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Abstract 

Well-managed genetic resources and associated metadata are essential to underpin research addressing the chal-
lenges to food security, healthcare, climate change, biodiversity, environment, education and our bio-based economy. 
Culture collections have supported microbiology research for over 100 years, whether they are collections belong-
ing to individual scientists or institutional repositories. The 790 collections registered with the World Data Centre for 
Microorganisms (WDCM) together hold over three million strains representing a wide range of microbial diversity. 
This review provides an overview of the uses and outputs of collections that support work in mycology, agriculture 
and the environment. Further, it focusses on the advantages of coordinating efforts and establishes recommenda-
tions to improve resource provisions for research and the development of the necessary infrastructure. The CABI living 
resource collection provides an example that holds over 28,000 strains of fungi from 100 years of research in mycol-
ogy. In the modern era, microbial interventions and solutions require knowledge not only of those microorganisms 
that can be grown and preserved axenically but also whole microbial communities: i.e. ‘microbiomes’. Current tech-
nologies enable us to access this latter, hidden resource, thereby facilitating a better understanding of how to harness 
and manipulate microbial communities to improve crop yields and allow successful interventions such as biocontrol 
of pests, diseases and invasive species. The WDCM Analyzer of Bio-resource Citations reports that 79,224 strains from 
131 collections from 50 countries have been cited in 145,133 papers published in 50,307 journals from January, 1953 
until April, 2020. These organisms have a multitude of uses, for example as sources of antibiotics, therapeutic drugs 
and other active agents. They have been applied widely including in the biodegradation, bioremediation, biotrans-
formation and biotreatment of wastes. Further uses include interventions in agriculture for soil and plant health or 
biological control of pests and diseases. All of the above may be achieved by individual institutions but, by working 
together, collections can form a critical mass to focus on key global issues and can achieve much more. Mechanisms 
are suggested for coordinating collections in order to deliver a more comprehensive support system in the advance-
ment of science and innovation.
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Background
The aim of this review paper is to take the landmark of 
100  years of mycology at CABI as a basis for consider-
ing how culture collections have changed over the 
years to meet evolving needs of an ever-changing user 
community.
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The first public service microbial culture collection was 
established, in 1890, by Professor Frantisek Kral at the 
German University of Prague, Czech Republic (Sly et al. 
1990). Over the course of the next 130  years, the num-
ber of culture collections has risen massively to almost 
800 culture collections in 77 countries registered with 
the World Data Centre for Microorganisms (WDCM), 
which together hold 3,157,910 strains of a wide range of 
microorganisms (http://www.wfcc.info/ccinf​o/). Despite 
this impressive number of strains being held in institu-
tions, the number pales in significance when compared 
with the total number of microbial strains used in sci-
entific research. Stackebrandt (2010) reported only 190 
strains (0.94%) of the 20,200 strains listed in 8835 arti-
cles in issues of eight European microbiology journals in 
2008 had found their way into public collections. This is 
a huge missed opportunity for the scientific community 
as a whole, it is crucial for the benefit of science, future 
study and the confirmation of published research that the 
strains on which the published science hinges are main-
tained in a stable condition for future use. Stackebrandt 
et al. (2014) went on to provide a sound case for journal 
editors to reinforce good practice, the requirement that 
strains cited in published research should be deposited in 
recognised public service collections and thus be avail-
able for scientific study (Becker et al. 2019). This apparent 
lack of understanding of the value of depositing organ-
isms for future study is exemplified by the fact that the 
strains that have been deposited, to date, in the WDCM 
collections represent less than 25% of the species cur-
rently described and represents a very small propor-
tion of the number of taxa estimated to occur in nature 
e.g. current estimates are for up to 3.8 million species 
of Fungi (Hawksworth and Lücking 2017), up to 5.1  M 
according to Blackwell (2011) and up to one million spe-
cies of Prokaryotes (Louca et al. 2019).

The CABI collection is just one of several global cul-
ture collections each with such history and holdings as 
a result of researchers depositing microorganisms for 
future study and use in biotechnology. Yeasts have been 
harnessed by humans in bread, beer and wine making for 
thousands of years (Alba-Lois and Segal-Kischinevzky 
2010). Other food applications include large-scale pro-
duction of food and industrial products such as bever-
ages, antibiotics, milk by-products such as cheese (Jay 
et  al. 2005) and fermented foods including yogurt or 
sweet chocolates (https​://www.scien​cedir​ect.com/topic​s/
food-scien​ce/ferme​nted-food). Scientists continue to iso-
late and investigate the properties of organisms and today 
they are used as sources of therapeutic agents (Demain 
and Sanchez 2009), probiotics which may remediate dis-
eases of digestive systems and intestinal disorders (Fen-
ster et al. 2019), biologicals such as insulin (Baeshen et al. 

2014), serum antibodies, essential hormones and biop-
harmaceuticals (Jozala et al. 2016). Collections hold pro-
duction strains for enzymes and fine chemicals such as 
polysaccharides, polyamides, polyesters and many other 
varieties of biopolymers (Kreyenschulte et al. 2014). Sin-
gle—and mixes of—organisms are important in biodeg-
radation, bioremediation and biotransformation (Das 
2014). Microbes are also used in the cleaning of environ-
ments and biotreatment of wastes e.g. removal of heavy 
metals, production of industrial enzymes and for many 
other products. Importantly, ‘reference’ strains for tax-
onomy and key strains from publications that must be 
retained and stored for future use need to be maintained 
in stable conditions for reproducibility to confirm results 
and as the basis for further work (Overmann and Smith 
2017).

The present review: (1) provides an overview of the 
use and output of representative collections to show how 
they are addressing current needs; (2) makes recom-
mendations for future activities to enhance the resources 
that underpin research and how the available infrastruc-
ture could be developed further in order to better meet 
these needs; and (3) seeks to influence policy through the 
development of community support and how this could 
lead to more appropriate funding levels. Individual col-
lections lack the capacity to provide comprehensive cov-
erage and/or store all key research strains (Stackebrandt 
et al. 2014). As such, a coordinated strategy with appro-
priate supporting infrastructure is needed to address this 
critical pitfall. The authors draw from their direct experi-
ence of the CABI collection, its involvement in collabora-
tive projects and the networks in which it participates in 
order to appraise the past and present, whilst considering 
the potential future of culture collections.

The CABI collection
CABI is an international not-for-profit organisation 
(https​://www.cabi.org/), owned by 49 member countries; 
it improves people’s lives by providing information and 
applying scientific expertise to solve problems in agricul-
ture and the environment. Through knowledge sharing 
and conversion of science to practical solutions, CABI 
improves global food security by helping farmers grow 
more and lose less produce, combating threats to agricul-
ture and the environment from pests and diseases, pro-
tecting biodiversity from invasive species, and improving 
access to agricultural and environmental scientific knowl-
edge. To underpin these activities, it has built up a living 
collection of 28,000 fungi and 2000 bacteria strains over 
its 100 years of research and development in the field.

