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Preface

Fungi have played an essential role in shaping the Earth’s
biosphere for the past one billion years. They might have
been one of the few life forms inhabiting landmasses over
500 million years ago, perhaps associated with terrestrial
algae, even before early land plant lineages arose. Lacking
roots, early plants may have relied on fungal partners for
endophytic mycorrhiza-like associations, allowing them to
thrive on primordial mineral soil. In a process known as
biological weathering, fungal hyphae would secrete organic
acids to dissolve rocks and extract nutrients held within,
and for water acquisition. In return, plants would transfer
carbohydrates produced through photosynthesis to their
fungal partners. Widespread today in associations known
as mycorrhizae or lichens, this exchange of resources
between fungi and early land plants or other photosynthetic
organisms helped to ignite the Earth’s biosphere growth,
evolution, and diversification into ever more complex
organisms, communities, and ecosystems. Nowadays, over
ninety per cent of known land plants associate with at least
one fungal partner, and some are entirely dependent on
fungal assistance to survive. The symbiotic rise of land
plants and their fungal partners also had dramatic effects
on our atmosphere, with the increased absorption of
carbon dioxide by plants over millions of years producing
a massive rise in oxygen concentrations, supporting the
emergence of much larger, more complex animal life forms,
from early tetrapods to humans.

Fungi have also directly impacted the daily life of human
society along with their cultural evolution during the past
300,000 years, being used as food, for ritualistic purposes,
as medicinal sources, or by causing diseases affecting
our crops, livestock, and own bodies. Nonetheless, the
documented history of the uses and impact of fungi through
time within human societies is greatly fragmented, not the
least because there have always been major doubts regarding
their nature. In medieval European societies, naturalists
diverged in assessing the relationships of fungi with other life
forms, some considering them closer to animals and others
as a “mixture” of animal and algal traits, best positioned
within plants. It was only in 1728 that Antoine Jussieu read
a paper to the Paris Academy stating the urgent need to
recognise fungi as a section of plants. Since then, even if
their separate nature had been well established at the turn
of the 19th century, fungi remained confined as a section

of botany in academia until 1969, when the North American
ecologist Robert Whittaker proposed that they should be
placed in their own kingdom, separate from plants. Twenty
years later, the first DNA-based studies of fungi revealed that
fungi are indeed more closely related to animals than plants.
The knowledge on fungi accumulated during the past
500 years led to ground-breaking discoveries for modern
science, such as antibiotics or the use of fungi in food
production and biotechnology. Nonetheless, most of this
knowledge was based on temperate fungas from Europe
or North America. The diversity of Neotropical funga and
their potential uses started to be uncovered only in the
1800s when European nations began to study the natural
resources of their colonies in the New World. Since then,
several floras have been published for different countries
in Central and South America or for larger regions, such
as Mesoamerica, the Caribbean, or the entire Neotropics,
which in some cases covered groups of fungi such as
lichens. Yet, compared to vascular plant and even bryophyte
floras, megadiverse countries in South America, including
Colombia, Venezuela, Ecuador, Peru, and Bolivia, still lack
any comprehensive taxonomic study of their funga.
Through the Catalogue of Fungi of Colombia, we want to
showcase the significant progress that has resulted from
a partnership between Colombia and the UK (see Chapter
1). These joint efforts enabled us to compile the first broad
assessment on the history of mycology in the country
(Chapter 2), expand on the general diversity of the Colombian
funga (Chapter 3) and on the diversity of the main groups
of true fungi (Chapters 4-9), assess the biogeography
of selected taxa (Chapter 10), and elaborate on fungal
ecology (Chapter 11), uses (Chapter 12), biotechnological
potential (Chapter 13), conservation (Chapter 14), and
biological collections (Chapter 15). The first checklist of
fungi and fungi-like organisms for Colombia (Chapter 16) is
complemented by indexes of families, genera, synonyms,
misapplied and dubious names, and a laminae section with
photographs of selected taxa for proper illustration.

USING THIS CATALOGUE AND THE COLFUNGI ONLINE PORTAL

Free access to a large amount of information on the diversity
of fungi in Colombia is available to everyone for the first
time for over 7,000 accepted species. Accessing the web
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portal from this Catalogue is made easy by clicking on the
hyperlink on the species name or by reading the QR code of
the species, or by typing a scientific or common name of the
species, genus, family, or any keyword that describes the
fungus or its uses, in the search bar on the homepage of
colfungi.org

The search results show all the relevant fungi species
profiles that the user can explore. The pages in each profile
show the classification and status of the fungal name
(whether it is an accepted name, synonym, misapplied or
dubious) and the habit, description, ecology, distribution,
uses, common names, and conservation status when
known and available. Images of fungi in the field and from
fungarium specimens are also featured when available,
along with any other information about the species, as well
as links to other sources. The ColFungi portal has advanced
search and filtering options tailored to the fungi of Colombia.
Advanced search allows users to build customised queries
on the data based on their interests.

The taxonomic backbone of ColFungi and the Catalogue
of Fungi of Colombia is based on the Index Fungorum
(IF: indexfungorum.org) and Species Fungorum (SF:
speciesfungorum.org), adjusted by consultation of recent
reference works, and will be updated over time. Other
metadata, such as distribution, have been extracted
from public occurrence repositories, such as the Global
Biodiversity Information Facility (GBIF, gbif.org) and
institutional and personal databases from digitised
Colombian herbaria/fungaria.

INTRODUCING COLFUNGI TO YOU

Access to information on fungi is essential to expand our
knowledge of fungal diversity, allowing us to conserve
them, along with their habitats and ecosystems, and to
make sustainable use of them, achieving the benefits they
provide to our societies. ColFungi is a free access online
portal built by experts that offer accredited information on
Colombian fungi. It is a detailed resource that provides for
the first time high-quality taxonomic information along with
a wide range of data and information for all groups of fungi
in a single resource.

In order to have information on all known Colombian fungi
in a single web page, ColFungi also shares a large amount
of information, such as herbarium/fungarium specimens,
species descriptions, maps, images, information on
traditional and potential uses and sustainable practices,
and relevant literature and links when available. As a
dynamic tool with a rapidly growing amount of information, it
provides a valuable resource for a wide variety of audiences
and users, ranging from researchers and practitioners to
legislators, teachers, and schoolchildren.

ColFungi contributes directly to the objectives of
Colombian governmental organisations to develop national
and regional biodiversity catalogues while supporting the
transformation of the Colombian economy towards green
growth. It also maximises the impact of scientific research
and highlights the value of fungal diversity in Colombia

while promoting the exchange and transfer of knowledge
between researchers from the UK and Colombia.

SHARING KNOWLEDGE FAIRLY

By gathering data from different sources, ColFungi enables
access to valuable information, enriches the data and
its potential uses, and maximises the visibility of local
resources. Only publicly available content is used and, as
part of the content collection process, we aim to ensure that
publishers have respected the Nagoya Protocol (a part of the
Convention on Biological Diversity that aims to ensure the
fair and equitable sharing of benefits obtained from the use
of genetic resources), as well as Colombian laws regarding
the dissemination of traditional knowledge.

ColFungi is part of Kew’s Plants of the World Online portal
(plantsoftheworldonline.org) and therefore offers structured
content adjusted to standards that facilitate the distribution
and exchange of information with global data resources. It
is also part of Kew’s initiative on Useful Plants and Fungi
(UPF), benefiting from UPF databases and its standards and
applying them to fungi in Colombia. These actions make
information about fungi of Colombia more widely available,
both in Colombia and among the international community.

COLLABORATION AND CAPACITY BUILDING

ColFungi is building a strong collaborative network between
the UK and Colombian researchers and institutions,
including universities, fungal collections, non-governmental
organisations, associations, and national institutes. The
project involves 37 researchers and collaborators from
Kew’s scientific departments, 35 researchers from the
Asociacion Colombiana de Micologia (ASCOLMIC) and 25
Colombian partner institutions that cover most regions and
cities, and international experts studying the Colombian
funga from countries such as Brazil, Mexico, the USA,
Canada, and Germany.

The Catalogue of Fungi of Colombia and ColFungi
gather and link information from other portals (such as
the Information System on Biodiversity of Colombia - SIB
Colombia), the Catalogue of Plants and Lichens of Colombia,
the Global Biodiversity Information Facility (GBIF), Index
Fungorum, databases from national and international
fungarium and strain collections, and data generated by
mycological researchers during their investigations, providing
an additional window to the available data and expanding
the access to information on Colombian fungi. As a result,
the visibility of all linked resources is expanded, providing
reciprocal benefits to RBG Kew, the Humboldt Institute,
the Asociacion Colombiana de Micologia (ASCOLMIC), and
other academic and environmental institutions in Colombia
and abroad.

Both the Catalogue and the portal provide opportunities
for Colombian mycologists and their international
collaborators and volunteers and interns to contribute to the
project. The exchange of skills and experience has provided
great benefits to all the institutions involved and has helped
to strengthen capacities in Colombia.

CATALOGUE OF FUNGI OF COLOMBIA
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ENRICHING INFORMATION

The value of species profiles in ColFungi is increased with
expanded data on the biology and ecology of the species when
available. To this end, different resources are used to access
information on the distribution, threats, uses, and availability
of the underlying resources, such as herbarium/fungarium
specimens and strain collections. These specimens are dried
fungi or parts thereof labelled with a wealth of information
about the species and its environment. Digitising specimens
includes assigning a unique barcode, capturing an image
of the sample and labels, and transcribing data from the
labels. A compendium of 7,241 species of Colombian fungi
has been currently recorded, most from Colombian herbaria,
fungaria, strain cultures, and international collections. How
many additional uncatalogued collections exist is unknown.

CONSERVATION STATUS

Extinction risk assessments depend on knowledge of
species distribution and the threats they face. The IUCN
Red List of Threatened Species Categories and Criteria data
available for fungi to date are assessed through the ColFungi
profiles and in this Catalogue. Also, some species are
placed in extinction risk categories according to the regional
or national lists of threatened species in Colombia.

USES

The Catalogue of Fungi of Colombia and ColFungi teams have
been collecting information on useful fungi from different
sources to enrich the content of the species profiles. The
data and images from these collections were compiled from
published sources and added to the species profiles to
provide a valuable information resource on the various uses
of Colombian fungi — from culinary to cultural.

EXPANDING PRACTICAL DEVELOPMENTS AND POSSIBILITIES

The Catalogue of Fungi of Colombia and the ColFungi portal
are resources that are free to access and built by experts,
with accredited information on the Colombian funga. They are
designed to support research, learning, development, and
innovation for sustainable growth, economic development,
and well-being. The basic data can be used as a source of
information about Colombian fungi and to accelerate species
discovery. Also, both resources represent hopefully useful
and essential sources of information for practical actions on
conservation, management, legislation, and policy.

Rafael F. de Almeida
Robert Lucking

Aida M. Vasco-Palacios
Ester Gaya

Mauricio Diazgranados
Editors

CATALOGUE OF FUNGI OF COLOMBIA
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Executive Summary

Colombia has a great comparative advantage over other
countries in being the second most biodiverse country
globally. Its biological resources are a key asset for
changes in its productive matrix. However, to plan a solid
bioeconomic strategy, the first step is to consolidate the
current knowledge of the rich diversity of plants and fungi
in the country. Arising from the collective efforts of the
Alexander von Humboldt Biological Resources Research
Institute (Colombia), the Royal Botanic Gardens, Kew—
under the Useful Plants and Fungi of Colombia Project
and Colombia Bio—and the mycological community in
Colombia, this Catalogue is presented as a source of
baseline information about the great diversity of fungal
species in Colombia, now linked and accessible through a
single online portal—ColFungi (Colombian Fungi Resources
made Accessible). The Useful Plants and Fungi of Colombia
Project Team and national and international mycologists
have consolidated expert generated and accredited
information on Colombian fungi. For the first time, high-
quality and up-date taxonomic information is presented
alongside data on uses, morphology, known geographic
distributions, habitats, life forms, vernacular names, and
field images taken from the field by several mycologists who
have donated to the project. This goal required generating
a list of the species that occur in Colombia and associating
all reported taxonomic information for those species from
all available databases and literature sources. For further
details, check Chapter 16.

Tracking species as their names change through time and
maintaining links to their uses, distributions, conservation
status, and common names is an endless task. It is the
reason for linking the printed version of the Catalogue to a
dynamic online portal. We still need to gain scale on those
tasks. Still, we are confident that technological advances
in artificial intelligence and in curation fields will accelerate
both the taxonomy and the integration of traditional and
scientific knowledge needed to support alternative and
sustainable uses for Colombia’s plant and fungal resources
and to facilitate their conservation. It is also important to
remember that we currently know less than 5% of Colombia’s
expected diversity of fungi. For this reason, this is a base list
of species representing the funga of the country, but our
knowledge will increase over time, and this information will
be updated on the ColFungi portal.

In addition to the checklist, we have included a series
of chapters written by specialists to provide some context
for the actual knowledge about funga in Colombia. These
perspectives on the state of knowledge on the Fungi of
Colombia, covering the diversity of the main groups of fungi
found in the country and the history of mycological studies
in Colombia, are presented alongside chapters on their
biogeography, biotechnology, conservation, ecology, uses,
and presence in national and international collections. The
supplementary materials that follow the checklist will allow
users, to explore open questions and opportunities in order to
develop new ideas on consumption/production alternatives
and pattern changes, species conservation, and new
technologies, to influence positive social and environmental
impacts, and to inspire new generations. Importantly, this
compilation also points out the information gaps we have
on the diversity, conservation, and sustainable uses of the
country’s fungal diversity, which will serve as the basis for
planning actions to fill these gaps, thereby supporting the
conservation and sustainable use of the Colombian funga
for the benefit of society.

We hope that this Catalogue and ColFungi, as its dynamic
resource, will be used by the audience as a useful reference
for decision-making, production, and demand building.
We expect a broad audience (from scientists, students,
interested public, politicians, stakeholders, regulators,
producers, and consumers), who together can work to
allow Colombia as a Nation to achieve its Mission on Green
Growth, and to use and conserve its natural resources in an
integrated, equitable and sustainable way.

CATALOGUE OF FUNGI OF COLOMBIA
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Foreword

Colombia houses some of the most diverse ecosystems
on earth. This diversity is not only of animals and plants
but also of fungi, the mysterious Kingdom of life that feeds,
heals, clothes, harms, and certainly delights us. In this
extraordinary, publication which represents the joint effort
of many scientists and researchers worldwide, you will be
submerged in the wonder and magic that the fungal Kingdom
provides through concise data and superb photography.
However, what makes this edition so extraordinary is that
it not only presents the charismatic mushrooms and conks
but, more uniquely and delightfully, it takes us on a deep dive
into the invisible world of yeasts, rusts, and smuts, as well
as the intriguing and fundamental diversity of endophytes.
The latter is seldom shown in any books on fungi.

With over 7,200 species of macro- and microscopic fungi
found in Colombia listed in this book, you will have the most
in-depth induction into the funga of this unique part of the
world. This book will provide you with a unique view of how
species are intertwined and sometimes are used by their
plant and animal allies, including us humans. Through well-
curated and analysed data that give you a sophisticated
understanding of the role of fungi in Colombian ecosystems,
and most importantly, their role in ecosystems at large, your
appreciation for the fungi can only grow. With the data on
the conservation status of fungi—and detailed infographic
illustrations that convey these powerful data--you will gain an
integral understanding of these extraordinary and fundamental
organisms. But most importantly, this book highlights the
information gaps in our knowledge of the funga of Colombia
and proposes a way forward for different groups of fungi.

The photography you will see in this book is astonishing.
Rarely do we get to see so many species of fungi in such
perfect conditions and at such high magnification. Through
this book, you will observe structures rarely glimpsed
while walking through a forest. With every photograph, the
importance of these organisms for Colombian ecosystems
are portrayed with delight, making the book a versatile
publication that is not only a guide for mycologists or people
with a developed understanding of these organisms but also
a guide for beginners and nature enthusiasts of all ages and
from anywhere and everywhere in the world.

The way in which the ethnic groups and indigenous
peoples of Colombia use different species of fungi provide
a unique opportunity to delve into the cultural co-evolution

of fungi and humanity. Medicinal, edible, tinctorial, and more
uses are thoroughly described in this book, which is a delight
to read and a delight to look through.

But this project is not only about describing and
illustrating species. This project is about collaboration, and
interconnection is the essence of fungi. This pioneering effort
to document the species of fungi in Colombia and their uses
for human benefit forms the basis of an ongoing investment
in building platforms for digital access to information about
fungal species and their uses, as well as a digital platform
to create and promote value chains that facilitate the
sustainable use of fungi in Colombia. This information is not
only useful in the context of the difficulties that humanity
is facing on earth today, but also as proof of how fungal
technologies discovered in the past hold the keys to the
health and sustainability of people and the planet in the
present and future. The virtuous symbiosis of international
researchers from Kew, which houses the largest fungarium
globally, and Colombian and Latin American researchers
who know their habitats like no other can only be a two-
times virtuous collaboration. Although it seems obvious,
these symbioses are not frequent and are seldom enabled
by many institutions at the same time. Therefore, this
endeavour is truly pioneering and reveals a multi-faceted
view of the diversity of Colombian fungi.

Fungi are not exempt from or immune to the same threats
animals and plants face. Habitat loss, habitat fragmentation,
overuse of pesticides and fungicides, and climate change
affect the funga, fauna and flora equally. Understanding
the world beneath our footsteps, a world in which fungi
play symbiotic and decomposing roles, enables us to look
at forests, prairies, city parks and even your garden in a
different light. With this understanding comes care, and care
triggers action. This book invites us to come together to
protect the habitats that house this unique fungal diversity,
and it is a call we should all answer.

Giuliana Furci — Founder & CEO, Fungi Foundation

Harvard University Herbaria Associate

Dame, Order of the Star of Italy

Co-Chair, IUCN SSC Fungal Conservation Committee
Advisory Board member — Society for the Protection of
Underground Networks SPUN

Santiago, Chile, February 2022
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ABSTRACT

Colombia ranks second in the world in biodiversity and is recognised as one of the most ethnically diverse countries. Despite
its biocultural richness, the country is marked with vast social inequality and rural poverty. Following decades of internal
armed conflict, the country’s 2016 Peace Agreement has provided new opportunities for socio-economic growth, which could
represent either a threat to Colombian biodiversity or an opportunity for sustainable development based on the country's
treasured natural resources. The Useful Plants and Fungi of Colombia (UPFC) project aimed to develop pathways to enhance
nature’s contribution to people in Colombia through increasing, consolidating and making accessible the knowledge on its
useful plants and fungi for the benefit of local communities. The project has provided a framework to develop and promote
a market for useful indigenous species and their high-value products while protecting the surrounding natural resources. It
has produced over 140 dissemination outputs, including books, booklets, scientific journal publications, technical reports,
websites, online portals, and educational tools. Also, it has delivered capacity-building events, reaching a broad audience.
With the participation of a multinational team, the project compiled and generated knowledge on over 36,000 plants and fungj,
developed pathways for tackling socio-environmental challenges and contributed to Colombia’s green transformation.

RESUMEN

Colombia ocupa el segundo lugar en el mundo en biodiversidad y es reconocido como uno de los paises con mayor diversidad
étnica. A pesar de su riqueza biocultural, el pais esta marcado por una gran desigualdad social y pobreza rural. Tras décadas
de conflicto armado interno, el Acuerdo de Paz de 2016 del pais ha brindado nuevas oportunidades para su crecimiento
socioecondémico que pueden representar tanto una amenaza para la biodiversidad colombiana como una oportunidad para un
desarrollo sostenible basado en sus preciados recursos naturales. El proyecto Plantas y Hongos Utiles de Colombia (UPFC)
tuvo como objetivo desarrollar vias para mejorar la contribucion de la naturaleza a las personas en Colombia, mediante
el aumento, la consolidacion y la accesibilidad del conocimiento sobre sus plantas y hongos Utiles para el beneficio de
las comunidades locales. El proyecto ha proporcionado un marco para desarrollar y promover un mercado para especies
autéctonas utiles y sus productos de alto valor, al mismo tiempo que se protegen los recursos naturales circundantes. Asi,
este proyecto ha producido mas de 140 productos de difusion, incluidos libros, folletos, publicaciones en revistas cientificas,
informes técnicos, sitios web, portales en linea y herramientas educativas. También se han realizado eventos de creacién de
capacidad, llegando a una amplia audiencia. Con la participaciéon de un equipo multinacional, se ha recopilado y generado
conocimiento sobre mas de 36.000 plantas y hongos, y se desarrollaron vias para abordar los desafios socioambientales y
contribuir con la transformacion verde de Colombia.

COLOMBIA’S RICH BIODIVERSITY IN DANGER

Our life and well-being rely on the environmental goods
and services provided by plants and fungi. Not only do
they provide us with products, such as food, medicines,
natural fibres, fuel, building materials, and cosmetics,
but they also act to purify the air, enrich the soil, protect
against erosion, regulate water flow and quality, and
provide habitats for animals while acting as a significant

store of global carbon among other functions (Millennium
Ecosystem Assessment, 2005). However, the conversion
of natural habitats—primarily for farming—is fuelling land
degradation, undermining the well-being of two-fifths of the
human population, and raising the risk of migration and
conflict (IPBES, 2018). Therefore, the preservation and
sustainable use of this biodiversity are essential to human
well-being and future economic prosperity.
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TABLE 1. Origin and conservation status of plant and fungal diversity in Colombia, based on data collected in this project.

Plants Useful plants Fungi Useful fungi Plants & fungi Useful Plants & fungi
Cultivated 1,077 1,077 21 N/A N/A N/A
Naturalised 677 638 20 N/A N/A N/A
Native 27,134 5,830 7,200 25 28,398 5,855
Endemic 9,473 478 203 8 9,679 486
Threatened 1,061 249 63 3 1,071 252

TABLE 2. Plant and fungal diversity in Colombia, based on data collected by this project (useful vs non-useful).

Plants Useful plants Fungi Useful fungi Plants & fungi Useful Plants & fungi
Species 28,947 7,472 7,241 374 36,087 7,790
Genera 3,583 2,140 1,790 192 5,346 2,318
Families 395 258 455 99 843 356

Colombia is one of the most biodiverse countries on
Earth, hosting at least 28,947 plant species (24% endemic;
>1,000 threatened), 3,583 genera, and 395 families
(Table 1). The country ranks third in the diversity of plants
worldwide and is a centre of origin of tomatoes, peppers,
potatoes, chillies and many other crops and their wild
relatives (Diazgranados et al., 2020, Negrao et al., 2022;
Khoury et al., 2014). The fungal diversity in Colombia is also
impressive, with at least 7,241 species belonging to 1,790
genera and 455 families (Table 2). Given that the observed
ratio between fungi and plant species in well-studied areas
is 9.8:1, Colombia could harbour up to 300,000 species,
of plants and fungi representing 9% of the global diversity
(Gaya et al., 2021).

Colombia is also described as one of the most ethnically
diverse countries in the world, with 85 different ethnic
groups and 68 recognised native languages. The knowledge
associated with useful plants and fungi can be as rich as the
cultural variety. The country has been considered a “cradle
for modern ethnobotany”, with a plethora of recent studies
on this topic (Bernal et al., 2011), although ethnobotanical
knowledge is still vastly under-documented in this region
(Camara-Leret et al., 2014).

Regrettably, the country lost just under six million hectares
of forest between 1990 and 2015, at an average rate of
237,000 hectares per year (FAO, 2015). This deforestation
is mainly due to agricultural expansion, urban development,
and illegal mining, driven by inadequate political decision-
making, often not supported by science (Eufemia et al., 2019;
Sabater et al., 2017; Salazar et al., 2021). Land-use change
is threatening Colombia’s impressive cultural and biological
diversity, and researchers and conservationists are now in a
race to protect it (Andrade-C., 2011; WWF-Colombia, 2017).

As deforestation proceeds, the disappearance of traditional
knowledge on the conservation, use and management of
plants and fungi accelerates with biodiversity loss.

With its unique and extraordinary biocultural diversity
and richness, Colombia can become an exemplar for
achieving Sustainable Development Goals (SDGs) (United
Nations, 2015), by reducing inequality and poverty based
on the sustainable use of its useful plants and fungi whilst
reducing the degradation of its natural resources. Although
native non-crop plants and fungi have great potential to
improve livelihoods and to support economic development
in the country, knowledge on the most useful native
species remains highly dispersed, largely inaccessible, and
susceptible to disappearing over time.

CAN THE SUSTAINABLE USE OF BIODIVERSITY BECOME
PART OF THE SOLUTION?

Despite the unique biological and cultural richness of
Colombia, vast social inequality and marked poverty in
rural areas have triggered more than six decades of internal
conflict. Plant and fungal diversity and its associated
cultural knowledge could tackle socio-environmental
challenges by boosting rural employment and incomes,
improving people’s livelihoods, reducing inequalities, and
supporting peace. Improving access to critical biological
information and the development of markets for natural
ingredients, while meeting sustainability benchmarks,
can boost the stake of marginalised communities in the
national economy by adding value to their traditional
knowledge. Simultaneously, this process would empower
meaningful participation, leading ultimately to more stable
and equitable socio-economic outcomes. This approach
tackles a number of SDGs, most notably those related to
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poverty alleviation, health improvement, empowerment of
the disenfranchised, sustainability of economic growth and
promotion of peace (United Nations, 2015).

In recent years, Colombia has established several
policies promoting the sustainable use of biodiversity
to reduce the social gap and to consolidate peace
whilst following a green growth approach to economic
development (Baptiste et al., 2017). The country has
stated its intention to develop as a bioeconomy, which
is “an economy that efficiently and sustainably manages
biodiversity and biomass to generate new value-added
products, processes and services based on knowledge
and innovation” (CONPES, 2018). The commitment of
the Colombian government to green growth has been
demonstrated through the Colombia Bio programme,
and its principal aim to foster the development of the
bioeconomy through science, technology, and innovation.

As an offspring of this overarching national effort, the
Useful Plants and Fungi of Colombia project (UPFC) was
supported by a Professional Development & Engagement
grant under the Newton-Caldas Fund partnership. The
£2.5 million grant was funded by the UK Department for
Business, Energy, and Industrial Strategy (BEIS) and the
Colombian Ministry of Science, Technology and Education
(MinCiencias) and was delivered by the British Council over
28 months from November 2019 to February 2021.

THE USEFUL PLANTS AND FUNGI OF COLOMBIA

The overall goal of the UPFC was to develop pathways
to enhance nature’s contribution to people in Colombia
by increasing, consolidating, and making accessible the
knowledge on its useful plants and fungi for the benefit
of local communities; and to promote a market for useful
indigenous species and their high-value products to motivate
the sustainable use of biodiversity whilst protecting the
surrounding natural resources.

This project documented and broadly disseminated
knowledge on useful plants and fungi of Colombia across
a wide range of audiences. Outputs targeted policy and
decision-makers in government, local NGOs, scientists,
educators, and private and public companies, aiming to
boost bioeconomic development. The project’s long-term
vision was to support Colombia’s economic future by
promoting the sustainable expansion of its bioeconomy,
based on its unique plant and fungal diversity, whilst
conserving its natural resources and associated
traditional knowledge.

The UPFC project was structured as four work packages
(WP), each with a specific objective:

1. Document knowledge on useful plants and fungi of
Colombia (WP1).

2. Synthesise and disseminate knowledge on useful
plants and fungi of Colombia using various platforms for
different audiences (WP2).

3. Develop a framework for creating a sustainable value
chain network (VCN) from plant and fungal diversity (WP3).

4. Apply a VCN framework to improve local communities’
livelihoods in three pilot areas (WP4).

DOCUMENT KNOWLEDGE ON USEFUL PLANTS AND FUNGI
OF COLOMBIA (WP1)

Native non-crop plants and fungi have great potential to
improve livelihoods and economic development in the
country. However, high-quality information on their uses and
properties remains scarce or inaccessible. This WP aimed
to gather and compile this information to boost Colombia’s
bioeconomy and to benefit local communities.

Significant effort to document Colombian floral and fungal
diversity has been carried out in recent years. Still, hundreds
of sources of published information had not been compiled
and made readily available. The project brought together a
binational team of researchers who collected and compiled
data from available datasets and publications; digitised
data that were not readily available; scanned specimens,
illustrations, and records from scientific collections (from
herbaria, fungaria, and libraries); generated an image bank of
the useful plants and fungi of Colombia; developed species
distribution maps and models; and created species profiles
that are available online through the project’s portals.

The gathered information was analysed to identify
taxonomic and geographic gaps and assessed for quality
and potential contribution to conservation practices, among
other aspects. In all, six research questions on useful
plants and fungi were addressed, each with a scientific
output (https://in-colombia.org/):

*+ How can we assess the comprehensiveness (in quantity
and quality) of the information available for each
species?

+ Are there taxonomic gaps in the available information?
+ Are there geographic gaps?

+ What are the most likely factors influencing the observed
taxonomic and geographic patterns?

+  Which geographic areas are important for conservation?

+ Can traditional knowledge erosion be mitigated through
Citizen Science?

Results from initial activities helped us to identify
poorly surveyed areas of the country for useful plants and
plants in general (Bystriakova et al., 2021), which informed
subsequent fieldwork and ethnobotanical priorities for WP1
(Figure 1).

In addition to the research questions, three tools were
designed to manage and collect data on useful plants
and fungi, specifically: 1) the shinyCCleaner tool, to clean
georeferenced records in the R environment (Ondo et al.,
unpub.); 2) an online survey form built in ESRI Survey123,
to collect ethnobotanical information from mobile devices;
and 3) a Plant Use Data Management tool, with modules for
data entry and exportation, taxonomic reconciliation, and
classification of uses, among other functions.
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FIGURE 1. Survey completeness for all vascular (A) and useful (B) plants by bioregion (Bystriakova et al., 2021). Percentage of 10x10 km
well-surveyed grid cells, defined as those with > 25 observations, calculated by bioregion.

SYNTHESISING AND DISSEMINATING KNOWLEDGE ON
USEFUL PLANTS AND FUNGI OF COLOMBIA (WP2)

Access to information about plants and fungi and their uses
underpins our collective effort to further understand their
diversity in Colombia, allowing us to better conserve species,
habitats, and ecosystems and to use them sustainably to the
benefit of society. Knowledge must be available for different
audiences to empower Colombia to protect and sustainably
utilise its valuable plants and fungi. This WP aimed to build
a comprehensive synthesis and to disseminate this through
various media, including online portals, scientific journal
publications, books, booklets, reports, magazine and news
articles, social media streams and educational tools.

This wide range of dissemination outputs and formats
was aimed strategically to reach a broad audience of
policy-makers, researchers, and practitioners, including
those in governmental, monitoring and developmental aid
agencies, regulatory bodies, conservation organisations,
biobusinesses, schools and universities. Potential
users included: innovators, developers, bioeconomists,
herbal and food entrepreneurs (including plant and fungi
importers, suppliers and retailers), biotechnologists,
bioenergy experts, agronomists, forestry engineers, crop
specialists, horticulturalists, arborists, weed scientists,
forest managers, wildlife managers, health professionals,
biopharmaceutical scientists, medicine regulators,
conservationists, naturalists, photographers, environmental
consultants, library managers, students, professors,
researchers (biologists, botanists, ecologists, chemists,
agronomists, biomedical researchers, ethnobiologists,
among others), scientific editors, people interested in
culture and gardening, and the general public.

The project built two websites (https://www.kew.org/
upfc, in English; and https://in-colombia.org/, in Spanish)
to inform the public and disseminate project outputs. In
addition, it built on the previously created ColPlantA portal
(http://colplanta.org/), further synthesising knowledge
of Colombian plants and improving the user experience,
content and infrastructure (Diazgranados et al., 2020). It
also created a companion portal for Colombian fungi, i.e.,
ColFungi (http://colfungi.org/) (Figure 2). Each portal was
accompanied by an explanatory booklet (Diazgranados et al.,
2020; Gaya et al., 2021) designed for a general audience.

Comprehensive annotated checklists for both plants
and fungi, along with a range of thematic chapters, are
presented here and in the Catalogue of Useful Plants of
Colombia as a reference for scientists and for the long-term
preservation of knowledge.

A survey analysis was conducted to understand how
much Colombian society knows about their native diversity
of plants and fungi and their uses as part of this WP. An
online national survey was developed to collect information
on how Colombians generally use plants and fungi. Semi-
structured interviews of 20 experts from different sectors
of society, including academia, civil society, NGOs, and
the private sector, were also undertaken. These experts
provided information regarding the state of knowledge of
useful plants and fungi, advising on the limitations and
opportunities of various studies and the inclusion of plants
and fungi in value chains.

In consideration of socio-cultural components, a
Spanish-language storytelling series, “Somos Historias”,
was developed, which was designed to identify and promote
practices and relationships that underlie the value chains of
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key plants. The co-creation of short videos that portrayed the
practices, knowledge, and relationships of local producers
with these plants and their environment promoted value
chains and increased project visibility to a broader audience
while also gathering qualitative information on the local use
of the species.

Last, the project published over 50 blogs and notes in the
press to raise awareness on the importance of useful plants
and fungi for the well-being and prosperity of Colombians
and humanity.

COLFUNGI, A NEW PORTAL DEDICATED TO THE FUNGI OF
COLOMBIA

Access to information about fungi and their uses, it is
essential to understand their diversity, conserve them and

their habitats and ecosystems, use them sustainably, and
enjoy the benefits they provide to society. In 2020, the UPFC
project delivered ColFungi, an authoritative, expert-driven,
open-access online portal for information on Colombian
fungi and their uses. ColFungi is an entirely new tool backed
by the expertise of Colombian mycologists and presenting
integrated content on the fungi of Colombia. For the first time

ColFungi is a content aggregator site—it collects
information from Kew’s databases and various external
sources, displaying it in one place while preserving the
appropriate links and citations. By bringing together data
from a wide range of sources, ColFungi aims to synthesise
and unlock valuable information, including potential uses
of fungi, while maximising the visibility of local resources.
Only publicly available content is used and, as part of the
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Browse over 9,400 scientific names of Colombian fungi,
ingluding 7,131 accepled species names.

FIGURE 2. ColPlantA (https://colplanta.org/) and ColFungi (https://colfungi.org/) site homepages.
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content gathering process, steps are taken to ensure that
publishers have respected the Nagoya Protocol (part of the
international Convention on Biological Diversity that aims to
ensure the fair and equitable sharing of benefits arising from
the utilisation of genetic resources) as well as Colombian
laws relating to traditional knowledge.

ColFungi is also part of Kew’s Useful Plants and Fungi
project (UPF), and takes advantage of UPF’s databases and
standards by applying them to Colombian fungi data. This
infrastructure provides a platform for reliable information on
Colombia’s useful fungi to be made more widely available.

The UPFC bioinformatics work team developed
ColFungi based on the initial infrastructure of ColPlantA
and incorporated recommendations from a detailed UX
analysis. The current version contains 9,400 scientific
names, 7,241 species profiles including 308 with images,
and 251 full species and uses descriptions. Alternative
names (including common names) and local checklists
are also available. The taxonomic backbone of ColFungi is
taken from the Index Fungorum and Mycobank databases,
and common names from published material, especially
field guides.

The UPFC project team, in collaboration with more than
a dozen Colombian and European mycologists, produced a
companion booklet to the ColFungi portal (Gaya et al., 2021).
The booklet contains a significant overview of the current
state of knowledge of Colombian fungi and mycological
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research and the distribution of species, collections,
taxonomy, ecology, geography, and economic uses.
ColFungi contributes directly to the Colombian
government’s goals of developing national and regional
catalogues of biodiversity while supporting the transformation
of the economy to drive green growth. It also maximises the
impact of research and highlights the value of fungal diversity
in the country, promoting knowledge exchange and transfer
between the UK and Colombian researchers and end-users.

DIGITAL OUTREACH OPPORTUNITIES

The project reached a range of audiences and created new
alliances and opportunities for collaboration through an
array of varying virtual events and social media activities.
Despite the recent challenges presented by the coronavirus
pandemic, the project found new methods to engage with its
target audiences through virtual events, such as Hay Festival
Cartagena Virtual, Hay Festival Digital Queretaro 2020,
Sabor Barranquilla 2021, Hay Festival Cartagena 2022, the
Colombian Chef Masterclass series, and virtual workshops,
reaching over one million viewers. In addition, it delivered
more than 23 virtual conferences, five seminar presentations,
three teaching modules, 30 socialisation workshops, and
15 radio interviews. It had more than 90,000 engagements
in its social media accounts (Facebook and Twitter). It also
published ten blogs and more than 90 popular articles and
media notes, which helped broaden the project’s recognition.

