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PREFACE

Over the last two decades (since the mid-1980s), concerns of human exposures to

microbiologicals originating in the indoor environment due to water intrusion or

moisture control problems have been centered on fungi, which include molds. It

is, however, well understood that fungal growth is not the only group of microorgan-

isms thriving in such conditions. Bacteria are particularly common in the indoor

environment, with growth possibly resulting from water damage. Because of their

ubiquity and small size, bacteria react to water intrusion or excessive moisture

much faster than do fungi. Bacterial growth can produce endotoxins and other

biogenic toxins. Some environmental bacteria are also infectious. In fact, two legio-

nelloses are associated with waterborne bacteria. Legionnaire’s disease was first

reported in the outbreak in the 1976 American Legion convention in Philadelphia.

Pontiac fever is a nonpneumonic legionellosis, believed to represent reaction to

inhaled Legionella antigens rather than bacterial invasion. Legionella bacteria are

now known to thrive in building water systems such as cooling towers or hot-water

systems.

Although fungal spores are ubiquitous, fungal growth is considered unusual in a

properly maintained building. Because of the ubiquitousness, fungal spores can

germinate and grow into colonies when there is access to moisture. During their life-

cycle, fungi produce a wide variety of chemicals, including secondary metabolites,

some of which are toxic to animals and humans; hence the term mycotoxins.

Fungal spores are known to contain allergens and fungal glucans. Exposure to

fungal allergens and mycotoxins in a water-damaged mold-infested indoor environ-

ment is generally believed to pose an increased risk over that posed by outdoor

exposures.

Because of the concerns and interest in indoor fungal contamination issues,

several guidelines and reference books have been published. Conventional and

xi



newly invented sampling and analytical methodologies have routinely been

employed in the assessments and investigations of microbiologics in the indoor

environment. Some of the methodologies have never been properly evaluated and

validated by scientific methods. Furthermore, results and data derived from the

methodologies are often misused or misinterpreted. In 2004, the Institute of

Medicine (IOM) of the National Academies reported that currently used sampling

and analytical methodologies were inadequate for microbial exposure assessment

in the indoor environment because of widespread uncertainty from potential

errors and bias in the methodologies as well as complexities from large temporal

and spatial variability and diverse microbial species and metabolites that are pro-

duced in such environments. The IOM further recommended that “existing exposure

assessment methods for fungal and other microbial agents need rigorous validation

and further refinement to make them more suitable for large-scale epidemiologic

studies.” Before such recommendations are fulfilled, it is our desire and opinion

that investigators and laboratory managers be thoroughly familiar with the details

of investigation, including sampling, and analytical methodologies so that they

understand the advantages and limitations of sampling and analytical methods,

utilize methods properly and appropriately, and interpret the results accordingly.

The approach to assessment and investigation is toward evaluating the conditions

of growth and contamination in the indoor environment rather than assessment of

human exposure.

In 2004, a group of scientists at the National Institute for Occupational Safety and

Health (NIOSH) studied employees in 13 college buildings. They reported that

building-related respiratory symptoms can be predicted with semiquantitative

indices of exposure to dampness and mold by classifying water stains, visible

mold, mold odor, and moisture using semiquantitative scales. They then estimated

individual exposure indices weighted by the time spent in specific rooms. The use

of surface coverage area of visible fungal growth to guide and design mold remedia-

tion requirements for human and environmental protections was detailed in guide-

lines and documents published by the New York City Department of Health,

the U.S. Environmental Protection Agency (USEPA), and Health Canada. The

New York City Guidelines available in 1993 and 2000 and the USEPA’s Mold

Remediation in Schools and Commercial Buildings published in 2001 used square

footages to define requirements for personal protective equipment and isolation

containment. This implies the relationship between visible mold area and exposure.

In 2004, Health Canada published a document titled Fungal Contamination in

Public Buildings: Health Effects and Investigation Methods, in which it suggested

that there is dose–effect relationship in that more visible mold yielded more symp-

toms. Although the relationship requires further refinement, investigators should

always keep this in mind when conducting an assessment, an investigation, or an

inspection of fungal growth.

Although we understand the complexity of microbiological problems in a

water-damaged environment and the knowledge gap in practices of sampling and

analysis, we think there is sufficient information and knowledge in microbiological

sampling and testing available to properly assess and inspect an environment for
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microbiological contamination. Clearly, any new advance will greatly add to the

tools and knowledge available for better methodology to sampling and testing for

microbes indoors. In light of the IOM publication, Damp Indoor Spaces and

Health and the University of Connecticut’s Guidance for Clinicians on the Recog-

nition and Management of Health Effects Related to Mold Exposure and Moisture

Indoors (http://www.oehc.uchc.edu/clinser/MOLD%20GUIDE.pdf), the impact

of microbial growth and contamination in a water-damaged indoor environment

on human health is minimally discussed in this book. Readers are referred to the

documents cited above as well as those published by governmental agencies, such

as New York City Department of Health, USEPA, NIOSH, or Health Canada.

Readers are also encouraged to stay abreast of the scientific literature in this area

as it is published.

Finally, we would like to thank chapter authors for their efforts and contributions

to this book. We are also very grateful for Drs. Francis Harrington, De-Wei Li,

Michael Berg, and Philip R. Morey for reviewing manuscripts. Dr. Keith

Wheatstone of Severn Trent Laboratories is thanked for his support to Chin S. Yang.

CHIN S. YANG

Cherry Hill, New Jersey

PATRICIA A. HEINSOHN

Pacifica, California
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CHAPTER 1

INTRODUCTION TO
MICROBIOLOGICAL GROWTH
AND CONTAMINATION INDOORS

CHIN S. YANG and PATRICIA A. HEINSOHN

1.1. INTRODUCTION

Humans in modern society have been reported to spend 80% or more of their time

indoors, whether at work or at home.1 Indoor air quality has become an important

public health concern since the mid-1970s, at least. Among various indoor pollu-

tants, microbiologicals are one of the most important.2 It has been estimated that

one-third of indoor air quality (IAQ) complaints may be due to microbial

contamination.3

Among the many microbial contaminants, fungal growth and contamination

in the indoor environment has been the focus of news media reports since

the mid-1990s as cases of infant death from acute pulmonary hemorrage/
hemosiderosis in Cleveland, Ohio were associated with mold growth, specifically

Stachybotrys chartarum.4–7 Later a review by a panel of outside experts convened

by the Centers for Disease Control and Prevention (CDC) found shortcomings in

the implementation and reporting of the investigation. CDC concluded, on the

basis of the review, that a possible association between acute pulmonary

hemorrage/hemosiderosis in infants and exposure to molds, specifically S.

chartarum, was not proved.8 Unfortunately, there was no explanation for the

cause(s) of the infant’s death in the CDC review, and there has been no cause

offered so far.

Indoor microbiological contamination is not new. Leviticus 14:33–45 of the Old

Testament is often cited as the earliest known reference to a “mold problem” in the

indoor environment. Although it is reasonable to believe that the reference of

“plague” means mold, it can also be fungi, mildew, bacteria, algae, or any combi-

nation of these microorganisms due to moisture problems. Straus described it as

putting forth a detailed protocol for the remediation of contaminated structures.9
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It did imply a wet or damp condition for microbial growth. In the East, the Chinese

have traditionally associated “mushroom growing and becoming moldy” (sen gu fa

mei; or ) on materials or in the living environment as an unhealthy

sign. These references are significant because they indicate microbial growth due to

wet and damp environments as unhealthy.

The interest in and concern for indoor microbiological growth and contamination

has led to many books and publications, including reference books from the Amer-

ican Industrial Hygiene Association and American Conference of Governmental

Industrial Hygienists.10–13 There have been other reference books and conference

proceedings related to the topic published since the mid-1980s. A list of selected

books includes Refs. 2 and 14–24. The scope of these books varies widely. Some

are texts with certain scientific depth and were written by research or practicing

scientists. Some are how-to books for practicing professionals. In addition, most

or all of the books offer basic, standardized approaches to assessing mold or

microbial growth and contamination indoors. Furthermore, some books focus exclu-

sively on mold even though bacterial growth and other biological contaminants do

occur in water-damaged conditions. Chapters of this book are written by several

scientists with advanced academic degrees and extensive practical experience in

areas of indoor microbial contamination. The book intends to bridge the gap

between the sciences and reality.