The CABI culture collection began as a series of indi-
vidual collections held by institute mycologists (Fig.  1). 
These were brought together in 1935 by Major H.A. Dade 

http://www.wfcc.info/ccinfo/
https://www.sciencedirect.com/topics/food-science/fermented-food
https://www.sciencedirect.com/topics/food-science/fermented-food
https://www.cabi.org/
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and, in 1947, the collection took on the remit of managing 
the UK National Collection of Fungus Cultures. At that 
time the non-medical fungal component of the National 
Collection of Type Cultures (NCTC) at the Lister Insti-
tute, comprising over 700 cultures was transferred to 
CABI (Report 1947). Dade incorporated these strains 
into the collection using continuous growth techniques 
to maintain and store them under oil (Smith and Onions 
1994). Later curators developed the capabilities further: 
Onions introduced freeze drying and cryopreservation in 
the 1960s, with Smith undertaking further development 
and optimisation of these techniques for filamentous 
fungi (Smith and Onions 1994), whilst Ryan extended 
cryopreservation techniques to Oomycetes (Ryan et  al. 
2012, 2014). The collection’s expansion reflected the 
activities of the CABI mycologists of the time and by 
the 1990s it housed more than 20,000 strains; it has con-
tinued to grow to its present level of 28,000 fungi and 
2000 bacteria. CABI undertook the role of providing 
this resource not only to underpin UK research but also 
as part of its commitment to its 49 member countries to 
enable the resource to be available globally. In 1959 the 
collection supplied around 1500 strains to industry and 
academia and since then an average of 2000 strains have 
been supplied externally each year and a similar number 
supplied internally for research. Since 2000, CABI has 
focussed on supplying strains in bulk for research pro-
grammes, large-scale bioactive screening and for help-
ing to establish collections abroad. Currently, the CABI 

collection is providing strains for the Wellcome Trust’s 
Darwin Tree of Life project with the Royal Botanic Gar-
den (RBG), Kew (https​://www.sange​r.ac.uk/scien​ce/
progr​ammes​/tree-of-life) to deliver the fungal compo-
nent in the UK-wide initiative to sequence the genomes 
of all 60,000, complex species (eukaryotes) in the British 
Isles. CABI has identified 1375 strains from its collection 
that meet project requirements and that are available for 
sequencing. The initial phase focuses on representatives 
at the family level and CABI will provide 2–300 strains; 
the remainder are available for further phases of the 
project.

A service for the identification of fungi was set up in 
1920, when the Imperial Bureau of Mycology was estab-
lished at Kew, later renamed as the Imperial Mycological 
Institute. In 1945, E.W. Mason established a Dried Ref-
erence Collection of cultures and specimens (Herb IMI 
Fungarium) and a system for documenting samples was 
set up, each new sample being assigned a unique num-
ber preceded by the ‘IMI’ code. The first accession to 
the CABI living culture collection was IMI 605 Curvu-
laria crepini isolated from Ophioglossum vulgatum in 
the UK in 1945. Since that time nearly 500,000 voucher 
specimens have been deposited in the IMI Dried Refer-
ence Collection but only around 6% of the half a million 
strains were deposited in the living culture collection. 
One of the most significant of these was IMI 24317, Peni-
cillium notatum (reassigned as Penicillium chrysogenum 
but now known to be Penicillium rubens). Sir Alexander 

1920-1935 Scientists maintained their own strains 
1935-1946 Major Dade consolidated the collections
1947 Received strains from the Lister Institute as the National Collection of Fungus Cultures
1965 Freeze-drying introduced
1968 Liquid nitrogen cryopreservation introduced
1982 Establishment of Biochemistry and Industrial laboratories for sustainability
1983 International Depository Authority
1983 Accreditation to ISO 17025 for tests within Media Preparation and Industrial services
1986 Cryomicroscopy first performed on fungi
1989 Cessation of National funding, establishment of CABI-based business model
1996 UKNCC Quality Management System implemented
2000 Membership of CABRI –audit to CABRI Guidelines
2008 GBRCN founder member
2010 MIRRI partner
2012 ISO 17025 Accreditation of molecular identification of bacteria 
2013 ISO 17025 Accreditation of molecular identification of fungi
2015 Introduced Next Generation Sequencing (NGS) platform (Illumina MiSeq) and Matrix-

Assisted Laser Desorption/Ionisation Time-of-Flight Mass Spectrometry (MALDI-ToF-
MS) Biotyper (Bruker)

2017 CABI and Rothamsted Research launch UK Plant Microbiome initiative
2019 Joined RBG, Kew on the Wellcome Trust-funded Darwin Tree of Life Genome 

Sequencing Project.
Fig. 1  CABI from culture collection to mBRC

https://www.sanger.ac.uk/science/programmes/tree-of-life
https://www.sanger.ac.uk/science/programmes/tree-of-life
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Fleming deposited this as an example of his penicillin 
producer in the National Collection of Type Cultures 
as NCTC 6978, in April 1945. This strain was received 
into the CABI collection when the NCTC collection was 
taken over by CABI in 1948 and has been kept alive ever 
since. Fleming’s strain was initially transferred on agar 
until 1956 when it was stored under mineral oil and then 
freeze-dried in 1976. Since that date the initial batch of 
ampoules has been the seed stock providing the source 
material for subsequent restocking, thereby enabling the 
supply stocks of the strain to be generated only from the 
original freeze-dried material. Such practices limit the 
change that could occur due to long-term adaption to 
growth under laboratory conditions. CABI introduced 
freeze-drying in 1965 and cryopreservation in 1968 to 
reduce change in preserved materials. CABI uses mineral 
oil storage only where there is no alternative, freeze-dry-
ing and cryopreservation are used as the main meth-
ods of preservation and each strain in the collection is 
maintained by at least two of these methods or held in at 
least two locations. For added security, CABI maintains 
a backup collection of the most important strains which 
are stored in a separate building elsewhere on the site.

Other organisms of significance maintained in the col-
lection for further study include an example of the fungus 
that caused the potato famine: Phytophthora infestans. 
The collection holds many other plant pathogens, these 
include an example of the Dutch Elm disease fungus, for-
merly Ceratocystis ulmi now known as Ophiostoma ulmi. 
IMI 185896 is one of 25 strains of this disease-causing 
organism deposited enabling critical comparisons to be 
made over the course of time. It is not just the holdings of 
one single collection that is important in this respect but 
by accessing the holdings of the world’s collections for 
such studies valuable information can be drawn and used. 
Other important strains in the collection include over 40 
strains of Hormoconis resinae (now known as Sorocybe 
resinae) from aviation fuel. The first, deposited as IMI 
88968, was freeze dried in 1968 which coincides with the 
initial recorded occurrences of the fungus in aircraft fuel. 
The continued availability and variety of strains available 
of H. resinae led to the development of an early warning 
test kit for the fungus in aircraft fuel. If unnoticed the 
fungus may compromise the safety of aircraft by blocking 
fuel systems. CABI’s spin-off company, Conidia Biosci-
ence was established to produce the rapid test kit that is 
sold to airlines to monitor fungal contamination of air-
craft fuel tanks and aviation fuel systems. This company 
has now expanded their coverage to other fuels including 
diesel and marine systems (https​://conid​ia.com/). CABI’s 
ongoing scientific work with Conidia has included the 
description of a novel yeast isolated from aircraft fuel 
(Buddie et al. 2010).

The techniques used to preserve key strains are of criti-
cal importance and CABI continues to be at the forefront 
of preservation protocol development (Ryan et  al. 2012, 
2014). It is essential that the full potential of the strains 
is retained. For example, as part of one study, the CABI 
collection characterised 130 strains that produce 52 dif-
ferent enzymes including, amylase, cellulase, lipase and 
proteolytic enzymes. If the organisms were allowed to 
continue to grow for extended periods without the need 
to express the relevant metabolic pathway, requiring the 
particular enzyme(s), this property could diminish and 
be lost through strain drift (Smith et al. 2013).

Examples of research utilising CABI collection 
strains
The CABI collection has over 6000 representative strains 
of plant pathogens collected over time from major crops 
worldwide that enable a range of studies, for exam-
ple to observe changes in the pathogen as a result of 
resistance to fungicides, the use of new plant varieties, 
changes in the environment or climate change. Recently, 
this resource has enabled a comparative genomic PhD 
study with Imperial College. Work was initiated to gain 
a better understanding of the evolution of the coffee wilt 
pathogen, Fusarium xylarioides and the impact of cli-
mate change. Historic disease strains had been studied 
previously at CABI when investigating the population 
dynamics of the disease (Buddie et al. 2015). Currently, a 
PhD study at CABI by Lily Peck includes genomic char-
acterization and whole genome sequence comparison 
have been used to predict the evolutionary response of 
the coffee wilt pathogen to climate change. Initial results 
have identified 12 effector genes of interest, which indi-
cate ancestral strains as an outgroup, with Ethiopian and 
Congo basin strains emerging separately from them.