Hengos de Colombia

FIGURE 3. The VCN website (“Red de Ingredientes Naturales — Colombia”; https://redin-colombia.org/), displaying the registration form for
connecting to the market chain. The site also includes a blog, a serving BOT, and a practical guide to understanding the legal processes in
Colombia for developing and commercialising natural ingredients or products of any kind from non-crop plants and fungi.
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BUILDING A VALUE CHAIN NETWORK TO SUPPORT
COLOMBIA’S BIOECONOMY (WP3)

Innovative projects to deliver natural ingredients or other
bioproducts to the market often fail because a viable
market has not been established. The project developed
a value chain network (VCN) centred on a digital platform
to provide pathways to develop such markets, facilitating
interaction between local, national and international actors
in the production, refinement, distribution and exportation
of plant- and fungi-based products. The VCN aims to enable
the symbiosis between plant and fungal diversity, knowledge
of its uses, and local livelihoods that depend on it. It is the
first VCN focused on useful plants and fungi for Colombia
and South America

The VCN connects scientists, technologists, innovators,
producers, and consumers, enabling the flow of materials
downstream (e.g., the supply of natural ingredients produced
by local communities to consumers) and information
upstream (e.g., consumer demand to producers) whilst linking
products to species hames based on a taxonomic backbone.
This functionality allows two-way linking between the VCN
platform and the scientific portals (ColPlantA and ColFungi),
enabling users to browse specific uses, read exciting plants
and fungi species profiles, and contact product providers
directly. A website for the VCN (https://www.redin-colombia.
org/) was created in Spanish to maximise outreach among
the Colombian audience (primary users) (Figure 3).

In addition, the project delivered the first comprehensive
practical guide (174 pages) to understanding the Colombian
legal processes for developing and commercialising natural-
ingredient products from non-crop plants and fungi (Rojas et
al., 2021, available at https://redin-colombia.org/guide/). This
freely available guide is in Spanish and is organised around
four central roles within the value chain: producer, refiner,
national wholesaler/retailer, and exporter. Content focuses
on permissions, regulatory compliance, and certification
concerning three types of natural ingredients: harvested
non-timber forest products, nursery-grown products, and
genetic material products. It articulates processes related to
intellectual property rights, benefit-sharing agreements, and
threatened species, among others related to national and
international regulations, compliance, and market access.
Eleven semi-structured interviews were conducted with staff
from the Ministry of Environment and Sustainable Development,
ProColombia, natural product companies, and NGOs.

Two online tools were created to accompany the guide:

1. A serving BOT, which is an automated tool designed to
guide users to obtain information from within the guide
by answering a series of targeted questions regarding
their needs and the type of commercial role they play
within the value chain (e.g., producer, refiner, distributor,
retailer, exporter). The serving BOT is accessible via the
VCN website (https://redin-colombia.org/).

2. An online quiz in Spanish, drawing upon the information
contained within the guide, it tests users’ knowledge
regarding documentation, certification and responsible

agencies related to the production, distribution, and
exportation of bioproducts from Colombia. Access to
the live quiz platform in Kahoot can be found through
the link https://kahoot.it/challenge/00115304 or in the
practical guide.

To establish a baseline about the current status of the
Colombian bioeconomy, researchers produced a 124-page
report (Rojas et al., 2020), also freely accessible at https://
in-colombia.org/. Highlights included:

1. Aprioritisation exercise for potential species in Colombia’s
bioeconomy.

2. A broad directory of companies engaged in the use of
prioritised plant species of native plants and fungi (25
in total).

3. A Science, Technology, and Innovation capability analysis
around the Bioeconomy and Natural Ingredients sector.

4. A multi-criteria value chain infrastructure for biodiversity-
based products.

5. A case study of the value chain analysis for the first
prioritised species, naidi (Euterpe oleracea), in the Pacific
coast region of Colombia.

6. A search for and analysis of patents and publications
related to naidi in Colombia and the rest of the world.

Finally, to inform the VCN, a standard for controlled
vocabulary on natural ingredients and bioproducts was
developed, which included a harmonised table and
accompanying explanatory report. The standard will allow the
classification, indexing, cataloguing, description, and analysis
of these ingredients and products. It was based on the
harmonisation of three classification structures linking natural
ingredient products: Kew’s Economic Botany Data Collection
Standard (EBDCS), the UN Central Product Classification
scheme (CPC) and the Departamento Administrativo Nacional
de Estadistica’s Clasificacion Central de Productos (DANE
CPC). These three structures were reconciled based on
the concept, definition, and rules to identify a common,
core standard linking botanical (e.g., species), national and
international bioproduct classificatory structures.

IMPLEMENTING A VALUE CHAIN NETWORK IN THREE PILOT
AREAS OF COLOMBIA (WP4)

Three biodiverse pilot areas of Colombia recently affected by
the armed conflict were selected to test the potential of the
VCN framework to improve the livelyhoods of impoverished
communities (food security, health, and prosperity): Bahia
Solano (Chocd), Becerril (Cesar), and Otanche (Boyaca)
(Figure 4).

The selection of the areas considered several criteria
within five categories: environmental, social, governance,
business, and economic factors (Diazgranados et al., 2021).

The implementation included:

1. Assessment of the useful local plants and fungi resources.
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FIGURE 4. UPFC fieldwork activities in the pilot areas. Top left: collecting useful plants and fungi with the help of local “sabedores” (wisdom
people). Top right and bottom: species prioritisation workshops with local communities. Photograph credits: Mateo Fernandez (top left),
Sabina Bernal (top right and bottom right), and Edgar Padilla (bottom left).

2. Evaluation of the market status based on local native
diversity.

3. Assessment and modelling of current and potential
outcomes of the VCN implementation.

4. ldentification of the most promising species and types of
natural ingredients.

5. The gleaning of lessons from the implementation and
community feedback.

The project expected that implementing the VCN would
support an improvement in family livelihoods over the
middle- to long-term through its role in facilitating diversified,
market-based approaches to income generation.

The social impact assessment carried out during the
implementation of the VCN will allow the measurement
of middle- and long-term changes in cultural, economic,
and social outcomes. The outcome monitoring activities
implemented at the time of writing include participant surveys
(gender, age, locality, ethnic group, family composition,

among others) and analysis of statistics from the potential
implementation. The project published a booklet to connect
experiences in local communities within the three pilot areas
with a broader, more general audience. It included highlights,
notes on the prioritisation of species, stories from local
initiatives and experiences (Quinones-Hoyos et al., 2021).

THE UPFC TEAM

The UPFC project was led by RBG Kew in collaboration
with the Instituto de Investigacion de Recursos Biol6gicos
Alexander von Humboldt in Colombia. It directly involved
85 people (50 from Kew and 35 from Humboldt Institute)
and received contributions from 34 other researchers from
26 institutions across Colombia and Europe, including the
Asociacion Colombiana de Micologia, Ascolmic. The Diverse
and gender-balanced participation was achieved in all
activities to ensure a more inclusive environment and in line
with SDG5 (Empower women). We have been collaborating
to include minorities such as indigenous people, Afro-
Colombians and the LGBT+ community, always following
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RBG Kew’'s and Humboldt Institute’s policies on diversity
and inclusion. From the total of 115 project participants,
64 (56%) were female, and 51 (44%) were male. The project
deemed this gender balance appropriate given the traditional
tendency for science to be a male-dominated discipline.

REACHING COMMUNITIES ACROSS SOCIETY

The UPFC project built and maintained connections with
other government and non-government initiatives. Through
various fora and media, objectives and outcomes were
communicated to the Presidency of the Republic, the
National Committee of Sustainability, the Green Business
Bureau of the Ministry of Environment, the Programa de
Transformacion Productiva (PTP) of the Ministry of Commerce,
ProColombia, the Instituto de Investigaciones Ambientales
del Pacifico John von Neumann (IIAP), and the Green Growth
Mission (GGM) created by the Colombian National Planning
Department in 2017.

The GGM, together with Biointropic Corporation and
Suricata Consulting, identified seven factors to boost
the country’s bioeconomy: 1) research and technological
development; 2) regulatory framework; 3) market dynamics; 4)
human capital; 5) financing and investment; 6) environmental
or ecosystem services; and 7) infrastructure. By contributing
directly to factors 1-4, the project supported GGW'’s mission
and the Green Growth Policy, i.e., “Promote by 2030 the
increase in productivity and economic competitiveness of
the country, while ensuring the sustainable use of natural
capital and social inclusion, in a compatible way with the
climate”.

It engaged the Colombian National Board of Natural
Ingredients (Programa de Interés estratégico-PINE), an
initiative led by the Program Colombia+ Competitiva of
SwissContact as part of a 5-year plan to boost natural
ingredients for cosmetics. The Humboldt Institute, leader of
the board’s six sub-activities regarding the governance and
competitiveness of value chains from native fungal and plant
species, was vital in maintaining this interaction.

The project also connected with private-sector
organisations such as Crepes & Waffles, the Chamber
of Food Industry, the National Association of Industrials
of Colombia (ANDI), Corpocampo, Naidi Pacifico SAS,
Fondo Accion, Planeta CHB SA, Partnerships for Forest,
MUCHOCOL, UNIANDES (Faculty of Economics), Apsacesar,
Envol-vert, Selvacéutica S.A.S., E3 Asesorias, Corporacion
Boyapaz, Alianza Quinchas, among many others.

The mycological work was made possible through
extensive collaboration with the mycological community
in Colombia and Europe, including the Colombian
Association of Mycology (ASCOLMIC), Botanischer Garten
und Botanisches Museum in Germany, BioMicro Group at
School of Microbiology of the Universidad de Antioquia,
the Group of Taxonomy and Ecology of Fungi of the
Universidad de Antioquia (TEHO), Universidad de los
Andes, Universidad del Cauca, Universidad del Rosario,
Universidad Distrital Francisco José de Caldas, Universidad
de San Buenaventura, the Research Group in Mycology of

the University of Cali (GIM/CICBA), the Research Group in
Environmental Sustainability (SUSA) of the Universidad de
los Llanos, the Research Group of Biology and Conservation
of the Universidad Pedagdgica y Tecnolégica de Colombia in
Tunja, the Research Group of Biology and Microorganisms
(BPM) of the Universidad del Valle, Universidad Santiago de
Cali, Colombian Mycology group and the Colombian Group
of Lichenology (GCOL).

Fieldwork was carried out through a participatory
approach involving local organizations, social leaders, and
communities from the veredas of Cano Rodrigo and Rio
Maracas in Becerril (Cesar), and Altazor, Betania, Camilo,
Cunchalita, Curubita, EI Carmen and Nazareth in Otanche
(Boyaca) (Figure 5).

In conclusion, the UPFC project played a pivotal role
by reaching communities across society, promoting the
conservation and sustainable use of the country’s plants
and fungi, combining traditional and scientific knowledge
to boost the national bioeconomy, and raising awareness
about the importance of these resources for the country. On
a broader scale, it represents a sustainable development
model of green growth in megadiverse nations worldwide.

UNEXPECTED IMPACTS AND CHALLENGES DUE TO COVID-19

The pandemic of 2020-21 had significant impacts on
where and how the UPFC project team carried out their
work due to the restriction of travel and facility access,
recruitment delays, and the shortage of human resources.
Mitigation plans proved effective in buffering some of the
effects, especially regarding WP1, WP2 and WP3 workflows
and timelines, through increased teleconferencing and
online stakeholder consultations with several cross-cutting
contingency actions. However, the capacity building (e.g., the
internship and research visitor programmes) and fieldwork
activities had to be considerably scaled down, and future
funds could help to strengthen the implementation of the
VCN at the national scale.

PATHWAY TO IMPACT ON ECONOMIC DEVELOPMENT AND
SOCIAL WELFARE

This project has developed novel pathways to enhance
nature’s contribution to people in Colombia. It has made
available ‘state-of-the-art’ knowledge on the nation’s useful
plants and fungi while unveiling how this information can be
used to promote and develop markets for these species and
their high-value products.

Beyond the delivery of specific outputs, a broader set of
project outcomes were achieved, such as:

+ A significant increase in online, open-access knowledge
on the useful plants and fungi of Colombia.

* Increased capacity of Colombian scientists to research
plant and fungal diversity and uses.

* Increased public perception and awareness about the
importance of plant and fungal diversity and their uses to
support green growth in Colombia.
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+ Improved opportunities for alternative local income
streams based on value-added to bioproducts through
VCN development, at least in the three pilot areas.

+ Supported expansion of a natural ingredients market at
the national level.

+ Opportunities opened for further improvement to
people’s livelihoods in the three pilot areas.

+ Informed development of a bioeconomy, bringing
together science, policy, and industry.

» The predicted spillover effects included:

* Increased interest by Colombian institutions in
expanding plant and especially fungal research.

« Enhanced recognition of market possibilities for
natural ingredients based on native species of plants
and fungi at the Colombian national level.

+ The incentive to develop specific areas of commercial
businesses based on natural ingredients from native
Colombian plants and fungi, e.g., by the British and
Colombian Chamber of Commerce, ProColombia,
among others.

+ Expansion of Colombian bioeconomy by strengthening
industrial endeavours to add value to useful plant
and fungal products.

In addition to the contributions to the United Nations
SDGs, the project outputs and activities also contributed
to several objectives of the CBDs Global Strategy for Plant
Conservation (GSPC), particularly those linked to ecosystem
goods and services (GSPC1), recognition, respect and
maintenance of indigenous and local community knowledge
(GSPC 5), and improved awareness of the urgency of plant
conservation and public participation (GSPC 6).

As most communities in rural Colombia are male-
dominated, with men focused on farming, mining and
construction, the project emphasised pathways for women
to play leading roles in obtaining and commercialising
natural ingredients, potentially bringing additional income
to their household. Thus, the implementation of the VCN
could improve gender equality and opportunities, supporting
SDG5 (Empower women).

The project pathway to impact on economic development
and social welfare was based on a stepwise approach:

+ Short-term (1-3 years): the project documented and
broadly disseminated knowledge on the useful plants and
fungi of Colombia, reaching both general and academic
audiences, as well as policy and decision-makers. It also
contributed to capacity building. Last, by implementing
the VCN in three pilot areas, the project aimed to
support improvements to communities’ livelihoods by
establishing a baseline that can be monitored and by
providing some initial training to communities.

+  Mid-term (3—10 years): the project outputs will increase
awareness in Colombian society about the importance

of Colombia's diversity of useful plants and fungi and
will inform policy and decision-makers in government
and non-government organisations to boost sustainable
biobusinesses and support national and international-
scale connections. The VCN may improve the livelihoods
of communities at the national scale, providing
new opportunities to reduce poverty, reduce gender
inequality, and improve health and well-being.

+ Long-term (10-15 years): Colombia will rise as a
successful exemplar of a developing country that is
expanding its bioeconomy based on its unique plant and
fungal diversity whilst preserving its natural environment.

FUTURE PERSPECTIVES AND REMARKS

The project has contributed significantly to the Colombian
Green Growth Policy’s scope to “Promote by 2030 an
increase in productivity and economic competitiveness of
the country, while ensuring the sustainable use of natural
capital and social inclusion, in a compatible way with
the climate”. While the transformation of a country must
be seen as a very complex, long-term process, usually
involving all levels of society, the UPFC project is confident
that its outputs and outcomes have supported Colombia’s
transformation towards a greener, more sustainable
economy by enhancing critical baseline knowledge on
plants and fungi, and by re-imagining how access to and
practical use of this information could be improved through
open-access digital platforms and tools. The impact of the
UPFC project will continue, with the information generated
here being made broadly available to Colombian companies
in the agricultural, pharmaceutical, food, human health,
and personal care sectors that have an interest in the
sustainable development of biodiversity-based (bio-based)
products. Colombia’s green transformation has begun!

Acknowledgements

The UPFC project thanks all the researchers and contributors who
made this project possible: Adriana Corrales, Aida Marcela Vasco-
Palacios, Alba Nohemi Téllez A., Alejandra Aguilar, Alejandra Osejo,
Alex Monro, Aline Dufat, Amalia Diaz, Ana Cristina Bolanos-Rojas,
Ana Esperanza Franco-Molano, Ana Garrido, Andrea Baquero,
Angélica Herrera, Angie Karina Rengifo Fernandez, Anna Haigh,
Benedetta Gori, Bibiana Moncada, Bob Allkin, Camilo Garzén,
Carlos Cortés, Carolina Quinones, Carolina Soto, Carolina Tovar,
Catalina Mesa Sanchez, Clara Morales, Cristian Lasso-Benavides,
Dairon L6opez, Daniel Jiménez, Daniel Lépez, David Bishop, David
Diaz-Escandén, Diana Marcella Moreno, Diego Simijaca-Salcedo,
Edier Soto-Medina, Eduardo Toledo Romero, Edwin Rios, Ehidy
Rocio Pena-Canén, Elizabeth Hodson, Ellie Graves, Emmerson
Pastas, Ester Gaya, Fabiola Eugenia Gonzalez-Cueller, Felipe
Garcia, German Torres, Giuliana Furci, Harrie J.M. Sipman, Henry
Agudelo, Henry Yesid Bernal M., Hugh Pritchard, lan Ondo, James
Morley, Jenny Williams, Jennyfer Andrea Aldana Mejia, Joaquim
d’Souza, Joseph Ruff, Julia Carretero, Justin Moat, Laura
Green, Laura Kor, Lee Davies, Lina Guevara, Louise Colville,
Luis Fernando Coca, Lynn Parker, Malcolm Stone, Marcela
Cely, Margarita Maria Jaramilo-Ciro, Mariana Pizano Noguera,

CATALOGUE OF FUNGI OF COLOMBIA

29



30

CHAPTER 1

Mario Murcia, Mark Nesbitt, Martha Lucia Ortiz-Moreno, Mateo
Fernandez, Mauricio Ramirez-Castillon, Mauricio Salazar-Yepes,
Meike Piepenbring, Melanie-Jayne Howes, Mimi Tanimoto, Nadia
Bystriakova, Natalia Vargas-Estupinan, Nataly Gomez-Montoya,
Nestor Garcia, Nestor R. Salinas, Nicolas Black, Pablo Hendigo,
Paola Acosta, Paola Andrea Torres-Andrade, Paul Kersey, Paul
Wilkin, Priscilla Reis, Rafael Felipe de Almeida, Raquel Negrao
Baldoni, Rene Camacho, Robert Lucking, Rose Taylor, Sabina
Bernal, Santi Gémez, Sarah Phillips, Silvia Restrepo, Tatiana
Sanjuan, Tim Utteridge, Tiziana Cossu, Vicky Murphy, Viviana
Motato-Vasquez, Wiebke Hillebrecht, William Baker, William
Milliken, Yeina Milena Nino-Fernandez, and Yih Wen Fung. The
project also thanks the local communities and authorities in the
pilot areas, as well as all the stakeholders involved.

References

Andrade-C MG (2011) Estado del conocimiento de la biodiversidad
en Colombia y sus amenazas: Consideraciones para fortalecer la
interaccion Ciencia-Politica. Revista de la Academia Colombiana de
Ciencias Exactas, Fisicas y Naturales, 35, 491-507.

Baptiste B, Pinedo-Vasquez M, Gutierrez-Velez VH, Andrade GlI, Vieira
P, Estupindan-Suarez LM, Londofio MC, Laurance W, Lee TM (2017)
Greening peace in Colombia. Nature Ecology and Evolution, 1, 0102.
doi: 10.1038/s41559-017-0102

Bernal HY, Quevedo Sanchez GF, Garcia Martinez H (2011) Pautas para el
conocimiento, conservacion y uso sostenible de las plantas medicinales
nativas en Colombia: Estrategia nacional para la conservacion de
plantas. Bogota DC: Instituto de Investigacion de Recursos Biolégicos
Alexander von Humboldt. 236p.

Bernal R, Gradstein SR, Celis M (eds.). (2019) Catalogo de plantas
y liquenes de Colombia. Instituto de Ciencias Naturales,
Universidad Nacional de Colombia, Bogota. Available at: http://
catalogoasdecolombia.unal.edu.co

Bystriakova N, Tovar C, Monro A, Moat J, Hendrigo P, Carretero J, Torres-
Morales G, Diazgranados M (2021) Colombia’s bioregions as a
source of useful plants. PLoS One, 16(8), e0256457. doi: 10.1371/
journal.pone.0256457

Camara-Leret R, Paniagua-Zambrana N, Balslev H, Macia MJ (2014)
Ethnobotanical knowledge is vastly under-documented in
northwestern South America. PLoS One, 9(1), e85794. doi: 10.1371/
journal.pone.0085794

CONPES (2018) Politica de Crecimiento Verde. Consejo Nacional de
Politica Econémica y Social (Documento CONPES 3934). Available at:
https://colaboracion.dnp.gov.co/CDT/Conpes/Econémicos/3934.
pdf

Diazgranados M, Allkin B, Avila F, Baker W, Bishop D, Black N, Bystriakova
N, Carretero J, Castellanos-Castro C, Cely M, Colville L, Cossu T,
Davies L, Diaz A, Dsouza J, Garcia F, Gaya E, Graves E, Green L,
Haigh A, Hammond D, Hendrigo P, Herrera A, Hillebrecht W, Howes
MJ, Iggulden D, Kersey P, Kor L, Mattana E, Milliken W, Mira M, Moat
J, Monro A, Morley J, Murphy V, Nesbitt M, Ondo I, Parker L, Phillips
S, Piquer M, Pritchard HW, Reis P, Rojas T, Ruff J, Stone M, Tanimoto
M, Torres G, Tovar C, Turner R, Taylor R, Utteridge T, Vargas N, Weech
MH, White K, Wilkin P, Williams J, Ulian T (2020) ColPlantA: Colombian
resources for Plants made Accessible. 2nd edition. Richmond: Royal
Botanic Gardens, Kew. 33p.

Diazgranados M, Hammond D, Rojas T, Castellanos-Castro C, Diaz A,
Hernandez M, Quinofez C, Kor L, Ulian T (2021) Selection of pilot
areas in Colombia for the implementation of a value chain network on
useful plants and fungi. UPFC Report Series. Richmond: Royal Botanic
Gardens, Kew; Bogota DC: Instituto de Investigaciones en Recursos
Biologicos Alexander von Humboldt.

Eufemia L, Bonatti M, Castro-Nunez A, Lana M, Morales H, Sieber S
(2019) Colombia’s inadequate environmental goals. Science, 364,
444-445. doi: 10.1126/science.aax3494

Food and Agriculture Organization of the United Nations - FAO (2015)
Global Forest Resources Assessment 2015. Desk reference. Available
at: http://www.fao.org/3/i4808e/i4808e.pdf

Gaya E, Vasco-Palacios AM, Vargas-Estupifian N, Licking R, Carretero
J, Sanjuan T, Moncada BBA, Bolanos-Rojas AC, Castellanos-Castro
C, Coca LF, Corrales A, Cossu T, Davis L, Dsouza J, Dufat A, Franco-
Molano AE, Garcia F, Gémez-Montoya N, Gonzalez-Cuellar FE,
Hammond D, Herrera A, Jaramillo-Ciro MM, Lasso-Benavides C. Mira
MP, Morley J, Motato-Vasquez V, Nifo-Fernandez Y, Ortiz-Moreno ML,
Pena-Canén ER, Ramirez-Castrillon M, Rojas T, Ruff J, Simijaca D,
Sipman HJM, Soto-Medina E, Torres G, Torres-Andrade PA, Ulian T,
White K, Diazgranados M (2021) ColFungi: Colombian resources for
Fungi Made Accessible. Richmond: Royal Botanic Gardens, Kew. 36p.

IPBES (2018). The IPBES regional assessment report on biodiversity
and ecosystem services for the Americas. Secretariat of the
Intergovernmental Science-Policy Platform on Biodiversity and
Ecosystem Services, Bonn, Germany. 656 p. doi: 10.5281/
zen0do.3236252.

Khoury CK, Bjorkman AD, Dempewolf H, Ramirez-Villegas J, Guarino L,
Jarvis A, Rieseberg LH, Struik PC (2014) Increasing homogeneity
in global food supplies and the implications for food security.
Proceedings of the National Academy of Sciences USA, 111, 4001-
4006. doi: 10.1073/pnas.1313490111

Millennium Ecosystem Assessment (2005) Ecosystems and human well-
being: synthesis. Washington, DC: Island Press. 155p.

Negrao R, Monro AK, Castellanos-Castro C, Diazgranados M (2022)
Catalogue of Useful Plants of Colombia. Richmond: Royal Botanic
Gardens, Kew. 1,056p.

Ondo |, Zizka A, Pironon S, Antonelli A (unpublished) ShinyCCleaner: an
interactive app for cleaning species occurrence records.

Quinones-Hoyos C, Rengifo-Ferndndez A, Bernal-Galeano S, Pefna R,
Ferndndez M, Rojas T, Diazgranados M (2021) Una mirada a las
plantas y los hongos Utiles en tres dreas biodiversas de Colombia.
Richmond: Royal Botanic Gardens, Kew; Bogota DC: Instituto de
Investigaciones en Recursos Biolégicos Alexander von Humboldt.

Rojas MT, Cortés C, Noguera M, Acosta P, Diazgranados M (2021) Guia
practica para potencializar el uso sostenible de los ingredientes
naturales en Colombia. Richmond: Royal Botanic Gardens ; Bogota
DC: Instituto de Investigaciones en Recursos Biolégicos Alexander
von Humboldt. 172p.

Rojas T, Cortés C, Noguera M, Ulian T, Diazgranados M (2020) Evaluacion
del estado de los desarrollos bioeconomicos colombianos en plantas
y hongos. Kew: Royal Botanic Garden ; Bogotd DC: & Instituto de
Investigacion de Recursos Biolégicos Alexander von Humboldt. 125p.

Sabater S, Gonzalez-Trujillo JD, Elosegi A, Rondén JCD (2017) Colombian
ecosystems at the crossroad after the new peace deal. Biodiversity
and Conservation, 26, 3505-3507. doi: 10.1007/s10531-017-1415-8

Salazar A, Salazar JF, Sdnchez-Pacheco SJ, Sanchez A, Lasso E, Villegas
JC, Arias PA, Poveda G, Rendén AM, Uribe MR, Pérez JC, Dukes JS
(2021) Undermining Colombia’s peace and environment. Science,
373, 289-290. doi: 10.1126/science.abj8367

United Nations (2015) Transforming our world: the 2030 Agenda for
Sustainable Development. Document A/70/L.1. New York: UNGA.
35p.

WWEF-Colombia (2017) Colombia Viva: un pais megadiverso de cara al
futuro, informe 2017. Cali: WWF-Colombia. 166p.

Marasmius cladophyllus
[Nataly Gomez-Montoya]

CATALOGUE OF FUNGI OF COLOMBIA



CHAPTER 1

CATALOGUE OF FUNGI OF COLOMBIA




)
)
- \M
:

“.._

T

Anthropozoomorphic
[Robert Liicking]




Chapter 2

Two Centuries of Mycological History in Colombia

Aida M. Vasco-Palacios®? & Bibiana Moncada?34°

1 Grupo de Microbiologia Ambiental y Grupo BioMicro, Escuela de Microbiologia, Universidad de Antioquia, Calle 70 No. 52-21, Medellin 050010, Colombia.
2 Asociacion Colombiana de Micologia - ASCOLMIC, Grupo BioMicro.

3 Licenciatura en Biologia, Universidad Distrital Francisco José de Caldas, Cra. 4 No. 26D-54, Torre de Laboratorios, Herbario, Bogota D.C., Colombia.

4 Botanischer Garten, Freie Universitat Berlin, Konigin-Luise-Strae 6-8, 14195 Berlin, Germany.

5 Grupo Colombiano de Liquenologia - GCOL.

Corresponding authors: aida.vasco@udea.edu.co;. Iomoncada@udistrital.edu.co.
Contributions: both authors contributed equally to the concept and writing of this chapter.
Keywords: biodiversity expeditions, diversity, funga, expedicion boténica, ethnomycology, Francisco José de Caldas.

ABSTRACT

Current knowledge about the Colombian funga results from countless expeditions, researchers, and national and foreign
institutions that have contributed to the development of mycology in Colombia for more than two centuries. This historical
timeline will probably remain incomplete because several historical accounts are difficult to track down, but four different
periods are highlighted: 1. Fungal knowledge from pre-Hispanic times is still incomplete despite efforts to compile the
biocultural heritage of ancestral knowledge of indigenous, root, and traditional farming populations; 2. The 19th century’s
study of the funga started with The Royal Botanical Expedition to New Granada and was followed by other important
expeditions; 3. The 20th century was a period marked by expeditions of European naturalists, but Colombian mycologists
also started to develop areas such as phytopathology and clinical mycology; 4. From the 1970s to today, the knowledge on
Colombian funga has grown due to the contributions of foreign and national mycologists, with about 80 Colombian research
groups studying fungi nowadays. In each of these periods, some notable events and influential figures left their mark on the
historical memory of Colombian mycology.

RESUMEN

El conocimiento sobre la funga colombiana es el resultado de innumerables expediciones, investigadores e instituciones
nacionales y extranjeras que por mas de dos siglos han aportado a su desarrollo. En este capitulo se presenta un breve
recuento de esta historia dividiéndola en cuatro periodos, mencionando hechos destacados y personajes influyentes
que han dejado huella en la memoria histérica de la micologia colombiana. En el primer periodo se reconoce la relacion
de las diferentes comunidades ancestrales colombianas con los hongos, vestigios que se pueden encontrar en piezas
prehispanicas en el Museo del Oro de Bogota y en publicaciones iconograficas. A pesar de los esfuerzos en la recopilaciéon
del patrimonio biocultural de conocimientos ancestrales de poblaciones indigenas, raizales y campesinas tradicionales,
aun esta lejos de completarse. El segundo periodo denominado siglo XIX, coincide con la participacién de Francisco José
de Caldas en la Real Expedicién Botanica del Nuevo Reino de Granada, quien reporta el primer hongo para Colombia.
Posteriormente Sir William Jackson Hooker describe varias especies de hongos y liquenes de las colecciones realizadas
por Alexander von Humboldt y Aimé Jacques Alexandre Bonpland durante sus viajes por el pais. Y finalmente, la edicion del
Prodromus Florae Novo-Granatensis de José Jerénimo Triana y Jules Emile Planchon (1863-1867), con las colaboraciones
de Joseph-Henri Léveillé (Hongos) y William Nylander (Liquenes). El tercer periodo, del siglo XX hasta 1970, inicia con la
Expedicion de Otto Fuhrmann y Eugéne Mayor conocida como la expedicion Helvética, inspirando a micélogos como Carlos
Chardén y Rafael Toro, quienes lideraron el primer inventario de hongos de Colombia. Posteriormente, el establecimiento
de la carrera en ciencias agricolas en la Universidad Nacional sede Medellin en 1927, contribuyé sustancialmente a la
formacion de micélogos y al conocimiento de los hongos fitopatégenos. Asi mismo, la micologia clinica tuvo su inicio con las
investigaciones de Alfredo Correa y Alfonso Jaramillo; hacia los afos sesenta aparece la primera micéloga médica Angela
Restrepo-Moreno, creadora de una de las mas importantes escuelas micolégicas de América Latina, posteriormente, en
Bogota, la reconocida micéloga Elizabeth Castaneda ha liderado el estudio de los hongos que causan enfermedades. El
cuarto periodo comprendido entre los 70s y la segunda década del siglo XXI, deberia considerarse el periodo de iluminacion
micolégica, pues no solamente fue el tiempo con mayores visitas de especialistas internacionales, sino también el despertar
de la micologia nacional en todas las areas conocidas hoy. Especialistas en diversos grupos y lineas conformaron sus
propias escuelas y han formado a las nuevas generaciones de investigadores. Reciente dos hechos han transformado
la historia de la micologia, ambos involucrando el trabajo en equipo como fuente de progreso. El primero de ellos, la
conformacion de grupos de investigacion que ha fortalecido los procesos de investigacion y formacion de capital humano,
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ademas de generar un reconocimiento colectivo de las actividades de investigacién a nivel nacional e internacional. Y
Finalmente, en el 2019, la consolidacion de la Asociacion Colombiana de Micologia (ASCOLMIC) que tiene como misioén,
ademas de conectar a todos aquellos que investigan en hongos en Colombia, generar resultados cientificos que puedan
integrarse a las politicas publicas nacionales, y conlleven a la inclusion de los hongos en las agendas nacionales a fin de
orientar y gestionar la proteccién, manejo y uso de la funga del pais.

INTRODUCTION

Summarizing the history of mycological studies in Colombia
is not a simple task. This historical timeline will probably
remain incomplete as several historical accounts come from
extensive grey literature and historical archives that are
difficult to track down. Nonetheless, the relationship between
fungi and the indigenous people of Colombia is ancient and
evidenced by pre-Hispanic art pieces in the Bogota Gold
Museum and iconographies in some historical books (e.g.,
Pérez de Barradas, 1954; Schultes & Bright, 1979). The
biological heritage of Colombia’s extant indigenous and
traditional farmers has been compiled by ethnomycologists
but is still far from being fully documented. However, the
known history of mycological studies in Colombia starts, as
far as we know, in 1785 with la Real Expedicion Botanica del
Nuevo Reino de Granada (the Royal Botanical Expedition to
New Granada, which was a former jurisdiction of the Spanish
Empire corresponding to modern Colombia, Ecuador,
Panama, and Venezuela) and continues to this day. In these
236 years, mycology in Colombia has significantly developed
thanks to foreign naturalists who carried out expeditions
collecting specimens in the national territory and who
contributed to the knowledge of the Colombian funga during
the first 200 years.

Inrecenttimes, Colombian mycology has beeninthe hands
of renowned national and international researchers. Studies
in Colombian arbuscular mycorrhiza, macrofungi, microfungi,
and lichens, little known until recently, were accelerated
after the visits of specialists such as Carlos Chardon and
Rafael Toro (Puerto Rico), Ewald Sieverding (Germany), Kent
Dummont, Rolf Singer, Roy Halling, and Greg Mueller (all from
the United States), Gastén Guzman (México), Leif Ryvarden
(Norway), and Harrie Sipman (Germany). In turn, these foreign
researchers trained countless Colombian mycologists over
the years. As advances in science prevailed, fungi were not
left behind, and it is towards the end of the 20th century
and at the beginning of the 21st studies in clinical mycology,
biotechnology, and bioprospecting took off. Even today, these
areas are studied by the greatest number of researchers
in the country after those studying fungal biodiversity. The
instatement of research groups focusing on fungi brought
with it the association of specialists, strengthening the
development of research and human resources, and
generating a collective recognition of research activities at
the national level. Recently, the Asociacion Colombiana de
Micologia (Colombian Association of Mycology) - ASCOLMIC
facilitates connections between the groups and researchers
working with fungi. We hope this network, along with this
book, will help develop mycology and fill the information gaps
we detected.

FUNGI IN PRE-HISPANIC TIMES AND THEIR BIOCULTURAL
HERITAGE

The documented history of mycology in Colombia spans
a little over 200 years. However, there is evidence of the
traditional use of fungi, especially macrofungi, by indigenous
communities before pre-Hispanic times in various regions
of Colombia. Pérez de Barradas (1954) documented
pectorals and pieces that contained figures allusive to fungi
in his work entitled Pre-Hispanic Goldsmithing of Colombia.
Schultes & Bright (1979) revisited the gold pectorals of the
Museo del Oro in Bogotd, presenting evidence for the use
of mushrooms by the indigenous cultures of the Darien,
Sinu, and Quimbaya regions (Figure 1). Later, Schultes et
al. (2000), in their book entitled Plants of the Gods, further
pointed out the use of mushrooms by various communities,
including in magical-religious rituals. Fungal representations
are found in the iconography of several pre-Hispanic cultures
throughout the country, showing their knowledge and close
cultural relationship with fungi (Velandia et al., 2008).

FIGURE 1. Anthropozoomorphic pendant. Caribbean Plains - Serrania
de San Jacinto / Bajo Magdalena. 1000 AD to 1700 AD. Found in
Betanci, Cérdoba, Colombia. 10.7 x 8.6 cm. Gold Museum Collection,
Bank of the Republic. Photograph by Robert Licking.
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The traditional use of fungi by Colombian indigenous
communities continues until the present. Colombiacomprises
an enormous cultural diversity, including 85 indigenous
peoples, three distinct Afro-Colombian ethnicities, the
Romani people, and traditional farming communities (DANE,
2007). These communities primarily depend on environmental
resources, hunting, fishing, and gathering wild products such
as fruits, buds, and mushrooms, and producing food using
fermentation. The use of mushrooms as food, in traditional
medicine, and for societal and religious rituals has been
recorded for the Uitoto, Andoke, Muinane, Bora-Mirafna, and
Yukuna-Matapi of the Amazon (e.g., Landaburu & Pineda,
1984; Urbina, 1986; Vasco-Palacios et al., 2008), as well
as for the Ingas in Putumayo (Sanjuan, 1999), the Embera-
chami in the Pacific tropical forests (Cayén & Aristizabal,
1980), the U'wa in the eastern foothills of the mountain
range in the Nevado del Cocuy (Rocheraux, 1959), the
Kokonucos in Cauca (Gonzalez-Cuellaret al., 2021), and the
Wayuu in the upper Guajira, who use fungal spores as facial
sunscreen (Villalobos et al., 2017). Traditional farmers from
Boyaca and Santander use mainly ectomycorrhizal species
associated with oaks (Quercus humboldtii) as a food source
(Pena-Canon & Enao-Mejia, 2014).