In additional to reference books, substantial numbers of publications (e.g.,

reviews, position papers, peer-reviewed original articles) have accumulated in the

literature. This book is not designed to extensively review the entire literature.

Instead, useful and relevant references with thoughts and depth that are authored

by reputable and credible scientists or professionals are selected. Governmental

and professional guidance documents are referenced where they are appropriate.

These documents are often guidelines but not standards, even though some are

titled standards. Such guidance documents may be designed to serve certain con-

stituents and can become out-of-date rather quickly because it often takes a long

time to prepare and produce such documents.

In 2004, the Institute of Medicine (IOM) published a report titled Damp Indoor

Spaces and Health based on “a comprehensive review of the scientific literature

regarding the relationship between damp or moldy indoor environments and the

manifestation of adverse health effects, particularly respiratory and allergic symp-

toms.”25 The primary backdrop for the review was public health concerns due to

fungal growth from damp environments as well as visible mold in homes with

recent water damage. The report, however, emphasized the importance of a compre-

hensive approach toward microbial assessment in the indoor environment. This

approach would include bacteria, fungi, and components of microbial agents, such

as allergens of microbial origin, structural components of fungi and bacteria,

microbial volatile organic compounds (MVOCs), and potentially toxic products of

microbial secondary metabolism. Allergens of dust mites and cockroaches can

also be important factors in a damp environment. Two previously published

books by IOM2,26 also emphasized the importance of various microbiologicals as

allergens and asthma triggers in the indoor environment.
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It is extremely important to emphasize that fungi are never the only group of

organisms to proliferate in an indoor environment in which moisture is not con-

trolled. This agrees with the three IOM reports as well as basic principles of

biology. Various microbes, from bacteria, fungi, and slime molds, to algae and

protozoa, have been associated with such an environment.2,25,26 Therefore, fungi

and other microbes, particularly bacteria, and their byproducts should be taken

into consideration when conducting an assessment of a water-damaged environ-

ment. Furthermore, some environmental bacteria, including Legionella species

and Pseudomonas aeruginosa, are common in water associated with building

systems, such as hot water, sewage, or cooling water of the HVAC system, and

are opportunistic pathogens that can cause death on infection without proper treat-

ment. Reports of outbreaks of sporadic and nosocomial infections of Legionnaire’s

disease are not uncommon. Nosocomial infection by P. aeruginosa is one of the

major infection control issues in healthcare facilities.27

In a water-damaged environment, bacterial, fungal, and other biological (e.g.,

insects and mites) growth is likely to occur depending on the duration of water

damage. Expertise and experience from a variety of scientists and professionals

are necessary to address the complex problem. This book is intended to be multi-

and interdisciplinary, including authors who have the best and most thorough know-

ledge as well as extensive experience in diagnosing complex indoor microbial

growth and contamination issues. The authors include microbiologists, mycologists,

public health scientists, environmental professionals, and certified industrial

hygienists with advanced academic degrees.

In a modern building, whether residential, commercial, or industrial, construction

is complex and contains many components and different systems for various pur-

poses, from functionality and comfort to necessity. These components and

systems may be microbiological reservoirs or may become the cause of or a contri-

butor to microbial exposure. For example, heating–ventilating–air-conditioning

(HVAC) systems have been known to contain mold growth, requiring remedia-

tion.28–30 Materials used in a building can also be part of the problem because of

their nutritional value and hygroscopicity, or ability to absorb moisture. Wood

and paper products are notoriously susceptible to moisture, leading to problems of

fungal infestation and decay (see also Chapters 8 and 10).

1.2. HEALTH EFFECTS OF INDOOR FUNGAL

AND BACTERIAL GROWTH

It is well established that fungi and bacteria have known health effects in

humans.3,12,25 Many species of fungi and bacteria can cause infections. They also

produce a wide range of chemical byproducts, from microbial volatile organic com-

pounds (MVOCs), endotoxins, and fungal glucans, to mycotoxins. Fungi include

allergens and triggers of asthma. Fungal glucans are inflammatory in the lung and

have been reported to be associated with headaches. Mycotoxins have a wide

range of health effects, primarily in ingestion exposures. Although airborne
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mycotoxin exposures and health effects have been widely reported,31 their impact is

controversial within the medical community.25 Gram-negative bacteria are produ-

cers of endotoxins, which have a wide range of health effects, from mild fever

and flulike symptoms to death in extreme exposure conditions. Some medical clini-

cians question health effects other than allergy-related diseases from such exposures.

Nonetheless, the American Industrial Hygiene Association took the position that the

significant presence of fungi in indoor air that are not present or are a minor

component of the outdoor air is unacceptable from a health (and building

performance) perspective.10,11

In addition to the health impact on humans, fungal and bacterial growth can cause

unsightly stains on building materials, degradation of building materials, and wood

decay.31–34 In fact, fungi are well documented biodeteriorating agents of many

foodstuffs and paper and wood products.34–36

1.3. TEAM AND INDIVIDUAL EXPERTISE

A modern indoor environment is designed to accommodate many human needs and

comfort, and has many built-in components and systems to fulfill such needs.

Because of the complexity of such an environment, a team of professionals with

various areas of expertise is often necessary in a comprehensive investigation and

assessment, including sampling and analysis for microbiological organisms.

Individual professionals and their expertise and experience in such activities are

discussed below.

Many assessments and investigations are often initiated by complaints or reports of

illness related to the indoor environment. More recently, surveys for fungal and

microbial contamination have become routine as a part of due diligence in real

estate transactions, whether residential, commercial, or industrial. If health com-

plaints, personal injury, or health-related issues are alleged, medical and public

health professionals, including physicians, must be included in the team. Specialty

board-certified physicians, such as occupational health physicians, allergists, immuno-

logists, pulmonolgists, infectious disease specialists, and epidemiologists, are some

of the medical experts considered. Most physicians have limited experience in diag-

nosing patients with mold or microbial exposure. In fact, the University of Connecti-

cut Health Science Center published a document titled Guidance for Clinicians on

the Recognition and Management of Health Effects Related to Mold Exposure

and Moisture Indoors in 2004, with a grant from the U.S. Environmental Protection

Agency.37 The title of the document unambiguously states that it is designed to

assist clinicians to recognize and manage health effects related to mold exposure.

A more recent position paper published in 2006 by the American Academy of

Allergy, Asthma and Immunology (AAAAI) reaffirms that the allergy community

requires better professional education and training on this topic.38

The 2006 AAAAI position paper on the medical effects of mold exposure

intended to provide a state-of-the-art review of the role that molds are known to

play in human disease.38 The paper includes a section on measurement of molds
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and mold product exposure in the patient’s environment and makes the following

three conclusions: (1) sampling of both indoor and outdoor air for mold spores pro-

vides a measure of potential exposures and can be useful in certain conditions but

has many shortcomings; (2) bulk, surface, and within-wall cavity measurement of

mold or mycotoxins, although having potential relevance for other purposes,

cannot be used to assess exposure; and (3) testing for airborne mycotoxins in non-

agricultural environments cannot be used to diagnose mold exposure. Because phys-

icians lack the education, understanding, training, and experience necessary to

assess the extent of microbial growth within buildings, the conclusions beg

further discussion and clarity than this book intends to provide. The results of prop-

erly conducted sampling and testing can be used to identify and determine the extent

of fungal growth and contamination indoors. Such information can be used to evalu-

ate and index occupants’ exposures qualitatively as well as to determine the environ-

mental control treatment of patients’ living and work environments. The results

typically consist of qualitative and quantitative data. Qualitative data include the

identification of fungal taxa. By expert and logical analysis of the data, one can

determine whether fungi are actively growing indoors. Clearly, the allergy commu-

nity has very little training and background in mycology, sampling, and testing for

fungi, or in result interpretation of data derived from such testing. Allergists could

benefit from learning how to work with environmental professionals and use such

information and evaluations in their practice.

Spores of Alternaria alternata are often cited as evidence of sensitization to the

fungus39,40 and links to the presence, persistence, and severity of asthma.38,41 It was

the only fungal allergen included in the National Health and Nutrition Examination

Surveys (NHANES) II and III studies and reported by Arbes et al.40 The report indi-

cated that 54.3% of the U.S. population is sensitive to one or more allergens by skin

testing 10 common allergens.40 Prevalences to indoor allergens are as follows: dust

mite 27.5%, German cockroach 26.1%, cat 17.0%, and at least one indoor allergen

43%.40 Alternaria alternata, which was considered to be one of the outdoor

allergens in the study, was the only fungal allergen tested. It is known to grow on

water-damaged indoor environments. Among the population, 12.9% are allergic

to A. alternata.