The ambitious Wellcome Trust-funded Darwin Tree 
of Life project (https​://www.darwi​ntree​oflif​e.org/) aims 
to sequence the genomes of all species of animal, plant, 
fungus and protist in the ‘Atlantic archipelago of Britain 
and Ireland’. This will encompass at least 66,000 spe-
cies in three phases over the project’s envisaged 10-year 
timeframe. CABI is supplying fungal cultures to the ini-
tiative with key partners including Wellcome Sanger 
Institute, European Bioinformatics Institute, Natural 
History Museum, London, Royal Botanic Gardens, Kew 
and Edinburgh, Earlham Institute, Marine Biological 
Association (MBA) and the Universities of Cambridge, 
Edinburgh and Oxford. Phase 1 of the project aims to 
sequence the genome of a member of every family of the 
eukaryotes found in the UK. Phases 2 and 3 are to obtain 
genome sequences of a member of all genera and all spe-
cies, respectively. For the Fungi, the relevant numbers 
are: 563 families, 3007 genera and 16,082 species. Phase 1 

https://conidia.com/
https://www.darwintreeoflife.org/
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seeks to obtain at least 115 sequences. The CABI culture 
collection has UK isolates of > 1300 species which could 
be sequenced over the full 10 years of this study. As CABI 
also holds a number of UK strains of Oomycete species, 
we will also feed into the Protist part of the tree. Not 
all species, genera or even families are represented by 
Culture Collection holdings—indeed, not all described 
taxa can be cultured. As such, as well as the provision 
of strains by CABI, Royal Botanical Gardens, Kew and 
Edinburgh and marine fungi from MBA, targeted col-
lecting will be undertaken by teams of “trusted collec-
tors”. Furthermore, there will be a minimum required 
metadata set, so any gaps in the records of the culture 
collection strains may require new representatives to be 
sourced. Given the vast upheaval in fungal taxonomy, 
nomenclature and classification over the past few years, 
it is quite likely that a considerable proportion of strains 
will require reassignment to different species, genera or 
even families. This will enable taxon gap-filling that will 
benefit the global mycological research community as 
not all species have an ITS barcode sequence recorded at 
the present time.

Another recent study which has seen the benefit of a 
polyphasic approach to characterisation of fungi was the 
Pakistan-based investigation into aflatoxin-producing 
aspergilli. The project was a key proof-of-concept base-
line analysis that has led to a broader international col-
laboration between Pakistan and the USA. The baseline 
study was undertaken jointly by CABI staff in the UK and 
in Pakistan. The aim was to obtain some evidence of the 
degree of potential aflatoxin-producing fungi in the food 
chain in chili and maize growing regions of Pakistan. 
Samples of soil from chili and maize growing areas, fresh 
chili and stored corn cob were screened for the presence 
of aflatoxigenic aspergilli. The investigation entailed the 
use of classical isolation and culture-based approaches 
as well as MALDI-ToF-MS proteomic profiling and the 
next generation sequencing (NGS) methodologies of ITS 
rRNA metabarcoding of soil samples plus genome skim-
ming with low coverage to obtain the entire rRNA gene 
cluster and the full mitochondrial genome of selected 
isolates (Cafá et al. 2018).

Examples of rescued collections
Over the years CABI has rescued orphaned collections 
as their custodians retired or institutions changed their 
remit and found no use for them. Significant examples 
of these are the National Collection of Wood-Rotting 
Macro-Fungi (NCWRF) rescued from the Biodete-
rioration Section of the Building Research Establish-
ment housed in the Timber Protection Division of the 
Building Research Station, Garston in 2002. Of the 

NCWRF 550 strains of wood destroying fungi, mainly 
basidiomycetes important in the biodeterioration of 
wood only those in liquid nitrogen were transferred. 
Attempts to freeze cultures on agar failed and cur-
rently 72 strains are available in from the CABI open 
collection. The dried specimens are now with the 
Royal Botanic Gardens, Kew. Another example is the 
University of Reading’s Aquatic Phycomycete Culture 
Collection, incorporated in 2002. The collection was 
catalogued in 1999 as part of the transfer process and 
comprised over 650 strains in water storage, 476 of 
which were recovered, purified and incorporated into 
the CABI living collection. Key genera included Achlya, 
Aplanopsis, Brevilegnia, Dictyuchus, Leptolegnia, Pythi-
opsis, Pythium, Phytophthora, Saprolegnia and Thraus-
totheca. Only those strains that could be preserved by 
longer term methods of oil and cryopreservation could 
be maintained as CABI did not have the resources 
available to keep them in water storage. CABI has been 
working with the British Antarctic Survey (BAS) to 
maintain part of the BAS microbial collection which 
was shared with CABI in 2006. The 600 plus strains 
transferred to CABI included almost 90 strains of the 
genus Phytophthora representing 26 species, including 
some plant pathogens.

Such examples of rescuing collections are not unique. 
The US Culture Collection Network (USCCN) report 
several successful rescue acts (Boundy-Mills et  al. 
2019). They remark that a very common cause of loss of 
a private research collection of microbes is retirement 
of the researcher who has built up or maintained the 
relevant collection without any plan for the collection’s 
future thereafter. The Fungal Genetics Stock Center 
has accepted entire collections such as that of Nobel 
prize winner E.L. Tatum. The Phaff Yeast Culture Col-
lection at UC Davis was able to incorporate over 2600 
unique strains when two researchers faced retirement 
one at Syracuse University and another from New York; 
the University of Texas Culture Collection of Algae 
Collection has rescued nearly 1000 algal strains from 
eight important research collections. The ARS Culture 
Collection (NRRL) has been able to acquire numer-
ous research and institutional collections of microbes. 
Amongst the key collections that might otherwise 
have been lost to science were the Blakeslee collection 
of Mucorales, the Mix collection of Taphrina, the US 
Army Quartermaster collection of filamentous fungi, 
the Smith collection of rhizobia, the International 
Streptomycete Project collection, the Waksman col-
lection of Actinomycetales, and the Fell collection of 
marine yeasts (Boundy-Mills et al. 2019).
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Development of the global community of culture 
collections
Most culture collections endeavour to keep pace with 
advancing technologies and the needs of users. Several 
well-known collections have led the way, including the 
American Type Culture Collection (ATCC), the Centraal-
bureau voor Schimmelcultures (CBS, recently renamed 
as the Westerdijk Fungal Biodiversity Institute), the Insti-
tute Pasteur (IP), Agricultural Research Service (ARS) 
Culture Collection (NRRL) and, of course, the CABI 
resource that was formerly the Commonwealth Mycolog-
ical Institute (CMI) and then the International Mycologi-
cal Institute (IMI) culture collection. These public service 
collections vary in form and function and have been sup-
porting microbiology since the late 1800s (Smith 2012). 
As technologies advance and research needs evolve, col-
lections need to meet new challenges, both scientific and 
regulatory (Ryan et al. 2019). Whilst providing support to 
research, collections are challenged to find appropriate 
business models to enable continuity and sustainability 
(Smith et al. 2014) and to meet international operational 
standards (Martin et  al. 2015). The World Federation 
for Culture Collections (WFCC) (http://www.wfcc.info/
index​.php/home/) was established about 70 years ago in 
order to support culture collection development with a 
set of guidelines for the establishment and operation of 
culture collections (http://www.wfcc.info/guide​lines​/). 
The EU project Common Access to Biological Resources 
and Information (CABRI) was established to offer world-
wide access to partner collection databases producing 
technical specifications and procedures which define 
how they should handle each resource type (http://www.
cabri​.org/). Culture collections evolved to become the 
modern-day Biological Resource Centre (BRC) as defined 
by the OECD Biological Resource Task Force that oper-
ated from 1999 to 2007 to strengthen their activities to 

underpin biotechnology (http://www.oecd.org/sti/emerg​
ing-tech/oecdb​estpr​actic​eguid​eline​sforb​iolog​icalr​esour​
cecen​tres.htm), see Table  1. This group produced best 
practice guidance (http://www.oecd.org/sti/emerg​ing-
tech/38777​417.pdf) and recommended the establish-
ment of a Global Biological Resource Centre Network 
(GBRCN). The GBRCN concept was built around a 
global network of biological resource centres as a critical 
element of the infrastructure that underpins advances in 
the biological sciences and their capacity to contribute to 
sustainable growth. Its aim is to enhance access to bio-
logical resources and foster international collaboration 
in this area, underpinning economic and social develop-
ment. Efforts to establish a GBRCN independent of the 
OECD were endorsed by OECD Science and Technol-
ogy Ministers (http://www.oecd.org/scien​ce/emerg​ing-
tech/towar​dsagl​obalb​iolog​icalr​esour​cecen​trene​twork​
.htm). A proof-of-concept programme (Smith and Fritze 
2010; Fritze et  al. 2012) funded by the German Federal 
Ministry of Education and Research (Bundesministerium 
für Bildung und Forschung, BMBF) led to a European 
regional Research Infrastructure being established under 
European Strategy Forum on Research Infrastructures 
(https​://www.esfri​.eu/esfri​-roadm​ap).

