acutatum and
Phomopsis abscurans were maintained in viable condi-
tions up to 21 months without any morphological changes
when preserved at −95°C (Legard and Chandler 2000).
Cultures of Gaeumannomyces graminis var. graminis were
preserved at −75°C (Elliott 2005). Preservation at −20°C was
used to store several soil-borne plant pathogenic fungi—
Fusarium oxysporum f. sp. lycopersici, Macrophomina
phaseolina, Rhizoctonia solani, Sclerotium rolfsii, Sclerotinia
sclerotiorum, and Verticillium dahliae (Bueno et al. 2006).
Urediniospores of the rust fungus Puccinia psidii were
successfully preserved by deep freezing at −80°C (Salustiano
et al. 2008). Unfortunately, freezers that can store cultures at
−80°C are expensive to purchase, and rely on a continuous
supply of electricity, or on a gas-run back-up system.

Preservation in liquid nitrogen (Cryopreservation)

Cryopreservation is considered as the best method for the
long-term storage of fungal cultures due to the stability of
secondary metabolite production and minimal genetic
variations, although certain fungi have exhibited significant
degrees of polymorphism after recovery (Ryan et al. 2001;
Borman et al. 2006). Cryopreservation is costly but
particularly suitable for storage of valuable stock cultures,
such as types and patented isolates (Onions 1983). There
are various factors that affect the revival success of
cyropreserved fungi, such as the cryoprotectant used, the
cooling rate, the storage temperature and the thawing rate
(Smith 1993). Storage of fungal cultures in liquid nitrogen
is safe and the most effective method of long-term
preservation, especially if the cultures cannot be freeze-
dried. Cryoprotectants are used as carriers of the fungal
mycelium on the agar medium disks (Hwang 1968). There
are two types of cryoprotectants—those such as glycerol
and dimethyl sulfoxide (DMSO) that act as penetrating
agents, which protect fungal cells intracellularly and
extracellularly by passing through cell membranes, and
nonpenetrating agents such as glucose, sucrose, lactose,
dextran, mannitol, sorbitol, polyvinyl-pyrrolidone, and
hydroxyethyl starch, which exert their protective effects
external to the cell membrane (Nakasone et al. 2004).
Several other cryoprotectants have also been used as
carriers for preserving mycelium. These include polypro-
pylene and perlite, which was developed originally for
some basidiomycetes (Homolka et al. 2001). Although it
has many advantages, liquid nitrogen is time consuming
and a costly technique due to the relatively high cost of the
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apparatus used, the refrigeration units, liquid nitrogen
storage vessels (dewers), and the liquid nitrogen itself,
which must be topped up at regular intervals. This implies
that there must be regular and reliable deliveries of liquid
nitrogen.

For fungal preservation in liquid nitrogen, several 4 mm
diameter plugs cut from vigorously growing cultures are
placed in sterilized 2 ml cryovial screw-cap tubes filled
with 0.5–1.0 ml sterile 10% glycerol solution. Alternatively,
the fungal colony on the surface of the plates is flooded
with 10% glycerol or 5% DMSO and gently scraped with a
fine pipette to obtain a spore suspension, which is carefully
transferred with a pipette in aliquots of 0.5 ml into the
cryovials. Tubes are either placed directly into a liquid-
nitrogen tank (−170°C) after labeling and placing them into
special racks or they can be put into a programmed freezing
chamber subject to a freezing scheme. In the second choice,
racked vials are kept in 4°C for about 10 min, then they are
allowed to cool from 4°C to −40°C at a rate of 1°C/minute
and from −40°C to −90°C at 10°C/minute and subsequently
transferred to liquid nitrogen vapor (−150°C to −180°C).
Polypropylene straws are an efficient alternative to cryo-
vials. They are cheap and require less space in the liquid
nitrogen containers. The short straw segments (4 cm long)
are heat sealed. To increase survival rate, the straws should
be cooled; this can be achieved by placing them into the top
portion of a −70°C freezer, and leaving them for at least 4 h
before they are transferred to the liquid nitrogen.

Liquid nitrogen preservation has been used for the
storage of many phytopathogenic fungi and is the preferred
method of storage used by some of the large culture
collections. Urediniospores of Puccinia graminis f. sp.
tritici were preserved in liquid nitrogen for the first time by
Loegering and Harmon (1961).

Microbank preservation

The use of marketable cryogenic tubes (Microbank vials)
stored at −70°C for the storage and preservation of fungi
was found to be especially appropriate for long-term
storage (Chandler 1994; Baker and Jeffries 2006). They
can be used for various types of pathogenic fungi. Micro-
bank provides vials containing a cryopreservative and
porous beads to serve as supporting carriers, since micro-
organisms readily adhere to the bead surface. Vials
containing about 25 coloured beads each are inoculated
with the fungus under aseptic conditions. For extended
storage, vials are kept at −70°C or in liquid nitrogen.
Cultures are retrieved by removing a single bead from the
vial, which is then placed on a suitable culture medium for
growth. The advantage of using the Microbank system over
other cryogenic systems (Pasarell and McGinnis 1992;
Espinel-Ingroff et al. 2004) is their commercial availability.

The time-consuming procedure of preparing other preser-
vative devices such as drinking straws (Stalpers et al. 1987)
or containers of cryogenic fluid is avoided. Microbank vials
are stored at room temperature prior to use.