Spores of A. alternata are considered ubiquitous but as a minor component

in abundance in both outdoor and indoor air. Because it is possible to measure its

allergens in dust, it has been widely measured indoors42 and because it is always

present, although typically at low numbers compared with other funal spores,

questionable epidemiological conclusions have been drawn and permeate the

literature. Furthermore, the spore size of A. alternata varies from 7–18 � 16–

63 mm43, 7–18 � 18–83 mm,15 8–12 � 20–40 mm,36 8.5–14 � 18–66 mm,44 to

9–18 � 20–63 mm.45 The average size is 13 � 37 mm according to Ellis.45 These

spore sizes and ranges are inhalable but not respirable and, therefore, unlikely to

reach deep into the respiratory system and the lungs. Andersen et al. studied and con-

cluded that A. alternata, A. longipes, and A. gaisen are different species but often

mis-identified as A. alternata.46 In addition, Nielsen believed that growth and

spores of A. tenuissima are far more common indoors than A. alternata.47 Alternaria
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alternata is considered a rare species and is often misidentified simply because it

manifests black Alternaria-like spores.48 This raises the issue regarding the signifi-

cance and importance of the spores as a human allergen. This further suggests that

this type of study is multidisciplinary and calls for the input and involvement of

mycologists in such important studies.

Fungi grow and reproduce by spore production. In their lifecycle, fungi also

produce chemical byproducts, many of which are associated with fungal spores.

Fungal spores are biologically designed for easy dispersal by various means, such

as minute air movements and wind, water, insects, small rodents, and tiny creatures.

Airborne dispersal is the primary dissemination route for most fungal spores. The

presence of active fungal growth indoors is correlated with human exposures,49

although the exposure dosages or quantities are difficult to measure because of

sampling and testing difficulties, the biological complexity of fungi, and spatial

and temporal variations.

The selection of physicians who are open-minded and diligent in conducting a

review of accurate and up-to-date medical literature and research is important. If

a physician, in examining a patient, determines that a specific group of infectious

or allergic agents, their byproducts, or both is responsible for the patient’s conditions

or symptoms, this information will enable the investigator to design a sampling–

testing strategy to maximize the probability of finding those etiologic agents in

the patient’s environment. A physician may also review medical opinions offered

by opposing medical professionals.

Architects and various engineering professionals may play an important role in a

team that is investigating a building for moisture leading to microbial problems.

These professionals may include architects, civil engineers, mechanical engineers,

structural engineers, roofing specialists, and geotechnical engineers. A team of

architects and engineers are often involved in building design and construction. It

is, therefore, important to have architects and engineers with background and train-

ing in design, construction, and maintenance of buildings on the team participating

in the assessment and investigation of water-damaged buildings. Sometimes, archi-

tects and engineers with experience and acumen in forensic investigations play

pivotal roles. Although an architect or an engineer with a professional license

(such as AIA, PE, or SE) is important, it does not necessarily guarantee that this indi-

vidual is the most competent professional available. Experience and knowledge are

critically important. The same architects and engineers or other professionals may

also be asked to provide solutions to the structural problems and assist in designing

a microbial remediation project.

Industrial hygienists and environmental professionals usually play an important

role in microbial assessments indoors. They may include certified industrial

hygienists (CIHs), other environmental consultants, and possibly home and building

inspectors. They are often called on to investigate, sample, and test for microbial

contaminants indoors. They should review all the relevant facts pertinent to the

building, perform an independent assessment of the subject building, and render

an opinion on the likelihood of the cause of the mould and bacteria as it overlaps

with engineers also involved. They should include an opinion on the implications
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of their findings on occupant health, and offer specifications to remediate the prop-

erty and restore it to its previous condition to the extent possible. Although many

environmental consultants are very competent in providing these services, a CIH

with experience in microbial assessment is often preferred. Certified industrial

hygienists are certified by a process that requires educational prerequisites, pro-

fessional experience, and an examination administered by the American Board of

Industrial Hygiene (ABIH). It is a professional certification that has gained wide rec-

ognition by many, including local and federal governmental agencies. On the other

hand, a CIH may be educated and trained in chemistry, engineering, public health, or

areas of environmental science but not in biology, mycology, or microbiology. They

may practice broad general industrial hygiene, which may include ergonomics,

noise, asbestos, lead, hazardous-site assessment, indoor air quality assessment and

mould assessment. They may acquire skill and knowledge in environmental

microbial sampling and analysis from literature, references, or by attending seminars

and professional development courses. Other consultants may include home and

building inspectors, registered sanitarians, or other individuals, all of whom

provide such services for a fee. There are few regulations, professional require-

ments, certifications, or licensing procedures for these consultants. Their compe-

tency is usually highly variable and depends heavily on the individual’s

educational background, training, and experience. Several trade and professional

organizations have set up “certifications” for residential mold inspectors or indoor

air quality specialists. The credibility and usefulness of such “certifications” are

questionable and highly uncertain at this time. It is strongly recommended that

potential candidates, whether they are CIHs or other environmental consultants,

should be interviewed and evaluated for their competence and experience in

microbial assessment and sampling as well as their ethics.

“Microbiologist” is a collective term used to include scientists who are specialists

in various disciplines of virology, bacteriology, mycology or parasitology. Some

microbiologists may specialize in the biology of a single microbial species, such

as Escherichia coli. On the other hand, there are microbiologists who have a

broad interest in all aspects of microbiology. It is important to understand and

evaluate the background and research interest of individual microbiologists.

Bacteriologists are the scientists who study bacteria. Bacteria are prokaryotic,

which means that their cellular organization is structurally simpler than eukaryotic

organisms, such as fungi, plants, animals, and humans, and their cellular functions

are simpler also. Bacteria do not have a nucleus, mitochondria, or other organelles.

Their DNA, RNA, and enzymes are dispersed in the cell. In evolution, eukaryotic

organisms are considered much more advanced than prokaryotes. The differences

between prokaryotes and eukaryotes are many and profound. This underscores the

importance of using mycologists in analyzing fungi and bacteriologists for analyzing

bacteria.

Mycologists are the scientists who study fungi. Mycology is a unique branch of

microbiology and biology, and only mycologists have a true understanding of the

science. There are very few colleges and universities offering degreed study in

mycology. Therefore, there are not many trained, degreed mycologists.
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Furthermore, very few mycologists have expertise in the group of molds and fungi

that are found in water-damaged moldy environments. For example, there are

mycologists who specialize in wild mushrooms, which are seldom found growing

indoors. The mycologist who specializes in basidiomycetes, including mushrooms

and wood-decaying bracket fungi and polypores, may not be familiar with ascomy-

cetes and deuteromycetes, which include most microfungi growing in water-

damaged environments. It is important to find the right expertise. The expertise of

mycologists is different from that of virologists, bacteriologists, parasitologists, or

microbiologists. Mycologists may play a role in assisting with planning a field inves-

tigation, sampling, laboratory analysis of samples, assisting with interpretation of

the data, remediation, or any combination of these actitivies because they know

the biology of fungi. On the other hand, mycology is a very broad field. It covers

five major groups of fungi: zygomycetes, ascomycetes, basidiomycetes, deuteromy-

cetes, and myxomycetes. Mycologists may offer information and guidance about the

identification, detection, health effects, eradication, and control of fungi. On a few

occasions, biologists with various areas of expertise may be called on to address

issues caused by other biological agents, such as dust mites, cockroaches, pollens,

and insects.

Microbiologists, bacteriologists, and mycologists are scientists who are seldom

subject to certification or licensing requirements. However, there are certifications

required for practicing public health and medical microbiologists, bacteriologists,

and mycologists. They are usually affiliated with public health and medical

laboratories. Their expertise is in medically important microbial species. Their

practices are often of limited use in the study of microorganisms from the indoor

environment.

Other professionals who may be helpful in sampling and testing for microbes and

their byproducts can include biochemists, some of whom specialize in mycotoxins

or other biochemical toxicants, and toxicologists, some of whom specialize in the

toxic effects of mycotoxins and other biochemical toxicants. However, the biochem-

istry and toxicology of microbial byproducts are highly specialized. There are

very few scientists and professionals who have expertise in these areas. A careful

selection of experts is critical.