Although the WFCC linked collections provide mecha-
nisms for enhancement, communication and technology 
exchange, it was evident that culture collections needed 
investment to meet the needs of advancing science. The 
WFCC did not have the resources but the OECD recog-
nised their value and established the BRC task force with 
the aim to organise a global effort to drive the necessary 
investment. As the WFCC did not have the mandate to 
influence and change institutional policy and strategy, 
the OECD explored mechanisms to enable coordinated 
action and commitment to deliver common goals. The 
GBRCN proof of concept successfully demonstrated the 

Table 1  Overview of international initiatives strengthening culture collection functioning and collaboration

a  EMbaRC: European Consortium for Microbial Resource Centres, Grant Agreement Number 228310—http://www.embar​c.eu/

World Federation for culture collections Guidelines for the establishment and operation of culture collections 1968

World Data Centre for Microorganisms World Directory and Global register of culture collections with unique 
identifiers

1972

Common Access to Biological Resources and Information CABRI Guidelines and access to the consortium collection databases 1999

Organisation for Economic Cooperation and Development (OECD) Defined Biological Resource Centre (BRC) 1999

Recommended Global Biological Resource Centre Network (GBRCN) as a 
coordinated global effort

2006

Best Practice Guidelines for Biological Resource Centres 2007

European Commission FP7-Infrastructures-2008-1 EMbaRCa project converted OECD BRC guidelines to a draft standard 2009

German Federal Ministry of Education and Research GBRCN Demonstration Project proof of concept 2010

European Strategy Forum for Research Infrastructures (ESFRI) Defragment European research resources 2012

Microbial Resources Research Infrastructure (MIRRI) Preparatory phase to coordinate European culture collection operation and 
standards

2016

http://www.wfcc.info/index.php/home/
http://www.wfcc.info/index.php/home/
http://www.wfcc.info/guidelines/
http://www.cabri.org/
http://www.cabri.org/
http://www.oecd.org/sti/emerging-tech/oecdbestpracticeguidelinesforbiologicalresourcecentres.htm
http://www.oecd.org/sti/emerging-tech/oecdbestpracticeguidelinesforbiologicalresourcecentres.htm
http://www.oecd.org/sti/emerging-tech/oecdbestpracticeguidelinesforbiologicalresourcecentres.htm
http://www.oecd.org/sti/emerging-tech/38777417.pdf
http://www.oecd.org/sti/emerging-tech/38777417.pdf
http://www.oecd.org/science/emerging-tech/towardsaglobalbiologicalresourcecentrenetwork.htm
http://www.oecd.org/science/emerging-tech/towardsaglobalbiologicalresourcecentrenetwork.htm
http://www.oecd.org/science/emerging-tech/towardsaglobalbiologicalresourcecentrenetwork.htm
https://www.esfri.eu/esfri-roadmap
http://www.embarc.eu/
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potential of a global network initially bringing together 
15 partners in 11 countries and on delivery of the final 
report 98 collections in 28 countries had expressed inter-
est in joining. The GBRCN final report recommended 
five main points of action (Fritze et al. 2012):

•	 Establish national BRCs;
•	 Develop an accreditation system for BRCs based on 

international criteria;
•	 Create international linkages among BRCs;
•	 Coordinate standards, rules and regulations, taking 

BRCs into account;
•	 Establish a global BRC network.

However, funding for such an undertaking was not 
available so other options were pursued. A regional 
approach was considered and the GBRCN and EMbaRC 
consortia worked with National representatives to submit 
a proposal to ESFRI and as a consequence the European 
Commission funded the preparatory phase of MIRRI 
(grant agreement 312251). Following the success of the 
OECD initiative many public service collections started 
to declare themselves as BRCs the majority basing this on 
achieving accreditation to accepted International qual-
ity standards and based upon their history of product 
and service provision. Examples of these were the ATCC, 
USA; Biological Resource Center, National Institute of 
Technology and Evaluation (NITE, BRC) Japan; Micro-
bial Culture Collection, University of Helsinki (HAMBI) 
a microbial domain Biological Resource Centre, Finland; 
and the members of the UK BRC Network (https​://www.
ukbrc​n.org/).

As an example of the modern BRC, CABI’s culture col-
lection adopted the WFCC, and subsequently the Com-
mon Access to Biological Resources and Information, 
guidance (http://www.cabri​.org/) and was accredited to 
ISO Standard 17025 in 1983. More recently, CABI added 
a suite of technologies for molecular biology and cryobi-
ology to its accredited activities (see Fig. 1); in 2019 CABI 
underwent transition to the new ISO 17025:2017.

CABI collection underpinning its research 
in agriculture and the environment
Today, the primary focus of the CABI collection is to 
maintain the stability and quality of the microorganisms 
that underpin the microbiology undertaken in the course 
of CABI’s work. CABI focuses primarily on agricultural 
and environmental issues in the developing world, and 
the creation, curation and dissemination of scientific 
knowledge. This encompasses:

•	 sustainable economic development through agricul-
ture;

•	 meeting the increasing global demand for quality 
food by improving smallholder farmers’ access to 
markets;

•	 producing climate resilient food and nutrition;
•	 utilising and conserving a healthy landscape and 

properly-functioning ecosystems;
•	 helping people gain access to sufficient, safe and 

nutritious food;
•	 researching ways of producing and trading more 

food with less harmful pesticides, fewer harmful 
pathogens but more nutritional value.

CABI flagship projects demonstrate how knowledge of 
plant pathogens and experience in handling and identi-
fying them is crucial. The project Plantwise, which has 
supported over 30 million smallholder farmers across the 
world, provides knowledge on ways to lose less of what 
they grow to pests and diseases, increasing food secu-
rity and thereby improving rural livelihoods. The Plant-
wise consortium has set up a sustainable network of over 
3700 plant clinics in 34 countries around the world and 
has trained advisory officers, known as ’plant doctors’, 
to help farmers struggling with plant pests and diseases. 
The plant doctors provide diagnoses and management 
advice for any problem and any crop. The plant clinics 
are not operated by CABI directly, but by CABI’s national 
partners. Plantwise has provided training for over 10,000 
plant doctors and it has developed the Plantwise Knowl-
edge Bank (https​://www.plant​wise.org/Knowl​edgeB​
ank) which is an open access gateway to actionable plant 
health information and services, from diagnostic and 
management advice to maps of pest locations and cus-
tomized alerts on pest news. Such activities and training 
rely upon representative microorganisms being available 
for use in interventions and references for teaching as 
well as the associated metadata (Cameron et al. 2016). It 
is imperative that naming of organisms and diagnoses of 
disease are correct not only to ensure correct treatments 
are advised but that disease records for the country are 
accurate.