19TH CENTURY

Until July 20th of 1810, Modern Colombian territory was
known as part of the Viceroyalty of the New Kingdom of
Granada. The first inventory of Colombia’s biodiversity dates
to 1783-1816 when The Royal Botanical Expedition to New
Granada was led by the Spanish priest José Celestino Mutis
(Diaz-Piedrahita, 1991). Around 20,000 plants and 7,000
animals were collected and documented. The specimens
collected in this expedition were published in a series of
books, in which volume 2, published a posteriori (Aguirre &
Calonge 1985), entitled Algae, Lichens, Fungi, Liverworts,
and Mosses, included 15 fungi (seven Basidiomycota and
eight Ascomycota, three of them being lichenised). The
original illustrations were edited with complementary texts
and scientific determinations were done by Jaime Aguirre
(Colombian bryologist and lichenologist) and Francisco de
Diego Calonge (Spanish mycologist). Unfortunately, the
original plates of this volume do not have information on
the place, date, collector, or artist, except plate VI, called a
posteriori Cookeina sulcipes, made by the Colombian artist
Francisco Javier Matis on April 14th, 1785 (Figure 2e). This
plate was documented for the first time by Calonge (1986).
As an update to Volume II, we have compiled plates lll, 1V,
VI, and Vlll, added photographs of the species “in situ,” and
updated their taxonomy (Figure 2).

Francisco José de Caldas (1803) provided the first
known report on a phytopathogenic fungus, a description
that coincides with the wheat leaf rust, Puccinia graminis
(Figure 2). Later, the Italian botanist and naturalist Luigi
Carlo Giuseppe Bertero, during his expedition to the Antilles
and the Caribbean coast of Colombia (1816-1821), made
considerable collections of plants, algae, and fungi from
Santa Marta (Magdalena), Barranquilla (Atlantico), Mompox

(Bolivar), and part of the Rio Magdalena (1820-1821)
(Delprete et al., 2002; Baldini & Guglielmone, 2012). In 1882,
Sir William Jackson Hooker described 73 species of fungi,
12 new to science, collected by Alexander von Humboldt
and Aimé Jacques Alexandre Bonpland in Venezuela and
deposited at the Kew Gardens herbarium (K).

Shortly after the middle of the 19th century, José Jer6nimo
Triana and Jules Emile Planchon (1863-1867) published
the Prodromus Florae Novo-Granatensis, including a lengthy
chapter on lichens (Lichenes) elaborated by the Finish
lichenologist and mycologist William Nylander (Nylander,
1863). He described numerous new species based on
the collections of the German botanist Alexander Lindig,
who lived in Bogota and undertook botanical expeditions
to the surroundings and other areas, including Choachi,
Fusagasuga, Tibacuy, and Villeta (Cundinamarca), Honda
(Tolima), and Muzo (Boyacd). Another chapter of non-
lichenised fungi, by the French mycologist Joseph-Henri
Léveillé (1863), enumerating 63 species, was based on
collections by Hooker, Justin Goudot, and Lindig (Herbarium,
Muséum National d' Histoire Naturelle).

20TH CENTURY TO THE 1970S

At the beginning of the 20th century, field expeditions to
Colombia were very popular among European naturalists.
The Swiss parasitologist Otto Fuhrmann and the Swiss
mycologist Eugéne Mayor undertook further scientific
exploration in Colombia within the Helvetic Expedition
(Fuhrmann & Mayor, 1914). Their results contributed to the
knowledge of various groups of fungi, mainly pathogens
and lichens. This work constituted the first extensive
systematic treatment of Uredinales (rusts) studied by Mayor,
and Pucciniales, by the German mycologist Paul Sydow and
his son Hans Sydow, from Berlin (Gémez-Gutiérrez, 2011;
Buritica-Céspedes et al., 2014). The collected materials
represent 156 species currently deposited at the University
of Neuchatel herbarium (NEU) in Switzerland (Pardo-Cardona,
2001; Gémez-Gutiérrez, 2011). The German lichenologist
and mycologist Gustav Lindau, also from Berlin, studied
the lichens collected in this expedition reporting 64 taxa,
including the then-new species Lecidea mayorii. The holotype
of this species was unfortunately destroyed during the 1943
bombing in the Berlin herbarium (Botanischer Garten und
Botanisches Museum Berlin, B).

The Helvetic Expedition inspired the Puerto Rican
mycologists and pathologists Carlos Chardén and Rafael
Toro to carry out the Mycological Explorations of Colombia
supported by the Colombian government (Chardén & Toro,
1930). They registered 610 species of fungi collected
between 1926 and 1930 in the surroundings of Medellin, the
Magdalena Valley, the Pacific coast, the Valle del Cauca, and
the mountain ranges of the departments of Cundinamarca
and Tolima. This work included mostly phytopathogenic
fungi and some macrofungi, later recognised as the first
modern inventory of Colombian fungi. Frank D. Kern and
Herbert Whetzel (Uredinales), Julian Miller (Xylariaceae),
and Jay Seaver (Discomycetes), Dr. L.O. Overholts (Higher
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FIGURE 2. Species drawn in Flora de la Real Expedicién Botanica Tomo Il and their possibly corresponding or
similar species. A-B Cladonia meridensis, previously identified as Cladonia didyma. C-D Stereocaulon ramulosum.
E-F Cookeina sulcipes. and G-H Trametes versicolor (Jar. Bot. Mad. 86).
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Basidiomycetes), Dr. 1Y. Fl. Weston Jr. (Phycomycetes),
Dr. Charles Chupp (Cercospora) collaborated in that
publication. Most of these collections were deposited in
foreign herbaria, especially at Cornell University (CUP) and
Pennsylvania State University (PACMA) herbaria, the latter
now transferred to the US National Fungus Collections,
USDA-ARS (BPI). In addition to the contributions of Chardon,
in 1927, higher education in agricultural science was
established at the Faculty of Agricultural Science in Medellin
and at the Plant Health Service (PHF) of Colombia (Ministry
of Industries). These developments were fundamental to
the development of phytopathology in Colombia. Enrique
Pérez Arbelaez, botanist and catholic priest, head of the
Botany Department at the PHF, implemented a methodology
suggested by Chardén and Toro, both recognised for initiating
phytopathology in Colombia. This method includes drawings
of plant host, the symptoms, and the different stages of
pathogenic fungi. Part of those drawings (1940-1944) was
rescued by Pablo Buritica-Céspedes and published in 1996
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FIGURE 3. lllustration of Puccinia graminis Pers. (Pucciniaceae)
made by Alberto Franco 1940. Iconography of the National
Phytopathology Service, personal collection of Dr. Pablo Buritica.

(Figure 3). The collection of phytopathogenic fungi gave
rise to the Tibaitata collection, currently at Corporacion
Colombiana de Investigacion Agropecuaria - AGROSAVIA.

A few years later, in 1936, the Spanish botanist and
pharmacist José Cuatrecasas, motivated by the celebration
of the second centenary of the birth of Mutis, reported
two species of fungi and 22 lichens, collected by himself
and currently held in the National Herbarium, Smithsonian
Institution (US) (Cuatrecasas, 1936). Between 1937-
1939, George Willard Martin (1937, 1938, 1939a, 1939b)
published a serial publication on the “New or noteworthy
fungi from Panama and Colombia”. His collections from the
Sierra Nevada of Santa Marta in the Magdalena department
enriched our knowledge about the funga of this biodiversity
“hotspot”. Martin described eight new species of
microfungi from this area. The exploration of parasitic fungi
associated with plants of agronomic importance continued
during the 1950s with Carlos Garcés and Rafael Obregén,
both professors at the Facultad de Agronomia (Faculty
of Agronomy), which was integrated into the Universidad
Nacional de Colombia, as their Medellin headquarters, and
of some of their students (Pardo-Cardona, 2001).

Clinical mycology arises from the need to know the fungi
that cause diseases, including endemic diseases. In the
1930s, the study of human pathogenic fungi in Colombia
focused on skin diseases and their annexes. One of the
first important contributions is the monograph Contribution
to the study of mycosis in Antioquia (1929), by doctors
Alfredo Correa and Alfonso Jaramillo, from the Universidad
de Antioquia, which included aspects of the classification,
laboratory science, and clinical relevance of medically
important fungi. In this same period, dermatologists were
particularly interested in systemic mycoses, the study of how
fungi affect internal organs. Around the 1940s, publications
on systemic mycosis started with the publications on
Blastomycosis by Miguel Serrano (Serrano, 1943). In this
first stage, microscopic examination and isolation in culture
were used. Still, the initiation of pathophysiology changed
the orientation of the diagnosis of mycoses, with clinicians
trying to identify the fungus causing the disease and its
mechanisms of action or alteration (Galvis-Pérezetal., 2013).
In the early 1960s, research in paracoccidioidomycosis
was consolidated thanks to Angela Restrepo-Moreno. She
was the first woman in medical mycology in Colombia, a
field previously exclusively male-dominated. In 1962, she
compiled a series of cases of various mycoses, giving
the first overview of the state of the art, including cases
caused by Cryptococcus and Sporothrix. Thanks to her
dedication to teaching, Restrepo-Moreno formed one of the
most important schools in this area in Latin America. In
Bogota DC, Elizabeth Castaneda del Gordo studied fungi
that cause human diseases from a very young age. Later,
at the National Institute of Health, she and her team made
Colombia one of the leaders in Latin America in identifying
this type of agent. Currently, Colombia is well established
and recognised worldwide in this area, with many research
groups dedicated to the study of mycoses, thanks to the
efforts of these two women.
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THE 70S TO THE SECOND DECADE OF THE 21ST CENTURY

During the last third of the 20th century, knowledge on the
Colombian funga increased largely due to contributions
by foreign mycologists visiting the country. Some of
these scientists left their legacy by training Colombian
mycologists. Particularly, during this period, the expeditions
of Kent P. Dumont (New York Botanical Garden — NYBG)
in Colombia during 1968 provided the base for further
unveiling of the richness of Colombian fungi. The project
Mycological Flora of Colombia was a program established
in 1974 between the New York Botanical Garden and
the Instituto de Ciencias Naturales — ICN (Institute of
Natural Sciences) at Universidad Nacional de Colombia.
From 1978 to 1983, this project amassed about 4,000
collections from the departments of Antioquia, Boyaca,
Cauca, Cundinamarca Boyaca, Caqueta, and Valle del
Cauca. It was the first international project for which the
main collections were deposited in a Colombian herbarium
(Herbario Nacional Colombiano, COL). As a result of this
project, ten publications have been produced under the title
Los Hongos de Colombia I-X, with descriptions and records
of macrofungi in the Ascomycota and Basidiomycota,
as well as phytopathogenic fungi, moulds, lichens, and
myxomycetes (e.g., Dumont et al., 1978; Guzman & Varela,
1978; Pulido-L., 1983).

Another significant contribution to mycology, particularly
lichenology and macrofungi in Colombia, was the binational
framework ECOANDES project between the Netherlands
and Colombia (1980-1983). This has been the most
comprehensive large-scale ecological project developed in
the Colombian Andes to date. Systematic expeditions were
developed along transects in four mountain ranges, including
the three Cordilleras (Parque Nacional Natural los Nevados —
PNNN, Tatama and Sumapaz) and the Sierra Nevada de Santa
Marta. Lichens (Sipman, 1986, 1989, 2005; Aguirre, 2008b)
and macrofungi were studied (Pulido-L. & Boekhout, 19893,
1989b; Pulido-L., 2005, 2008), contributing to the knowledge
of these groups in altitudinal gradients, and considerably
increasing the number of species known for the country.

The first Colombian studies on foliicolous lichens were done
by the German ecologist Sieghard Winkler and his student
Rainer Nowak, both in the Sierra Nevada de Santa Marta and
the Chocé region (Nowak & Winkler, 1970, 1975). During this
period, the Dutch lichenologist Harrie Sipman, based at the
Botanical Garden and Botanical Museum (BGBM) in Berlin,
emerged as a leader of lichenological studies in Colombia,
supporting the Dutch ecologist Jan Wolf in his pioneering
studies of canopy epiphyte communities (Wolf, 1993, 1994,
1995). Sipman also mentored and consolidated Jaime Aguirre
as the first Colombian lichenologist. Sipman and Aguirre made
important contributions among which are the first key to the
lichens of Colombia (Sipman & Aguirre, 1982), and three
lichen catalogues and checklists (Aguirre, 2008a; Sipman et
al., 2008; Sipman & Aguirre, 2016). Towards the end of the
1980s, Juan Luis Rubiano began to work in bioindication using
lichens as model organisms (Rubiano, 1987, 1988).

One of the most important recent events in the study of
lichenised fungi was the creation of the Grupo Colombiano de

Liquenologia- GCOL (Colombian Group of Lichenology), with
the support of the German mycologist Robert Licking in 2010.
This prompted the study of lichenology with great contributions
such as: the consolidation of reference collections in several
Colombian herbaria such as Herbario Forestal Gilberto Emilio
Mahecha Vega, Seccion no Vasculares, Universidad Distrital,
(UDBC), Herbario Luis Sigifredo Espinal-Tascén, Universidad
del Valle (CUVC), and Herbario Universidad de Caldas (FAUC);
the description of new species (Llicking et al., 2017); the
publication of several ecological (Soto et al., 2012; Chilito
et al., 2016; Simijaca et al., 2018), phylogenetic/systematic
(Lucking et al., 2014; Moncada et al., 2014; Coca et al., 2018),
bioindication (Diaz-Escandén et al., 2016; Correa-Ochoa et
al., 2020), microbiome (Sierra et al., 2020), and conservation
(IAVH, 2019) studies; besides training specialised Colombian
personnel (see Chapters 6, 14). At the same time, Norma
Valencia-Islas and Leopoldo Rojas, with their research group,
began their studies in bioprospecting of lichen substances
(e.g., Rojas et al., 2015; Leal et al., 2018). Lichens went from
being one of the least known groups of fungi in Colombia to
one of the most well-studied (Lucking et al., 2021).

In addition to the Mycological Flora of Colombia project
and ECOANDES, numerous international researchers have
visited the country. One of the relevant mycologists in the
20th century, Rolf Singer, travelled around the country and
described more than 200 new species from Colombia (Mueller
& Wu, 1997). Dennis (1970) presented a brief contribution to
Colombia’s funga, including macrofungi species and various
taxonomic groups and non-true fungi (myxomycetes). Later,
Roy Halling (NYBG, USA), Greg Mueller (Field Museum, USA),
and other colleagues conducted pioneering studies of fungi
associated with montane oak in Colombia and Costa Rica
(1986 — 1988). Collections of those expeditions are deposited
in the Herbaria of the Universidad de Antioquia (HUA), NY, and F
(see Chapter 15). Other important mycologists that contributed
to the knowledge of Colombian funga were Dennis Desjardin
(University of Tennessee, USA), Tim Baroni (SUNY Cortland,
USA), Gaston Guzman (Instituto de Ecologia de Xalapa, México),
a specialist in agaricoid fungi, and Leif Ryvarden, working with
polypore fungi (University of Oslo, Norway). More recently,
Colombian mycologists have carried out studies on macrofungi
(Chapters 4, 5). Important contributions to the funga from the
Amazon ecosystem have been made since 2001 by a project
focused on exploring the diversity and ecology of saprotrophic,
ectomycorrhizal, and entomopathogenic fungi (e.g. Franco-
Molano et al., 2005; Lépez-Quintero et al., 2012; Vasco-
Palacios et al., 2018, 2019, 2020; Sanjuan et al., 2015). This
initiative has been widely supported by Dr Teun Boekhout, a
Dutch mycologist who was part of the ECOANDES and visited
Colombia in the 80s. The best-studied regions are the Andean
region of the central, eastern, and western cordillera, mainly in
places close to the large cities and both ectomycorrhizal fungi
associated with Quercus humboldtii and saprotrophic fungi
(Vasco-Palacios & Franco-Molano, 2013; Pena-Venegas &
Vasco-Palacios, 2019; Vargas & Restrepo, 2019; Chapter 10).
Colombian mycologists and lichenologists are actively working
on the threat assessment of fungal species and are among
the leaders in these efforts in South America (Chapter 14).
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Studies in arbuscular mycorrhizae (AM) also started in
the 1970s. Colombia was one of the first countries in South
America to study these organisms. At the end of the 1970s,
studies of AM in crops began at The International Centre for
Tropical Agriculture (CIAT) with Reinhardt Howeler and James
Spain, who isolated for the first time the species Glomus
manihotis, and Entrophospora colombiana (Schenck et al.,
1984). During the 1980s, Ewald Sieverding, considered the
father of AM studies in Colombia, in a cooperation project
supported by the German Technical Cooperation Agency
(GTZ), collected almost 1,200 ecotypes (Sieverding, 1984,
1989a, 1989b; Sieverding & Howeler, 1985). This was
a starting point for the “Mycorrhizal Collection”, one of
the most important AM collections in the world and Latin
America during the eighties. The collection preserves 44
species of AM, of which 86% are from Colombia (Garcia et
al., 2000). Those AM strains had been used as reference
cultures to develop a new AM fungal taxonomic classification
that includes molecular data, resulting in 12 new species
from Colombia (Pena-Venegas & Vasco-Palacios, 2019).
Important contributions in AM have also been made
by Colombian researchers such as Marina Sanchez de
Prager (Marina Sanchez, 2007, 2010), Marina Correa de
Restrepo (Romero et al., 2004) and Eduardo Guerrero Forero
(Guerrero, 1996), among others. Pena-Venegas et al. (2006)
made an essential contribution to the lllustrated Catalogue of
Arbuscular Mycorrhizae of the Colombian Amazon.

With the rise of studies on pathogenic fungi in the country
during the 1960s and early 1970s, the Asociacion Colombiana
de Fitopatologia y Ciencias Afines (Colombian Association
of Phytopathology and Related Sciences) was organised in
1974, bringing together experts on the subject and generating
the Colombian Phytopathology journal, still active and with
wide recognition in the country. Probably one of its most
prominent members was Dr. Pablo Buritaca Céspedes, who
published on rusts from the late 1960s until a few years ago
(e.g., Buritica-Céspedes, 1978, 1991; Buritica-Céspedes &
Hennen, 1980; Buritica-Céspedes & Pardo-Cardona, 1996;
Buritica-Céspedes & Salazar, 2007; Buritica-Céspedes et al.,
2014). Buritica-Céspedes (2014) was the first to describe
genera and native species of Uredinales directly collected by
him throughout the Colombian territory and covering hitherto
unexplored areas. His work includes “Buritica’s collection”,
which constitutes more than 3,000 specimens deposited at
the Museo Micolégico, Universidad Nacional de Colombia,
Medellin (MMUNM). Rusts are currently one of the best
studied groups in Colombia, thanks also to Luis Molina-Valero,
Victor Manuel Pardo-Cardona, and Mauricio Salazar-Yepes
(Chapter 9). The smut fungi (Ustilaginales) were studied by
Meike Piepenbring, who published an annotated checklist in
2002, after visiting Colombia in 1998 (Chapter 9).

Inquiries into the historical development of microfungi
studies are very difficult. This group of fungi includes soil
fungi, endophytes, crithidia, and moulds, which belong to
various phylogenetic groups within the Fungi kingdom (e.g.,
Ascomycota, Basidiomycota, Zygomycota, Mucoromycota,
Chrytidiomycota) (Chapter 8). In 1971, Alvin Lee Rogers
studied keratinophilic species comparing the mycobiota of

environments separated by important geographical barriers
such as the Andes or different latitudes. Two years later,
Llanos & Kjoller (1976) presented microorganisms that
attack crude oil and hydrocarbons. As part of the series
Hongos de Colombia, John Veerkamp & Walter Gams (1983)
described three new species of soil fungi. Several species
of Penicillium, Trichoderma, and Talaromyces have been
described from isolates of Amazonian soils (Houbraken et
al., 2010; Lopez-Quintero et al., 2013; Yilmaz et al., 2016).
Since the 1980s, Maria Caridad Cepero de Garcia has
dedicated her professional life to the study of fungal biology,
training several microbiologists and biologists in this area.

Biological control using microorganisms has a long history
in Colombia, emphasising the biological control of insects in
crops. The development of this field began in the 1970s when
microorganisms were imported from the USA to control insect
diseases in cotton (Cotes, 2014). Now, the entomopathogenic
fungus Lecanicillium lecanii is routinely used to control whitefly
in this crop. Trichoderma was incorporated into the production
of cut flowers in Colombia to control Fusarium oxysporum
in cloves. Later, in the 1990s, the Centro Nacional de
Investigaciones de Café — Cenicafé (National Coffee Research
Centre) — promoted the production of Beauveria bassiana for
the control of the Coffee Berry Borer (Hipothenemus hampei).
This project promoted the development of biological control
with microorganisms and encouraged producers and research
institutes to dedicate a large part of their efforts to developing
biopesticides (Cadena, 2005). The Corporacion Colombiana
de Investigaciones Agropecuarias (Colombian Agricultural
Research Corporation), led by Dra Alba Marina Cotes
since 1994, defined a comprehensive research strategy
for biological control, including a multidisciplinary team of
researchers. They also established infrastructure, including a
pilot plant, for the semi-commercial scaling of biopesticides,
making Colombia the leading country in South America in
the development, production, and commercialisation of
biopesticides (Cotes, 2014)

For more than three decades, biotechnology has been a
guide for developing areas such as medicine, agriculture,
and the food industry, among others, in Colombia. The use
of fungi in this area has been led by Dr Lucia Atehortua from
the Universidad de Antioquia and Dr Sandra Montoya from
the Universidad de Caldas. Production of edible mushrooms
has also been important in Colombia, and we can mention
Carmenza Jaramillo from Manizales, Caldas in this context.
This topic is developed in more detail in Chapters 12 and 13.

Fungi have been part of the biocultural heritage of pre-
Hispanic and current groups of the country. At the beginning
of this chapter, we referenced most of the current studies
published on this topic. Part of this traditional knowledge
has been lost due to the acculturation of communities and
the loss of ecosystems. Therefore, collecting ancestral
knowledge has become important in different regions of
the country. For example, at the Universidad Pedagogica y
Tecnoldgica de Tunja (UPTC), Universidad del Cauca, and
Universidad de Antioquia, there are research groups and
hotbeds in ethnomycology, and several training courses have
been conducted in this discipline (Vasco-Palacios, 2021).
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AT PRESENT

In the early 21st century, Colombian mycology was
substantially strengthened by the creation of several research
groups affiliated with universities, research centres, the
government, and non-government organisations. To date,
there are around 97 mycological research groups in Colombia,
most of them (55%) concentrated in Antioquia, Bogota DC,
and Valle del Cauca (Figure 4a). These research groups carry
out activities in all known areas of mycology, whereas those
working on specific topics include: Grupo Colombiano de
Liquenologia, Grupo de Investigacion en Micologia, Grupo
de Micologia y Fitopatologia, Grupo Mic6logos de Colombia,
Micologia Médica, Micologia Médica y Experimental, Quimica
de Hongos Macromicetos Colombianos, and Taxonomia
y Ecologia de Hongos, among others. Other groups are
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more generalists and include fungi in their research lines
of research. Most groups belong to public universities and
institutions in areas such as biodiversity, systematics,
taxonomy, and conservation. Meanwhile, the activities of
private entities tend to develop research focused mainly on
clinical mycology and biotechnology (Figure 4b).

The 97 mycological research groups in Colombia represent
only 1.66% of the total number of research groups in the
country (Figure 4c), underlining the need to increase the
number of researchers in this field. However, 40 of these are
classified in the highest categories of the MinCiencias (Science
Ministry) (Figure 4d), demonstrating their productivity and high
level of research, as well as their important contributions to
science. Participation of male versus female researchers in
the leadership of these groups is surprisingly only slightly
disproportionate, with 56% of led by
men and 44% by women (Figure 4e).

Although the mycological community
has grown substantially, it has been
very scattered and isolated. In 2019,
the Colombian Association of Mycology,
ASCOLMIC, was consolidatedunder the
leadership of Tatiana Sanjuan, Viviana
Motato, and Aida Vasco. The aim of
the association is to group people
and organisations whose scientific,
Groups technical, and educational activities
l:n are related to mycology to promote its

Eroups
1,66

development in Colombia. Currently, the
association brings together about 80
mycologists belonging to 62 of the 97
groups registered in MinCiencias and
active inthe field of Colombian mycology,
and we hope to continue growing and
consolidating in the upcoming years.
The initial results of ASCOLMIC were the
First Colombian Mycology Colloquium in
2020, its second edition in 2021, and
the cooperative participation of some
of its members in the Project of Useful
Plants and Fungi of Colombia (UPFC,
led by the Royal Botanic Gardens, Kew
and Alexander von Humboldt Biological
Resources Research Institute (IAVH;
Gaya et al., 2021 and this Book). The
result of this joint work is this catalogue
and updated list of fungi of Colombia,
written by national specialists and
international colleagues, whose efforts
have contributed significantly with
their efforts to the knowledge of the
Colombian funga.

After signing the peace agreement
with the Armed Revolutionary Forces
of Colombia (FARC), the Colombian
government launched the project
Colombia Bio to explore the biological

Mycology groups in

s Assoclated = MO
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diversity in territories previously under the control of this
guerrilla force. These biological inventories have brought
great discoveries in all fields, including new species of plants.
Interest in fungal diversity has only been included in a few
expeditions, such as the Andean-Amazonian expedition of
the department of Caqueta led by Instituto Amazénico de
Investigaciones Cientificas - SINCHI (Amazonic Institute of
Scientific Research) (arbuscular mycorrhizae); the expedition
tothe municipality of Medina (Cundinamarca, Anori) Antioquia,
Vichada, and Santander (macrofungi) and the Boyaca-Bio
expedition led by the IAVH and Royal Botanic Gardens, Kew,
which included several national and international specialists
in different groups (macrofungi, arbuscular mycorrhizae,
and lichens). Unfortunately, part of the material collected in
that expedition was lost during shipment, but the remaining
material includes several new species and multiple reports
for that Colombian department.

CONCLUSIONS

The current knowledge of the Colombian funga has been the
result of efforts by national and international researchers
in the past 230 years. Mycology has had a historical
development, completely dominated by foreigners in the
early stages similar to those of other biological disciplines,
with products of these investigations deposited in European
and North American herbaria. Decolonisation of science
began practically in the second decade of the 20th century
with the creation of higher education in agricultural sciences
at the Facultad de Ciencias Agrarias de Medellin (Faculty of
Agrarian Sciences of Medellin) and the Servicio de Sanidad
Vegetal (Plant Health Service of Colombia) of the Ministry
of Industries, together with Colombian scientists trained
locally or abroad who began to work locally in different
areas of mycology. However, mycology has flourished in the
past 50 years, thanks to Colombian mycologists. During
this time, the current research lines and groups have been
established, and collaborations have also been established
with foreign colleagues from various parts of the world, but
mostly from North America and Europe. Currently, Colombian
mycologists have organised their work as a group, mimicking
fungi themselvees, which have established multiple types of
interactions with other organisms throughout time, making
them one of the most successful groups of organisms and
important ecosystem drivers. We hope this new mycology
network will help us continue filling in the gaps in the
knowledge about Colombian Funga and their uses that have
been detected during the preparation of this book.
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ABSTRACT

This chapter provides a brief overview of the diversity of fungi of Colombia, both in comparison with other organisms and
in a global context, including an assessment of the current state of knowledge and an estimate of the actual species
richness. The current checklist of fungi of Colombia, including lichenised and fungus-like organisms unrelated to the true
Fungi, comprises 7,241 species. Assessments of biodiversity-rich countries are usually based on plants and vertebrates,
but here we provide an expanded perspective, including fungi and selected invertebrates. The documented diversity of fungi
of Colombia is lower than that of plants, vertebrates, and insects, which we attribute to the lack of rigorous taxonomic
studies and systematic inventories. Colombia ranks second in plant and vertebrate diversity in the world, trailing only Brazil.
However, in terms of known fungal diversity, Colombia is not among the top ten countries and even far behind smaller
temperate countries, such as France, Italy, the UK, Germany, and Japan, again highlighting the need for much additional
work. Estimates of the existing species richness of fungi of Colombia oscillate between 27,430 and 380,000 species,
depending on the extrapolation method. Although these numbers may seem exaggerated, currently reported numbers
for the United States already exceed 45,000 and estimates for Mexico predict up to 260,000 species. To catalogue the
diversity of the Colombian funga fully, a thorough assessment is needed, including molecular studies of presumably known
taxa that may include morphologically cryptic species and effective detection methods for ecologically hidden fungi.

RESUMEN

Este capitulo proporciona una breve introduccion a la diversidad de hongos de colombia, tanto en comparacion con otros
organismos como en un contexto global, incluyendo una evaluacion del estado actual del conocimiento y una estimacion
de la riqueza real de las especies. El listado actual de los hongos de colombia comprende 7.241 especies, incluyendo
especies liquenizadas y organismos similares a los hongos pero no relacionados con los hongos verdaderos, tales como
los oomicetes y los mixomicetes. Si bien las evaluaciones de los paises ricos en biodiversidad generalmente se basan
en plantas y vertebrados, aqui brindamos una perspectiva ampliada, la cual incluye los hongos e también invertebrados
seleccionados. La diversidad documentada de hongos de colombia es menor que la de plantas (26,150 especies),
vertebrados (7,607) e insectos (68,000), lo que atribuimos a la falta de estudios taxondmicos rigurosos e inventarios
sistematicos. Colombia ocupa el segundo lugar en diversidad de plantas y vertebrados en el mundo, solo detras de Brasil.
Sin embargo, en términos de diversidad fungica conocida, Colombia no se encuentra entre los diez primeros paises
del mundo e incluso muy por detras de algunos paises templados mas pequenos, como Francia (24,840 especies),
Italia (22,700), el Reino Unido (20,000), Alemania (15,295) y Japdén (14,000), lo que también destaca la necesidad de
mucho trabajo adicional. Las estimaciones de la riqueza de especies existentes de hongos de colombia oscilan entre
27,430 y 380,000 especies, segun el método de extrapolacion. Si bien estos nimeros pueden parecer exagerados, los
numeros reportados actualmente para los Estados Unidos ya superan las 45,000 y las estimaciones para México predicen
hasta 260,000 especies. Para catalogar completamente la diversidad de los hongos de colombia, se necesita inventarios
exhaustivos, los cuales incluyen estudios moleculares de taxones supuestamente conocidos que pueden incluir especies
morfolégicamente cripticas, tanto como métodos efectivos de deteccion de hongos ecolégicamente escondidos, a travez
del metabarcoding ambiental.
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INTRODUCTION

Fungi represent one of the three major eukaryotic life forms
on our planet, besides plants and animals (Burki et al.,
2019). Mycology, the study of fungi, was traditionally treated
as a branch of botany, but fungi are more closely related
to animals than plants (Figure 1). To further complicate
matters, fungi are not a natural group, with fungal life forms
convergently evolving several times among eukaryotes. We
can even find fungus-like bacteria in the Actinomycetales
(Ventura et al., 2007). Although nearly 99% of all fungi
are representatives of the kingdom Fungi, fungus-like
organisms are also found in various other clades (Beakes

Euglenozoa

& Thines, 2017; Burki et al., 2019; James et al., 2020).
These include the Oomycota (egg fungi or water moulds),
Hyphochytridiomycota, and Labyrinthulomycetes (slime nets),
which form separate lineages within the Heterokontophyta
(part of the SAR supergroup and related to brown algae and
diatoms), as well as the Phytomyxea within the Rhizaria (also
part of the SAR supergroup). Other fungus-like organisms are
represented by the Myxogastria or Myxomycetes (plasmodial
slime moulds) within the Amoebozoa, the Acrasida (cellular
slime moulds) within the Discoba, and the Fonticulida (another
group of cellular slime moulds) within the Cristidiscoidea,
a clade basally related to the Fungi and together with the
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latter forming the Holomycota (Figure 1). The true fungi are
named Fungi (as a scientific name written in upper case and
italics) to distinguish them from other fungus-like organisms,
whereas the non-scientific term “fungi” also encompasses
all unrelated fungus-like organisms (as a vernacular name
written in lower case and standard font; Thines et al., 2020).

The convergent evolution of the fungal lifestyle within
the eukaryotes is comparable to the situation in plants
(Burki et al., 2019; James et al., 2020): the true plants
are grouped in the kingdom Plantae (corresponding to the
unranked Viridiplantae), but other multicellular plant-like
organisms are found in the related red (Rhodophyta) and
brown algae (Phaeophyceae), the latter classified within
the Heterokontophyta and thus more closely related to the
Oomycota, Hyphochytridiomycota, and Labyrinthulomycetes
(Figure 1). Fungi are sessile (like plants) and heterotrophic
organisms that are incapable of photosynthesis (like
animals), with various strategies to obtain carbohydrates.
These strategies range from the decomposition of dead
organic material (saprotrophs) to attacking living organisms
(pathogens, parasites, or carnivores) to forming different
types of mutualistic symbioses with phototrophic plants,
algae, and cyanobacteria (mycorrhizae and lichens) (Dix &
Webster, 1995; Mueller et al., 2004; Piepenbring, 2015;
Watkinson et al., 2016). Endophytic and endolichenic fungi
are ubiquitous as asymptomatic inhabitants of plants, plant-
like organisms, and lichens (Rodriguez et al., 2009; U’Ren et
al., 2012). They are often classified as symbionts (e.g., in the
FUNGuild database; Nguyen et al., 2016), but their biological
roles are diverse and often unknown, and they should only
be considered symbionts if there is actual evidence for this
(Arnold & Lewis, 2005; Bolivar-Anillo et al., 2016; Bastias
et al., 2021). Indeed, the diversity of potential life forms of
endophytic and endolichenic fungi has been dubbed the
“endophytic continuum” (Schulz & Boyle, 2005).

Although mostly invisible (“ecologically hidden”), fungi
are crucial components of most ecosystems on earth, being
particularly involved in nutrient cycling (Dix & Webster, 1995;
Watkinson et al., 2016). In addition, they have played, and
continue to play, important roles in ancient and modern
cultures (Guzman et al.,, 2003; Dugan, 2008). These
include their uses as food, in industrial, biotechnological,
and pharmaceutical applications, and in biomonitoring and
mycoremediation (Nimis et al., 2002; Rhodes, 2014; Hyde et
al., 2019; see also Chapter 13).

Fungi also hold several records among living organisms.
For instance, species of Armillaria (honey mushrooms) form
several of the largest known single organisms on earth,
with biomasses corresponding to up to three blue whales
(Smith et al., 1992; Schmitt & Tatum, 2008; Anderson et al.,
2018). The widespread Schizophyllum commune (split gill)
and Coprinopsis cinerea (gray shag), both model fungi, have
been shown to develop more than 20,000 mating types
or “sexes” (Kothe, 1999; Casselton & Kuies, 2007). The
lichenised fungus Buellia frigida in dry valleys of Antarctica
forms thalli that are among the oldest documented
organisms on earth, in part estimated at over 6,500 years
old (Green et al., 2012).

In terms of known species, Fungi currently rank third
amongst the three large kingdoms, with 150,000 species
(LGcking et al., 2021a), after Animalia (animals), with 1.66
million known species (Zhang, 2013), and Viridiplantae
(plants), with at least 350,000 known species (Christenhusz
& Byng, 2016; The Plant List, 2021). Fungi are clearly
the least well-known of these three kingdoms, given that
estimates predict a much higher number of species,
between 1.5 and 6.3 million (Blackwell, 2011; Hawksworth
& Lucking, 2017; Baldrian et al., 2021). These estimates
would place Fungi as the second-largest kingdom after
animals, including estimates for unknown arthropods (see
below), but far ahead of plants. Predictive estimates of
global fungal diversity are based on diverse considerations,
including a mean global fungi:plant species ratio of between
6:1 and 10:1, but also taking into account accumulating
evidence of hidden diversity among presumably known
species, with a mean ratio of over 10:1, as well as a wealth
of data emerging from environmental sequencing studies
(Baldrian et al., 2021; Lucking et al., 2021a). Cataloguing
this unknown diversity is the major challenge for mycology
in terms of time and resources and how to deal with fungi
only known from sequence data (Lucking et al., 2021a).
Much of this unknown fungal diversity is expected to be
found in tropical regions, such as Colombia.

DIVERSITY OF FUNGI OF COLOMBIA IN THE TREE OF LIFE

The ColFungi project (Gaya et al., 2021; https://colfungi.
org) represents the first compilation of data on all groups
of fungi of Colombia into a single resource, including
nomenclatural and taxonomic checks. This project resulted
in a total of 7,241 accepted species of fungi for Colombia,
encompassing a high diversity of fungal life forms, including
mushrooms and lichen-formers, plant- and animal-
pathogenic microfungi, moulds, yeasts, among many others
(Figure 2). By itself, the number of 7,241 species is difficult
to evaluate, but when put into a taxonomic and geographic
context, it illustrates the current state of knowledge of the
Colombian funga.

Country- or region-based comparisons of biodiversity
are often presented in the context of global conservation
approaches, but these listings are usually limited to plants
and vertebrates (mammals, birds, reptiles, amphibians,
and fish; e.g., Butler, 2016, 2019), whereas fungi are rarely
included in such comparisons. Colombia is currently ranked
second among the ten most biodiversity-rich countries in
plant and vertebrate species richness, trailing Brazil but
ahead of Indonesia, China, Mexico, Peru, Australia, India,
Ecuador, and Venezuela (Butler, 2016, 2019). According to
these listings, Colombia has 51,220 plant species, 2,053
fish, 1,878 birds, 771 amphibians, 601 reptiles, and 442
mammals, and updated numbers for all vertebrate groups
are consistently higher (Table 1). Notably, with 7,241 known
species, fungi would rank second in this enumeration
for Colombia.