1.4. APPROACH OF THIS BOOK

In an assessment for fungal growth and contamination indoors, it is important to start

with the building structure and the water history of the building. An engineer or a

professional with such training and experience should conduct a detailed inspection

and survey of the building and its systems for design, construction, installation, and

maintenance issues that can lead to leaks, floods, and condensation. A building

inspector should understand the control of moisture in three different forms:

liquid water, water vapor, and condensation. Liquid water includes water from

pipe bursts, overflow, flood, or leaks. Water vapor in a building may travel with

the airflow and by diffusion. In a hot, humid environment, outdoor airflow into a
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building can carry large amounts of water vapor and increase both the moisture

content or aw of building materials and the likelihood of condensation. A high dew-

point temperature is an indication of high moisture load in the air, which can

increase the possibility of condensation on cold surfaces. In cold-climate buildings,

high humidity load, particularly in late fall and early winter, can also result in con-

densation on and around cold surfaces, such as windows. If an elevated humidity

load maintains steady through the entire winter as a result of human activities,

such as cooking and washing, condensation can continue. The importance of

moisture to indoor microbial growth is such that readers will find discussions of

moisture in several chapters in the book. It is recommended that readers of this

book further consult the references listed at the end of this chapter, including

those by L’stiburek and Carmody50 and by Harriman et al.51 for more information

on understanding and dealing with moisture indoors.

In a building with moisture issues, fungal growth is often the observed result.

However, whenever fungal growth is observed and identified, bacterial growth is

likely to occur also. In general, bacterial cells are much smaller than fungi

and react much more quickly in response to water. In fact, the 2004 IOM report

points out the likelihood of bacterial growth in a damp space and the importance

of a comprehensive evaluation of bacteria, fungi, and components of microbial

agents in such an environment.25 A chapter on airborne bacteria in indoor

environments is included in this book (Chapter 6).

The focus on fungal growth and contamination in water-damaged indoor environ-

ments is justifiable because the likelihood of fungal growth is minimal if there are no

water damage or humidity control problems. Spores of common types of fungi of

outdoor origin are ubiquitous indoors.11,52 These spores will not germinate and

grow without the required aw or moisture content in the substrates. Fungal growth

indoors is a very strong indication of water damage or long-term excessive humidity.

On the other hand, bacterial growth can be from humans, or on continually rewetted

surfaces such as in the kitchen, bathroom, laundryroom, and toilets. Assessing

fungal growth and contamination is the better approach than determining bacterial

growth indoors. The primary nutrients available indoors for fungal growth are

paper and wood products. In most inspections, fungal growth on lumber and

wood products is often overlooked. A chapter on fungal growth on wood and

wood decay (Chapter 8) provides important information on fungal growth and

wood decay. Several chapters in the book look into sampling and laboratory analysis

of fungi. Common and appropriate sampling techniques and strategies are discussed.

Emphasis is also placed on conventional and modern laboratory analytical method-

ologies, statistical analysis of data, and understanding of the ecology of fungi and

bacteria found indoors. It is difficult to evaluate the quality of laboratory data

without an understanding of how samples are handled, processed and analyzed

in the laboratories. The importance of result interpretation is emphasized

here. Several chapters include result interpretation as well as how to use laboratory

test results. Recipients of the test results should take full advantages of the infor-

mation contained in the laboratory reports. A chapter on the retrospective and

forensic approach to the assessment of fungal growth in the indoor environment
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(Chapter 11) is also included. The ultimate goal and purpose of assessment,

sampling, and analysis is to detect, identify, and estimate the extent of fungal

growth indoors for remediation and cleanup. Therefore, a chapter on proper pro-

fessional remediation and cleanup (Chapter 12) concludes the main text of this

book. Each topic covered is important in the diagnosis and mitigation of moisture

and fungal problems in buildings.

1.5. CONCLUSIONS

There has been tremendous interest in the effects of microbial contamination in the

indoor environment. It is well understood that bacteria, fungi, and possibly other

biologics, such as mites and insects, grow in water-damaged indoor environments.

An understanding of the moisture dynamics is the crucial step in dealing with

microbial growth and contamination indoors. An investigation without an under-

standing of moisture issues in the building and their impact on microbial growth

and contamination cannot address and solve the problems. Sampling and analysis

for fungi, bacteria, and their byproducts are often requested, required and performed

during an investigation. Sampling and analysis without proper planning, sampling,

laboratory analytical methodology, and statistical analysis can, in fact, lead to erro-

neus conclusions. The importance of using the information and data in a specific

environment with focused objectives in formulating opinions is also emphasized.

In most building construction, paper and wood products are widely used. They

are nutrients for bacterial and fungal growth. The use of such products is selective

for cellulolytic fungi and possibly wood decay fungi when they become wet and

remain wet long enough. To properly address fungal growth problems, an under-

standing of indoor fungal ecology is very important. In situations where responsibil-

ities are shared, an understanding of the chronology of water damage and fungal

growth is also important.
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CHAPTER 2

CONDUCTING BUILDING MOLD
INVESTIGATIONS

PATRICIA A. HEINSOHN

2.1. INTRODUCTION

A building investigation for mold is warranted if a building becomes water-damaged

by water intrusion through the building envelope, leaks occur within the building

envelope, or the building suffers from chronic excessive humidity. Water can pene-

trate the building envelope by diverse means, such as natural disasters, construction

defects, or lack of building maintenance. Multiple sources may contribute to the

total moisture burden. Leaks within the building envelope such as plumbing

leakage can result in fungal growth that may ultimately affect interior gypsum wall-

board or plaster and interior finishes. Fungal growth can also result from excessive

and chronic humidity. This is commonly seen on the window caulking and window

sills at metal single-pane windows and on gypsum wallboard ceilings in insuffi-

ciently ventilated bathrooms. Excessive humidity may also result in large areas of

visible growth on interior wall surfaces.

In addition to investigation for mold due to water intrusion and humidity control

problems, a building inspection or a baseline investigation for mold and microbio-

logical contamination is recommended as a part of the due-diligence process in a real

estate transaction, in the approval of a mortgage application, or in the issuance of an

insurance policy. An inspection as a part of due diligence is usually much more

limited in scope than a building investigation for mold due to moisture problems.

In that destructive sampling and testing are usually not conducted.

The importance of conducting informed building investigations of buildings

subject to the above-mentioned sources of moisture cannot be overstated. Effective

mold remediation cannot be done if biased, flawed, or inadequate building investi-

gations precede remediation. Building investigations involve many different kinds

of investigations. The type of investigation conducted depends upon the goals of

the investigator. Table 2.1 describes commonly performed investigations conducted
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TABLE 2.1. Types of Building Investigations

Type of Investigation Description Goal

Baseline Consists of an informed

visual inspection, baseline

air sampling for culturable

and total fungal spores,

surface/source sampling

for fungi using a variety of

sampling methods

Consists of moisture mapping

Determine nature and extent

of visible fungal growth

Determine whether indoor air

quality is affected by

visible and/or hidden
fungal growth

Destructive testing Consists of surface sampling

on surfaces hidden from

view in the baseline

investigation

May consist of air sampling if

documentation is required

to verify that there was no

escape of fungal spores

disturbed during the

destructive testing process

Determine whether hidden

fungal growth exists

Determine whether hidden

fungal growth is degrading

the indoor air quality; if so,

determine extent of growth,

i.e., amount and location of

materials to be remediated

Contents Consists of sampling of

contents, and possible

finishes (such as carpeting)

Determine whether contents

are contaminated by

species of fungal growth

documented in baseline

and destructive

investigations, respectively

Mold remediation

oversight

Consists of sampling of

documented moldy

surfaces

Consists of sampling of

fungal growth newly

revealed

Determine efficacy of

remediation, i.e., whether

surface treatment can cease

or must be repeated

Determine species of fungal

growth on surfaces newly

revealed through

remediation

Mold postremediation

sampling

Consists of surface and air

sampling

Determine that air inside

containment is not

degraded with species of

fungi being remediated

from surfaces

Determine whether newly

revealed surfaces are

effectively remediated
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to investigate buildings. Perhaps the most critical investigation is the baseline

investigation. Others will be discussed in less detail.

