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Foreword

Fungi represent the fifth kingdom of organisms, which is characterized —sec-
ond only to prokaryotes—by a huge number of diverse species. Even more,
fungi have developed a tremendous variety in lifestyles, biochemical proper-
ties, and morphological characters, the latter having been a permanent chal-
lenge for defining species and their identification. They have conquered
practically all habitats, from deep sea water to desert soil, and from prokary-
otes to mammals, leading to an array of positive but also negative impacts on
mankind. On the negative side, fungi are known as pathogens of plants—a
situation which seriously affects crop plantations all around the earth—but
also of higher fungi, of lower eukaryotes, and of all animals up to mammals
and men. Also, their versatile metabolism provided them with efficient abili-
ties to colonize almost all material, leading to biodeterioration of various
organic materials including paintings and covers, which allowed them to settle
in buildings and flats resulting in indoor contamination as a major problem of
today. Yet there are also numerous benefits: many fungi are known as beneficial
symbionts of plants, such as plant tissue endosymbionts and mycorrhizas. In
fact, the earth would be devoid of plants in the absence of the latter. Finally
several fungi have been domesticated by humans, either for their use in agri-
culture (such as for biocontrol of plant or invertebrate pathogens or in plant
growth protection and stimulation), for the preparation of feed- and foodstuff,
and as efficient producers of biotechnological products such as primary metab-
olites, numerous enzymes, and antibiotics. In the area of modern molecular
biotechnology, fungi such as Pichia pastoris have become important high-
throughput hosts for the production of recombinant proteins of bacterial to
human origin. Last but not least, fungi like Saccharomyces cerevisiae,
Neurospora crassa, and Aspergillus nidulans have become model systems for
basic biochemical and genetic research, and an impressing amount of our text-
book knowledge would not be available without them. In the current genomic
age, elucidation of the genome inventory of about 50 multicellular asco- and
basidiomycetes and the same number of yeasts has been completed and opened
new avenues for their investigation.

In view of this steadily increased interest in fungi, also the methods needed
for their isolation and identification, as well as their genetic manipulation and
monitoring of gene expression and protein production, have become refined
and complemented. This book aims at presenting an inventory of techniques
and methods that are currently in use for studying fungi: it contains 57 chap-
ters dedicated to description of these techniques, starting from concepts of
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cultivation, enumeration, and visualization of fungi; molecular approaches
for detection and quantification; measurement of relevant enzymes and meth-
ods for their application; and the use of bioinformatic tools to investigate
fungal genomes.

As a professional reference, this book is aimed at all people who work
with fungi and should be useful both to academic institutions and research
teams, as well as to teachers, graduate and postgraduate students.

Vienna, Austria Prof. Christian P. Kubicek



Foreword

It gives me immense pleasure to write a foreword for Laboratory Protocols
in Fungal Biology of Springer, USA edited by Dr. Vijai Kumar Gupta and
Dr. Maria G. Tuohy. After going through the content of this laboratory proto-
col, I feel that it is a wonderful attempt done by Dr. Gupta to compile together
all the information about the subject that will be highly useful to all mycolo-
gists around the globe. I am sure that this volume will be highly useful to all
those concerned with fungi and their biology, including environmental and
public health officers and professionals in the field of interest. The volume is
really exhaustive covering almost all the aspects of fungal biology. It will also
be of interest to postgraduate students in this field and also for one and all
interested in Fungi. Additionally it will be of great market value. This effort of
Dr. Gupta’s is admirable.

Varanasi, India Prof. R.S. Upadhyay
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Preface

The interaction between fungi and their environment is central to many natu-
ral processes that occur in the biosphere. The hosts and habitats of these
eukaryotic microorganisms are very diverse; fungi are present in every eco-
system on Earth. The fungal kingdom is equally diverse, consisting of seven
different known phyla. Yet detailed knowledge is limited to relatively few
species. The relationship between fungi and humans has been characterized
by the juxtaposed viewpoints of fungi as infectious agents of much dread and
their exploitation as highly versatile systems for a range of economically
important biotechnological applications. Understanding the biology of differ-
ent fungi in diverse ecosystems as well as their interactions with living and
nonliving is essential to underpin effective and innovative technological
developments.

The tools and techniques of molecular biology, once reserved for mam-
malian and bacterial systems, have been adapted and optimized for the analy-
sis of fungal species at the molecular level. Rapid screening techniques based
on screening specific regions in the DNA of fungi have been used in species
comparison and identification and are now being extended across fungal
phyla with the ultimate goal being the assembly of the “Fungal Tree of Life”
by the US National Science Foundation. Within a decade after the Human
Genome Sequence was published, genome sequencing technology has been
adapted to yield the complete genome sequences of not only fungi of com-
merce and medical relevance, but other more isoteric species. Post-genomics
approaches and systems biology are now also being applied to understanding
the details of fungal biology and the interactions between fungi, their hosts,
and their environment. The majority of fungi are multicellular eukaryotic sys-
tems and therefore may be excellent model systems by which to answer fun-
damental biological questions. A greater understanding of the cell biology of
these versatile eukaryotes will underpin efforts to engineer (e.g., “humanize’)
certain fungal species to provide novel cell factories for production of pro-
teins for pharmaceutical applications. Finally, renewed interest in all aspects
of the biology and biotechnology of fungi may also enable the development
of “one pot” microbial cell factories to meet consumer energy needs into the
twenty first century. To realize this potential and to truly understand the diver-
sity and biology of these eukaryotes, continued development of scientific
tools and techniques is essential.

This publication aims to provide a detailed compendium of analytical
methods used to investigate different aspects of mycology, including fungal
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biology and biochemistry, genetics, phylogenetics, genomics, proteomics,
molecular enzymology, and biotechnological applications, in a manner that
reflects the many recent developments of relevance to scientists investigating
the Kingdom of Fungi.

Galway, Ireland Vijai Kumar Gupta
Maria G. Tuohy

Manimaran Ayyachamy

Anthonia O’Donovan

Kevin M. Turner
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Safety Norms and Regulations
in Handling Fungal Specimens

Finola E. Cliffe

Abstract

This chapter provides basic safety information required when handling
fungal cultures and when performing the procedures outlined in this man-
ual. Several topics are discussed including routine precautions when work-
ing with fungal organisms.
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Introduction

Biosafety measures designed to ensure the safety
of laboratory workers include the use of various
primary and secondary barriers, many of which
are due to the advent of new technologies in the
fields of materials science and engineering.
Personnel undertaking the protocols in this man-
ual may come across potentially hazardous
materials such as pathogenic and infectious
biological fungal agents, in addition to toxic
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chemicals and carcinogenic, mutagenic, or
teratogenic reagents. In the case of fungal speci-
mens, it has long been acknowledged that labo-
ratory workers can attain infections from the
agents they work with.

There have been many reported cases of labo-
ratory-acquired infection, with countless more
cases undoubtedly left unreported. Inhalation
appears to be the most prominent route of expo-
sure. Fungal hyphae in nature develop structures
such as conidia on fruiting bodies or hyphal ele-
ments that develop into transmissible subseg-
ments, which are ultimately designed for optimum
dispersal in air. These elements are designed to
be readily discharged, resistant to desiccation,
and to remain aloft for long periods of time. Once
inhaled by a host, the conidia develop into the
yeast phase and can be found in the tissue of
infected hosts [1]. Even with the advances in bio-
safety training and education, laboratory-acquired
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fungal infections continue to occur. The dimorphic
fungi Blastomyces dermatitidis, Coccidioides
immitis, and Histoplamsa caspsulatum, for exam-
ple, were found to be responsible for the majority
of laboratory-acquired fungal infections in the
United States [2—4]. Laboratory-associated pul-
monary infections have occurred following the
inhalation of conidia from mold-form cultures of
B. dermatitidis [5, 6] and local infections from
the accidental parenteral inoculation with infected
tissues or cultures containing yeast forms of the
fungus [7, 8] have been documented. Various
reports of laboratory-associated C. immitis are
reported in the literature prior to 1980 [9-11]
including a case recorded by Nabarro [12] where
a biochemist developed an intense acute infec-
tion after working with a colonial growth.
Laboratory-associated histoplasmosis  occurs
mainly through inhalation of conidia produced
by the mold form of the fungus [4, 13]; however,
cutaneous infections have occurred due to acci-
dental inoculation [14, 15].

These incidences indicate the ongoing occur-
rences of laboratory-acquired infections as a
result of simple and preventable laboratory errors.
As mentioned, the bulk of laboratory-acquired
fungal infections are caused by inhalation of
infectious conidia from the mold form, resulting
in pulmonary infections; for example, the simple
processes of opening of a culture plate lid can
result in the release of large numbers of conidia
[16]. To reduce the risk of infection it is practical
to handle all fungal cultures under the conditions
of biosafety laboratory containment BSL-2 or
BSL-3 [17].

New biosafety technologies and associated
guidelines have been developed to considerably
improve ways to safely use fungal material. An
enhanced understanding of the risks associated
with various manipulations of many agents trans-
missible by different routes has enabled labora-
tory workers to apply appropriate biosafety
practices to specific laboratory areas. These
safety guidelines include engineering controls,
management policies, work practices and proce-
dures, as well as medical interventions. However,
users must always progress with the caution
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associated with good laboratory practice, under
the supervision of personnel responsible for
implementing laboratory safety programs at their
institutions.

Biosafety Levels

Several biosafety levels (BSL) have been devel-
oped for laboratories to provide increasing lev-
els of staff and environmental protection. BSLs
are guidelines that describe appropriate contain-
ment equipment, facilities, and procedures for
use by laboratory workers. The BSLs range from
biosafety level 1 (BSL 1) to biosafety level 4
(BSL 4), and each BSL is based on the increased
risk associated with the pathogenicity of the
microorganisms encountered. Most clinical
microbiology laboratories follow BSL 2 prac-
tices. When working with highly infectious
agents for which the risk of aerosol transmission
is greater, laboratories should follow BSL 3
practices.

BSL-1 is suitable for working with fungal
agents that are not known to cause disease in
healthy humans. BSL-1 practices, safety equip-
ment, and facility design and construction are
appropriate for undergraduate and secondary
educational training and teaching laboratories,
and for other laboratories in which work is done
with defined and characterized strains of viable
microorganisms not known to consistently cause
disease in healthy adult humans. It is important to
remember, however, that many agents not ordi-
narily associated with disease processes in
humans are opportunistic pathogens and may
cause infection in the young, the aged, and
immunodeficient or immunosuppressed individu-
als. BSL-1 represents a basic level of contain-
ment that relies on standard microbiological
practices with no special primary or secondary
barriers recommended, other than a sink for hand
washing.

BSL-2 should be used for work involving
fungal agents that pose a moderate potential
hazard to laboratory workers. These agents
include the large group of opportunistic fungal
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pathogens such as Aspergillus spp. and Fusarium
spp- Some protocols can be carried out on an
open bench providing the potential for aerosol
production is low [17]. Although organisms reg-
ularly employed at Biosafety Level 2 are not
known to be transmissible by the aerosol route,
procedures with aerosol or high splash potential
that may increase the risk of such personnel
exposure must be conducted in primary contain-
ment equipment, or in devices such as a biologi-
cal safety cabinet (BSC) or safety centrifuge
cups. Personal protective equipment (PPE), such
as splash shields, face protection, gowns, and
gloves should be used as appropriate. In addi-
tion, secondary barriers such as hand-washing
sinks and waste decontamination facilities must
be accessible to decrease the chance of environ-
mental contamination [18].

BSL-3 is appropriate for work with infectious
agents, which may cause serious or potentially
lethal diseases as a result of inhalation. The fun-
gal pathogens C. immitis and H. capsulatum fall
into this group. Autoinoculation, ingestion, and
exposure to infectious aerosols are the main haz-
ards to personnel working with these organisms.
All laboratory operations should be performed in
a BSC or other enclosed apparatus, such as a gas-
tight aerosol generation chamber. Secondary bar-
riers for this level include controlled access to the
laboratory and ventilation requirements that min-
imize the release of infectious aerosols from the
laboratory. Within this level, primary and second-
ary barriers to protect personnel in contiguous
areas, the community, and the environment from
exposure to potentially infectious aerosols have
been highlighted [18].

At present, no fungal agents have been
classified for use at BSL-4. BSL-4 practices,
safety equipment, and facility design and con-
struction are applicable for work with hazardous
and exotic agents that pose a high individual
risk of life-threatening disease, which may be
transmitted via the aerosol route, and for
which there is no available vaccine or therapy.
The primary hazards to personnel working
with Biosafety Level 4 agents are respiratory

exposure to infectious aerosols, mucous mem-
brane or broken skin exposure to infectious
droplets, and autoinoculation. All manipulations
of potentially infectious diagnostic materials,
isolates, and naturally or experimentally infected
animals pose a high risk of exposure and infec-
tion to laboratory personnel, the community,
and the environment. The laboratory worker’s
complete isolation from aerosolized infectious
materials is accomplished primarily by working
in a Class III BSC or in a full-body, air-supplied,
positive-pressure personnel suit. The BSL-4
facility itself is generally a separate building or
completely isolated zone with complex, special-
ized ventilation requirements and waste man-
agement systems to prevent release of viable
agents to the environment [18].

The safety plan of a laboratory should address
general considerations, chemical safety, and
section-specific safety. In the case of mycology
laboratories, as with all laboratories, each sec-
tion requires a site-specific risk assessment to
address biohazard considerations and to outline
measures for staff protection. Table 1.1 outlines
an example of the type of assessment that should
be performed.

Materials (See Note 1)

—_

Sterile distilled water

PPE such as coats, gowns, gloves, masks,

face shields, safety glasses

Ethanol (70%)

Biosafety cabinet

Eyewash station

Hand washing sinks

HEPA filtered respirators or masks

Plasticwear (substitute for glass)

Centrifuge safety cups

10. Containers for transport of specimens, waste,
and sharps.

11. Biohazard bags

12. Biohazard labels

13. Automatic or mechanical pipetting devices

N

e
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Table 1.1 Example of a risk assessment for mycology (abridged list of tasks) [19]

Task

Plating/inoculation of specimens

Exposure risk  Biosafety level

Place specimens on media Low

Inoculate primary culture media with specimens ~ Moderate

Storage/disposal/retrieval of specimens Low

Culture reading

Prepare fungal wet mounts (KOH-calcofluor) Moderate

and/or India ink preps on isolates

Read fungal wet mounts (KOH-calcofluor) and/ Low

or India ink preps on isolates

Examine fixed smears Low

Examine sealed cultures Low

Manipulation of yeast isolated in culture, Low

subculture of colonies, preparation of wet

mounts/smears

Manipulation of yeast, preparation of suspension ~ Low to
moderate

Manipulation of molds isolated in culture, Moderate

subculture of colonies or broth, preparation of

wet mounts/smears/fixed slides

Transfer of molds between BSC and incubators Moderate

and/or storage areas

Nucleic acid probe or antigen detection Moderate

performed on mold isolates

Transport of fungal blood cultures between Moderate

bench/incubator

Subculture/inoculate fungal blood culture High

Methods

Routine Precautions When Working

with Fungal Cultures

The following practices are recommended for all
laboratories handling potentially dangerous fun-

gal agents:

1. Limit access to work areas. Close doors dur-

ing work with research materials and lock
when staff are not present in the laboratory.

. Decontaminate all work surfaces after each
working day using an appropriate disinfectant
and fungicide such as 2% amphyl solution.
Decontaminate all spills of viable material
immediately and all liquid or solid wastes that
have come in contact with viable material.

. Aerosol-containment safety carriers much be
used in the centrifuge for use with all infec-
tious and potentially infectious materials.

Personal protective equipment

BSL-1 Lab coat, gloves, face shield

BSL-2 Lab coat, gloves, BSC

BSL-1 Lab coat, gloves

BSL-2 Lab coat, gloves, biosafety
cabinet (BSC)

BSL-2 Lab coat/gloves

BSL-1 Lab coat

BSL-1 Lab coat

BSL-1 Lab coat

BSL-1 Lab coat, gloves, face shield,
or BSC

BSL-2 Lab coat, gloves, BSC

BSL-1 Lab coat

BSL-2 Lab coat, gloves, BSC

BSL-1 Lab coat/gloves

BSL-2 Lab coat, gloves, BSC

. Do not pipette by mouth.
. Do not allow eating, drinking, smoking, or

application of cosmetics in the work area. Do
not store food in refrigerators that contain
laboratory supplies.

. Wash hands with soap or detergent after han-

dling viable materials or removing gloves,
and before leaving the laboratory. Do not
handle telephones, doorknobs, or other com-
mon utensils without washing hands.

. When handling viable materials, minimize

creation of aerosols. For example, aerosol-
containment safety carriers must be used in
the centrifuge for use with all infectious and
potentially infectious materials.

. Wear laboratory coats (preferably dispos-

able) when in work area, but do not wear
them away from the work area. Observers
who are not handling infectious and poten-
tially infectious material, but are present in
the laboratory where such an activity is in
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progress, will wear a protective gown and
mask if necessary.

. Wear disposable gloves when handling via-

ble materials. These should be disposed of as
biohazardous waste. Change gloves if they
are directly contaminated. Do not wear
gloves away from the work area.

Any potentially contaminated material
should be autoclaved for 30 min at 121 °C
prior to reuse.

Use sharps only when no alternatives (e.g.,
safety devices or nonsharps) exist.

Wear eye/face protection if splashes or sprays
are anticipated.

Transport materials outside of the laboratory
using secondary containment.

Transfer materials to other facilities accord-
ing to federal and international regulations.
Be acquainted with written instructions for
laboratory procedures and proper responses
to emergencies.

Report spills, exposures, illnesses, and inju-
ries immediately.

Control pest populations. Windows in the
laboratory that can be opened must be
equipped with screens to exclude insects.
Use furniture that is easy to clean (i.e., with
smooth, waterproof surfaces) and as few
seams as possible.

Keep biohazard waste in covered containers
free from leaks. Use biohazard bags as
required by institutional procedure. Dispose
of according to institutional procedure.
When C. immitis or H. capsulatum is used,
all isolates should be maintained on slants to
prevent aerosolization when cultures are
manipulated.

Seal all plated media with a gas-permeable
tape before removing them from the bio-
safety cabinet.

All excess materials are to be discarded in
biohazard bags secured with tape and placed
in containers designated for disposal of bio-
hazardous waste.

All laboratory surfaces that come in contact
with fungal specimens or cultures should be
decontaminated with 10% bleach that is
freshly prepared each day [19].

Experimentation

Administrative controls established prior to
commencing experimentations should be used.
These include

1. Substitution of hazardous materials with less
hazardous materials in experiments.

2. Documentation of laboratory procedures that
state safe work practices and the use of PPE.

Engineering controls that are mechanical in

nature must also be used. Such controls employ a

mechanical way to isolate the worker from the

hazard. In fungal culturing such controls
include:

1. The availability of needles or blades that are
self-sheathing or automatically retracted and
are known as “safer sharps.”

2. The use of plastic instead of glass for vials,
flasks, beakers, etc.

3. Containers for waste collection should be
sturdy, compatible with the waste to be col-
lected, labeled suitably, and kept closed when
not in use.

4. Biological safety cabinets should be employed
as often as possible. These cabinets protect the
worker by scrubbing the particulate-laden air
currents using high efficient particulate air
(HEPA) filters.

5. PPE is employed to firstly provide a barrier to
possible routes of entry on a workers body and
secondly to protect clothing and shoes so that
laboratory contaminants are not transferred
from the laboratory to external areas. PPE
must be selected as appropriate to the work
being undertaken.

6. The building ventilation system must be so
constructed that air from the laboratory is not
recirculated to other areas within the build-
ing. Air may be high-efficiency particulate
air (HEPA) filtered, reconditioned, and recir-
culated within that laboratory. When exhaust
air from the laboratory is discharged to the
outside of the building, it must be dispersed
away from occupied buildings and air
intakes. Depending on the agents in use, this
air may be discharged through HEPA filters.
A heating, ventilation, and air-conditioning
(HVAC) control system may be installed to



prevent sustained positive pressurization of
the laboratory.

7. An autoclave for the decontamination of con-
taminated waste material should be available
in the containment laboratory. If waste has to
be transferred from the containment labora-
tory for decontamination and disposal, it must
be transported in sealed, unbreakable, and
leakproof vessels according to national or
international regulations [20].

Accidents

1. Workers must vacate the work area in the
event of contamination (e.g., breakage of cul-
ture tubes, etc.) until the whole area has been
decontaminated.

2. If a culture tube/plate is broken, several steps
must be taken
(a) All staff must exit the room and close door

as they leave.

(b) To decontaminate the room, the appropri-
ate PPE must be worn (mask, gown,
gloves, shoes, and hair cover).

(c) Enter the room and cover spill with paper
towels soaked thoroughly with disinfec-
tant such as 2% amphyl solution. Leave
the towels to stand for 1 h before cleaning
up the spill and keep the area wet with
amphyl to prevent dried particles from
becoming airborne. If required, disinfect
all contaminated equipment, i.e., speci-
men containers, culture tubes, pens, etc.

(d) Exit area and do not re-enter for 1 h.

(e) Contaminated clothing must be discarded
or autoclaved for 1 h at 121 °C.

3. The laboratory supervisor must be informed
of the accident and an incident report must be
completed.

4. For accidents involving the eye,

(a) Go to the eye wash station and call for
help.

(b) Eyes must be washed carefully and
thoroughly for at least 15 min to remove
chemicals or particles.

(c) Seek medical attention.

(d) Thelaboratory supervisor must be informed
and an incident report must be completed.
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Emergency Preparedness and Response

Emergencies and disruptions to the normal
working environment, such as hurricanes and
other disasters, can occur. Possible disruptions
can include spills, exposures, injuries, power or
water loss, equipment failure, fire, or flooding. The
response to each of these emergencies will depend
on the individual and institutional circumstances,
which are too varied to discuss in detail. However,

a written emergency and evacuation plan should

be put in place and communicated to all person-

nel for such situations to circumvent employee
injury or contamination via fungal agents.

To prepare the mycology laboratory for an emer-

gency the following steps should be taken:

1. Cover all external windows with wood.

2. Ensure all refrigerators and freezers are con-
nected to emergency electrical outlets.

3. Incubators should be locked to prevent break-
age and subsequent dispersion of cultures
containing potentially pathogenic fungi.

4. Computer terminals and electronic equipment
should be disconnected and moved to one
room and covered with plastic.

5. Work and log books and other essential paper-
work should also be moved to one room and
covered with plastic.

Information and Training

Findings from several studies have suggested that
formal training in mycology laboratories is inad-
equate and must be supplemented. All of the
information discussed in this chapter must be
communicated to laboratory personnel by man-
agement. Lack of communication of safety guide-
lines can result in health and safety incidences.

1. Every laboratory worker should know the
location and proper use of PPE and first aid
equipment (e.g., eye wash stations, etc.).

2. Emergency telephone numbers for emergency
services and personnel should be clearly
posted and known to all workers.

3. At least one employee should be trained in
first aid procedures.

4. Specific training for use of hazardous fungal
agents should be available for all personnel.
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5. A written training plan complemented with
completed employee training records is strongly
recommended for every laboratory to ensure
awareness of routine laboratory practice as well
as safe mycology laboratory practice [18, 21].

Notes

Work surfaces must be disinfected prior to com-
mencing work, after work, and in the instance of
spillages. Various types of disinfectants and in the
case of mycology, fungicides, are available for use
and can be determined as appropriate to the work
being undertaken. In particular, aldehydes such as
formaldehyde and glutaraldehyde, halogens such
as iodine and chlorine compounds, and phenol
derivative proprietary products such as Amphyl,
Lysol, and Vesphene are effective fungicidal agents
[22]. Many other commercial disinfectants are
also available; however, their product informa-
tion sheet and material safety data sheet (MSDS)
must be consulted to ensure appropriate use.
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Methods of Cryopreservation

in Fungi

Ladislav Homolka

Abstract

Traditional method of the routine subculturing by transfer of fungal
cultures from staled to fresh media is not a very practical means of storing
large numbers of fungal cultures. It is time-consuming, prone to contami-
nation, and does not prevent genetic and physiological changes. At pres-
ent, besides freeze-drying (lyophilization), cryopreservation seems to be
the best preservation technique available for fungi.

Keywords

Cryopreservation * Fungi collections ¢ Liquid nitrogen e Perlite
* Subculturing * Fungi storage

Introduction

Serious mycological (and generally biological)
work requires a reliable source of cultures (i.e.,
well-defined and taxonomically determined start-
ing material), which is ensured by its safe long-
term storage. This implies the fundamental and
growing importance of culture collections not
only for preservation of the endangered geno-
fond (and consequently the biodiversity), but
also as a principal source of material for biotech-
nological processes, research, and teaching. The
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first and most important problem to be solved is
the long-term maintenance of this material.
Collections of fungi were originally kept by
serial transfers from staled to fresh media. This
routine subculturing is not a very practical method
for storing large numbers of fungal cultures. It is
time-consuming, prone to contamination, and
does not prevent genetic and physiological
changes (degeneration, aging) during long-term
and frequent subculturing [1]. Over the years,
various storage methods have been developed in
order to eliminate these disadvantages. Their
common feature is at least partial suppression of
growth and metabolism of the cultures. Among
them, keeping fungal cultures in sterile water
[2-8] was surprisingly efficient (especially with
lower fungi, but also with some basidiomycetes)
and experiences its revival. In some fungi, pres-
ervation under a layer of mineral oil, in silica
gel, soil, or sand [9-13] was successful. These

V.K. Gupta et al. (eds.), Laboratory Protocols in Fungal Biology: Current Methods in Fungal Biology, 9
Fungal Biology, DOI 10.1007/978-1-4614-2356-0_2, © Springer Science+Business Media, LLC 2013
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methods enabled a reduction in fungal growth
and extended the time intervals between transfers
to fresh media. Nevertheless, the method of serial
subculturing is still used in collections with lim-
ited financial support or in the majority of other
collections as a backup preservation method.

Searching for improved or new methods
resulted through different intermediate steps in
the introduction of lyophilization and cryopreser-
vation of fungal cultures [14]. Application of the
most extended method of culture preservation—
freeze-drying (lyophilization), tested for sporu-
lating fungi as early as 1945 [15]—is rather
limited in the case of basidiomycetes and other
fungi nonsporulating in vitro [16, 17]. Most
attempts to revitalize dehydrated hyphae of fungi
have failed, except for some successes [18-20];
nevertheless, the real absence of spores must be
always carefully checked. Despite this, several
attempts have recently been made using modified
protocols [21-23] and the growing interest in this
technique can be seen at present. An important
role played in the whole process, besides the
freeze-drying, is also the freezing rate and the
lyoprotectant used [24, 25]. Freeze-drying of
fungi has several important advantages over all
other maintenance methods. Cultures can be
stored easily in dense packing without any spe-
cial requirements and need not be revived on agar
slants prior to dispatch. The product is light, inac-
tive, and dry, enabling easy distribution by mail.

The new or modified methods have been fre-
quently used and evaluated [5, 6, 10, 26-31], but
they are not generally applicable. Often a specific
preservation protocol is necessary even for indi-
vidual strains of the same species. At present,
besides freeze-drying (lyophilization), cryo-
preservation seems to be the best preservation
technique available for filamentous fungi [14,
26, 32]. A very comprehensive and detailed
overview of the methods and results of the cryo-
preservation in microorganisms was published
by Hubdlek [33].

Cryogenic technique for long-term storage of
large numbers of fungal species was introduced
to ATCC in 1960 and the results have been very
satisfactory [34, 35]. The technique was consec-
utively introduced to many other prominent
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collections, e.g., CAB International Mycological
Institute [1], etc. In certain collections—e.g.,
IFO (Institute for Fermentation Osaka)—
nonsporulating cultures of basidiomycetes are
stored by cryopreservation at —80°C in electric
freezers [36].

Mycelium and/or spore suspensions with or
without a cryoprotectant in sealed glass ampoules
were originally used for cryopreservation of
filamentous fungi. Later, glass ampoules were
replaced with safer polypropylene cryovials
and/or straws. Agar blocks immersed in an
appropriate cryoprotectant were originally used
as carriers of fungal mycelium for the cryo-
preservation process [37]. A useful straw tech-
nique with agar miniblocks for the preservation
of fungi in liquid nitrogen was developed by
Elliott in 1976 [38] and improved by Stalpers
et al. [39]. Another technique using straws in
cryotubes without a cryoprotectant solution was
described by Hoffmann [40]. A modified
Hoffmann’s technique was compared with the
original agar block one in our paper [29].
Commercial preservation systems with polysty-
rene beads as carriers were used for cyopreser-
vation of conidia of enthomopathogenic fungi
[41] and of sporulating Aspergillus fumigatus
cultures at —80°C [42]. Porous ceramic beads
were employed for cryopreservation of several
sporulating fungal cultures and for a
Saccharomyces cerevisiae culture at —70°C by
Paldgyi et al. [43]. It is symptomatic that these
techniques have not been used for nonsporulat-
ing filamentous fungi. In this context it should
be mentioned that as early as 1978 Feltham et al.
described a method of preservation of bacteria
on glass beads at —76°C [44]. Some reports [45—
47] indicate that cryopreservation at —80°C is
suitable for many fungal cultures, including
basidiomycetes. Nevertheless, Leeson et al. [48]
state that to completely stabilize frozen cultures,
the temperature must be sufficiently reduced to
both minimize metabolism and prevent ice crys-
tal formation, which can cause physical damage
during storage. The temperature limit securing
prevention of formation of such ice crystals is
—139°C. This is why at present many culture
collections start to keep their cultures at —150°C
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in ultralow-temperature electric freezers, which
are sometimes equipped with liquid nitrogen
supply.

The cryopreservation process includes freez-
ing and thawing and the protocol of these proce-
dures plays an important role [49, 50]. In
principle, there are two kinds of freezing proto-
cols: a slow (controlled) one and a fast (uncon-
trolled) one, which both have been used for
cryopreservation of fungi [51, 52]. Generally,
too low freezing rates cause excessive dehydra-
tion and concentration of the solution leading to
cell damage; on the contrary, too fast freezing
leads to insufficient dehydration and formation
of abundant ice crystals with lethal consequences.
Nevertheless, different fungal cultures exhibit
different sensitivities to freezing conditions and
to the presence and concentration of cryopro-
tectants. A freezing rate of 1°C per minute is usu-
ally used for cryopreservation of fungi; in the
author’s experiments with sensitive mutant
strains of Agaricus bisporus, the freezing rate
0.5°C per minute was successfully used.! Lately,
cryomicroscopic methods have been used to
study the process of freezing and thawing of fun-
gal cultures [14, 24, 53]. Successful cryopreser-
vation depends on the cryoprotectant used [54].
At present, dimethylsulfoxid and glycerol are the
most widespread [55]. The method of cryogenic
culture maintenance seems to be mostly success-
ful also in nonsporulating cultures [14, 32, 56,
57]. An overview study on the influence of the
cryopreservation process on survival of taxo-
nomically very broad spectrum of fungi pub-
lished by Smith [14] showed that there was no
obvious link between taxonomic grouping and
the response of the fungi to freezing and thaw-
ing. This was confirmed in our study [31]. Similar
studies were carried out also in edible mush-
rooms Lentinus edodes [58] and the genus
Pleurotus [59]. Davell and Flygh [60] showed
that even an ectomycorrhizal fungus
Cantharellus cibarius can be successfully cryo-
preserved when a sufficient number of cryopro-
tocols is tested. Cryopreservation of spores of

' Homolka, unpublished results.

n

vesicular—arbuscular mycorrhizal fungi
described by Douds and Schenck [61].

Beyond survival, another principal require-
ment for the successful preservation of fungal
strains is maintenance of their genetic and physi-
ological features, such as growth, morphology,
and metabolite production. In our experiments
with some white-rot basidiomycetes, no negative
effect of cryopreservation or the used cryoprotec-
tive on production of ligninolytic enzymes was
found [62]. The complete revival of cryopre-
served cultures (evaluated mostly by measuring
the colony diameter) is generally still uncertain.
The survival rate varies between 60 and 100%
[21, 58, 59, 63, 64]. Only a few studies of the
genetic stability of cryopreserved fungi have been
performed. Singh et al. [47] confirmed the genetic
stability of 11 cryogenically preserved edible
mushroom strains by comparing random
amplified polymorphic DNA (RAPD) and inter-
nal transcribed spacer (ITS) profiles. Using poly-
merase chain reaction (PCR) fingerprinting, Ryan
et al. [65] checked the genetic stability of several
isolates of Fusarium oxysporum and Metarhizium
anisopliae. Other studies include confirmation of
the genetic stability of Uncinula necator conidia
after storage at —80°C [45] and investigation of
the influence of mid-term cryopreservation at
—80°C on 15 isolates of 10 basidiomycete spe-
cies, for which the DNA fingerprint patterns were
unchanged [66]. All of these reports were solely
based on fingerprinting methods, which are not
suitable for the detection of minute yet important
changes in the genome, such as point or short
indel mutations. Rather, sequencing approaches
are required to successfully detect these muta-
tions. This approach was used in our recent study
[67]. Considering the above data, there is a con-
tinuous need for developing, improving, optimiz-
ing, and combining of preservation procedures,
because the present methods are not applicable to
all fungal cultures. Although many of these fungi
can be grown in pure cultures on solid media,
their growth is often attenuated and their mor-
phology and other characteristics changed, which
can result in their complete loss. The number of
characteristics evaluating the success of preser-
vation should be increased.

was



As mentioned previously, cryopreservation,
namely in liquid nitrogen, seems to be the most
reliable, safe, and prospective method of a
long-term maintenance of most fungal species,
especially those not amenable to freeze-drying.
It is probably the only storage technique that
can ensure genomic and phenotypic stability.
But not even the aforementioned cryopreserva-
tion method is applicable to preservation of all
fungal cultures in the present form. According
to the literature as well as the author’s personal
experience, especially the maintenance of
basidiomycetes is challenging. Many of these
fungi do not form asexual spores, their domi-
nant life form, the vegetative mycelium, is sen-
sitive to environmental conditions and therefore
not amenable to freeze-drying.