Still, this ranking would be misleading: plants and fungi
essentially represent entire kingdoms, whereas, in terms of
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FIGURE 2. Examples of fungi of Colombia representing a diversity of lifestyles and phenotypes of spore-bearing structures. A Campanella
caesia. B Cordyceps nidus. C Laetiporus sulphureus. D Candida sp. E Auricularia mesenterica. F Tolypocladium capitatum. G Laccaria
laccata. H Boletus sp. | Yoshimuriella peltigera. J Scleroderma flavidum. K Panaeolus semiovatus. L Cyathus striatus. M Phillipsia
domingensis. N Rhytidhysteron columbiense. O Cerioporus scutellatus. P Hericium erinaceus. Q Hydnopolyporus fimbriatus. R Leotia lubrica.
S Geastrum pectinatum. T Cora elephas. U Rhodotorula sp. V Calostoma cinnabarinum. W Trametes versicolor. X Collybia plectophylla.
Y Chlorociboria aeruginascens. Z Phallus indusiatus. Photographs: A, B, C, F, G, I, J, N, O, Q, T, W, Y: Robert Lucking. D, U: Mauricio Ramirez.
E, L, R, S: Aida Vasco-Palacios. H, V: Bibiana Moncada. K, M, P, Z: Ana Esperanza Franco-Molano. X: Ana Cristina Bolanos.
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Butler
(2016,
2019)

Proportion of
updated figures
vs global total

Updated

figures Global total

TABLE 1. Updated totals for the number of known species of selected groups of organisms in Colombia. The global totals exclude fossil taxa.

Reference(s) for updated figures

Animals — — 1,530,000 — Zhang (2013); this paper
Vertebrates | 5,745 7,607 57,102 13.2% This paper
Fist 2053 | 3700 | 32000 | axe% | (a8 I O e mento ot o (018)
Amphibia 771 836 8,348 10.0% Acosta-Galvis (2019); Frost (2021)
Reptiles 601 634 11,440 5.5% Uetz et al. (2021)
Birds 1,878 | 1,909 9,159 20.8% Barrowclough et al. (2016); Avendano et al. (2017)
Mammals 442 528 6,451 8.2% Burgin et al. (2018); Mammal Diversity Database (2021)
Invertebrates
Insects — 68,000 | 1,000,000 6.8% This paper
Papilionoidea — 3,642 18,768 19.4% Garwood et al. (2021)
Formicidae — 1,100 13,809 8.0% Fernandez et al. (2019); Bolton (2020)
Staphylinidae — 800 48,000 1.7% Newton et al. (2005)
Cicadellidae — 679 22,000 3.1% Freytag & Sharkey (2002)
Odonata — 335 6,000 5.6% Pérez-Gutiérrez & Palacino-Rodriguez (2011)
Blattaria — 133 4,330 3.1% Vélez (2008)
Arachnida — 1,546 57,126 2.7% Perafan et al. (2013)
Plants 51,220 26,150 350,000 7 59% ?ﬁ;nsllaittal.is(f?;g;i)b, 2019); Diazgranados et al. (2021);
Vascular plants| — 24,500 316,000 78% ?:;nsllaittal.is(f?zlgsi)b, 2019); Diazgranados et al. (2021);
Bryophytes . 1,650 34,500 4.8% ?ﬁ;nsllaittal.ig(()zlggi)b, 2019); Diazgranados et al. (2021);
Fungi — 7,241 150,000 4.8% Gaya et al. (2021); Licking et al. (2021a); this paper
Ascomycota — 4,564 93,632 4.9% Gaya et al. (2021); Kirk (pers. comm. July 2021); this paper
Basidiomycota — 2,318 50,460 4.7% Gaya et al. (2021); Kirk (pers. comm. July 2021); this paper

species richness, vertebrates are only a small fraction of
the animal kingdom, the diversity of which is concentrated
among arthropods (Stork, 2018). Indeed, the known insect
diversity of Colombia alone should easily surpass that of
vertebrates and likely even plants. For instance, Newton et
al., (2005) listed nearly 800 species only of Staphylinidae
(rove beetles) for the country, out of a total of 48,000 known
globally, and Vélez (2008) enumerated 133 species of
Blattaria (cockroaches), compared to 4,330 worldwide (Table
1). Pérez-Gutiérrez & Palacino-Rodriguez (2011) reported
335 species of Odonata (dragonflies), out of a global total of
around 6,000. For Formicidae (ants), Fernandez et al., (2019)
listed 1,100 species for Colombia, compared to over 13,800

globally (Bolton, 2020). The most comprehensive and most
recent checklist of Colombian butterflies (Papilionoidea)
compiled data on 3,642 species out of a global number of
18,768 (Garwood et al., 2021). According to Stork (2018),
about one million insect species have been named, which
means that globally, Staphylinidae corresponds to 4.8%,
Papilionoidea 1.9%, Formicidae 1.4%, Odonata 0.6%, and
Blattaria a little over 0.4% of that number. Extrapolating from
these proportions in the case of Colombia implies that a
total of between 17,000 and 194,000 insect species are
likely known from the country, with a median of 43,350 and
a mean of 68,000 (Table 1). Although the exact number has
not yet been compiled, this extrapolation is far ahead of the
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7,241 fungi and even ahead of the actual known number of
plant species (see below).

Compared to the 51,220 species of plants reported for
Colombia (Butler, 2016, 2019), the number of 7,241 fungal
species also appears relatively low, with a fungus:plant
species ratio of 1:7. However, the figure of 51,220 plant
species goes back to outdated sources, being recently
corrected to about 26,150 species in the Catalogo de Plantas
y Liquenes de Colombia (Bernal et al., 2016a, b, 2019) and
the most recent compilation of ColPlantA (Diazgranados
et al., 2021). Based on the corrected number, Colombia’s
fungus:plant species ratio currently amounts to about
1:3.6, still much lower than ratios of between 6:1 and 10:1
obtained from well-studied extra-tropical areas (Hawksworth
& Lucking, 2017). In terms of global diversity, Colombia
harbours 4.8% of the 150,000 known fungal species and
7.5% of the 350,000 known plant species (Table 1). While
these percentages are in the same order of magnitude, they
do not consider the much more limited state of knowledge of
global fungal diversity.

Fungi and fungus-like organisms are currently arranged
into 64 classes (Species Fungorum 2021), of which 36 have
been reported from Colombia. The remaining 28 classes are
species-poor, with between one and 321 species globally.
These remaining classes potentially occur in Colombia
but are challenging to detect, as they largely represent
ecologically hidden microfungi. Among the 36 classes
present in Colombia, 11 are overrepresented compared to
global proportions, by a factor of up to 6.5 (Figure 3). The
seven most overrepresented classes are Glomeromycetes
(factor 6.5), Coniocybomycetes (3.9), Mortierellomycetes
(4.3), Schizosaccharomycetes (4.0), Lecanoromycetes
(3.8), Candelariomycetes (3.8), and Arthoniomycetes (3.6).
Four of these seven classes have low species numbers in
Colombia, between one and 26, so the observed deviations
are not meaningful, but the three remaining classes are
represented by higher species humbers: Lecanoromycetes
(2,167), Arthoniomycetes (189) and Glomeromycetes (106).
The substantial overrepresentation of Lecanoromycetes
and Arthoniomycetes is because these mostly lichen-
forming fungi are much better studied than any other
larger group of fungi in Colombia (Gaya et al., 2021), so
the observed deviations are based on study bias. On the
other hand, five important classes that are highly diverse
in tropical regions but substantially underrepresented
and understudied in Colombia are Dothideomycetes,
Sordariomycetes, Leotiomycetes, Pezizomycetes, and
Laboulbeniomycetes (Figure 3).

DIVERSITY OF FUNGI OF COLOMBIA IN A GLOBAL CONTEXT

Knowledge on organismic diversity is unevenly distributed
across the planet, and even the absolute state of
knowledge is opposed to the estimated diversity in a
region. This scenario is largely because there are more
specialists per area working in regions with fewer species
per area for almost any group of organisms, particularly
fungi (Hawksworth, 2001; Piepenbring et al., 2018). As

a result, in biodiversity-rich countries, such as Colombia,
even though the number of fungal species is expected to be
higher than in extra-tropical areas, the absolute number of
mycological studies is much lower. For instance, a search
in the Web of Science [https://www.webofscience.com/
wos/woscc/basic-search], using the string <(ALL=(Fungi))
AND ALL=(Country)>, retrieved around 16,000 results
between 1900 and 2020 for the U.K. (England, Northern
Ireland, Scotland, Wales), but only 1,155 for Colombia.
Unfortunately, reliable estimates of known fungal diversity
are difficult to obtain for most countries due to the lack of
comprehensive databases or checklists, exceptions being
lichenised fungi and macrofungi (Feuerer & Hawksworth,
2007; Gaya et al., 2021). Also, the nature and detail
of existing compilations may differ markedly between
countries, making comparisons challenging. Nevertheless,
we attempted to compile existing data to compare Colombia
with selected countries within and outside the tropics (see
Gaya et al., 2021; here updated).

The highest number of fungi, including all lifestyles,
has been reported for the United States (Table 2), with
approximately 45,000 species (Perimutter & Weakley,
2018; Bates et al., 2018; Esslinger, 2019). However, this
impressive number is tentative, as, for non-lichenised
fungi, current names and synonyms have not been fully
sorted out. After India, with 29,000 species, France
remarkably ranks third, with 24,840 species, followed
by China (23,927) and Italy (22,700) (Roux, 2012; Onofri
et al., 2013; Medardi, 2006; Venturella et al., 2011;
Nimis, 2016; Institute of Microbiology, Chinese Academy
of Sciences, 2018; Gargominy et al., 2020; Wang et al.,
2020; Wei, 2021). We had originally reported 20,500
species for Brazil (Gaya et al., 2021), but a reanalysis of the
underlying data, including accepted names vs synonyms,
led to a correction, with now 13,950 species (see Table
2). This number is still substantially higher than the 5,719
species reported by Maia et al., (2015), the latter likely
an underestimate based on an incomplete list of selected
records for particular groups.

Among the countries assessed here, Colombia ranks
seventh for lichenised fungi (see Chapter 6). In comparison,
the overall number and particularly the number of non-
lichenised fungi is comparatively low, with Colombia currently
taking 13th place. In terms of species density and species
per logio(area), Colombia also ranks comparatively low,
particularly when compared to its richness in other groups
of organisms, leading us to the question: how many species
of fungi can we expect in Colombia?

HOW MANY SPECIES OF FUNGI ARE THERE IN COLOMBIA?

Predictive estimates of species richness are naturally
speculative, especially for ecologically largely hidden
organisms and in groups where taxon concepts have not
been fully resolved. Several approaches exist to predict
species numbers on the basis of known species and
other data. One possible approach is the assumption that
Colombia’s species per logio(area) estimate should be

CATALOGUE OF FUNGI OF COLOMBIA
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FIGURE 3. Comparison of the proportional phylogenetic diversity of Fungi and fungus-like organisms at the class level between Colombia
and the global funga. The percentages indicate the number of species per class compared to the corresponding total. Selected classes
that are over- or underrepresented in Colombia are marked in dark grey, and the corresponding percentages are indicated. For detailed
data, see Suppl. File S1.
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TABLE 2. Comparison of numbers of known fungal species between selected countries. The number of 16,900 macrofungi for the United
States is an estimate based on Bates et al. (2018). The corrected total for Brazil (13,950; as compared to 20,500 reported in Gaya et al.,
2021) is based on the accepted number of fungal names for Brazil on SpeciesLink (approximately 11,330), minus the number of lichenised
species in that database (approximately 1,690), plus the updated number of lichenised species based on Aptroot (2021).

Density
[species /
log10(km?)

Country / All
fungi

Lichenised Macro-
fungi fungi

Territory

Reference(s)

United 45000 4341 |16,900 6,578 Perimutter & Weakley (2018); Bates et al. (2018); Esslinger
States (2019)
. . Sarbhoy et al. (1996); Singh & Sinha (2010); Manoharachary &
el 20000 | Zi1d 4450 | Nagaraju (2016); Sinha et al. (2018)
France 24,840 2,917 — 4,276 Roux (2012); Gargominy et al. (2020)
, Institute of Microbiology, Chinese Academy of Sciences (2018);
China 23,927 3,050 7,138 3,427 Wang et al. 2020: Wei (2021)
Onofri et al. (2013); Medardi (2006); Venturella et al. (2011);
ltaly | 22,700 | 2,704 14,198 | 4143 | Ninis (2016); Checklist of Italian Fungi (2021)
United Legon & Henrici (2005); Smith et al. (2009); Dines & McCarthy
Kingdom ALY 200 S0 S (2014); Clubbe et al. (2020)
Germany | 15,295 1,946 6,120 2,754 Wirth et al. (2011); DGfM (2021)
Japan 14,000 1,906 4,160 2,510 Hosoya (2006); Katumoto (2009); Ohmura & Kashiwadani (2018)
Brazil 13,950 4,310 2.300 2013 Lewmsoh.n & Prado (2005); Maia et al. (2015); Aptroot (2021);
SpeciesLink (2021)
Australia | 12,870 4,003 4,000 1,869 May et al. (2004); McCarthy (2020)
Canada 12,800 2,262 4,500 1,829 Perlmutter & Weakley (2018); Bates et al. (2018); Esslinger (2019)
Venezuela | 8,300 1,801 — 1,392 Marcano et al. (1996); Itturiaga (2000); Hernandez-M. (2021)
. Guzman (1998a, b); Cifuentes (2008); Aguirre-Acosta et al.
dee e 2liee 200 212 (2014); Herrera-Campos et al. (2014); Bates et al. (2018)
. Vasco-Palacios & Franco-Molano (2013); Gaya et al. (2021);
Colombia 7,241 2,559 1,239 1,210 Liicking efail(20215): this paper
. Hywel-Jones & Boonpratuang (2001); Chandrasrikul et al. (2011);
Uhellene) |- 5=l | a2 200 LA Buaruang et al. (2017); Hyde et al. (2018); Index Fungorum (2021)
Malaysia 3,804 — — 689 Chua et al. (2012)
C;i;a 3,500 | 1,740 | 2,000 743 Halling & Mueller (2005); Mueller et al. (2007)
. Piepenbring (2004); Rodriguez de Flakus et al. (2016); Melgarejo-
Bolivia 2,234 1,353 500 370 Estrada et al. (2020a, b)
Panama 1,807 325 300 370 Piepenbring (2007)

comparable to that of a well-studied temperate country,
such as the United States. Colombia encompasses an area
of 1.143 million km?, compared to 9.834 million km? for
the United States. The latter has 6,578 fungal species per
logio(km?), so with logi0(1,143,000) = 6.058, one would
expect 6,578 x 6.058 = 39,850 species for Colombia
(Table 3). This figure is about 5.5 times higher than the
currently known number. Given that lichen-forming fungi
have been estimated at nearly 5,000 species for Colombia

CATALOGUE OF

(see Chapter 6), this would result in approximately 35,000
species of non-lichenised fungi. Since about 5,000 species
of non-lichenised fungi are known from Colombia (Gaya
et al., 2021), nearly 30,000 still need to be catalogued.
However, the actual number could be even higher because
tropical ecosystems on average support higher small-scale
species richness than temperate areas, which means
that patterns found in the United States or other largely
temperate countries cannot be directly transferred.

FUNGI OF COLOMBIA
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TABLE 3. Various predictions of the actual species richness of the
Colombian funga using different approaches.

Prediction Approach

Adjusted according to a proportion of well-
27,430 .
studied class Lecanoromycetes
39,850 Sp'e0|es versus logio(area) relationship
using the USA as a benchmark
Colombian proportion of global estimated
105.600 richness, using known fungi as abenchmark
_182' 400 (4.8%) and 2.2-3.8 million estimated
’ fungal species globally (Hawksworth &
Lucking, 2017)
156,900 y . . .
261,500 Fungi:plant ratio between 6:1 and 10:1
Colombian proportion of global estimated
richness, using known plants as a
_12%55%%% benchmark (7.5%) and 2.2-3.8 million
’ estimated  fungal species globally
(Hawksworth & Lucking, 2017)
Colombian proportion of global estimated
richness, using known amphibia as a
_232800'%00% benchmark (10.0%) and 2.2-3.8 million
’ estimated  fungal species  globally
(Hawksworth & Lucking, 2017)

A similar prediction is achieved when considering the
phylogenetic diversity of fungi of Colombia at the class level
(Figure 3). As outlined above, the largest overrepresented
class is Lecanoromycetes (30.3% in Colombia versus 7.9%
globally), which includes most of the lichenised fungi, a
group particularly well-studied in Colombia. If we assume
that the global proportion of Lecanoromycetes is relatively
constant across terrestrial ecosystems dominated by woody
plants, then Colombia would be expected to harbour at least
27,430 species of fungi to render the current number of
2,167 Lecanoromycetes at a proportion of 7.9%.

Another approach is to look at proportional richness
per organism group in Colombia relative to the known
global diversity of the group. The observed values range
between 4.3% for insects and 20.8% for birds, with others
in between, e.g., 7.5% for plants, 8.2% for mammals, and
10.0% for amphibia (Table 1). Relying on well-studied groups
and taking into account how species in particular groups can
successfully disperse, that is, how sizable average species
ranges probably are, for fungi, one could assume values
similar to those of plants or amphibia (or butterflies), that
is, 7.5%-10.0% (-19.4%). The global estimate of between
2.2 and 3.8 million species (Hawksworth & Licking, 2017)
would give an estimate of (165,000-)220,000-285,000(-
380,000) species for Colombia when applying the 7.5%-
10.0% range (the 19.4% range probably being too high). Even
taking the currently observed 4.8% for known Colombian vs

globally known fungi as a basis, the estimate would range
between 105,600 and 182,400 species, still much higher
than the estimate based on logio(area) extrapolation (Table
3). Such estimates may seem unrealistic, but figures in the
same order of magnitude, namely (100,000-)200,000(-
260,000) species of fungi, have been proposed for Mexico
(Guzman 1998a, b; Aguirre-Acosta et al., 2014).

The fungus:plant species ratio is another commonly
used measure for predictive species richness estimates
(Martin, 1951; Hawksworth, 1991; Hawksworth & Lucking,
2017). Empirical data for this measure vary widely, ranging
from 1.8:1 to 19.1:1, depending on the ecosystem and
sampling methods. Thus, while plants within a given area
can be sampled quite accurately, fungal sampling restricted
to macroscopically visible fungi and within a limited time
frame will naturally and often grossly underestimate fungal
diversity, as evidenced by a study performed in Panama
(Piepenbring et al., 2012). The ratio also depends on the
group of fungi. For example, rust fungi (Pucciniomycetes)
show lower empirical fungus:plant species ratios between
1:10 and 1:100, with more realistic ratios ranging between
1:4 and 1:20, resulting in estimates for the diversity of
rust fungi alone in Colombia of between 2,500 and nearly
13,000 species (Salazar-Yepes & Alves de Carvalho Junior,
2013). However, these approaches have largely not been
tested using molecular approaches, both in terms of taxon
concepts in rust fungi and the detection of species not
producing spore-bearing structures. In addition, fungus:plant
species ratios vary with latitude, higher ratios in temperate
areas going along with substantially lower plant diversity,
which requires a downwards correction when extrapolating
globally (Tedersoo et al., 2014). Estimates may be further
misguided by outdated numbers for plant diversity, such
as the earlier - reported exaggerated figure of 51,220 plant
species for Colombia (see above). Studies that include more
sophisticated sampling methods, such as long-term plots
and/or metabarcoding, show overall fungus:plant species
ratios of between 6:1 and 10:1. However, such studies
have been mostly restricted to temperate ecosystems
(Hawksworth & Licking, 2017). Given the number of 26,150
plant species currently known from Colombia, applying the
fungus:plant species ratio approach would thus result in
156,900-261,500 species of fungi for Colombia, a figure
comparable to that derived from the proportional richness
approach (Table 3).

Although a reliable estimate of fungal diversity in
Colombia remains speculative, we can safely assume that
the predicted figure is perhaps an order of magnitude higher
than the currently number of known species. Apart from the
sheer size of that number, the more daunting perspective is
the effort required to document this largely unknown diversity,
requiring a large task force of experts in the different fungal
groups and consequent application of modern methods of
biodiversity research. Unfortunately, molecular approaches
to catalogue fungi are still limited in Colombia. We performed
a structured search in the NCBI GenBank [https://www.ncbi.
nim.nih.gov/genbank], using the string <Fungi[organism]
AND (5.8S[title] OR ITS1[title] OR ITS2[title] OR “internal
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FIGURE 4. Number of NCBI GenBank accessions obtained using the fungal ITS barcoding marker (A) and number of biosamples from
metabarcoding studies using various markers (B), adjusted for area size [relative to logio(area)] for countries across the Americas.

transcribed spacer”[title]) AND country>, for all countries
in the Americas, to assess how many accessions of the
fungal ITS barcoding marker exist for each country, and then
divided the number by logio(area), to filter the area effect.
The United States ranks two orders of magnitude ahead of
Colombia, whereas Canada, Mexico, Costa Rica, Ecuador,
Brazil, and Argentina rank one order of magnitude ahead
(Figure 4A). We further queried the NCBI Sequence Read
Archive [https://www.ncbi.nlm.nih.gov/sra] using the country
name and recording the number of resulting biosamples, also
dividing them by log10(area) to obtain an estimate of existing
metabarcoding studies. Again, the United States ranges
two orders of magnitude ahead of Colombia and most other
countries except Canada (Figure 4B).

Considering that it took about 200 years to arrive at a list
of just 7,241 species of fungi known from Colombia using
mostly traditional inventory methods, efforts have to be
increased by about two orders of magnitude to catalogue an
additional at least 30,000 species within a reasonable time
frame of 15-20 years. For this to happen, there needs to
be a paradigm shift in the political and societal support for
this kind of work in Colombia, and across Latin America and
other tropical regions in general.

CONCLUSIONS

The first assembly of a critical checklist of the Colombian
funga is a milestone in the state of knowledge of fungi in
the country. However, compared to other organisms and in

a global context, the inventory of fungi of Colombia is still
at its onset in terms of expected numbers. Although a good
balance of taxonomic groups has been studied to date in
Colombia, including a wide array of macro- and microfungi
and fungi representing different lifestyles, the development
of mycology is not at a level comparable to that in temperate
countries, in which non-professional mycology also plays a
critical role in performing inventory work. We believe that
mycology in Colombia can only develop further if the focus
is not only on applied approaches, but more resources are
provided for basic scientific studies, allowing the adoption of
modern technologies, such as molecular (meta-)barcoding
at a broader scale. In parallel, fostering taxonomic specialist
groups for the various taxa is necessary, particularly for
taxa that remain grossly understudied. The formation of
associations, such as the Asociacion Colombiana de Micologia
(ASCOLMI) and the Grupo Colombiano de Liquenologia (GCOL)
can be considered an excellent initiative to achieve this goal.
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ABSTRACT

Colombia is one of the most biodiverse countries on the planet due to its geographical location and its great diversity in
ecosystems and climates, which give rise to the high richness and diversity of its funga. Its funga will probably prove to
be one of the most diverse in South America. In the present study, we analysed the dataset for Basidiomycota provided
by the ColFungi project and the Herbarium of the University of Antioquia (HUA). Statistical analyses show a high diversity
of Basidiomycota, especially for Agaricomycetes in oak and lowland forests. Also, evidence of the lack of studies for some
departments of Colombia, such as the Guaviare, is provided. Regarding the conservation of fungj, it is observed that only a
few studies have been carried out for Basidiomycota macrofungi in Colombia, since only 22 species have been assessed to
date for their extinction threat.

RESUMEN

Colombia es uno de los paises mas biodiversos en el planeta debido a su ubicacion geografica y su gran diversidad de
ecosistemas y climas, por lo que promete una alta riqueza y diversidad de hongos, y probablemente se constituya en uno de
los paises mas diversos de Sudamérica respecto a su funga. En el presente trabajo se hace la recopilaciéon de datos para
Basidiomycota, suministrados por el KEW y el Herbario de la Universidad de Antioquia (HUA). Analisis estadisticos demuestran
alta diversidad en cuanto a Agaricomycetes, principalmente para los ecosistemas de roble y tierras bajas, asi como también
la falta de estudios para algunos departamentos de Colombia, como Guaviare. En cuanto a la conservacién, se observa que,
en el pais, se han realizado pocos estudios sobre macrohongos de Basidiomycota, ya que hasta el momento solo 22 especies
han sido evaluadas.

INTRODUCTION

The Colombian funga promises to be one of the richest in
South America given its varied geological history, alongside
its topography, climatic conditions, wide range of vegetation
types, and high biodiversity (Franco-Molano & Uribe-Calle,
2000; Franco-Molano et al., 2005; World Atlas, 2021). It
has been speculated that Colombia offers one of the richest
vascular plant floras in the new world and possibly the richest
in the world for its equivalent size (Gentry, 1978). Because
of the association between plants and fungi (Hawksworth,
1991), there is every reason to believe that the Colombian

the planet’s diversity (Hawksworth & Lucking, 2017). Of this
total, about 41,270 species belong to Basidiomycota (He
et al., 2019). For Colombia, there are nearly 7,241 species
recorded, of which 2,318 species are Basidiomycota (Gaya
et al., 2021), representing 5.78% of Basidiomycota species
worldwide (pers. observ.).

The current classification of Fungi was proposed by
Tedersoo et al. (2018). It includes nine sub-kingdoms and
18 phyla, conserving Dikarya as a subkingdom, besides
the Entorrhizomycota, Ascomycota, and Basidiomycota.
Basidiomycota was proposed by Moore (1980) with

funga may be just as rich as its flora. However, the studies of
fungi in Colombia are still at early stages when compared with
those on other taxonomic groups. Fortunately, mycological
explorations of the Colombian funga have increased in
recent decades due to the increasing number of mycologists
trained abroad or in Colombian universities (refer to Chapter
2). At present, it is suggested that there are between 2.2
and 3.8 million fungal species worldwide, of which around
120,000 are scientifically accepted, representing 3-8% of

diagnostic characters such as the presence of sexual spores
or basidiospores exogenously produced on the sterigmata
of cells called basidia (holobasidia and phragmobasidia);
the presence of the dolipore septa that divide the hyphae
into cells, these septa having a barrel-shaped swelling or
parenthesome that surrounds the central pore; and the
presence of fibula or clamp connections in filamentous
species, which allow the exchange of nuclei between cells
(Cepero de Garcia et al., 2012; Watkinson et al., 2016;
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He et al., 2019). Currently, Basidiomycota comprises
four subphyla: Pucciniomycotina with nine classes,
Ustilaginomycotina with four classes, Wallemiomycotina
with a single class, and Agaricomycotina with three classes
(He et al., 2019).

Pucciniomycotina has more than 8,000 described
species and represents a group that diverged at least
406 million years ago (He et al., 2019). This subphylum is
characterised by predominant asexual or anamorphic stages
in most lineages. In fact, only these stages are known in
some classes, such as Tritirachiomycetes. Pucciniomycotina
species play different roles in ecosystems, but they are
better known as phytopathogens and parasites of animals
or other fungi (Aime et al., 2014; Malysheva et al., 2021).
Ustilaginomycotina, with more than 1,800 described species,
has a minimum age of divergence of 430 million years (He et
al., 2019). This subphylum comprises plant parasitic fungi,
such as Jamesdicksonia irregularis, and other economically
important fungi, such as Ustilago maydis, a model organism
used to study the interaction between plants and their
specific parasites (Begerow et al., 2014). Wallemiomycotina
is a recently proposed group of unicellular fungi (Zhao et al.,
2017), that includes xerophilic, osmophilic, and halophilic
fungi (Zajc & Gunde-Cimerman, 2018).

Within Basidiomycota, Agaricomycotina has the largest
number of described species, around 30,800, and its
evolutionary history dates to at least 406 million years
ago (He et al.,, 2019). Agaricomycotina are divided into
three classes mainly characterised by the presence of
macroscopic structures called basidiomas, which are
used for sexual reproduction (He et al., 2019; Kirk et al.,
2008). Basidiomas vary from very small structures, like
those in Mycena spinosissima, to very large such as those
in Termitomyces titanicus. The basidiomas also present
different morphological patterns named: agaricoids,
boletoids, polyporoids, resupinates, clavaroids, coralloid,
gasteroids, and secotioids (Cepero de Garcia et al., 2012;
Varga et al., 2019). These types of basidiomas have emerged
through multiple evolutionary convergences in the history of
Basidiomycota (Hibbett & Binder, 2002; Sanchez-Garcia et
al., 2020). According to He et al., (2019), this subphylum
currently comprises three classes: Dacrymycetes,
Tremellomycetes, and Agaricomycetes.

Dacrymycetes comprise 146 described species
distributed into two orders, with an estimated minimum
divergence time of 298 million years ago (He et al., 2019).
It is also the sister group of Agaricomycetes (McLaughlin et
al., 2016; Zamora & Ekman, 2020). This class comprises
species characterised by having sterigmatized or bifurcated
holobasidia (except for Unilacryma unispora), and by the
presence of continuous parenthesomes that cover the
dolipore septa (Zamora & Ekman, 2020). Dacrymycetes
includes saprotrophic fungi that produce gelatinous, waxy,
fleshy, or cartilaginous basidiomas with yellow to orange
colouration due to their carotenoid pigments (Zamora &
Ekman, 2020).

Tremellomycetes comprise nearly 500 accepted species
distributed in five orders, with an evolutionary history

of 341 million years (He et al.,, 2019). Tremellomycetes
include saprotrophic, animal and fungi parasites, or can be
commensals with fungi and lichens (Millanes et al., 2011,
Weifd et al., 2014). The class includes asexual yeasts and
fungi with conspicuous and gelatinous basidiomas such as
Tremella (Weif3 et al., 2014). Finally, the Agaricomycetes
have an evolutionary history dating to at least 298
million years ago and include 30,143 described species
distributed in 19 orders (He et al., 2019). Recent studies
suggest that resupinate basidiomas that are fully attached
to the substrate provide the most likely ancestral trait for
Agaricomycetes (Sanchez-Garcia et al., 2020). Furthermore,
the pileate-stipitate morphology (e.g., agaricoid and boletoid)
is correlated with high rates of diversification, suggesting
that this morphology represents a key character in the
success of Agaricomycetes (Varga et al., 2019; Sanchez-
Garcia et al., 2020).

Ecologically speaking, species of Basidiomycota are an
essential part of natural ecosystems, with many recycling or
degrading organic matter and shaping communities of plants
through parasitic and symbiotic interactions. Saprotrophic
fungi are those that degrade organic matter such as dead wood
and litter (Posada et al., 2012). They play an essential role
in forest ecosystems as they are one of the largest recycling
groups (Robledo & Urcelay, 2009). On the other hand, many
species are essential in conserving ecosystems by forming
a mycorrhizal symbiosis with trees and shrubs (Tedersoo et
al., 2018). Some species can associate with termites and
leafcutter ants, generating a complex symbiosis in which
insects feed on the cultivated fungi. Other species within this
phylum are parasitic and can cause mild or potentially lethal
infections in animals and humans. In the case of plants, rusts
and smuts represent the most critical pathogens (Watkinson
et al., 2016). Around 41,270 Basidiomycota species have
been recorded globally, making this phylum the second most
speciose after Ascomycota (He et al., 2019).

From a biogeographic point of view, some members
of Basidiomycota show remarkable patterns of origin and
distribution directly related to their habitat types, being
influenced by geological history, vegetation, whether native
or introduced, climate, and anthropogenic impacts (Halling
& Mueller, 2002). In Colombia, geological events have
played essential roles in determining distribution. These
events are well documented, by Halling & Ovrebo (1987),
Halling (1996), Halling & Mueller (2002), and Mueller et
al., (2006), among others (see Chapter 10). In Colombia,
ectomycorrhizal fungi, which may have diversified later in the
Jurassic (208 — 146 million years ago), present a limited
distribution that corresponds with the distribution of their
hosts, and are more abundant and diverse at 2,200-
3,200 m altitude where most of the oak forests (Quercus
humboldtii) are found (Avella-Munoz & Rangel-Churio, 2014).
Colombian ectomycorrhizal fungi from oak forests show
affinities with northern temperate taxa, migrating from
north to south along with those forest communities (Halling,
1996, Chapter 10). Another important Fagaceae associated
with ectomycorrhizal fungi is Colombobalanus excelsa, a
species endemic to the Colombian Andes of which there
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are eight populations located between 1,800 and 2,200
altitude (Davila et al., 2012). However, very few mycological
explorations have been carried out in this type of forest, and
few results have been published. Another ectomycorrhizal-
forming tree from which some agarics have been described is
Pseudomonotes tropenbosii (Dipterocarpaceae), an endemic
species, described from the Colombian Amazon at 300 m
altitude (Londono et al.,, 1995). Some non-native plants,
such as Pinus, Eucalyptus, and Cupressus trees, are also able
to form these symbiotic associations. These species were
introduced into the country in the 1950s and 1960s bringing
their ectomycorrhizal fungi hidden in their roots (Vargas et
al., 2019). Nevertheless, these exotic fungi compete with
native fungal species, invading other ecosystems such as
the oak forest (Vargas et al., 2019). The saprotrophic agarics
registered for Colombia are cosmopolitan or have restricted
distribution giving good biogeographical information (Halling
& Mueller, 2002; see Chapter 10).

Regarding the conservation of fungi in Colombia, it is
essential to note that the IUCN has been working on the
conservation assessment of species of macrofungi only
in recent years (Dahlberg & Mueller 2011; IUCN, 2021).
Worldwide, 328 Basidiomycota species (IUCN, 2021) have
been evaluated and placed in the following categories:
Critically threatened (12 species), Endangered (57 species),
and Vulnerable (110 species). The remaining species have
been evaluated as least concern, deficient data, or almost
threatened. Specifically for Colombia, there are few studies
[e.g., Amanita sepultipes (Vargas-Estupifian et al., 2020)
and Austroboletus amazonicus (Vasco-Palacios et al., 2020)]
(Table 1, Chapter 14) on fungal conservation as fungi are
not mentioned in Colombian environmental legislation,
and their socio-political interest is not of much relevance
(pers. observ.). The only group of fungi contemplated
within Resolution 213 of 1977 of the National Institute of
Renewable Natural Resources and Environment (INDERENA)
are lichens, which are mentioned in the resolution as non-
vascular epiphytes (Resolution 213, 1977). The goal of
this chapter is to present the current state of knowledge of
the Basidiomycota in Colombia in terms of their diversity,
ecology, and conservation.

MATERIALS AND METHODS

Two fungi databases for fungal occurrences in Colombia
were used: the ColFungi database comprising more than
7,000 species, and the Herbarium of the University of
Antioquia (2020) with more than 13,000 records from which
only Basidiomycota records were considered. Statistical
analyses and graphics were made using R studio version
1.3.959 (RStudio Team, 2020) and Microsoft Excel (2020).
The data used for the analyses were divided by ecosystem
into six groups as follows: oak forest, coniferous forest
(mainly dominated by Pinus patula and Cupressus lusitanica),
mixed forest, Amazon Forest (in the departments of
Amazonas and Caqueta), lowland forest (below 1,400 masl,
excluding previous ecosystems), and other ecosystems (for
urban areas or or areas lacking information).

TABLE 1. List of fungal species categorised by the IUCN for
Colombia. LC- least concern. CR- critically endangered. VU-
vulnerable. NT- near threatened. DD- data deficient.

. Population IUCN
Species trend Red List
category

Amanita fuligineodisca Decreasing Vu
Amanita sepultipes Decreasing VU
Austroboletus amazonicus Unknown CR
Binderoboletus segoi Unknown DD
Cantharellus guyanensis Unknown LC
Clavulina kunmudlutsa Unknown DD
Clavulina tepurumenga Unknown DD
Coprinus comatus Stable LC
Cortinarius aurantiobrunneus Decreasing NT
Cymatoderma sclerotioides Decreasing NT
Fomitiporia bambusarum Increasing LC
Gloiocephala quercetorum Decreasing NT
Hericium erinaceus Decreasing LC
Lactifluus hallingii Decreasing VU
Leccinum andinum Decreasing NT
Lycoperdon perlatum Stable LC
Phylloporus fibulatus Decreasing VU
Suillus luteus Stable LC
Tylopilus bulbosus Decreasing NT
Tylopilus obscurus Decreasing NT

RESULTS AND DISCUSSION

Currently, there are 2,386 species of Basidiomycota
recorded for Colombia (including mushrooms, stinkhorns,
puffballs, earth stars, shelf fungi, gelatinous fungi, smuts,
rusts and yeasts, among others) (Gaya et al., 2021). These
species are classified within three of the four subphyla
recognised by Tedersoo et al., (2018) and He et al., (2019):
Agaricomycotina (1,642 species), Pucciniomycotina (579
species), and Ustilaginomycotina (84 species) (Figure
1). To date, there are no records for Wallemiomycotina
in Colombia.
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Tremellomycetes . Agaricomycetes

Dacrymycetes

FIGURE 1. Species number by classes in the subphylum
Agaricomycotina (Basidiomycota) based on the ColFungi database.
Dacrymycetes photo by F.E.Garcia and remaining photographs by
the authors.