2.2. BASELINE INVESTIGATION

Building investigations do not start with sampling for mold. They start with getting

as much relevant background information as possible. Possible sources of relevant

information could include the following:

. Building owner

. Building manager

. Building maintenance personnel

. Building architect or architectural plans

. Building occupants

. Other consultants, including various engineers or environmental consultants

The kind of information needed may vary somewhat depending on the nature of

water intrusion but commonly includes the following:

. The Leak History (i.e., a Chronology of Water Intrusion Events) Including

Known or Suspected Sources, Location in the Building, and Duration of the

Leak and Wetness. It is rare that an entire structure is water-damaged, although

there have been such instances (e.g., complete submersion in a flood, during

construction before the roof assembly is complete). The length of time that a

material remains wet can predict the kinds of fungi that colonize it.

. Building Plans and Drawings Such as Floorplans (with Scales), Mechanical

Plans, and Plumbing Plans. Floorplans are needed to estimate the number of

air sampling locations needed to appropriately characterize the indoor air

quality.

. Reports from Consultants (e.g., Architects, Engineers) Who Have Conducted

Forensic Water Intrusion Investigations. These reports can be very helpful

because fungal growth can occur in the presence of sufficient moisture on a sub-

strate capable of supporting its growth. The opposite is also true; fungal growth

does not occur in the absence of sufficient moisture. Documented fungal growth

in locations not explained by water intrusion experts begs explanation. The

absence of fungal growth in locations known to have been wetted is most

likely due to a lack of adequate nutrients and/or lack of the continued moisture

due to drying. However, the mold investigator must verify the absence of

growth in known or suspected wetted areas.

. Reports from Other Environmental Consultants Who Have Conducted Indepen-

dent Investigations in the Past. Laboratory data from samples collected by

others can serve as the reference to expand an independent baseline survey. For

example, given the following (1) Penicillium/Aspergillus spores excessively
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dominate indoor spore trap samples, (2) airborne culture samples are not domi-

nated by undifferentiated Penicillium species on malt extract agar (MEA)

media, and (3) tape lift samples indicate growth of undifferentiated Penicillium

species, it is prudent to conduct a second survey including culturable air

samples using various fungal isolation media, including a selective medium

for xerophilic fungi, and surface samples submitted for culture with species

identification on MEA and DG-18 media. This sampling design will likely be

sufficient to support or refute the hypothesis that the likely source of growth

was due to the flooding incident. If the species of surface Penicillium growth

differs from the Penicillium degrading the indoor air quality, then additional

investigation that may involve destructive testing is required to find the

source of that Penicillium species. (Caution is urged if the original spore trap

data were collected with an Air-O-Cell cassette; see Section 2.2.2.2). That

growth site may still be related to crawlspace flooding or not, depending on

location of the growth site and remainder of the leak history. But the obvious

fact remains, without identifying growth sites, mold remediation will fail.

. Age and Use of the Building. The older a building is, the more likely that it has

a water damage history. An investigator needs to know whether the building is

in use and whether occupancy might restrict the investigation. Is the building

furnished, or have contents been removed? If yes, why? Does the building

have electrical power, and is adequate lighting available? What information

has been shared with occupants? Are there any access issues with respect to

occupants? The use of many commercial and institutional buildings can

predict the amount of building occupant generated sources of moisture, such

as, laundry facilities. It is also very important that qualified consultants

conduct asbestos and lead surveys if the age of the building indicates that

these contaminants are likely in various building construction or finish

materials. This information must be collected prior to destructive testing and

preparing written technical specifications for mold remediation to ensure that

the appropriate steps are taken to minimize remediation worker exposure

and prevent atmospheric contamination of all contaminants that will become

airborne, not just fungal. Investigators should be thoroughly familiar with all

applicable federal and state regulations involving asbestos and lead or must

depend on investigations of those who are qualified. An example of an appro-

priate step would be the inclusion of using wet methods (required in OSHA

asbestos regulations1) to remove asbestos containing-materials that are rarely

included in mold remediation protocols.

. Occupant Health Status. In general, the mold investigator needs to know

whether building occupants include infants, persons recovering from recent

surgery, people with immune suppression, hypersensitivity pneumonitis,

severe allergies, sinusitis, or other chronic inflammatory lung diseases.2,3

Health status should be taken into account when interpreting laboratory data

relative to occupancy. A knowledgeable physician may be consulted for

making a final decision on occupancy.
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. Building Design and Construction Including Accurate Information on the

Building Envelope and Foundation. It is impossible to specify materials to be

remediated unless those materials are known. It is also impossible to specify

the method of remediation unless construction and finish materials are known.

. A Chronology of Water Loss Restoration (if Any) or Prior Mold Remediation

(if Any). Some important questions to be answered include the following:

Where was the initial water intrusion observed?

What steps were taken and when to repair the leak and dry out the building?

What mold remediation steps were taken at what locations, and when?

An example follows that illustrates why this information is critical:

Baseline air sampling was conducted in a building that was extensively water-

damaged by a high-pressure pipe leak onto crawlspace framing for as much as 2

weeks. The crawlspace framing was never dried out or completely remediated

of fungal growth. However, water-damaged and moldy gypsum wallboard and

hardwood flooring were removed during mold remediation without containment

of affected areas followed by 30 h of detailed cleaning of interior surfaces from

which contents had been removed. Baseline air sampling after these activities indi-

cated the presence of low concentrations ofPenicillium species in the indoor air not

found in the outdoor air that was documented growing on crawlspace framing.

More likely than not, detailed cleaning reduced levels of airbornePenicilliumbased

on these and additional data and information. Additional investigation revealed

extensive growth not remediated in the crawlspace and elsewhere. In other circum-

stances, low concentrations of airborne Penicillium, particularly in the absence of

documented growth sites of Penicillium, might not have been significant.

This example demonstrates the importance of detailed, thorough informed

investigations and the importance of good air sample data.

2.2.1. Physical Inspection

Physical inspection requires access to all areas of the subject building unless there is a

clearly defined, justifiable reason not to inspect one or more areas. The underlying

reason for this is that a moisture problem in one area of a building can impact

another. This includes occupied areas and unoccupied areas such as attics,

hot-water-heater closets, storage rooms, garages, and crawlspaces. In part, all of

the relevant areas investigated depend on the type and use of the building, such as,

single-family residence, hospital, hotel, school, office building, and retail commer-

cial space. Gloves should be used when actually handling suspect moldy materials.

The investigator should have all of the appropriate equipment for personal protec-

tion and investigation immediately available as needed. Construction areas may

require a hardhat, reflective vest, and steel toe footwear. If significant visible mold

growth is evident or independently collected air sample data indicate that the

indoor air quality is degraded, then respiratory protective equipment is needed.

Boots or walking shoes should be worn to climb ladders and access rooftop areas.

It is important to take the right tools, equipment, and supplies to the site for

inspection. Please refer to Table 2.2 for a list of these and comments on their use.
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2.2.1.1. Visual Inspection. The primary objectives in a visual inspection

portion of a building mold investigation are to note the presence or absence of

suspect water staining, suspect water damage, and suspect fungal growth relative

to architectural details first, and finishes and contents, second. Therefore, these

will be discussed in depth. However, it is impossible to mention all conditions

here that are critical to note because they are as diverse as are the buildings

TABLE 2.2. Inspection Tools, Equipment, and Supplies

Item Comment

Generator Needed if electrical power is not

provided

Ladder Needed to access some areas, including

ceilings

Extension cords —

Plug conversion adapter Older buildings do not accept

two-prong male ends

Flashlight or other auxiliary lighting Often necessary for attics and

crawlspaces

Pocket knife, utility knife, or other

sharp edge for cutting

Often needed for collecting bulk

samples

Screwdriver Needed to access components of a

heating, ventilating, or air

conditioning system

Extra batteries —

Tape measure Needed to measure distances to relevant

architectural details

Needed to measure the square footage

of suspect fungal growth

Reflecting mirror Often needed to view inaccessible areas

Clip chart Needed to hold inspection forms in an

orderly fashion

Forms and plans Floorplans are very useful for

orientation and making notes relevant

to architectural details

Graph paper —

Smoke tube or tissue Qualitative assessment of working order

of exhaust fans

Camera and film —

Moisture content meter —

Compass —

Air sampling equipments

with media, supplies, and tripod

Supplies include alcohol wipes,

parafilm, labeling pens

Coolers with blue ice —

Surface sampling equipment Including, but not limited to, sterile

swabs, transparent tape, Rodac

surface contact plates
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investigated. For example, the conditions inside single-family homes are unique to

each home. A few of these will be discussed. In addition, the reader is provided with

forms appended to this chapter (see Figs. 2.1, 2.2, and 2.6) that may be useful and

can be adapted or revised as needed. They illustrate the level of detail that is necess-

ary to conduct professional, competent investigations.