To address these issues, a method of cryo-
preservation using perlite as a carrier for fungal
mycelia was developed in the author’s laboratory
(perlite protocol or PP) [28] and then success-
fully verified for 442 basidiomycete strains [30].
Perlite is a unique aluminosilicate volcanic min-
eral that retains substantial amounts of water that
can be released when needed—a feature that
seems to have a dominant effect on cryopreserva-
tion success. The PP can be used for cryopreser-
vation of taxonomically different groups of fungi,
including yeasts [31], and works relatively well
for fungi that cannot survive other routine preser-
vation procedures. Expanded perlite was used as
a solid support in solid-state fermentations [68];
otherwise it is used in many applications, particu-
larly in the construction, horticulture, and other
various industrial fields. It is recommended as an
efficient purifying agent and as a carrier for pes-
ticides, feed concentrates, herbicides, and other
similar applications.

Perlite Protocol (PP)

The protocol is suitable for maintaining a broad
spectrum of fungal cultures of different origin. It
was verified in several culture collections (e.g.,
in Finland, the Netherlands, USA, Czech
Republic, etc.) with great success and now it is
routinely used there.

L. Homolka

Materials

Distilled water.

Agar Difco.

Glycerol p.a. Sigma.

Isopropyl alcohol

(alternatively).

5. Agricultural-grade  perlite  (Agroperlit,
GrowMarket s.r.o., Prague, Czech Republic,
http://www.growmarket.cz/produkt/agroper-
lit-81) —particles 1-2 mm.

6. Dried wort extract Sladovit, Malthouse
Bruntdl, Bruntdl, Czech Republic, diluted to
a density of 4° Balling scale with distilled
water (further wort in the text); or preferably
MYA medium: Malt-extract Difco 25 g,
Yeast-extract Difco 2 g, Glycerol p.a., Serva
50 g, distilled water ad 1,000 mL. pH adjusted
to 6.5 with 1 M KOH solution.

7. Ethanol (70%).

Liquid nitrogen (LN).

9. Nunc CryoTube Vials 1.8 mL screw-capped
(Nalgene/Nunc, Rochester, USA).

10. Cork borer.

11. Lancet and small spoon.

12. Rule for measuring of colony diameter.

13. Water bath.

14. Balling hydrometer
(alternatively).

15. Hot-air sterilizer.

16. Autoclave.

17. Refrigerator (about 4°C).

18. Deep-freezer (—80°C).

19. Microscope equipped with phase contrast.

20. Laminar flow box.

21. Thermostat (incubator) for 24°C.

22. Container for storing samples in liquid nitro-
gen (e.g., HARSCO TW-5K container,
Harsco, Camp Hill, USA).

23. Programmable freezer for controlled freez-

ing of cryovials with mycelia (e.g., IceCube

1800 freezer, SY-LAB Geracte GmbH.,

Neupurkersdorf, Austria); or alternatively

Cryo 1°C Freezing Container “Mr. Frosty”

(Nalgene Labware)?.

Ealb

100% Sigma

*®

(saccharometer)

2 All chemicals and devices named can be replaced with
other ones produced by other renowned companies.
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Methods

The methods given below describe general
procedures for cryopreservation of fungi using
the perlite protocol (PP).

Strains (Cultures)

The starting cultures are kept on wort agar slants
or dishes (wort 4° Balling, 1.5% agar Difco) at
4°C or other media suitable for the growth of the
strains destined for the procedure (e.g., MYA
medium with 1.5% agar, etc.) and transferred to
the fresh medium every 6 months.

1. Prepare an agar medium, sterilize it in an auto-
clave (121°C, 20 min.), pour it into sterile
plastic Petri dishes (diameter 100 mm, 30 mL
per dish), and let it cool down in a laminar
flow box.

2. In a laminar flow box cut out an agar plug
(6 mm diameter) from the actively growing
part of a colony on a Petri dish with a cork
borer, place it on a Petri dish with fresh medium
using a sterile lancet and then let the dish incu-
bate for 14 days at 24°C. Then put the dish(es)
into a refrigerator and keep it at about 4°C.

Culture Preparation and Freezing-
Thawing Protocols

Fungal cultures are grown directly in firmly
closed sterile plastic cryovials (1.8 mL) with
200 mg of perlite (Agroperlit, agricultural grade)
moistened with 1 mL of wort (4° Balling) or other
medium (e.g., MYA) enriched with 5% glycerol
as a cryoprotectant. For sterilization of the cork
borer, lancet, and small spoon use a hot-air steril-
izer (150°C, 30 min.).

1. Distribute perlite into cryovials (200 mg per
vial), flood it with 1.8 mL of the medium
enriched with 5% of glycerol, and sterilize
vials in autoclave (121°C, 20 min.). In a lami-
nar flow box cut out an agar plug (6 mm diam-
eter) from the actively growing part of a colony
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on a Petri dish using a cork borer, place it
using a sterile lancet on the surface of perlite
in the cryovial, close the vial firmly and let it
incubate for 14 days at 24°C.

2. Freeze the cryovials with perlite overgrown by
mycelium in a programmable freezer (or alter-
natively in a “Mr. Frosty” container in a deep-
freezer) to —70°C at a freezing rate of 1°C per
minute. Then place them in LN in a container.

3. Take the stored frozen cultures in cryovials out
of the LN container, transfer them to a water
bath (37°C), and leave them there until the ice
is completely thawed (thawing—reactivation
of cultures). Prior to opening, disinfect the sur-
face of cryovials with 70% ethanol.

Viability Test

1. After thawing, separate at least partially the
perlite particles overgrown with mycelium by
shaking, the content of the cryovials (two paral-
lels of each strain) divide into three approxi-
mately equal aliquots each and these plate onto
wort (or an other) agar medium in Petri dishes
(diameter 100 mm) using a small sterile spoon.

2. Incubate the cultures in Petri dishes at 24°C
for 14 days. Strains exhibiting survival of at
least four out of six separate aliquots are con-
sidered viable.

Growth Estimation and Morphological
Analysis

1. Growth of cultures measure as a mean diame-
ter increase of a growth-covered zone (in mm)
during a 14-day incubation at 24°C on the
respective agar medium in Petri dishes (diam-
eter 100 mm) inoculated with perlite aliquots
from cryovials before freezing and after reac-
tivation. Measure six zones (three aliquots
from two cryovials) for each strain. The first
occurrence of growth varies between frozen
cultures, with some strains showing signs of
re-growth within 2 days but most strains reac-
tivating within 7 days after plating.
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2.

Use the same procedure except for freezing
and thawing for growth measurement of the
control.

. Carry out the morphological analysis on con-

trol cultures and on those arising from the
viability tests. Check the selected macroscopic
features (colony color, reverse color, texture
of the mycelium) and microscopic features
(hyphal branching, presence/absence of clamp
connections, presence/absence of hyphal vac-
uolization, etc.) using a microscope.

. If possible, estimate also other characteristics

of the resulting cultures (e.g., enzyme or
metabolite production, etc.) according to your
consideration.
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Abstract

Results of successful preservation experience are given for the taxonomic
groups of fungi preserved in All-Russian Collection of Microorganisms

(VKM): the

estimates.

species names,

conservation methods, storage time
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Introduction

Preservation and long-term storage of type,
authentic, and other kinds of fungal cultures in a
living state is of high importance both for the fun-
damental and practical mycology.

Long-time storage of strains is performed in
microbiological culture collections (biological
resource centers). Various methods of preserva-
tion of fungal cultures have been reported [1-3].

Freeze-drying (lyophilization) and cryopreser-
vation methods are utilized for thousands of fun-
gal strains in microbial collections all over the
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world [4-6]. Nevertheless, it is clear that the fungal
strains of different species vary in ability to survive
after the long-time storage preservation under labo-
ratory conditions. Some of them are very difficult
to maintain ex sifu, whereas others could be easily
and successfully preserved alive by using almost
any conservation technique. Available information
on the maximal time periods in which the reliable
storage of different fungal species are ensured does
not cover those for the diversity of fungi maintained
in culture collections. This chapter presents the
methods of cryopreservation, freeze-drying, and
preservation in sterile soil that are utilized in VKM
fungal collection, accompanied by data on maxi-
mal storage time registered. The methods take into
consideration the special features of cultures pre-
served as well as the equipment used.

VKM  fungal collection (All-Russian
Collection of Microorganisms, Russia) was
established in 1955 and has a long-term experi-
ence for preservation and storage of fungal

V.K. Gupta et al. (eds.), Laboratory Protocols in Fungal Biology: Current Methods in Fungal Biology, 17
Fungal Biology, DOI 10.1007/978-1-4614-2356-0_3, © Springer Science+Business Media, LLC 2013
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cultures. Collection of filamentous fungi is cur-
rently composed of approximately 5,000 strains
(545 genera, 1,450 species) belonging to species
of the kingdoms Chromista (Oomycetes) and
Fungi  (Zygomycetes, = Ascomycetes,  and
Basidiomycetes). The current use of different
preservation methods for more than 3,800 strains
maintained in VKM for more than 40 years was
analyzed using a specially designed database.
The database keeps the protocols of conservation
methods, storage conditions, the calculated time
of reliable storage, special requirements of
growth, and other information related to the issue.
Data presented in this chapter are derived from
this database. The information on preservation
methods is also available in VKM catalogue
(http://www.vkm.ru/Catalogue.htm), in data
sheet for each strain.

Cryopreservation of Filamentous
Fungi

According to published data, the fast cooling
rates followed by storage in liquid nitrogen at
—196°C allow secure and long-term preservation
of some fungal cultures [7]. However, the ability
to resist damage by freezing and warming differs
considerably among genera/species and depends
on their particular features (presence and type of
sporulation, chemical composition of cytoplas-
mic membrane and cell wall, physiological state,
etc.). Selection of optimal cryoprotectants, rates
of cooling and warming has enabled increasing
the number and diversity of taxa preserved by
this method [8, 9].

More than 70% filamentous fungal of VKM
(2,714 strains belonging to 1,148 species and 405
genera) are stored using various cryopreservation
protocols. Cultures with abundant sexual and
nonsexual sporulation usually were preserved by
using fast cooling rates followed by storage either
in liquid nitrogen or in ultra-low temperature
freezers at —80°C.

It was noticed that some cultures of
Zygomycetes belonging to the genera Mortierella,
Basidiobolus, Coemansia, and Lobosporangium

S.M. Ozerskaya et al.

(syn. Echinosporangium) do not survive the ultr-
arapid freezing procedure even if they have abun-
dant sporulation. Successful preservation of such
strains was achieved by modification of the cryo-
preservation regime, for example using slow pro-
grammed freezing. The same method was used
either for nonsporulating fungi or zoospore-
forming ones (Basidiomycetes, Oomycetes).

According to our data, some part of strains of
Oomycetes  (20%), Basidiomycetes (4%),
Zygomycetes (1%), and Ascomycetes (1%) did
not survive cryopreservation at all freezing
regimes and modification applied [10]. The
strains most difficult to maintain belong to gen-
era Brevilegnia, Dictyuchus, Phytophthora, and
to some species of Achlya and Saprolegnia.
Similar situations have also been seen with some
species of Basidiomycetes (Suillus, Amanita,
Dictyophora, Mutinus, etc.). They are usually
maintained by subculturing and preservation
under mineral oil.

It has been suggested that those microbial
cultures that are able to survive the freezing and
a short storage will permanently stay in the vital
state after any length of storage [11]. According
to our data this is not quite true: some strains of
Achlya colorata, Antrodia serialis, Armillaria
cepistipes, Athelia rolfsii, Ceratellopsis equi-
seticola, Choanephora conjuncta, Clitocybe
nuda, Coemansia aciculifera, Collybia butyra-
cea, Conidiobolus thromboides, Exobasidium
karstenii, E. splendidum, Kickxella alabastrina,

Lactarius deliciosus, Marasmius oreades,
Mortierella gamsii, M. humilis, Mycena pura,
Phallus  impudicus,  Rhizoctonia  solani,

Sclerotium tuliparum, Suillus variegatus, and
Ustilago scabiosae have lost their ability to
grow after 5-7 years of storage in liquid nitro-
gen, although they were in the vital state after
24 h of storage. The reason is not yet known.
Nevertheless, the viability test showed that 350
strains of fungi remain alive after 19.5 years of
storage (Table 3.1).

The cooling equipment being used in VKM is
storage tanks “Bioproducts-0.5" with capacity of
500 liters of liquid nitrogen and ultra-low tem-
perature freezers (—80°C, Sanyo, Japan).
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Freeze-Drying of Filamentous Fungi

Currently, freeze-drying is used to preserve
approximately 80% of filamentous fungi maintained
in VKM (2,991 strains, belonging to 1,010 spe-
cies and 303 genera). Fungi from different taxo-
nomical groups (Zygomycetes, Ascomycetes—
both teleo- and anamorph) able to produce
dormant structures (spores, sclerotia, etc.) usually
survive freeze-drying [12]. According to our data,
from 87 to 92% strains of these fungal groups
remain alive in this method. We noticed that 57%
of freeze-dried cultures stored at 5°C for more
than 20 years were in a vital state, and cultures of
more than 190 species have been sustained for
even 3040 years of storage. Some species did not
survive freeze-drying even when the sporulation
is abundant, those are: Conidiobolus coronatus,
C. obscurus (syn. Entomophthora thaxteriana),
C. thromboides (syn. Entomophthora virulenta),
Erynia conica (syn. Entomophthora conica),
Pandora  dipterigena (syn. Entomophthora
dipterigena), Cunninghamella  homothallica,
Cunninghamella vesiculosa. Species of genus
Botrytis (B. cinerea, B. fabae, and B. gladiolo-
rum), forming only sclerotia as a dormant struc-
ture, remain in vital state in freeze-drying only for
rather a short time—less than 10 years [10].

Nonsporulating microorganisms from
Oomycetes and Basidiomycetes are not stored in
VKM by freeze-drying, since sterile mycelium
generally do not remain viable. However, some
ectomycorrhizal fungi (e.g., Laccaria laccata)
could be successfully lyophilized. For the posi-
tive result preliminary slow freezing (to —32°C)
of fungal material is required [13].

The equipment used in VKM for freeze-
drying is centrifugal freeze-dryer system Micro-
modulyo (Edwards, UK).

Drying in Sterile Soil of Filamentous
Fungi

This simple and popular method for preservation of
fungi was applied in the beginning of the twentieth
century [14]. Species of Aspergillus, Penicillium

can be maintained by this way more effectively than
other micromycetes. According to T.P. Suprun [15]
who investigated preservation of 78 Penicillium
species (more than 1,000 strains) in sterile soil for
7-10 years, the best preserved strains were repre-
sentatives of Assymmetrica section. Less effectively
preserved species were Biverticillata-Symmetrica
and the lowest effectiveness was observed with
strains of the section Monoverticillata.

Species of Zygomycetes could be stored in
soil for periods ranging from 6 months
(Cunninghamella elegans) to 5 years (Rhizopus
stolonifer var. stolonifer [syn. R. nigricans]) [16].

This method is also efficient for preservation
of some human, animal, and plant pathogens with
retaining their virulence [7]. For example,
Alternaria japonica (syn. A. raphani), Fusarium
oxysporum, and the species of Septoria (S. ave-
nae, S. nodorum, S. passerinii, S. tritici) have
retained their ability to infect a plant host after
2-5 years of storage [17-19]. Some degraded
strains of micromycetes partly recuperated their
lost qualities after preservation in soil [15].

Species of Alternaria, Pseudocercosporella,
Septoria are genetically more stabile compared
with Fusarium, therefore they did not show these
kinds of changes and can be effectively preserved
in soil [3].

Protocols
Protocol of Cryopreservation

Preparation of Cryovials (2.0 mL
Externally Threaded Polypropylene,
Nunc, Denmark)

e Labelled (6 for each culture) with an index, a
collection number of a strain and a date of
cryopreservation (month, year).

* Sterilized by autoclaving, at 121°C for 20 min.

Preparation of Cryoprotectant: 10% (v/v)

Glycerol

e Pour 5 mL of glycerol into 12 mL glass tubes.

e Sterilized by autoclaving at 121°C for
20 min.

» Stored at +5°C for no longer than a month.
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Preparation of Cultures

* Grow sporulating fungal cultures on slant agar
under optimal growth condition and on suit-
able medium (www.vkm.ru).

*  Wash off spores from agar surface with 5 mL
of cryoprotectant.

 Titer of spores’ suspension should be not less
than 10° spores/mL.

*  Grow nonsporulating fungal cultures on Petri
dishes under optimal growth condition and on
suitable medium with agar concentration 5%
(w/v). Incubate culture to get a mature colony.

e Cut mycelial plugs (5 mm diameter) from vig-
orously growing colony part.

Filling of Vials

* For sporulating cultures add 0.2-mL aliquots
of suspension to each cryovial using a Pasteur
pipet. This procedure is carried out under ster-
ile aerobic conditions.

e For nonsporulating cultures place 4 mycelial
plugs into each cryovial using transfer needle,
and then add 0.2 mL of cryoprotectant.

Fast Cooling Rates Regime of Freezing

(~400 grad/min)

e Place the cryovials with cultures (spore
suspension) in special containers; thoroughly
fixate a position of every vial.

e Immediately place cryovials with cultures in
the vapour phase of liquid nitrogen or in ultra-
low temperature freezer.

Programmed Regime of Freezing

The First Protocol

e Place 18 cryovials with cultures (mycelial
plugs) in a special container “NALGENE™”
(Cryo 1°C Freezing Container, Cat. No. 5100-
0001).

¢ Fill the container with 250 mL of isopropanol.

e Place the container in a mechanical freezer
(—80°C). Temperature in this container
decreased by 1°C/min.

* When temperature achieves —70°C, transfer
cryovials in special container (thoroughly
fixate a position of every vial), and place in
the vapour phase of liquid nitrogen or in the
ultra-low temperature freezer.

S.M. Ozerskaya et al.

The Second Protocol

e Place 18 cryovials with cultures (mycelial
plugs) in a special metal container, thermo-
static inside by expanded polystyrene (con-
tainer made in VKM).

e Place the container in the ultra-low tempera-
ture freezer (—70°C). It was empirically shown
in VKM that temperature in this container
decreased by 0.4°C/min.

* When temperature achieves —70°C, transfer
cryovials in a special container (thoroughly
fixate a position of every vial), and place in
the vapour phase of liquid nitrogen or in the
ultra-low temperature freezer.

Thawing

e Pull out the cryovial of container, in which it
was stored—either in cryogenic tank or in an
ultra-low temperature freezer.

e Warm the cryovial rapidly by immersion in a
shaking (for increase in heat exchange) water
bath (37°C) for 1-2 min.

Control of Viability

e To estimate the viability of fungal culture
before cryopreservation, place either one vol-
ume of the suspension (0.2 mL) or 4 plugs
under optimal growth conditions on a suitable
medium. This procedure is carried out under
sterile aerobic conditions.

* To estimate the viability of fungal culture after
cryopreservation, sterilize the thawing cry-
ovials surface by wiping with 70% (v/v) etha-
nol. Asepticaly transfer the contents (spore
suspension or mycelial plugs) using a Pasteur
pipet or a transfer needle onto a suitable
growth medium. This procedure is carried out
under sterile aerobic conditions.

Protocol of Freeze-Drying

Preparation of Ampoules

Glass tubes (gray glass, diameter 7 mm, length

110 mm):

* Wash successively with detergent, tap water,
and distilled water.

* Dry.
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* Plug loosely with cotton wool to a depth of
1 cm.

e Label with an index, a collection number of a
strain, and a date of freeze-drying (month,
year).

e Sterilize in dry oven at 160°C for 2 h.

Preparation of Lyoprotectant Agent

e Pour 5 mL 10% (v/v) skimmed milk into each
12-mL glass tube.

e Sterilized by autoclaving at
30 min.

* Stored at +5°C for no longer than a month.

105°C for

Preparation of Cultures

* Grow sporulating fungal cultures on slant agar
under optimal growth condition and on suit-
able medium (www.vkm.ru).

e Wash off spores from agar surface with 5 mL
of skimmed milk.

e Titer of spores’ suspension should be more,
than 10° spores/mL.

Filling of Ampoules

* Add 0.2-mL aliquots of suspension to each
ampoule using a Pasteur pipet. This procedure
is carried out under sterile aerobic condition.

The First Stage (Primary Drying)

e Transfer the ampoules to the spin freeze-
drier.

e Freeze (temperature in a refrigerator —45°C)
under the reduced pressure of the ambient gas
during centrifugation (30 min).

e Dry via water sublimation (temperature of a
freeze dryer is —45°C) in vacuum (from
4 %1072 to 6 x 1072 mbar) till the moisture level
achieves 5-10%.

e Duration of the first stage is 3 h.

e Switch off the vacuum pump after the first
stage. The system is filled with gas; the
ampoules are removed from the centrifuge.

Preparation of Ampoules for the Second

Stage of Freeze-Drying

* Constrict ampoules to diameter of 2-3 mm
using an air/gas torch with horizontal flame
preventing overheating of cultures just below

the cotton wool plug (approximately 50 mm
from the ampoule bottom)

The Second Stage (Secondary Drying)

e Attach the constricted ampoules via rubber
tubes to the manifold connecting with the vac-
uum pump.

e Drying (vacuum 100 mm) till the moisture
level reach 2%.

e Duration of the second stage is 2.5 h.

e Seal the ampoules across the constriction
using an air/gas torch.

Vacuum Control
e Immediately after sealing, test vacuum in
ampoules using a high-voltage spark tester.

Control of Culture Viability

e To estimate the viability of fungal strains
prior to freeze-drying one volume of the spore
suspension (0.2 mL) place under optimal
growth condition on suitable medium. This
procedure is carried out under sterile aerobic
conditions.

* To estimate the viability of fungal culture after
freeze-drying, test ampoules after 24 h storage.

* This procedure is carried out under sterile aer-
obic conditions.

 Sterilize a control ampoule’s surface with 70%
ethanol and open ampoules using a cutter.

e Reconstitute the dried suspension with sterile
tap water (0.2-0.3 mL) using a Pasteur
pipet.

e After 30 min (when rehydration is complete)
transfer suspension under optimal growth con-
dition on suitable medium.

Storage
* Store the ampoules d at +5-8°C in the dark.

Protocol of Drying in Sterile Soil

Preparation of Sterile Soil

e Place 5 g of finely cultivated (garden) soil into
12-mL glass tube.

e Sterilized by autoclaving, at 121°C for 30 min
for three consecutive days.
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Preparation of Cultures

* Grow sporulating fungal cultures on slant agar
under optimal growth condition and on suit-
able medium (www.vkm.ru).

*  Wash off spores from agar surface with 5 mL
of sterile tap water.

 Titer of spores’ suspension should be not less
than 10° spores/mL.

Soil Inoculation

* Add 1 mL spore suspension to glass tubes with
sterile air dry soil (moisture is under 20%).

e Incubate at room temperature till soil dry up
(near 1 month).

* Store in the refrigerator at 4-7°C.

Control of Viability

e Transfer a few grains of soil onto fresh agar
medium, add a little water and incubate under
optimal conditions.

Result

The real storage time estimates obtained in VKM
are given in Table 3.1. They are not final data: the
cultures are still being stored, and we expect to
get longer storage times later on. Some cells of
the table are empty; this is the case if the culture
is not stored this method.

Conclusion

The conservation techniques used in VKM pres-
ents effective preservation of the stock of
filamentous fungi from different taxonomic
groups. The possibility and practical time esti-
mates of secure long-term storage of fungal cul-
tures belonging to 1,221 species and 424 genera
was shown. The represented information could
be used as a reference for researchers intending
to maintain pure cultures of microorganisms for a
long time. The data produced are also accessible
online on the VKM Web site.
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Abstract

The study of fungi relies, in part, on the axenic culture of isolates. Because
so many fungi are found in nature in close proximity to each other, and
many other organisms, study of their structure and function relies on the
ability to grow and maintain a pure culture of the fungi. This chapter
describes the methodology used to isolate a fungus that is present in abun-
dance in a soil sample and covers many techniques that are widely used in
microbiology laboratories.
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Introduction

Fungi, including yeasts and molds, are ubiquitous
in nature and have been recovered from
diverse, remote, and extreme environments.
Approximately 100,000 fungal species have
been described to date. Over the last decade,
approximately 1,200 new species of fungi have
been described in each year. It is now estimated
that there may be from 1.5 to 5 million extant
fungal species [1]. Fungi are eukaryotic microbes
with a filamentous growth form. A wide variety
of fungi can be isolated from soil and cultivated
on media in the laboratory. Different media
will encourage the growth of different types of
microbes through the use of inhibitors and
specialized growth substrates [2].

Fungi are often isolated using nonselective
agar medium. This allows the isolation of the
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maximum number of fungal taxa from a sample
(it should be noted that all media used in micro-
biological laboratories are selective to some
degree or another; truly nonselective media do
not exist [3]). So-called nonselective media are
only media and incubation conditions designed
to isolate as large a part of the microbiota in soil
as is possible. The least selective media today
isolate maybe 5—15% of the fungal population of
soils. The media used for fungi are different from
the media recommended for bacteria [4].

Saprotrophic fungi can be subcultured on
media containing nutrients appropriate to their
growth and development. Several different types
of media have been used successfully. The organic
and mineral fractions of media are designed to
supply nutrients similar to or commonly found in
the environment of the fungus. Some commonly
used media consist of fruit or vegetable extracts
mixed with sugars and agar, and set in Petri
dishes. Other commonly used materials include
soil (soil agar), potato (PDA), tomato plus other
vegetables (V8 JUICE Agar), Malt extract (MA),
and dung (DUNG AGAR). These can be more
highly defined by replacing the organic compo-
nent with known organic materials including
nutrient dextrose (NDY) and sabouraud dextrose
(Sabouraud Agar; [3, 4]).

Specifically targeted fungi can be subcultured
using selective media. Routine methods of pro-
viding selective media include the addition of
specific compounds required by an organism as a
nutrient source or the omission of compounds
required by most other organisms [5, 6]. Changing
some physical properties of the media can also
favor growth of specific organisms (e.g., lower-
ing the pH allows fungal growth to prevail over
bacterial growth). Incubation temperature is
another common method to encourage growth of
target organisms or to deter growth of contami-
nating microbes (e.g., spore-forming fungi can be
isolated by the use of their ability to withstand
high temperature). Altering conditions such as
water content and the presence or absence of light
along with providing aerobic or anaerobic condi-
tions may also help in promoting the growth of a
particular organism [3, 4, 7].

Many media are available from commercial
sources (e.g., from Difco or Oxoid), which have a
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more consistent quality than those prepared from

the raw materials each time.

The inclusion of antibiotics in media is a com-
monly used method to suppress the growth of bac-
teria. As most antibiotics are denatured by heat, the
antibacterial agents are usually added to sterilized
molten agar, that is just above setting temperature
(hand warm, but not hot to touch). Antibiotics such
as penicillin, streptomycin, and tetracycline are
commonly used, either alone or more commonly,
in combination. Chloramphenicol can be auto-
claved and is added during preparation [3, 7].

It is possible to design very selective media
using combinations of the aforementioned tech-
niques. Almost any physiological group of organ-
isms can, in theory, be cultured selectively.
A single stage isolation from a soil sample can be
changed to a multistage isolation process by rep-
lica plating. An example of this includes the
transfer of individual colonies in their original
orientation on the plate by pressing a strip of ster-
ile tape onto the surface of the plate, removing a
small sample of each colony and pressing it onto
the surface of a fresh plate. This can be a different
growth medium so that only a part of the original
population is able to grow on the new medium.
Using this technique, progressive selective media
can be used to isolate microorganisms with com-
binations of properties [3, 4, 8].

Some general observations:

e Fungi grow better on media with a high C:N
ratio (bacteria grow better on low C:N ratio
media).

* More fungi are isolated on low pH media
(bacteria are isolated using neutral pH
media).

e Spores fromcommon fungisuchas Aspergillus,
Mucor, and Penicillium in soil grow rapidly
on many fungal isolation media and prevent
growth of the slower growing fungi.

e Many fungi produce antibiotic compounds on
plates and prevent growth of other
microorganisms.

* Some microbes are very difficult to culture at
all on media in the laboratory. They may be
very slow growing or very sensitive to compo-
nents of normal media [9].

Our knowledge of soil fungi is derived primar-
ily from dilution and plating techniques (which
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are described in the following sections). These
methods have limitations in that they are biased
in favor of rapidly growing and sporulating organ-
isms [10, 11] and consequently most of the fungi
identified by these techniques are Fungi Imperfecti
(Pencillium and Aspergillus). It is extremely
difficult to grow soil basidiomycetes on solid
media in the lab [11], but their abundance in soil
can be revealed by microscopy. Nevertheless,
dilution plate techniques are still a popular and
useful tool for studying the relative abundance of
culturable populations.

Sample Collection

Fungi are ubiquitous in their occurrence but are
inconspicuous because of the small size of their
structures, and their cryptic lifestyles in soil, on
dead matter, and as symbionts of plants, animals,
or other fungi. Common sources for their isola-
tion include lakes, river muds, and soils.

Soils are discontinuous heterogenous envi-
ronments that contain large numbers of diverse
organisms. The main sampling problems in soil
microbiology are usually a result of the complex-
ity of the medium being sampled. If a method
requires a “generalized” sample of the soil, the
problem is to determine what soil horizons to
sample. How many samples are required (to esti-
mate variability), exactly where to take the sam-
ples (to determine spatial variation), and how
frequently samples should be taken (to determine
temporal variation) also have to be determined
and can greatly influence findings. These prob-
lems are often interrelated, for example, a larger
sample subdivided into smaller ones after mix-
ing is different to many small independent sam-
ples. The first will show experimental or
procedural error, while the second will show dif-
ferences due to natural field variation as well as
procedural errors. Therefore, many factors are to
be considered when sampling soil [9]. Microbial
populations also vary considerably with soil
type, soil depth, moisture levels, use of pesti-
cides, climate, etc.

Once a sampling site is selected, collect the
desired soil samples, ensuring no contamination
of the samples. Store the samples at 4°C until
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ready to be cultured. Samples should be cultured
within 72 h of collection if possible to eliminate
the storage effects on the microbial population.

Air dry the samples to remove moisture and to
allow for sieving of the soil, which removes large
particulate, litter and debris.

Materials

1. Soil.

2. Balance.

3. The media: Aureomycin-rose Bengal-
glucose-peptone agar: glucose, peptone,
potassium dihydrogen phosphate (KH,PO,),
magnesium sulfate (MgSO,.7H,0), rose
Bengal, agar, Aureomycin hydrochloride,
and reagent grade water.

4. Hot water bath (45 °C) to keep molten agar.

5. Sterile saline blanks for dilution (9 and
90 mL) in dilution bottles and test tubes.

6. Sterile pipettes (P1000 and P200) and sterile
tips.

7. Vortexer.

8. Spreaders for spread-plating (made from
glass pipette).

9. 70% ethanol (in squirt bottles and dishes).

10. Bunsen burner.
11. Inoculating loops (for transferring colonies).

Methods
Sample Preparation

Sample Dilution

1. To prepare the soil sample for culturing, appro-
priate dilutions of a suspension must be pre-
pared: Add 10 g of soil sample (air dried and
sieved) to 90 mL of sterile saline. This will cre-
ate a 1/10 dilution of the soil sample, and the
container should be labeled appropriately.

2. Vortex the solution for at least 1 min. The
intent of the stirring is to suspend the organ-
isms in the solution.

3. Allow the soil particulate matter to settle for
up to 15 min. Decant the liquid portion into
test tubes labeled with the appropriate sample
and the dilution (1/10).
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4. Transfer 1 mL of the 1/10 dilution into a test
tube containing 9 mL of sterile saline using a
sterile pipette. This will create a 1/100 dilu-
tion of the sample. Vortex the test tube until
the sample is thoroughly mixed. Ensure the
sample is labeled with the appropriate sample
and dilution.

5. Transfer 1 mL of the 1/100 dilution into a test
tube containing 9 mL of sterile saline using a
sterile pipette. This will create a 1/1,000 dilu-
tion of the sample. Vortex the test tube until
the sample is thoroughly mixed. Ensure the
sample is labeled with the appropriate sample
and dilution.

6. Repeat the above steps (4-5) to create addi-
tional dilutions if required. Dilutions for fungal
cultures normally need not exceed 1/10,000.

Preparing Plates

1. Anexample of one type of mediais Aureomycin-
rose Bengal-glucose-peptone agar. To make
this agar, dissolve 10 g glucose, 5 g peptone,
1 g potassium dihydrogen phosphate (KH,PO,),
0.5 g magnesium sulfate (MgSO,.7H,0),
0.035 g rose Bengal, and 20 g agar in 800 mL
reagent grade water. The pH should be 5.4.

2. Sterilize by autoclaving at 105 °C for 30 min.
Then keep molten in a 45 °C waterbath.

3. Dissolve 70 mg Aureomycin hydrochloride in
200 mL reagent grade water, sterilize by
filtration.

4. Add the sterilized Aureomycin hydrochloride
solution to the cooled (42—45 °C) agar base.

5. Pour 25 mL molten agar into sterile petri dishes
(100% 15 mm) and allow agar to solidify. Poured
plates can be stored at 4 °C for up to 4 weeks.

Note: Many media are available from commer-

cial sources. Commercial sources have a more

consistent quality than those prepared from the
raw materials each time.

Culturing
Spread Plate

1. Using a sterile pipette transfer 100 pL of the
sample or appropriate sample dilution onto the
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agar surface (if you do not know which dilution
is suitable, then several need to be plated out).
(Vortex sample before taking the aliquot.)

2. Use the spreader (bent glass rod), which has
been flame-sterilized, to spread the dilution
over the surface as evenly as possible to ensure
proper distribution (Note: cool the spreader
before spreading).

3. Flame-sterilize the rod between different
dilution factors and media or if it comes into
contact with any nonsterile surface. (If dilu-
tion factors are spread in order of decreasing
dilution—that is, 1/10,000, 1/1,000, 1/100,
etc.—spreaders need not be resterilized
except with changes of media.) Allow the
moisture to be absorbed into the agar before
the incubation.