Analysing the diversity of Basidiomycota by their
taxonomical classes, we found that Agaricomycetes is the
richest class with 1,560 species, followed by Pucciniomy-
cetes (553 species), Tremellomycetes (67), Ustilaginomy-
cetes (60), Exobasidiomycetes (21), Microbotryomycetes
(16), Dacrymycetes (15), Cystobasidiomycetes (5), Attrac-
tiveiellomycetes (4), and Malasseziomycetes (3) (Figure 2).
The Pucciniomycetes, with more than 500 species mostly
corresponding to plant pathogens like Puccinia fuhrmannii,
are part of the list of rusts in Colombia (Céspedes et
al., 2014). Regarding the Tremellomycetes, 23 species
are known as parasites that grow on fungi, lichens, and
animals, and there are 14 saprotrophic species, including
the edible Tremella fuciformis. This class also includes
Cryptococcus neoformans, an opportunistic pathogen with
tropism towards the central nervous system of humans
(CNS) (Kwon-Chung et al., 2014).

Although Colombia probably harbours a high richness
and diversity of fungi, studies on its funga are still scarce
(Gémez-Montoya et al., 2021). Most studies in Colombia
have been carried out mainly in the Andean region,
especially in the departments of Antioquia, Valle del Cauca,
and Cundinamarca (Gomez-Montoya et al., 2021) (Figure 3).
Therefore, our results might be biased bacuse mycologists
are mostly located in research institutions within these
areas, and their distribution does not reflect the actual
diversity of these organisms in these departments (Figure
3). The best-sampled ecosystems in Colombia are oak
forest, mixed forest, lowland forest, and the Amazon Forest
(Figure 4).
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'E 1000 m Exobasidiomycetes
3
c m Malassezomycetes
& Boo
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L
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FIGURE 2. Number of records grouped by class. Abundance by class is shown using the HUA database.
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FIGURE 3. Richness of Basidiomycota macrofungi and their distribution by departments of Colombia (modified from Gémez-Montoya et al.,
2021). Amazonas: ama; Antioquia: ant; Arauca: ara; Atlantico: atl; Bolivar: bol; Boyaca: by; Caldas: cl; Caqueta: cq; Casanare: cs; Cauca:
cau; Cesar: ce; Choc6: cho; Cérdoba: co; Cundinamarca: cun; El Archipiélago de San Andrés, Providencia y Santa Catalina: asps; Guainia:
gn; Guaviare: gv; Huila: hu; La Guajira: gua; Magdalena: ma; Meta: met; Narino: na; Norte de santander: ns; Parque Nacional Natural Los

Nevados: PNNN.

The high diversity of Agaricomycetes present in these
ecosystems corroborates Mueller & Halling (1995), who
documented a high level of diversity of ectomycorrhizal fungi
and a high degree of endemism, between 30-100%, for
these ecosystems in Costa Rica and Colombia. Likewise,
Lépez-Quintero et al., (2012) showed great diversity in
terms of funga for the Amazon lowland forests, where
saprotrophic fungi show high diversity.

The results here presented are an example of the
efforts made to know the funga of Colombia, especially
the Basidiomycota. In recent decades, progress has been

seen in mycological explorations in easily accessible areas
and ecosystems and/or where mycologists or people with
mycological training are located. The need to carry out
inventories and/or monitoring is reaffirmed in places such
as the department of Guaviare, which has no records of
Basidiomycota, or in the departments of Atlantico, Arauca,
Coérdoba, Casanare, Guainia, La Guajira, Sucre, Vichada,
The Archipelago of San Andrés, Providencia, and Santa
Catalina, with only one to eight records (Gbmez-Montoya et
al., 2021). It is also important to emphasise the need for
more studies on other ecosystems currently categorised as
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FIGURE 4. Number of records grouped by ecosystems. Abundance by class is shown using the HUA database.

critically endangered, such as tropical dry forests, shrubs,
low Andean dry forests, humid and tropical forests, among
others (Etter et al., 2017).

Considering that the species of Basidiomycota play an
essential ecological role in the functioning of terrestrial
ecosystems, any effort to recognise and conservation fungi
from these ecosystems in Colombia must be considered of
utmostimportance. Little is known about the conserve status
of Basidiomycota species in Colombia (Table 1) (IUCN, 2021,
Chapter 14). So far, 22 species have been evaluated, of
which 18 were recently (2019-2021) categorised, evidencing
an increased interest in evaluating the conservation status
of fungi and the need for more studies on this issue for
Colombia (see Chapter 14). The endemic species of the
Amazon Forest, Austroboletus amazonicus, is under critical
extinction threat (Vasco-Palacios et al., 2020). In addition,
four species are categorised as Vulnerable, six are Nearly
Threatened, eight are of Least Concern, and five are Data
Deficient, lacking insufficient data for evaluation (IUCN,
2021). Thus, it is still necessary to assess the conservation
status of almost 98% of the remaining Basidiomycota
species reported for Colombia.
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ABSTRACT

Ascomycota is the most diverse phylum of the kingdom Fungi, comprising 92,725 species described to date. They are
characterised by producing spores in a sac that resembles a row of peas, a so-called ascus, in higher Ascomycota formed
in structures termed ascomata. In most Ascomycota, the ascomata are primarily microscopic structures, reaching a few
millimeters in diameter, but some Ascomycota produce macro-ascocarps comparable in size to those of higher Basidiomycota.
Unfortunately, there is no straightforward definition of what would constitute macro-Ascomycota, as size differences are often
gradual and workers define "macro” and "micro" in this phylum differently. Globally the larger non-lichenized Ascomycota
are found primarily within the classes Geoglossomycetes, Leotiomycetes, Orbiliomycetes, Pezizomycetes, Sordariomycetes,
and Xylobotryomycetes. These classes encompass a total of 36,462 species, corresponding to 39% of the currently known
Ascomycota, although not all their members can be considered macro-Ascomycota and there are a few other classes with small
numbers of larger species which are not discussed here. The purpose of this chapter is to elaborate on the state of knowledge
of the diversity of the fungi within these classes in Colombia, based on records in the ColFungi portal and with additional
records from local herbaria, literature, and private collections. In the past ten years, Colombia increased the number of known
species of macro-Ascomycota from 181 to 1,114. Regarding the number of records, Colombia has 6% of the total reported for
the Neotropical region, compared to Brazil with 41%. Notably, the macro-Ascomycota deposited in herbaria outside Colombia
comprises mostly Leotiomycetes, whereas Sordariomycetes are the best represented class in Colombian collections. Rather
than the relative abundance of the various fungal groups, this difference reflects the interest of mycologists who collected
these specimens. A representative inventory for the true diversity of macro-Ascomycota in Colombia is still needed.

RESUMEN

Los Ascomycota son el filo mas diverso de hongos, con 92.725 especies. Estos hongos caracterizados por su produccién de
esporas en sacos pueden ser saprofiticos patégenos de animales, plantas y otros hongos, y simbiontes, en asociacién con
algas, como los liquenes, o trabajando en mutualismo con plantas, como en las ectomicorrizas y los endéfitos. De manera
notable, mientras en el mundo, los liquenes corresponden al 13% del total de las especies de ascomicetes registradas, en
Colombia corresponden al 52% de las especies de anotadas en ColFungi, sesgo derivado de su estudio tradicional asociado
a la botanica. En cambio, los macro-Ascomycota no liquenizados, segun lo definido aqui, representan un 24% de los registros
de ascomicetes en Colombia, en comparacion con 39% en el mundo. Los ascomicetes que tienen su ascoma o estructura
reproductiva asexual a simple vista se ubican en el subfilo Pezizomycotina, en las clases Geoglossomycetes, Leotiomycetes,
Orbiliomycetes, Pezizomycetes, Sordariomycetes y Xylobotryomycetes, ademas de algunos miembros del orden Eurotiales dentro
de la clase Eurotiomycetes. Para 2013, el listado de macro-Ascomycota de Colombia alcanzaba 181 especies, mientras que
en esta revision se ha recopilado informacion de al menos 1,114 especies de esas clases, tomando los datos de ColFungi,
asi como de literatura gris, herbarios nacionales y colecciones privadas. En cuanto a las colecciones de especimenes
preservados, Colombia, en comparacion con otros paises de la regién neotropical, se ubica por debajo de Brasil, que posee el
41% de las colecciones, seguido de Costa Rica, con 21% y México con 18%. Colombia y Venezuela, paises vecinos con areas
similares, poseen una proporcion del 6% y 8% respectivamente. Cuando se analiza la distribucién de las clases de macro-
ascomicetes no liquenizados en los diferentes paises de la region, Colombia se destaca por su mayor ndmero de registros de
discomicetes de la clase Leotiomycetes. Esto se debe a los estudios esporadicos de investigadores extranjeros con enfoque
en sus especialidades taxondmicas en la década de los 70 y 80. Sin embargo, cambia cuando se analizan los herbarios
locales no conectados con las bases internacionales, donde se nota que los especialistas nacionales se han enfocado en
la clase Sordariomycetes. Las 1,114 especies de macro-ascomicetes de Colombia no liquenizados registradas a la fecha
superan las 463 especies de Panama y las 1.483 especies de Ecuador, porque este nimero incluye ademas liquenes.
Finalmente, la distribucién de los macro-ascomicetes no liquenizados dentro del territorio nacional segun su ecologia se
da de manera heterogénea de acuerdo con el gradiente altitudinal que va de la cordillera de los Andes hacia la cuenca
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Amazodnica. Las especies ectomicorrizicas se distribuyen en los bosques nublados de roble, mientras los discomicetes
pueden abarcar desde las alturas de los paramos hasta las selvas bajas. Los Xylariales, en cambio, muestran su mayor
expresién de diversidad y tamanos en las tierras bajas, aprovechando la gran biomasa de lignina y celulosa de los bosques
tropicales. Cabe destacar que los hongos artropodo-patégenos del orden Hypocreales se distribuyen por el pais siguiendo los
patrones de diversidad de los artrépodos que sirven como hospederos, los cuales son mas diversos en los bosques himedos
tropicales bajos; en consecuencia, alli se presenta la mayor riqueza de, especies con 15 géneros y al menos 82 especies. La
presente revision plantea el desafio de analizar los datos de macro-ascomicetes no liquenizados desde un mayor ndmero de
fuentes secundarias para asi estimar de una manera mas amplia la enorme diversidad de estos hongos y ubicar los vacios

de informacién y las areas aun sin explorar.

INTRODUCTION

Ascomycota is the most diverse phylum of the kingdom
Fungi, with 92,725 species described to date (Catalogue of
Life, 2021) and probably many more yet to be discovered.
These fungi are characterised by producing spores in a sac,
called an ascus, which typically resembles a row of peas,
produced in structures termed ascomata. Ascomata are
mostly microscopic in size, to a few millimetres in diameter,
but several classes can produce macro-ascocarps that
are visible to the naked eye from a distance, and here we
consider them as macro-ascomycetes (Kirk et al., 2008).
This phylum encompasses a high diversity of life forms,
from saprotrophs growing on different substrata, to parasitic
biotrophs of animals, fungi, plants, and others, to symbiotic
relationships, such as mycorrhizas and lichens, and can
inhabit terrestrial or aquatic environments (Cepero de Garcia
et al., 2012). Ascomycota are typically the most numerous
inhabitants of the soil; they also include substantial
numbers of pathogens, such as the yeast Candida albicans,
pathogenic to humans, Fusarium oxysporum, pathogenic
to plants, and Ophiocordyceps unilateralis, a pathogen
of ants that turns them into "zombies" (Andersen et al.,
2009; Beug et al., 2014). Within the Ascomycota, at least
six classes include non-lichenised macrofungi, such
as Geoglossomycetes, Leotiomycetes, Orbiliomycetes,
Pezizomycetes, Sordariomycetes, and Xylobotryomycetes
(Voglmayr, 2019). Altogether, these classes comprise 36,462
species that correspond to 39% of the Ascomycota currently
known worldwide (Catalogue of Life, 2021), although not all
of these fungi can be considered macro-Ascomycota.

The purpose of this chapter is to describe the current
state of knowledge of the diversity of Ascomycota in
Colombia, focusing on the classes containing primarily
non-lichenised macro-Ascomycota. However, in the class
Eurotiomycetes, in the order Eurotiales, there are also
some genera present in Colombia, such as Elaphomyces
and Penicilliopsis, which have larger ascomata and will
be discussed here. To address this goal, we used the
database of the ColFungi portal (https://colfungi.org/), the
Ascomycota database of the National Herbario de Colombia
(COL), Herbario de la Universidad de Antioquia (HUA) as well
as private collections. Additionally, this chapter provides a
broader overview of Colombia's research on Ascomycota
(see also Chapter 2), alongside some systematic studies of
selected groups. Although citizen science records are useful
sources of information, including for macro-Ascomycota,
observations from these (e.g., https://inaturalist.org; www.

mushroomobserver.org) were not considered here, as very
few records can be associated with scientifically validated
identifications or specimens.

A BRIEF HISTORY OF ASCOMYCOTA RESEARCH IN COLOMBIA

In 1783, the Spaniard José Celestino Mutis was appointed
to carry out a botanical expedition of the viceroyalty of New
Granada (the former Spanish territory currently comprising
Colombia, Ecuador, Panama, and Venezuela). He led field
surveys for 29 years, initially from a base camp in the
municipality of Mariquita in the Magdalena Valley and
from the vicinity of Bogota from 1790 onward. He and his
associates collected and documented thousands of vascular
plants, bryophytes, and fungi during this expedition. One
entry in his diary states: “hallé sobre un pequeno domicilio
de comején una especie de hongo, que he reducido a Clavaria
militaria. Lo guardo por si hay lugar de pintarlo no siendo
estas especies muy comunes" (I discovered a species of
fungus that | determined to be Clavaria militaria on the nest
of a wood-eating insect), apparently the first report of a
species of Cordyceps from Colombia. His team included an
incredible illustrator, Javier Matis, who perhaps drew the first
Ascomycota from Colombia, Phillipsia dominguensis (referred
by Mutis to Peziza) (Aguirre-C., 1985).

Although Mutis made the first records of Colombian
Ascomycota, it was not until 1928 that the Puerto Rican
plant pathologists Carlos Eugenio Chardén and Rafael Toro
performed a comprehensive survey of the funga of Colombia
(Chardon & Toro, 1930). However, their exploration focused
on plant pathogens mostly representing micro-Ascomycota,
collected from both natural ecosystems and agricultural
areas close to the major cities of Colombia. At least a
thousand specimens were collected, including the first
records of Camillea, Poronia, and Xylaria.

In 1968, Kent Dumont from the New York Botanical
Garden, began a series of visits to Colombia which took
place over the next ten years, collecting more than 20,000
specimens of fungi with the cooperation of the Instituto
de Ciencias Naturales (ICN), the Universidad Nacional de
Colombia (UNAL), and the Instituto Colombiano de Agricultura
(ICA). His collections included 3,264 Ascomycota from 15
departments of Colombia, most of them in the Andean
region and the Amazon foothills (departments of Caqueta
and Putumayo). These specimens were deposited at the
herbaria NY and COL. As a result of this project, a series
of publications called "Hongos de Colombia" was published
in ten issues between 1974 and 1983, in cooperation with
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several renowned mycologists. Among these publications,
Carpenter & Dumont (1978) expanded the distribution of
Bisporella discendens, found in many localities in the Andean
region, and Veerkamp & Gams (1983) described new species
of soil fungi, Trichoderma inhamatum and Morteriella ornata.

Studies of Colombian Ascomycota by local mycologists
have, for the most part, been restricted in scope, most
of them focusing on micro-Ascomycota with relevance to
phytopathology (Buritica, 1999). In the 1990s, Tobdn (1991)
published a study on the Ascomycota of the Andean region
from the department of Antioquia, including 11 species of
discomycetes. Local mycologists continue to publish studies
on Ascomycota for Colombia, with some of them describing
new species, such as Cookeina colombiana (Raymundo et al.,
2020), others encompassing broader systematic studies,
such as that for the genus Cordyceps s.lat. (Sanjuan et al.,
2014; 2015).

COLOMBIAN ASCOMYCOTA IN NUMBERS

To address the "state of knowledge" of the diversity of
ascomycetes in Colombia, it is useful to compare species
counts of the various taxa in Colombia to those for the
world and for similar countries. Referring to Table 1, we see
that Ascomycota reported for Colombia comprise 5% of the
92,725 species known worldwide. For yeasts and dimorphic
yeasts (subphyla Saccharomycotina and Taphrinomycotina)
Colombia registers 9% and 2%, respectively, of species

worldwide. Among the lichenised Ascomycota (primarily
the classes Arthoniomycetes, Coniocybomycetes, Lecanoro-
mycetes, Lichinomycetes), Colombia accounts for 19%
of those worldwide. However, they constitute 52% of the
Ascomycota species reported for Colombia. So while
Colombia's lichen biota is well known, the same cannot
be said for non-lichenised Ascomycota. In particular, for
classes comprising mostly micro-Ascomycota, such as
Dothidiomycetes, Eurotiomycetes, and Laboulbeniomycetes,
Colombian species represent only 2.4% of those registered
in the world.

In  comparison, the classes that include non-
lichenised macro-Ascomycota as here defined, namely
Geoglossomycetes, Leotiomycetes, Orbiliomycetes, Pezizo-
mycetes, Sordariomycetes, and Xylobotriomycetes, are
represented by 36,462 species worldwide and 1,114
species in Colombia. They represent only 3% of the world
species, and inside of Colombia they comprise 24%, not as
many as the lichens, but more than the micro-Ascomycota.

Overall, the Ascomycota in Colombia are not well sampled
and studied. They might also not be as conspicuous and
useful as Basidiomycota for local communities in Colombia.
Apart from lichens, incentives to study Ascomycota have
mostly arisen from their medicinal importance or their
effects on crops (Sipman, 1986; Garces et al., 1999).
Indeed, throughout humanity’s history, we have mostly
studied what benefits or harms us, and so the amount of
knowledge reflects our anthropocentric point of view.

TABLE 1. Comparison of the number of species of Ascomycota in the world (Catalogue of Life, 2021) with species reported from Colombia.

Subphylum Class Life form Worlld Colom.blan Colombian
species species percentage
. 1,180 106 o
Saccharomycotina Saccharomycetes True yeast (1.3%) (2%) 9.0%
. . Pneumocystomycetes . . 164 3 o
Taphrinomycotina Schizosaccharomycetes Dimorphic yeast (0.2%) (0.1%) 1.8%
Arthoniomycetes Coniocybomycetes Lichen 12,439 2,352 19%
Lecanoromycetes Lichinomycetes (13%) (52%) ?
Dothideomycetes Eurotiomycetes Nogglsihri?cpgn_ 37,238 906 5 4%
Pezizomycotina Laboulbeniomycetes y (40%) (20%) R
ascomycetes
Sordan(_)mycetes Geoglpssomycetes Non-lichen non- 36,462 1114 .
Leotiomycetes Orbiliomycetes yeast macro- o o 3.1%
. (39%) (24%)
Pezizomycetes Xylobotryomycetes ascomycetes
. 73
Incertae sedis (2%)
Ascomycota identified to class 87,483 4,481 5.1%
Phylum Ascomycota 92,725 4,554 4.9%
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Classes of macro-ascomycetes
Non-lichenized

Sordariomycetes
Pezizomycetes
Leotiomycetes

Orbiliomycetes

HOENN
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[

4,727 142,000

FIGURE 1. Collections of classes containing non-lichenised macro-Ascomycetes in Neotropical countries based on GBFI (2021).
Xylobotryomycetes is omitted due to their low number of species. Numbers inside the circles represent the number of preserved specimens.
Shades of grey for each country reflect the corresponding total number of records.

STUDIES OF NON-LICHENISED MACRO-ASCOMYCOTA IN THE
NEOTROPICS

When analysing the composition of Ascomycota classes in
collections from each country (Figure 1), in most countries
Sordariomycetes are the most abundant by far. This class
includes families such as Xylariaceae and Cordycipitaceae,
which are very common in tropical lowlands (Soto-Medina &
Bolanos-Rojas, 2013; Sanjuan, 2015). Brazil is currently the
country with the highest number of digitized records in both
absolute numbers and proportions (GBIF, 2021). By contrast,
in Colombia, Leotiomycetes are more representative, including
Leotiaceae, a family with ectomycorrhizal relationships
with oak (Quercus humboldtii) and Trigonobalanus excelsa
(Sierra et al., 2011). Colombia represents the southernmost
distribution of these forest associations originating from the
Northern Hemisphere (Gonzalez et al., 2006). Additionally,
this ecosystem is located in the highlands, where most
mycological research has been done in Colombia.

On the other hand, in the Antioquia University Herbarium
(HUA), Sordariomycetes are the most representative class,
with 381 species recorded to date for Colombia, mostly due

to entomopathogenic fungi within Hypocreales and lignicolous
fungi from Xylariales. There is a notable difference in
taxonomic coverage based on GBIF versus HUA records, likely
because the GBIF records are biased towards the collections
made by Kent Dumont in the NY herbarium, who focused on
Helotiales (Leotiomycetes) (https://mycoportal.org). In fungi
collections, the abundance of a taxon is often explained by
the presence of a specialist who worked on it. The number
of non-lichenised Ascomycota for Colombia (1,114 species)
is greater than for Panama (483; Pipenbring, 2007) and
Ecuador; the latter has a total of 1,483 Ascomycota reported
but that number includes lichens (Laessge & Petersen, 2008;
Batallas et al., 2020). This underlines Colombia's high fungal
diversity, matching that of other organisms, such as birds,
orchids, and amphibians (Alvarez Hincapié et al., 2021).

REPRESENTATIVE GROUPS OF NON-LICHENISED MACRO-
ASCOMYCOTA IN COLOMBIA

To date, we have seen the abundance and diversity of
Ascomycota, especially the non-lichenised ones, at global
and regional scales. However, given Colombia's diversity of
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ecosystems, the distribution of macro-Ascomycota is not
homogeneous across the country, responding to factors such
as rainfall, temperature, and altitude (Alvarez Hincapie et al.,
2021). The most representative groups of macro-Ascomycota
in Colombia can be grouped according to the shape of their
ascoma and/or their role in the ecosystem, relative to the
most representative biomes of Colombia (Figure 2).

CUPULATE ASCOMYCOTA

The terms "cup fungi" or "discomycetes" are informally used
for Ascomycota with discoid, more or less sessile ascomata,
representing the classes Leotiomycetes (including Helotiales
and some Rhytismatales), Orbiliomycetes (including Orbiliales),
and Pezizomycetes (including Pezizales). Discomycetes have
148 species reported for Colombia, with Lachnum (Helotiales,
Lachnaceae) being the most diverse and abundant, with 30
species and 150 records. Calycina claroflava (Helotiales,
Helotiaceae) is the most frequently collected species, with
71 specimens in total. As part of the "Hongos de Colombia"
project, Carpenter & Dumont (1978) recorded more than
70 specimens of C. claroflava, under its synonym Bisporella
discendens. The most extensive collection of discomycetes
has been made in the Andean region, between 1,500 and

3,300 meters, corresponding to cloud forests and Andean
paramos, classified under Holdridge's life zone system
(Holdridge, 1967) as moist montane forests (MMF) and sub-
alpine rain paramo (SARP). The Pezizales Cookeina speciosa,
Cookeina tricholoma (Figure 2d), and Phillipsia domingensis,
are more frequently collected in lowlands, e.g., in the
Magdalena Valley and in the Amazon foothills and basin,
which correspond to tropical rainforests (RFT). However, a
new species of Cookeina was discovered recently, namely
C. colombiana, found in tropical dry forests (DFT) in the
Caribbean region (Raymundo et al., 2020). Thus, although
discomycetes have been collected mainly throughout the
Andean, Amazon, and Pacific regions, the Caribbean and
Orinoquia would benefit from more field surveys, as revealed
by the newly discovered species of Cookeina.

HYPOGEOUS ASCOMYCOTA

Spore-sequestering fungi have evolved several times from
different lineages of Ascomycota (Bonito & Smith, 2016).
In Colombia, truffle-like fungi represent Pezizomycetes
(Pezizales) and Eurotiomycetes (Eurotiales). These fungi are
ectomycorrhizal, associated with oak (Quercus humboldtii)
and Trigonobalanus excelsa trees. The false truffle,

e

FIGURE 2. Representative groups of non-lichenised macro-Ascomycota in Colombia. A Xylaria telfarii, from Tolima in the Magdalena valley.
B False truffle, Elaphomyces muricatus, parasitised by Tolypocladium capitatum, from Boyaca in the Andean region. C Xylobotryum sp.,
from Amazonas in the Amazon basin. D Cookeina speciosa and C. tricholoma, from Antioquia in the Magdalena Valley. E Leotia lubrica and
L. chlorocephala, from Huila in the Andean region. F Annulohypoxylon sp. from Andean cloud forest in Cundinamarca. G Ophiocordyceps
albacongiuae, from Antioquia in the Magdalena valley. (Photographs A, B, D and E by Tatiana Sanjuan; C, F and G by Kent Brothers).
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Elaphomyces muricatus (Eurotiales, Elaphomycetaceae)
has been reported from the department of Cundinamarca
by Guzman & Varela (1978). However, there are collections
identified to genus fromthe departments of Antioquia, Boyaca,
Huila, and Tolima, most of them parasitised by species of
Tolypocladium (Hypocreales, Ophiocordycipitaceae) (Herbario
de la Universidad de Antioquia, 2021) (Figure 2b).

Another false truffle, with specimens housed in HUA,
was collected in the departments of Antioquia and Tolima,
namely Hydnotrya tulasnei (Pezizales, Discinaceae), known
for its good flavour when young. A genuine truffle, Tuber
melanosporum (Pezizales, Tuberaceae), was reported
in 1986 from Antioquia. Given that this name covers a
European species of black Tuber, the Colombian specimen
may have been identified erroneously, assuming that the
most common European species may also be present in
Colombia. Another record of this genus was reported for
Cundinamarca in 2019 by the specialist in hypogeous
fungi, Matthew Smith (https://mycoportal.org/portal/
collections/individual/index.php?occid=10515278), but no
DNA sequences are available for it yet. Truffles, in general,
are undersampled in Colombia and would greatly benefit
from timely studies, given that oak forests in Colombia are
classified as vulnerable by the IUCN due to deforestation for
agriculture and animal breeding activities.

STIPITATE ASCOMYCOTA

Some macro-Ascomycota have ascomata supported by a
fleshy stalk (e.g., Pezizales, Helvellaceae), sometimes hollow
and filled with jelly and with viscid discs (e.g., Leotiales,
Leotiaceae), or with an alveolate, conical disc supported
by a spongy stalk (Pezizales, Morchellaceae). Clavate to

FIGURE 3. Morels drawn by Matis in 1783, one of the painters
of the botanical expedition of the viceroyalty of New Granada
coordinated by Jose Celestino Mutis (courtesy of the Royal
Botanical Garden of Madrid).

spathulate or strongly stipitate ascomata are found in
species of Geoglossomycetes (Geoglossaceae). Each of
these groups is characterized by a specific trophic mode
(Beug et al., 2014).

The genus Leotia (jelly babies; Figure 2e) includes three
species in Colombia. Leotia lubrica is the most common,
found above 2,400 meters as ectomycorrhiza of oak (Quercus
humboltii) in moist montane forests (MMF). The saddle
fungus, Helvella, is found in the same region, although not
only in oak forests but sometimes also in grasslands close
to cloud forests (MWF) in the Andean region. In Colombia,
three species of Helvella have been recorded, with Helvella
lacunosa being the most frequently collected.

Morels are found in anthropized ecosystems in Colombia.
The first formal report of morels was made from Cundinamarca
by Pinzén-Osario & Pinzén-Osario (2017), although Matis had
already illustrated Colombian morels for the first time in 1783
from the Royal Botanical Expedition (Figure 3). No information
about the location was recorded in that study. Given the lack
of historical records, it is difficult to know whether morels
were originally native or introduced to Colombia by Europeans.
According to Sanchez (2019), three infra-generic clades are
present in Colombia: subsect. Elata, sect. Esculenta and sect.
Rufobrunnea. Standardised cultures were made from a strain
of Morchella rufobrunnea found in Colombia (Sanchez, 2019).
Morchella elata and M. gracilis have also been collected in
the countryside of Colombia in the departments of Cesar,
Cundinamarca, and Quindio.

Earth tongues from the class Geoglossomycetes
comprise four species in Colombia: Geoglossum fallax, G.
nigritum, Trichoglossum hirsutum, and T. walteri. They all
grow associated with mosses or debris in montane cloud
forests (MWF) with high precipitation. Also in these cases,
the names for Colombian material have been adopted from
Northern Hemisphere species, and no DNA sequences from
Colombian specimens are available to date. Thus, it would
not be surprising to discover that some species of this group
from Colombia are new to science.

STROMATIC ASCOMYCOTA

The class Sordariomycetes includes Ascomycota producing
perithecioid ascomata in well-developed, often conspicuous
stromata (Kirk et al., 2008). Two orders contain macro-
Ascomycota, namely Xylariales, producing carbonaceous
stroma on woody substrata, and Hypocreales, producing
often brightly coloured stromata on plants, animals, and
other fungi (Beug, 2014).

Xylariales in Colombia comprises nine families, 24 genera,
and 124 species, compared to 16 families, 223 genera, and
2,911 species worldwide (https://colfungi.org; Catalogue of
Life, 2021). This order is distributed throughout the country,
but with more species and collections from lowland tropical
rainforests. A revision of Sordariomycetes from Colombia
for the bamboo Guadua angustifolia evidenced nine new
records for the country, including Diatrype bermudensis
(Diatrypaceae) (Soto -Agudelo et al., 2016). As expected,
Xylaria is the most diverse genus in Colombia with 49
species, more than Panama with 33 species, but fewer
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TABLE 2. Species of Hypocreales described for first time from Colombia and recent new records for the country and their distribution.

Species New species New records Natural region
Akanthomyces sabanensis X Andean region
Beauveria acridophila X Amazon basin, Magdalena Valley
Beauveria diapheromeriphila X Amazon basin
Bionectria grammicospora X Andean region
Bionectria parviphialis X Andean region
Cordyceps nidus X Amazon basin, Choco biogeografic zone, Andean region
Cordyceps pilifera X Amazon basin
Cosmospora annulohypoxyli X Andean region
Cosmospora ustulinae X Andean region
Macronectria jungneri X Andean region
Nectria fusispora X Magdalena valley
Nectria microdisca X Andean region
Nectria rubrostoma X Andean region
Nectria cinnabarina X Andean region
Neonectria dumontii X Andean region
Ophiocordyceps albacongiuae X Magdalena valley
Ophiocordyceps amazonica X Amazon basin, Magdalena valley
Ophiocordyceps araracuarensis X Amazon basin, Magdalena valley
Ophiocordyceps blattarioides X Amazon basin
Ophiocordyceps evansii X Amazon basin
Ophiocordyceps fulgoromorphila X Amazon basin, Magdalena valley
Ophiocordyceps gracillima X Amazon basin

than Ecuador with 60 species (Pipenbring, 2007; Laessge
& Petersen, 2008). Xylaria metaeformis and X. willsii were
the first species of the genus reported from Colombia, from
wood collected in Bogota in the 1860s. The most recent
record is X. bambusicola, collected in Quindio in the lowlands
of the Andes region (Soto -Agudelo et al., 2016). Xylariales are
represented by numerous collections in the HUA herbarium,
with 488 specimens from the Amazon basin and the Choco
biogeographic zone, but the Orinoquia region is poorly
represented. A study of the distribution of X. telfarii (Figure
2a) and related species in Colombia confirmed that Xylariales
occur predominantly under certain precipitation regimes, with
no dependence on temperature (Minana, 2018). That study
also revealed sampling gaps for these species throughout
Colombia, which could be extended to all genera of this
order. Xylariales show high diversity in Colombia, but there
are no studies yet based on DNA sequences. A polyphasic

approach is necessary to understand the systematics of
this order, which in other parts of the world has revealed
important antimicrobial properties (Hyde et al., 2019).
Hypocreales comprises eight families, ten genera, and
415 species in Colombia, compared to 14 families, 434
genera, and 5,313 species worldwide (https://colfungi.
org; Catalogue of Life 2021). This order has a broad range
of trophic modes, as animal, fungal, or plant pathogens,
endophytes, or saprotrophs. As part of the "Hongos de
Colombia" project, Dumont et al. (1976) collected 39
species of Nectriaceae, five of which were new to science
(Table 2) (Schroers, 2001). The latter family, together with
Bionectriaceae and Xylariaceae, often have brightly coloured
stromata that develop on various types of wood (Beug et al.,
2014). Both families were reported on Guadua angustifolia
in the department of Quindio in Colombia, with four new
records for this country (Table 2) (Soto -Agudelo et al., 2016).
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Hypocreales also contain one of the kingdom's most
notable and conspicuous fungi, the arthropod pathogens
colloquially called "zombie fungi", distributed among the
Clavicipitaceae, Cordycipitaceae, and Ophiocordycipitaceae
(Sung et al., 2007). In Colombia, 92 arthropod pathogens
have been reported, and another seven fungal pathogens.
Most species have been found in lowland tropical forests.
Around agricultural areas, such as those for coffee crops,
the genera Beauveria, Lecanicillium, and Metarhizium are
more frequently collected. However, two species of Beauveria
were described from undisturbed forests in the Amazon and
Putumayo departments, namely B. diapheromeriphila and
B. acridophila (Table 2), which represent rare examples of
sexual forms of this cosmopolitan genus (Sanjuan et al.,
2014). By contrast, Akanthomyces sabanensis was described
from an urban street of high-level city of Bogota (Table 2).
This entomopathogen parasitises scale insects feeding
on the emblematic tree Ficus soatensis, its distribution
corresponding to areas of low pollution within the city (Chirivi
et al., 2015).

The distribution of arthropod pathogens follows that
of their hosts, which are highly diverse and abundant,
especially in the Amazon basin. The orders Coleoptera
(weevils and beetles) and Hymenoptera (ants and wasps)
are the most parasitised in Colombia, with seven and
13 species, respectively, in concordance with the high
abundance and richness of both groups. However, the most
abundant species in all altitudinal zones, Cordyceps tenuipes
(synonym: Isaria tenuipes), attacks pupae of Lepidoptera
(Sanjuan, 2015). This species is found in lowland tropical
forests (TRF) as well as in montane moist forests (MMF)
and shares habitats with Tolypocladium capitatum (synonym:
Cordyceps capitatum). It attacks the hypogeous ascomycete
Elaphomyces muricatus, an ectomycorrhizal associate of oak
belonging to the Eurotiales.

Considerable attention is given to these arthropod
pathogens, due to their ability to manipulate their host's
behaviour to their benefit, especially the zombie ants,
which have been widely documented (Aradjo et al., 2018).
In particular, Ophiocordyceps unilateralis manipulates ants
of the genus Camponotus (Formicinae, Camponotini), forcing
them to die in particular locations (Andersen et al., 2009).
This behaviour was already observed by the Inga indigenous
people in the Putumayo region of Colombia, where it forms
part of a myth from the indigenous cosmology (Sanjuan,
1999). Three new ant pathogens have been reported from
Colombia, one of which, Ophiocordyceps albacongiuae (Figure
2g), was discovered in Rio Claro canyon, a tropical forest in the
karst limestone formations of the Magdalena valley. Another
33 species of arthropod pathogens have been reported
from the same location, showing a high diversity in a small
area with species common to the Amazon basin (Posada &
Sanjuan, 2018). Unfortunately, this location is threatened
by a limestone mining operation that has accelerated after
the signing of the peace accord in Colombia. Overall, each
year a new species of arthropod pathogens is discovered
globally, and to date, 677 species have been described.
However, the discovery of cryptic species requires the use of

molecular tools. Basic research into these kinds of fungi in
Colombia would likely benefit the country, as they appear to
have considerable biotechnological potential.

FUTURE PERSPECTIVES FOR NON-LICHENISED MACRO-
ASCOMYCOTA OF COLOMBIA

Ascomycota of Colombia have mostly been studied as part
of sporadic visits by foreign mycologists, and more recently
also by trained local mycologists. Until now, the "Hongos
de Colombia" project of Dumont and collaborators in the
1970s continues to be the most complete study to date
on the macro-Ascomycota of Colombia, although these
workers favoured sampling areas with easy access at the
time, such as those near roads or farms, in an opportunistic
manner. There have been few inventories in pristine forests
in areas such as the Orinoquia region or on islands, such
as San Andres and Providencia in the Caribbean or Gorgona
in the Pacific, where many gaps persist. Novel sampling
methodologies are required that include all life forms and
trophic modes of Ascomycota in a temporal framework to
assess the importance of these organisms for tropical
ecosystems in Colombia. Finally, it is necessary to train
new mycologists with an integrative approach that includes
traditional taxonomy and molecular phylogenetics.
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Diversity, Ecogeography, and Importance of Lichens of Colombia
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ABSTRACT

Lichenised fungi constitute a substantial portion of the known Colombian fungi, with 2,670 out of 7,241 species. This fairly
high number is not because lichens represent a particularly diverse group of fungi but because they are relatively well-
studied in the country compared to non-lichenised fungi. Lichens have traditionally been defined as a symbiosis between a
fungus (mycobiont), an alga and/or a cyanobacterium (photobionts). A modern definition also incorporates components of the
lichen microbiome, particularly other fungi, and bacteria. However, the scientific names given to lichens strictly refer to the
primary mycobiont. Globally, Colombia ranks among the top ten countries in terms of known lichen diversity. Most top-ranking
countries are outside the tropics, so this supports Colombia’s position among the three most biodiverse tropical countries
worldwide. The total number for Colombia is estimated at 5,000 species, almost twice the number of species currently known.
Unrecognised species are predicted to be found in understudied regions, understudied groups, and in genera where broad
species concepts may include substantial hidden diversity. Diverse ecological studies assess environmental factors, such
as altitudinal range, topography, and habitat diversity, as drivers of lichen biodiversity. On the basis of these findings, the
impact of land-use changes and environmental pollution on lichen communities can be quantified, providing the foundation
for using lichens as bioindicators to monitor ecosystem health and to perform environmental impact studies. However, such
applications first require a systematic inventory of the lichens of Colombia.