One of the most important steps to take initially is to stand outside the building

and determine the orientation of the building on the lot, its relationship to surround-

ing buildings, and the direction it faces. Building use and design of adjacent

buildings may be important, such as the location of a dumpster beside a lower-

story window of the subject building that contributed to atypical concentrations of

Aspergillus fumigatus. Activities on or adjacent to the property may also affect

sample data and therefore are important to note during the visual inspection

portion of a baseline investigation. Examples are grass-cutting and weed-eating or

earthmoving equipment preparing ground for a new housing development.

An investigator should inspect all walls, the ceiling, and the floor for suspect

water stains, water damage, and fungal growth in every room inspected. Either

the presence or absence should be recorded. One such description could read

“Suspect water stain noted on the ceiling of the dining area, round in shape,

located approximately one foot from the exterior west wall. No suspect fungal

growth seen.” This location should also be photographed and the photograph

number clearly recorded with the description.

Sometimes what appears to be a water stain, water damage, or fungal growth

is not; thus the description as “suspect.” Suspect water stains should be docu-

mented by forensic water intrusion experts. Suspect water damage may or

need to be documented by others, especially if damage is severe and moisture

content readings are elevated. Suspect fungal growth should be described by

color, coverage area, location relative to architectural details, and general

appearance. One such description might be “16 ft2 of suspect visible growth

on painted gypsum wallboard at a height of approximately two feet above the

finished floor running the entire length of the bed placed approximately 3 in.

from the east exterior wall. Visible after bed was pulled out from the wall.

Growth is dark and spotty. There is no suspect growth above the level of the

bed. Moisture content readings are all normal, n ¼ 32 . . . .” All of these obser-

vations are critical in terms of causation, remediation, and implications of

the growth.

It is important to note that visible fungal growth sometimes is hidden and not

apparent in the inspection. In the preceding example, although the top edge of

suspect growth was visible without moving the bed out from the wall, it would

not have been possible to describe the amount and appearance of growth or take

moisture content readings without moving the bed. This suspect growth can cor-

rectly be called suspect visible growth even though occupants placed the bed too

close to the wall to allow for ventilation and rendering the area somewhat inaccess-

ible. Suspect growth behind a refrigerator due to a water supply line leak is nor-

mally hidden from view and therefore should not be described as visible.

Suspect fungal growth within a wall cavity on any surface that can be seen only
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after destructive testing or demolition is seldom visible or accessible. Thus, it is

correctly described as “hidden” growth. Said another way, just because you can

see growth, this does not mean that it is visible growth. Visibility to relates with

location and accessibility. As long as investigators define their terms and are con-

sistent, their documentation is clear. This also serves to emphasize the importance

of detailed descriptions; there cannot be too much detail. When it comes time to

interpret all the findings, taking into account all the background information gath-

ered, a complete physical inspection, and air and surface sampling, you will find

this level of detail and documentation valuable.

Suspect fungal growth is verified by surface sampling using an appropriate

method after air sampling is completed to avoid potential bias of the air sample

data. It is strongly recommended that surface sampling be done for two major

reasons: (1) to confirm and determine the species of fungal growth and (2) to deter-

mine whether vegetative growth only or if vegetative and reproductive growth exists

on the surface sampled (please refer to Table 2.3).

Investigators should inspect interiors to the level of detail described in Table 2.4.

Observations should then be recorded on field notes sheets or photograph logs (see

Figs. 2.1 and 2.2).

Everything that is noteworthy, literally, should be photographed with the

photograph number and a description of why the photo was taken. Photographic

documentation will be discussed in greater detail in Section 2.2.1.2, below.

Investigators should inspect exteriors and nonoccupied areas to the level of

detail described in Section 2.2.1.2 and record on a combination of field notes

sheets, photograph logs, and photograph depictions (see Figs. 2.1–2.3).

2.2.1.2 Documentation. All suspect water stains, suspect water damage, and

suspect visible fungal growth must be documented in writing, drawings, or photo-

graphs, and via surface sample data. The previous section discussed written descrip-

tions and subsequent sections, and Chapters 4 and 5 discuss documentation

verification of the presence or absence of fungal growth through surface sampling

and laboratory testing. This section presents some principles of photographic

documentation and recommends good practices.

Examples of written descriptions in Section 2.2.1.1 use compass directions:

north, south, east, and west. Another acceptable wall designation utilizes numbering

walls 1, 2, 3, and 4 coinciding with the building elevation entered, the left side, the

opposite side, and the right side of entry, respectively. Figure 2.4 exemplifies the

use of this designation scheme. As long as the method used is consistent,

either can be used.

All photographs must be physically labeled with the photograph number used on

all field documentation. Professional photographers label the reverse side of

photographs.

Basic photo documentation involves, to the extent possible, taking three perspec-

tives: overview (the entire view), midrange (the specific object or condition), and
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closeup (the specific information about the object or condition). One such example

relative to a building mold investigation follows:

. Overview Photo—the entire exterior wall cavity revealed through destructive

testing

. Midrange Photo—portion of wall cavity indicating the area of wet exterior

sheathing and suspect fungal growth

. Closeup—the location in the cavity where a fastener penetrates the exterior

cladding and sheathing

TABLE 2.3. Importance and Use of Species Data

Use Comments Other Data Needed

Determine whether

indoor air quality is

degraded in a

baseline survey

Species identification is required to

determine the biodiversity

between indoor and outdoor air

Both indoor and

representative outdoor

air sample species data

are necessary for

comparison

Determine likely cause

of degraded indoor

air quality in a

baseline survey

Not all fungal growth results

in degrading the indoor air

quality

Very small areas of growth can have

little or no impact on indoor air

quality

Hidden fungal growth may not

degrade indoor air quality

Species identification in

both air and surface

samples is required to

“connect the dots”

Verify that surface

remediation was

effective

Goal of mold remediation is to

remove fungal growth; visual

inspection is the first step but must

be followed by surface sampling

to verify the absence of growth—

this is particularly important for

wood and wood products

remediated in place because they

are porous

Surface sampling methodology must

be used and same area should be

resampled

Initial baseline or

destructive test survey

data from the same

surface are necessary

for comparison

Verify that air within

containment is not

degraded by fungal

growth discovered

during remediation

Containment barriers should not be

removed until air quality is known

Surface sample species

and clearance air

sample species data are

required for comparison
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TABLE 2.4. Visual Inspection Checklist

Interior Inspection

Crevices between refrigerators and counters or walls

Headers of windows, window frames, window sills, window caulking

Condensation on inside surface of windows

Condensation (known as “fogging”) between window dual panes

Sink cabinet floors, sides, and back and at sink plumbing lines

Underside of toilet tanks and at plumbing lines

Whether windows are fixed, i.e., nonopening and their location

Whether doors or windows were open or closed on arrival at the site

Housekeeping practices, e.g., visibly dusty surfaces, food left on plates in sinks, mildew in

bathroom tile grout and caulking, dirty and stained carpet, dust bunnies

In general, the amount of contents

Placement of furniture adjacent to walls

Presence of an exhaust fan in bathroom and whether it actually exhausts

Presence and location of houseplants

Condition of the floor surface underneath plant containers

Presence of location of silk and dried plants

Presence and location of aquariums

Presence and location of wood stored inside

Presence of cats, dogs, birds, or other pets, or evidence of pets (food bowls, cages, etc.)

Presence of smokers or evidence of smoking

Whether clothes driers are exhausted outdoors

Clotheslines indoors for hanging wet clothes to dry

Presence, location, and type of insects

Whether the range is gas

Presence, use, and location of dehumidifiers and humidifiers; record the manufacturer and

model

Presence, use, and location of air purifiers; record the manufacturer and model

Presence, location, type, and condition of wallpaper

Presence and location of warping of hardwood flooring

Condition of “drip edge” of shower curtain liners

Exterior Inspection

Amount of vegetation and proximity to building

Presence and location of citrus trees with fruit

Efflorescence on concrete masonry

Cracks in concrete slabs

Noticeable negative soil grade toward building and location

Presence and location of standing water

Presence and location of algal growth on concrete surfaces

Presence or absence of gutters

Termination characteristics of downspouts

Presence or absence of scuppers

Condition of exterior cladding, e.g., peeling, cracking paint on wood siding, termination of

stucco (presence/absence of weep screed)

Presence and location of suspect dry rot

Presence and location of suspect wood stain fungi
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Fig. 2.1. An example of field notes.
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Sometimes it is useful to take multiple photographs constituting a 3608 circumnavi-

gation of the building. An “establishing shot” is a photograph that shows the front of

the building, which documents the size, shape, location, or address. This photograph

establishes the north zero degrees (08). Sometimes an overhead view is appropriate.