4. Label plates with date, organism, dilution fac-
tor, type of agar, and incubation temperature.
Prepare triplicate plates for each dilution.

5. Invert plates and incubate at the selected tem-
peratures. Observe plates after day 2 and until
day 5/7. Slow growing fungi may not produce
noticeable colonies until day 6 or 7.

6. After the microbial colonies are readily visible
(2-7 days), count the number of colonies on
each plate and calculate the average number of
fungi in the soil sample. (Plates can be stored
at 4 °C for not longer than 24 h before count-
ing if required).

Results

Choose a plate with a dilution that gives the most
reliable counts for your calculations. The optimal
maximal number of colonies per plate is 100. If
there are more than 150 colonies per plate the
result is recorded as TNTC (too numerous to
count) and a plate with a lower number of colo-
nies (a lower sample dilution) is selected. If there
are no colonies on any of the plates, the results
are recorded as <1 for the highest dilution.

Note: Interpretation of cultured sample data is

complicated by two factors:

1. Certain species only grow well on certain agar
media, and, therefore, may be present but not
culturable because an inappropriate agar was
used. Other species are not culturable at all.
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2. Fungi grow at different rates, so slow-growing
fungi may be over-run by fast-growing fungi,
and, therefore, not be apparent in the culture.
Therefore, to perform culturable sampling

correctly, three or more types of agar may need to

be used for each sample.

It is important to note that quantification of
fungi is different to bacteria because a fungal
colony can form from a spore (single cell), a clus-
ter of spores, or from a mycelial fragment (con-
taining more than one viable cell). It is assumed
that each fungal colony developed in a laboratory
culture originates from a single colony forming
unit, which may or may not be a single cell.

Identification

Fungal colonies are identified to genus or spe-
cies, if possible, using a combination of colony
macroscopic characteristics (e.g., color, mor-
phology, growth rate) and microscopic charac-
teristics (e.g., spore shape, size, color, hypha
morphology [12-14]). Referring to definitive
texts and Web sites regarding fungal identification
is recommended.

Isolate a Pure Culture

Many cultures may consist of multiple types of
fungi. To isolate a single fungus, a method to
specifically select the target fungus for further
fungal growth can be chosen. An example of such
a method is to select one colony if possible or
sweep the end of a hyphal tip and aseptically
plate the sample out onto a fresh agar plate.
Selective plates may be used to culture specific
fungi. Once the target fungus has been isolated in
this manner, further culturing onto nonselective
agar without antibiotic can be conducted to ensure
a pure culture has been achieved.

Direct Culture Methods

Some fungi may not be detected using the soil
dilution/spread plate method previously given. In
this case it is possible to directly inoculate the
fungal sample by directly positioning the soil
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sample containing what appears to be one kind of
fungus onto the agar: A small fragment of soil is
placed on an agar plate and incubated. Then the
emergent hyphal tips are subcultured. Transfer
these samples to fresh agar plates and incubate to
develop a pure culture.

Storage of Fungi

It is expensive to continually subculture isolated
fungal samples. Furthermore, the fungi may
mutate  during  continuous  subculturing.
Preservation of fungi is essentially reducing the
metabolic rate to the slowest possible. This can
be achieved in several different ways.

Storage in Water

Plugs of agar containing the fungal culture are
placed in vials containing only sterile water. The
vials are lidded and stored at 10 °C for up to
5 years. This is a remarkably useful and cheap
technique. (This is not recommended for many
Basidiomycota).

Cold Temperature

Place the isolate on a slope or plate and store at
4 °C. Some fungi stored at cold temperatures
remain viable for up to 4 years.

Under Oil

The fungus is subcultured onto low sugar media
(e.g., one-sixth strength NDY) in a lidded tube.
The culture is incubated to allow the isolate to
cover the surface of the agar. The fungus is then
covered with sterile mineral oil. The tubes are
kept at room temperature. Fungi may be stored
for up to a year. The oil slows access of oxygen to
the culture. However, it is crucial the culture is
covered by at least 1 cm of oil at all times and that
the lid is kept clean. Contaminating fungi can
grow on the top of the tube if it has nutrients on it.
Also, moderate changes in air pressure lead to the
movement of air in and out of the tube.
Contaminants present in the air can lodge on the
surfaces of the lidded tube. Therefore, topping the
oil to just below the lid is recommended. Flaming
the surfaces before subculturing is essential [15].
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Freeze Drying or Lyophilization

Cultures are placed in a lyophilization tube,
cooled, and then freeze dried. Fungi preserved in
this way can be stored for up to 20 years. The
process is commonly used for spore-forming
Deuteromycetes. It is less successful for non-
spore-forming fungi.

Low-Temperature Storage

Some fungi can be stored for many years when
placed in 10-25% sterile glycerol in water in
sealed vials that are then placed in liquid nitrogen
or stored at — 70 °C. The fungi may need to be
taken in stages through the cooling process. It is
important to experiment with the correct glycerol
dilution as some fungi will dessicate in 10%
glycerol [15].
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Chemical and Molecular Methods
for Detection of Toxigenic Fungi
and Their Mycotoxins from Major
Food Crops
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Abstract

Mycotoxins are the secondary metabolites produced by certain molds on a
wide range of agricultural commodities and are closely related to human
and animal food chains. Mycotoxins are capable of causing disease in
humans and other animals, and their detection is largely dependent on the
sample matrix and the type of fungus causing their contamination. The
strict regulations on trade of contaminated grains and seeds and other pro-
duce in industrial countries lead to economic burdens on farmers. In devel-
oping countries, the situation is aggravated where regulations may be
nonexistent or not enforced and where consumption of home-grown cere-
als leads to a wide exposure to toxins. Important mycotoxins that occur
quite often in food are deoxynivalenol/nivalenol, trichothecenes, zearale-
none, ochratoxin A fumonisins, and aflatoxins. High concentrations of
mycotoxins such as aflatoxins are consumed by humans in areas of the
world with higher-than-average levels of liver cancer, childhood malnutri-
tion, and disease. This chapter introduces rapid, robust, and user-friendly
protocols currently applied in the identification of toxigenic fungi and
important mycotoxins.
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Introduction

The term “mycotoxin” combines the Greek word
for fungus “mykes” and the Latin word “toxi-
cum’” meaning poison. Mycotoxins have received
considerable attention, especially over the last
few decades. The problem related to mold dam-
age and the hazard of consuming damaged grains
have been recognized since historical times. The
term “mycotoxin” is usually reserved for the
toxic chemical products formed by a few fungal
species that readily colonize crops in the field or
after harvest and thus pose a potential threat to
human and animal health through the ingestion
of food products prepared from these commodi-
ties [1].

The possibility of human diseases occurring
as a result of the consumption of mold-damaged
rice and wheat was raised in Japan and other
Asian countries during the first half of this
century. Awareness of risks from eating over-
wintered millet was reported in the USSR [2].
However, the serious worldwide concern about
mycotoxins began in the early 1960s after it was
discovered in the United Kingdom that Turkey
“X” disease is caused by aflatoxins. More than
300 mycotoxins have been identified, although
only around thirty with toxic properties that are
genuinely of concern for human beings or ani-
mals were reported by the French Agency of
Food, Environmental and Occupational Health
and Safety [3]. Some mycotoxins are rather rare
in occurrence; others—such as aflatoxin, ochra-
toxin, fumonisins, and trichothecenes—are quite
common in some years. The molds primarily
responsible for producing mycotoxins are
Aspergillus, Fusarium, and Penicillium spp.
Occurrence of mycotoxins in food and animal
feed often exhibits a geographical pattern; for
example, Aspergillus species meet optimal

conditions in tropical and subtropical regions,
whereas Fusarium and Penicillium species are
adapted to the moderate climate of North America
and Europe [4]. The toxins can be produced in
major food crops like, maize, wheat, sorghum,
rice, soybeans, peanuts, and other food and feed
crops in the field, during transportation, or
improper storage. Moreover, in animals consum-
ing contaminated feed, mycotoxins can deposit in
different organs and also subsequently affect
food of animal origin (e.g., meat, eggs, milk, and
milk products). Worldwide trade with food and
feed commodities has resulted in a wide distribu-
tion of contaminated material [5]. One of the
characteristics of mycotoxins is that they can
exude toxic properties in minute quantities; thus,
sensitive and reliable methods are required for
their detection and quantification, which gener-
ally involves sophisticated sampling, sample pro-
cessing, extraction, and assay techniques.

Different methods have been applied in the
detection and quantification of mycotoxins from
food and feed samples, including ELISA (enzyme-
linked immunosorbent assay), immunoaffinity
cartridge, solid-phase ELISA, and selective adsor-
bent mini-column procedures [6]. TLC (thin-layer
chromatography) and HPLC (high-performance
liquid chromatography) [7] are more accurate for
quantification of mycotoxins in food and feed-
stuffs’ produce. Under practical storage condi-
tions monitoring for the occurrence of fungi is
often conducted; however, in practice, it is difficult
to distinguish several toxigenic fungal species
from their close relatives, and accurate
identification based on traditional methods is very
difficult owing to their genetic variation and high
morphological similarity.

The conventional scheme of isolation and
identification of toxigenic fungi from food
samples is cumbersome and requires skilled
personnel to achieve proper identification. Even
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with taxonomical expertise, identification is
commonly difficult regarding some fungi genus
that contains a large number of closely related
species [8]. Robust DNA-based tools often offer
accurate, rapid, and sensitive identification and
characterization of species (e.g., Fusarium) that
belong to a complex genus [9]. The application of
molecular biology techniques is an alternative to
cumbersome and time-consuming conventional
culture methods for precise identification of toxi-
genic fungal species before they can enter the
food chain. The polymerase chain reaction (PCR)
assay has allowed rapid, specific, and sensitive
detection of toxigenic species without the need
for prior growth of the organisms. The traditional
molecular markers are mainly based on ribosomal
DNA, B-tubulin, and calmodulin genes or have
been based on anonymous DNA sequences.
These DNA sequences are obtained from an
unbiased sampling of genomic DNA, and these
may or may not contain functional genes involved
in toxin production [10].

Developing markers from anonymous
sequences requires comparative analyses among
related species of DNA profiles generated from
randomly amplified fragments by using RAPD
(random amplified polymorphic DNA) or AFLP
(amplified fragment length polymorphism). In
the last decade, numerous PCR assays have been
developed for rapid detection and differentiation
of toxigenic and nontoxigenic fungi from major
commodities by using specific genes associated
with mycotoxin biosynthesis [11].

Some Important Mycotoxins
Aflatoxins (Aspergillus spp.)

Aflatoxins are chemical derivatives of difuran-
coumarin, mainly produced by Aspergillus
flavus/A. parasiticus. Aflatoxins have been impli-
cated in subacute and chronic effects in humans.
These effects include primary liver cancer,
chronic hepatitis, jaundice, hepatomegaly, and
cirrhosis through repeated ingestion of low levels
of aflatoxin. It is also considered that aflatoxins
may play a role in a number of diseases, including
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Fig. 5.2 Structure of ochratoxin A

Reye’s syndrome, kwashiorkor, and hepatitis [12].
Aflatoxins can also affect the immune system.
A. flavus infects many of our food crops, such as
nuts, grains, and culinary herbs. Primary eco-
nomic concerns are infestations that occur in corn
and peanuts. The major aflatoxins consist of
aflatoxins B1 (Fig. 5.1), B2, G1, and G2.

Ochratoxin

Ochratoxin A is the most important and most
commonly occurring structurally related group of
compounds; it is often abbreviated to OTA or OA
(Fig. 5.2). Ochratoxin A is the major mycotoxin
of this group, and it is an innately fluorescent
compound produced primarily by Aspergillus
ochraceus and Penicillium verrucosum [13].
Ochratoxin A is a potent toxin that affects mainly
the kidneys, in which it can cause both acute and
chronic lesions. Ochratoxin A is a potent terato-
gen in mice, rats, hamsters, and chickens, and a
nephrotoxic effect has been demonstrated in all
mammalian species.
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The fumonisins are a group of nonfluorescent
mycotoxins—FB, (Fig. 5.3), FB,, and FB, being
the major entities—produced primarily by
Fusarium verticillioides and F. proliferatum [13],
Fusarium nygamai, as well as Alternaria alter-
nata f. sp. lycopersici. Fumonisins are thought to
be synthesized by condensation of the amino
acid alanine into an acetate-derived precursor.
Numerous species-specific diseases have been
attributed to fumonisin-contaminated feed, includ-
ing leukoencephalomalacia in horses and pulmo-
nary edema and hydrothorax in swine [14]. These
compounds have been shown to have carcino-
genic potential in animal models and are the only
known inhibitors of ceramide kinase, a key
enzyme involved in inflammatory cascades.

Deoxynivalenol

Deoxynivalenol, also known as DON or vomi-
toxin, is one of about 150 related compounds
known as the trichothecenes that are mainly pro-
duced by Fusarium graminearum and, in some
geographical areas, by F. culmorum (Fig. 5.4)
[15]. These two species are important plant
pathogens and cause Fusarium head blight in
wheat and Gibberella ear rot in maize. Toxicity of
deoxynivalenol is characterized by vomiting,
particularly in pigs, feed refusal, weight loss, and
diarrhea. A study reporting human food poison-
ing by infected wheat containing deoxynivalenol
in India showed a range of symptoms, including
abdominal pains, dizziness, headache, throat
irritation, nausea, vomiting, diarrhea, and blood
in the stool [16].

OH

OH

Fig.5.4 Structure of deoxynivalenol

The potential presence of toxins in the food
supply means that expensive testing and remedial
actions are necessary to assure that they do not
reach dangerous levels in our food. This testing
and losses in crop quality and yield associated
with these fungal diseases are estimated to cost
agriculture billions of dollars annually, and the
presence of fungal toxins in our crops places the
competitiveness of our agricultural exports at
risk. The presence of mycotoxins is unavoidable;
therefore, testing of raw materials and products is
required to keep our food and feed safe. The pres-
ence of mycotoxins in food crops is a serious and
common quality problem that has become more
obvious as a result of the research of recent years.
Several chemical and biological detection sys-
tems exist for the determination of mycotoxins.
Biological assays were used when analytical and
methods were not available for routine analysis
because biological assays are qualitative and
often are nonspecific and time-consuming. Various
analytical methods for mycotoxin analysis have
been developed, such as TLC, HPLC, and HPTLC
[7]. Many research laboratories have also adopted
molecular detection methods for rapid and accurate
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detection of toxigenic molds from major food
Crops.

This chapter presents information on the gen-
eral protocols adopted for detection of important
toxigenic Aspergillus, Penicillium, and Fusarium
species by PCR and their mycotoxins mainly by
TLC and HPLC.

Materials

(See Note 1)

DNA Extraction

1. Sterile distilled water.

2. 1x lysis buffer (made freshly approximately
every 2 weeks): 100 mM Tris—HCI pH 7.4
(37°C), 100 mM EDTA, 6% SDS, 2%
[-mercaptoethanol.

3. Vortex mixer.

4. Water bath.

5. Phenol: chloroform (1:1).

6. Microcentrifuge.

7. Disposable polypropylene microcentrifuge
tubes: 1.5 mL conical; 2 mL screw-capped.

8. 3 M ammonium acetate.

9. Isopropanol.

10. Tris EDTA: 10 mM Tris—HCI pH 7.5 (25°C),
0.1 mM EDTA.

11. Phenol solution equilibrated with 10 mM
Tris—HCl pH 8, 1 mM EDTA (Sigma-Aldrich,
Gillingham, UK).

12. Ethanol (70%).

13. Agarose (e.g., molecular biology grade aga-
rose from Sigma-Aldrich, USA).

14. TBE buffer: 50 mM Tris, 50 mM boric acid,
1 mM EDTA. Dilute when needed from a
10x stock.

15. Ethidium bromide: 0.5 mg/mL stock.

16. Gel loading mixture—40% (w/v) sucrose,
0.1 M EDTA, 0.15 mg/mL bromophenol blue.

17. Horizontal electrophoresis equipment (e.g.,
Biorad Wide Mini Sub Cell).

18. UV transilluminator and camera suitable for
photographing agarose gels (e.g., Syngene
Gene Genius Bioimaging System).

Basic Equipment Required
for Polymerase Chain Reaction

. Thermal cycler.

. Micropipettes.

. Agarose gel electrophoresis unit.
. Centrifuge.

UV-gel documentation chamber.
. Eppendorf tubes.

PCR Reagents

. Agarose.

dNTP mix.

. PCR bulffer.

MgCl,.

. Template DNA.

. Taqg DNA polymerase.

. Oligonucleotide primers.

. Ethidium bromide.

. TBE buffer (Tris—EDTA-boric acid buffer).
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PCR Assay Set-up

Prepare a master mix (for 50 pL reaction) con-

taining the following:

. 5 uL 10x PCR buffer.

. uL MgCI2 (25 mM) x (number of reactions+1).

. uL dNTP mix (1.25 mM).

. 30 uL sterile distilled H,O.

. Dispense the master mix at 43 pL per PCR

tube.

6. Dispense primers in pairs at 2.5 puL per tube.

. Dispense template at 1 uL per tube.

8. Prepare the Taq solution by diluting the appro-
priate amount of stock Tag DNA polymerase
to 1 unit/pL with sterile distilled H,O.

9. Dispense diluted Taq polymerase at 1 pL per
tube.

R S R S R

3
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General PCR Conditions

After setting up the reaction, the following

conditions can be used for proper amplification

of target genes:

1. Initial denaturation: 94°C/5 min.

2. Denaturation: 94°C/1 min.

3. Annealing temperature:
1.30 min.

4. Extension temperature: 72°C/1 to 2 min.

5. Repeated for 30 to 35 cycles.

6. Final extension temperature: 72°C/5 to 10 min.
After successful amplification load 5 pL of

amplified PCR products to agarose gel (1%) in

containing 1% ethidium bromide and visualize

under UV.

52-60°C/1  to

Materials Required for
Chromatography-Based Method

1. Silica gel-coated plates (Merck chemicals).

2. Solvents, analytical grade and HPLC grade
(Sigma-Aldrich, USA).

3. Purified mycotoxin
Aldrich, USA).

4. Micropipettes (Eppendorf 1-1,000 pL).

5. Chromatography chamber (CMAG).

6. Spray reagents.

7

8

standards  (Sigma-

. UV scanner (CMAG).
. Mechanical cup shaker (CMAG).
9. Conical flasks (250 mL).
10. Filter papers.
11. Separating funnels.
12. HPLC system with UV and fluorescent
detectors (Hitachi F-4500).
13. C18/CS8 cartridges.
14. Immunoaffinity/Solid phase extraction col-
umns for clean up.

Methods
DNA Fingerprinting Methods
The methods detailed as follows describe the gen-

eral protocol for obtaining pure DNA from fungal
culture, food, and grain samples [17]. The volumes
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and number of tubes used per sample may need to
be varied, depending on the type of sample and
the quantity of mycelia being processed.

Extraction of DNA from Pure Cultures
of Fungi [18]

1. Take small pinch of mycelium into micro-
centrifuge tubes.

2. Add 500 pL of lysis buffer, and macerate the
mycelium with the help of a sterile glass
rod.

3. Add 50 pL of 10% SDS, vortex, and incubate
at 65°C for 10 min.

4. Add 500 pL phenol: chloroform (1:1) to each
tube and vortex briefly.

5. Centrifuge 5 min at 10,000 rpm in the
microfuge, then carefully transfer as much as
possible of the top aqueous layer to a clean
tube. Do not disturb the debris at the
interface.

6. Add 40 pL 6 M ammonium acetate, 700 uL.
isopropanol, invert gently to mix, and spin
for 2 min, and incubate the mixture at —20°C
for 1-2 h.

7. Centrifuge at 10,000 rpm for 10 min and dis-
card the supernatant.

8. Add 300 pL cold 70% ethanol, centrifuge for
2 min, and discard the supernatant.

9. Centrifuge for 10 s and remove the remain-
ing liquid with a micropipette.

10. Allow the pellet to dry for 20 min in a fume
hood and then resuspend it in 50 pL TE or
sterile distilled water.

Extraction of DNA from Contaminated
Food Samples (e.g., Maize)

This method has been used to prepare DNA from
contaminated food grains at several laboratories.
The steps are as follows:
1. Ground the contaminated food grains.
2. Add 400 pL of lysis buffer, vortex, and incu-
bate at 65°C for 10 min.
3. Add 500 pL phenol:chloroform (1:1) to each
tube and vortex briefly.
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4. Centrifuge 15 min at 12,000 rpm in the
microfuge, then carefully transfer as much as
possible of the top aqueous layer to a clean
tube. Do not disturb the debris at the interface.

5. 40 pL 6 M ammonium acetate, 600 pL iso-
propanol, invert gently to mix and spin for
2 min. Incubation of the mixture at —20°C
for 10-60 min before centrifugation may
improve recovery of DNA but can result in
reduced purity of the sample. Remove the
supernatant.

6. Add 50 pL. RNase in TE to the pellet and
incubate at 37°C for 15 min.

7. Pool into 200 pL samples or add 150 uL TE,
and then add 200 pL phenol, vortex, and cen-
trifuge at 10,000 rpm for 6 min.

8. Transfer carefully the top aqueous layer to a
fresh tube.

9. Add 10 pL. 6 M ammonium acetate, 600 puL
isopropanol, and incubate at —20°C for 10 min.

10. Centrifuge at 12,000 rpm for 10 min and dis-
card the supernatant.

11. Add 800 pL cold 70% ethanol, centrifuge at
10,000 rpm for 2 min, and discard the
supernatant.

12. Centrifuge at 10,000 rpm for 15 s and decant
the remaining liquid with a micropipette.

13. Allow the pellet to dry for 20 min in a fume
hood and then resuspend it in 50-200 uL TE
buffer.

Polymerase Chain Reaction

During the last few decades great advances have
been made in molecular diagnostic technology,
especially in the development of rapid and sensi-
tive methods for the detection of plant pathogenic
fungi [19]. A number of DNA-based techniques
that have been developed include restriction frag-
ment length polymorphism, pulse field gel elec-
trophoresis, and PCR. PCR has been gaining
popularity mainly because of its ease of applica-
tion compared to other DNA-based techniques.
There are already many examples of PCR-
based assays developed for the detection of fungi
in plant pathology, but the reports on their use in
specific detection of toxigenic fungi are limited.

Many mycotoxin biosynthetic pathway genes are
present within gene clusters, and some of these
appear to have undergone horizontal transfer
from one species to another and are now present
in several species [7]. Regions of homology
within mycotoxin biosynthetic gene from the dif-
ferent species can be used to develop primers to
detect the presence of the relevant mycotoxigenic
species. This strategy was successfully applied
for aflatoxin producers [20], trichothecene-pro-
ducing fungi [ 18], fumonisin-producing Fusarium
species [18], and also for producers of ochratoxin
[21]. PCR-based detection has been applied as an
alternative assay, replacing cumbersome and
time-consuming microbiological and chemical
methods for detection and identification of the
most serious pathogenic and mycotoxin produc-
ers in the fungal genera Fusarium, Aspergillus,
and Penicillium spp. (Table 5.1).

Polymerase Chain Reaction-Based
Detection of Aflatoxigenic Fungal Species

Target gene and primers: Norl—
5'CGCTACGCCGGCACTCTCGGCA3"  (for-
ward)and5'TGGCCGCCAGCTTCGACACTC3’
(reverse). Amplicon size 400 bp.

Reaction conditions:

Initial denaturation: 94°C/5 min.

Denaturation: 94°C/1 min.

Annealing temperature: 58°C/1 min.

Extension temperature: 72°C/1 min. Repeated

for 30 cycles.

Final extension temperature: 72°C/5 min.

6. After successful amplification, load 5 pL of
amplified PCR products to agarose gel (1%)
containing 1% ethidium bromide and visual-
ize under UV (Fig. 5.5).

Ealb
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Polymerase Chain Reaction-Based
Detection of Ochratoxigenic Fungi

Target gene and primers: pksl—5'AGT
CTTCGCTGGGTGCTTCC3' (forward) and 5’
AGCACTTTTCCCTCCATCTATCC3' (reverse).
Amplicon size 630 bp.
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Table 5.1 Primer sequences developed for metabolic pathway genes for the detection of toxigenic fungi

Target Amplicon
S. No. Toxin gene  Primer sequence 5'-3’ Tm (°C) size (bp) Reference
1 Trichothecenes Tri5 GAGAACTTTCCCACCGAATAT 58 450 [18]
GATAAGGTTCAATGAGCAGAG
Tri6  GATCTAAACGACTATGAATCACC 58 541

GCCTATAGTGATCTCGCATGT
AGA GCC CTG CGA AAG(C/T) ACT GGT GC

2 Fumonisins Fum5 GTC GAG TTG TTG ACC ACT GCG 62 845 [22]
CGT ATC GTC AGC ATG ATG TAG C
Fuml3 AGTCGGGGTCAAGAGCTTGT 58 998
TGCTGAGCCGACATCATAATC
3 Aflatoxins Aflrl  CGC GCT CCCAGT CCCCTT CATT 65 1,032 [20]
CTT GTT CCC CGA GAT GAC CA
Verl ~ GCC GCA GGC CGC GGA GAAAGT GGT 65 537
GGG GAT ATA CTC CCG CGA CAC AGCC
Norl  ACCGCTACGCCGGCACTCTCGGCAC 65 400
GTTGGCCGCCAGCTTCGACACTCCG
Omtl  GTG GAC GAA CCT AGT CCG ACATCAC 65 797
GTC GGC GCC ACG CACTGG GTT GGGG
4 Ochratoxin Pksl  AGTCTTCGCTGGGTGCTTCC 56 550 [21]

AGCACTTTTCCCTCCATCTATCC

Fig. 5.5 Detection of aflatoxin-producing Aspergillus species targeting aflR gene (400 bp). Lane M,1-kb DNA ladder;
lane 2, negative control; lanes 3-8 aflatoxigenic Aspergillus spp

Reaction conditions: Polymerase Chain Reaction-Based

1. Initial denaturation: 94°C/5 min. Detection of Tricothecene-Producing

2. Denaturation: 94°C/1 min. Fusarium Species

3. Annealing temperature: 56°C/1 min.

4. Extension temperature: 72°C/1 min. Repeated  Target gene and primers: tri6—
for 30 cycles. 5'GATCTAAACGACTATGAATCACC3'  (for-

5. Final extension temperature: 72°C/5 min. ward) and 5'GCCTATAGTGATCTCGCATGT?3’

6. After successful amplification, load 5 pL of (reverse). Amplicon size 446 bp.
amplified PCR products to agarose gel (1%) Reaction conditions:
containing 1% ethidium bromide and visual- 1. Initial denaturation: 94°C/5 min.
ize under UV (Fig. 5.6). 2. Denaturation: 94°C/1 min.
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Fig. 5.6 Detection of ochratoxin-producing fungi targeting PKS gene (630 bp). Lane 1, 1-kb DNA ladder; lane 2,
negative control; lanes 3—5, OTA-producing Aspergillus; lanes 6 and 7, OTA-positive strains of Penicillin spp

1 2 3 4 5 6 7 8 910

Fig. 5.7 Detection of trichothecene-producing Fusarium spp. by targeting tri6 gene (440 bp). Lanel, 1-kb DNA lad-
der; lanes 2-9, positive strains of Fusarium spp.; lane 10, negative control

3. Annealing temperature: 56°C/1 min.

4. Extension temperature: 72°C/1 min. Repeated
for 30-35 cycles.

5. Final extension temperature: 72°C/8 min.

6. After successful amplification, load the PCR
amplicons into ethidium bromide- containing
agarose gel and visualize bands under UV
(Fig. 5.7).

Polymerase Chain Reaction-Based
Detection of Fumonisins Producing
Fusarium Species

Target gene and  primers:  Fuml3—
5S’AGTCGGGGTCAAGAGCTTGT3" (forward)
and S'TGCTGAGCCGACATCATAATC3’
(reverse). Amplicon size 998 bp.

Reaction conditions:

1. Initial denaturation: 94°C/5 min.

2. Denaturation: 94°C/1 min.

3. Annealing temperature: 58°C/1 min.

4. Extension temperature: 72°C/1.30 min.

Repeated for 30 to 35 cycles.

Final extension temperature: 72°C/8 min.

6. After successful amplification, load 5 pL of
amplified PCR products to agarose gel (1%)
containing 1% ethidium bromide and visual-
ize under UV (Fig. 5.8).

hd

Chromatography Methods

Sample Extraction and Clean-up

for Mycotoxins Analysis

During the chromatographic methods the deter-
mination step is usually preceded by a number of
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Fig. 5.8 PCR amplification fum 13 gene (998 bp) of
toxigenic F. verticillioides and F. proliferatum. Lane M,
1-kb DNA marker; lanes 1-5, F. verticillioides standard

operations such as sampling, sample preparation,
extraction, and clean-up. The reliability of the
results obtained by these procedures is highly
dependent on the efficiency of these steps. A
large number of components that are originally
present in the sample must be reduced, and inter-
fering compounds that show the same behavior in
the chromatographic column must be removed as
much as possible [7].

Conventional techniques such as column chro-
matography and liquid-liquid extraction usually
require high amounts of solvent, are time-
consuming, tedious to apply, and expertise is
needed. Therefore, new approaches have been
investigated to simplify the extraction and clean-
up procedures. A number of clean-up columns
have been developed that are used after the con-
ventional extraction step. These procedures make
use of different principles (immunoaffinity col-
umns, solid phase extraction, ion exchangers, and
others), but all have in common that they are
commercially available and are easy to use. They
have the additional advantages that less solvent is
required and sample preparation can be speeded
up considerably. The immunoaffinity columns
(TACs) reveal high selectivity, as only the analyte
is retained on the column and can then be eluted
easily after a rinsing step in order to remove

strains; lanes 510, F. proliferatum isolates; lane 11, non-
toxigenic F. verticillioides isolate

interfering components. Clean-up procedures are
used for the removal of interfering compounds
such as lipids, carbohydrates, and proteins [23].
IACs for clean-up purposes have become
increasingly popular in recent years because they
offer high selectivity. IACs are easy to use, and
their application for purification of samples that
are contaminated with several mycotoxins has
already been well investigated. Because myco-
toxins are low weight molecules, they are only
immunogenic if they are bound to a protein car-
rier. If this problem is overcome, specific anti-
bodies can be produced and bound to an agarose,
sepharose, or dextran carrier. The mycotoxin
molecules bind selectively to the antibodies
after a preconditioning step, and subsequent to a
washing step the toxin can be eluted with a sol-
vent, causing antibody denaturation. Interfering
substances do not interact and the column is
therefore washed to remove the matrix [24].

Thin-Layer Chromatography

TLC was a very popular technique to separate
and detect mycotoxins. TLC is the most com-
monly utilized test because more than one myco-
toxin can be detected from each test sample. TLC
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is based on the separation of compounds by their
migration on a specific matrix with a specific sol-
vent. The distance that a compound will travel is
a unique identifier for specific compounds and a
retention factor (R,) has been determined for most
mycotoxins. As with any detection system, a pos-
itive control containing purified mycotoxins must
be run in parallel to ensure accuracy. For myco-
toxin assays, silica gel TLC, with both precoated
and self-coated plates, can be used. Detection
and identification procedures have been
specifically developed for each single mycotoxin,
making use of molecular properties or reactions
with spray reagents [25].

High-Performance Liquid
Chromatography

HPLC or high-pressure liquid chromatography
became available for the analysis of foodstuffs in
the early seventies and gained importance in the
determination of mycotoxins, particularly when
several types of column packings and detectors
became available. HPLC is the method of choice
because it offers the advantages of good resolu-
tion, high degree of precision, reproducibility,
and sensitivity. HPLC methods are mainly used
for the final separation of matrix components and
detection of the analyte of interest. Nowadays,
HPLC methods are widespread, because of their
superior performance and reliability compared
with TLC. HPLC methods have been developed
for almost all major mycotoxins in cereals and
other agricultural commodities. Reversed phase
(RP) chromatography is most commonly used
for the determination of mycotoxins in agricul-
tural samples—for example, a C, or C,; hydro-
carbon phase with mixtures of polar solvents
(e.g., water: methanol or water:acetonitrile com-
binations). Detection is mainly performed using
diode array detection; alternatively, fluorescence
detection (FLD), which utilizes the emission of
light from molecules that have been excited to
higher energy levels by absorption of electro-
magnetic radiation, is employed. FLD features
superior sensitivity, although frequently derivati-
zation of the analyte has to be performed in order

to make the detection possible at all or enhance
the sensitivity even further [26]. A short sum-
mary for the determination of the common toxins
of Aspergillus and Fusarium spp. by chromato-
graphic method is presented in the following
section.

Detection of Aflatoxin by Thin-Layer
Chromatography

A number of methods have been developed for
the determination of aflatoxins by TLC. Silica
plates are most commonly in use, with a number
of solvent systems based on chloroform and small
amounts of methanol or acetone. However, a shift
can be observed to less toxic and more environ-
mentally friendly mixtures (e.g., toluene/ethylac-
etate or acetone/isopropanol).

Extraction and Clean-up

Place 50 g of finely ground sample in a wide-mouth
polypropylene screw-cap bottle with 100 mL of
chloroform and water mixture (1:1) and place on
a wrist-action shaker for 30 min. Allow the con-
tents to settle, and a 10- to 25-mL aliquot of the
solvent extract is filtered through four layers of
Whatman filter paper. Dry the organic layer by
rotary evaporator and reconstitute the compound
in 3—4 mL of methanol. Load onto a precondi-
tioned C18 clean-up column. Wash the column
with 5 mL of phosphate buffered saline and then
elute with chloroform-methanol (97:3) mixture.
Eluants are allowed to dry for a few minutes and
re-dissolved in suitable solvents for TLC analy-
sis, as recommended by the supplier.

Thin-Layer Chromatography

Spot the sample (0.5-2 mL) by using a capillary

tube on TLC plate. The spot should be as small

and compact as possible, with a distance of

1-2 cm from the edges of the plate and between

the spots.

1. Place TLC plate in chromatography chamber
and run until solvent front is 2-3 cm from top
of the plate (approximately 30-45 min).