RESUMEN

Los hongos liquenizados constituyen una parte sustancial de la funga Colombiana, con 2.670 de las 7.241 especies
conocidas. Este nimero bastante alto no se debe a que los liguenes representen un grupo de hongos particularmente
diverso, sino a que estan relativamente bien estudiados en el pais en comparacion con los hongos no liquenizados. Los
liquenes se han definido tradicionalmente como una simbiosis entre un hongo (micobionte) y un alga y/o una cianobacteria
(fotobiontes). Una definicion moderna también incorpora componentes del microbioma del liquen, en particular otros
hongos y bacterias. Sin embargo, los nombres cientificos dados a los liquenes se refieren estrictamente al micobionto
primario. A nivel mundial, Colombia se encuentra entre los diez paises con mayor diversidad de liquenes conocida. El pais
de mayor diversidad liquénica conocido es Estados Unidos (4,341 especies), seguido por Brazil (4,310), Australia (4,003),
China (3,050), Francia (2,917), México (2,722), India (2,714) e Italia (2,704). Sin embargo, la mayoria de los paises con alta
diversidad liquénica estan fuera de los trépicos, lo que respalda la posicion de Colombia entre los tres paises tropicales
con mayor biodiversidad en todo el mundo. El nimero total de especies liquenizadas para Colombia se estima en 5,000,
casi el doble del nimero de especies conocidas actualmente. Se predice que las especies no reconocidas se encontraran
en regiones poco estudiadas, en grupos taxonémicos poco estudiados y en géneros donde los conceptos tradicionales de
especies pueden incluir una alta diversidad criptica. Histéricamente, Colombia es uno de los paises mas importantes en
cuanto a estudios sobre liquenes neotropicales, junto a Brasil, Cuba y México. Los liquenes de Colombia se documentaron
por primera vez como parte de la Expedicién Botanica del Nuevo Reino de Granada y colecciones realizadas por Humboldt
y Bonpland; sin embargo, las colecciones histéricas de liquenes mas importantes de Colombia son las de Lindig, en su
mayoria estudiadas por Nylander. Consecuentemente, mas de 400 tipos se encuentran en los herbarios H y PC, siendo
una referencia histérica esencial para los liquenes (neo) tropicales. Diversos estudios ecolégicos han evaluado los factores
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ambientales, como el rango altitudinal, la topografia y la diversidad de habitats, como impulsores de la biodiversidad
de liguenes en Colombia. Con base en estos hallazgos, se puede cuantificar el impacto de los cambios en el uso de
la tierra y la contaminacién ambiental en las comunidades de liquenes, siendo la base para el uso de liguenes como
bioindicadores para monitorear la salud de ecosistemas y realizar estudios de impacto ambiental. Sin embargo, tales
aplicaciones requieren un inventario sistematico mas profundo de liquenes de Colombia.

INTRODUCTION

Lichens have long been treated as a separate group of
organisms, even after discovering their symbiotic nature
(LUcking et al., 2021). Biologically, lichens are just one
example of the diverse nutritional types that have evolved
among the Fungi, including saprotrophs, pathogens,
mycorrhizas, and even carnivores (Watkinson et al., 2016).
However, in lichens, the vegetative hyphae form a persistent,
macroscopically conspicuous thallus (Honegger, 2012;
Figure 1). By contrast, non-lichenised fungi are characterised
by ecologically hidden mycelia that are only usually visible
due to their spore-bearing structures.

After its discovery, the lichen symbiosis has continuously
been defined as bipartite or tripartite associations between
a fungal partner (mycobiont) and one or two photosynthetic
partners (photobionts; Licking et al., 2021). Known lichen
mycobionts are only found in the two major phyla of the Fungi,
representing either Ascomycota (99%) or Basidiomycota (1%)
(LUcking et al., 2017). At the same time, known photobionts
encompass two domains and three kingdoms: Chlorophyta
and Heterokonta among the eukaryotes and Cyanobacteria
among the prokaryotes (Friedl & Budel, 2008; Saini et al.,
2019). Recent studies using advanced molecular approaches
have challenged the bipartite or tripartite nature of the lichen
symbiosis, postulating that other fungi, in particular yeast-
like Basidiomycota, as well as certain bacteria, together
constitute the lichen microbiome as possible integral
components of the lichen symbiosis (Grube et al., 2015;
Spribille et al., 2016; Lendemer et al., 2019; Hawksworth
& Grube, 2020; Sierra et al., 2020; Grimm et al., 2021,
Tuovinen et al., 2021). Consequently, the definition of the
lichen symbiosis as a bipartite or tripartite association
of one mycobiont and one or two photobionts has been
abandoned in favour of a broader definition encompassing
these additional biological components (Hawksworth &
Grube, 2020; Lucking et al., 2021).

Owing to their symbiotic nature, the nomenclature applied
to lichens has also posed challenges. Before discovery of
the symbiosis, the scientific Latin name applied to the entire
lichen, including its photobiont(s), at the time termed gonidia
(LUcking et al., 2021). With the realisation that lichens are
composed of more than one organism, the need arose to
adjust the precise application of the scientific name, which
was then ruled to apply to the mycobiont alone (Lucking
et al., 2021). This solution seemed straightforward, but
the argument could be raised that the same fungus may
form different lichens, so-called photosymbiodemes, when
associated with different photobionts (Figure 1), differing in
ecology or distribution (Goward, 2008). The scientific name
should be used for the mycobiont only to account for such

cases, whereas the vernacular name can be used for the
entire lichen. For example, in the case of the widespread
Xanthoria parietina (yellow wall lichen), a species also found
in Colombia, the scientific name (X. parietina) applies to the
mycobiont alone. By contrast, the common name (yellow wall
lichen) addresses the entire lichen (Llicking et al., 2021).

Lichens are integral components of terrestrial ecosystems
and sometimes are the dominant or exclusive life form
(e.g., in the Antarctic continent). Even aquatic and marine
lichens have been known for almost 50 years (Seaward,
1977; Sanders et al., 2004; Feuerer & Hawksworth, 2007;
Miadlikowska et al., 2014). Lichens are generally believed
to escape the temperate-tropical diversity gradient, being
more conspicuous in temperate to arctic regions (Lucking
et al., 2011). However, this is a matter of scale: at larger
scales (regional and landscape level), the species richness
of temperate and tropical regions is comparable, whereas
at smaller scales (local and habitat level), species richness
appears to be greater in the tropics (Lucking et al., 2011).
Notably, the highest species richness is found in tropical
lowlandrainforests. Nonetheless, lichens are notconspicuous
in these ecosystems, and their associated biomass is low.
Yet, a single square kilometre (100 ha) of tropical rainforest
can harbour up to 600 species, including several hundred
species of foliicolous lichens growing on living leaves (LUcking
et al., 2011). For comparison, the best-studied temperate
regions may yield higher species numbers, but across much
larger areas, such as the Cévennes National Park in France
(973 species within 93,700 ha), Glacier Bay National Park in
Alaska (831 species within 600,000 ha), and Klondike Gold
Rush National Historical Park (668 species within 5,300
ha), among others (Roux et al., 2008; Spribille et al., 2010,
2020; Lucking et al., 2011). The main difference between
these temperate and the hitherto studied tropical sites is
that landscape diversity largely drives lichen diversity in
the former. By contrast, high species richness has been
reported in tropical locations for more or less homogeneous
ecosystems, indicating that these habitats have a higher
species carrying capacity (Lucking et al., 2011).

BIODIVERSITY OF LICHENS OF COLOMBIA

Colombia is home to extraordinary biodiversity, given its
geographic position at the conjunction between Central
and South America. The country is bordered by two oceans,
comprises an abrupt topography ranging from sea level to
5,775 m altitude, and has diverse ecosystems (Arbelaez-
Cortés, 2013; Murcia et al., 2013; Rangel-Ch., 2015). This
great biodiversity also extends to lichens with 2,670 species
reported to date from the country (Gaya et al., 2021; this
paper). Colombia is only surpassed in lichen richness by
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FIGURE 1. A-B Thallus of Sticta lobarioides and section of a Parmeliaceae showing the different layers formed by the mycobiont and
the photobiont. C-D Cephalodia in Stereocaulon novogranatense (C) and Placopsis rhodocarpa (D). E-F Photosymbiodeme in Sticta aff.
subscrobiculata, with cyanobacterial lobes emerging from green-algal lobes (E) and vice versa (F). (Photographs by Robert Licking).
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TABLE 1. Species numbers of lichenised fungi reported from selected regions and countries worldwide.

Country / territory Number f gt(a)%ieks rr/l . ISOIZ((:::‘Z/) Reference(s)
United States 4,341 0.44 187 Perimutter & Weakley (2018); Esslinger (2019)
Brazil 4,310 0.51 187 Aptroot (2021)
Australia 4,003 0.52 175 McCarthy (2020)
China 3,050 0.32 131 Wei (2021)
France 2,917 4.53 151 Roux (2012)
Mexico 2,722 1.38 130 Herrera-Campos et al. (2014)
India 2,714 0.83 125 Singh & Sinha (2010); Sinha et al. (2018)
Italy 2,704 8.97 149 Nimis (2016)
Colombia 2,670 2.34 133 Gaya et al. (2021); this chapter
Austria 2,349 28.00 144 Hafellner & Turk (2016)
United Kingdom 2,000 8.25 112 Smith et al. (2009); Coppins (2021)
Germany 1,946 5.45 105 Wirth et al. (2011)
Japan 1,906 5.04 103 Ohmura & Kashiwadani (2018)
Chile 1.880 48 96 Galloway &S(jzgr;s;l(-:tzfz);(g/g;%?s@atilIo &
Venezuela 1,801 1.97 91 Marcano et al. (1996); Hernandez-M. (2021)
South Africa 1,751 1.44 87 Fryday (2015); Ahti et al. (2016)
Umana-Tenorio et al. (2002); Nelsen et al.
Sipman et al. (2012)
Argentina 1,670 0.60 78 Calvelo & Liberatore (2002)
Finland 1,644 4.86 90 Stenroos et al. (2016)
Bolivia 1,353 1.23 67 Rodriguez de Flakus et al. (2016)
Thailand 1,292 2.52 68 Buaruang et al. (2017)
Philippines 1,234 411 68 Paguirigan et al. (2020)
Algeria 1,051 0.44 50 Amrani et al. (2018)
Cuba 1,027 9.35 61 Licking et al. (in prep.)
Peru 924 0.72 46 Ramos (2014)
Puerto Rico 781 85.79 59 Mercado-Diaz & Santiago-Valentin (2010)
Uruguay 614 3.48 35 Osorio (1972, 1992)
Madagascar 500 0.85 26 Aptroot (2016)
Panama 325 4.30 20 Piepenbring (2007)
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FIGURE 2. A.Part of the “Lindig trail” in the “El Delirio Ecological Reserve”; B leading from the Southeastern outskirts of the municipality
of Bogota DC at 2,800 m altitude up to the paramo region of El Verjén at 3,400 m altitude, along the Rio Fucha; C this area is the type
locality for several species collected by Lindig, among them Sticta peltigerella, which typically grows on mossy boulders in streams and is
an excellent indicator of water quality. (Photographs by Robert Lucking).
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the USA (4,341 species), Brazil (4,310), Australia (4,003),
China (3,050), France (2,917), Mexico (2,722), India (2,714),
and ltaly (2,704) (Singh & Sinha, 2010; Herrera-Campos et
al., 2014; Nimis, 2016; Perlmutter & Weakley, 2018; Sinha
et al., 2018; Esslinger, 2019; McCarthy, 2020; Aptroot,
2021; Wei, 2021; Table 1). These countries are much larger
than Colombia (USA, Canada, Brazil, Australia, China, and
India) or represent much better studied temperate countries
(France and Italy). Among the ten richest countries in relative
species density, Colombia ranks fourth with 2.34 species
per 1,000 km?, trailing Austria (28.0), Italy (8.97) and France
(4.53), but ahead of Mexico (1.38), India (0.83), Brazil (0.52),
Australia (0.52), the USA (0.44), and China (0.32). When
considering a logarithmic relationship of species richness
with area size, Colombia ranks seventh among the ten most
species-rich countries [133 species per logz(area)], after the
USA (187), Brazil (187), Australia (175), France (151), Italy
(149), and Austria (144), but ahead of China (131), Mexico
(130), and India (125). Some small countries or territories
with comparatively high species numbers surpass the high
species density of Italy, ranking far ahead of Colombia as
well, such as Puerto Rico (85.8 species per 1,000 km?),
Costa Rica (34.0), and Cuba (9.4). Still, no further country
included in this analysis has a higher species per logx(area)
count than Colombia.

Overall, the high biodiversity of lichens of Colombia
reflects that of other groups of organisms for the country,
such as plants, vertebrates, and insects (see Chapter 3), and
further supports the status of Colombia as one of the world’s
17 megadiverse countries (Mittermeier, 1988; Mittermeier
et al.,, 1999; Arbeldez-Cortés, 2013). It also corroborates
Colombia’s position as the second most biodiverse tropical
country, after Brazil (Butler, 2016, 2019). Most other top-
ranked countries and regions in terms of known lichen
diversity are largely or entirely outside the tropics.

Historically, Colombia is one of the most important
countries as regards studies on neotropical lichens,
alongside Brazil, Cuba, and Mexico. Lichens of Colombia
were first documented as part of the Expedicién Botanica del
Nuevo Reino de Granada, organised by José Celestino Mutis,
with the collaboration of Francisco José de Caldas, between
1783 and 1816, with three colour plates representing the
species Baeomyces imbricatus (= Phyllobaeis imbricata),
Cladonia didyma, and Stereocaulon ramulosum (Aguirre-C.,
1985; see Chapter 2). Halfway through this monumental
endeavour, which unfortunately yielded few lichens and non-
lichenised fungi, in 1801 Mutis and Caldas crossed pathways
with Alexander von Humboldt and Aime Bonpland in Bogota
during the travels of the latter two through the northern
Andes (Colombia, Ecuador, and Peru). The collections made
by Humboldt and Bonpland were treated by Hooker (1822),
who reported 73 species, including 12 presumably new to
science, among them Baeomyces imbricatus (= Phyllobaeis
imbricata), Lecidea parmelioides (= Coccocarpia erythroxyli),
Pyrenula marginata (= P. mamillana), Sticta humboldtii, and S.
pallida (= Lobariella pallida).

Alexander (Alexandre) Lindig, a German botanist who
resided in Bogota DC between 1859 and 1863, gathered

Colombia’s most important historical lichen collections
(see Chapter 2). The famous “Lindig trail”, presumably
the type locality of many new species described from
Bogota DC, is still preserved in the “El Delirio” Reserve
(Figure 2). Unfortunately, the exact localities of the collected
specimens are unknown, as most only indicate “Bogota”.
Most of Lindig's collections were studied in comprehensive
treatments by Nylander (1859, 1863a-c, 1864, 1867).
Over 400 types of names applying to (neo-) tropical species
are now housed in the H and PC herbaria. This number is
comparable to names based on type material from Cuba
and only surpassed by the historical role of Brazil (Marcelli,
1998). Therefore, the Colombian lichen biota is an essential
historical reference for (neo-)tropical lichens. In modern
times, Harrie Sipman and collaborators (see Chapter 2) made
substantial contributions to the knowledge of Colombian
lichens, with comprehensive checklists enumerating 1,553
and more recently 1,674 species (Sipman et al., 2008;
Sipman & Aguirre, 2016).

Although the currently known 2,670 species already
represent a high number, the true diversity of the lichens of
Colombia is probably much higher. Three reasons account
for this assumption: 1. understudied and unexplored regions
that harbour unknown species; 2. understudied taxonomic
groups; and 3. refined species concepts in groups that
were considered to be well-known. GBIF (https://www.gbif.
org/occurrence/search?country=CO&taxon_key=180) has
over 55,000 occurrence records for Lecanoromycetes in
Colombia, which is by far the largest class of lichenised
Ascomycota. Most of these records are georeferenced, but
only 38% correspond to preserved specimens, whereas 62%
represent human observations, mostly through environmental
impact assessments. The resulting map shows a clear bias
of existing collections to the Andean region. By contrast, the
Caribbean, Pacific (Choc6é biogeographic region), Orinoco,
and Amazon regions are grossly undersampled (Figure 3).
Such pattern is also seen for other organisms (Arbelaez-
Cortés, 2013). Given that tropical lichens are particularly
diverse at lower altitudes and dry forests often harbour
unique taxa, many additional species can be expected from
these four undersampled regions, which harbour large areas
of lowland rainforests, savannas, and dry forests (Rincon-
Espitia et al., 2011; Lucking et al., 2019; Soto-Medina et al.,
2021). A particular hotspot is expected in the geographically
isolated Sierra Nevada de Santa Marta, where only a few
lichen studies have been carried out so far (Magdefrau &
Winkler, 1967; Nowak & Winkler, 1970; Sipman, 1986;
Ramirez-Roncallo, 2018).

Understudied taxonomic groups are particularly
represented by large genera that are either poorly collected
or lack thorough taxonomic studies because they have been
deemed too difficult to study. Two examples are the genera
Graphis (and its recent segregate Allographa) and Usnea.
In a revision of fungarium specimens, Motta & Amoértegui
(2018) unveiled 15 new species and 67 new records of
Graphis and Allographa for Colombia, some of which have
been published (Motta et al., 2019), raising the number
of species known from Colombia by 149%. A molecular
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FIGURE. 3. Grid maps of georeferenced records of Lecanoromycetes in Colombia available from GBIF (https://www.gbif.org/occurrence/
map?country=CO&taxon_key=180), showing records based on preserved specimens (left map) versus all records, i.e., also including
human observations (right map). Size of dots is proportional to number of records per grid. Note that human observation records (mostly
through environmental impact assessments) mitigate sampling gaps particularly in northwestern Colombia.

barcoding study of the genus Usnea suggested that its
true species richness for Colombia may be up to 2.5 times
greater than is currently known (Moncada et al., 2020).
Some examples of refined species concepts are found in
the genera Lobariella and Sticta (Ascomycota) and the genus
Cora (Basidiomycota). Before molecular studies, the three
genera were presumed to be well-known in Colombia, with
four species of Lobariella, 42 of Sticta, and a single species
of Cora (Sipman et al., 2008). Since then, these numbers
have risen, based on molecular phylogenetic revisions,
to 24, 78, and 49 species, respectively, increasing their
species richness by more than 200%. This increase is
particularly dramatic for the genus Cora, a well-known
element of the Colombian Andean region.

Licking et al. (2009) estimated the number of lichenised
species in Colombia at 3,600. However, at that point, the
magnitude of the hidden diversity in presumably well-known
groups had not yet been realised. We anticipate that an
estimated 3,600 species would perhaps cover additional
species found in understudied regions or taxonomic groups.
Yet, hidden diversity in presumably well-known lineages would

on average double the number of species in many genera,
adding another 1,500 species. Thus, a revised estimate,
considering under- and unexplored regions, understudied
groups, and hidden diversity would arrive at a number close
to or above 5,000 species.

All major taxonomic groups and biotypes of lichens
are represented in Colombia. However, compared to
temperate lichen biotas, such as that of the United
Kingdom, crustose groups are overrepresented, particularly
those primarily confined to tropical regions, such as
Graphidales, Pyrenulales, and Trypetheliales, which feature
trentepohlioid photobionts adapted to tropical climates. By
contrast, orders such as Acarosporales, Baeomycetales,
Lecideales, Pertusariales, Teloschistales, and Verrucariales,
are underrepresented (Figure 4). Additional orders, such as
Arthoniales, Caliciales, Lecanorales, and Peltigerales, exhibit
a similar richness in tropical and temperate regions but
encompass different species. A particularly diverse group
of tropical lichens are foliicolous taxa, which grow on the
living leaves of vascular plants (Lucking, 2008; Mateus et
al., 2012). The Colombian paramos is mentioned in terms
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FIGURE 4. Comparison between Colombia and the United Kingdom in terms of the composition of lichenised fungi by order, representing a
tropical versus temperate region. Data from Gaya et al. (2021) and this chapter for Colombia, and Smith et al. (2009) and Coppins (2021)

for the UK.

of ecosystem diversity, featuring a high lichen biodiversity
(Sipman, 2002; Cleef, 2008; Madrinan et al., 2013), with
similar habitats only found in parts of Venezuela and
northern Ecuador. By contrast, the lichen biota of the
Colombian Amazon is broadly shared with neighbouring
countries, such as Venezuela, the Guianas, Brazil, Ecuador,
and Peru (Lucking et al., in prep.).

ECOGEOGRAPHY OF LICHENS OF COLOMBIA

Compared to temperate regions in North America and
Europe, studies on the ecology and distribution of Colombian
lichens are still sparse. Regarding the distribution patterns
of Colombian lichens, to date, there is no quantitative
analysis, so here we provide a first approach based on
the assessment of 2,678 species (Figure 5). According
to this assessment, most species (35%) are neotropical,
followed by subcosmopolitan (16%), circumpacific (15%),
and pantropical (15%) species. Only a small portion of
8.5% is currently considered endemic. However, this
assessment is preliminary, as molecular studies have
shown that presumably widespread taxa often represent
species complexes. Thus, we expect the actual proportion
of widespread, cross-continental species to be lower,
favouring a higher number of neotropical and endemic taxa
(see Chapter 10). Furthermore, species currently classified
as circumpacific (i.e., known from the Neotropics and the
Eastern Paleotropics) are largely artefactual due to a lack
of data from tropical Africa where these species may occur.

The division of Colombia into ecoregions (IDEAM et al.,
2017) provides an excellent background for investigating
tropical lichens beyond their taxonomy and systematics.
Ecological, ecogeographical, and biogeographical studies
of Colombian lichens go back to the early 1970s, covering
topics such as distribution patterns, landscape ecology,
altitudinal gradients, and habitat preferences (Sipman,
1986, 1989, 1998; Ahti, 1992; Wolf, 1993a; Kessler,
2000; Aguirre-C. & Sipman, 2004; Pinzén & Linares,
2006; Aguirre-C., 2008; Aguirre-C. & Rangel-Ch, 2008;
Pérez-Quintero & Watteijne-Cerén, 2009; Moncada et al.,
2014). Other studies focused on community and population
structure, substrate specificity, and niche differentiation
(Nowak & Winkler, 1970, 1975; Wolf, 1993b, c, 1994,
1995; Soto-Medina et al., 2012, 2015; Zarate-Arias et al.,
2019). More recent studies have investigated functional
traits of tropical lichens (Chilito-Lopez et al., 2016; Soto-
Medina et al., 2019) or their ecophysiology (Pulido-Herrera
& Ramos-Montano, 2016), whereas some classic studies
analysed lichen-related nitrogen availability and nutrient flux
in tropical forest ecosystems (Forman, 1975; Veneklaas,
1991). Interactions between lichens and invertebrates,
specifically regarding lichen-related camouflage, are a
popular topic in entomological studies (Rivera et al., 2011;
Cadena-Castaneda, 2013; Londono et al., 2017; Lisi et al.,
2019). The availability of advanced molecular methods in
Colombian laboratories has also allowed new investigations
into the microbiome of paramo lichens, revealing patterns
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of host specificity (Sierra et al., 2020). Additionally, several
studies have addressed the impact of land use change on
lichen community diversity and composition (Ardila-Rios et
al., 2015; Pulido-Herrera & Ramos-Montano, 2016; Ramirez-
Moran et al., 2016; Simijaca et al., 2018).

Colombia served as the target region for one of the
most important broad-scale ecological studies on tropical
ecosystems, the ECOANDES project (Van der Hammen
et al., 1983). ECOANDES was an extraordinary example
of collaborative work between Colombian and Dutch
researchers during the early 1980s (see Chapter 2), leaving a
lasting impact in the development of Colombian biodiversity
research and resulting in various studies on lichenised fungi
(Sipman, 1986, 1989, 1998; Kessler, 2000; Aguirre-C.,
2008). The study area encompassed all four major mountain
systems of Colombia: the Sierra Nevada de Santa Marta,
the Western Cordillera (Tatama), the Central Cordillera (Los
Nevados), and the Eastern Cordillera (Sumapaz). Besides
more inventory-oriented lichen studies, the ECOANDES
project also produced the seminal dissertation by Jan Wolf
on epiphytic canopy communities on Colombian montane
forests, including numerous new data on lichens (Wolf,
1993a-c, 1994, 1995). Starting with the ECOANDES project,
Harrie Sipman became a pioneer in modern lichen research
in Colombia and a mentor of Jaime Aguirre-Ceballos, who
continued the studies on the ecogeography of Colombian
lichens (Aguirre-C. & Rangel, 2008).

B Endemic % Circumpacific B Northern Hemisphere
B Meotropical B Pantropical Wastern Hamisphera
O American 1 Subcosmopolitan

B Gondwanan B Cosmopolitan

FIGURE 5. Main distribution types among the 2,678 species of
lichenised fungi known from Colombia.

These diverse studies have provided insight into which
environmental factors drive lichen biodiversity and species
richness, demonstrating how the diversity and composition
of lichen communities depend on macroecological features
driven by altitude and other factors. Moncada et al. (2014)
demonstrated that (sub-)Andean Forests and Paramo areas
harbour the highest richness of Sticta species, with the
Eastern Cordillera as one of the centres of diversity for the
genus. Soto-Medina et al. (2012) found subtle phorophyte
preferences of lichens, with a stronger dependency on
microclimatic factors. Chilito-Lépez et al. (2016) also found
pronounced microhabitat preferences among lichenised
taxa correlated with functional parameters, such as growth
form. Unfortunately, a comprehensive database in terms of
functional parameters does not yet exist for the lichens of
Colombia or tropical lichens in general, but this would be
a desirable achievement for the near future to allow more
thorough assessments in trait-based functional ecosystem
analyses (St. Martin & Mallik 2017).

Impact studies suggest that the replacement of
natural forests with tree monocultures natural forests
influence influences lichen communities. Thus, Eucalyptus
plantations in Colombian montane Quercus forests have a
strong dediversification and homogenisation effect, with
planted trees featuring highly similar lichen communities,
leading to low plot-level species richness (Ardila-Rios et al.,
2015). Notably, replacing native Quercus forests with Pinus
plantations does not seem to affect diversity metrics but
causes partial species turnover (Simijaca et al., 2018). Pulido-
Herrera & Ramos-Montano (2016) found a marked edge effect
on lichen community parameters and chlorophyll content
in fragments of Polylepis forests in the paramo zone, and
Ramirez-Moran et al. (2016) associated functional biotypes
with the conservation status of Andean Forest remnants.

IMPORTANCE OF LICHENS OF COLOMBIA

Lichens are important components of tropical ecosystems,
developing conspicuous biomass particularly in montane
forests and paramos, but high diversity, especially in lowland
to lower montane rainforests (Sipman & Harris, 1989;
Licking et al., 2011). Their ecosystem services encompass
the water and nutrient cycle, generating local humidity and
cloud cover, preventing soil erosion, and contributing to
atmospheric nitrogen fixation (Seaward, 1988; Ahmadjian,
1995; Zedda & Rambold, 2015), as well as diverse
interactions with animals,by supporting nest building or
camouflage (Seaward, 1988).

As symbiotic organisms, lichens have adapted to
diverse conditions that may be averse to other organisms.
However, they are susceptible to abrupt environmental
changes, particularly air pollution, habitat disturbances,
and land-use change. Therefore, they have long been used
as bioindicators of environmental health. In Colombia, since
1977, more than 20 theses have been focused on lichens
as pollution indicators in different areas of the country.
The first published studies were those of Rubiano-Olaya
(1987, 1988) in Cali and Medellin. From the beginning,
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most of these studies were based on lichen community
ecology parameters, employing the Index of Atmospheric
Purity (I1AP), which links the frequency and abundance of
individual taxa to sample species composition, providing
a taxon-independent measure for air quality. The IAP was
also used to determine isocontamination zones in various
areas of Bogota DC (Rubiano-Olaya, 2002; Rubiano-Olaya &
Chaparro, 2006; Gonzalez-Aldana, 2007), Tunja (Simijaca-
Salcedo et al., 2011, 2014), and Quibdé (Mena, 2012),
particularly in relation to vehicular traffic (Valois-Cuesta &
Mosquera-Palacios, 2014). In Medellin, an updated study
confirmed the usefulness of the IAP across a broader
range of phorophytes, using air quality monitoring stations
as reference (Correa-Ochoa et al., 2020), and the method
was also employed to assess air quality in suburban areas
near Medellin (Quijano-Abril et al., 2021). While broadly
comparable between regions, the downside of the IAP
method is that it does not require complete identification
of the underlying lichens, as long as they are accurately
recognised as species. Therefore, most of the studies
mentioned above do not provide complete lists of fully
identified species, making a proper taxonomic assessment
of urban lichen diversity difficult to obtain. In addition to
biomonitoring using the IAP, a few studies in Colombia have
assessed the impact of atmospheric pollutants, including
emissions in a sulphur mine in Cauca (Diaz-Escandén et
al., 2016), acid rain (Alvarez-Berrio et al., 2018), and heavy
metals in lichens from Bogotd DC (Rodriguez et al., 2016).
The potential application of lichens to monitor the impact
of land use changes are thus far from limited to montane
forest ecosystems (Ardila-Rios et al., 2015; Diaz-Escandon
et al., 2016; Pulido-Herrera & Ramos-Montano, 2016;
Ramirez-Moran et al., 2016; Simijaca-Salcedo et al., 2018).
Unfortunately, standardised protocols for this purpose are
not yet available. Ramirez-Moran et al. (2016) assessed the
strategy of using easy-to-identify lichen biotypes instead of
actual lichen taxa, providing an advantage like that of the
IAP. In Colombia, lichens, mosses, and vascular epiphytes
have been traditionally protected under the Resolucion 213
de 2013 of the Ministerio de Ambiente y Desarollo Sostenible
(MinAmbiente), initially aiming to prevent the uncontrolled
harvesting and trade of these organisms. For the past
decade, this provision has been implemented to monitor the
environmental impact of projects related to infrastructure
or the exploration of mineral resources. Unfortunately, this
approach bears a few problems: sampling protocols are not
standardised, the underlying taxonomy is often inaccurate,
and there are conflicts of interest if the entity that carries
out the project is also responsible for the impact report.
A solution could be a standardised protocol using selected
lichen taxa that are known to be sensitive to environmental
changes, such as thelotremoid Graphidaceae or lobarioid
Peltigeraceae (Rivas Plata et al., 2008; Ramirez-Moran et al.,
2016), combined with an assessment of the conservation
status of the underlying ecosystem (Etter et al., 2018).
Another venue in terms of lichen uses is the diverse
composition of secondary substances and their potential
applications (Mitrovi¢ et al., 2011). Some studies on this

topic have been performed in Colombia (Perico-Franco et al.,
2015; Valencia-Islas etal., 2020). Unfortunately, most studies
do not go beyond reporting the results from standardised
bioassays, and potential clinical applications are rarely
explored (Lucking, 2020). The causes of antibacterial,
antitumoral or antioxidative effects are often unclear,
because the bioactive compounds are not always identified,
or substances are tested separately, without considering
potential interactions with other substances. Another issue
is inaccurate taxonomy, as experts are rarely consulted,
and the underlying material is often not documented by
proper voucher material. Fortunately, the aforementioned
Colombian studies are exemplary in this respect, as they
cited voucher material and consulted taxonomic experts.
Although promising, applied approaches using lichens
depend on accurate assessment of the underlying biodiversity
and hence require rigorous taxonomic studies and inventories
using modern methods, including molecular assessments.
Therefore, the political support for science should not
focus on applied aspects alone but should also provide the
framework for the necessary taxonomic inventories.

CONCLUSIONS

The currently known number of 2,678 species makes
the Colombian lichen funga one of the richest worldwide.
However, the actual number may be almost twice as high,
requiring further rigorous inventory works and taxonomic
revisions, particularly in the understudied regions of the
Caribe, Orinoquia, Pacifico and Amazonia. Unfortunately,
societal and government support for such fundamental
studies in Colombia is limited. Instead, there is a strong
focus on applied aspects, including in the training of young
students, neglecting the knowledge and tools that are
necessaryto properly assess the underlying taxonomy. Before
undertaking applied studies, efforts should concentrate on
providing a complete inventory of the Colombian lichen biota
so that potential applications can be assessed and explored
more rigorously, taking into account the need for habitat
conservation to preserve this diversity. In applied studies,
the focus should be on broadly applicable, standardised
approaches, such as using lichens as biomonitors of air
pollution and environmental health. Pharmaceutically
oriented studies should be more systematically structured
to provide new insight into the potential of lichen secondary
metabolites, seeking collaborations for follow-up clinical
studies when results are promising.
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ABSTRACT

Colombia is recognised for its remarkable biodiversity as the country ranked first for bird and orchid richness, second
for amphibians, butterflies, and freshwater fishes, third for palms and reptiles, and fourth for mammals. By contrast, the
diversity of fungi in Colombia is not well known, with at least 7,241 species, a low humber compared to that in other tropical
countries. Yeast diversity in paticular has been little explored, and little is known about the sampling efforts within this group
in Colombia. This study reviewed published studies from repositories, databases, and public collections reporting the isolation
and identification of environmental yeasts in Colombia in the years 2000 to 2020. All clinical isolations (human or related to
zoonotic diseases) were excluded. We found 112 species of environmental yeasts occurring in four regions and 11 departments
of Colombia, with 73.4% of yeasts belonging to Ascomycota and 26.6% to Basidiomycota. Thirty-two percent of publications
reported yeasts only to genus level, suggesting the potential to find and describe new species in Colombia. The most common
primary environments were associated with different parts of plants, soils, and animals. Secondary environments for the
reported yeasts were fermented fruits, fermented beverages, soils surrounding sugarcane crops, and soils contaminated
with hydrocarbons. The most representative species were Cryptococcus neoformans (544 strains), Cryptococcus vini (360),
Cryptococcus gattii (243), Saccharomyces cerevisiae (201), and Meyerozyma guilliermondii (107). There is an evident lack of
sampling efforts in several geographic regions of Colombia, such as the Amazon, Orinoquia, Caribbean, Islands, and Oceans.
We emphasise that future studies on the yeasts of Colombia should focus on natural ecosystems in these regions.

RESUMEN

Colombia es reconocida por su gran biodiversidad. Es el primer pais con mayor biodiversidad en el mundo de aves y orquideas,
segundo lugar en anfibios, mariposas y peces de agua dulce, tercer lugar en palmeras y reptiles y cuarto lugar en mamiferos.
La diversidad de hongos en Colombia no es bien conocida, donde hay al menos 7.241 especies, siendo un ndmero bajo
cuando se compara con otros paises. Las levaduras han sido poco exploradas y se sabe poco sobre su esfuerzo de muestreo.
Este trabajo tuvo como objetivo revisar todas las publicaciones, repositorios, bases de datos y colecciones publicas que
reportaron aislamiento e identificacion de levaduras en Colombia, entre 2000 y 2020. Algunas de las combinaciones a buscar
en cada base de datos fueron: “yeast AND Colombia”, “yeasts AND diversity AND Colombia OR yeasts AND species AND
Colombia” en inglés y espanol. Se excluyeron todos los aislamientos clinicos (humanos o relacionados con enfermedades
zoono6ticas). De 24.320 reportes iniciales, fueron seleccionados 97 reportes para este analisis. Fueron encontradas 112
especies de levaduras, ubicadas en cuatro regiones (11 departamentos). El 73.4% de las levaduras pertenecen a Ascomycota
y el 26.6% a Basidiomycota. Trienta-y-dos por ciento de las publicaciones reportaron solo géneros de levaduras, sugiriendo
el potencial para encontrar y describir nuevas especies de levaduras en Colombia. En total, fueron reportados 68 géneros
y 112 especies, donde las regiones geograficas con mayor informacion fueron el Pacifico y la region Andina. Los ambientes
primarios mas comunes se asociaron con diferentes partes de plantas, suelo y animales. Los ambientes secundarios que
reportaron levaduras fueron frutas fermentadas, bebidas fermentadas, suelos que rodean el cultivo de cana de azicar y
suelos contaminados con hidrocarburos. Las especies mas representativas fueron Cryptococcus neoformans (544 cepas),
Cryptococcus vini (360), Cryptococcus gattii (243), Saccharomyces cerevisiae (201), y Meyerozyma guilliermondii (107). Fueron
identificados cinco clusters de géneros a partir del analisis de redes, donde es posible identificar grupos de levaduras que
podrian coexistir y ser aisladas simultaneamente. Por ejemplo, el cluster 1 incluye a los géneros Candida, Rhodotorula y
Geotrichum como los mas frecuentes. El cluster 2 incluye a Pichia y Saccharomyces como nodos principales, mientras que
los cluster 3 y 4 fueron representados por Cryptococcus y Aureobasidium, respectivamente. Este analisis ofrece el potencial
para comparar, en una forma rapida y facil, ecosistemas complejos y diferentes para entender como las asociaciones de
levaduras pueden influir las comunidades microbianas. Hay una evidente falta de esfuerzo de muestreo en varias regiones
geograficas, tales como Amazonas, Orinoquia, Caribe y océanos y se hace el énfasis en enfocar los muestreos en estas
regiones, principalmente en ecosistemas naturales.
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INTRODUCTION

Yeasts are an artificial group of Fungi whose asexual growth
predominantly results from budding or fission and that do
not form their sexual states associated with a fruiting body
(Kurtzman et al., 2011). The great diversity of yeasts is
reflected in their size, shape, colour, and in the variety of
species that are pathogenic to plants and animals, besides
harmless but very useful species (Gonzalez & Valenzuela,
2003). Yeasts have been used, since ancient times, in
biotechnology, including the production of bread, beer, and
wine (Hernandez et al., 2011; Kurtzman et al., 2011). These
microorganisms are often found on leaves and flowers, and
insects are an essential vector for spreading yeasts (Becher
et al., 2018). They are usually found on the epidermis of
fruits and sometimes penetrate the underlying tissues
through chemically mediated decomposition (Tournas &
Katsoudas, 2005). Soil is an essential reservoir, but yeasts
are also often found in freshwater from lakes and rivers
(Monapathi et al., 2020). Their presence depends on

Systematic review:
Diversity and

microbial richness
of yeasts in
Colombia.

temperature, pH, humidity, and the availability of simple
sugars (Carlile et al., 2001). Yeasts are the most common
cause of altered foods because they contain fermentable
sugars and high acidity (Riesute et al., 2020). They are also
a fundamental part of the microbiota of dairy and meat
products (Deak, 2007).