As a result of the work undertaken by CABI in agri-
culture to improve yields, an extensive range of isolates 
of beneficial use as well as pathogens of crops has been 
collected and maintained. The potential of these organ-
isms stretches well beyond their immediate activities 
and provides a resource for CABI to screen for bioac-
tive compounds and products of relevance to healthcare, 
food security and bioindustry. Only a very small frac-
tion of the CABI living collection has been screened to 
date, but already promising results have been observed. 
Several strains have expressed strong actions against 
diseases such as Tuberculosis (7 strains), African Sleep-
ing Sickness (9 strains) and Parkinson’s disease (1 strain). 

https://www.ukbrcn.org/
https://www.ukbrcn.org/
http://www.cabri.org/
https://www.plantwise.org/KnowledgeBank
https://www.plantwise.org/KnowledgeBank
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Three strains have exhibited antimicrobial activities and 
two others on diabetes. The collaboration with RBG, Kew 
included exploring leaf endophytic fungi from the Iwok-
rama Forest Reserve, Guyana. Endophytic fungi isolated 
from living symptomless leaves of 12 tree species yielded 
2492 cultures (64 taxa). Isolates were found to have 
potent anti-insect activity, potent anti-fungal activity and 
three isolates showed potent anti-bacterial activity. This 
activity had a hit rate of 1 in 3; with three novel mole-
cules discovered and made ready for development into 
products (Cannon and Simmons 2001; Kelley et al. 2003). 
CABI currently lists over 150 projects in crop health (30), 
development communication and extension (26), digital 
development (14), invasive species (62), publishing (3), 
and value chains and trade (20) with over 90 of these uti-
lising microbes (https​://www.cabi.org/what-we-do/cabi-
proje​cts/).

There are numerous business models that collections 
implement for sustainability but generally this includes 
some form of grant or institutional support (Smith et al. 
2014). The bulk of the funding for the CABI living col-
lection has come from a mix of culture supply fees, ser-
vices such as identifications and project revenue. When 
the UK National Collection of Fungus Cultures was 
founded in 1947, the collection received a grant of £500 
(Report 1947). The UK partially funded this collection 
until 1989, by which time dedicated Biochemistry and 
Industrial Mycology laboratories had been established 
with the aim of generating revenue lines to sustain the 
collection (Aitchison and Hawksworth 1993). The col-
lection is supported by CABI expertise: preservation 
techniques, biosystematics, molecular biology and bio-
chemistry, plant pathology and organism utilisation as 
biocontrol agents and biopesticides. Over time, as the 
nature of the expertise has changed and new technolo-
gies have evolved, the collection and associated services 
have had to adapt. The changes in the UK government’s 
support to its various national collections and capabili-
ties have both necessitated rationalization and, in CABI’s 
case, the need to become cost-neutral with a mix of inter-
nal support, product and service sales and a portfolio 
of projects and consultancies. The hidden potential in 
the 30,000 unique strains that may enable the finding of 
active molecules and taking them to the market has been 
of interest to CABI and its partners and still remains to 
be fully exploited. The whole organisms and their genes 
can provide microbial solutions to food, health and envi-
ronmental problems and strengthen the bioeconomy. 
In its history, CABI provided fungi to the initial studies 
that led to the discovery of mycoprotein as a human food 
source. It still holds the original Penicillium deposit by 
Fleming as well as a penicillin production strain from the 
early 1940s. Only 25% of the current holdings are from 

the UK, with the rest of the strains coming from over 140 
countries, the majority from our 49 member countries 
(https​://www.cabi.org/about​-cabi/membe​rship​/membe​
r-count​ries/). CABI is a world leader in preservation of 
fungi with over 150 publications in the last 10  years on 
the topic. CABI has helped collections and carried out 
training in 19 countries including the UK where it runs 
a training course biennially and directly in China, India, 
Indonesia, Kenya, Malaysia, Tanzania and Uganda. CABI 
has run 75 training courses over a 25-year period across 
the world with over 1000 participants and with indi-
vidually designed training programmes for over 50 indi-
vidual scientists. CABI also shares its knowledge and 
technology through the supervision of undergraduate 
and postgraduate students as well as the examination of 
postgraduate theses for universities including Imperial 
College, Royal Holloway, University of Aberdeen (all UK) 
and University of Minho (Portugal).

CABI’s work is based on building partnerships of 
researchers with the expertise and technologies for each 
specific project and prides itself in converting science 
into practical solutions for farmers and practitioners. 
However, it is not just the progress in technology and sci-
ence that CABI needs to keep pace with. The regulatory 
environment has a major impact on research and, over 
the years, CABI has provided support to the UK in the 
implementation of international agreements concerning 
genetic resources to which the UK is a party, including:

•	 The Convention on Biological Diversity
•	 The Nagoya Protocol on Access to Genetic Resources 

and the Fair and Equitable Sharing of Benefits Aris-
ing from their Utilisation

•	 The International Treaty on Plant Genetic Resources 
for Food and Agriculture

•	 International Plant Protection Treaty
•	 Trade-related Intellectual Properties agreement 

under World Trade Organisation
•	 Cartagena Protocol to the Convention on Biological 

Diversity
•	 Convention on International Trade in Endangered 

Species
•	 OECD Initiative on biotechnology for sustainable 

growth and development

This extends out through CABI’s activities in its 13 
centres, a presence in 21 of its 49 countries and through 
projects in many other countries. Different country 
approaches make compliance difficult and practical solu-
tions to the regulatory environment changes require 
constant monitoring. CABI has addressed the implemen-
tation of the Nagoya Protocol by publishing its policy 
and establishing compliant best practice to meet genetic 

https://www.cabi.org/what-we-do/cabi-projects/
https://www.cabi.org/what-we-do/cabi-projects/
https://www.cabi.org/about-cabi/membership/member-countries/
https://www.cabi.org/about-cabi/membership/member-countries/
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resource provider country requirements (Verkley et  al. 
2016; Boundy-Mills et  al. 2017; McCluskey et  al. 2017; 
Smith 2017; Smith et al. 2017, 2018; Hinz et al. 2019).

Identification and assigning names
Correct identification of an organism with its accurate 
scientific name is critical for its use in solving prob-
lems. The name provides access to information about 
that organism and understanding the problem at hand. 
For example, assignment to hazard group defining con-
tainment level for handling organisms and biosecurity 
restricting access and use require the name to ensure 
regulation is followed e.g. in the UK (https​://www.hse.
gov.uk/pubns​/misc2​08.pdf). The approved list of names 
of bacteria lists all prokaryotic names with standing in 
nomenclature (LPSN) (http://www.bacte​rio.net/-alint​
ro.html), presenting a total of 15,626 species as of 25 May 
2017. IndexFungorum (http://www.index​fungo​rum.org), 
lists all formal fungal names representing over 120,000 
species of Fungi at the time of writing. Culture collec-
tions have a role in providing reference strains for com-
parison enabling unknown isolates to be identified and 
given a name. Currently, no single site listing all strains in 
culture and available for comparison or research exists; 
the closest is the Global Catalogue of Microorganisms 
(GCM) compiled by the WDCM (http://gcm.wfcc.info/) 
to which 132 of the 800 plus WDCM registered collec-
tions have provided their strain catalogues. The GCM 
lists 453,336 strains, 14.2% of the 3.2 million samples 
available from all 800 collections; 29,573 are species of 
fungi that are available; this includes synonyms and sex-
ual and asexual names for the same fungus representing 
24% of described species. A substantial gap in available 
reference strains exists and this gap broadens when also 
incorporating the species that cannot yet grow outside 
of their natural environment or host. Estimations for 
the number of fungi on Earth vary for example, between 
3.5 to 5.1 million species, worldwide (Blackwell 2011); it 
is considered that population genomics will reveal such 
numbers and potentially more. Recent studies using such 
technologies suggests otherwise. Wu et al. (2019) suggest 
12 million whereas others claim the numbers are vastly 
overestimated (https​://www.scien​cedai​ly.com/relea​
ses/2015/03/15031​30834​47.htm). Investigations of this 
hidden resource are underway to get a better understand-
ing of microbe host and environment interaction and 
enable our harnessing of microbial communities for the 
advancement of science and improvement in healthcare, 
food production and the bio-based economy (Ryan et al. 
2019). Such work and isolation programmes result in 
the discovery of many new microorganisms that require 
maintenance for future use.