2. Developing solvent: 80% benzene or toluene,
15% methanol, 5% acetic acid.
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Table 5.2 R_values and visible color of aflatoxin

R, value Color
Mycotoxin Solvent system(B:M:A)  Visible light
Aflatoxin B1 0.14 Yellow
Aflatoxin B2 0.20
Aflatoxin G1 ~ 0.23

Table 5.3 R, value and visible color of Ochratoxin A

R, value Color
Mycotoxin Solvent system (TEF)  Visible light
Ochratoxin A 0.55 Yellow

3. Observe the TLC plate under UV scanner at
256 nm compared with standard toxin. Toxins
were visualized in visible or ultraviolet light,
before and after the plate was sprayed with
freshly prepared mixture of 0.5 mL of p-anis-
aldehyde in 85 mL of methanol containing
10 mL of glacial acetic acid and 5 mL of con-
centrated sulfuric acid and then heated at
130°C for 10 min. The 5- to 10-min heating
time was better for fluorescence development
(Table 5.2).

Detection of Ochratoxin by Thin-Layer
Chromatography

OTA detection by TLC can be performed by spot-

ting samples and spikes onto a SG-60 plate and

development with a mixture of toluene/methanol/
acetic acid or toluene/ethyl acetate/formic acid.

Under long-wavelength UV light OTA will

appear blue—green at a retention value of 0.55.

1. Extraction and clean-up: As mentioned
above.

2. Spot the sample (0.5-2 mL) by using a capil-
lary tube on TLC plate. The spot should be as
small and compact as possible with a distance
of 1-2 cm from the edges of the plate and
between the spots.

3. Developing solvent: 90% toluene, ethyl ace-
tate, formic acid (5:4:1, v/v/v)

4. Observe the TLC plate under UV scanner at
256 nm compared with standard toxin.
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Color after spray treatment

UV light

Long wave Short wave  Long-wave ultraviolet light

Green Faint green  Blue

Blue Faint blue Pink

Blue Faint blue Pink

Color after spray treatment

UV light
Long wave  Short wave  Long-wave ultraviolet light
Green Green Faint blue

5. Observation: Toxins were visualized in visible
or ultraviolet light, before and after the plate
was sprayed with a freshly prepared mixture
of 0.5 mL of p-anisaldehyde/silver chloride in
85 mL of methanol containing 10 mL of gla-
cial acetic acid and 5 mL of concentrated sul-
furic acid and then heated at 130°C for 10 min.
The 5- to 10-min heating time was better for
fluorescence development (Table 5.3).

Detection of DON by Thin-Layer
Chromatography

TLC is still common, and with the introduction
of high-performance TLC (HPTLC) and scan-
ning instruments, separation efficiency and preci-
sion have increased. Reagents (e.g., sulfuric acid
or para-anisaldehyde) are necessary to visualize
the only short wavelength absorbing DON.
Other spray reagents include 4-para-nitrobenzyl-
pyridine or nicotinamide in combination with
2-acetyl-pyridine) or AICL,, which is the most
useful visualization reagent for DON. Typical
detection limits by TLC are in the range of

20-300 ng/g.

1. Extraction and clean-up: 50 g of finely ground
sample were placed in a wide-mouth polypro-
pylene screw-cap bottle with 100 mL of a
methanol-water mixture (1:1) and placed on a
wrist-action shaker for 30 min.

2. The contents were allowed to settle, and a 10- to
25-mL aliquot of the solvent extract was
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Table 5.4 R_value and visible color of DON

R, value Color
Mycotoxin Solvent system (CMW) Visible light
Deoxynivalenol 0.45 Yellow

filtered through Whatman 4 filter paper and
extracted with 25 mL of ethyl acetate.

3. Ethyl acetate was completely evaporated by
rotary evaporation and the pellet resuspended
in 3 to 4 mL of acetone—water (1:1).

4. Extracts were passed through preconditioned
C18 column, and elutes were dried and recon-
stituted with 1 mL of a methanol-water mix-
ture (1:1).

5. These extracts were used for TLC analysis.

6. Thin-layer chromatography: Spot the sample
(0.5-2 mL) by using a capillary tube on TLC
plate. The spot should be as small and compact
as possible, with a distance of 1-2 cm from
the edges of the plate and between the spots.

7. Place TLC plate in chromatography chamber
and run until solvent front is 2-3 cm from top
of plate (approximately 30—45 min).

8. Developing solvent: chloroform: methanol:
water (9:1:0.2).

9. Observe the TLC plate under UV scanner at
256 nm compare with standard toxin. Toxins
were visualized in ultraviolet, before and after
the plate was sprayed with a freshly prepared
mixture of 0.5 mL of p-anisaldehyde/silver
chloride in 85 mL of methanol and then heated
at 130°C for 20 min (Table 5.4).

Detection of Fumonisins by Thin-Layer
Chromatography [27]

TLC is the simplest and most frequent screening
method used for detection of fumonisins, but like
all other methods, extraction and clean-up make
a major contribution to accuracy and precision of
obtained data. Derivatization is necessary before
fluorescent detection can be performed, because
fumonisins do not contain a chromophore to
exhibit radiation. Reversed phase TLC (on C,q

85
Color after spray treatment
UV light Long-wave
Long wave Short wave Visible light ultraviolet light
Brown Brown Brown Brick red

modified silica plates) has also been employed

with acidic vanillin or fluorescamine/sodium

borate buffer as a spray reagent.

1. Extraction and clean-up: 50 g of finely ground
sample were placed in a wide-mouth poly-
propylene screw-cap bottle with 100 mL
acetonitrile: water (1:1) and placed on a wrist-
action shaker for 30 min.

2. The contents were allowed to settle, and a 10-
to 25-mL aliquot of the solvent extract was
decanted and filtered using Whatman 4 paper.

3. A C18 clean-up column was preconditioned
with 5 mL of methanol followed by 5 mL of 1%
aqueous potassium chloride (KCl). Two mil-
liliters of the filtrate was combined with 5 mL
1% aqueous KCI and applied to the column.

4. The column was washed with 5 mL 1% aque-
ous KCI followed by 2 mL acetonitrile: 1%
aqueous KCIl (1:9), and the eluants were
discarded.

5. The fumonisins were eluted with 4 mL ace-
tonitrile: water (7:3), and the column eluant
was evaporated to dryness under a stream of
air on a heating module for TLC analysis.

6. Thin-layer chromatography: The sample resi-
due was dissolved in 100 uL acetonitrile:
water (1:1).

7. 10 pL was spotted on a C,; TLC plate along
with 10-puL fumonisins standards (5, 10, and
100 ppm) dissolved in acetonitrile: water (1:1).

8. Observation: The TLC plate was developed in
methanol: 1% aqueous KCI (3:2), air dried,
and sprayed with 0.1 M sodium borate buffer
(pH 8-9) followed by fluorescamine (0.4 mg/
mL in acetonitrile). After 1 min, the plate was
sprayed with 0.01 M boric acid: acetonitrile
(40:60). The plate was then air dried at room
temperature and examined under long-wave
UV light. Fumonisin levels were estimated by
visual comparison with standards (Table 5.5).
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Table 5.5 Rf value and visible color of fumonisins

Color after spray

R, value treatment
Solvent system  Long-wave ultraviolet
Mycotoxin  (M:Kcl) light
Fumonisins 0.5 (FB1) Bright yellowish-green
0.1 (FB2) fluorescent bands

Detection of Aflatoxins
by High-Performance Liquid
Chromatography

1.

Instrument: Liquid chromatography methods
for the determination of aflatoxins in foods
by reversed-phase HPLC (Hitachi F-4500).
The emitted light is detected at 435 nm after
excitation at 365 nm. Stationary phases for
HPLC usually include C , material, with mobile
phases being mixtures of water, methanol, or
acetonitrile. A fluorescence detector and a suit-
able data system are required to provide sensi-
tive and specific detection and quantification
of aflatoxins.

. Solvents: All solvents shall be of HPLC grade,

and all reagents should be analytical grade.

. Extraction: A ground sample (20 g) is extracted

with a methanol-water (7:3) mixture (80 mL).
Corn and wheat samples will be kept in a
vibrating shaker for 15-30 min. Extracts are
filtered immediately after extraction through
filter paper. After filtration the sample is evap-
orated to dryness at 40°C in a rotary
evaporator.

. Clean-up by IAC: The use of IACs is now well

established in aflatoxin  determination.
MycoSep® (Romer Labs, Union, MO) col-
umns, which remove matrix components
efficiently and can produce a purified extract
within a very short time, are also available.
Conventional clean-up with silica columns
has also been reported [16].

. Standard preparation: Aflatoxin B1, B2, GI,

and G2 standard can be purchased from pri-
vate companies (Sigma-Aldrich, USA). Each
of aflatoxins was diluted in methanol to 1 mg/
mL solution of G2, 1 mg/mL of B2 10 mg/mL
of G1, and 10 mg/mL of B1. 100 pL aliquot of
each aflatoxin solution was then combined in

1. Instruments:
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a 2-mL glass vial and mixed well. This mixture
was further diluted in series to 100,000 folds
in water: methanol (7:3 v/v) and used as the
standard solution.

. Chromatography conditions: Column: Hypersil

GOLD®, 3 um, 100x2.1 mm; Flow Rate:
800 pL/min Aex: 365 nm Aem: 455 nm; Mobile
Phase: Water: Methanol (7:3 v/v) (isocratic
elution); Column Temperature: 40°C; Injection
Volume: 10 pL of the prepared standard solu-
tion; Analytes: aflatoxin B1 and aflatoxin B2.
The instruments will be controlled and the data
analyzed using the suitable data system. No
step changes of the excitation and emission
wavelengths will be used during the run.

. Observation: Aflatoxins fluoresce strongly on

illumination with 365-nm ultraviolet light.
Figure shows the fluorescence chromatogram
of the two common aflatoxins with an excita-
tion wavelength of 365 nm and an emission
wavelength of 435 nm.

Detection of Ochratoxins by High-
Performance Liquid Chromatography

The liquid chromatograph
equipped with quaternary pump, autoinjector
with a stainless steel reverse phase
150 x4.6 mm, 3-mm particle size C18 Supelco
HPLC column (Supelco, USA). A fluorescence
detector and a suitable data system are required
to provide sensitive and specific detection and
quantification of ochratoxins derivatized with
OPA/mercaptoethanol.

. Solvents: All solvents shall be of HPLC grade,

and all reagents should be analytical grade.

. Extraction: Sample extraction is generally

performed with a mixture of water and organic
solvents depending on the type of matrix. An
IUPAC/AOAC method for the determination
of OTA in barley uses a mixture of CHCI, and
H,PO, [28]; for green coffee, CHCI3 is only
employed [29]. For determination in wheat, a
number of extraction solvents are used, includ-
ing mixtures of toluene/HCl/MgClz, CHCI3/
ethanol/acetic acid, and dichloromethane/
H,PO,.
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4. Clean-up by IAC: The use of IACs is now
well established in ochratoxin determination.
The extract is forced through the column, and
ochratoxins are bound to the antibody. Five
milliliters of the final extract, corresponding
to 5% (v/v) of the original material, was placed
into the IAC. The sample was allowed to pass
though the column at a flow rate of 2-3 mL/
min. Slowly elute the bound ochratoxin from
the column using 1.5 mL of desorption solu-
tion; allow this to pass through the column by
gravity and collect in a sample vial.

5. Standard preparation: Ochratoxin will be pur-
chased from private companies (Sigma-
Aldrich, USA). Ochratoxin was diluted 50 pg/
mL in benzene: acetic acid (99:1). 50 pL ali-
quot of each solution was then combined in a
2-mL glass vial and mixed well. This mixture
was further diluted in series to 100,000 folds
in acetonitrile: water (7:3 v/v) used as the
standard solution.

6. Chromatography conditions: Reversed phase
HPLC approach with a C, column [21].
Flow Rate: 800 uL/min Aex: 365 nm Aem:
455 nm; and an acidic buffer (acetic acid) in
an acetonitrile/water mixture as a mobile
phase. Column Temperature: 40°C; Injection
Volume: 10 pL of the prepared standard
solution; Analytes: Ochratoxin A.

7. The instruments will be controlled and the
data analyzed using the suitable data system.
No step changes of the excitation and emis-
sion wavelengths will be used during the run.

8. Observation: Quantify the ochratoxin A con-
centration by comparing the sample peak area
to that of a standard.

Detection of Deoxynivalenol by High-
Performance Liquid Chromatography

1. Instruments: The liquid chromatograph
equipped with quaternary pump, autoinjector,
and UV detector was used with a stainless
steel reverse phase 150 x4.6 mm, 3 mm parti-
cle size C18 Supelco HPLC column.

2. Solvents: All solvents shall be of HPLC grade,
and all reagents should be analytical grade.

3.

Extraction: Place 10 g of the ground sample
into the ultraturax and then add 40 mL of dis-
tilled water and 2 g of polyethylene glycol.
The mixture is stirred for 1 min. The extract is
filtered through a fluted filter and then through
a microfiber filter.

. Clean-up by immunoaffinity chromatography:

Place 1 mL of the final extract into the IAC.
Use 10 mL of redistilled water for column
washing. The elution of DON is conducted
with 1 mL of methanol. The elution solvent is
removed by a gentle stream of nitrogen and
re-dissolved in 300 pL. mobile phase.

. Standard preparation: DON purchased from pri-

vate companies (Sigma-Aldrich) is diluted to
200 pg/mL in ethyl acetate: methanol (95:5).
50 pL. Aliquot of the solution is then combined
in a 2 mL glass vial and mixed well. Serially
dilute this mixture to 1,000 folds in methanol:
water (7:3 v/v) used as the standard for HPLC.

. Chromatography condition: Samples of 50 pL

are injected into the HPLC column and heated
to 30°C. The used mobile phase consisted of a
methanol: water solution (8:2 v/v). The flow
rate is of 0.6 mL/min. Deoxynivalenol is
determined at a wavelength of 218 nm by
using UV detector.

. Observation: Quantify the deoxynivalenol

concentration by comparing the sample peak
area to that of a standard.

Detection of Fumonisins by High-
Performance Liquid Chromatography

1.

Instrument: HPLC system consisting of an
isocratic pump capable of a flow rate of 1 mL/
min and a suitable injector capable of 10 puL
injections. Columns containing C - or C,-
modified silica packing material of 3- to 5-mm
particle size. A fluorescence detector and a
suitable data system are required to provide
sensitive and  specific  detection and
quantification of fumonisins derivatized with
OPA/mercaptoethanol.

. Solvents: All solvents will be used of HPLC

grade and all regents should be analytical
grade.



88

3. Extraction: Place finely ground sample (25 g)
into a container suitable for centrifuging (250-
mL polypropylene centrifuge bottle). Add
100 mL extraction solvent (methanol-water,
3:1) and homogenize the contents for 3 min.
Centrifuge the container at 10,000 rpm for
10 min at 4°C. Filter the supernatant through a
Whatman 4 filter paper.

4. Solid phase extraction (SPE) cartridges:
Sample extracts are generally cleaned up on
SPE columns containing strong anion
exchange material. For optimal simultaneous
handling of cartridges, the use of a commer-
cial SPE manifold is recommended.

5. Standard preparation: Fumonisin standards
are prepared in acetonitrile: water (1:1) and
stored at 4°C. Stock solutions of individual
fumonisins standards of concentration 250 pg/
mL are used, from which a working standard
is prepared containing 50 pg/mL of each ana-
log. Derivatize standards by mixing 25 uL
working standard with 225 ulL OPA reagent at
the base of a small test tube. Inject 10 pL into
the HPLC using a standardized time of
1-2 min between the addition of OPA reagent
and injection.

6. Chromatography conditions: The HPLC
mobile phase is a mixture of methanol and
0.1 M sodium dihydrogen phosphate in water.
For most reversed-phase columns, a solvent
composition of 75% to 80% methanol will be
required. The pH of the mixture is adjusted to
3.35 with o-phosphoric acid and filtered
through a 0.45-mm membrane filter.

7. OPA reagent: OPA reagent for derivatizing the
fumonisins is prepared by dissolving 40 mg
OPA in 1 mL of methanol and diluting with
5 mL of 0.1 M disodium tetraborate.

8. Observation: Quantify the fumonisins’ con-
centration by comparing the sample peak area
to that of a standard.

Summary
Many agricultural commodities are vulnerable to

attack by fungi that produce mycotoxins.
Detection of mycotoxins and toxin-producing
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fungi from food and feeds are very essential. In
the present chapter we discussed available tech-
niques for detection and quantification of major
mycotoxigenic fungi and their toxins from agri-
cultural produce. The standard methods varied
from lab to lab and toxin to toxin and also from
commodity to commodity. International agencies
such as International Union of Pure and Applied
Chemistry (IUPAC), Association of Official
Analytical Chemists (AOAC), and The European
Mycotoxin Awareness Network have developed
their own methodologies for detection of myco-
toxins from different food matrices. In conclu-
sion, a broad range of techniques for practical
analysis and detection of a wide spectrum of
mycotoxins are available. This chapter presented
some recent developments in scientific and tech-
nological basis analytical methods that offer
flexible and broad-based methods for analysis of
toxins and toxigenic fungi.

Notes

DNA Extraction and Polymerase Chain
Reaction Conditions

1. Make use of suitable microbiological aseptic
technique when working with DNA. Wear
gloves to prevent nuclease contamination
from the surface of the skin. Use sterile, dis-
posable plasticware and automatic, aerosol-
resistant pipettes reserved for DNA work.

2. Wipe pipettes with Dnase-removal solutions
when transitioning between handling crude
extracts to handling more purified material.

3. Equilibrated phenol can typically be pur-
chased  from  commercial  sources.
Alternatively, you can equilibrate it yourself.
There are also commercial sources of phenol
and chloroform mixed together and equili-
brated. The pH is important because chromo-
somal DNA will end up in the phenol phase
if the pH is acid (around pH 5).

4. Phenol and chloroform should be used in a
hood. Phenol is a dangerous substance that
will burn you if it gets on your skin. Always
wear gloves and be careful. A solution of
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PEG 400 is recommended for first aid. Phenol
is both a systemic and local toxic agent.

. DNA should be kept frozen in a non-frost-

free freezer. DNA should not be allowed to
defrost between uses, as this will break long
molecules.

. Make a PCR master mix for 50 pL reaction

containing DNA and PCR ingredients. After
setting up the reaction, specific reaction con-
ditions can be used for proper amplification
oftarget genes. After successful amplification,
the PCR amplicons can be stained with
ethidium bromide-containing agarose gel
and bands can be visualized under UV.

Mycotoxin Analysis

7.

10.

11.

A laboratory or part of a laboratory should be
reserved for mycotoxin analysis only and the
work confined to that area. The bench top
should be of a nonabsorbent material, such
as formica, forexample (Whatman Benchkote
can also be used, but it must be removed and
destroyed after use), and should be screened
from direct sunlight.

. Analyses should be performed in a well-ven-

tilated laboratory, preferably under an
efficient extraction hood, and fume cupboard
facilities should be available.

. Many of the solvents used are highly

flammable and have low flash points. Bunsen
burners, electric fires, and sparking appara-
tus such as centrifuges should not be used in
the same laboratory. The amount of
flammable solvents in the laboratory should
be kept to a minimum and stored in a fire-
resistant cupboard or bin.

Swab accidental spills of toxin with 1%
NaOClI bleach, leave 10 min, and then add
5% aqueous acetone. Rinse all glassware
exposed to aflatoxins with methanol, add 1%
NaOClI solution, and after 2 h add acetone to
5% of the total volume. Allow a 30-min reac-
tion and wash thoroughly.

Weighing and transferring mycotoxins in dry
form should be avoided; they should be dis-
solved in a solvent. The electrostatic nature

12.

13.

14.
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of a number of the mycotoxins in dry form
results in a tendency for them to be easily
dispersed in the working area and to be
attracted to exposed skin and clothes.
Containers of mycotoxin standard solutions
should be tightly capped, and their weights
may be recorded for future reference before
wrapping them in foil and storing them in a
freezer.

During the grinding and weighing of samples,
there is arisk of absorbing toxin either through
the skin or by the inhalation of dust. There is
also the risk of developing allergic reactions
due to spores and organic material. These
risks should be minimized by working under
an extraction hood, by good hygiene, and by
wearing protective clothing and masks.
Glassware and TLC plates should be decon-
taminated by soaking for 2 h in a 1% sodium
hypochlorite solution. After this time an
amount of acetone equal to 5% of the total
volume of the bleach bath should be added,
and the glassware soaked for an additional
30 min. Spraying of TLC plates must be car-
ried out in an efficient fume cupboard or
spray cabinet. Always ensure that this equip-
ment is working before commencing use.
When viewing chromatograms under UV
light the eyes should be protected by UV
filter or by wearing protective spectacles.
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Identification Key for the Major
Growth Forms of Lichenized Fungi

Jeyabalan Sangeetha and Devarajan Thangadurai

Abstract

Lichens are classified as cup fungi, mainly under the phylum of Ascomycota
and rarely as Basidiomycota. The body of the lichen is called a thallus, in
which the mycobionts and photobionts are stratified in separate layers.
Based on their characteristics and thalli, lichens are classified into four
main groups. This chapter consists of a pair of parallel and opposing state-
ments that can be compared and will help to identify several genera of
foliose, fruticose, crustose, and squamulose lichens.

Keywords

Lichenized fungi * Foliose * Fruticose ¢ Crustose ® Squamulose

Identification keys

Introduction

Kingdom Fungi comprises seven major phyla,
such as Ascomycota, Basidiomycota, Blastocl-
adiomycota, Chytridiomycota, Glomeromycota,
Microsporidia, and  Neocallimastigomycota
[1-3]. The total number of fungi is estimated at
700,000 to 1.5 million species. Members of
Ascomycota are commonly known as sac fungi.
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They are the largest phylum of fungi, containing
about 32,000 named species. The fungal symbi-
onts in the majority of lichens belong to the
Ascomycota phylum, and a few belong to
Basidiomycota. Among the identified fungal spe-
cies, about 17,500 lichens are recorded [4-7].
The number of undescribed species of lichenized
fungi has been estimated at roughly 10,000.
These fungi form meiotic spores called
ascospores, which are enclosed in a special sac-
like structure called an ascus. However, some
members of Ascomycota do not reproduce sexu-
ally and do not form asci or ascospores. These
members are assigned to Ascomycota based upon
morphological or physiological similarities to
ascus-bearing taxa and, in particular, by phyloge-
netic comparisons of DNA sequences [8—11]. In
addition to lichens, this phylum includes morels
(e.g., Morchella deliciosa, M. elata), a few
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mushrooms and truffles, single-celled yeasts, and
many filamentous fungi living as saprotrophs,
parasites, and mutualistic symbionts [12—15].
Structurally, lichens are the strangest of all
forms of fungi and are dual organisms formed by
a symbiotic relationship of a fungus (mycobiont)
with an algae or cyanobacterium (photobiont)
[16,17]. Some factors, like substratum chemistry,
stability, and longevity, and light and moisture
availability, are affecting the presence and abun-
dance of lichens. Some substrata that support
lichen growth include rock surface, woody plant
bark, wood, soil, microhabitats, and broad ever-
green leaves in the humid tropics [3,18]. Lichens
appear in a variety of colors, like white, grey,
brown, orange, brilliant red, or yellow [19-21].
Lichen morphology is quite different from that of
other fungi [22,23]. Each lichen thallus has a
complete microscopic feature with unique char-
acteristics [17]. From an ecological perspective,
lichen may be even more complex than free-living
bacteria and nonsymbiotic fungi. Longevity and
considerable environmental stress tolerance seem
to be the major features shared by all ascomycetes
[24]. The basic lichen body is called a thallus, and
it consists of fungal hyphae that are organized
into various tissues and thread-like fungal cells.
Lichens consist of four layers: the top surface,
which is a layer of tightly packed thallus called
upper cortex; an algal layer, where the photobi-
onts lives; the medulla, which is bound with loose
hyphae; and another protective covering, the
lower cortex [25,26]. In lichen, the algae and the
fungi can reproduce individually but to form rec-
ognizable lichen, viable fungal spores have to
unite with the appropriate algal spores to form
new lichen. The surface of the lichen has three
important structures: fruiting body, vegetative
powdery, and hard-bodied peg-like stalk [27,28].
The detection and identification of lichens are
based on the conventional method of observation
of physical characteristics of spores, hyphae,
arrangement thallus, life cycle, and relationship
with the host cell. An identification key can be
prepared for each genus by using these observa-
tions. Normally, an identification key is a printed
or computer-aided document that provides the
details of the lichen and helps in the identification.
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An identification key is a single-access key, and it
will work with fixed sequence of identification
steps, each with multiple alternatives, the choice
of which determines the next step. Some lichens
can be identified with a few notes, and others
may require more notes for identification. This
key will assist the investigator in identifying an
unknown specimen to its genus. The amount of
information presented in the key limits the effec-
tiveness of the key. Hence, the key should be as
comprehensive as possible; inclusion of too much
information in a single point makes the key
difficult to follow. The keys are organized in
groups of options in the middle column, and these
are numbered in ascending order in the left-hand
column (1a, 1b, 2a, 2b, etc.). Having first decided
which key to use, start at the top and choose the
most appropriate option to describe the specimen
in question (e.g., la or 1b). Description of the
option will lead to either a possible solution in
the form of a name or the number of a further
option, which will be in the right-hand column.
Moving down with the key to the number indi-
cated earlier once again offers either a possible
solution or a further pair of options to choose and
so on until the search ends with no further options
offered [26,29]. The identification obtained from
a key should be viewed as only a suggestion of
the specimen’s real identity. Full identification
requires comparison of the specimen with some
authoritative source and further well-developed
molecular techniques [30].

This chapter has two primary objectives. The
first is to provide protocol for the collection and
isolation of lichenized fungi. The second is to
provide comprehensive identification keys to the
main growth forms of lichens.

Materials

1. Autoclave

2. Incubator

3. Laminar air flow chamber
4. Centrifuge

5. Dissecting microscope

6. Compound microscope

7. Inverted microscope
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8. Microscopic slide

9. Distilled water

10. Petroleum jelly

11. Ethanol

12. 4 % distilled water agar medium: agar, 4 g;
distilled water, 100 mL

13. Malt/yeast extract medium (MY medium):
malt extract, 20 g; yeast extract, 2 g; agar,
20 g; distilled water, 1,000 mL

14. Lilly and Barnett’s medium (LB medium):
glucose, 10 g; asparagine, 2.0 g; KH,PO,,
1.0 g; MgSO,-7H,0, 0.5 g; Fe(N03)3~9H20,
0.2 mg; ZnSO4-7H20, 0.2 mg; MnSO4-4HZO,
0.1 mg; thiamine, 0.1 mg; biotin, 5 ng; dis-
tilled water, 1,000 mL

15. Lactophenol cotton blue

Methods

Lichens can be isolated from ascospores, conidia,
isidia, soredia, and thallus fragments. Lichens
show maximum growth at 15-20 °C under the
pH of 5-6. Lichens can be cryopreserved so that
they remain viable for extended periods of time
[16,17,31]. Spot tests (see Note 1) can be done
with sodium hypochlorite (C), potassium hydrox-
ide (K), potassium iodide (I), or paraphenylene-
diamine (P) to identify the color reaction of lichen
substances (see Note 2). For laboratory cultures
the most useful methods are isolating lichens
from discharged spores and thallus fragments.
When mycobionts cannot be isolated from the
spores, other parts like conidia, isidia, and sore-
dia may be applicable for isolation [10,26,32].

Spore Discharge Method

1. Collect thalli from the field and clean it (see
Note 3).

2. Remove the apothecia or perithecia from the
thallus.

3. Place it into the dishes containing distilled
water and wash it.

4. Blot dry to remove excess water.

5. Fix these structures to the bottom of a Petri
dish with petroleum jelly.

6. Pour 4 % water agar medium on the lid of the
Petri dish and allow it to solidify (see Note 4).

7. Replace the top cover of the Petri dish with
new covers containing freshwater agar
medium.

8. Observe spores discharged onto the water
agar medium under inverted microscope.

9. Keep discharged spores on a sterile glass
slide containing medium.

10. Keep the slides in a Petri dish in humid
conditions.

11. Observe continuously for the germination of
spores and mycelia growth, using lactophe-
nol cotton blue stain under microscope (see
Note 5).

12. After germination, excise small blocks of the
agar containing spores and transfer to the
culture tubes or Petri dishes containing MY
medium and LB medium.

13. Note all measurements and match with the
lichen identification key for the identification
of the isolated lichen.

Isolation of Mycobionts from Thallus

1. Using sterilized cutter or blade, cut pieces
from a fresh thallus.

2. Store in small test tubes containing water or
on wet filter paper at 15 °C. After 2 weeks a
new medullary hyphae will be elongated.

3. Excise a portion of the newly elongated
hyphae and transfer to a test tube containing
fresh culture medium (MY medium or LB
medium).

4. Prepare sufficient number of replicates for
confirmation.

5. Identify the isolated lichen with the list of
lichen identification keys.

Key for the Identification of Lichenized
Fungi

Based on the growth forms, lichens are grouped
into four main categories: foliose, fruticose, crus-
tose, and squamulose. Basic growth forms used
for identification of lichen specimens are thallus
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adenation or attachment to the substrate, lobe
width, color, soredia, isidia, cilia, ahizines, tomen-
tum, veins, and pores. Pairs of keys are constructed
based on the contrast characters. Each key is fol-
lowed until one reaches a match for the description
of the specimen. Keys to the major growth forms
are as follows [20,25,26,28,33-36]:

1. Foliose Lichens. Thallus foliose, leaf-like with
branching lobes, adnate to suberect or umbili-
cate with a central umbilicus below; thalli are
flattened, having upper and lower cortex; the
lobes can be narrow or broad; rhizines present.

2. Fruticose Lichens. Thallus fruticose or
shrubby, richly divided, rounded or flattened
in cross section, decumbent or tufted to pen-
dulous, and attached at the base or free grow-
ing; thallus filamentous forming small tufts or
mats; no lower cortex and rhizines.

3. Crustose Lichens. Thallus crustose, closely
attached to the substrate and lacking a lower
cortex and rhines but sometimes with a lobed
margin; or thallus consisting of small crowded
squamulose.

4. Squamulose Lichens. Thallus horizontally
spreading, blister-like, squamulose; lacking
lower cortex and rhizines; the lower layer is
white; some lichens produce fruiting structure
called podetium, an erect, hollow stalk.

Identification Key to the Foliose Lichens

Certain lichens are leaf-like and composed of lobes
usually strap-shaped and live on leaves, sometimes
as parasites. These special leaf-living lichens are
known as foliose lichens. Foliose are loosely
attached to the substrate and have an upper and
lower cortex. Foliose lichens grow slowly on cul-
ture medium. The identification keys for the foliose
lichens are listed in Table 6.1 [16,22,35,37-45].

Identification Key
to the Fruticose Lichens

Fruticose lichens are mostly three-dimensional.
Most are branched, the thallus is attached to the
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substratum at one point, and the remaining major
portion is either growing erect or hanging. Thalli
may be pendulous strands or hollow, upright
stalks. Presence of soredia and isidia is also
important for identification. The key for the
identification of fruticose lichens is listed in
Table 6.2 [16,25,35,38-40,43,45,46].

Identification Key
to the Crustose Lichens

The thallus in crustose lichen is closely attached
to the substrate and may not be removed from it
without destruction of the substrate. The thallus
usually lacks lower cortex and rhizines. About
75 % of the lichens are crustose and found in ice-
free areas of the highest mountains. Compared to
other lichens, crustose lichens can grow faster on
culture medium. Crustose lichens can tolerate
extreme conditions, such as exposure to a rock
surface, and also demonstrate a clearly defined
growth type. Crustose lichens have two types of
fruiting body: open disc-shaped apothecia and
flask-shaped perithecia. These characters play
important roles in identification of crustose. The
identification key for the crustose lichens is given
in Table 6.3 [22,25,38,39,43,44,46-53].