The knowledge on the fungi of Colombia is also
increasing with reports of 7,241 species in 2021, with a
high representation of the Ascomycota (4,564 species) and
Basidiomycota (2,318 species). However, it remains a long
time behind when compared to the knowledge of plants and
animals (Gaya et al., 2021; also see Chapter 3). In the past
ten years, the establishment of molecular tools for yeast
identification (Vasquez-Castillo et al., 2016a), and the
definition of the internal transcribed spacer (ITS) (Schoch
et al., 2012) and of the large subunit (LSU) of the nuclear
rRNA as the primary barcode genes for several groups of
fungi (Vu et al., 2016, 2019) have enabled fungal studies
to flourish. In Colombia, these advances made it possible

d r { {
1 2 4 5
a. Search for b. Organization c. Information d. Data e. Information
bibliographic wsp | and information - storage - selection — analysis
information. gathering
L . . .
Bibliographic Download Download, Determination of Isolation and
search in English MENDELEY storage and inclusion and identification of
and Spanish in compilation of exclusion criteria. each strain,
USC databases each result and sampling effort,
information ecoloaical

l

DATABASES

l

Web of Science,
Science direct,
Scielo, Springer,
Pubmed,
Scopus, Google
scholar.

l

Keywords and connectors like:
Yeast AND Colombia; Yeasts AND
diversity AND Colombia OR yeasts

AND species AND Colombia;
“levaduras” AND Colombia;
“identification” AND yeast AND
Colombia, Yeasts AND diversity
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“species” AND Colombia.

FIGURE 1. Methodological scheme of the five phases of the study.
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to report, for example, 89 species of ectomycorrhizal Fungi
associated with the Amazon Forest using metabarcoding
(Vasco-Palacios et al., 2018), 116 fungal species
associated with Boyaca and Santander forests (Vargas &
Restrepo, 2020), and 33 entomopathogenic fungal species
in the Amazon forests, using the above barcodes (Sanjuan
et al., 2015). However, the knowledge about yeasts is
fragmented for several geographic regions and substrate
types in Colombia, making it challenging to understand their
richness, ecological roles, or biotechnological potential in
this country. This chapter aimed to summarise the current
knowledge about the diversity of yeasts in Colombia and
to identify taxa of interest in different sectors, such as
industry, health, and environment.

MATERIALS AND METHODS

We conducted literature searches followed by data filtering
and several analyses using a predefined workflow (Figure
1). Search parameters and data filtering followed PRISMA
recommendations (Figure 2; Page et al., 2021).

Literature searches

Literature searches were carried out in English and Spanish,
comprising studies from January 2000 to December 2020,
in the following databases: Google Scholar, Pubmed, Scielo,
Science Direct, Scopus, Springer, and Web of Science.
In addition, institutional repositories from universities
and editorials were also consulted. Specific keywords,
connectors, and possible combinations were established
as shown in Figure 1. Finally, we also included the official
database of biological collections from Colombia (SiB
Colombia, 2021).

Data selection

We used Mendeley v1.19.8 (Elsevier, Amsterdam, The
Netherlands) to organise all the literature data, including
author information, journal or publisher, year, and
keywords. For the analysis of information, we screened all
downloaded databases by title, keywords, and abstract.
We applied the following inclusion and exclusion criteria to
select final reports:

[ Identification of studies via databases and registers

[ Identification of studies via other methods }

Records identified from*: Duplicates before screening:

Science Direct (n = 7988)
Pubmed {n = 771)

Scielo (n = 151)

Google Scholar (n = 7326)
Springer (n = 10400)

Science Direct (n = 7988)
Pubmed (n = 176)

Scielo (n = 47)

Google Scholar (n = 3263)
Springer (n = 1905)

‘Web of Science (n = 247)
Scopus (n = 221)
Total (n=24320)

‘Web of Science {n = 51)
Scopus {n = 67)
Total removed (n = 14977)

Records identified from:
Database of "SIB" (n = 13}
REPOSITORIES (n= 2115)
Book or Book chapter (n = 3)

— !

Records screened > Records excluded™

(n =8814)

(n=9343)

Reports sought for retrieval > Reports not retrieved

(n =53)

Reports sought for retrieval Reports not retrieved

TG (n = 1400)

(n =529)
'

Screening

Reports excluded:

Reports assessed for eligibility ne16)
=476 n=

(n ) Reviews (n =31)

Duplicated information between

thesis and research papers (n =

13)

Reports that are not assessing

diversity (n=127}

— Reports that are not from

hJ Colombia (n=21)

Reports that are not yeasts or

yeast-like (n=86)

Studies included in review
(n=686)

Reports without any identification

(n = 1442)

Reports assessed for eligibility
(n=42)

h 4

Reports excluded:
Reports without any identification
(n=3)
Duplicated thesis or book (n=7)
Reports that are not assessing
diversity (n=1)
Reports that are not from
Colombia (n=1)
Reports that are not yeasts or
yeast-like (n=1)

Reports of included studies
(n=29)

*Consider, if feasible to do so, reporting the number of records identified from each database or register searched (rather than the total number across all databases/registers).
**If automation tools were used, indicate how many records were excluded by a human and how many were excluded by automation tools.

From: Page MJ, McKenzie JE, Bossuyt PM, Boutron |, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ 2021;372:n71.

doi: 10.1136/bmj.n71. For more information, visit: hitp:/fiwww. prisma-statement org/

FIGURE 2. PRISMA 2020 flow diagram for the systematic reviews performed in this analysis.
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Inclusion criteria
a. Original papers and documents.
b. Papers and documents in English and Spanish.

c. Papers and documents that have isolated yeasts from
Colombia and identified it, at least to the genus level.

Exclusion criteria

a. Papers without any yeast identification or only metabar-
coding results.

b. Review papers and documents.

c. Duplicate papers and documents in different databases
or repositories.

d. Theses already published as papers or books.
e. Papers with clinical isolates.
f. Papers that do not involve yeast diversity assessments.

Data analyses

Selected papers were organised, standardised using
Mendeley, and exported to the RIS format (Research
Information System) in a plaintext file. This file was imported
into VOSviewer v1.6.17 (Van Eck & Waltman, 2010). Two
types of analyses were performed: 1. a co-occurrence
network, where the field “keywords” was updated with the
genera found in each paper; and 2. a co-author network. We
showed all keywords or authors in the generated map. The
nodes in the reconstructed network represent the genera,
whereas the edges (i.e., connections) correspond to a strong
and significant correlation between nodes. The clustering
coefficient was defined as how nodes are embedded in
their neighbourhood and, thus, the degree to which they
tend to cluster together. Several characteristics, such as
region, category, and specific substrate where yeasts were
isolated, were extracted from each report for analysis. We
also updated the taxonomy and nomenclature of all records
using Mycobank (Robert et al., 2013) or Index Fungorum
(http://www.indexfungorum.org/) and computed the
frequency of inclusion for each genus or species (Table S1).
For example, Cryptococcus was updated and separated into
the segregated Vanrija, Papiliotrema, Cutaneotrichosporon,
Solicoccozyma, among others. In addition, we organised
the richness and abundance of species in a spreadsheet
according to paper, and we classified reports according to the
substrate wherever available. Finally, we included additional
fields, such as region and year of publication (Table S1).

RESULTS AND DISCUSSION

Literature searches

24,320 studies were identified from searches in the
abovementioned databases using different combinations of
English and Spanish keywords. After the removal of 14,977
duplicates, 8,814 further studies did not pass our initial
checks. The remaining 476 studies were assessed for
eligibility by scanning their abstracts and results sections.
After this step, 66 studies were selected for full-text reviews,

whereas 410 studies were excluded for one or several of the
following reasons: 1. reports without any yeast identification
(n=16); 2. literature reviews (n=31); 3. duplicated information
between original articles and theses (n=13); 4. studies
evaluating other aspects unrelated to diversity, such as
clinical isolation, genetic engineering, or bioprocessing
improvement, among others (n=127); 5. studies that were
not from Colombia (n=21); and 6. fungal reports that did not
include any yeasts or yeast-like organisms (n=86). We added
studies that were not found through the literature search but
that were available from other sources to the 66 selected
studies, such as documents from university repositories
and reports from the Colombian collection database SIB
(Sistema de Informacion Biol6gica). Those were processed
as described above. Thirty-one reports were also included,
corresponding to three books or book chapters, 17 theses,
and nine SIB reports. Literature searches were classified as
research papers, book chapters, books, theses, conference
proceedings, book chapters, and database collections.
Research papers and theses were the most common type
of publications found in these years. We highlighted that
several reports corresponded to grey literature and were
not submitted to peer-review. Therefore, 97 records of
environmental yeasts were selected for the period between
2000 and 2020 (Figure 2).

Pioneer reports about yeasts in Colombia were identified,
but not included in the analyses. The first reports of
environmental yeast isolates in Colombia were based on
the serotyping of clinical and environmental isolates of
Cryptococcus neoformans (Ordofez & Castaneda, 1994).
These isolates were recovered between 1972 and 1992.
In total, 29 strains of C. neoformans were isolated from
environmental samples. Duarte et al. (1994) identified
Cryptococcus yeasts associated with species of Eucalyptus
in a first evaluation of the ecology of C. neoformans var. gattii
in Colombia. Caicedo et al. (1996) reported C. neoformans
in pigeon droppings from the urban perimeter of Santiago de
Cali. In this study, 59 strains of this species were isolated.
Another study characterised microorganisms with pectinolytic
activity from Mangifera indica (mango), such as Pichia
kudriavzevii (formerly Candida krusei), Candida sorboxylosa,
Aureobasidium pullulans, and Candida insectorum (Feoli et
al., 1997).

Diversity of yeasts of Colombia

We found 173 environmental yeasts belonging to 68 genera.
From these, 112 yeasts were identified at the species
level. 73.4% were Ascomycota and 26.6% Basidiomycota.
288 recorded yeasts, out of 3,557, were not identified by
any specific method. However, this number is higher since
many reports were excluded from this study because they
identified no yeast strains. The same species isolated from
a different substrate were assumed to be different samples.

According to Gaya et al. (2021), the recorded richness of
fungi in Colombia differs in the five different geographical
regions recognised in the country. This fact is also true for
yeasts but with different geographic patterns evidenced.
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The highest yeast species richness was recorded for the
Pacific region (103 species), followed by the Andean (77
spp.), Caribbean (eight spp.), and Orinoquia (two spp.)
regions. There are no reports of culturable yeasts for the
Amazon region to date (Figure 3). However, Vasco-Palacios
et al. (2018) reported 21 operational taxonomic units (OTUs)
belonging to the genus Cryptococcus from metabarcoding
analyses in three different Amazon forests. The seawater
and insular territory from the Caribbean and Pacific oceans
also lack information on yeasts. There is no report from
islands such as San Andrés, Providencia, Santa Catalina,
or Gorgona. In this sense, mainly the Andean and Pacific
regions, where the main research groups working with yeasts
(see section on Yeast Research Groups of Colombia) are
located, are represented in the sampling efforts for yeasts
in Colombia. We suggest increasing efforts in sampling and
isolating yeasts from other regions of Colombia, such as the
Amazon, Orinoquia, Caribbean, Islands, and Oceans.
Regarding the substrate of isolation, 3,559 strains were
categorised into 12 substrates (Table 1). Plant substrates
exhibited higher sampling efforts, with 36 samples reported

Caribbean

236 strains
. Bgenera
B species

7 reports

Pacific

1,359 strains
. 47 genera

103 species

26 reports

and 1,643 yeast strains found (Table 1). In general, different
parts of plants were assessed, including fruit pulp (Ramirez-
Castrillon et al.,, 2019), fruit skin (Vanegas Cordoba et
al., 2004), phyllosphere (Medina et al., 2009; Zapata
Narvaez et al., 2016), seed (Parsa et al., 2016), and cortex
(Contreras Martinez et al., 2011). A second group included
non-fermented or fermented beverages and foods with
26 samples. For this group, we found 670 yeast strains.
The non-fermented beverages studied included sugarcane
juice and fruit juices (i.e., pineapple, blackberry, grape,
guanabana, and orange). On the other hand, fermented
beverages included “champus”, “chicha”, kumis, kefir (Alzate
et al., 2016), and fermented juices. The base from each
fermented beverage is variable. For example, “Champus”
is generally made with pineapple fruit pulp, “lulo” fruit
pulp and maize seed, while “kumis” uses fermented milk
(Chaves-Lopes et al., 2014). Some foods include milk and
derivatives (Lopez et al., 2010), beebread, and beehoney
(Portillo Carrascal, 2016). We found nine samples from soil
substrates associated with parks, crops, composting, or
natural ecosystems, such as forests (Miles et al., 2012).

Andean

1,940 strains
68 genera
77 species
61 reports

Orinoquia

24 strains
. 4 genera
2 species

3reports

Amazon

Oreports

FIGURE 3. Yeast strains, species, genera, and number of reports for different geographic regions of Colombia.
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In this category, 162 yeast strains were reported. Yeasts
isolated from animals (nine samples) were reported mainly
from faeces (birds, cows, or pigs) or associated with pigs or
fish (Londofo-Franco et al., 2014), where 239 strains were
found. From the air, reports assessed fungal communities
associated with gravimetric deposition of cells, including
environments such as libraries or buildings (Toloza Moreno
etal., 2012, Hernandez et al., 2012; Toloza & Lizarazo 2013;
Mendez-Puentes et al., 2015). Two-hundred-and-forty yeast
strains were reported from water, both fresh and wastewater.
Regarding freshwater samples, rivers, lakes and drinking
water were assessed, whereas wastewater included organic
sludges, wastewater treatment plants, and leachate waters,
among others. The fermentation industry category included
all modified environments related to ethanol distilleries.
Finally, contaminated environments included samples
containing petroleum derivatives (Delgadillo Ordonez et al.,
2017; Ordonez-Burbano et al., 2018).

TABLE 1. Yeast strains by substrate type. Some reports were
included in more than one category.

Category Number of Yea'st

reports strains

Plant 36 1,643
Fermented beverages 6 367
Animals 9 239
Non-fermented beverages 11 162
Sall 9 162
Freshwater 6 127

Food 9 121
Wastewater 7 113
Fermentation industries 5 79
Air 7 19

Contaminated
environments (petroleum) % v

Without information Coslale(i’li'?;n) 520

Total 106 3,557

The yeast species with the highest number of strains
reported in the literature were Cryptococcus neoformans (544
strains), followed by Cryptococcus vini (formerly Kloeckera
apiculata), C. gattii (243 strains), and Saccharomyces
cerevisiae (201 strains). Some yeasts were mentioned in a
larger number of studies, such as S. cerevisiae (35 studies),
followed by Geotrichum sp. (23), Candida sp. (21), and C.
neoformans (21). By contrast, 59 yeast species were only
isolated once or twice. These results correlate with the

importance of each species. For example, C. neoformans
and C. gattii are clinically significant, with several reports
studying the spreading of strains in different environments
associated with possible hotspots of contamination for
humans, such as plants (Granados et al., 2005; Quintero
et al., 2005), soil (Firacative et al., 2011), animal faeces
(Quintero et al., 2005; Virviescas et al., 2018), food (Lopez
et al., 2010; Daza-Merchan 2011; Lopez Molinello, 2011), or
wastewater (Osorio-Vanegas, 2019).

In our analyses, yeast species were updated to current
names according to Mycobank (Robert et al., 2013). Several
yeast names were merged after the initiative 1 Fungus =
1 Name (Taylor, 2011), and other yeasts had taxonomic
changes, showing different nomenclatures depending on the
report. Therefore, we combined these cases as synonyms. For
example, Wickerhamomyces anomalus is the accepted name
for several isolates reported in Colombia (Lopez-Arboleda et
al., 2012; Cuervo-Mulet et al., 2015), although this species
was also reported as Pichia anomala (Delgadillo-Ordonez
et al., 2017) or Candida pelliculosa (Vanegas et al., 2004).
A similar case occurred with Pichia kudriavzevii, which was
reported with the current name (Delgado-Ospina et al., 2020),
but also as Candida krusei (Herrera-Lopez et al., 2017; Castillo
et al., 2018; Osorio-Vanegas 2019) or Issatchenkia orientalis
(Osorio-Cadavid et al., 2008). Finally, 30 morphotypes of
yeasts were identified only at the generic level. This number
might reflect the inability to identify species with phenotypical
or biochemical tests, the difficulty in separating cryptic
species, the inability of chosen molecular marker to separate
species within the same genus, or even the possibility that
the yeast under discussion is a species that is to science,
such as the case for Candida (Osorio-Vanegas, 2019) or
Wickerhamomyces (Ramirez-Castrillon et al., 2019).

Yeast genera network

The growth and metabolic activities of yeasts are moderated
by a network of strain and species interactions, including
interactions with bacteria and other fungi (Fleet, 2007).
With the network, we can identify the most frequent and
connected yeasts and the association between them. In this
sense, we analysed the co-occurrence of different genera for
all reports. Our results identified five yeast genera clusters,
where cluster 1 included Candida spp., Rhodotorula spp., and
Geotrichum spp. as the most frequent yeasts. Other clusters
were represented by the most frequent genera. For example,
cluster 2 included Pichia spp. and Saccharomyces spp., cluster
3 included Cryptococcus spp., and cluster 4 was represented
by Aureobasidium spp. (Figure 4a). The most frequent and
connected genus was Candida, with 42 reports and 61 genera
connections. The most frequent and connected Basidiomycota
yeast was Rhodotorula (36 reports; 58 connections). Other
yeast genera were also represented in the networks, such as
Pichia (26 reports; 53 connections), Meyerozyma (16 reports;
45 connections), Saccharomyces (23 reports; 40 connections),
and Hanseniaspora (11 reports; connections). We highlighted
that Candida was overrepresented in this analysies with 28
species found. On the other hand, we found only five species
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of Cryptococcus from 1,297 strains. This network suggests
that some coexisting yeasts should be found in the same
substrate. The probability of finding yeasts belonging to
Candida or Rhodotorula is high due to their association with
other genera (up to 89.7%) and ubiquitous character (Urbina
& Aime, 2018). In the same sense, Pichia is highly associated
with Saccharomyces strains, and this result can be related to
the artificial substrate of fermentation industries or fruit pulps
(Abranches et al., 2001). This analyses offers the potential
to compare, quickly and most easily, different and complex

ecosystems in order to understand how the yeast associations
may influence the microbial communities. Several reports
already support these findings (Barberan et al., 2012; Ma et
al., 2021).

Useful yeasts

Yeasts represent a significant potential for modern and
traditional biotechnology. Since ancient times they have been
recognised as protagonists in the production of food, such as
in the production of bread, or as beneficial participants in the
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production of different cheeses (Lopez et al., 2010; Souza
et al. 2021), probably contributing to the maturation, texture,
and flavour of the cheese. They are also protagonists in the
production of fermented beverages such as wine (Hernandez
et al., 2011), beer (Walteros-Pinzdon et al., 2020; Amaya-
Jimenez & Diaz-Pascal, 2019), and “guarapo” (Rodriguez
Gonzales, 2015), contributing characteristics such as
flavour. Saccharomyces cerevisiae is the most studied yeast
and is very important to the fermentation industry, mainly
in bioethanol production (Tesfaw et al., 2014). Several
reports isolated wild strains with better performance than
commercial strains used in bioethanol, brewing, or bread
production. Different strategies were employed to isolate
S. cerevisiae: first, spontaneous juice fermentation (Daza-
Merchan 2011; Argote et al.,, 2015; Cuervo-Mulet et al.,
2015) to produce, fermented beverages, such as champus
(Osorio-Cadavid et al., 2008) and chicha (Lopez-Arboleda et
al., 2010) (both made with corn) and kumis (whose base
is milk) (Chaves-Lopez et al., 2012); and second, use of
resources directly associated to bioethanol distillery, such
as sugarcane juice, molasses and tanks, among others
(Vasquez-Castillo et al., 2016b).

Yeasts are used as sources for obtaining B-complex
vitamins, pigments, proteins from unicellular organisms,
extracts and biomass, among other products (Vasquez-
Castillo et al., 2016a). Some yeasts present biological and
antifungal control alternatives that facilitate their use as
controllers of spoilage of food (Buitrago-Estrada & Escobar-
Romero, 2009), flowers (Zapata-Narvaez et al., 2016), plants,
and crops (Cotes et al., 2004). Certain reported yeasts can
produce products that have potential industrial applications,
such as lipases obtained from Candida rugosa (Dominguez de
Maria et al., 2006). These lipases have been widely used in
fermentation technologies, biocatalytic assays, detergents,
and solvents. Yeasts have been reported as the feedstock of
lipids for biodiesel production (Arcos-Velasco 2020). Likewise,
there have been some reports of high biomass production of
yeasts with few nutrients, and their ease of cultivation reported
by Olaya & Ossa (2020) represents an enzymatic capacity
that will allow the development of bioremediation methods.
To achieve these possibilities, several reports isolated
yeasts from natural ecosystems or modified substrates.
For example, Romero et al. (2017) explored non-fermented
juices, but fruit pulps were also sampled (Argote et al., 2015).
Natural ecosystems included solid-state fermentation of
cocoa (Delgado-Ospina et al., 2020) or coffee (Quintero et al.,
2012), but also sampling from soils (Argote et al., 2015) or air
(Toloza-Moreno & Lizarazo-Forero, 2011; Mendez-Puentes et
al., 2015). Finally, aquatic systems were sampled to assess
lipid-accumulation or pigment production abilities, such as
wastewater, lakes or drinking water (Silva-Bedoya et al., 2014;
Osorio-Vanegas, 2019; Villota et al. 2020).

Research groups working with yeasts in Colombia

Eight Colombian research groups that work with yeasts were
identified from the published reports (Figure 4b). In Cali,
the group is led by Dr Esteban Osorio-Cadavid (Universidad

del Valle, Cali), who works with Dr Raul Cuervo-Mulet
(Universidad de San Buenaventura, Cali) and Dr Mauricio
Ramirez-Castrillon (Universidad Icesi, Cali) (Osorio-Cadavid
et al., 2008; Lopez-Arboleda et al., 2010; Gaviria & Osorio
2012; Mambuscay et al., 2013; Silva-Bedoya et al., 2014;
Argote et al., 2015; Cuervo-Mulet et al., 2015; Ramirez-
Castrillon et al., 2019). In addition, Dr Raul Cuervo-Mulet
works in collaboration with Dr Clemencia Chavez-Lopez
(University of Teramo). This large group focuses on isolating
yeasts from environmental samples for biotechnological
purposes, focusing on fermentative yeasts for bioethanol,
novelty enzymes, organoleptic characteristics, or diversity.
In AGROSAVIA, the group studies yeast for biological pest
control and is led by Dr Alba Marina Cotes, who works with Dr
Jimmy Zapata and Dr Fernando Rodriguez. They also have a
yeast collection in this research Institute (Cotes et al., 2004,
2011; Zapata-Narvaez et al., 2016). In Bogota, a research
line of pathogenic yeasts, including Cryptococcus, is led by
Dr Patricia Escandon (Instituto Nacional de Salud, Bogotd),
who works alongside Dr Elizabeth Castaneda, Dr Carolina
Firacative, and others looking for yeasts in environmental
samples with serotypes that could affect humans (Escandon
et al., 2005, 2010; Firacative et al., 2011; Velez & Escandon
2017; Anacona et al., 2018; Virviescas et al., 2018). Several
studies are not connected with the authors mentioned above,
suggesting that these authors possibly did not work directly in
aresearch line related towards yeasts or fungi but occasionally
published information about yeast isolations. For example, Dr
Luz Marina Lizarazo (Universidad Pedagégica y Tecnol6gica
de Colombia, Tunja), who works with environmental biology,
focusing on aerobiology, has have frequently isolated yeasts.
Other authors, such as Trujillo and Echeverry-Hernandez
(2015), Oviedo Zumaque et al. (2009) or Lara Mantilla &
Burgos Portacio (2012), also were found in this analysis but
without connections with research groups focusing on yeasts.

CONCLUSIONS

From the 97 selected reports for our analyses, we found
173 yeasts belonging to 68 genera, with 73.4% of the
yeasts belonging to Ascomycota. The geographic regions
with more samples were the Andean and Pacific regions,
supported by research groups working with yeasts. We
suggest isolating and characterising the yeast diversity in
other regions of Colombia, such as the Amazon, Orinoquia,
Caribbean, Islands, and Oceans. Cryptococcus, Candida, and
Saccharomyces were the most reported genera for Colombia,
having the most connections with other genera. Specifically,
the most frequent species were Cryptococcus neoformans,
C. vini, C. gattii, Saccharomyces cerevisiae, Meyerozyma
guilliermondii, and Pichia kudriavzevii. We identified five
clusters of co-occurrences of yeasts, where the probability
to co-isolate yeasts such as Saccharomyces spp. and Pichia
spp. is high, and should be related to the purpose of the
isolation. Finally, the yeast species reported in this chapter
showed many possibilities for biotechnological exploration,
ranging from fermentation, to food, and biofuel industries.

Acknowledgements

CATALOGUE OF FUNGI OF COLOMBIA



CHAPTER 7

We thank the Research Group in Mycology, led by M.Sc. Luz
Dary Caicedo, and the “Asociacion Colombiana de Micologia”
(ASCOLMIC) for the information provided on some reports of yeasts
of Colombia; and the reviewers Aida Vasco-Palacios and Robert
Licking for their insightful suggestions. Universidad Santiago de
Cali funded this study (934-621120-2388).

References

Abranches J, Starmer WT, Hagler AN (2001) Yeast-yeast interactions
in guava and tomato fruits. Microbial Ecology, 42(2), 186-192. doi:
10.1007/s002480000111

Alzate BCS, Rodriguez MC, Campuzano OM (2016) Identification of some
kefir microorganisms and optimization of their production in sugarcane
juice. Revista Facultad Nacional de Agronomia Medellin, 69(2), 7935-
7943. doi: 10.15446/rfna.v69n2.59138

Amaya-Jiménez NA, Diaz-Pascagaza LM (2019) Evaluacion de perfiles
fermentativos para la elaboracion de cerveza artesanal por levaduras
nativas. Fundaciéon Universidad De Ameérica. Available at: http://
repository.uamerica.edu.co/handle/20.500.11839/7724

Anacona C, Gonzalez-Cuellar FE, Vasquez-A LR, Escandén P (2018) First
isolation and molecular characterization of Cryptococcus neoformans
var. grubii in excreta of birds in the urban perimeter of the municipality
of Popayan, Colombia. Revista Iberoamericana de Micologia, 35(3),
123-129. doi: 10.1016/j.riam.2018.01.005

Arcos-Velasco LV (2020) Seleccion y caracterizacion de levaduras
oleaginosas aisladas a partir de sistemas acuaticos de la ciudad de
Cali. Universidad Santiago de Cali. Available at: https://repository.
usc.edu.co/handle/20.500.12421/3538

Argote F, Cuervo-Mulet R, Osorio-Cadavid E, Delgado-Ospina J, Villada
HS (2015) Evaluacién de la produccién de etanol a partir de melaza
con cepas hativas Saccharomyces cerevisiae. Biotecnologia en el
Sector Agropecuario y Agroindustrial, 13(2), 40-48. doi: 10.18684/
BSAA(13)40-48

Barberadn A, Bates ST, Casamayor EO, Fierer N (2012) Using network
analysis to explore co-occurrence patterns in soil microbial
communities. The ISME Journal, 6(2), 343-351. doi: 10.1038/
ismej.2011.119

Becher PG, Hagman A, Verschut V, Chakraborty A, Rozpedowska E,
Lebreton S, Bengtsson M, Flick G, Witzgall P, PiSkur J (2018) Chemical
signaling and insect attraction is a conserved trait in yeasts. Ecology
and Evolution, 8(5), 2962-2974. doi: 10.1002/ece3.3905

Buitrago-Estrada J, Escobar-Romero AM (2009) Aplicacién de levadura
Candida spp. como una alternativa viable para la retardacion en
la pudricién del banano (Musa acuminata). Pontificia Universidad
Javeriana. Available at: https://repository.javeriana.edu.co/
handle/10554/8215

Caicedo LD, Alvarez MI, Llanos CA, Molina D (1996) Cryptococcus
neoformans en excretas de palomas del perimetro urbano de Cali.
Revista Colombiana Médica, 27(3-4), 1-4.

Carlile MJ, Watkinson SC, Gooday GW (2001) The Fungi, 2nd edition. San
Diego: Gulf Professional Publishing. 70p.

Castillo Arroyo PL, Betancur Hurtado CA, Pardo Pérez E (2018)
Caracterizacion de microorganismos con potencial probiético aislados
de estiércol de terneros Brahman en Sucre, Colombia. Revista de
Investigaciones Veterinarias del Pert, 29(2), 438-448. doi: 10.15381/
rivep.v29i2.14482

Chaves-Lépez C, Tofalo R, Serio A, Paparella A, Sacchetti G, Suzzi
G (2012) Yeasts from Colombian Kumis as a source of peptides
with Angiotensin | converting enzyme (ACE) inhibitory activity in
milk. International Journal of Food Microbiology, 159(1), 39-46. doi:
10.1016/j.ijfoodmicro.2012.07.028

Chaves-Lépez C, Serio A, Grande-Tovar CD, Cuervo-Mulet R, Delgado-
Ospina J, Paparella A (2014) Traditional fermented foods and
beverages from a microbiological and nutritional perspective: the
Colombian heritage. Comprehensive Reviews in Food Science and Food
Safety, 13(5), 1031-1048. doi: 10.1111/1541-4337.12098

Contreras Martinez Ol, Aycardi Morinelli MP, Alarcén Furnieles JL, Jaraba
Ramos AM, Martinez Contreras Ol (2011) Identificacion presuntiva

de Cryptococcus gattii aislado de Terminalia catappa en Monteria,
Cérdoba, Colombia. Revista Cubana de Medicina Tropical, 63(2),
117-122.

Cotes AM, Villamizar LF, Garcia Murillo PG, Gomez Alvarez MI, Fuentes
O, Diaz Garcia A, Florez J, Grijalba EP, Lopez J (2004) Las Levaduras
como Alternativa de Control Biolégico de Fitopatogenos. Bogota DC:
Corporacién Colombiana de investigacion agropecuaria. 21p.

Cotes AM, Zapata Narvaez YA, Diaz Garcia A, Garcia M, Medina C,
Cristancho D, Rodriguez S, Rodriguez F, Uribe D (2011) Selection
of yeasts with potential to biological control of Botrytis cinerea.
Fitopatologia Colombiana, 35(2), 51-56.

Cuervo-Mulet R, Argote F, Fernandez-Daza F, Osorio-Cadavid E (2015)
Hongos levaduriformes aislados de frutas y suelo de la region del Valle
del Cauca, Colombia. Cali: Editorial Bonaventuriana. 100p.

Daza Merchan ZT (2011) Evaluacién a escala laboratorio de la produccion
de etanol en presencia de vinaza a partir de levaduras nativas.
Universidad del Valle. Available at: https://bibliotecadigital.univalle.
edu.co/handle/ 10893/7636

Deak T (2007) Handbook of food spoilage yeasts. Boca Raton: CRC
Press. 352p.

Delgadillo-Ordonez NC, Posada-Suarez LR, Marcelo E, Cepeda-Hernandez
ML, Sanchez-Nieves J (2017) Aislamiento e identificacion de levaduras
degradadoras de hidrocarburos aromaticos, presentes en tanques de
gasolina de vehiculos urbanos. Revista Colombiana de Biotecnologia,
19(2), 141-151. doi: 10.15446/rev.colomb.biote.vi9n2.70278

Delgado-Ospina J, Triboletti S, Alessandria V, Serio A, Sergi M, Paparella
A, Rantsiou K, Chaves-Lépez C (2020) Functional biodiversity of
yeasts isolated from Colombian fermented and dry cocoa beans.
Microorganisms, 8(7), 1-17. doi: 10.3390/microorganisms8071086

Dominguez de Maria P, Séanchez-Montero JM, Sinisterra JV,
Alcantara AR (2006) Understanding Candida rugosa lipases: an
overview. Biotechnology Advances, 24, 180-196. doi: 10.1016/j.
biotechadv.2005. 09.003

Duarte A, Ordonez N, Castaneda E (1994) Asociacién de levaduras del
género Cryptococcus con especies de Eucalyptus en Santa fé de Bogota.
Revista del Instituto de Medicina Tropical de Sao Paulo, 36(2): 125-130.

Escandén P, Quintero E, Granados D, Huérfano S, Ruiz A, Castafeda E
(2005) Aislamiento de Cryptococcus gattii serotipo B a partir de
detritos de Eucalyptus spp. en Colombia. Biomédica: revista del
Instituto Nacional de Salud, 25(3), 390-397.

Escandén P, Sanchez A, Firacative C, Castafieda E (2010) Isolation of
Cryptococcus gattii molecular type VGIII, from Corymbia ficifolia detritus
in Colombia. Medical Mycology, 48(4), 675-678.

Feoli M, Gémez Z, Muhoz A (1997) Aislamiento y caracterizacion de
microorganismos con actividad pectinolitica a partir de Mangifera
indica. Revista Colombiana de Ciencias Quimico-Farmacéuticas, 26(1),
33-37.

Firacative C, Torres G, Rodriguez MC, Escandén P (2011) First environmental
isolation of Cryptococcus gattii serotype B, from Calcuta, Colombia,
Biomedica, 31(1), 118-123.

Fleet GH (2007) Yeasts in foods and beverages: impact on product quality
and safety. Current Opinion in Biotechnology, 18(2), 170-175.

Gaviria J, Osorio E (2012) Diversidad de levaduras asociadas a
inflorescencias de mango y flores de “lulo arbéreo”. Biotecnologia en el
Sector Agropecuario y Agroindustrial, 10(2), 160-169.

Gaya E, Vasco-Palacios AM, Vargas-Estupinan N, Licking R, Carretero
J, Sanjuan T, Moncada B, Allkin B, Bolanos-Rojas AC, Castellanos-
Castro C, Coca LF, Corrales A, Cossu T, Davis L, dSouza J, Dufat A,
Franco-Molano AE, Garcia F, Gbmez-Montoya N, Gonzélez-Cuellar FE,
Hammond D, Herrera A, Jaramillo-Ciro MM, Lasso Benavides C, Mira
MP, Morley J, Motato-Vasquez V, Nifio-Fernandez Y, Ortiz-Moreno ML,
Penfa-Canén ER, Ramirez-Castrilléon M, Rojas T, Ruff J, Simijaca D,
Sipman HJM, Soto-Medina E, Torres G, Torres-Andrade PA, Ulian T,
White K, Diazgranados M (2021) ColFungi: Colombian resources for
Fungi Made Accessible. Richmond: Royal Botanic Gardens, Kew, 36p.

Gonzales A, Valenzuela L (2003) Saccharomyces cerevisiae. In: Romero
EM, Romero JCM (eds). Microbios en linea. Centro de Investigacion
sobre fijacion de nitrégeno. Cuernavaca: UNAM. Available at: http://
www.biblioweb.tic.unam.mx/libros/microbios/Cap16/

Granados DP, Castaneda E (2005) Isolation and characterisation of
Cryptococcus neoformans varieties recovered from natural sources

CATALOGUE OF FUNGI OF COLOMBIA

101



CHAPTER 7

in Bogota, Colombia, and study of ecological conditions in the area.
Microbial Ecology, 49(2), 282-290.

Hernandez CJD, Trujillo NYY, Duran ODS (2011) Contenido fendlico e
identificacion de levaduras de importancia vinica de la uva isabella
(Vitis labrusca) procedente de villa del rosario (Norte de Santander).
Vitae, 18(1), 17-25.