Providing the correct name of an organism is essential 
for samples assigned for deposit in culture collections. 
Until the advent of molecular methods, identification of 
fungi to species level was undertaken by CABI’s expert 
team of ‘classical’ morphometric mycologists, being 
based primarily on morphological observations using 
microscopic analysis, comparison with detailed exist-
ing species descriptions and use of published taxonomic 
keys (see further reading). Such methods are heavily reli-
ant upon the fungus being in sporulating condition, with 
spore morphology, size, shape, colour and ornamenta-
tion and method of spore development being important 
aspects, in addition to such factors as colour, texture and 
growth rate of colonies on diagnostic media in culture, 
presence of exudates and soluble pigments and presence 
or absence of a sexual state. CABI’s bacteriology depart-
ment was established in 1959 to identify plant pathogenic 
bacteria with identification undertaken by phenotypic 
characterization using a range of media-based biochemi-
cal tests. These identification methods for bacteria were 
superseded in early 1990s by the introduction of fatty 
acid analysis using gas liquid chromatography (Aitchison 
and Hawksworth 1993).

Around the world, molecular sequencing developed 
by Sanger et al. (1977) gained wide usage for identifica-
tion of bacteria during the 1980s and for fungi during 
the early 1990s. This method was introduced at CABI 
in 2003 and became the established procedure for iden-
tification of bacteria, yeasts and filamentous fungi. For 
bacteria, the standard approach is to sequence part 
of the 16S rRNA gene subunit. Molecular identifica-
tion for filamentous fungi is undertaken by sequenc-
ing the internal transcribed spacer (ITS) region of the 
rRNA gene cluster encompassing ITS1-5.8S-ITS2. It is 
the region which provides the ‘DNA barcode’ for fungi 
(Schoch et  al. 2012). Results from each sample are 
matched against global databases of sequenced organ-
isms, and the data interpreted by taxonomic specialists 
to establish the identity. In cases where determina-
tion to species level for fungi cannot be resolved using 
ITS sequencing additional gene loci are sequenced. 
An example is in the genus Fusarium (Watanabe et al. 
2011) for which, part of the translation elongation fac-
tor 1α (TEF) gene is sequenced to provide definitive 
identification. From DNA-based phylogenetic studies 
involving multiple locus sequence analysis, it is now 
recognised that many genera of bacteria and fungi con-
tain groups of closely-related species which were pre-
viously thought to be a single species. Such groups of 
‘cryptic’ species are often referred to as ‘species com-
plexes.’ An example in the case of bacteria is the Bacil-
lus subtilis species complex (Rooney et al. 2009), and in 
the case of fungi, the Fusarium solani species complex 

https://www.hse.gov.uk/pubns/misc208.pdf
https://www.hse.gov.uk/pubns/misc208.pdf
http://www.bacterio.net/-alintro.html
http://www.bacterio.net/-alintro.html
http://www.indexfungorum.org
http://gcm.wfcc.info/
https://www.sciencedaily.com/releases/2015/03/150313083447.htm
https://www.sciencedaily.com/releases/2015/03/150313083447.htm
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(Coleman 2016). Whereas traditional identification 
methods for fungi and bacteria relied upon the pres-
ence of clear visual differences between species, there 
are an increasing number of new prokaryotic and fun-
gal species which are being assigned on the basis of dif-
ferences which are only clearly evident at the molecular 
level.

Since closely-related organisms assigned currently to 
species complexes were at one time considered to be a 
single species and were deposited in culture collections 
under one taxon name, it is now a challenge for culture 
collections and fungaria to re-assign names. This is the 
case, particularly, where differences between species are 
only evident at the molecular level. In the case of fungi, 
this may involve additional work as either multi-locus or 
whole genome sequencing is often required for definitive 
identification of closely-related taxa, since ITS barcode 
sequencing alone is not always sufficient to distinguish 
species. Investigations such as these may require a sub-
stantial source of funding. A further issue for culture col-
lections is the fact that for many years the asexual and 
sexual states of fungi were assigned under different genus 
and species names. This is now not allowed and a single 
name is now being designated (Hawksworth et al. 2011).

Three main online repositories designated for the for-
mal registration of new fungal names are Index Fun-
gorum (http://www.index​fungo​rum.org), MycoBank 
(http://www.mycob​ank.org) and Fungal Names (http://
www.funga​linfo​.net). To underpin taxonomy and the 
naming of fungi, a core set of data needs to be avail-
able, including information on place of publication and 
deposit of the type specimen. The type must be lodged 
in a recognised collection as a dried specimen in a fun-
garium or as a living culture preserved in a metaboli-
cally inactive state in a culture collection. MycoBank was 
launched in 2004 as an online open access repository 
with the primary aim of registering all fungal taxonomic 
novelties including new names and combinations and to 
provide descriptions and illustrations (Crous et al. 2004; 
Robert et al. 2013). The type strains held within the CABI 
Culture Collection provide essential reference mate-
rial. Mycological taxonomy is in a state of flux currently, 
as individual end-users interpret the ‘one fungus = one 
name’ amendment to the Fungal Code in their own ways. 
It is exacerbated by the present situation where gaps and 
errors in public sequence databases mean that individu-
als wishing to place a name on an organism, in order to 
gain further information on the potential of the organism 
they have found, may find it difficult to go further. Con-
sulting the fungal BRCs around the world is a good start 
and revisiting the traditional methods may help. To assist 
with the latter, a list of further reading is provided in the 
Reference section.

Cryopreservation of microbiome samples 
and establishment of an agricultural microbiome 
resource centre: an example of new and upcoming 
developments in culture collections
Microbial preservation research has focused on axenic 
microorganisms that are readily cultured under stand-
ard laboratory conditions (Emerson and Wilson 2009; 
Prakash et  al. 2013; Ryan et  al. 2019) with post preser-
vation characterisation using techniques from microbial 
culture and microscopy to advanced molecular tech-
niques. This has provided a resource of authenticated 
axenic microorganisms through public service collec-
tions and enables scientists to acquire and deposit such 
microorganisms for their research. A similar resource is 
not yet available for microbiome samples. Large numbers 
of deposits of pure microorganisms isolated from micro-
biome studies are accepted into culture collections (Bai 
et al. 2015; Browne et al. 2016; Lagkouvardos et al. 2016), 
there is little published data on the long-term storage of 
microbial ecology samples of the whole microbiome or 
consortia despite their increasing application in the bio-
based economy in the last decade (Kerckhof et al. 2014).

Cryopreservation is seen as the optimal method of the 
long-term preservation of axenic microorganisms, and 
is now being applied to microbiome samples at CABI. 
A current research project is evaluating the effective-
ness of cryopreservation as a method to preserve envi-
ronmental microbiome samples. Success will be tested 
by subjecting samples to cryopreservation methods and 
next generation sequencing techniques to characterise 
the active microbes before and after preservation and at 
several subsequent time-points to identify changes that 
occur within microbial communities before and after 
cryopreservation. The ultimate aim is to identify an opti-
mal method that does not compromise composition or 
potential functionality and which could be used for long-
term storage of microbiome samples.

Examples of key outputs from other fungal BRCs
A recent consensus statement describes the central role 
and global importance of microorganisms in climate 
change biology. It stresses that the impact of climate 
change will depend heavily on responses of microorgan-
isms, which are essential for achieving an environmen-
tally sustainable future (Cavicchioli et al. 2019).