An overhead photograph is a view from a safe position on a ladder or other relevant

elevation. The height of the photographer should be documented in writing. One

such photograph description might read “overhead view of suspect preexisting

blue stain fungi on roof joists taken standing on second from top rung of 10-ft

ladder inserted into above ceiling access hatch in hallway.”

If possible, a familiar object, or ruler should be placed in closeup shots to gage the

scale involved. Consider using a color chart in a photo other than reference photos. If

the color chart is not true to colors in the developed photos, then ask the developer to

adjust the color.

All sketches, such as a moisture map described in Section 2.2.1.3, should have a

legend that contains the following information:

Date

Author

Photos #–#

[ ] ¼ 1 foot (unit of measurement, e.g., one square ¼ 1 ft)

N̂ (direction north)

Fig. 2.2. An example of a photograph log.
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Fig. 2.3. Photograph depiction.
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Fig. 2.4. Wall designation using point of entry as reference.
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Photo logs should contain at least the following information:

. Photograph number (this is the permanently assigned number that is used in a

unique label placed on the back of the photograph)

. Camera shot (if different from the photograph number)

. Photographer

. Date

. Photo description

. Samples collected from a surface in the photograph (if any)

Some of this information can be combined in a header if applicable to all photo-

graphs (see Fig. 2.2 for an example of a photo log). Typical photograph descriptions

include why the photograph was taken, the subject or object of the photograph, and

its significance.

A common and useful practice is to depict photograph numbers on a floorplan. The

photograph number and direction is given on the floorplan at the location where the

camera was held with an arrow pointing in the direction of the photograph (see

Fig. 2.3 for an example). Of course, a written photograph log must accompany it.

Photographs and all documents generated as a result of building investigations

are subject to chain-of-custody procedures and should be treated as evidence.

This is no less important than following chain-of-custody procedures for samples.

2.2.1.3. Moisture and Moisture Mapping. Sufficient moisture in and on

building materials, finishes, and other contents is the most important factor that

leads to growth of fungi within buildings. Therefore, surveying for moisture is a

very important part of conducting building investigations. Moisture surveys must

be done by those conducting mold investigations independent of investigations of

a forensic water intrusion expert, such as a qualified and experienced civil or struc-

tural engineer, whose job is to identify all sources of water intrusion through or

within the building envelope and make recommendations for mitigating it. The

mold investigator’s first job is to determine the nature and extent of fungal

growth (if any) and contamination (if any) resulting from all sources of moisture

in the building. Remediation of fungal growth without mitigating the underlying

moisture source is doomed to failure. As long as sufficient moisture is present

for a long enough period of time, growth will reestablish in the building even if

the original water-damaged building materials, finishes, or contents are remediated

by treatment in place or removal and replacement.

The source of moisture and type of building material in part predict the location,

amount, and species of fungi (if possible) growing. In other words, the mold

investigator can assist in determining causal sources of moisture depending on the

location, amount, and species of fungi (if possible) growing on or in a building

material. Furthermore, if the leak history and the findings of a forensic water intru-

sion expert are not consistent with the mold investigator’s finding of the location,

amount, and species of fungi (if possible) growing on building materials, then
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additional investigation should be done to find the causal source of moisture. Thus,

the mold investigator can assist other experts investigating the building. However, if

claims are made of chronic water intrusion through the envelope onto building

materials that would likely support fungal growth, and the mold investigator finds

that the materials are dry and not supporting fungal growth, then these data will

serve to refute these claims.

Conducting moisture surveys requires a basic understanding of moisture in

buildings and how to use moisture measuring instruments as well as their limitations.

The following are basic concepts regarding moisture in buildings:

. All buildings “breathe” moisture. The predominant flow of moisture is deter-

mined by geographic location (climate) and a building designer/architect’s
choice and placement of building envelope materials. The reader

should consult texts (e.g., Ref. 4) in building science for in-depth discussion

of building science as it relates to these topics.

. Building materials can get wet and dry without supporting fungal growth.

. Building materials are not sterile at time of construction from the manufacturer.

. Occupants themselves, appliances and equipment used inside buildings,

and occupant activities generate moisture in all buildings. Some of these and

often overlooked non-occupant-related sources of indoor moisture are listed

in Table 2.5. Quantitative measurement of the amount of moisture generated

has been determined by others.4

(Note: All sources of moisture should be noted and documented in a mold investi-

gation to the extent possible. For example, nine people living in a two-bedroom

one-bath apartment is significant in terms of the amount of moisture generated

through respiration, bathing, and gas cooking.)

Air contains varying amounts of moisture in the gas or vapor form depending on the

temperature. Cooler air holds less moisture, and warmer air can hold more moisture.

The absolute humidity is the actual amount of moisture contained in air. The absolute

humidity is the ratio of the mass of water vapor to the mass of dry air. The relative

humidity is the ratio of the actual amount of moisture in the air to the maximum

amount of moisture the air can hold at a given temperature. Taking air temperature

and relative humidity readings in multiple locations in buildings is an important part

of a building investigation and is seldom done by mold investigators. There have

been general recommendations that indoor humidity should be maintained at 30–

50%, is considered excessive at 60–70%, and is likely to promote microbial growth

above 70%. However, the dewpoint is the temperature at which humidity in the air

reaches saturation (100%) and will condense from that air to form condensation or

“dew” on surfaces. Thus, reaching dewpoint resulting in condensation on building

materials and finishes is the determining factor in establishing fungal growth.

Many temperature and humidity instruments are commercially available. Some

instruments can easily be attached to a tripod on which fungal air samplers are

mounted. The dewpoint is easily determined by reading it off a psychometric chart
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using the measured temperature and relative humidity. Some temperature/humidity

instruments also display the calculated dewpoint. It is important to remember that

these instruments need to be calibrated according to the manufacturer’s specifications.

Materials for conducting in-house calibration can be purchased from the manufacturer.

Although severe, chronic indoor humidity resulting in condensation can actually

make a building material wet, the primary use of moisture content readings is to

assess wetness due to liquid water from water intrusion and leakage. Moisture

content is the percentage or weight of moisture in a material, as compared to the

weight of that material when completely dry. It can be viewed as that amount of

water available for fungal growth. Moisture content readings are used in moisture

mapping. They can be very useful in locating sources of moisture relative to the

presence or absence of fungal growth.

To do moisture content mapping of a target area, multiple measurements are

taken at incremental spacing to cover the suspect area and beyond. Measurements

must be recorded on a form standardized by the investigator. Ideally, measurements

are written on or accompany a sketch of the subject area. For example, readings are

taken at 6-in. increments to form a square grid. The final shape of the grid may be

dictated by objects such as fixtures. Consider the following example. Water staining

is noted along the edge of a tub and the edge of resilient flooring has delaminated

TABLE 2.5. Occupant-Related and Often Overlooked

Non-Occupant-Related Indoor Moisture Sources

Occupant-Related Sources

Aquariums by evaporative loss

Bathing by tub and shower

Clothes washing by hand

Clothes drying: indoor line-dried clothes, nonvented dryers

Cooking by gas, uncovered simmering, uncovered boiling

Hand dishwashing

Firewood storage

Gas range pilot

Floor mopping

House plants

Humidifier use

Refrigerator defrost

Saunas, steam baths, whirlpools

Vegetable storage

Non-Occupant-Related Sources

Desorption of materials, both seasonal and new construction

Ground moisture migration

Plumbing leaks

Rain or snowmelt penetration

Seasonal high outdoor absolute humidity
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from the sub floor curling slightly upward in a bathroom currently in use. Mildew

discoloration is observed in the caulking along the tub for about a distance of one

foot from the plumbing wall (at head of the tub) and in the caulking at the leg of

the tub up about 3 in. above the finished floor. Mildew is noted in caulking at the

back of the toilet at the edge of the flooring.