Hernandez DR, Lopez-Valiente E, Lizarazo-Forero LM (2012) Caracterizacion
Fungica en el Archivo Histérico de la Universidad Pedagoégica y
Tecnolégica de Colombia. Ciencia en Desarrollo, 4(1), 115-128.

Herrera-Lopez MA, Lora-Suarez F, Loango-Chamorro N (2017) Identificacion
de microorganismos aislados a partir de lodos residuales de una
planta de tratamiento de un sector curtidor del Quindio. Revista de la
Asociacion Colombiana de Ciencias Biolégicas, 29(1), 103-118.

Kurtzman C, Fell JW, Boekhout T (2011) The Yeasts: a Taxonomic Study. 5th
edition. Amsterdam: Elsevier Science. 2354p.

Lara Mantilla C, Burgos Portacio A (2012) Potencial probiético de cepas
nativas para uso como aditivos en la alimentacién avicola, Revista
Colombiana de Biotecnologia, (1), 31-40.

Londono-Franco LF, Villamarin-Munoz JA, David-Ruales CA (2014)
Identificacion de hongos en cachama blanca (Piaractus brachypomus)
en cultivos semi-intensivos de Norte de Santander, Colombia.
Orinoquia, 18, 247-255.

Lépez D, Jiménez M, Lopez-Molinello A (2010) Identificacion de hongos
benéficos que participan en el proceso de obtencién del queso Paipa
en lacteos Ibel, municipio de Belén (Boyaca). Revista Alimentos Hoy,
19(21), 85-108.

Lépez-Arboleda WA, Ramirez-Castrillén M, Mambuscay-Mena LA, Osorio-
Cadavid E (2010) Diversidad de levaduras asociadas a chichas
tradicionales de Colombia. Revista Colombiana de Biotecnologia, 12(2),
176-186.

Lépez-Arboleda WA, Mambuscay-Mena LA, Cuervo-Mulet RA (2012) Banco
Levaduriformes. Cali: Universidad de San Buenaventura Cali. 54p.
Lépez-Molinello A (2011) Diversidad de la microbiota fungica del queso

paipa fabricado en Pacho, Cundinamarca. Revista ION, 24(1), 77-84.

Ma Y, Pan Y, Liu Q, Huang L, Zhang W (2021) Co-occurrence patterns
and assembly processes of microeukaryotic communities in a semi-
enclosed aquaculture bay. Continental Shelf Research, 228, 104550.
doi: 10.1016/j.csr.2021.104550

Mambuscay-Mena LA, Lépez-Arboleda WA, Cuervo-Mulet R, Argote F,
Osorio-Cadavid E (2013) Identificacion de las levaduras nativas
presentes en zumos de pifia, mora y uva. Biotecnologia en el Sector
Agropecuario y Agroindustrial, 11(2), 136-144.

Medina C, Cristancho DE, Uribe D (2009) Physiological responses and
antagonistic capacity of yeast phyllospheric isolates obtained in
blackberry crops (Rubus glaucus). Acta Bioldgica Colombiana, 14(3),
181-198.

Méndez-Puentes CA, Camacho-Suarez JG, Echeverry-Hernandez S (2015)
Identificacion de bacterias y hongos en el aire de Neiva, Colombia.
Revista de Salud Publica, 17(5), 728-737.

Miles LA, Lopera CA, Gonzalez S, Cepero de Garcia MC, Franco-Molano
AE, Restrepo Restrepo S (2012) Exploring the biocontrol potential of
fungal endophytes from an Andean Colombian Paramo ecosystem.
BioControl, 57(5), 697-710.

Monapathi ME, Bezuidenhout CC, James Rhode OH (2020) Aquatic yeasts:
diversity, characteristics and potential health implications. Journal of
water and health, 18(2), 91-105.

Olaya Hurtado DS, Ossa Cabra LT (2020) Actividad enzimatica de
levaduras en diferentes ambientes del Valle del Cauca. Programa de
Microbiologia, Universidad Santiago de Cali. Cali, Colombia.

Ordénez N, Castaneda E (1994) Serotipificacion de aislamientos clinicos
y del medio ambiente de Cryptococcus neoformans en Colombia.
Biomédica, 14(3), 131-139.

Ordofiez Burbano DE, Abella Medina CA, Echeverry Tamayo A, Paz Lasprilla
LM, BenitezzCampo N (2018) Biodegradacion de hidrocarburos
alifaticos saturados por microorganismos aislados de suelo
contaminado con derivados del petréleo. Revista de Ciencias, 22(2),
33-44.

Osorio-Cadavid E, Chaves-Lépez C, Tofalo R, Paparella A, Suzzi G (2008)
Detection and identification of wild yeasts in Champus, a fermented
Colombian maize beverage. Food Microbiology, 25(6), 771-777.

Osorio-Vanegas LS (2019) Susceptibilidad a los antimicéticos de levaduras
aisladas de sistemas de aguas de la ciudad de Santiago de Cali,

Colombia Susceptibilidad a los antimicé6ticos de levaduras aisladas
de sistemas de aguas de la ciudad de Santiago de Cali, Colombia.
Universidad Santiago de Cali. Available at: https://repository.usc.edu.
co/handle/20.500.12421 /4481

Oviedo Zumaqué L, Lara Mantilla C, Mizger Pantoja M (2009) Levaduras
autéctonas con capacidad fermentativa en la produccion de etanol
a partir de pulpa de excedentes de platano musa (aab simmonds)
en el departamento de Cérdoba, Colombia. Revista Colombiana de
Biotecnologia, 11(1), 40-47.

Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow
CD (2021) The PRISMA 2020 statement: an updated guideline for
reporting systematic reviews. BMJ, 71, 372. doi: 10.1136/bmj.n71

Parsa S, Garcia-Lemos AM, Castillo K, Ortiz V, Lépez-Lavalle LAB, Braun
J, Vega FE (2016) Fungal endophytes in germinated seeds of the
common bean, Phaseolus vulgaris. Fungal Biology, 120(5), 783-790.
doi: 10.1016/j.funbio.2016.01.017

Portillo Carrascal CY (2016) Identificacion de levaduras presentes en
el proceso de transformacion de polen corbicular a pan de abejas
por métodos tradicionales y moleculares. Universidad Nacional de
Colombia. Available at: https://repositorio.unal.edu.co/handle/
unal/56727

Quintero E, Castaneda E, Ruiz A (2005) Environmental distribution
of Cryptococcus neoformans in the department of Cundinamarca-
Colombia | Distribucién ambiental de Cryptococcus neoformans en el
departamento de Cundinamarca-Colombia. Revista Iberoamericana de
Micologia, 22(2), 93-98.

Quintero GIP, Mejia JM, Betancur GAO (2012) Microbiologia de la
fermentacion del mucilago de café segin su madurez y seleccion.
Cenicafé, 63(2), 58-78.

Ramirez-Castrillon M, Usman LM, Silva-Bedoya LM, Osorio-Cadavid E
(2019) Dominant yeasts associated to mango (Mangifera indica) and
rose apple (Syzygium malaccense) fruit pulps investigated by culture-
based methods. Anais da Academia Brasileira de Ciencias, 91(4),
€20190052. doi: 10.1590/0001-3765201920190052

Riesute R, Salomskiene J, Moreno DS, Gustiene S (2020) Effect of
yeasts on food quality and safety and possibilities of their inhibition.
Trends in Food Science & Technology, 108, 1-10. doi: 10.1016/j.
tifs.2020.11.022

Robert V, Vu D, Amor ABH, van de Wiele N, Brouwer C, Jabas B, Szoke S,
Dridi A, Triki M, Daoud SB, Chouchen O, Vaas L, de Cock A, Stalpers
JA, Stalpers D, Verkley GJM, Groenewald M, dos Santos FB, Stegehuis
G, Li W, Wu L, Zhang R, Ma J, Zhou M, Pérez S, Eurwilaichitr L,
Ingsriswang S, Hansen K, Schoch C, Robbertse B, Irinyi L, Meyer W,
Cardinali G, Hawksworth DL, Taylor JW, Crous PW (2013) MycoBank
gearing up for new horizons. IMA Fungus, 4(2), 371-379. doi: 10.5598/
imafungus.2013.04.02.16

Rodriguez-Gonzales SA (2015) Evaluacion Del Potencial Fermentativo De
Levaduras Nativas Para La Produccion De Etanol a Partir De Mieles
De Cana De Azucar. Universidad Nacional de Colombia. Available at:
https://repositorio.unal.edu.co/handle/unal/55626

Romero VC, Ortiz D, Serna-Jiménez JA (2017) ldentificaciéon de factores
microbiol6égicos asociados al deterioro de jugo (naranja-mandarina)
minimamente procesado para su bioconservacién. Alimentos Hoy,
24(39), 156-167.

Sanjuan Tl, Franco-Molano AE, Kepler RM, Spatafora JW, Tabima J, Vasco-
Palacios AM, Restrepo S (2015) Five new species of entomopathogenic
fungi from the Amazon and evolution of neotropical Ophiocordyceps.
Fungal Biology, 119(10), 901-916. doi: 10.1016/j.funbio.2015.06.010

Schoch CL, Seifert KA, Huhndorf S, Robert V, Spouge JL, Levesque CA,
Chen W, Fungal Barcoding Consortium (2012) Nuclear ribosomal
internal transcribed spacer (ITS) region as a universal DNA barcode
marker for Fungi. Proceedings of the National Academy of Sciences
USA, 109(16), 6241-6246. doi: 10.1073/pnas.1117018109

SiB Colombia (2021) Portal de Datos, Sistema de Informacion sobre
Biodiversidad de Colombia. Available at: https://datos.biodiversidad.
co/

Silva-Bedoya LM, Ramirez-Castrilléon M, Osorio-Cadavid E (2014) Yeast
diversity associated to sediments and water from two Colombian
artificial lakes. Brazilian Journal of Microbiology, 45(1), 135-142. doi:
10.1590/51517-83822014005000035

Souza PV, Grecellé CBZ, Barreto F, Ramirez-Castrillon M, Valente P, Costa
M (2021) Bacteria and yeasts associated to colonial cheese production

CATALOGUE OF FUNGI OF COLOMBIA



CHAPTER 7

chain and assessment of their hydrolytic potential. Brazilian Journal of
Food Technology, 24, e2020286. doi: 10.1590/1981-6723.28620

Taylor JW (2011) One fungus = one name: DNA and fungal nomenclature
twenty years after PCR. IMA Fungus, 2(2), 113-120. doi: 10.5598/
imafungus.2011.02.02.01

Tesfaw A, Assefa F (2014) Current trends in bioethanol production by
Saccharomyces cerevisiae: substrate, inhibitor reduction, growth
variables, coculture, and immobilisation. International Scholarly
Research Notices, 2014, 532852. doi: 10.1155/2014/532852.

Toloza-Moreno DL, Lizarazo-Forero LM (2011) Aeromicrobiologia del archivo
central de la Universidad Pedagégica Y Tecnolégica De Colombia
(Tunja-Boyacd). Acta Bioldégica Colombiana, 16(1), 185-194.

Toloza-Moreno DL, Lizarazo-Forero LM, Blanco-Valbuena JO (2012)
Concentracién y composicion microbiana en el ambiente de la
biblioteca central jorge palacios preciado de la Universidad Pedagégica
y Tecnolégica De Colombia, Tunja. Actualidades Bioldgicas, 34(97),
241-252.

Toloza-Moreno DL, Lizarazo-Forero LM (2013) Calidad microbiolégica
del ambiente de la Biblioteca Alfonso Patifio Rosselli, Tunja-Boyacéa
(Colombia). Revista U.D.C.A Actualidad and Divulgacion Cientifica, 16(1),
43-52.

Tournas VH, Katsoudas E (2005) Mould and yeast flora in fresh berries,
grapes and citrus fruits. International Journal of Food Microbiology,
105(1), 11-17.

Trujillo LC, Echeverry-Hernandez S (2015) Aislamiento y caracterizacion
de levaduras presentes en el fruto del Syzygium malaccense (l.). Merr.
and L. M Perry (pomorroso) en la comuna 1 de la ciudad de Neiva.
Ingenieria y Region, 13(1), 37-37. doi: 10.25054/22161325.707

Urbina H, Aime MC (2018) A closer look at Sporidiobolales: ubiquitous
microbial community members of plant and food biospheres.
Mycologia, 110(1), 79-92. doi: 10.1080/00275514.2018.1438020

Van Eck, NJ, Waltman L (2010) Software survey: VOSviewer, a computer
program for bibliometric mapping. Scientometrics, 84(2), 523-538.
doi: 10.1007/s11192-009-0146-3

Vanegas Cérdoba |, Yepes Pérez MS, Ruiz Villadiego 0S (2004) Produccion
de xilitol a partir de levaduras nativas colombianas. Revista Colombiana
de Biotecnologia, 6(2), 31-36.

Vargas N, Restrepo S (2020) A checklist of ectomycorrhizal mushrooms
associated with Quercus humboldtii in Colombia. In: Pérez-Moreno J,
Guerin-Laguette A, Arzd RF, Yu FQ (eds). Mushrooms, Humans and
Nature in a Changing World. Berlin: Springer. Pp. 425-450.

Vasco-Palacios AM, Hernandez J, Pefuela-Mora MC, Franco-Molano AE,
Boekhout T (2018) Ectomycorrhizal fungi diversity in a white sand
forest in western Amazonia. Fungal Ecology, 31, 9-18. doi: 10.1016/j.
funeco.2017.10.003

Vasquez JA, Ramirez Castrillon M, Monsalve ZI (2016a) Update on
molecular characterization for yeast of industrial interest. Revista
Colombiana de Biotecnologia, 18(2), 129-139. doi: 10.15446/rev.
colomb.biote.v18n2.61530

Vasquez-Castillo J, Laguado JA, Lopez Genera J, Gil NJ (2016b) New
sources and methods to isolate vinasse-tolerant wild yeasts efficient
in ethanol production. Annals of Microbiology, 66(1), 187-195. doi:
10.1007/s13213-015-1095-0

Vélez N, Escand6on P (2017) Report on novel environmental niches
for Cryptococcus neoformans and Cryptococcus gattii in Colombia:
Tabebuia guayacan and Roystonea regia. Medical Mycology, 55(7), 794-
797. doi: 10.1093/mmy/myw138

Villota SV, Vargas AF, Martinez CA, Caicedo LD, Osorio E, Ramirez-Castrillon
M (2020) Produccion de carotenoides en levaduras nativas aisladas
de sistemas acuaticos en Cali, Colombia. Revista De La Asociacion
Colombiana De Ciencias Bioldgicas, 1(32), 103-114. doi: 10.47499/
revistaacch.v1i32.215

Virviescas BC, Aragdn FM, Vasquez-A LR, Gonzélez-Cuellar FE, Escandon
P, Castro SH (2018) Caracterizacion molecular de Cryptococcus
neoformans recuperado de guano de palomas en Rivera y Neiva,
Colombia. Revista MVZ Cérdoba, 23, 6991-6997. doi: 10.21897/
rmvz.1422

Vu D, Groenewald M, Szoke S, Cardinali G, Eberhardt U, Stielow B, de Vries
M, Verkleij GJ, Crous PW, Boekhout T, Robert V (2016) DNA barcoding
analysis of more than 9,000 yeast isolates contributes to quantitative
thresholds for yeast species and genera delimitation. Studies in
Mycology, 85, 91-105. doi: 10.1016/j.simyc0.2016.11.007

Vu D, Groenewald M, De Vries M, Gehrmann T, Stielow B, Eberhardt U,
Al-Hatmi A, Groenewald JZ, Cardinali G, Houbraken J, Boekhout T,
Crous PW, Robert V, Verkley GJM (2019) Large-scale generation and
analysis of filamentous fungal DNA barcodes boosts coverage for
kingdom fungi and reveals thresholds for fungal species and higher
taxon delimitation. Studies in Mycology, 92, 135-154. doi: 10.1016/j.
simyc0.2018.05.001

Walteros-Pinzén CD, Fernandez MA, Reyes LH (2020) Caracterizacion
de cepas de levadura colombiana Saccharomyces cerevisiae para
su potencial uso en la produccién de cerveza “Colombian Ale”.
Universidad de los Andes. Available at: https://repositorio.uniandes.
edu.co/handle/1992/44911

Zapata Narvaez YA, Diaz Garcia A, Grijalba EP, Rodriguez F, Elad Y, Cotes
AM (2016) Phyllosphere yeasts with potential for biological control
of Botrytis cinerea in rose. Acta Horticulturae, 1144, 77-84. doi:
10.17660/ActaHortic.2016.1144.11

CATALOGUE OF FUNGI OF COLOMBIA

103



Epicoccum sp.=+ -,
[Marcela Guevara-Suarez]
s

oy L




Chapter 8

Micromycetes of Colombia: Focusing on the Hidden Diversity

Martha Cardenas!, Marcela Guevara-Suarez?, Angelis Marbello*, Natalia Bolafios?, Pedro Jiménez® & Silvia Restrepo'*

1 Laboratorio de Micologia y Fitopatologia (LAMFU), Departamento de ingenieria Quimica y de alimentos, Universidad de los Andes, Colombia.
2 Applied Genomics Research Group, Vicerrectoria de Investigacion y Creacion, Universidad de los Andes, Colombia.
3 Facultad de Ciencias Bésicas y Aplicadas, Universidad Militar Nueva Granada, Bogotd, Colombia.

*Corresponding author: srestrep@uniandes.edu.co
Keywords: diversity, Micromycetes, microfungi, polyphasic taxonomy

ABSTRACT

Colombia is a Neotropical country with a highly diverse fauna, flora, and microbial biota. However, mycology is still a developing
field, and currently, Colombia has reported only 5% of the fungal species known worldwide. The goal of this chapter is to
revisit the current state of the knowledge on Colombian microfungi, according to species registered in the ColFungi database,
excluding lichens. For this purpose, we categorised each taxon as macro- or micromycete according to the presence or
absence of macroscopically visible structures. In our definition, a total of 2,498 (57%) out of the 4,406 non-lichenized species
included in the database correspond to microfungi, most of them being members of the subkingdom Dikarya (92%). We found
that early diverging fungal lineages are underrepresented and need to be prioritised in future diversity surveys. Although next-
generation sequencing tools are being used worldwide to explore biodiversity, few studies to date have employed this approach
to assess fungal diversity in Colombia. In general, the relevance of performing an assertive polyphasic identification to species
level and the necessity to enrich our national culture collections are discussed.

RESUMEN

Colombia es considerado un pais megadiverso en fauna, flora y microorganismos. En cuanto a los hongos, nuestro pais
ha reportado el 5% de las especies conocidas en el mundo. El objetivo de este capitulo fue estudiar el estado actual de la
diversidad de microhongos en Colombia y resaltar los grupos taxonémicos que deben ser priorizados en futuros estudios de
diversidad de hongos en el pais. Para este fin, se utilizaron las especies registradas en la base de datos de ColFungi y se realizé
una categorizacion adicional de las especies, asignandole a cada una la clasificacion de macro- o micromicete, de acuerdo con
la presencia o0 ausencia de estructuras macroscépicamente visibles. Los liquenes fueron excluidos. Del total de 4,406 especies
pertenecientes al reino Fungi registradas en la base de datos de ColFungi, excluyendo los que son liquenizados, el 57% (2,498)
corresponden a registros de microhongos, siendo la mayoria miembros del subreino Dikarya (92%). También encontramos que
linajes basales de hongos, como por ejemplo los zigomicetes (filos Mucoromycota y Zoopagomycota), estan subrepresentados
y deben ser priorizados en futuros estudios de diversidad. En los ultimos anos, las herramientas de secuenciacién de nueva
generacion han sido usadas para explorar la biodiversidad a nivel mundial. Aunque Colombia ha realizado esfuerzos para
evaluar la diversidad fungica en el pais usando estas aproximaciones, aun siguen siendo pocos los estudios que emplean
estas estrategias para estimar la diversidad flingica. En este capitulo resaltamos la importancia de realizar estudios polifasicos
dirigidos hasta el nivel de especie, con el fin de tener identificaciones rigurosas y una estimaciéon mas precisa de los grupos
mas representativos de comunidades fungicas. Ademas, recalcamos la necesidad de enriquecer las colecciones nacionales de
microhongos, para incentivar asi las investigaciones en torno al aprovechamiento de la diversidad y bioeconomia.

INTRODUCTION

Fungi are often artificially divided into two informal groups,
macro- and micromycetes. This intuitive, human-based
grouping is based on our possibility to see — or not — these
organisms without the help of any optical instrument.
Vegetatively, all members of the kingdom Fungi, alongside the

eye have traditionally been called macromycetes (Ainsworth,
2008). Macromycetes are only found in the Basidiomycota and
Ascomycota, while micromycetes are found across the entire
kingdom Fungi (Ainsworth, 2008). Unfortunately, the distinction
of macro- versus microfungi is not straightforward, particularly
in the Ascomycota, and varies according to different workers

oomycetes and myxomycetes, are microscopic, but some can
develop macroscopic structures in particular stages of their
lifecycle. These structures are mainly related to reproduction
(basidiocarps, ascocarps, and stromata), and fungi that
produce such structures at sizes that are visible to the naked

(see also Chapter 5). Indeed, most fungi produce structures
that are visible to the naked eye, and their detection depends
on closeness and experience, rather than actual size.
InColombia, microfungal diversityis generallyless surveyed
than macrofungal diversity. Nonetheless, in recent years,
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special attention has been paid to the study of microfungi.
Several efforts have been made to collect specimens
from different natural regions, elucidate their taxonomy,
understand their ecology, and exploit their biotechnological
value (Landinez-Torres et al., 2020). However, there is a need
to continue studying microbial life, for example to better
understand the functioning of the soil and its ecosystem
services (AlvarezYela et al., 2017). Thus, the main goal of
this chapter was to revisit the current state of knowledge
of the microfungi diversity of Colombia, according to the
species registered in the ColFungi database, and to highlight
the taxonomic groups that need to be prioritised in future
fungal diversity studies because they have been overlooked,
and also due to their potential biotechnological applications.

To this end, we categorised each species, excluding
lichenised fungi, as either macro- or micromycete, depending
on the presence or absence of macroscopically visible
structures reported for each species. In addition, we cross-
checked Mycobank (https://www.mycobank.org/) and Index
Fungorum  (http://www.indexfungorum.org/Names/Names.
asp) for the current nomenclature and taxonomy placement
of each species. We determined the proportion (number
of species / taxonomic group) of micromycetes within the
current accepted phyla and subphyla of Fungi (Li et al., 2021,
James et al., 2020). We also performed a search of Google
Scholar, without time restriction, to look for studies related to
Colombian fungal diversity with the keywords "Micromycetes
diversity" AND "Colombia"; "Microfungal diversity" AND
"Colombia"; "Microfungi diversity" AND "Colombia", excluding
lichens, and the same terms for Macromycetes. We also
searched for metagenomics and metabarcoding using the
modifiers "Metagenomics" AND "Microfungi" AND "Colombia".

HOW MANY MICROMYCETES OCCUR IN COLOMBIA?

According to the ColFungi database, of the 4,406 species
reported (except for lichenised fungi), 2,498 corresponded
to microfungi in our definition (57%) (Figure 1). The observed
differences are, however, not as substantial as we expected,
possibly due to the fact that comparatively few studies
have focused on conducting microfungi inventories (22 in
total), compared to 32 surveys assessing the diversity of
macromycetes. This scenario is probably not the result of a
lack of interest but may reflect the notion that the study of
micromycetes is more challenging due to their smallness and
often ecologically cryptic nature. To carry out morphological
determination of microfungi, it is necessary to perform
cultures and to induce the production of reproductive
structures, either sexual or asexual (Cepero et al., 2012).
These structures represent essential taxonomic characters
that are required to identify species adequately. This
determination is often demanding, and the assessment of
fungal diversity may therefore be much more time-consuming
tha it is for macrofungi (Wardle & Lindahl, 2014).

Inthe past few years, the use of molecular phylogenomics
and metagenomics have profoundly reshaped research and
knowledge in the field, becoming essential tools for the
ability to survey fungal diversity and to discover new species

more effectively and to assess even complex habitats
with a rich microbiota (LUcking et al., 2020). However,
these technically advanced approaches are currently only
available for a limited number of laboratories in Colombia.
Therefore, hitherto published studies on micromycetes
focusing on traditional identification methods often have
taxa identified only to the genus or morphospecies level,
leading to an underestimation of the diversity of this fungal
group in Colombia.

Fungal identifications remain challenging due to
constant taxonomic changes. Where possible, species
identifications should be based on a polyphasic
approach, including morphological, anatomical, chemical,
physiological, and molecular data (Lucking et al., 2020).
In 2003, DNA barcoding was proposed to standardise
the identification of all organisms to the species level
(Hebert et al., 2003). The Internal Transcribed Spacer (ITS)
region was proposed as a DNA barcode for the kingdom
Fungi (Schoch et al., 2012). Since then, ITS barcoding
has become an essential tool for species identification in
fungi. Nonetheless, in some genera, the ITS region is not
variable enough for species-level identification, making it
necessary to use additional markers, such as B-tubulin
(TUB), the DNA-directed RNA polymerase Il largest (RPB1)
and second-largest (RPB2) subunits, and the elongation
factor 1a (EF1) for accurate identification (Lucking et al.,
2020). The method to achieve precise identification of

Macromycetes

. Micromycetes

FIGURE 1. Assessment of fungal species reported in the
ColFungi database in terms of their grouping into either macro- or
micromycetes. Only members of the kingdom Fungi are considered.
Lichenised fungi were excluded.
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microfungal species there depends on the taxonomic
group, and researchers are responsible for choosing the
best polyphasic approach in each case.

In Colombia, most molecular studies on microfungi are
based on the ITS region. However, the diversity of fungal
species may be underestimated because many cryptic
species often exhibit no variation across the ITS region.
For example, Talaromyces francoae, a new species isolated
from Colombian Amazon rainforests, has an ITS sequence
identical to that of T. apiculatus. Still, BenA and CaM
(additional molecular markers for this genus) showed that T.
francoae was a novel species clearly distinct within members
of the Talaromyces (Yilmaz et al., 2016). Overall, studies have
shown that between 6% and 25% of yeast and filamentous
fungal species (including human/animal pathogenic fungi)
may be indistinguishable by means of the ITS region (Llcking
et al., 2020).

In recent years, high-throughput DNA sequencing has
been useful for evolutionary and phylogenetic robust
analyses. However, genomic data represent a challenge
due to heterogeneity, genome quality and annotation,
and the difficulty of retrieving true orthologous genes (Li
et al., 2021). In Colombia, few studies are using these
approaches, with one of the most exciting studies being
recently published by Landinez-Torres et al. (2019). These
authors studied soil fungal biodiversity in upper Andean
Colombian agroecosystems in the department of Boyaca,
detecting more than 150 species of fungi that belong
to the Ascomycota—the dominant phylum—followed by
Basidiomycota and zygomycetes fungi. Several species were
reported as first records for Colombia. Although this study
was developed using a metabarcoding approach, it was
able to relate the composition of the fungal community to
different uses of soil in the studied agroecosystems.

Metagenomics of Colombian micromycetes is still
a relatively unexplored field of study. The goal of the few
studies carried out to date has been to perform metabolic
reconstructions rather than to survey fungal community
composition. Forexample, Alvarez-Yela et al. (2017) conducted
a detailed metagenomic analysis to establish the effect of
anthropogenic intervention on microbial communities and on
the biogeochemical cycle dynamics in the soil in two paramo
ecosystems. However, the authors only reported the effect
of the anthropogenic intervention on the abundance of the
total fungal community and did not differentiate the fungal
taxa associated with each ecosystem.

DIVERSITY OF MICROMYCETES IN COLFUNGI

Most microfungal species recorded in the ColFungi portal
belong to the subkingdom Dikarya (92%). According to the
Catalogue of Life (https://www.catalogueoflife.org/data/
taxon/SM), 92,725 species are currently accepted within the
Ascomycota and 50,385 within the Basidiomycota, making
these phyla the two largest in the fungal kingdom. Within
ColFungi, 63.6% of the reported micromycetes correspond
to Ascomycota, while 28.5% represent Basidiomycota, a
proportion rather similar to the global richness of the two

Phyla

. Ascomycota

f Basidiomycota
FIGURE 2. Distribution of micromycetes species registered in the

ColFungi database according to phyla, based on the most recent
phylogeny of the Fungi (James et al., 2020; Li et al., 2021).

Blastociadiomycota

Mucoromycota

Chytridiomycota Zoopagomycota

phyla (Figure 2). Within Pezizomycotina (Ascomycota), the
most diverse genera of micromycetes within Colombia
are Penicillium (68 reported species) and Trichoderma (62
reported species). At the same time, for the yeasts within
the Saccharomycotina, Candida was the most representative
genus, with 26 reported species.

Although Basidiomycota contain a large diversity of
macromycetes, micromycetes can be found in all its subphyla
or are dominant in early diverging lineages (Cepero et al.,
2012). Withinin Agaricomycotina, the microfungi recorded for
Colombia belong mainly to yeast or yeast-like fungi (Liu et al.,
2015) in the Tremellomycetes (45 species), including seven
species of the genus Cryptococcus. Cryptococcus neoformans
and C. gattii are responsible for cryptococcosis, often being
isolated from soil and plant debris, respectively (Vélez &
Escandon, 2020). The microfungi in the Ustilaginomycotina
are smut fungi or more rarely yeasts (Spatafora et al., 2017),
with the smut genera Ustilago and Sporisorium each having
12 species reported (see also Chapters 7 and 9). Yeasts are
represented by the genus Malassezia, among others (Wang et
al., 2015a). Species in the Pucciniomycotina mainly comprise
rust fungi and more rarely yeasts, such as members of
the genus Rhodotorula, with five reported species (Wang
et al., 2015b). The remaining species are included in the
Mucoromycota (7.2%) and less than 1% in the Chytridiomycota,
Blastocladiomycota, and Zoopagomycota (Figure 2).
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Within the Mucoromycota, the Glomeromycotina,
comprising arbuscular mycorrhizal fungi, is represented by
106 species, 50 of which belong to three main genera:
Glomus (20), Acaulospora (19), and Scutellospora (11). In
a literature review conducted in Google Scholar and Web
of Knowledge by Landinez-Torres et al. (2020), members
of these subphyla were reported as the most abundant
microfungi of Colombia from the soils in the Amazonian,
Caribbean, and Orinoquia regions (Landinez-Torres et al.,
2020). Owing to their agronomic relevance, arbuscular
mycorrhizal fungi are being studied mainly in cultivated
plants, such as Physalis peruviana (Solanaceae), Manihot
esculenta (Euphorbiaceae), Bactris gasipaes (Arecaceae),
and Euterpe oleracea (Arecaceae), among others (Molineros
Hurtado et al., 2013; Gémez et al., 2020; Peha-Venegas et
al., 2019; Ramirez-Gémez et al., 2019).

In a biogeographic database of arbuscular mycorrhizal
fungi, 77 species were recorded for Colombia over the past
50 years, making Colombia one of the Neotropical countries
with the highest number of reported species, except for
Brazil, with 182, and México, with 87 species. Countries
neighboring Colombia, such as Ecuador (28), Peru (52), and
Venezuela (37), had fewer species listed, indicating that
in the Andean region, this group of micromycetes is better
studied in Colombia. However, additional studies are still
needed (Stirmer & Kemmelmeier, 2020).

Also, six genera (Dissophora, Actinomortierella,
Linnemannia, Podila, Entomortierella, and Mortierella) and
26 species of the Mortierellomycotina are reported in
the ColFungi database. These species were found in soil
samples (Veerkamp & Gams, 1983; Gualdron-Arenas et
al., 1997; Landinez-Torres et al., 2019). Species in the
Morteriellaceae have been isolated worldwide from many
sources, including roots or decomposing plant material
(Vandepol et al., 2020). New species are expected to be
described from countries like Colombia, where this fungal
group is still underrepresented in listings (Vandepol et al.,
2020). Members of this family, as well as members of the
orders Mucorales and Umbelopsidales (Mucoromycotina),
are considered oleaginous (oil-producing) fungi, valued
in the food and bioenergy industries (Zhao et al., 2020),
providing an additional incentive for the study of diversity
and distribution of these fungi in Colombia.

Mucoromycotina is represented by 16 genera and 47
species, with Mucor being the most speciose genus, with 14
recorded species in Colombia. Members of this subphylum,
such as Absidia, Actinomucor, Circinella, Cuninghamella,
Rhizopus, and Syncephalastrum, are commonly isolated
from soil (Landinez-Torres et al., 2020). Apophysomyces
variabilis (Rodriguez et al., 2018), A. elegans (Ruiz et al.,
2004), Sacksenaea erythrospora (Rodriguez et al., 2016),
Lichtheimia corymbifera, and several species of Rhizopus,
are responsible for mucormycosis disease in humans,
being associated with necrotizing fasciitis (Morales-Lépez
et al., 2018).

The Zoopagomycota comprises three subphyla:
Zoopagomycotina, Kickxellomycotina, and Entomophthoro
mycotina. In the ColFungi database, only the latter

subphylum is reported, being represented by seven species.
Basidiobolus ranarum and Conidiobolus coronatus are
animal pathogens and can cause a human disease known
as entomophthoromycosis (Morales-Lopez et al., 2018).
The remaining five species are insects pathogens (Barta &
Cagan, 2006).

Although not yet known from Colombia, members of the
Zoopagomycotina have bioprospective potential as biological
controllers, as they can be found as nematode predators
and mycoparasites (Spatafora et al., 2017). In the same
way, species in the Kickxellomycotina are found in the gut
of arthropods that have an aquatic stage (Spatafora et
al., 2017). Owing to the high diversity of insects and other
arthropods in Colombia, we expect that surveys of their
associated fungal diversity will reveal species of these
fungal lineages in the country.

The early-diverging lineages of the fungal kingdom,
the zoosporic fungi, are represented by nine species of
Chytridiomycota and three of Blastocladiomycota. Among
the Chytridiomycota found in Colombia, six species
are catalogued in the database as plant pathogens.
Batrachochytrium is the only vertebrate pathogen in this
phylum (Cepero et al., 2012), and in Colombia, only B.
dendrobatidis is reported. The latter is one of the most
relevant fungal pathogens because it is responsible for
chytridiomycosis, a disease that threatens the amphibian
diversity in Colombia and globally (Flechas et al., 2013).
In the Blastocladiomycota, Coelomomyces reticulatus
is an animal pathogen that attacks mosquitoes in
particular (Gleason et al., 2010). No anaerobic fungi
(Neocallimastigomycota) have so far been registered in the
ColFungi database. Members of this lineage are recognised
for their outstanding lignocellulolytic activity (Solomon et
al., 2016).

Colombia is likely to be a promising source of zoosporic
fungi due to its abundance of marine and freshwater
ecosystems. These underrepresented phyla deserve
more attention as they are expected to include emerging
pathogens (e.g., Batrachochytrium spp., Synchytrium
spp.). The number of species waiting to be described in
the zoosporic fungi at a global level is high (Voigt et al.,
2013). The trophic modes associated with the microfungi
registered in ColFungi are essentially pathogens, either
of plants (1,205 species) or animals (236 species), or
saprotrophs (450 species). In addition, 252 species are
reported as endophytes. This group of fungi is gaining
attention among the Colombian research community,
possibly because of their bioprospecting potential (Strobel
& Daisy, 2003; see Chapter 15).

CONCLUSIONS

The diversity of Colombian micromycetes in the ColFungi
database is mainly represented by Ascomycota and
Basidiomycota. The remaining phyla in the kingdom Fungi are
underrepresented or absent. We encourage the mycology
community to contribute to diversity assessments,
emphasising the early-diverging fungal lineages, such as
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zygomycetes and zoosporic fungi, which need further studies
to better reflect the true diversity of microfungi in Colombia.
In addition, we need to enrich our culture collections to
preserve microfungal diversity and to make it accessible for
applied research. Furthermore, we encourage the use of a
polyphasic approach, choosing the best molecular markers
for each genus, to assess the microfungal diversity and to
achieve assertive identifications to species level.
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ABSTRACT

Rust and smut fungi are biotrophic and obligate pathogens of vascular plants with a high species richness on plants growing
in the wild. This group comprises species that cause economically relevant plant diseases affecting cultivated plants. Rust
fungi are represented by Pucciniales (Pucciniomycotina, Basidiomycota), and smut fungi mostly comprise several orders
from Ustilaginomycotina (Basidiomycota) and some additional orders from other Basidiomycota subdivisions. The updated
checklist of rust fungi of Colombia includes 493 species, and the checklist for smut fungi 71 species, with an additional
ten species of Ustilaginomycotina found as yeasts or belonging to Exobasidiales. While the number of rust fungi known
for Colombia has increased during recent years, the knowledge on smut fungi has stagnated since 2002, with relatively
few new records of yeasts being added. Rust and smut records for different departments of Colombia show substantial
information in regions with large urban centres, universities, and active mycologists. By contrast, no records or systematic
surveys are available for many other regions of the country. Estimations of species diversity for the rust and smut fungi of
Colombia suggest that even though the knowledge regarding these fungi in Colombia has increased throughout the past
three decades, we are far from completely documented. Field surveys and analyses of specimens by traditional taxonomic
methods and the generation of molecular sequence data are urgently needed for rust and smut fungi of Colombia, including
closely 