Identification Key
to the Squamulose Lichens

Sometimes, crustose lichens develop blister-like
“squamules” where the areolae are enlarged in
their upper part and become partially free from
the substrate. Such lichens are known as squamu-
lose lichens. Here the lichen thallus is in the form
of minute lobes. Their form is similar to that of
crustose lichens in that they possess an upper cor-
tex but no lower cortex. The squamulose are often
developed in rock surfaces in hot and arid regions
of the world. A key for the identification of
squamulose lichens is listed in Table 6.4
[23,28,35,38,39,43,46,54-59].
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Table 6.1 Identification keys for foliose lichens

la
b
2a
b

3a
b
4a
b
Sa
b
6a
b
Ta
b
8a
b
9a
b
10a

11a

12a

13a

14a

15a

16a

17a

18a

19a

20a

21la

22a

23a

Thallus squamulose; photobiont CyanObACIETIUIN ..........c.eruirieiiiiiiieiiiieie ettt 2
Thallus gelatinous, homomerous, without arachnoid; photobiont Nostoc............................. .3
Photobiont cells arranged in chains; cortex more than one layer thick; hypothallus present............c.ccccc.... 11
Photobiont cells arranged in small groups; lacking a distinct hypothallus;

brown and SMOOth UPPET COTTEX.......euuiuiiiiiiiiiiiiitiite ittt ettt ettt s sa et ebe b 5
Thallus with pseudoparenchymatic cortex of one cell Jayer............ccccooviiiiiiiiiiiiiiiiie 4
Thallus with perithecia.........c..cocevverieniiieiniiniinenescee )
Thallus>0.5 mm thick; SPOTes SIMPLE......c.eeuiririiriiririiieiee ettt Physma
No thallospores and anthraqUINONES ...........ceeeueririirtirteieiet ettt ettt ettt ettt esesbesbesbesbe st et eteseeneeneeseene 7
Thallus attached by UMDILICUS .......c.ccuiiiiiiiiiiiiiii e Thyrea
Thallus 18idiate OF PAPIIALE.........ccuirveriiiiiiiiii ittt ettt ettt et ebe e 6
Thallus attached by UMDIIICUS ..........ccccoiiiiiiiiiiiiiic e 7
Thallus blackish, attaChed 0N TOCK . ........cooviiiiiiiiii ettt e et e e e e e e e e etaeeesennaeessenaneeesenneeeeennes 9
Thallus surface grey to brown or dark BIOWN.........cooiiiiiiiiiiiee e 8

Thallus green; apothecia lecanorine
Perithecia embedded in thallus, immersed in the thallus, producing simple,

Rhizoplaca

hyaline ascoSPOTIES .........ccoeiririiriirienieicieieieeeee e .... Dermatocarpon
Apothecia lecideoid; ascocarps absent; thallus dark coOlOr ..........ccccooiiiiiiiiiiiiiiiiiiice Umbilicaria
Thallus SUrface YEIIOW OF OTANZE.....c..c.veuteuiiiiriiriiriirtertet ettt ettt sttt ettt ebe st sbe st sa e bttt eas 10
Thallus surface dark brown or greenish grey or yellowish grey................. .15
Thallus surface yellow; K- negative; ascospores simple; apothecia absent ............cccoeceeerireniinenenienieneeenne. 11
Thallus surface orange; K +dark violet; ascospores polarilocular...............ccceuevieiiiiiiinininiinicneniciciceee, 13
Thallus loosely appressed, lobes rounded with concentric ridges, not gelatinous, photobiont

bluegreen algae; apothecia often with thalline Margin ............cceceeireririninenieieeeeeee e 59
Thallus lobes elongate, without concentric ridges; photobiont green algae............cccveeeeereierinienenienieiee. 12
Thallus soridiate, greyish yellow or bright yellow to greenish; K-; pigment mainly in cortex;

apothecia sessile; narrow lobes hardly >1 mm Wide .........cccovevinininiiiiiiiieeeee Candelaria
Thallus 10bes > 1 MM WIAE......c.eoveuiiiiiiiieiiieiiietcectce ettt ettt eb et snevenee 50
ASCOSPOTES DILOCUIAT.........evitiiiitiite ettt a ettt h ettt s e ese st ebe et e et e be b e b et eneenean 14
ASCOSPOTES tEITAlOCULAT ........iviiiiiieiieiicieit ettt ettt s ae s Teloschistes
Upper and lower cortex prosoplectenchymatic; with elongate lumina not wider than walls.......... Josefpoeltia
Upper cortex paraplectenchymatic; lower cortex prosoplectenchymatic...........cceevevervenuennnne Xanthomendoza
Lower side Smooth; With O WithOUE TRIZINES .......ooooveiiiiiiiie ettt e e e et e s eenaaeeeeareeeeenns
Lower side tomentose; with or without cortex, with or without thiZines...........cooovvvieieiiiieiiiieieeiee e
Upper surface of lobes with white; rounded or elongate pseudocyphellae ... .
Upper surface of lobes without pseudocyphellae ..............cccocviiiiiiiiiiiiiiiiiiicec e
Thallus yellowish to greenish grey; with usnic acid in the corteX...........ccoeevreineineivnennnee

Thallus whitish grey; with atranorin in the COTtEX ........c.iriiiiiiiiiririieer e
Pseudocyphellae with reticulate PAtteIn............coiiiiiriiriirieieieieee ettt sttt
Pseudocyphellae rounded; without reticulate Pattern...........ccccueiriiiiinininieieieieee e
Lobes ascending; > 1 cm wide; lower side black .........cccoeeieiiiiiiiiiinininiecicccceeeceee e

Lobes appressed to substrate; < 1 cm wide; lower side White.............ccoeiviiiiiiiiiiiincce,

Cilia present on the 10De MATINS. ......cc.eueiiiiirtiririteeet ettt ettt ettt sttt b et et eaeas
Cilia absent from the MATZINS .........couiitiiiieieet ettt ettt ebe et be bbb et e et eneeneas
Cilia With INflated DASE.........coiiiiiiiiiiiiici e
Cilia without inflated base ...........c.cceevvevievreiieiiniininenens

Upper side of thallus yellowish green; usnic acid Present..........c.eceevevererenenienienieieeeineneseseeseeeenee Relicina
Upper side of thallus whitish grey; atranorin Present...........coeveverierieieereeeneneneseseseeseeeeeeeeeeee Bulbothrix

Marginal rhizines or cilia white or grey, with perpendicular side branchlets; ascospores one-septate
Marginal rhizines or cilia black, unbranched; ascospores simple and colorless............ccceceririrenenienicneeenne.

(continued)
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Table 6.1 (continued)

24a
b
25a
b
26a
b
27a
b
28a
b
29a
b
30a
b
3la
b
32a

b
33a

34a

35a

36a

37a

38a

39a

40a

4la

42a

43a

44a

Rhizines one or more times dichotomously branched................ccccccoviiiiiiiiiiiiii 43
Rhizines unbranched............c.cooiiiiiiiiiiiccee e 25
Thallus lobes linear, with parallel margins, dichotomously branched.............ccccoeoiiiiinininininineccee, 26
Thallus lobes elongate or short and wide; irregularly branched.............ccooeviiiieiiiniiiiceeee 28
Lower side brown, without rhizines; terricolous lichen with upright lobes ......... .40
Lower side black; with rhizines; predominantly epiphytic with spreading lobes...............cccocoivniiininnne. 27
Lobes regularly dichotomously branched; apothecia concave when young.............ccccceceevviinne Everniastrum
Lobes irregularly branched; apothecia flat to CONVEX......cc.eoueieiiiiirinirireereeeeeeeeeeeee Cetrariastrum
Thallus <2 MM WIde; FAttENEM .......oouvviiiiiiiie ettt et e et e e e e e e e e eaaeeeesnaseeseeasseessraseeessnes 29
Thallus>5 MM Wide; ASCENAING ......ecutetieiiiriieiieiieieet ettt ettt ettt sbe et st e be et e satesbeesbesbeesesaeens 31
Cilia robust, tapering; upper surface White.............ccocccoviiiiiiiiiiiiiiie Canomaculina
Cilia slender, not tapering; UPPET SUITACE ICY ......coueruiruiruiriiiiieiieiiittrteete ettt ettt ettt sre e sa e 30
Medulla YEIIOW 0 OTANZE .....evveviriiiieieiieieeiteteet ettt sttt ettt et be st sae e ne Myelochroa
MEAUITA WHILE ...ttt ettt bttt et et ese s Parmelinopsis
Underside near lobe tips WithOuUt ThiZines...........ociiiiiriiriiiiieeie et 41

Underside rhizinate to the margin

Lobe tips appressed to substratum; rhizines with uniform length;
shorter towards the 10De tips .......c.ceeerierieririeieiiieereseeiee

Lobe tips ascending; rhizines with variable length; dimorphic

Underside near margin brown; with scattered rhizines of variable length ...........cc.cccccoviininincnenenn.
Underside near margin pale; with dense; short rhizines mixed with scattered longer ones......
RRGZINES ADSENE ...c.viiiiiiciiicicec ettt eae
RIRIZINES PIESEINL.......eeuiiiiitiitiet ettt b ettt b bbbt e bbb et et e st e st e st e bt e bt ebe st esbenbebensentennane
Thallus lobes hollow; with cavity between medulla and black loOWer COTteX ........ccevurerinirininienienieieieene
Thallus LODES COMPACL........c.eruiriiiiitiiiieieiet ettt ettt st ettt ae st sbesa et
Lobes with large pore; thallus with perforations on upper side; soralia laminal;

atranorin, sticitic and CONSTICIC ACTAS ....vvvvviieeieieeiiieie ettt e e et e e e e e e e saeeeeennneeesenaes Menegazzia
Lobes without large pores; thallus without perforations on upper side;

soralia terminal or SUDEIMINAL .........cc.couiiiiiiiiiiiii et Hypogymnia

Thallus lobes erect; attached near to the base; lower side near the tip often white; epiphytic
Thallus attached to the substrate; lower side black; epilithicC ...........ceceviriririiriieiiieeeeeee
Upper side yellowish or greenish grey, with usnic acid; ascospores hyaline, simple...................

Upper side pale to dark grey, without usnic acid; ascospores grey, 1-3-septate; widespread
Thallus K +yellow; cortex containing atranorin; apothecia with dark hypothecium;
thallus lobes elongate and laterally confluent....

Thallus K-; cortex lacking atranorin; apothecia with pale hypothecium;
thallus lobes not laterally confluent

.... Hyperphyscia

Thallus pale yellowish on both sides; lower side with pseudocyphellae; rhizines scarce..................... Cetraria
Thallus not pale yellowish on both sides; lower side without pseudocyphellae............cccccevviviiinincncienns 41
Rhizines absent in marginal zone, scarce and restricted to small patches;

thallus lobes Wide, > 10 MM WIAE .....eviiiieiiieiciiiee ettt ettt e e et e e e et e e e eeaaeeesaaeeeens Parmotrema
Rhizines present up to lobe margins, regularly spread all over the surface;

thallus lobes usually >2 mm wide, rather narrow and deeply dissected.........c..coevueiririneninenenenecieeees 42
Rhizines frequently dichotomously branched

Rhizines mOStly UNDIanChed. ...........couiiiiiiiiiiiie ettt sttt
Apothecia completely black, without grey thalline margin...........c.ccocoeeiiiiiiiiiiiininiicccee Pyxine
Apothecia with grey thalline Margin.............ccoceiiiiiiiiiiiiiiii s 44
Ascospores one-septate, grey to brown; thallus closely appressed to the substrate;

lower side WhitiSh OF DIACK .......c.euerieuiiiiiiiiiciricite ettt ettt sttt 45
Ascospores simple, hyaline; thallus mostly loosely appressed to the substrate;

lower side BIOWN t0 BIACK ......c.ocuiuiriiiiieiiiicice et 49

(continued)
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Table 6.1 (continued)
45a  Thallus ascendant; cortex prosoplectenchymatic, longitudinally arranged hyphae;
upper surface faintly longitudinally StIIALE ..........cecerieiriiueriiiinieirc et 84
b Thallus flattened; cortex paraplectenchymatic or prosoplectenchymatic;
hyphae not longitudinally arranged; upper surface not Striate............coceeevrueerieuirreerieenieeeneereeeeeneeeeeenen 46
46a  Apothecia with dark hypothecium; thallus closely appressed to substrate with adjoined lobes,
With dIVAriCatiC ACIA....c..e.iiuiiiiiiiiitiitcrt ettt sttt Dirinaria
b Apothecia with pale hypothecium; thallus less closely appressed to substrate and clearly foliose,
WithoUt dIVArICAtIC ACTA.....c.eiuiiiiiiiiiiiiicici ettt 47
47a  Upper surface pale grey, K+yellow; medulla White............cocoueuiuiiiiininiiiiiiiiiccccccecce Physcia
b Upper surface dark grey, K-negative; medulla orange to red............cccceeevevuvueieuereineninininierenecnns Phaeophyscia
48a  Thallus upper surface whitish grey, with atranorin; without usnic acid.........c.cccceevrerrrrerceeeierinnneiereccrenens 49
b Thallus upper surface yellowish grey to greenish grey; without atranorin; with usnic acid ...........cccoeevvnee 52
49a  Lower surface pale brown to brown; ascospores < 10 um long....
b Lower surface dark brown to black; ascospores>10 LM I0NZ ......c.ceririririererereriiirisiereereeesssseseseeessennes
50a  Thallus closely appressed tO TOCK ......c.covvuiirueirieiinieiirieicietetrtet ettt ettt sttt Paraparmelia
b Thallus loosely appressed to bark............ ... Pseudoparmelia
Sla  Pycnoconidia bifusiform, < 10 fm I0NE......c.ceeeiiiririeieieieeeiisieee et ssnnens Canoparmelia
b Pycnoconidia curved, > 10 M TONZ .....cooviieiieiiieiiiriiccicieieieie ettt Parmeliopsis
52a  Thallus lobes with rounded tips, > 2 mm wide, flat to concave; epiphytic;
TOWET SUITACE DIACK .....c.oiiiiiiiiiiciiitiiccc et Flavoparmelia
b Thallus lobes with slightly incised tips, 0.5-10 mm wide, flat to convex;
lower SUrface Pale DIOWI.......ccuvueuirueirieiiieiciicite ettt ettt Xanthoparmelia
53a  Lobes with tomentose or felty lower side; veins, rhizines or cilia present
b Lobes with naked, much longer than wide, smooth lower side; lacking long cilia;
underside pigmented; veins and rhizines absent, apothecia present; cilia present ..
54a  Thallus linear, lower side with thick tOMENLOSE JAYET .......cveveveririeriieiiietiieieeeeeee e
b Thallus irregularly lobed, lower side with thin or interrupted tomentose
layer or With felty IOWET SIAE ......c.coueuiriiiiiiiieieiiceeecce ettt 55
55a  Thalli with usually large, 10-30 mm wide lobes, ascending or loosely appressed;
PhOtODIONE ZIEEM AIZAC.......ccuiitiitititiiiietei ettt ettt et et eb et b et ss bttt 56
b Thallus lobes <5 mm wide, closely appressed; upper surface tomentose;
on lower side tomentum often restricted to marginal patches; Photobiont blue-green algae;
APOTNECIA PIESEIIL....euveuiiieiieiieti ettt ettt ettt h bbbttt et e st e b e bt eb et e bt eb et et et e e et eneeneas Erioderma
56a  Lower side pale brown tomentose, with large mottled spots; cyphellae
or pseudocyphellae present
b Lower side continuously tomentose or with larger delimited patches without tomentum;
cyphellae or pseudocyphellae abSent.............ccooiiiiiiiiiiiiiiiiiiiiii e 58
57a  Cyphellae present; white spots on lower side with prominent, raised margin.............c.cocoeueuecinininnnnnenee Sticta
b Pseudocyphellae present, yellow spots on lower side without raised margin ....................... Pseudocyphellaria
58a  Thallus larger not sharply delimited; lobes broad and rounded; veins absent;
pseudocyphellae absent in upper side; ePIPRYLIC. ......ccevuirieriiiiiiiiiiiieceee e Lobaria
b Thallus wider or narrower, vein-like raised bands on lower side, thallus bright green;
black cephalodia present on the SUITACE..........cc.eerieiriiiiiricinieieccc et Peltigera
59a  Apothecia on upper surface, Often abSENL...........c.ccerueirieerieuiririeirceneieret ettt Leioderma
b Apothecia present on lower side at the tip of IobUIES ........c.ceviiiiririiiniiiriciecce e Nephroma
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Table 6.2 Key for identification of fruticose lichens

la

2a

3a

4a

5a

6a

Ta

8a

9a

10a

11a

12a

13a

14a

15a

16a

17a

18a

19a

20a

21la

22a

23a

24a

Dimorphic, composed of fruticose and crustose or squamulose part; thallus containing algae or not;

ascocarp or basidiocarp Present OF ADSENL.........ee.iriiiririirieieieeeiet ettt st eeeseene 2
Uniformly fruticose; thallus containing algae and aSCOCAIPS .......c.eeeruerieririeniirierieieieieee et 11
Thallus without algae; producing basidiocarps, subulate or mushroom-shaped .. .3
Thallus with algae; producing ascocarps, branched ...........ccccoveiiiiinirinineee e 6
Fruticose thallus SUDUIALE...........c.ovveuirieiiiiiiiiteetetreteete ettt 4
Fruticose thallus mushroom-shaped .............cccoiiiiiiiiiii e Omphalina
Photobiont containing thallus CIUSOSE .........c.eiiiiriiiiirieieieieie ettt ettt ettt eneeneas 5
Photobiont containing thallus SqQUAMUIOSE............ccceviriiriiriiniirieiiieieiceeeeee e Lepidostroma
Fruticose thallus <2 cm IONG.......cc.couiiiriiiiiiiiirinreece et Clavulinopsis
Fruticose thallus <2 mm long; photobiont NOSIOC .........cc.cceoueieiiiiiiniiiiieeceeeeee Massalongia
Thallus crustose; podetia not branched, with single apothecium .. 7
Thallus squamulose; podetia branched, without apOtheCiUM ..........ccceiririririniiriecie e 10
Apothecia terminal, diSC-1iKe t0 ZIODOSE ........coueriiriiriiriiiiiiieie e 8
Apothecia convex, covering thallus ...........cccceiiiiiiiiiiiee e Cetraria
Cephalodia present on crustose thalltus ...........cooiiiiiiiiiiiiiiee e Pilophorus
CePhalodia ADSENT ....c..eiuiiiiiiiieitete ettt ettt ettt e bttt sb et ea b s bt et eat e be et bt e be et e sbeenee 9
Apothecia terminal pink; cephalodia and phyllocladia absent ..........c..ccccoveveciiiicinininincncnennn. Baeomyces
Apothecia whitish to pink; with convex disc and thin margin...........ccceceveveninenininiiniineeenene Dibaeis
Fruticose thallus branches hollow, branched; without ascocarps; cilia present...........ccceceeveveverenerenennene 14
Fruticose thallus branches solid, unbranched; with terminal ascocarp; cilia absent.............c........ Phyllobaeis
Thallus branches hollow; Without araChnOId .............cc.veiiiiiiiiiieiei e e eae e e e eaeeeeennaes 12
Thallus branches solid, With araChnOId............cooouviiiiiiiie e e e e e e e saaeeeeeaneeeennnns 20
Thallus surface glossy, pale brown to brown; frequent perforations or pseudocyphellae..........c.cccccoeeeneeee 13
Thallus surface dull, whitish, greenish or greyish; perforations absent

or restricted to axils of ramifICAtioNS ..........ccocoviviiiiiiiiiiiiice e 14
Branches <2 mm thick; true perforations PreSent..........coceeieieiririrerienenenieeeeeeeee et Cladia
Branches <2 mm thick; pseudocyphella Present..........coeoeieieieiriirirenenesereteeee et 16
Thallus branches With SQUAMUIES ........c..couiiiiririiieeeee ettt 19
Thallus branches Without SQUAMUIES .........c.ceiriiiiiriiieeeee ettt 15
Epiphytic; pseudoCyphellag PreSENL........ccoouiuiririiiiriiiiirieeieieiee ettt st 16
PSEUAOCYPREIIAE ADSENL .....c..iuiiniiiiieieieeeieet ettt b ettt ettt b ettt sb et e be s eeens 17
Thallus branches thin, < 1 mm wide; WhitiSh.......c.coooiiiiiiiiiiie e Oropogon
Thallus branches thick, > 1 mm wide; greenish Zrey .........cooeieiieiiiiiiiiiiieeeee e 24
Thallus richly branched and ascending..................... ...Dendriscocaulon
Thallus unbranched; WithOUt ANASTOIMOSES .......cccvvieiiiieieeiirieeeeieeeeeeieeeeeeitreeeeereeeeeeaeeeeessseeeeessseeeeeisseeeananes 18
Thallus, whitish grey, subulate with sSmooth Surface .............cccecveninininininiiicccee Thamnolia
Thallus greenish grey to brown, with smooth or tomentose SUIface .............ocoeeveiviiiiiiiiiniiiiiicienne 19
Thallus surface slightly arachnoid, WithOUt COTTEX ........coueriiriiriiiiiiiiiriiesi st Cladina
Thallus hallow; surface sSmooth, With thin COTTEX ......ccuiiiiiiiiiiiiiie ettt saaee e Cladonia
Thallus branches with tough axial strand; ascoSpOres SIMPIE ...........ccocereriirierierieiieieieeeeeeese e Usnea
Thallus branches without tough central Strand ..............occeieiiiieiieiieiniee e 21
EDIPRYTIC ettt bt ettt b et e a ettt h et e bt et e h b e bt e e e ht et et e sbeeneas 22
EPIENIC .ttt ettt ettt ettt ettt b et eaeaea 34
Thallus branches flattened; thallus greenish grey or White...........ccoeciviiiiinininiiniiniciiiieeeseeeeee 23
Thallus branches cylindrical; flattened sections; thallus bluish grey or greenish to whitish yellow ............ 26
Thallus <0.2 mm long, stiff hairs composed of bundled hyphae;

apothecium disc orange, K +dark VIOIET .........coueiiiiiiiiiiiiiiiiiieeeeteeeteeee et Seirophora
Thallus>0.2 mm long; not hairy; apothecium diSC NOt OTANZE ..........ccoeviririiriiiiiiiiiciiicieecc e 24

Thallus greenish grey, >2 cm long, pendant

(continued)
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Table 6.2 (continued)
b Thallus whitish, < 2 cm long, erect; surface SMOOth ...........ccccuiiiiiiiiiiiiiiiiic e 37
25a Thallus greenish grey to brown; with green algae; branches flattened; with green algae ................... .26
b Thallus bluish grey to black, basal branches whitish; branches cylindrical; with blue-green algae ............ 30
26a Thallus branches with granular to tomentose surface, grey to blue-grey ............ccccccveiviiiiiiniciiiinenn. 27
b Thallus branches with smooth surface, greenish grey to brown............cccociviiiiiiiiiiiniiiiiiie 28
27a Thallus branching dendroid with flattened terminal............ccccceoiiiiiiniiinininec e 35
b Thallus branching mMOTe ITTEGUIAT...........ciiriiiiirieieieie ettt Tornabea
28a Thallus branches flattened, composed of apothecia..........cccoveiiiiiriiiiiniii e Polystroma
b Thallus branches CYINATICAL ..........oouiiiiiiiie ettt sbe bbb beeens 29
29a Thallus brown; branches <0.5 mm wide, slender and branched.... .38
b Thallus greenish grey; branches>0.5 MM .......ccoociiiiiiiiiiie e 40
30a With scattered tomentum; no apothecia; thallus with multilayered cortex,
NOt ZEIALIMOUS ...ttt ettt b et b e bbbt e e ettt ebeebeete et Dendriscocaulon
b Without tomentum; apothecia present; thallus with single layered cortex
Or Without COrteX, GElAtINOUS. .......ccucuiiiiiiiiiiiiiiiicic e 31
31a Richly branched; main branches <0.1 mm wide; with tomentum; cortex
composed of a single cellular layer; algae Scytonema, gelatinous .............cccooeveniereeieeeeeeennenne. Polychidium
b Sparingly branched; main branches>0.1 mm wide, without tomentum; no cellular cortex;
algae Nostoc in chains, NOt ZElAtINOUS ......c..cueuiriiiririiterteteee et Lempholemma
32a O @IEEIM QAL ...ttt ettt h bbbttt s st ehe e bt e bt e b et e e b et et et e st e st e st e bt ebeebesbe et enbetentens 33
b ON DIUE-ZIEEI ALZAC ... .ttt ettt et b et b et ettt s e st bt et e et sbe st e nbetentens 41
33a Fruticose thallus with granular, coralloid, cylindrical or squamulose, phyllocladia; with green algae........ 34
b Fruticose thallus without phyllocladia; with blue-green algae ..........c..ocooeveririenienieiieieeeeeseee 35
34a Surface of cephalodia and phyllocladia present and smooth; apothecia terminal,
Jateral OF ADSENL.......c..oviiiiiiiiiiiieicc e Stereocaulon
b Surface of phyllocladia tOMENLOSE . ........ccueiruiriiriiitirterierteeeeee et Leprocaulon
35a O SOIL ettt ea et 36
b On 10CK OF MOSSY 8 TIUNKS 1..c.euviuteiieiieiieiieitet ettt et b ettt ettt b et et sbe st e ae e ennens 38
36a Thallus whitish yellow, with loose, long, and slender branches.............ccceoeeerininininineneeee, Alectoria
b Thallus whitish, with dense, short, and bIUunt BrancChies ...........ooovvviieiiiiiiiiiie et eee e 37
37a Thallus branches flattened, never With @SCOCAIPS ......c.coveueriruiririeirieirieeneteteiee ettt Siphula
b Thallus branches coralloid; mazaedium Present............cocoevieeieiirininineneneneneeeeeeeeeeceeenes Acroscyphus
38a Thallus brown; branches rounded; < 0.5 MM thiCK .........ccooiiiiiiiiiiiiieececee e Bryoria
b Thallus greenish grey to grey; branches flattened, > 0.5 mm thick .........c.cocevininiiiiiiiiineee 39
39a Ascocarps black With MazaeditM.........cccveirieeirieirieiieereeee e eees Bunodophoron
b Ascocarps yellow to grey without Mazaeditm ...........coeiueriiiiieiieieeieeeeeee e 40
40a Thallus and ascocarps grey; cortex of palissadic structure; without cartilaginous strands................. Roccella
b Thallus greenish grey, apothecial disc yellowish; cortex of strongly conglutinated,
periclinal hyphae; cartilaginous sStrands PIreSENt ............eecvrueuerieuirreririereirreiereeneeeeeeeereeereneseenens Ramalina
4la Thallus not gelatinous, white or grey.
b Thallus gelatinous, DIACK .......c.eouiiiiiiiiiiee ettt ettt sbe st beeene
42a Lobes flat, unbranched, > 1 CmM IONG......ccoviiiiiriiiiecce et
b Lobes rounded and branched, < 1 cm IONG.........ccoiviiiiiiiiiiiiiiiiiiii e Ephebe
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Table 6.3 Identification key for crustose lichens

la
b
2a
b
3a
b
4a
b
Sa
b
6a
b
7Ta
b
8a
b
9a
b
10a

11a

12a

13a

14a

15a

16a

17a

18a

19a

20a

2la

22a

23a

AASCOCAIP PIESCINL.....cuiiitititentetet ettt ettt e bt et ettt e bt et eaeeb e eb e et e eue s bt st e bt et e st estebe e bt ebeebe et e st et e e et et eseebeebeenes 2
Ascocarp absent; APOthECIA PIESEIL .......c.ceuiruiririirtirtitetetei ettt ettt ettt ettt eb et sbe s bt et eaeeaes 5
PEITtRECIA PIESENL ......uiiiiitiititeet ettt sttt et et b et b et b e bt ettt a e bt e bt et sbe et e bt ennens 130
LIT@ILAC PIESEIL.....cueuiiiiiiietirtete ettt b ettt ettt eb et e bt et e bt sttt et e st e st e bt e b e ebesbe et e nbestennens 169
Thallus crustose undifferentiated; perithecia spherical within thalloid warts.............cccceceeeviiineincninninnne. 13
Thallus crustose poorly developed; perithecia embedded in verrucose around ostiole..............cccceeeuevveucnnnee 13
CONIAANZIA PIESEIL. ......euiiiiirtitertetet ettt ettt eb et et a et ettt e st e et eb e e bt e bt et e sb e s b et et et e st estebeebeebesbentenaentennens 188
CONIAANZIA ADSENL ... vttt ettt ettt b et e bt et e bbb e e et et e st e bt e b e et e sbentesbeseennens 193
Apothecia covered by powdery masses of ascospores, ripening above the asci .........ccceeverenenenieiiciincnenne. 6
Apothecia covered by ascospores; thallus with soredia; spores globose..........ccevveeeereninenenins Srangospora
Apothecia pin-shaped, with up to 2 mm long, thin Stalk ............ccociiiiniiiniieee e 7
Apothecia sessile Or With @ ShOTt SEALK .........cceiiiiiiiiiiicee e 9
Ascospores simple, pale brown 01 COLOTIESS .........oouiiuiriiiiiiiiieeeee e 8
Ascospores 1-3 septate; DrOWN COLOT ....c..iiiiiiiiiiiiiiieici ettt
Apothecia dark brownish, often covered by colored pruina; ascospores pale brown .

Apothecia reddish brown; hyaline ............c.ccooiiiiiiiiiiiiiic e

Apothecia without thalling MATZIN.......c..ccueviiiiiiiiii ettt
Apothecia with thalline MATZIN......c..ccueiviiiiiiiiriee ettt ettt e e

Apothecia with distinct proper margin, clearly delimited; ascospores ripening
and COlOTING 1N thE ASCI c....euiiuiiiiiiiiiiiiriectet ettt b et

Apothecia without proper margin, indistinctly delimited; ascospores

ripening and coloring iNSIide the ASCH ......cueuiririiiiiree ettt 12
ASCOSPOTES ONE-SEPLALE ...c.vveuveitereeuteriterteeteettenteeatesteesteeatee bt e aeestesseeaseestesbeeatesbeeseeaseesee bt eanesbeensesssenseensessnenee 38
ASCOSPOTES TWO-SEPLALE ...c..eeuvieitetieterttetteteette bt et e ste et e eate s bt e teeatesbeeabeestesbeeatesbe e bt esbesseebeeanesbeensesssenbeensesnnenee 12
Ascospores 7-9 x 5-6 pm; excipulum wide, with corona-like extension..............cccccceeevvcineinnns Nadvornikia
Ascospores 9-13 x 4.5-6.5 um; excipulum without corona-like eXtension ...........cc.ceceeeieeenincneneneneninne 188
Thallus white to pale grey to blackish; paraphyses unbranched; hymenium hyaline.... 210
Thallus yellowish to brownish; paraphyses slender; acicular hyaline............ccocooeveieieieininniiceeee 210
Hymenium I+blue, throughout or around the asci; ascospores I-,

simple or variously septate, with equal cells; paraphyses straight............cccococeovieneiiniiineinececrecenne 15
Hymenium I-; asci I-; paraphyses unbranched ..............cooooeririiiiiiiiiiiiieeeeee e 109
Ascospores grey to brown at old, Usually ONE-SEPLALE........cc.eoveiruiriririnirieieteeee e 16
Ascospores persistently hyaline, variously SEPLAte..........ccevviierieiriiririinireeseee e 17
Epiphytic on moss or plant debris
EPIPRYLIC ON TOCK ...ttt ettt bbbttt et ebe bt eb e bt e b et e s et eneeneas
Ascospore Wall With SEPa thill c.....cc.eouiiiciiiiiiie ettt sttt
Ascospore wall with septa thiCKened............ceiiiiiiiiiiii e
Apothecia lecideine; ascospore wall thickening along lateral outer Walls ..........cccocverieinininininineneeees
Apothecia lecanorine or biatorine; ascospore wall thickening near apex and septa..

Apothecia lecanorine with thalline Marin ...........cceeeiiriiriiiiiieiieieeee et
Apothecia lecideine without thalling Margin ...........ccceoeririeiiiieiiiie e
Thallus Margin IoDALE..........c.coiviiiiiiiiiiiiii et

Thallus Margin NOt IODEA .........cc.eiuiiiiiiiiiiiii ettt
Spores with halo, muriform ............ccceevevenciiiiiiniene.