Preservation by lyophilization

Lyophilization (freeze drying) is a convenient technique
favoured by many large culture collections (Onions 1983;
Gallo et al. 2008). This process allows storage for 20–
40 years; however, there are some restrictions such as the
recovery time for resuscitation of the preserved isolate in
order to obtain optimum viability without sub-lethal
damage; this requires carefully designed and controlled
protocols. In addition, the equipment is expensive and must
be maintained. With this technique, it is often only the
fungal conidia that survive (Smith 1993; Borman et al.
2006). Nevertheless, storage by lyophilization is one of the
most suitable methods for maintaining viable and stable
fungal cultures for long periods, and is a preferred method
for storage of bacteria. Lyophilization of an isolate can be
obtained by freezing and drying a suspension of the fungal
pathogen in its nutritive medium. The actual freeze drying
operation is done using a freeze dryer working in
conjunction with a vacuum apparatus. Ampoules with
lyophilized fungi are sealed with heat, to prevent damage
of lyophilized material as a result of contact with air.

Fungal cultures that are 7–10 days old can be selected for
lyophilization according to the procedure outlined by Smith
and Onions (1994). About 1.5–2 ml of skimmed milk is
added to a slanted culture and the surface of the agar gently
scraped with a Pasteur pipette to obtain a spore suspension.
The spore suspension is added to each lyophilization tube
and the latter loosely plugged with cotton. The contents of
each tube are frozen for 10 min by immersing the tubes in a
dry ice and ethylene glycol bath. The open end of the glass
tube is lubricated with castor oil while subjected to a vacuum
for about 30 min until a suitable system pressure has been
reached. Tubes are then sealed under vacuum using a gas-
oxygen torch. Lyophilized cultures can be stored at 4°C in
sealed plastic containers until used.

The use of freeze drying as a preservation method for fungi
was first reported by Raper and Alexander (1945) and an
improved method was described by Heckly (1978) and Jong
et al. (1984). Many species of phytopathogenic fungi have
been successfully maintained by freeze drying (Bunse and
Steigleder 1991; Larena et al. 2003; Milošević et al. 2007).

Outlook

Efficient mycological research requires a reliable source of
cultures (i.e., well-defined and taxonomically determined
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isolates) maintained in a safe and stable storage environ-
ment. Routine subculturing is not a very practical method
for storing large numbers of fungal cultures. It is time-
consuming, prone to contamination and does not prevent
genetic and physiological changes that take place as a
consequence of long-term and frequent subculturing.

Long-term preservation of fungi is an essential scientific
requirement for the research carried out in most modern
plant pathology laboratories, particularly those using
molecular facilities. It is important that viability and
stability of cultures are ensured during the preservation
period. Isolates of many fungi can be preserved cheaply in
sterile distilled water at room temperature, but the stability
of the fungal cells is not ensured. Cultures of fungi can
also be cheaply and conveniently preserved in soil or on
oil- or water-covered slants in small laboratories. Cryo-
preservation in liquid nitrogen is probably the safest way
for preservation, but it is costly and time consuming.
Storage in liquid nitrogen vapour is less expensive and
more convenient for long-term preservation of fungal
cultures. Lyophilization provides a mechanism for stabi-
lizing the cultures for long periods of time but the time
involved in carrying out this procedure is lengthy and the
latter also requires expensive equipment. Because of cost
constraints and space requirement each plant pathology
laboratory or culture collection must select the most
reliable and suitable storage method for its own use.

However, the choice of a preservation method depends
largely on the service required. For instance, a teaching
collection does not demand a guarantee of the stability and
longevity that is absolutely essential for a national type
culture depository. Nevertheless, a taxonomic collection
requires the conservation of morphological features (e.g.,
conidia form of the fungus) whereas an industrial collection
needs to retain a stable metabolic state. Also, the capability
of fungal pathogens to sporulate or to infect a host may be
lost after repeated transfers. Such changes in the fungus will
not, of course, affect the extraction of DNA for molecular
study. There is no ideal method, so several different
methods may have to be used, depending on both the
particular species of fungus and the available resources.

Keeping a culture collection is a long-term commitment,
often fraught with difficulties over the maintenance of
equipment, provision of sufficient staff resources and
finance. Cultures can unexpectedly loose viability or
become contaminated with other mould fungi or bacteria.
Multiple tubes/vials must be kept of each fungal isolate.
Even successful maintenace of viability does not always
guarantee retention of morphology, the ability to sporulate
or to retain various characteristics such as pathogenicity.
Some genera such as Alternaria, Bipolaris, Curvularia,
Drechslera, Stemphylium, etc. will often only produce
misshapen conidia after long-term storage, while these

genera and others such as Phoma, Phomopsis, etc. may
loose the ability to sporulate altogether.

It must be reiterated that dried specimens kept in
herbaria also have their place alongside collections of
living cultures. Perhaps efforts should be made to ensure
that representative cultures of fungi are dried down and
deposited with the plant/fungus specimen. This will help to
provide a good indication of what the fungus originally
looked like. In the future such dried cultures may provide a
rich source of DNA for study, especially when free of any
host plant material. For some fungi, morphology and size of
microscopic structures in culture is never the same as on
host material. Mycologists and plant pathologists must be
encouraged to deposit voucher material of all fungi that
they work on, preferably depositing both cultures and
herbarium specimens. Where feasible, GenBank sequences
must be supported by specimens and/or cultures.
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