Microbiologists and their collections of the known 
microorganisms form the framework for gaining a better 
understanding of microbial communities and a concerted 
and consolidated effort is required to enable humanity 
to harness the full power of microorganisms. Currently 
it is estimated that we have been able to describe less 
than 1% of estimated number of microbial species. We 

http://www.indexfungorum.org
http://www.mycobank.org
http://www.fungalinfo.net
http://www.fungalinfo.net
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now have tools to explore the hidden realm and to organ-
ise the study effectively and efficiently through research 
programmes. The MicrobiomeSupport project (https​://
www.micro​biome​suppo​rt.eu/), the UK Plant Microbiome 
initiative (https​://www.cabi.org/news-artic​le/cabi-and-
rotha​msted​-resea​rch-launc​h-uk-plant​-micro​biome​-initi​
ative​/) and the International Alliance for Phytobiomes 
Research (http://www.phyto​biome​s.org) are amongst 
recent efforts to draw together researchers and industry 
end users to gain the best out of the investment being 
made. It is clear that the global community of public ser-
vice collections needs to respond to this new opportunity 
and that microbial domain BRCs have a key role to play 
in addressing global challenges such as climate change, 
food security, poverty and healthcare.

Specifically, fungal collections continue to make 
inroads, their holdings underpin research and they are 
the source of new science and products. For example, 
the National Collection of Pathogenic Fungi is a Public 
Health England culture collection which is supporting 
the University of Manchester on a project to establish 
the Aspergillus fumigatus gene-wide knockout collection 
(COFUN) funded by the Wellcome Trust (http://www.
phe-cultu​recol​lecti​ons.org.uk/COFUN​).

COFUN aims to generate knockout mutants for all 
of the coding genes in the human pathogen Aspergillus 
fumigatus. In total around 10,000 mutant lines will be 
generated. The libraries can be used to rapidly identify 
key genetic factors associated with research interests, 
validate the outputs from other genome-wide analysis, 
identify mechanisms of drug resistance and tolerance and 
enable the undertaking of rapid quantitative parallel fit-
ness analyses.

The Westerdijk Fungal Biodiversity Institute, which 
is part of the Royal Netherlands Academy of Arts and 
Sciences (formerly known as the Centraalbureau voor 
Schimmelcultures; CBS) is situated in Utrecht. This col-
lection maintains over 100,000 strains of microorgan-
isms, representing a large percentage of the species in 
the fungal kingdom (http://www.wi.knaw.nl/). It is world-
renowned for its Studies in Mycology journal which pub-
lishes systematic monographs of filamentous fungi and 
yeasts. The collection is researched from many aspects 
and recently Casadevall et  al. (2019) reported that the 
emergence of Candida auris may be related to climate 
change. This human pathogen emerged simultaneously 
in three continents with each clade being genetically dis-
tinct. The authors suggest it may be the first example of a 
new fungal disease emerging as a direct result of climate 
change, with the caveat that many other factors could 
have contributed.

The American Type Culture Collection (ATCC) 
describes itself as The Global Bioresource Centre and 

its strains are collected from key research teams glob-
ally. The WDCM entry states they hold 64,000 strains 
of which 46,000 are fungi including yeasts. They have 
recently developed Fungal Mock Community Standards 
for Mycobiome Studies (https​://www.lgcst​andar​ds-atcc.
org/~/media​/PDFs/Prese​ntati​ons/2019/ASM%20Mic​
robe%20201​9%20Myc​obiom​e%20Sym​posiu​m.ashx). 
Recognising that a significant amount of work has been 
performed on the human microbiome and that fungi 
are ubiquitous and live in symbiosis with the human 
body, tools are needed to assist in community profiling 
of fungi. ATCC has developed genomic DNA and whole 
cell mock microbial communities comprising ten medi-
cally relevant fungi to demonstrate the use of standards 
in evaluating DNA extraction and sequencing methods 
for mycobiome analysis.

The Agricultural Research Service (ARS) Culture Col-
lection (NRRL) is one of the largest public collections of 
microorganisms in the world, containing approximately 
98,000 isolates of bacteria and fungi. The collection is 
housed within the Mycotoxin Prevention and Applied 
Microbiology Research Unit at the National Center for 
Agricultural Utilization Research in Peoria, Illinois (https​
://nrrl.ncaur​.usda.gov/). There are a number of recent 
products utilising the collection strains, these include 
“Green” surfactants, where sophorolipids from Candida 
yeasts can provide alternatives for the wetting agents 
mainly from petroleum. These chemicals have a long 
list of industrial uses, from detergents and cosmetics to 
paints and pesticide formulations; about 10 million tons 
of surfactants are produced annually. Liamocin, a natural 
fungal oil that kills certain types of bacteria could have 
potential use in veterinary, medical, industrial, and food 
applications. Two Streptococcus species responsible for 
mastitis, an udder infection in cows that costs the U.S. 
dairy industry $2 billion annually, are amongst the path-
ogens that are susceptible. Additionally, ARS has devel-
oped technology to identify mycotoxin-contaminated 
grain so it can be diverted from the food supply. The 
technology has been licensed to approximately 30 com-
panies, helping ensure food safety, free and open trade 
markets for U.S. grain, and farmer profits.

The WDCM has established the ‘Analyzer of Bio-
resource Citations’ (ABC) (http://abc.wfcc.info/) as a 
platform to discover how strains of member collections 
have been used. The statistics provided demonstrate that 
79,224 strains have been referenced in 145,133 papers; 
these strains were held by 131 culture collections in 50 
countries. Strains from WDCM registered collections 
have been subject to publications in 50,307 journals from 
January,1953 until April 2020. These include 42,157 pat-
ents in reference to 44,508 strains, 4976 genomes in ref-
erence to 4525 strains and 556,264 nucleotide sequences 

https://www.microbiomesupport.eu/
https://www.microbiomesupport.eu/
https://www.cabi.org/news-article/cabi-and-rothamsted-research-launch-uk-plant-microbiome-initiative/
https://www.cabi.org/news-article/cabi-and-rothamsted-research-launch-uk-plant-microbiome-initiative/
https://www.cabi.org/news-article/cabi-and-rothamsted-research-launch-uk-plant-microbiome-initiative/
http://www.phytobiomes.org
http://www.phe-culturecollections.org.uk/COFUN
http://www.phe-culturecollections.org.uk/COFUN
http://www.wi.knaw.nl/
https://www.lgcstandards-atcc.org/%7e/media/PDFs/Presentations/2019/ASM%20Microbe%202019%20Mycobiome%20Symposium.ashx
https://www.lgcstandards-atcc.org/%7e/media/PDFs/Presentations/2019/ASM%20Microbe%202019%20Mycobiome%20Symposium.ashx
https://www.lgcstandards-atcc.org/%7e/media/PDFs/Presentations/2019/ASM%20Microbe%202019%20Mycobiome%20Symposium.ashx
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https://nrrl.ncaur.usda.gov/
http://abc.wfcc.info/
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in reference to 72,925 strains. CABI living collection has 
over 2000 strains that are used in industrial applications 
or that are reference strains in standards.

Discussion and future direction
The examples of the use of culture collection resources 
provides a catalogue of useful outputs from single col-
lections. Much more could be achieved if the resources 
of the 800 WDCM registered collections could be coor-
dinated and the skills of their staff focused on common 
objectives. The roles of WFCC, MIRRI and the poten-
tial of the GBRCN could facilitate this with research 
funders delegating tasks regarding characterised resource 
delivery and conservation to underpin their research 
programmes. Engagement of the collections and their 
networks of depositors could achieve coordinated and 
targeted isolation programmes to ensure resources are 
available to screen for the urgently needed antimicrobi-
als or for biocontrol agents to tackle pests, diseases and 
invasive species that threaten crop yields and the envi-
ronment. Bringing microbial resources together requires 
the implementation of common standards across the 
partnership to ensure reproducibility and an infrastruc-
ture to coordinate activities.

Only when the full capacity of microbial communi-
ties is explored using molecular technologies, will the 
full potential of each microorganism be recognised and 
harnessed (Lee and Lee 2013; Qui et al. 2019). Similarly, 
understanding the biology of each fungus and manipu-
lating its growth conditions and extraction processes, 
before screening for activity, is an essential part of the 
discovery process for new microbially derived products. 
This opens up the chemistry that is often missed or over-
looked. Using current and future technologies to access 
the hitherto uncultured organisms will deliver more can-
didates for the screening process (Brennecke et al. 2018; 
Smith et al. 2019).