Spores without halo, transversely one-, rarely three-Septate ............ccceeeuirerieiiiiieiiiiiiiiinireeeeeeree
Ascospore septa thin, lumina edged.............ccoooviiiiiiiiiiiii
Ascospore septa thickened, lumina rounded..............ccocoeioiiiiiiiiiiiiii e
Apothecia lecideine; Ascospores thin-walled, pointed poles...........ccceevirirenininiiiiiiieeeeesceen Hafellia
Apothecia biatorine; ascospores thickened polar walls, not pointed............c.ccovererenenenieneininenene Rinodina

(continued)
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Table 6.3 (continued)

24a
b
25a
b
26a
b
27a
b
28a
b
29a
b
30a
b
3la
b
32a
b
33a
b
34a
b
35a
b
36a
b
37a

b
38a

39a

40a

41a

42a

43a

44a

45a

46a

47a

ASCOSPOTES SIIMIPLE ...ttt ettt a bttt b et ettt et ebe bt e bt s b et bt et et eneeneas
Ascospores muriform...........ceeveveeveenieeecnenne.
Apothecia lecanorine, margin as of thallus COLOT........coiiiiiiiiiiiiiieee e
Apothecia lecideine or biatorine, without diStinCt MAargin.........ccceeeerererinenerienieieeeee e
ASCOSPOTES <20 UM LONG ..ottt ettt ettt ea e s a et
ASCOSPOIES>>20 LUTL LONE ...ttt ettt b et ettt et et ebe bbbt e bt et et eneeneas
ASCOSPOIES>>8 1N CACH ASCUS.c..euteutiuieiieiieiiet ittt b ettt ettt ebe bt e bbb b et e s et eneeneas
ASCOSPOIES < 8 1N CACH ASCUS .c..euteuteuieiieiieitetiei ettt h bbbttt ettt b e bbb bt e s et et eneas
Thallus coarse-areolated, brown; apothecia immersed............ceceveriiirinienieneieeeeee e

Thallus continuous or granular-areolated, grey; apothecia sessile .
Thallus yellow; epiphytic ON TOCK.....c..ciiiiiiieieiietitee ettt st
Thallus greenish; epiphytic 0N Other SUDSIIALES ..........ecuervirieieieieiieieeie ettt
Asci of Lecanora-type, with distinct I+ pale axial mass in tholus

Asci of Fuscidea-type, with continuously I+blue axial mass in tholus............ccccccoeiviiiiiiiininns Maronea
Ascocarps immersed in thallus; ascus apex L........cccoiiiririiiiiniiiieeee e Aspicilia
Ascocarps sessile in thallus; ascus apex [+ bDIUC.........cceruiriiiiiiiiiiece e 32
Hypothecium pale BroOWN t0 DIOWIL......c..ccuiiiiririiirieiet ettt ettt 33

Hypothecium colorless............c....... .34
Hymenium COLOTIESS .......eeuiriiiiiiiiieieie ettt be bttt eneene Vainionora
Hymenium pale purplishi.........ooooooiiiiie et Tephromela
Thallus bright YEIlOW ..........cccoiviiiiiiiiiiiiiiiiii e Candelariella
Thallus WRILE OF ZIEY ...cviiuiiiiiiiitiiitei ettt ettt ettt ettt e b s b bbb s b nn e 35
Conidia pleurogenous; cupular, thick-walled in excipulum .........c..cccocoeeniinininincncncnieene Protoparmelia
Conidia acrogenous; cupular thick-walled in excipulum absent .............ccceecevererereniencnenieieenee Lecanora
Ascus apex [+ pale blue; SPOTes>>8/aSCUS.......ccirtiririiriiriiieieiet ettt

Ascus apex I+ strongly blue; spores 4-8/ascus; ascocarps immersed in thallus warts ..
Ascocarps immersed in thallus warts; ascospores <4/ascus; epiphytic or on moss;

CEPhALOAIA ADSENL ......eviiuiiiiitite ettt sttt ettt et Megaspora
Ascocarps lecanorine; ascospores > 8/ascus; flat, rounded cephalodia present...........ccccovevveieennnnne. Placopsis
Ascocarps immersed in thallus warts; ascospores thick-walled (5 um thick), > 60 pm long ..........cccccueueee. 39
Ascocarps lecanorine; ascospores thin-walled (2 mm thick), < 50 um long

Apothecial disc orange to bright red, K+ purplish to dark violet .........c..cocverininiiiiiiiiniineneeeceee
Apothecial disc usually brown OF bIaCK..........ceceririiiriiiiiiiiiii e
Apothecial disc bright red, K+ purplish..........cccooiiiiiiiiiniieeeeee e Pyrrhospora
Apothecial disc orange, K +dark violet; margin black ............cocooviiinineniieiniiieeeeee Bahianora
Ascospores> 16 per ascus, small and globose .. ... Piccolia
Ascospores < 16 per ascus, NOt ZIODOSE.........c.oiiriiiiiiriiiiiiiice et 42
Paraphyses anastomosing; exciple absent; apothecia globular.............cc.cccooeviiiiiiiiiiinniiccce 43
Paraphyses not anastomosing; exciple present; apothecia often flat ..............ccccooeciiiiiiiiiiiiii 45
Hymenial ZElatine aDSENL.........ccueruiriiiiiiiiiiiiieeeet ettt sttt ettt Vezdaea
Hymenial ZElatiNe PIESENL........cc.eruiriiiiiiiitieiteteete ettt ettt ettt sttt ettt ettt b e bt bt st e st e et eneeneas 44
Thallus yellow to green, completely sorediate; apothecia colorless........c..coevirirererininenencnienne Psilolechia
Thallus grey to brown, partially sorediate; apothecia variously colored..........c.ccceoveviiirinininininenieee 64
Asci without tholus, I................ .. Schaereria
ASCl With diStINCE, THDIUE thOLUS ...oooiiiiiiiieiee ettt et e e e et e e e e eaaeeeseaaeesseaaeeessanaeesssaneeeas 46
Asci With Weakly T+ DIUE thOLUS .......oiiiiiiiieiiiiee ettt 47
Asci With Strongly T+ DIUe thOIUS. .....c..ciiiiiiiiiiiee ettt 50

Epiphytic or on organic detritus
Saxicolous; ascus apex variable

(continued)
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Table 6.3 (continued)

48a
b
49a
b
50a
b
5la
b
52a
b
53a

b
54a

55a

56a

57a

58a

59a

60a

6la

62a

63a

64a

65a

66a

67a

68a

Epiphytic; central amyloid tube in ascus apex Present............cccocoveiiviciiiiiiiiiiiiieninieeieeenenes

On organic detritus; no distinct amyloid structure in ascus apex ...
Thallus grey; apothecia PINK.......cc.eviiiiiiiiiiiiieiee ettt ettt
Thallus dark brown; apothecia black ............cceviriiiiirininiii e Placynthiella
Apothecia pink, usually < 1 mm wide, with thin proper margin ..........cc.cccvcevereneneneneieeeceeneen Trapelia
Apothecia dark brown, 1-3.5 mm wide, with thick, prominent proper margin ..............ccceeervereereeeeeeneas Ainoa
Central tube in aSCUS APEX PIESEIL....c..euviuiiuiiiiiiieiiiiiiteete ettt ettt ettt ettt ettt eae s Porpidia
Small apical cap in ASCUS APEX PIESEINL .......eeurruirriruirrirterteteteiteiteitett et ete st sress et esest et estebeesesressessessensens Lecidea
Asci with I+pale axial mass in thOIUS .........cccooiviiiiiiiiiiiii e 53

Asci with I +blue-staining tholus

Axial mass with Lecanora-type asci; apothecia dark brown to black;
thallus whitish, often K + yellow or C +orange

Axial mass conical; apothecia variously colored; thallus reactions different

Asci with I+ weakly blue-staining tholus; apothecia brownish to blackish discolored;
thallus grey, granular, K-, CHred......ccooiiiiiiiiiieeeeeee e Trapeliopsis

Asci with I+ strongly blue-staining apical layer; apothecia dark brown to black;

ThALTUS DIOWIL. ...ttt Fuscidea
Apothecia with distinct margin same as thallus COIOT............ccoeviiiiiiiiiiiiiicccee 56
Apothecia with margin same as disc color or without diStinct Margin...........ccccoeeeeiveeeoireriieiineeneieeenes 62
Apothecia immersed, lacerate, erect margin; disc grey to pale brown,

OFtEN WRILE-PIUINOSE ....vitiiiiitiieiet ettt ettt b ettt ettt et eb e s bt et r e 57
Apothecia sessile with constricted base, with entire or crenulate margin ...........ccccceeeevivinenenenenenenennennn. 58
Paraphyses thick and conspicuously septate. .
Paraphyses SIender, SIMPIE .........coeiiririiriiiiiii ettt et
ASCOSPOIES With thill SEPLaA....c.eiuiiiiiiiiiieiie ettt ettt b et
ASCOSPOIES With SWOLIEI SEPLA c..c..euveutiiiiiieiieiieiet ettt ettt
Spores one-septate; disc yellow to brown, K
Spores many-septate; disc red, K+ purplish ........cccooooiiiiiiiiiniiieeee e

Spores one-septate, > 15 pm wide; septa thinner than lumina; disc grey, K........ccccocvvenenine Megaloblastenia
Spores many-septate; septa thicker than lumina; disc yellow to brownish,

MOSLLY K4 PUIPLISI L.ttt 61
ASCOSPOIES ONE- T0 tNTEE-SEPLALE ......euiiiiiiiiiiitietiet sttt ettt ettt ettt ettt et be bbbt 63
Ascospores >three-septate .
ASCOSPOTES ONE-SEPLALE ......evveeteeeateteaeeteateteseetestetesteteteseteseeteseatesesees et et et ebeseetes e et ese st ebe s ebeneebestesesenseneeeseneesen

ASCOSPOIES MNANY-SEPLALS. ... eevevertetiaretenteteseetestetesteteteseteseesestatesesteseeses et eseseesestasesessesenseseneeseseesesensenensesensasen
Ascospores 2-4/ascus, > 30 um long; hymenium gUHULALE ..........c.eeereriiinieriiieieieee e
Ascospores 8/ascus, < 30 um long; hymenium UNCIAr..............ccooueuiviiiiiiiiiiiiiiiicee e
Ascospores 2/ascus, > 40 pm long; hymenium Clear............ccoceviririninienieieeeeeeee e

Ascospores 2-8/ascus, > 30 um long; hymenium inspersed with oil-like droplets
Ascospores with thick septa; disc K+dark vIolet.........ccocoiiiiiiininininiiicesceeeeee

ASCOSPOIES With thill SEPLaA....c.eiuitiiiiiieieic ettt ettt n e
Apothecia Without diStINCE MATZIN ....c..eviiiiiiiitietieterte ettt ettt ettt b et e e

Apothecia With diStNCE MATZIN c..c..evtiiiiiiiiiieeee ettt ettt ettt b st b et e e e e eneas
Asci with ocular chamber surrounded by I+ weakly staining, rounded axial mass;
ascospores not halonate; exciple with well-defined cortical and medullary parts..............ccccoceeevviciiicinnnnene 69

Asci without rounded, I+ weakly staining axial mass around ocular chamber;
ascospores not halonate; eXCiple COMPACE .........cociiiriiriiriiiiiiiiei ettt 68

Ascus tholus containing a conical, I+ weakly staining axial mass around ocular chamber;
ASCOSPOTES NALONALE.......c.euiiiitiiiitite ettt b et sttt ettt ene s Catinaria

Ascus tholus containing a tubular, I+ strongly staining; apothecia yellowish;
ASCOSPOTES NOt NALOMALE.........eiuiiiitititiitcte ettt ettt eee s Catillaria

(continued)
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Table 6.3 (continued)

69a
b
70a
b
7la
b
T2a
b
73a
b
T4a
b
75a
b
76a
b
T7a
b
78a
b
79a

b
80a

8la

82a

83a

84a

85a

86a

87a

88a

89a

90a

Ascospores large, broadly ellipsoid, 75-135 x 30-40 pm, SINGLE........cccciriiriiiiiiiiiiiiiiiiiiceceeeeee
Ascospores < 10 pm wide, long fusiform to filiform, 8/ascus..........ccceveverirerinieniiiiiiiceeee e
Ascospores with thick septa, up to 3-septate; disc mostly K +dark violet ..........ccocevereneniiennnne.
Ascospores with thin septa, up to 3-septate; disc K- .....coooiiiiiiiiiiieee e
Apothecia with weak inapparent margin; apothecia convex to globose; paraphyses branched .
Apothecia with prominent margin; disc flat; paraphyses unbranched; sessile...........cccccevuvcinvininincniinennenn.
Ascus tholus conical, I+ weakly staining axial mass around ocular chamber..............cccccoeenvininincnincnnnnn.
Ascus tholus containing a tubular, I+ strongly Staining..........ccccevieirinirinenieniiieieieesee e
Ascospores fusiform, < 5 times as 10ng a8 WIdE .........ccevviviiiiiiiiiiiinieecree e
Ascospores acicular, > 5 times as IoNg @S WIAE .......cc.ecuerueriiiiiiiiiiiieeieeseeeceet ettt
Apothecia with brown lid-like appendage on the margin............cocceeveveriiiiiciniininincnnesecee

Apothecia without lid-like appendage .............cccceiviiiiiiiiiiiii e

Ascus tholus with rounded, I+ weakly staining axial mass around ocular chamber . ...Megalaria

Ascus tholus with pointed, I+ weakly staining axial mass around ocular chamber .............c.cccccoeeenee. Biatora
Excipulum paraplectenchymatic; asci with rounded axial mass.........cceceeveririneninenenieeeeceee Bacidina
Excipulum prosoplectenchymatic; asci with conical axial mass..........cccceveveriirenierienieiiniiincsesenee. Bacidia
Excipulum with byssoid OULET JAYET .........cociviririiriiriiiiiiieieerereeeeet e Byssoloma
EXcipulum SMOOth OULSIAE. ......ccueviriiiiiiieiieteitece ettt ettt a e 78
Apothecia<0.5 mm side, soon convex; exciple paraplectenchymatic ..........c.ccceecevevenerenencnnenns Fellhanera
Apothecia usually >0.5 mm wide, flat; exciple prosoplectenchymatic ...........ccceeerierierirerienenenenereseeene 79

Campylidia absent; tubular structure in ascus apex distinctly
stained over its Whole Iength..............cccociiiiiiiiiiiiiiic e

Campylidia present; tubular structure in ascus apex widened and less distinct towards the tip
Ascospores fusiform; dark brown ellipsoidal; one septate thallus distinct............coceecevenenencnnennns
Ascospores needle-shaped to cylindrical; campylidia absent; pale brown with greenish ..........
Apothecia yellow to red, K+dark purple..........cooeiiiiiiiiiniieeeeeeeee e
Apothecia N0t YEllow t0 1ed, K . .o..oouiiiiiieieeeeee ettt sttt

Thallus WRILE OF ZIEY ...ccuiiuiiiiiiiiiiicicct ettt Brigantiaea
Thallus greenish YEIOW ........ccciiiiiiiiiiiiiiiii ettt Letrouitia
Hymenium inspersed with oil-like droplets; Spores SINle...........cccoovveuiviiiiiiiiiiiiiiiiicccce 89

Hymenium clear; spore number per ascus various
Ascus tholus containing a tubular I+ strongly staining; no campylidia present;

paraphyses UNDIanChed ..........couoiiiiiiiiii ettt Bapalmui
Ascus tholus without tubular, I +structure, often with wide ocular chamber;

campylidia present; paraphyses strongly branched

Ascomata With tOMENTOSE MATZIN.....c.eeueruiruiriirtirterteieteiiet ettt ettt ettt ettt s et ebe st et sbe s e e e e eneens

Ascomata With SMOOth MATZIN c.....eieiiiiieiieiee ettt ettt bbbt e bt e e eneas
CAMPYLIAIA ADSEINL.... ...ttt ettt ettt b e ae bttt b et et et et et e st eae e bt ebeebe b e b ebe b et enteneas
CAMPYLIAIA PIESEIL ...ttt ettt ettt et et e st s et ea e bttt e b et e b et e s s e st eneeneebeebeebe b e ebenbenseneentaneas
Ascospores with gelatinous sheet ....... ... Rhizocarpon
Ascospores without gelatinous SHEET ..........ccocuiiviiiiiiiiiiiiiiiii s Schadonia
Campylidia consisting of a thalloid tube and a short, brownish;

ocular chamber of ascus wide; excipulum paraplectenchymatic............cceoeeiririerienienienieeeeeeeeeseeene 190
Campylidia consisting of a large, greyish; ocular chamber of ascus wide;

excipulum paraplectenCRYMALIC. . .....coueiiriiiiieiee ettt sbe st 189
Ascocarps compound with several punctiform discs in usually raised areas

which are differently colored; ascospores transversely SEPLate ...........ccoceeverierierieieieieeeeneseesrenreeeeeeenee 90
Ascocarps simple, with single disc, at age sometimes deformed; ascospores transversely muriform........... 96
Thallus felt-like, Sreenish ........c.ccooiiiiiiiiiiiiic e 95
Thallus With COMPACE UPPET JAYET ........cuiiiiiiiiiiiiiiiiiiiiccce e 91

(continued)
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9la
b
92a
b
93a
b
94a
b
95a

96a

97a

98a

99a

100a

101a

102a

103a

104a

105a

106a

107a

108a

109a

110a

111a

Discs arranged in lines, often loosely accumulated.............ccccooiiiiiiiiiiiiiiiiiiic 92
Discs not arranged in lines, densely accumulated ..............cccooooiiiiiiiiiiiiii 94
Spores dark grey-brown; SaxiColOUS ......c..covevieiririiririreneeeect ettt Sclerophytonomyces
Spores hyaline; USUally COMtICOIOUS .......euiuiiiiiiriiitiitirietet ettt ettt 93
Ascospores with enlarged terminal CELIS.........coiiiiiiiriiiiiiiiire e 97
Ascospores with terminal cells not larger than median Cells..........ocviririninininiiiicccee 96

Ascocarp discs wider, pruinose...........

Ascocarp discs punctiform, blackish
Ascospores bacillar, 3-8-septate, widest above the middle and gradually tapering towards both ends; no red

pigment in MEdUlla ........c.ccooiiiiiiiiii s Chiodecton
Ascospores biclavate, 4-7-septate, with a larger and a smaller swollen part;

spotted red pigment in Medulla............coooiiiiiiiiiiiii 199
Ascocarps immersed in thallus wart; hymenium separated from the margin; spores bacillar.......... Conotrema
Ascocarps sessile on smooth thallus; hymenium connected with margin; spores various..............ccccceueueeee. 97

Ascocarps without margin, adnate beneath their whole hymenium; asci broadly clavate to globose, with
thick apical dome with large ocular chamber; ascospores variously septate, often with one terminal cell....98
Ascocarps with distinct, thalloid margin, often with constricted base; asci elongate, with thin apical

dome with small ocular chamber, often surrounded by small I+ blue ring; ascospores transversely

septate, never With terminal CEIL.........co.iiiiiiiiiiiiiiiii et 101
Hymenium gelatinous, not felt-like; ascocarps not clearly diStinct............coceevevievieiiiiriinininencneneiceeeee 99
Hymenium not gelatinous, felt-like; ascocarps scarcely distinct from thallus ..........cccccecvevevvininincncnennen. 100
Ascospores transversely septate only..

ASCOSPOTES IMIUTTTOITIL ...ttt ettt ettt ettt eb et b et b et et e st a e e bt e bt ebesbeetenneseennens
Ascospores transversely SEPLate ONLY........c.coeivivueiriiiriirieiieeieecreereeee ettt
ASCOSPOTES IMIUTTEOITIL ...ttt ettt b ettt ettt b bbb s b b et et et et e st e st e bt ebesbe st esbeneennens
Apothecial margin carbonized throughout, Black..........c.ccceriiiiiiiiiiiiiieee e 102
Apothecial margin not carbonized externally, Whitish...........cccociviiiiiiiniiiniiccceeeeeeeae 103
Ascospores acicular, 3-45-septate; disc permanently black.........c.coccvevirinineieinie Bactrospora
Ascospores fusiform, 3-19-septate; disc often yellow-pruinose...........ccceceeeveeririninenenienenienenne. Cresponea
Apothecia with thallus-like margin usually containing algae............cccocceeiviriniinieiieiiiiiiiiiniceeeeeee 104
Apothecia biatorine to lecideine, without algae in the margin .............cccceoeveiiiiiiiiiiiiiiiniccee 108
COTHICOLOUS ...ttt sttt et et e b et h e b e bbbt a et a b e bt et e ebesbe st e sbesaennens 105
SAXICOLOUS ...ttt sttt ettt b e bbbt s b b a et ettt e bt ebe bt ehesb e ae b e e 107
Apothecium margin thin; apothecia not constricted at base ............cccceeevviiiiiviiiinnennn. Krischsteiniothelia
Apothecium margin thick; apothecia constricted at base

Thallus P+ yellow (psoromic acid present), C......coeviririiriiniirieiiiieeniesiesieseste ettt

Thallus P- (psoromic acid absent), C+Ted.......cociriririiririiiieieieeet ettt st
White medulla layer under the black hypotheCium ..........ccooueiiiiiiininini e

Black hypothecium reaching to the substrate and confluent

with black hypothallus When Present.............occoveiviiiiiiiiiiiniicieceeceeeesee e Roccellina
Ascospores 1-septate; apothecia with strongly constricted base, rarely >2 mm, usually yellowish ............ 109
Ascospores 5-7-septate; apothecia sessile with constricted base, > 1.5 mm wide ..........cccceoeeenne Lecanactis
Ascospore lumina rounded at maturity; endospore usually I+ Violet .........cccooeverineiieniniininincnereseene 110
Ascospore lumina edged, at most with lightly rounded edges, without endospore; ascospores I................ 116
Hymenium separated from the surrounding thalline margin by a split; in dry state seemingly with a double
INATZIN .ottt ettt h e sttt e s bttt a et s et n et st ne 112
Hymenium not separated from the Margin ...........ccoceeeieiiiiiiniiniiiiceeeeeeceeee e 111
Margin not carbonized; apothecia immersed in the thallus; apothecia without columella.........c..c.ccccceueneeee 112

Margin partly carbonized and black; apothecia exerted; apothecia often
with carbonized central COIUMEILA ..........ccuiiiiiiiiiiiiiic ettt 113

(continued)
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Table 6.3 (continued)

112a
b

113a

114a

115a

116a

117a

118a

119a

120a

121a

122a

123a

124a

125a

126a

127a

128a

129a

130a

131a

132a

Apothecial margin rounded to flat; discs tiny, rarely >0.5 mm Wide.........ccceevererininieniiiiiiinininenesenee 200
Apothecial margin lacerate, forming slips which cover the disc in part; discs

often several MIM WIdE ..........ccooiiiiiiiiiiiiiiiiiiiiic e 194
Apothecia with raised thalline margin, discs invisible through thallus splits,

pale, OfteN WRILE-PITINOSE . ....ccuetititeieieieiiei ettt ettt bbbttt ettt se e bt ebe bt e beseeneens
Apothecia exerted above thallus, without thalline margin; discs widely exposed, brownish..

Apothecia compound with elongated discs level with the margin; ascospores hyaline,

transversely septate

APOTNECTA SIMPIE ...ttt ettt b ettt b e bttt ettt sb et e b saeeenn
Ascospores hyaline, MUITTOIM .......co.eoiiiiiiiiiie et

ASCOSPOIES Y, DACTIIATY ....coviiiiiiiieieieie ettt ettt ettt sbe st be e eaens
Paraphyses branched and anastomosing throuZhOUL............cc.eoeiiiiiriiiiireeeeee e
Paraphyses unbranched, with indistinct transverse connections..

Thallus WithoUt BIIStIES.......c.civiiiiiiiiiiiiiiiiiic e

Thallus with white or black bristles or hyphOphOTes ...........ccoiiiiiiiiiiiiiee e
Apothecia with constricted base and prominent margin; bristles usually black;

NYPROPROTES ADSEINL......cviiiiiiiiiitetee ettt b ettt ettt beeae s Tricharia
Apothecia widely adnate and with indistinct margin; bristles usually white,

when present; hyphophores often PreSent.............ccooviiiiiiiiiiiiiiiiiiicice e 188
ASCOSPOres acicular, 4 UM WIAE ....c.eveieieieiieiieiiet ettt ettt ettt ettt se ettt ebe st e beseetens 120
Ascospores ovoid to fusiform, generally over 4 pm Wide...........ccevviiiiiiiiiiniiiniiiiiiiicccce 121
Epiphytic; thallus grey; apothecia very elongated, tubular, forming 2

MM 10N STAIKS, DIOWIL...ceutiiiiiiiiiiiiitieteete ettt sttt sb e ettt e sbeeaee e Gomphillus
Terrestrial; thallus yellow; apothecia discoid, black............cccoveiiiiiiiiiniiniinininenciciciciceeee Arthrorhaphis
Apothecia immersed; ascospores grey, ovoid and muriform.............ccocccooeiiiiiiinnininnnne, Diploschistes
Epiphytic; apothecia sessile; aSCOSPOIES VATIOUS .....c..couerverrereteieieitetieiesiestestestesteeeeesteseeseereseesrestessessennens 122
Apothecia persistently immersed, with flat disc, often>1 mm large, elongate; margin lacerate ................. 123
Apothecia initially immersed, finally sessile with constricted base, with concave disc,

mostly <1 mm large, always rounded; Margin entire.............ccooueieueioinieniiiiniiniiieereee s 125
Margin inapparent, granular; paraphyses with thin transverse connections;

asci [+pale blue, With thill QPEX ......cceruiriiiiiiiiiiiiiieecee s Phlyctidia
Margin lacerate; paraphyses simple; asci I-, with thickened apex...........c.ccocevininiiiiiiiiiininice, 124
Margin rounded to flat; discs rounded to elongate, often several mm long.............ccoceovviiiiiiniiiiininnn. 170

Margin lacerate; discs rounded to slightly elongate
Apothecia forming coralloid-branched structures, greenish; ascospores 5-7-septate;
hymenium usually absent............cc.cccceeviiiniinininincnennnn.

Apothecia not proliferating

Apothecia with carbonized excipulum covered by pale pruina; ascospores muriform..............cec..... Ramonia
Apothecia not with carbonized MArZin .........ccecoeiiiriiiriniiiii ettt 127
Hymenium I+ (pale) BIUE.........c.ccoiiiiiiiiiiiiiiiiiiice e 128
HYMENIUM L.ttt ettt st b et ettt ettt eb e sbe st e saesaenens 130
Photobiont bIUE-ZIeen AlZa .........ccueiueiiiiiiiiiiiierieeeeee ettt Bryophagus
Photobiont TrentePORTIa-1TKE .........cceriiiiiiiiiieii ettt 129
Spores 8/aSCus, MUITFOTM........eiuiitiitiiiieieie ettt ettt ettt ebe s b seeane Gyalecta
Spores 8-16/ascus, tranSVersely SEPLALE ..........ccveiriruiriertirieieieieiiei ettt Cryptolechia
Apothecia pale yellow to orange; ascOSPOIes ONE-SEPLALE .........cveuveureureuiruererrirrenterienieiereeeeeeereenes Dimerella
Apothecia brown; ascospores bacillar-pluriSEPLate. ..........eeeeververieieieieiiiineeerenenreneeteeeeeeeeeeeeens Gyalidea
ASCOSPOIES SIMPIE ...ttt en e 132
ASCOSPOIES SEPLALE ......ceviiriiteiiieieeet ettt ettt b e et es e s ea et ea s ssene e n e enenea 133
ASCOSPOTES 10-20/QSCUS .....cevereintititeteteteit ettt ettt ettt ettt et b e a e bt et e e bttt e bt e s et e bt eseeneebentens Kalbiana

ASCOSPOTES 8/ASCUS ...ttt sttt b et h et et b ettt et et ateb bt e bt et e s b e b et et et e st e st e bt ebeebesbentenbeseennens 133

(continued)
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Table 6.3 (continued)

133a
b
134a
b
135a
b
136a
b
137a
b
138a
b
139a
b
140a
b
141a
b
142a
b
143a
b
144a
b
145a
b
146a

147a

148a

149a

150a

151a

152a

153a

154a

155a

156a

Ascospores thick-walled, with spines; paraphyses persistent............coceeerererienienieieeerenenenennens Monoblastia
Ascospores thinwalled, smooth; paraphyses disappearing in an early stage... .. Verrucaria
ASCOSPOIES DIOWIN OF ZIEY-DIOWI ..c.iuiiuiiiiiiiiiiitiitiiteet ettt ettt ettt ettt bbb e e 135
ASCOSPOTIes PErsiSteNtly COLOTIESS .....euiuiiiiiiiiiiiiiiiiirt ettt 144
Ascospore with thin septa and edged [UMINA...........cocoiririiriiiiiieeeee e 136
Ascospore with thick septa and rounded IUMING ...........coeoiriiiiiiiiiiiinieeee e 139
Asci ovoid with narrow ocular chamber....... 137
Asci subcylindrical with wide ocular ChamMDbET ..........ccoiiriiiiriiiiice e 138
Ascospores with 1-3 transverse septa; ascocarps SIMPLE..........oeevverererienienienieieieeseeeeeens Mycomicrothelia
Ascospores transversely septate to muriform; ascocarps mostly multi-chambered .............cccoceviiininen. 144
ASCOSPOTES ONE-SEPLALE ......euviveetiieieaieiteiteitett ettt ettt ettt ettt ebe ettt sbe st sbe st e s ne s e e eseereene Clypeopyrenis
ASCOSPOIES MUITFOITI.......ouiiiiiiiiiiiiiiici e Anthracothecium
ASCOSPOIES ONE-SEPLALE ...ttt a ettt a e ssene s ene s enenea 140
Ascospores transversely septate only, With 3 SEPLa ..........ccceciviiiiiiiiiiiiiiic e 141
Ascospores without pigment granules in endOSPOTE............ceuevveuiieiiirieirieinereeeeeeeeereeeeeneeen Distopyrenis
Ascospores with pigment granules in @NdOSPOTE..........ceeririerierierierieieieieeee e Granulopyrenis
Ascospores three-septate, < 50 LM 0N .......ccviiiiiiiiiiiiieiet ettt 142
Ascospores three-septate, > 70 um long........... ..Architrypethelium
Paraphyses absent; algae present in hymenium..........cccoeieiriiiiiniieneeeeeeeeee e Staurothele
Paraphyses present; n0o algae in RYMENIUM ........c.coiiiiiiiriiiiieieieeee ettt 143
Spores without longitudinal grooves, with prominent median transverse Septum ............ccceceeeeeeuenne Pyrenula
Spores with longitudinal grooves, with prominent median longitudinal septum ........................ Sulcopyrenula
Ascospores with thickened septa and rounded lumina; ascocarps often compound ............ccccecererercnnennene 145
Ascospores with thin septa and edged lumina; ascocarps usually SImple ........c.ccoevvevieiieiieiiniinnencnicnenn. 153
ASCOSPOIES rANSVETSELY SEPLALE......c.euviviiiiiiiiiiiiiciiieice et 146
ASCOSPOTES IMIUTTTOITIL ...ttt ettt ettt ettt s b et b e s bt et ettt bt e b e ebesbe st e ssesaennens 150
Thallus poorly developed; ascocarps naked at maturity, never aggregated

N PSEUAOSIIOMIALA ...ttt et sttt et ebe s beneae Pseudopyrenula
Thallus well developed; ascocarps immersed in pSEUdOSIIOMALA..........c.ccevverririerienierieieieieeee e 147
OStI01eS fTEE, APICAL.....eiuiiiiiitiiiiieteet ettt sttt b e st 148
Ostioles fused to form a cOMPOUNd ASCOCATP .......eeviruerviiiieiiiiiiiiiieiceierte ettt Astrothelium
Ascospores 1-septate, > 45 um long, with needle-shaped crystals in the wall............cccccoeennne. Megalotremis
Ascospores more than 2-septate, < 45 pm long, without crystals ............cccccooeiviiiiiioiiiiiiiiiiceie 149
Paraphyses branched; ascus apex with narrow ring surrounding a small ocular chamber;

wall thickening of ascospores pronounced at the edges ...........cccooueiriviiiiiniiniinicniiiciecieee Trypethelium
Paraphyses unbranched; ascus apex with wide apical ring and wide ocular chamber;

wall thickening of the ascoSpore More equal..........ccoeevveirieirieiriecinctneeeee e Lithothelium
Ostiole apical; jigsaw puzzle-1ike DYPRae........c.cccciviiiiiiiiniiineicccrce e 151
OSHIOLE TAETAL .....c.viniieeeiiietcet ettt ettt sttt n et e b e bt n e enenea 152
Ascocarps in brown shiny pseudostromata, K +red; pseudostroma wall composed of brown.......... Bathelium
Ascocarps not in brown pseudostromata, K-; wall not composed of brown ..........cccccecvvirinenincncne.
OSHIOIES TTEE ..uviiiieieeteet ettt ettt et ettt ebe st nae s

OSHIOIES TUSEA.....c.viiiiiiciicc ettt

Ascus tip thin, truncate; paraphyses unbranched...........coccoeiiiiiiiiiiiiic e
Ascus tip thickened with an ocular chamber, rounded; paraphyses often branched..

Ascocarps with subapical whorl of black briStles..........cceeeriirieriiiiiiiiniiireseeeeeeee

ASCOCATPS WItNOUE DIISTICS ...ttt ettt ettt be st eeens
Ascospores transversely septate; asci with chitinoid apical ring..........cccooevererenieiniineeeee
Ascospores muriform; asci without chitinoid apical TINg .........cccevveiieiiiiiiirieee e
IMEAUILA WHILE ...ttt ettt ettt n et Clathroporina
MEAUILA FEILOW ...ttt ettt sttt ettt ettt b e n e Mpyeloconis

(continued)
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Table 6.3 (continued)

157a
b
158a
b
159a
b
160a

161a

162a

163a

164a

165a

166a

167a

168a

169a

170a

171a

172a

173a

174a

175a

176a

Thallus gelatinous; SPOIES ONE-SEPLALE..........cerueruirririerrertentetetereireteteeteereseesresresee s eeseeeaeeneas Pyrenocollema
Thallus subcuticular; grey or green, Spores variously SEPLate ............ccceevvueivieuiriiiiiiiiiiieeiieeseeeeeeeeeeenees 158
Paraphyses absent; hymenial gelatine I+reddish .............cccoooiiiiiiiiiiiiiiicce 159
Paraphyses present, persistent; hymenial gelatine I- .............ccoooiiiiiiiiiiiicce 160
SPOTES trANSVETSELY SEPLALE .....e.veveeitiieieieieiteii ettt ettt ettt ettt ettt b et sb et e et ens Thelidium
SPOTES MIUITEOTII ...ttt b bbbttt et be et ebeebenbesbeteneens Polyblastia
Paraphyses unbranched; macroconidia usually present, cylindrical, septate;

PhotobIONt COPRALEUTOS.............c.oovceiiiiiiiiiiiiieiciceteee e Strigula
Paraphyses branched; macroconidia more or less lacking. ....161
ASCOCAIPS SIITIPIE ..ottt ettt sttt ettt a bt bt e bt et e s bt et et et e st e st e st eb e et e sbeetenbeseennens 162
ASCOCAIPS MUIHIOCULAL ...ttt ettt ettt ettt b e sbe e besaenen 168
ASCOSPOTIES trANSVETSELY SEPLALE . ....c.viuiiuiiuieiieiietitirt ettt ettt et b ettt et ettt be bt besbe st e b seenens 163
ASCOSPOTES MIUTTEOITIL...c..eutitititeitet ettt sttt ettt et eb et e bt e s b b et et et e st e st e bt e b e et e sbe st e nbeseentens 167
Ascospores ovoid-fusiform, 1-5-septate, >4 M WIde........ccevviiiiiiiniiiiiniericicieeeeeet e 164
Ascospores filiform, 6-10-septate, 2 LM WIde ......cc.evuerieieieiriiinirenesierteee e Celothelium
Ascospores ovoid-fusiform, 1-septate, rarely finally 3-SEptate .........cccccereririrerienenieieieceeeeseseseeene 165
Ascospores fusiform, 3-11-septate, >4 m WIde .........cooeiviiiiiiiiiiniiiiiiiiccene Polymeridium
Lower ascospore cell shorter; lichenized; microconidia globose to ellipsoid;

macroconidia present; ostiole often lateral .............ccocoiiriririiiiiiie e Anisomeridium
Lower ascospore cell longer; nonlichenized; microconidia bacillar;

macroconidia lacking; 0Stiole @PICal..........ccueiriiiiiriiiieieeeee e 166
Paraphyses slender, without refractive bodies near the septa; asci clavate............ccceeeeeeeencnnenee Arthopyrenia
Paraphyses short-celled, with refractive bodies near the septa; asci obpyriform...........cccceeueuee. Naetrocymbe

Asci with indistinct apical thickening; ascospores 8 in each ascus; algiferous thallus present.. .Helenella

Asci with pronounced apical thickening; ascospores 2 in each ascus; nonlichenized..............cccccc..... Julella
Paraphyses indistinct, with many 0il droplets..........coeoerieriririiiririeeeeeeeeee e Mycoporum
Paraphyses distinct, Without 01l ATOPIELS ........cceeuiriririririiieieieee ettt 169
Ascospores with 1-3 transverse septa; asci rather cylindrical;

paraphyse cell ends with refractive bodies ..........couerueriiiiiiiiiiiiniicceee e Tomasellia
Ascospores submuriform, with enlarged end cells; paraphyse cells without refractive bodies....... Exiliseptum

Paraphyses branched; hymenium I+red or blue; ascospore lumina not rounded,
with slightly rounded edges, septa I-; asci with rather thin tholus with small

ocular chamber surrounded by a sSmall T4+bIUE TINE ....c.ooveriiiiiieieieieiceee e 171
Paraphyses unbranched; hymenium I-, rarely I+ pale blue; ascospore lumina rounded,

lentiform, septa often I+blue or violet; asci with thick tholus, completely I-...........cccoeoiinininnnnennn. 175
Ascocarp walls conspicuous and carbONIZEd ...........eouiieruiriiriiiiiiiii e 172
Ascocarp walls indistinct, not carbonized; Asci ovoid to globose, with strongly thickened tip................... 174
Ascocarps immersed in thallus with thick thalline carbonized margin;

hymenium always gelatiNOUS.............cciiiiiiiiiiiiiiiiiiii e 173
Ascocarps exerted with prominent carbonized margin; hymenium not gelatinous.............ccccccceeeveiininncne 174
Ascospores muriform, hyaline; ascocarps short and exerted with thick thallus margin......... Helminthocarpon
Ascocarps variously septate, often brown at maturity; ascocarps level with thallus,

with thin thalline MATZIN ..........cceiuiriiiiiiiiiiiie et Sclerophyton
Lirellae with closed gaping labiae; asci with I+blue cap in tip, which extends laterally;

SPOTES trANSVETSELY SEPLALE ... veutiuteuienieiieiietiete ettt et ettt ettt ebe bbb et e et et e s ebeebe et e ebe b e b e e eneenes Opegrapha
Lirellae with wide open disc; asci with tiny I+blue cap in tip; spores transversely septate ...... Lecanographa
Hymenium gelatinous; ascospores Muriform .............ccccoccoiviiviiiiiiiiniiiiicccc Arthothelium
Hymenium gelatinous; ascospores transversely SEPLate ............ccoveivveuireeuiiieiiineineineeseereeeeenns Arthonia
ASCOCATPS STRILALE......eeiiiitirteteet ettt ettt b bbbt a et ettt et e bttt et sbeetesbestennens 177
ASCOCAIPS SINEIE ...ttt sttt ettt b bbb e s b b et et et et e st e bt e b e ebesbe st e sbe e ennens 180

(continued)
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Table 6.3 (continued)

177a
b
178a
b
179a
b
180a
b
181a
b
182a
b
183a
b
184a
b
185a
b
186a
b
187a
b
188a
b
189a
b
190a
b
191a
b
192a
b
193a
b
194a
b
195a
b
196a
b
197a
b
198a
b
199a
b
200a
b

ASCOSPOTES MIUTTTOITIL. ...ttt ettt ettt ettt eb bbb e s bbbt et e et e bt et e ebesbentesbeseennens 178
ASCOSPOIES trANSVETSELY SEPLALE......c.uiuiiutiiieiiiiiitietcrteet sttt ettt ettt b ettt be bttt sbe st sbeseenens 179
Ascospores colorless; merocarps with rounded ends...........ccoeeeiririnininenieneee e Medusulina
Ascospores grey; merocarps with pointed ends... ...Sarcographina
Ascospores brown; merocarps with rounded ends............ccecueiiiiiiiiiiinine e Glyphis
Ascospores grey to brown; merocarps with pointed ends .............ccccooviiiiiiiiiiiiinii Sarcographa
Mature ascospores on top of hymenium, forming a mazaedium.... ....Schistophoron
Mature ascospores in the asci, not forming a mazaedium ............cccocvviiiiiiniiiniiiiiiicreeeceeeae
Ascospores one-septate, with edged [UmINa .........c..ooevieiiiiiiiiie e
Ascospores many-septate, with lenticular Iumina ............cocooeiieiiiiiiniiie e
Ascocarps without lateral exciple, immersed with thin margins .............ccccocvvvinineneninenneee,
Ascocarps carbonized lateral exciple, raised with thickened margins...

Paraphyses with smooth tips; lirellae White, CH1ed.........cceoiriiininiiiiiiiiiiiicceece
Paraphyses with smooth tips; lirellae variously colored, C-............ccooiiiiinininiiniiiiiiiicicceeeee
Ascospores transversely septate, with lenticular [umina ...........cccccecvviiiiinininininceeee
ASCOSPOTES MIUTTTOITIL. ...ttt sttt ettt ettt st b e bbb sttt be et sbe st e s saenenn
ASCOSPOIES COIOTIESS .....vviiiiiiiiciii e
ASCOSPOIES ZICY 10 DIOWI.....oiuiiiiiiiiiiiiiiiiiciiieeee ettt

Ascospores colorless, without lenticular TUMINa ..........ccoeoeriiiiiiiiiiineeeee e
Ascospores grey to brown, with lenticular lumina .....

Paraphyses unbranched; ascospore lumina lenticular.............c.cooooeiiiiiiiiininineeeeeeece
Paraphyses branched; ascospore lumina persistently edged............cccoceeirivininincneneniciiennnne

Conidangia campylidia, with ear shaped, grey or brownish..............cccccoiiviiiiiiniincnne.

Conidangia superficial bIaCK SPOLS.......cueouiiiiriiiiircrertee ettt bt
Campylidia producing simple, pyriform or short-bacillar conidia .............cccooeviviiiininiiiiniiiiiiiiee
Campylidia producing septate, filiform conidia............ccoereriirieiiiiiiiiceeeee e
Ear-shaped part short, on top of short thalloid cylinder............cccooveiriiiiinininenieeee, Sporopodium
Ear-shaped part large, directly on thallus............ccccceeeeenne ... Musaespora
Campylidia grey, producing conidia without appendages ...............ccccviviriiiiiiiiiiiiiniiee Calopadia
Campylidia brown, producing conidia with appendages...........cccccuecerirerinininenenceeeeeeeeeeeseene Badimia
Conidia brown, simple or 2-4-celled ............ccccecueuenneee

Conidia brown, obovate and 4-6-celled

Thallus felt-like, composed of very 1005e hyphae .........c.ccoeviiiiiiiiiiiiiee e 196
Thallus felt-like, USUAILY SOTEAIALE .......c..eueuieiieiieiiitieterierte ettt ettt 199
Thallus bright yellow; with diffuse margin.............cooeieiiieiiieiiieeeee e Chrysothrix
Thallus shades of pale grey; with 10bate Margin............ccceeueruerierieiiiiieieieeeeee e 195
Thallus shades of grey; with diffuse Margin...........ccoceeiiiviiiiiiiiiiiiiiiieeeeeee Lepraria
Thallus shades of grey; with lobate Margin ............ccococvvieiiiiiiiiiiiiineceae Leproloma
Thallus not zoned, usually with an abrupt border, often lobed...........ccccovevirinininininiee Crocynia
Thallus zoned, with a differentiated marginal zone of pale COlOT...........ccoveviriririniniiicieeceee 197
Thallus blue green, without isidia, with filamentose cyanobacteria...........c.ccoeeveieeeinereneneneenn. Dictyonema
Thallus pinkish to greenish, with isidia, with green algae...........cccecviiiiiriiiininiiicee e 198
Thallus margin whitish; with felty iSidia ..........coooeiiriiiiiii e Dichosporidium
Thallus margin blackish; thallus pinkish, without isidia............ccccceiiiiiiiiiiiiiiiiiiie Sagenidiopsis
Medulla conspiCUOUSLY COLOTEA .....c..eiiuiiiiiiiiiiiiiiiiitccte ettt ettt ea e st 200
IMEAUILA WHILE ...ttt ettt b ettt a e bttt a et et ettt ebesbe et e b snenens 203
Medulla completely or partly red; iSIAIate ..........cciviiiiiiiiiiiiiiiiiiiiic e 201
Medulla orange or Yellow; SOTEAIALE. ........c.covuiuiiiiiiiiiiiiiiiiicie e 202

(continued)
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Table 6.3 (continued)

20la  Medulla pink throughout; with glossy, short, clavate iSidia ..........cceoveieieririninenieeeeeeeee e 203
b Medulla red throughout, exposed along the MAargins..........c.coeecereerieerieirinieineeneeseeeeeeeneene Cryptothecia
202a  Thallus greenish, glossy, with scattered soralia-like, yellOW SPOS........cceervrueuireeirieenineninieinienens Myeloconis
b Thallus grey, dull, with raised, dense, yellow soralia.... .. Megalospora
203a  With SOradi fiNe OF COTSEA ........ouiuiuiiiiiiiiiiiiiccicie e 204
b WIith SChIZIdia ......ovviiiiiiic 206
204a  ThalluS CHTeA.......eiiiiciciei ettt Pertusaria
b TRAIIUS C oo 205
205a  Soredia fine; with stictic acid (P+orange, K+0range) ........ccccccevevirineniinienieieeiececeese e Thallotrema
b Soredia coarse; with hypoprotocetraric acid (P-, K-) ......cccooiviiiiiiiiiiiiiiiiiiccccceceee 206
206a  Schizidia accumulated in groups, shortly stalked.............ccccooiiiiiiiiiiiiiiiic e 207
b Schizidia arising single, leaving scattered, round scars on thallus . ....207
207a  Thallus BIUEZIEY, PIUINMOSE ......cueiuiruieiiriiteieiet ettt ettt ettt ettt ettt et ebe b saesbesaennen 208
b Thallus greenish, NOt PrUINOSE ........c.ceuiviiriiiiiiiiiiiieit ettt ettt st 208
208a  Schizidia small, < 0.2 mm wide; with protocetraric acid (P+1ed) .......ccccecevirinininenieiiiiiinicneeeee 209
b Schizidia>0.5 mm wide; with psoromic acid (P+yellow, K-).......ccccccoovniiiiicinnnnicciiinns Ocellularia
209a  Isidia cylindrical; with psoromic acid (P+yellow) .... Myriotrema
b Isidia gradually tapering; no lichen subsStances (P..........ccccoovrireirieiinieirieeieeesiee e Thelotrema

210a  Medulla [ +blue; globuse 8 elongate, MUIISEPLALE .........eeverververieieieieieeeetee e Belonia
.Biatorella

b Medulla I-; Spores 8 globuse elipsoid

Table 6.4 Identification key for squamulose lichens

12 PEIIthECIa PIESEIL ...c..ictititiuiiiieiieii ittt ettt ettt ettt ettt e be bt et e bt bt bttt eat e bt ebe bt st e b saenene 2
D APOTNECIA PIESEIL......euiiuiiiitietitiet ettt ettt ettt bbbttt et et eateat et sa e b sbesaen e en 5
2a  Ascospores simple or transversely septate; no algae present in hymenium ..........c.ccceevevieiiiiienincnenenenennnn. 3
b ASCOSPOIeSs MUITTOIM...c.ecuiiuiiiiiieieiieieieteet ettt
3a  Ascospores simple; Squamules large; no algae in the hymenium
b ASCOSPOIES trANSVETISELY SEPLALE.....cuitiutiuiiiieiieiieiiet ettt ettt ettt ettt et sb et e ettt et et ebe et sb e sbe e e saeeennens
4a  Algae present in hymenium; cortical cells of thallus smooth-walled; spores muriform, brown...................... 28
b Algae absent in hymenium; cortical cells of thallus finely papilose; spores simple, colorless .........c.cccooeennne. 6
5a  Squamules rounded, whitish with raised margin; perithecia absent............cecevvrveeriererereereeniennns Normandina
b Squamules usually elongated and greenish, without raised Margin...........cccceceveriererienieneieineeeeeseenes 7
62 PhOtODIONt ZrEEN AlZAC ... c.eeuiiiieiieiiitiitit ettt ettt b et b e b et et et et e st eae e bt enesbensene
b Photobiont bluegreen algae...
7a  Photobiont bIUSZIEEN AlZAC.........ccicuiiiiiiiiiiiiiiiiii ettt ettt ettt
b PhOtObIiONt GrEen AlZAC.......ccuivuiiiiiiiiiiiiiiciic ettt
8a  Thallus not gelatinous, closely appressed to substrate; heteromerous, lower cortex lacking or weakly
developed; with distinct cortex and MEdULLa ...........ccoeiiiiiririiieeee e 9
b Thallus umbilicate, reddish brown, not sorediate or isidiate; apothecia immersed in warts .............. Phylliscum
9a  Ascospores>100 per ascus; photobiont cells in tetrads or Single..........cccoeeveerinerincreneencenenes Phyllopeltula
b Thallus blue-grey to brown, €PIPRYLIC .......coeiririiriiiiiiiieiei ettt 10
10a  Thallus with distinct, often tomentose, prothallus; apothecia with thalline margin .............cc.ceen.. Parmeliella
b Thallus without distinct prothallus; not umbilicate; apothecia without thalline margin.............ccccccceevnnenne 11
11a  Apothecial with thalline margin; photobiont bluegreen algae,
cells in densely winding chains; ascospores simple, hyaline; isidiae or papillae bluish .............cccccocvininnne. 12
b Apothecia without thalline margin; ascospores simple, hyaline; corex composed of longitudinally arranged
hyphae; thallus with coOncentric ridges...........cocoeuiiiiiiiiiiiiiiiiiiii s Coccocarpia
12a  Asci with I+blue apical plug; thallus brownish; with white spots on lobe margins.................... Fuscopannaria
b Asci without I +blue apical plug; thallus usually bIUE-rey ..........cccveerirerirerinieinieirceeeereeeeeaene Pannaria

(continued)
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Table 6.4 (continued)

13a Upper surface of squamules byssoid, 1aCKing COTtEX......c..eouririririnininiinieieieeeeeeeete ettt 14
b Upper surface of squamules smooth, With COIteX, PrUiNOSE ........cc.eeverueiririririieirtertentestee et 15
14a  Epiphytic; thallus squamules connected into rosette-like thalli, algiferous...........c.cccocvervrevcrccrcninennne Crocynia
b Thallus squamules widely scattered, without algae... ...Cyphellostereum
152  Tomentose Prothallls PIESEIL .....cc.coueieuirieiiitietietertete ettt ettt et e et s bt e bt ebeebe st e sbe b et et e st eseeneebeesene 16
b NO tOMENtOSE PrOtHALIIUS ......eeuiiiiiiieiietieet ettt ettt b et eb et e e e bt e bt et e sbeeteeste s bt eaenaee 19
16a  Squamules with an upper and lower cortex comprised of a thin layer of cubic cells..........cooceveieiniininines 30
b Squamule cortex otherwise, lower cortex usually abSent ...........ccccoeiririiiiiieiieieeieee e 17
17a  Apothecium margin concolorous with thallus; with algae...........cceccreireiriiinincincneeeeceene Physcidia
b Apothecium margin not concolorous with thallus, without algae ..............ccccceeievnininininininicee, 18
18a  Ascospores generally >25 pm, transversely Many-SEPLate..........coeeuereererirrerereresesissssesesesesnnsannns Squamacidia
b Ascospores generally <25 um, simple or one-septate ... ... Phyllopsora
192 Thallus YEIIOW t0 OTANEE. ........cviiiuiiiiiiiiiiiiiiiiii it 20
b Thallus pale grey to greenish grey or brownish.............ccocoioiiiiiiiiiiiiie 22
20a  Thallus lobes ascending, 2 mm long, convex; medulla yellow; apothecia black,
globose; thallus K+ dark VIOIEt.........cueieiriiiiiiiiiiieee e Xanthopsorella
b Thallus K- or K+Weakly reddish........ccooiiiiiiiie ettt 21
21a  Apothecia lecanorine, YEILOW.........c.ccciriruiririiirieirieiiieietetet ettt ettt Candelina
b Apothecia 1ecideine, DIACK ..........coueoiiiiiiiiiiiiciece ettt 27
228 OM SOTL ettt bbbttt ettt h et b e bbbttt ettt be b te e 23
D OM TOCK -ttt bbbttt a bbbttt et ettt ebe et aes 29
23a  Squamules whitish grey on both sides, elongate and erect;
cortical cells of thallus finely papillose; squamules delicate, lacerate.............cccoeceviririnienienienieieciiincieeeee. 28
b Squamules more pale on lower side, appressed to substrate; ascocarps PreSent .........coeeeevevveveveeeeeerennenne 25
24a  Cortical cells of thallus finely papillose; squamules delicate, lacerate.............cccevueucueicinininiecucecnnne. Agonimia
b Squamules pale grey-green, orbicular, with concentric wrinkles, usually
with a raised sorediate Margin; SPOIES 5 SEPLALE ........eveeeiruieuirririirierierieteeeeeie ettt Normandina
252 ASCOSPOTES STIMIPIE ..c..eitiiuiiriiiiieieettet ettt ettt bt et ettt et s e bt et e sb e et e e st e bt e st e e bt e s beeaseeb e e beesbe bt entesaeenseen 26
b Ascospores transversely septate; apothecia 1eCideine. ..........cevueueririeirieinieinineirieese e Toninia
262 APOthECIA IECANOTINE ....c.veuiiuiiiieiiiiieiiciieit ettt ettt ettt b e s b sttt ebeebesbesbenne 33
b Apothecia lecideine...........ccocevererenicncnennnns .27
27a  Squamules whitish grey on both SIdes, IECt ..........cciviiiiiiiiiiiiiiiiiiiii 28
b Squamules greenish or brownish above, pale below ............ccccccciviiiiiiiiiiiiiiii 29
28a  Cortical cells of thallus finely papillose; squamules delicate .........c.cooeveueeciriririrneereeceninnneeerecnenes Agonimia
b Thallus of appressed squamules;, lacerate, pale perithecial Wall..........cc.cccoiiiiiiininininncee, 35
292 SQUAMUIES ClONZALEA ......oviieiinieeirieieieieeee ettt ettt et ne e enene Pseudohepatica
b Squamules rounded to moderately elongated and incised, mostly <5 mm 10ng.......c..coceveviiieninininencnenenne. 30
30a  Thallus thin, corticate with a thin layer of cubic cells on both Sides..........ccovvevrieerieerereirieennen Eschatogonia
b Thallus WIthOUL COTEEX ....cuveuimirieuirieiinieiiieteiet ettt ettt sttt ettt be e bt ae e et neeneneenennen 31
312 ASCOSPOIES SIITIPIE ...ttt ettt ettt ettt ettt e bt et e eb e e b et e b et et e st eseesees e eb e et e ebeeb et e b et eneeneeneeseeneebensenne 32
D ASCOSPOIES trANSVETSELY SEPLALE. ... c.eeuiiuieuieiiitietiitet ettt ettt ettt h ettt e et e st ae ettt eb et et et e b e st eneeseeneebeebeanes 34
32a  Thallus C+red, with 1abriform SOTalia...........ccccciiuiriiriiiiiieieieeee e Hypocenomyce
b Thallus C-; apothecia IECANOTINE .........cc.cciiiiiriiiiiiiiieiici ettt 33
33a  Ascospores acicular; with capitate soralia..................... .Bacidiopsora
b Ascospores fusiform to bacillary; without capitate SOralia............cecvveireereeereeerieeireereeseeseeeeees Psorella
34a  Ascospores with many in each ascus, < 10 [N LIONE .....cuevrvriririieiirieieieirri e Acarospora
b Ascospores 8 in each ascus, > 20 M 10N ...c.ovvieirieieieeririiiieieeeeeeees .... Placopsis
35a Thallus appressed squamules, 1-3 pum across, brown, pale perithelial wall ...........cccooeoirrurennnne. Staurothele

b Thallus erect squamules; perithelial wall brown to black.............cccccceeiviniriricciioiiiniiccccen Endocarpon



6 ldentification Key for the Major Growth Forms of Lichenized Fungi m
species of lichenized fungi: a signature of undiscov-
Notes ered global diversity. Phytotaxa 18:1-127
8. Porter TM, Schadt CW, Rizvi L, Martin AP, Schmidt
SK, Scott-Denton L et al (2008) Widespread occur-
1. Note that K+ or C+ denotes a positive color rence and phylogenetic placement of a soil clone group
reaction and K- or C- indicates that there is no adds a prominent new branch to the fungal tree of life.
color change. A very small amount is enough, 0 I]\S/IIOI lfhyﬁ’g&netsEvtOlf46:6;\;‘?;3()4) Funei and thei
. . . Blackwe , Spatafora ungi and their
and llt can b? put in eye-dr.opper bottles and allies. In: Bills GF, Mueller GM, Foster MS (eds)
kept in the fridge when not in use. Biodiversity of fungi: inventory and monitoring meth-
2. Sodium hypochlorite (C) is common bleach; it ods. Elsevier Academic Press, Amsterdam, pp 18-20
is best to use bleach without any additives. 10. Lutzoni F, Kauff F, Cox CJ, McLaughlin D, Gail C,
. .. Dentinger B et al (2004) Assembling the fungal tree
Avoid gettmg 1t on.your clothes. of life: progress, classification, and evolution of sub-
3. Potassium hydroxide KOH (K) or alterna- cellular traits. Am J Bot 91:1446-1480
tively sodium hydroxide is used as a 10 % 1. James TY, Kauff F Schoch CL, Matheny PB,
solution. Care should be taken while prepar- HolfStetterl\t/j Coxf? et al (2006) ,ReconStr‘;Ctlmg the
. ) . L. . early evolution of fungi using a six-gene ogeny.
ing this chemical as it is highly caustic in the NatZre 443:818-822 £ £ gene phyloseny
concentrated form. 12. Bland J (1971) Forests of Lilliput: the realm of mosses
4. Clean and freeze the material for future use. and lichens. Prentice-Hall, Upper Saddle River, NJ
Before use allow a few hours for equilibration. 13. Alexopoulos CJ, Mims CW, Blackwell M (1996)
. .. e Introductory mycology. John Wiley & Sons, New York
3. Placing the media in the upper lid limits con- 14 gcpadi €W, Martin AP, Lipson DA, Schmidt SK (2003)
tamination. Discharged spores will be attached Seasonal dynamics of previously unknown fungal lin-
to the agar surface either su]g]y or groups. For eages ir} tundra soils. Science 301:1359-1361
single-spore isolation reduce the discharge 15. Progovitz RF (2003) Black mold your health and your
time or increase the distance between the home. The Forager Press, New York, pp 48-52
] 16. Ahmadjian V (1993) The lichen symbiosis. John
ascocarp and the water agar medium. Wiley & Sons, New York, pp 8-29
Approximate spore discharge time is 24 h. 17. Yoshimura I, Yamamoto.Y, Nakano T,. Finnie J (2002)
6. In some lichens, spores germinate within Is‘olatlon and culture of lichen photobionts and myco-
fier di | bionts. In: Kranner I, Beckett RP, Varma A (eds)
1 day after dispersal. Protocols in lichenology: culturing, biochemistry,
ecophysiology and use in biomonitoring. Springer-
Verlag, Berlin, Heidelberg, New York, pp 3-33
References 18. Mueller (?M,.Bills GF, Foster MS (2.004.1) Biodiversity
of fungi: inventory and monitoring methods.
Academic, San Diego
1. Hibbett DS, Binder M, Bischoff JF, Blackwell M, 19. Orangea A (19%9) Macentina sligonemoides
Cannon PF} Eriksspn O et al (2007) A higher-level (Verrucariaceae), a new lichenized species from Great
Il)}llillgggngzg classification of the Fungi. Mycol Res Britain and Ireland. Lichenologist 21:229-236
el 20. Adler MT (1990) An artificial key to the genera of the
2. Schessler A, Schwarzott D, Walker C (2001) A new Parmeliaceae (Lichenes, Ascomycotina). Mycotaxon
fungal phylum, the Glomeromycota: phylogeny and 38:331-347
evolution. Mycol Res 105:1413-1421 21. Brodo IM, Sharnoff SD, Sharnoff S (2001) Lichens of
3. EVear;I{lg -II< (2010) Fungi. Crabtree Publishing Company, North America. Yale University Press, New Haven
ew ror 22. Nash TH (1996) Lichen biology. Cambridge
4. Feuerer T, Hawksworth DL (2007) Biodiversity of University Priss C)ambridge UK ppgi’_% £
lichens, including a worldwide analysis of checklist 23, Purvis W (200(;) Lichens. ,Smit’hsonian Institution
data based on Takhtajan’s Floristic regions. Biodivers Press, Washington, DC
Conserv 16:85-98 24 Dobson F (1979) Lichens: an illustrated guide.
5. Mueller GM, Schmit JP (2007) Fungal biodiversity: Richmond Publishing Co., Mexico City
ghat do lvéelk‘;"w‘-’ What can we predict? Biodivers 55 paje ME, Cole M (1988) Lichens of California.
onserv 16:1— I P
; . University of California Press, Berkeley, CA
6. Kirk PM, Cannon PF, Minter DW, Stalpers JA (2008) 26. Goward T, McCune B, Meidinger D (1994) The

Dictionary of the fungi. CAB International, Wallingford,
UK

. Lumbsch HT, Ahti T, Termann S, AmoDePaz G,

Aptroot A, Arup U et al (2011) One hundred new

Lichens of British Columbia illustrated keys. Part I.
Foliose and squamulose species. Victoria, British
Columbia. Ministry of Forests Research Program,
Canada



112

J. Sangeetha and D. Thangadurai

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Alstrup V, Olech M (1993) Lichenicolous fungi from
Spitsbergen. Pol Polar Res 14:33-42

Nash TH (2002) Lichen Flora of the Greater Sonoran
Desert Region: the pyrenolichens and most of the
squamulose and macrolichens. Arizona State
University, Mesa, AZ

Jordan M (2004) The encyclopedia of fungi of Britain
and Europe. Francis Lincoln Ltd., London, UK, pp
18-23

Vitt DH, Marsh E, Bovey RB (1998) Mosses, lichens
and ferns of Northwest North America. Lone Pine
Publishing, Edmonton, Alberta, Canada

Yamamoto Y, Mizuguchi R, Yamada Y (1985) Tissue
cultures of Usnea rubescens and Ramilina yasudae
and production of usnic acid in their cultures. Agric
Biol Chem 49:3347-3348

Nguyen TT, Joshi Y, Lucking R, Wang X, Dzung NA,
Koh Y, Hur J (2010) Notes on some new records of
Foliicolous  lichens from Vietnam. Taiwania
55:402-406

Purvis OW (1992) The lichen flora of Great Britain
and Ireland. British Lichen Society, London, UK
Bungartz F, Rosentreter R, Nash TH (2002) Field
guide to common epiphytic macrolichens in Arizona.
Arizona State University, Tempe

McCarthy PM, Malcolm WM (2004) Key to the gen-
era of Australian macrolichens. Australian Biological
Resources ~ Study.  http://www.anbg.gov.au/abrs/
lichenlist/introduction.htmL. Accessed 01 Sep 2011
de Vries B, de Varies I (2008) Common lichens of
Cypress Hills in Interprovincial Park Saskatchewan,
Canada. Fish and Wildlife Branch, Ministry of
Environment, Canada

Smith AL (1975) Lichens. Richmond Publishing Co.,
Mexico City

Thomson JW (1997) American Arctic lichens.
University of Wisconsin Press, Madison

Case J ( 2002) Key to lichens of the Alberta Prairies
and Parklands. Permanantly stored at the Lichen Key
Archive. http://www/toyen.uio.no/botanisk/lav/
LichenKey/index.htm. Accessed 08 Aug 2011
Ovstedal DO, Smith RIL (2001) Lichens of Antarctica
and South Georgia: a guide to their identification and
ecology. Cambridge University Press, Cambridge,
UK

Sechting U, Frodén P (2002) Chemosyndromes in the
lichen  genus  Teloschistes  (Teloschistaceae,
Lecanorales). Mycol Prog 3:257-266

Sinha GP, Elix JA (2003) Anew species of Hypogymnia
and a new record in the lichen family Parmeliaceae
(Ascomycotina) from Sikkim, India. Mycotaxon
87:81-84

Sipman H (2005) Identification key and literature guide
to the genera of Lichenized Fungi (Lichens) in the

44,

45.

46.

47.

48.

49

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Neotropics. http://www.bgbm.org/BGBM/STAFF/Wiss/
Sipman/keys/eokeyC.htm. Accessed 09 Sep 2011
Wetmore CM (2004) The isidiate corticolous
Caloplaca species in North and Central America.
Bryologist 107:284-292

Aptroot A (2004) Key to the macrolichens and
checklist of the lichens and lichenicolous fungi of
New Guinea. http://www.myco-lich.com/
Lichenology-in-Iran/identifications/useful-ke.
Accessed 01 Sep 2011

Wetmore C (2005) Keys to the Lichens of Minnesota.
http://www.myco-lich.com/Lichenology-in-Iran/
identifications/useful-ke. Accessed 01 Sep 2011
Weber WA (1962) Environmental modification and
the taxonomy of the crustose lichens. Sv Bot Tidskr
56:293-333

Hertel H (1998) Problems in monographing Antarctic
crustose lichens. Polarforschung 58:65-67

. Tibell L (1996) Phaeocalicium (Mycocaliciaceae,

Ascomycetes) in Northern Europe. Ann Bot Fennici
33:205-221

Awasthi DD (1991) A key to microlichens of India,
Nepal and Srilanka. Bibl Lichenol 40:1-337

Upreti DK, Chatterjee S (2004) Lichen genus
Tephromela in India. Geophytology 32:47-52
Westberg M (2010) The identity of Candelariella
canadensis. Lichenologist 42:19-22

McCarthy PM (2001) Key to the genera of crustose
pyrenocarpous lichens in Australia. 2001. Australian
Biological Resources Study. http://www.anbg.gov.au/
abrs/lichenlist/introduction.htmL. Accessed 05 Sep
2011

Jgrgensen PM (2001) Four new Asian species in the
lichen genus Pannaria. Lichenologist 33:297-302
McCune B, Meidinger DV (1994) The Lichens of
British Columbia: foliose and squamulose species.
Ministry of Forests, Research Branch, British
Columbia, Canada

Aptroot A (1991) A conspectus of Normandina
(Verrucariaceae, lichenized Ascomycetes).
Willdenowia 21:263-267

Awasthi DD (2000) Lichenology in Indian
Subcontinent. Shiva Offset Press, Dehra Dun, India
McCarthy PM (2010) Checklist of the lichens of
Australia and its Island Territories. Australian
Biological Research Society, Canberra. http:/www.
anbg.gov.au/abrs/lichenlist/introduction.htmL.
Accessed 05 Sep 2011

Yamamoto Y, Kinoshita Y, Yoshimura I (2002) Culture
of thallus fragments and redifferentiation of lichens.
In: Kranner I, Beckett RP, Varma A (eds) Protocols in
lichenology: culturing, biochemistry, ecophysiology
and use in biomonitoring. Springer-Verlag, Berlin,
Heidelberg, New York, pp 3446


http://www.anbg.gov.au/abrs/lichenlist/introduction.htmL
http://www.anbg.gov.au/abrs/lichenlist/introduction.htmL
http://www/toyen.uio.no/botanisk/lav/LichenKey/index.htm
http://www/toyen.uio.no/botanisk/lav/LichenKey/index.htm
http://www.bgbm.org/BGBM/STAFF/Wiss/Sipman/keys/eokeyC.htm
http://www.bgbm.org/BGBM/STAFF/Wiss/Sipman/keys/eokeyC.htm
http://www.myco-lich.com/Lichenology-in-Iran/identifications/useful-ke
http://www.myco-lich.com/Lichenology-in-Iran/identifications/useful-ke
http://www.myco-lich.com/Lichenology-in-Iran/identifications/useful-ke
http://www.myco-lich.com/Lichenology-in-Iran/identifications/useful-ke
http://www.anbg.gov.au/abrs/lichenlist/introduction.htmL
http://www.anbg.gov.au/abrs/lichenlist/introduction.htmL
http://www.anbg.gov.au/abrs/lichenlist/introduction.htmL
http://www.anbg.gov.au/abrs/lichenlist/introduction.htmL

Microscopic Methods for Analytical
Studies of Fungi

De-Wei Li

Abstract

Optical microscopy is essential in mycological research and analytical
studies of fungi. This chapter describes techniques and procedures
commonly used for microscopic studies of fungi and analytical studies of
airborne fungal spores with an optical microscope.

Keywords
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Introduction

In the last decade, the development of molecular
technology has advanced fungal systematics in
an unprecedented and revolutionary way. It has
allowed mycologists to examine the phylogenetic
relationships of fungal taxonomic groups at a
molecular level from a new perspective. More
importantly, mycologists can examine the natural
essence of these organisms, rather than view them
from artificial and superficial perspectives. Such
a development has led to significant changes at
all taxonomic ranks of fungal classification. It has
also led to the discovery of “Cryptomycota” (or
Rozellida), a new phylum arguably in Mycota or
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even a new Kingdom in biology [1]. The final
placement of “Cryptomycota” is subject to debate
at present. One thing for sure is that this group of
organisms is a new clade on the evolutionary tree
of life and it has not been discovered before.
However, morphology-based fungal taxonomy is
an undisputable fundamental basis of modern
molecular fungal systematics. Traditional mor-
phology-based taxonomy will still be imperative
to complete a global inventory of Fungi [2].
Fungal molecular systematics will not replace
morphology-based fungal systematics in the fore-
seeable future; rather, the two schools are supple-
mentary to each other. The International Code of
Nomenclature for algae, fungi, and plants
(Melbourne Code) requires morphological Latin
or English diagnosis for valid new fungal taxon
descriptions [3]. Microscopic observation and
analysis of fungi is still a simple, economic, and
efficient way to morphologically study, charac-
terize, and identify fungi. Many mycologists still
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enjoy observing the beauty of fungi and are very
excited to see an undescribed species under a
microscope. In the last 10 years, an average of
1,196 new species of fungi were described in
each year [2]. Among these newly described spe-
cies, a large number of fungi (74.4%, 8,895 spe-
cies) were described based on only morphological
characters without DNA sequence data from 1999
to 2009 [2]. At this time, fungal morphology and
microscopy still have practical and scientific
value in studying fungi. Microscopic methods are
widely employed in fungal research and commer-
cial laboratories, which serve the indoor mold as
well as the indoor air quality industries.

Fungi are very diverse in their morphology.
Thus, microscopic observation of their reproduc-
tive structures, such as spores and their arrange-
ment, conidiophores, conidiogenesis, acervuli,
picnidia, ascomata, basidiomata, and sporangio-
phores, is very important in the classification of
fungi and in the diagnosis of various infections of
plants, human beings, and animals.