The outputs of microbiology research contribute 
directly and indirectly to several UN Sustainable Devel-
opment Goals (SDG) and offer targets for future research:

SDG 1: No Poverty Microbial resources provide indi-
rect opportunities for improved income along value 
chains through partnerships with industry to develop 
new products and processes that will deliver jobs and 
impact on livelihoods.
SDG 3: Good Health and Well-being Microbiology 
research and the resources generated from it sup-
port industry in providing solutions to environmen-
tal pollution ensuring healthy lives and promotes 
well-being for global communities. Using the knowl-
edge gained from examining the human microbiome 
and designing appropriate microbial interventions 

is contributing to improving human health. The dis-
covery of antimicrobials is a major area of research 
today as microorganisms are becoming resistant to 
the ones we currently use
SDG 8: Decent Work and Economic Growth Linked to 
SDG 1, the contribution partnerships will have with 
industry will contribute to sustainable economic 
growth and full and productive employment.
SDG 9: Industry, Innovation and Infrastructure 
mBRCs promote inclusive and sustainable industry 
and foster innovation; playing their part in this by 
helping provide innovative microbial solutions.
SDG 12: Responsible Consumption and Production 
Microbiology plays an important role in composting 
and waste management. Associated studies result in 
the creation of knowledge systems, technology and 
knowledge transfer.
SDG 14: Life Below Water Conservation of marine 
microbes and accessing these difficult to culture 
organisms can contribute to our understanding 
and enables sustainable use of the oceans, seas and 
marine resources for sustainable development and 
reduce the threat to biodiversity.
SDG 15: Life on Land mBRCs and microbiology 
research focussed to protect, restore and promote 
sustainable use of terrestrial ecosystems, sustainably 
manage forests and combat pollution.
SDG 17: Partnerships for the Goals—Strengthen the 
means of implementation and revitalize the global 
partnership for sustainable development The mBRC 
community can enhance market access and trade, 
working through public private partnerships and 
establishing common platforms. The organisms and 
associated information provided by mBRCs can 
impact at many levels in achieving the Sustainable 
Development Goals. No single collection can achieve 
this alone providing all the more reason why we need 
to coordinate such effort.

99% of the microbes are hidden and we are just discov-
ering how we can access them and harness them to the 
benefit of humankind and the environment. Coordinated 
effort is needed, both regionally and globally. The Micro-
biomeSupport project (https​://www.micro​biome​suppo​
rt.eu/) funded by the European Commission, the CABI and 
Rothamsted initiated Phytobiome initiative (https​://www.
cabi.org/news-artic​le/cabi-and-rotha​msted​-resea​rch-launc​
h-uk-plant​-micro​biome​-initi​ative​/) and in the USA the 
Phytobiomes Alliance (http://www.phyto​biome​s.org) are 
investigating how together they might focus research to 
better understand microbiomes, their modulation and use. 
The vast amount of knowledge, expertise and resources 
need to be better harnessed to deliver the solutions society 

https://www.microbiomesupport.eu/
https://www.microbiomesupport.eu/
https://www.cabi.org/news-article/cabi-and-rothamsted-research-launch-uk-plant-microbiome-initiative/
https://www.cabi.org/news-article/cabi-and-rothamsted-research-launch-uk-plant-microbiome-initiative/
https://www.cabi.org/news-article/cabi-and-rothamsted-research-launch-uk-plant-microbiome-initiative/
http://www.phytobiomes.org
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needs to secure future sustainability. There are a number 
of actions that can be taken to provide a better future. As 
such, a list of recommendations follows:

Recommendations
Delivering current needs

•	 There are gaps in organism coverage and insufficient 
candidates for high throughput screening for new 
products for example antimicrobials. A global strategy 
is needed to ensure organisms that are critical to scien-
tific discoveries are preserved for future use;

•	 Research funding is scarce with resources and exper-
tise fragmented currently: BRCs need to respond to 
local challenges and network to get value from invest-
ment of public funding;

•	 The study of microbiomes is accelerating and the ben-
efits of engaging microbial communities recognised. A 
coordinated effort is required to address storage and 
access to microbial communities making up the vari-
ous host and environmental microbiomes and their 
associated data to support research to facilitate the 
release of the full potential of microorganisms;

•	 Key outputs come from research and utilisation of 
current culture collection holdings continue but gaps 
remain. Output and value would be enhanced enor-
mously and duplication of effort avoided through coor-
dinated effort;

•	 Global challenges require global responses, multidis-
ciplinary approaches and a critical mass to resolve. A 
mechanism to engage the full potential of the microbial 
resource community (mBRC) in providing resources 
and solutions to global challenges is required;

•	 Mycological taxonomy and the naming of organisms 
has become complex with mixed taxonomies uti-
lised and genome sequence databases incomplete and 
including erroneous data. mBRCs need to coordinate 
efforts to play their part in ensuring a comprehensive 
set of reference strains is available, sharing the coverage 
rather than duplicating effort, to fill gaps and remove 
errors.

•	 Changes in the regulatory environment such as the 
enactment of the Nagoya Protocol require common 
compliant approaches

Developing the infrastructure

•	 Participating BRCs must operate to international 
standards to ensure quality and importantly, interop-
erability of service, function and data;

•	 Provision of assistance for countries with no or lim-
ited infrastructure;

•	 BRCs need to develop robust business models to 
secure their sustainability;

•	 Build upon current initiatives to coordinate mBRC 
operations such as MIRRI in Europe, USCCN in the 
USA, the Asian BRC Network to establish a global 
effort that provides infrastructure to support the 
efforts of the WFCC;

•	 Take steps to establish the GBRCN envisaged by the 
OECD utilising the outputs of the GBRCN demon-
stration project (Fritze et al. 2012).

Policy, community support and funding

•	 Research funders, science publishers, the research 
community and bioindustry need to work together to 
develop and implement strategies to make the most 
of the potential of the hidden microbiology resource 
and harness the outputs of microbial communities;

•	 A coordinated approach is required to utilise the lim-
ited funding through a research infrastructure and 
sharing the delivery through its constituent part-
ners as exemplified through the distributed ESFRI 
research infrastructures in Europe;

•	 Mechanisms to share resources more openly, such as 
open access publications, that will allow development 
and equitable sharing of benefits from discoveries 
and that accelerates the pace of discovery and inno-
vation to address our common global challenges.

Conclusions
It is evident that BRCs, specifically microbial culture col-
lections, provide resources that underpin research and 
many new products and uses of microorganisms have 
been enabled by the study of organisms from collections. 
However, this function can be made much more efficient 
and effective with better coordination and linkage with 
funders and the research community. Researchers can 
access the holdings of collections but there is not yet a 
single platform that holds the information on all strains 
held. The GCM holds information on only 14% of the 
available strains. Collection organisations do their best 
to coordinate access but more needs to be done to facili-
tate the uptake and use of organisms and their associated 
data. The greatest opportunity to be able to understand, 
harness and moderate the hidden resource of microbial 
communities (99% of the microorganisms in the environ-
ment) is to coordinate microbiome activities and use the 
networks of BRCs to achieve this. It is not only the organ-
isms in mBRCs currently that can be provided. There is 
the potential for coordinating networks of depositors 
into the collections in targeted isolation programmes to 
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provide access to the new organisms, the samples con-
taining them and their potential novel chemistry. A global 
effort is needed. Most importantly, the establishment of 
the GBRCN to provide coordinated access and the micro-
biome research community via appropriate global infra-
structures should be undertaken. It has begun in Europe 
with MIRRI, with further activities by the Asian BRC 
Network and the USCCN. The foundations for significant 
advances are in place. Researchers, funders, journal edi-
tors and collections need to work together to coordinate 
strategy and introduce mechanisms to accelerate access 
to microbial communities essential for our survival and 
the future of our planet.
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