In this chapter we mainly discuss optical
microscopy, which is commonly used in observa-
tion and analysis of fungi. Other microscopes
used in fungal research, such as scanning elec-
tronic microscope (SEM), transmission electronic
microscope (TEM), and confocal microscope,
and so on, are not covered in this chapter. A num-
ber of reference books can be consulted for tech-
niques for using these microscopes [4, 5].

Procedures and Techniques for
Microscopic Studies of Fungi

Specimen Preparation

Pretreatment

When dried herbarium specimens are used for
study, it is necessary to rehydrate these specimens
by placing a drop of water directly on the fruiting
bodies of Ceolomycetes or Ascomycetes for a
few minutes [6]. Alternatively, one may place a
dried specimen on sterile wet filter paper in a
Petri dish or a moisture chamber and rehydrate it
overnight at room temperature. Another simple
pretreatment method is to add a drop of 5-10%
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potassium hydroxide (KOH) solution to rehydrate,
soften, and clear fungal material prior to staining.
The pretreatment will make superficial fruiting
bodies of fungi much easier to be removed from
substrates or specimens. It will also make fruiting
bodies embedded in plant materials much easier
to section.

When sporulation is not present or fruiting
bodies are not mature in/on fresh plant materials,
the fresh specimen can be pretreated by placing it
on sterile wet filter paper in a Petri dish and incu-
bating it for two to several days at room tempera-
ture to assist sporulation or maturation of fruiting
bodies.

For fungi already growing on artificial media
and fresh, living materials with sporulating fun-
gal structures, such pretreatment is not
necessary.

Sectioning

Freehand Sectioning

Freehand sectioning of fungi growing in plant tis-
sues often provides an adequate method for rapid
and inexpensive microscopic observation of their
structures, if done properly. This very simple
technique often leads to high-quality images for
publication.

Equipment and Materials

* A good light source, desk lamp or a reading
light.

* A comfortable position for yourself, e.g., sit-
ting in front of a bench or desk.

e A number of double-edged razor blades, not
single-edged ones.

e A small Petri dish filled with water.

¢ A beaker filled with water.

e A small paintbrush (#1).

¢ The material to be sectioned.

Procedure

Hold the fungal material to be sectioned between
the thumb and index finger of one hand; a razor
blade held by the other hand is drawn across the
material with the edge towards the operator.
The razor slides on the index finger of the hand



7 Microscopic Methods for Analytical Studies of Fungi

holding the fungal material. Wet the upper
surface of the blade edge with water before sec-
tioning. As the sections are cut, they should slide
into water and float in it. The sections in the water
are removed with a small brush onto a glass slide
for observation under a microscope. Freehand
sectioning needs to be practiced a number of
times before satisfactory sections (smooth, even,
and thin) can be cut.

If the fungal material is small or soft, it should
be placed in a small Styrofoam block or chip
made out of packing material with a slit or pith
cut on the top to hold the fungal material or use
two pieces tied together with an elastic band or a
piece of tape to hold the fungal material. The
holding material should be able to hold the fungal
material firmly, but not too rigid and hard to crush
the fungal material.

A double-edged razor blade is crucial for suc-
cessful freehand sectioning. The low angle of the
edges of a double-edged razor blade allows one
to cut subject materials into thin sections. The
blade will become dull by slicing the materials
several times. Thus, it is necessary to move to an
unused portion of the edge of the blade after cut-
ting a few sections. When full lengths of both
edges of the blade are used, the blade is no longer
useable.

To practice freehand sectioning, it is better to
start with herbaceous plant materials. The stem
should be <5 mm in diameter and relatively soft.
Trim the materials to the size and length that are
easy to handle in your hand.

Sectioning with a Freezing Microtome
A number of brands/designs of microtomes are
available for fungal research, such as sled micro-
tome, rotary microtome, cryomicrotome (freezing
microtome), ultramicrotome, vibrating micro-
tome, saw microtome, and laser microtome.

The freezing microtome is commonly used.
Nag Raj [7] described a freestanding freezing
microtome (a modified Reichert freezing micro-
tome) in detail in his monumental book
Coelomycetous Anamorphs with Appendages-
Bearing Conidia. Sections are cut to 10-20 um
thick and transferred to water from the cutting
edge of the blade with a fine needle or a fine
camel or goat hair brush [8, 9].
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For information about operating a microtome
and preparation of samples, consult the manufac-
turer’s manual.

Sample Mounting

Tapelift Mounts

To tapelift is to use a small piece of 2x2 to
5x5 mm clear/transparent tape to gently touch a
colony so that fungal structures are removed from
the colony by the sticky side of the tape with a
pair of tweezers. The tools needed for tapelift are
a roll of clear tape mounted on a tape dispenser, a
pair of tweezers, and a pair of scissors.

Procedure

1. Examine the Petri dish under a stereo micro-
scope to locate the area or colony of interest.

2. Flame tweezers and scissors.

3. Cut off a piece of tape with desired size with
the scissors and tweezers.

4. Place the sticky side of the tape on the colony
with the tweezers and press it against the
colony gently.

5. Move the tape out of the Petri dish and flop
its sticky side up.

6. Place it on a slide.

7. Add a drop of 70% alcohol over it and let it
evaporate for 2—-3 min.

8. Add a drop of water, lactic acid, or mounting
agent of choice with staining agent.

9. Place a coverslip on it.

10. Place it under a compound microscope.
11. Take photomicrographs, if necessary.

It is a rather simple, convenient, and efficient
method to prepare wet mounts for microscopic
observation with a reduced disturbance to fungal
structures. Many commercial laboratories are
routinely using this method. However, the disad-
vantage of this method is that the tape itself
reduces the resolution and clarity of the field and
results in reduced quality of images. By choosing
the proper tape and careful preparation, this
method still can produce quality photomicro-
graphs, which are high enough for peer-reviewed
publications.

The quality of tape is the foremost important
factor for the quality of the wet mount. A number
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of brands of clear, transparent, ultra-transparent,
or super clear tapes (12.7-19 mm wide) are avail-
able on the market. Titan Ultra Clear Tape (59212
95882) is considered the best one (Seifert, per-
sonal communication; 2010); unfortunately, this
brand is not available in the United States. The
author was able to purchase Titan Ultra Clear
Packing Tape (5 cm wide), which yielded satisfac-
tory, but not super, results. Among the different
types of tape the author has tested with water, 85%
lactic acid, or 0.1% lacto-fuchsin, the best one is
Moore Crystal Clear Tape (No. CCD-134-C,
Moore Push Pin Co., Wyndmoor, PA). The fresh
mounts provide rather good clarity and resolution.
The observation should be finished in one half to
one hour. This tape will shift the color to the slight
bluish side. White balance can easily correct its
color when color photomicrographs are taken.
This tape is not available in stores, but it can be
ordered online. It is sold for torn book and blue-
print repair or restoration. Mainstays Crystal Clear
Tape (imported by Walmart Canada, Mississauga,
Ontario) is rather satisfactory in resolution and
clarity. Scotch Transparent Tapes 600 (12.7 and
19 mm wide) (3 M Co., St. Paul, MN) did not pro-
duce photomicrographs suitable for publication
owing to the mosaic background induced by its
uneven glue coating. This tape is not recom-
mended. Try several brands yourself with the
mounting media of your choice and choose one
which gives the most satisfactory results.

Scotch Crystal Clear Tape (Ultra Clear-
Permanent) has not been tested. Packing clear
tapes (2.5-3.75 cm wide) sold in post offices are
much thicker than other tapes. Their thickness
deteriorates resolution significantly, and they are
not suitable for microscopic fungal studies.

Wet Mounts Using a Needle

or a Cutting Tool

The other method to prepare a wet mount for
microscopic observation is to use a needle (an
inoculating needle, an insect pin no. 4, a sewing
needle, a miniature scalpel, or a custom-made
cutting tool with a small chisel point, etc.) to cut a
small piece of colony including fungal reproduc-
tive structures (conidiophores or ascomata) [10].
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The points of needles or cutting edges of scalpel
should be so sharp so as to cut the colony without
too much disturbance to fungal structures. The
area to be cut on a colony should have mature
conidiophores or ascomata, but not excessive
conidia. It is helpful to use a stereo microscope to
examine the colony and determine which area to
cut first for microscopic observation. It is rather
difficult to wash excessive conidia from a cut
colony sample on a slide. When a piece of colony
sample with excessive conidia is picked, it would
be better to prepare another one. Float the cut
colony sample from the needle tip onto a slide
with a drop of 70% alcohol. When the alcohol
evaporates, apply a drop of lactic acid or a mount-
ing medium of choice, with or without staining
agent, depending on the fungus and the optics to
be used for observation. For example, it is not
necessary to use a staining agent for dematiaceous
hyphomycetes; water or lactic acid would be
adequate.

Squash or Tease Mounts

This technique is useful for observing conidio-
phores and conidiogenesis in conidiomata (aver-
vuli or picnidia) and arrangements of asci and
ascospores in ascomata as well as the tissue struc-
tures of these fruiting bodies. Often a wet mount
is prepared without sectioning for a quick
identification.

Under a stereo microscope, one or two
superficial conidiomata or ascomata can be
removed from substrates with a sharp pin without
difficulty. Dip the tip of the pin in water so that a
droplet of water at the tip of the pin can be used
to retrieve and transfer conidiomata or ascomata
to a drop of water on a slide. Place a coverslip
over the conidiomata or ascomata on the slide.
Press the coverslip gently with a needle or a rub-
ber eraser and move it sideways to obtain a rea-
sonably good squash mount of well-separated
conidiogenous cells or asci.

Excessive plant material attaching to fungal
fruiting bodies prevents making clean and clear
slides for observation. Rehydrating dried speci-
mens often assists in the separation of fungal
fruiting bodies from plant materials.
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Teasing the tissues of the conidiomata or
ascomata with two fine insect pins will produce
similar, but frequently inferior results. When
teasing is used to remove excessive plant tissues
from the fungal fruiting bodies, it may improve
the quality of the mounts.

Staining and Mounting

Whether to use a staining agent and what kind of
staining agent to be used is a decision each
mycologist must make based on the fungus under
study, the key diagnostic characters of the fungus
to be observed, and microscopy to be used.

It may require application of a staining agent
to observe colorless, transparent, or lightly col-
ored fungi or fungal structures and improve the
contrast and differentiation of the fungal struc-
tures in the samples to be examined. For a pig-
mented fungus, a mounting medium providing a
neutral background without altering the color or
the chemical composition of the specimen is
sufficient and satisfactory for microscopic obser-
vation, such as water and lactic acid.

The function of a proper mounting medium is
to increase contrast by providing a refractive
index higher than that of a glass slide and by pro-
viding a refractive index close to that of the spec-
imen/sample to achieve optimal transparency.
A mounting medium chemically compatible with
the specimen is preferable. A stain or a mounting
medium should retain its optimal condition, not
drying out during microscopic study or storage.
Many stains and mounting media are available
for fungal microscopic studies, water, KOH, lac-
tic acid, lacto-fuchsin, lacto-cotton blue, modified
lacto-cotton blue (MLCB), and lacto-phenol blue
are most commonly or routinely used by mycolo-
gists and lab technicians (see Note 1). A number
of publications provide detailed information on
the stains and mounting media [11-13]. For infor-
mation on special agents, such as nuclear staining
agents, and the stains to differentiate fungi in ani-
mal tissues, see references [11, 13, 14].

It should be pointed out that some mycologists
employ a special staining agent, mounting
media, or the technique they developed for their
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microscopic studies on certain taxonomic groups.
It is necessary to check their publications or
monographs for the detailed information on how
they prepare their specimens for their studies.
It often saves time by following these methods.

Malloch [15] indicated that some fungi are
hydrophobic and difficult to “wet,” even with a
wetting agent. He recommended adding a drop or
two of 95% ethanol to the fungal material for a
few seconds. Before the alcohol is completely
evaporated, adding a drop of a mounting medium
of your choice will improve the quality of wet
mounts.

Some staining media widely used in the past
contain lacto-phenol, such as lacto-phenol blue
[11]. Lacto-phenol cotton blue solution is used in
some research [16]. These staining agents are no
longer recommended because of health concerns
for phenol, which is readily absorbed through the
skin and known to result in some detrimental
health effects from long-term exposure [13, 17].
Thus, these staining agents are not covered in this
chapter.

Microscopy: Principles and Application

Optical microscope is an indispensable instru-
ment to a mycologist. Microscopes really extend
the vision of mycologists and biologists into a
microcosmic world to study fungi microscopi-
cally. Microscopy is using microscopes to observe
samples, specimens, or structures that are invisi-
ble to the unaided eye.

Both stereo (dissecting) and compound micro-
scopes are necessary instruments for fungal
observation and analyses.

The objective of the microscopy is to produce
a quality image showing more details of the spec-
imen within its designed capacity.

Stereo Microscopes

The stereo microscope, also known as a dissect-
ing microscope, is an optical microscope variant
designed for low-magnification observation of
the surface of a sample/specimen using incident
light illumination rather than transillumination
with magnification range of x 5 to x 60. It employs
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two separate optical paths, with two objectives
and two eyepieces providing slightly different
viewing angles to the left and right eyes so as to
produce a three-dimensional view of the sample/
specimen under the microscope.

There are two major types of magnification
systemsinstereo microscopes: fixed magnification
and zoom magnification systems. In the former
one primary magnification is achieved by a pair
of objective lenses with different discrete
magnifications. The zoom magnification is able
to continuously change magnification within a
designed range of x5 to x60. Recently, newer
versions of stereo microscopes have been
improved with motor controlled zooms integrated
with digital imaging systems.

The observation of fungal materials under ste-
reo microscope is essential before a compound
microscope is used for microscopic examination
[18]. The significance of using a stereo micro-
scope is often not fully appreciated. A number of
morphological characters of fruiting bodies, con-
idiophores, and conidial orientations on the fun-
gal colonies on natural substrates or culture media
are diagnostic under a stereo microscope. For
instance, the orientation of conidial chains and
the conidial mass shapes of Aspergillus and
Penicillium are diagnostic features for identify-
ing some fungi of these genera to species [10,
19]. The morphological features of fruiting bod-
ies are critical for identifying most fungi to gen-
era or to species, such as Alternaria, Aspergillus,
Chaetomium, Penicillium, and powdery mildews.
These characteristics are undisturbed for obser-
vation under a stereo microscope, but can be lost
or at least altered due to disturbance in a wet
mount preparation. The patterns of sporulation
and conidial chains are very important characters
to differentiate species of Alternaria [20, 21].
The stereo microscope is used to observe and
locate fungal materials on the plant tissues or on
the culture media. Removal of conidiomata and
ascomata from plant materials or colonies with a
needle or a piece of tape are conducted under a
stereo microscope with an increased change of
success of picking right fungal materials to pre-
pare wet mounts for observation under a com-
pound microscope. It is often used to prepare the
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samples or subsamples for further observation
under a compound microscope.

It is relatively easy to use a stereo microscope.
Observation starts from low power and proceeds
to high power. Stereo microscopes are normally
equipped with an internal light source projecting
light from upper back and bottom. For better
quality of photomicrography, an external fiber
optic light source is sometimes necessary to
enhance the characters with better lighting from
an optimal angle. Occasionally, simultaneous
lighting from above and below is necessary to
observe certain fungal structures, such as conidial
orientation from a culture.

Compound Microscopes

A compound microscope is a microscope that
uses multiple lenses (4-6 objectives) to collect
light from the sample and then a pair of eyepiece
lenses to focus the light into the eye or camera
with a magnification range of x40 to x2000.

Slayter [22] indicated that the quality of the
image produced by a compound microscope
depends on the magnification, the resolution of
the microscope, and the contrast produced in the
image.

Microscope objectives are characterized by
two parameters: magnification and numerical
aperture [23]. Magnification is achieved by objec-
tives (object lenses) and eyepieces (ocular lenses)
chosen for your microscope with a magnifying
range of x4 to x 100. For most compound micro-
scopes, a set of objectives ranges from four to six
lenses. The objective lenses are available with
magnifications of x4, x 10, x 20, x40, x 60, x 100
(oil immersion lens). Eyepieces of x 10, x 15, and
x20 are available. A pair of x10 eyepieces is
most commonly used. The total magnification=
objective x eyepiece.

Numerical aperture ranges from 0.10 to 1.25,
corresponding to focal lengths of approximately
40-2 mm, respectively. Numerical apertures can
be achieved with oil immersion as high as 1.6, at
which the highest resolution can be reached.

The resolution of an optical microscope is the
shortest distance between two points on a speci-
men that can be distinguished as separate entities
[24]. The resolving power of a microscope is the
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Fig.7.1 Spores of Arcyria sp. captured in the same viewing field with bright field (a), phase contrast (b), and differen-

tial interference contrast (c)

most important technical specification or feature
of the optical system and determines the ability to
differentiate between fine details of a specimen.
The maximal resolution for an optical compound
is 0.2 um (200 nm) [25]. The wavelengths of vis-
ible spectrum of light are from 390 to 750 nm.
The resolution of an image is limited by the
wavelength of light used to illuminate the sample.
When objects in the specimen are much smaller
than the wavelength of the light, they do not
interfere with the waves so that these objects are
indistinguishable.

Using a microscope with a more powerful
magnification does not increase its resolution
beyond 0.2 pum; it just enlarges the image.
However, objects closer than 0.2 pm will become
blurry and only be observed as an indistinguish-
able entity.

Contrast is the difference in visual properties
that makes an object distinguishable from other
objects and the background. Contrast is deter-
mined by the difference in the color and bright-
ness of the object and other objects within the
same field of view under a microscope.

The contrast of a fungal sample is determined
by several factors: type of specimen, mounting
medium, degree of optical aberration, proper set-
ting of aperture diaphragms, contrast mechanism
employed, and characteristics of the detector.
Proper usage of contrast can improve the quality
of photomicrographs.

lllumination Techniques

Three illumination techniques—bright field,
phase contrast, and differential interference con-
trast (DIC)—commonly used in microscopic
studies of fungi (Fig. 7.1).

Figure 7.1 illustrates the differences of spores
of Arcyria sp. in three images captured in the
same viewing field under differing contrast illu-
mination techniques: bright field, phase contrast,
and DIC.

Bright Field Microscopy

Bright field microscopy is the simplest and the
most basic illumination technique (see Fig. 7.1a).
This illumination technique uses transmitted vis-
ible light. The advantages of the technique are the
simplicity and the minimal sample preparation
required. Its limitations are the low contrast of
most biological samples and the low resolution
due to the blur of out of focus material. It often
has difficulty to observe colorless or transparent
fungal spores and other structures clearly due to
low contrast, especially septation without aid of
staining.

Despite its limitations, the majority of the
laboratories providing services to Indoor Air
Quality and Indoor Mold Industry use bright field
illumination according to the survey conducted
by the task force of AIHA (unpublished data),
but the colorless specimens/spores are routinely
stained to increase the contrast in these labs.



120

For a research laboratory, the choice of illumina-
tion techniques relies on the quality to show the
characteristic of fungal structure to be observed.

Phase contrast and differential interference
techniques make observation of unstained bio-
logical materials possible.

Phase Contrast
Phase contrast is a widely used technique show-
ing differences in refractive index as difference in
contrast [26]. It allows observing colorless or
transparent biological materials or certain fungal
structures, such as septation in colorless spores
without the aid of staining agents. It was devel-
oped by Frits Zernike, a Dutch physicist, in the
1930s during his study of diffraction gratings. He
was awarded the Nobel Prize in 1953 for his
invention of the phase contrast microscope [27].
It necessitates a special set of objectives with
phase rings in the back focal plane of the objec-
tive. A matching set of phase rings are placed in
the condenser and these rings are marked for
their setting position. The phase objective is
required to match the specified phase setting on
the turret condenser to enable best observation
possible. The major limitations of phase contrast
technique are halo artifacts around objects and
the requirement of thin specimen preparations
(see Fig. 7.1b) [28].

Differential Interference Contrast

DIC (also known as Nomarski interference con-
trast) was created and introduced to microscopy
by George Nomarski, a Polish physicist and
optics theoretician in 1950s [29]. DIC is an excel-
lent technique, but much more expensive for ren-
dering contrast in colorless or transparent
specimens. Contrast is very good and the con-
denser aperture can be used fully open, thereby
reducing the depth of field and maximizing reso-
lution. DIC uses a special prism (Nomarski prism,
Wollaston prism) in the front focal plane of the
condenser and one in the rear focal plane of the
objective [30]. It also needs a polarized light
source which is generated by two polarizing
filters installed in the light path, one below the
condenser (the polarizer), and the other above the
objective (the analyzer). This technique is widely
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used to study live biological specimens and
unstained tissues. Under DIC technique, biologi-
cal specimens including fungi show a pseudo-
color that deviates from their natural color.

The technique produces a three-dimensional
effect of the specimen’s surface which is actually
a monochromatic shadow-cast image showing
the gradient of optical paths for both high and
low spatial frequencies in the specimen (see
Fig. 7.1¢) [31]. A DIC turret condenser usually
has a bright field illumination setting as well as
the DIC setting to match each objective. A DIC
turret condenser in some models has a bright field
and a set of phase illumination settings. DIC pro-
duces much higher resolution images than phase
contrast and bright field.

Compound Microscope Calibration,
Adjustment, Use, and Care

All compound microscopes should be equipped
with an ocular micrometer or micro-grid for mea-
suring fungal structures during microscopic
observation, if necessary. The ocular micrometer
must first be calibrated with each objective before
it can be used. Each microscope must be individ-
ually calibrated routinely at least once a year. For
the same magnification on the microscopes of
different brand, or even different models of the
same brand, the measurements by micrometer
with the lenses may vary slightly. The ocular
micrometer in the eyepiece is measured against a
stage micrometer or a graduated slide with each
objective. The length of each division of the ocu-
lar micrometer is calculated, recorded, and docu-
mented for each objective. The calibration result
for each objective should be recorded and taped
on the microscope for quick reference.

A microscope should be used properly. It
involves proper alignment and setting-up. The
first thing is to understand your microscope and
to know the features and functions as well as the
limits of the microscope. The aperture should be
set based on the objective lens to be used. For
instance, when using a x60 objective lens, the
aperture should be closed down to the 0.3 posi-
tion on a bright field microscope to achieve the
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optimal contrast. A wide-open aperture will result
in low contrast and wash out the details in the
image against an over bright background. The
field of view should be centered. Use your micro-
scope with care. Start with your lens on the low-
est magnification to locate the area that you want
to observe and move to higher magnification lens
in a sequence. All objectives are parfocal and
parcentered by design to minimize refocusing,
when switching lenses. Understand the depth of
focus of each objective on your microscope. It
determines your workable space associated your
specimen and objective. Never crush your lens
into a slide when you focus or switch objectives.
Such an action will scratch the lens. A dirty lens
should be cleaned with lens paper and lens clean-
ing solution. Immersion oil should be cleaned
from the x 100 objective, when observation with
the oil lens is complete.

Eyepieces on a microscope should be adjusted
individually so that both eyes of an observer will
focus on the same plane (parfocal). If two eyes
are focused on different focus planes, it is easy to
lead to eye fatigue. To some individuals it may
result in dizziness or headache. Make yourself
comfortable ergonomically by adjusting the posi-
tion and height of your microscope and chair to
avoid ergonomic fatigue or injury. A chair that is
adjustable in height and with back support is
preferred.

Observation and Measurement of Fungi
under Light Microscope

Microscopic observation can be used in many
areas of mycological studies, such as fungal tax-
onomy, identification, fungal development/biol-
ogy, pathogen and host relationship, etc. Two
factors, proper preparation of samples (slide) and
proper usage of microscope determine whether a
microscopic study can obtain the data necessary
for your objectives. Take detailed notes when you
make your observations, especially a key or diag-
nostic character or a detail that is not able to be
captured by photomicrography with sufficient
quality. All photos should be annotated in your
notebook including the digital filing information
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where the photo(s) is saved. All photomicrographs
should be annotated with scale bars. If your sys-
tem does not have the feature to insert a scale bar
to a photo, the magnification or all magnifying
factors should be recorded in details. Always
save your photos to a folder with a clear and
meaningful title so that you can retrieve them
later. How often we experience frustration by the
difficulties of retrieving a photo due to hazy
memories!

When it is necessary to measure fungal struc-
tures during microscopic observation, it is rec-
ommended to measure enough numbers of a
structure under study. Scan the whole sample first
and make sure to measure individuals that repre-
sent the full range of a population. Randomly
choose the individual subject to measure. Avoid
any bias in the process of measurement. Make 30
measurements for each structure, if possible, so
that a statistical data analysis can be conducted
later. Keep in mind that the best resolution of a
light microscope is 0.2 um. Accuracy of a mea-
surement <0.2 um is meaningless. This is the
reason why for new taxon description, all mea-
surements are rounded up to closest 0.5 um or
whole number in some publications.

Photomicrographic System and Usage

Drent [32] indicated that digital photomicro-
graphic systems are dominant in image capturing
for microscopy which demands high resolution,
retaining true color and proper usage of limited
light conditions. Digital cameras can capture
images with quality comparable to traditional
film photography. It is the norm to use digital
photomicrographs in academic papers for pub-
lishing in peer-reviewed journals including myco-
logical journals. Photographic software programs
make editing and post image-capture process a
much easier operation. Making a photoplate is no
longer a time-consuming and laborious process.
A simple plate with four to six images can be
done within an hour. Digital images can be cap-
tured, stored, and retrieved much more easily
than traditional photomicrography with 35-mm
film. The photomicrograph system is either
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mounted on the trinocular or the ocular tube. The
ocular setup is more economical.

Color shift under a microscope can be cor-
rected by white balance or by a neutral density
filter slide [33].

We have to be careful to edit the images that
are for scientific research. Adjusting contrast and
brightness, correcting shifted color, and cropping
out excessive edges are acceptable, but any
Photoshop alterations to the contents of images
for aesthetic and other reasons are questionable
such as removing and replacing background.
Such an action may compromise the integrity of
scientific research.

Capturing a good image with a high resolu-
tion, a proper contrast, and true color relies on
two factors or skills: (1) using the photographic
system properly, and (2) preparing a good wet
mount with your research fungal material. Read
the manual of your photographic system and
become familiar with the functions and features
of your gear prior to operation. You will avoid
unnecessary frustration and improve your photo-
micrographic skill. You may enjoy it during the
process.

TIFF, GIF, and JPG are the common file for-
mats used for taking photos, especially JPG.
These formats are able to provide the quality nec-
essary for publication without any problem. The
key requirement for publication is > 300 dpi. For
a photo to be published at a print size of 4 by
4 in., the photo digital size is 1.44 mb at 300 dpi
resolution. Medium quality setting for a camera
with photo size 0.5-1.5 mb is adequate. A quality
photo is determined by being in focus and having
good resolution, proper contrast, nice clarity, and
neutral color. Size of a photomicrograph does not
need to be over 2 mb in most cases. RAW is not
necessary, unless the photomicrograph needs to
be enlarged to poster size, or you need the quality
of professional photography. Working with large
size photos will significantly slow down your
computer and your work progress or you would
need to acquire a very powerful personal com-
puter with high quality and speed. Storage and
digital filing for larger photos could be another
issue, as they will fill up your hard drive space
rather quickly.

De-Wei Li

Microscopy for Airborne Fungal Spore
Analysis

Analysis of airborne fungal spores provides
important information to the indoor and airborne
fungi industry and IAQ professionals to help their
indoor mold investigation. Both qualification and
enumeration of fungal spores are included in the
analysis. Analysis of airborne fungal spores is
often referred to as “spore count.” It is covered
here as a separate section to discuss its procedures.

Lab materials for spore counts are similar to
those described in previous sections. No other
special material is needed.

For spore count analysis a compound micro-
scope is commonly equipped with x 20, x40, x 60,
and x 100 objectives [34, 35]. Objectives of x4
and x 10 are rarely chosen for a microscope for
spore count. A x20 lens can serve for locating
sample trace, scanning the whole trace, and iden-
tifying large spores and hydrophilic fungal spores,
such as Stachybotrys, Memnoniella, Chaetomium,
Alternaria, and Epicoccums. Objectives of x40 or
x 60 are used for overall spore enumeration and
identification [36-39]. It is the preference of a lab
or an analyst to decide which one to use. More
and more labs tend to use a x60 lens for better
observation of details of fungal structures and not
significantly reduced viewing area and depth of
field. The x 100 objective is occasionally used to
observe fine, diagnostic characters or structures
on small spores (<6 um). A number of research
labs used a x 100 objective for their research [39—
42]. Such a practice is not economical for a com-
mercial lab because of the time restraints.

The Environmental Microbiology Proficiency
Analytical Testing task force of American
Industrial Hygienist Association conducted a sur-
vey several years ago. The survey found that the
majority of accredited environmental laborato-
ries conduct fungal spore counts under
magnifications of X200 to x600 and a few labo-
ratories use x 1000.

For spore count the ocular micrometer is used
to measure the size of fungal spores and the
dimensions of sample traces. It can also be used
as a guidepost during the analysis of the sample.
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Fungal Spore Identification

It is not difficult to identify common fungal
spores to genus level, such as Alternaria,
Cladosporium, Pithomyces, Epicoccum,
Ganoderma, Chaetomium, Fusarium, Curvularia,
Torula, Nigrospora, Spegazzinia, etc. It is a chal-
lenge to identify some spores to genus level. This
is the reason why the Aspergillus/Penicilium-like
group is used to accommodate colorless, ellip-
soid, ovoid, or subglobose spores that often
belong to more than a half dozen of different gen-
era, Aspergillus, Pacilomyces, Penicilium,
Acremonium, Geosmithia, and Merimbla. For the
spores of Basidiomycota and Ascomycota are
often identified as basidiospores and ascospores.
Among these spores, a few may be able to be
identified to genus, such as Ganoderma and
Leptosphaeria. There is no doubt that it is neces-
sary to conduct more research on fungal spore
morphology and their taxonomic values for fun-
gal spore identification. Possession of a good
collection of mycological literature is vital to
fungal spore identification.

Procedures to Identify and Quantify
Spore Traps

Ideally, 100% of a sample trace should be ana-
lyzed. Analysis of spore count samples cover the
traces ranging from 25% to 100%. Only a small
number of labs analyze their samples by covering
100% of the trace. A majority analyzes a portion
of the sample by subsampling in the trace due to
time or economic restraints. For a normal spore
load, it is minimal to analyze 25% of the trace.
Occasionally the analyzed area might be reduced
to <25%, if a spore load is extraordinarily high
(>800 spores/sample) and has a relatively even
spore distribution. Be extremely cautious when
<25% of the trace is analyzed. This practice is
allowed in some commercial labs with quality-
control measures in place. For research this prac-
tice should be avoided.

A number of methods are available for exam-
ining spore trap samples, such as transverse pass,
and longitudinal pass methods, zigzag field,
and random fields (Fig. 7.2). These methods
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illustrated in Fig. 7.2 are straightforward. The
methods have two different approaches: using the
entire field of view or using a micrometer to guide
passes and the counting process. The micrometer
method has its obvious advantage. Because the
view area is much narrower than the width of the
field of view, the analyst does not need to turn
his/her eyes to read the entire field of view. It is
much easier to focus on the area within the
micrometer. This method normally imposes less
occupational stress on eyes [43].

For pass methods when spores/conidia touch
the edge of the micrometer that is guiding the
counting pass, always count those that touch the
left edge of the micrometer and exclude any that
touch the right edge (Fig. 7.3) [43].

For random and zigzag field methods, ran-
domly scan across the trace (3-5 fields per pass)
in a zigzag pattern. The number of fields counted
should be equivalent to 25% of the trace area or
more. Count all spores within the entire field of
view. Try to scatter fields randomly over the
entire trace. For spores present on the perimeter
of the field, count only the ones attaching or on
the perimeter on the left-hand side (Fig. 7.4), not
the ones on the right-hand side. Move the field to
the left so as to reveal the entire spore for a more
precise identification. This should be done when
all spores in the field of view are analyzed except
for the ones on the left edge. Thus, the spores
with the partial view can be identified.

Collecting Reference Data and Calculating

Trace and Coverage Area

e With a calibrated microscope, the full length
of the ocular micrometer under x40, x 60, and
x 100 lenses can be calculated by multiplying
by 100. The length of the objective you choose
to use will be the width of passes covering
through the samples, if pass method is used.
If field-of-view method is used, the diameters
of field of view should be measured.

* Obtain dimensions of the adhesive band for the
sample deposit for each sample type from the
manuals or from the manufacturers. For exam-
ple, the trace size of Air-O-Cell is 1.055 mm
x14.4 mm (15.19 mm?); Burkard samplers,
14 mm x 2 mm (28 mm?); and Allergenco sam-
plers, 14.5 mmx 1.1 mm (16 mm?).
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Fig. 7.2 Fungal sample trace reading methods. (a) Transverse passes. (b) Longitudinal passes. (¢) Zigzag fields.
(d) Random fields
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Fig. 7.3 Spore-counting criteria for the pass methods. direction of a pass guided by the ocular micrometer. W is
Only count the spores touching the left boundary line of  the width of the micrometer and counting pass. The
the micrometer pass. Do not count the ones touching the = unshaded spores are counted, and the shaded spores are
right boundary line. Two vertical solid arrows indicate the  not counted
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Fig. 7.4 Spore-counting criteria of random and zigzag
field methods. The spores (unshaded) on the left half of
the perimeter of the field of view and other unshaded

e Use the data collected in steps 1 and 2 to
calculate the number of passes necessary to
cover the entire trace for using pass method.
The diameter of the field of view is used to
calculate the number of fields needed to cover
the entire trace, if using the field-of-view
method. Using these results, the numbers of
passes or field-of-views necessary to cover a
portion of trace area, such as 30%, can be
calculated.

Procedure of Analyzing Samples
Collected with Air-O-Cell Cassettes or
Similar Devices

Sample Preparation

* Check the sample label against the Chain of
Custody sheet.

» Fill up the data sheet with client information,
sample information (number, time, location,
air volume, samplers).

¢ Remove or cut the seal.

* Pry the cassette open with a weighing spatula
or a penny.

spores are counted, and those (shaded) on or touching the
right half are not counted

e Mark the trace with a permanent marker.

e Apply a little bit of clear nail polish to each of
four corners of the sample.

e Remove the coverslip with a