A claim was made that all the water staining and mildew observed is due to

shower use; that is, water escapes the shower/tub to wet the flooring despite the pre-
sence of a shower curtain. The claimant denies a plumbing leak anywhere along the

plumbing wall (at the sink, toilet, or shower/tub).
Moisture content readings were taken of gypsum wallboard using a Delmhorst

Contractor’s Moisture Meter BD-2100 on scale 3 with 2941/A-100 contact

pins with 5
16
-in. penetration according to the manufacturer’s recommendations.

(Delmhorst products are mentioned here by way of example and because they are

in widespread use by building investigators.) Moisture content readings were

taken at 6-in. increments of the entire accessible plumbing wall. The first set of

measurements was taken around the sink plumbing, including above, below, and

both sides of the cold- and hot-water supply lines and drainline. No signs of water

staining directly below the sink drainline were observed. The second set of measure-

ments was of the entire area between the edge of the sink cabinet and tub/shower
fixture, including above, below and to the sides of the water supply line to the

toilet tank. It is important to survey this entire area because it can eliminate one or

more leaking areas. The third set of measurements was taken at the side of the

tub/shower enclosure at the plumbing wall from the floor level to the height of the

shower head. Please refer to Fig. 2.5 for a sketch of the moisture mapping area

and the recorded readings. Note that all the relevant information for the survey is pro-

vided, including the name of the investigator, date, manufacturer and model of meter,

electrode attached, scale used, room, orientation, and exact location for each reading.

As can be seen from Fig. 2.5, the visual observations and moisture content read-

ings clearly eliminate leaks at the sink plumbing lines. The majority of moisture

content readings between the sink cabinet and shower/tub clearly indicate the

absence of any sink plumbing leak that migrated to this area or plumbing leaks

associated with the toilet. The only elevated moisture content readings appeared

to begin about 10 in. above the level of the tub (which is about 2 in. above the

tub plumbing lines) and extending downward in a conical fashion with the widest

portion at floor level. Importantly, none of the readings 2 in. above the tub’s

faucet were elevated, thus discrediting the claim that damage was due to occupant

shower use. In this example, moisture mapping combined with visual observations

were powerful tools in determining whether the claim had merit. Of course, a

plumber or a water intrusion expert with expertise in plumbing is needed to

confirm that the shower/tub plumbing was the source of the leak.

There are essentially three methods for determining the moisture content of a

material. These are based on oven-dry mass measurement,5 measurement based

on electrical resistance using a pin meter, and measurement based on capacitance

using a pinless meter. While an exact method, the oven-dry mass method is imprac-

tical and rarely used for building investigations. For pin meters, the electrical resist-

ance is measured between two physical points in the subject material along the
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length of the pin at the point of highest moisture content (for noninsulated pins). For

pinless meters, moisture content is measured at a fixed depth below the sensor speci-

fied by the model’s manufacturer as a function of electromagnetic waves that pene-

trate the subject material. These differences must be understood in order to select

and use a meter correctly.

Fig. 2.5. A moisture map sketch.
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The Delmhorst meter described above is a direct-read meter with pins that are

inserted into the material of interest. The BD-2100 model is capable of reading

the moisture content of three categories of material, namely, wood, plaster/concrete,
and gypsum (sheetrock). Their scales vary as follows:

. Wood scale—15%

. Plaster/concrete reference scale—85%

. Gypsum—1%

Moisture meters usually require factory calibration. Some have a built-in calibration

check. The calibration check should be performed before, during, and after every

moisture survey. The contact pins or attached electrode must penetrate the material

of interest.

Most moisture meter manufacturers provide an assortment of different electrodes

that allow for measurement of hard-to-reach areas. Examples of electrodes for use

with different Delmhorst models include pins, rolled blades, and flat bent blades.

Pins can be insulated or not and of varying length for varying penetration. As

stated above, noninsulated pins measure the electrical resistance at a pin depth at

the highest content. This content may not be at the tip. In contrast, moisture

content is read at the tip of insulated pins. This allows for insertion of the tip to

different depths to more closely ascertain the origin of the water. In other words,

is the moisture on the surface, in the middle, or the far side of plywood shear

wall? Determining the location of the moisture requires knowledge of the exact

thickness of all materials that will be penetrated and a means of measuring the

depth penetrated. The investigator must select the manufacturer, meter, model,

and electrodes according to the user’s needs and then use them properly in building

investigations. The sensor of pinless meters usually penetrates a depth of 3
4
–1-in. If

such a meter is placed on 3
8
-in. plywood in a wall assembly, it is not measuring the

moisture content of the plywood at all. It is measuring that of whatever is on the

other side of it unless the other side is air.

Although moisture content readings can be extremely useful, caution is urged in

interpreting meter readings. Scales between meters are not necessarily interchange-

able; that is, the wood scale on one meter may not be the same as the wood scale for

another. Some meters are equipped with a reference scale from 0 to 100 on a relative

basis and can be used on nonwood materials such as concrete, plaster, and insulation.

The user has to measure reference, nonsuspect materials and compare them to read-

ings of suspect materials in order to interpret the measurements. Clearly, one cannot

make a direct comparison between readings taken of the same subject material with

different meters without knowing exactly how the measurements were taken and

how each meter operates.

The Delmhorst BD-2100 model wood scale is factory-calibrated against Douglas

fir, the USDA standard. However, the electrical characteristics of different species

vary, and some species may read differently at the same moisture content. For

most situations, the Douglas fir reading can be used for construction lumber (e.g.,

joists, studs). If the user is measuring a different solid wood, the Douglas fir
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reading can be converted by using a species conversion chart. If the user needs an

exact reading for the following wood product, the following specified conversion

factor is recommended by Delmhorst:

. Plywood—use the SPF (spruce pine fir) correction factor.

. Oriented Strand Board (OSB)—use the basswood correction factor.

. Medium-Density Fiberboard (MDF)—use the Philippine mahogany correction

factor.

If relative readings of these wood products are sufficient, then conversions are not

necessary. A reading can be more precise by making temperature conversions as

well. However, this conversion is usually considered insignificant if the temperature

ranges within 50–908F.

Moisture meters are used by contractors for their particular trade. Moisture

content readings of wood are useful to a painter because wood must begin dry

and remain dry after the application of paint. Outdoor wood can be safely painted

without danger of peeling if the moisture content is 15% or less (BD-2100). In

drier climates, the maximum reading should be 10–11%. In fact, there are

recommended average moisture content averages for interior use of wood products

in various areas of the United States.7 Indoor wood should be 7–8% prior to paint-

ing. A similar scenario could be described for testing concrete slabs before finished

floors are applied. For gypsum wallboard, the readings are useful to know if gypsum

wallboard is too wet for painting or hanging wallpaper.

Contractors’ uses contrast starkly with those of building mold and water intrusion

investigators. While tracing leaks is a valid application of these meters, care must be

taken not to overinterpret moisture content readings. For example, gypsum wall-

board readings of 0.5–1% do not mean that the gypsum wallboard is necessarily

“wet” or that the reading is necessarily associated with a leak. The same can be

said of readings at 1%, 1.2%, and 1.4%. The latter means that the gypsum wallboard

contains more moisture than it should to paint or hang wallpaper. Like all other parts

of building mold investigations, moisture content readings are viewed in light of all

other findings, information, and data. If, on the other hand, gypsum wallboard moist-

ure content readings were much higher (e.g., 5.7%) in the absence or presence of

suspect visible fungal growth, the readings can be immediately interpreted as indi-

cation of an active leak. Sources of active leaks must be terminated and repaired as

soon as possible. Air and surface sampling should be performed.

Other survey instruments can also be useful in locating moisture in buildings to

greater depths, such as those based on infrared thermography. Generally, these are

used by the water loss restoration industry and therefore are mentioned only

briefly here. One application might be infrared scanning an entire kitchen cabinet

wall to determine whether drying needs to be done behind the cabinetry.

So-called normal moisture content does not mean the absence of unseen fungal

growth. The subject material could have become wet and dried, even more than

once. If it was sufficiently wet for some time, nonvisible fungal growth could
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have resulted. However, normal readings certainly argue against chronic, continual

water intrusion.

2.2.2. Sampling Design

After obtaining all relevant information, the mold investigator develops a sampling

design that will fulfill the goal to determine the nature and extent of fungal growth

and contamination. Execution of the sampling design follows the physical

inspection.

This chapter includes recommendations for various investigation sampling

designs. Consult other chapters in this book that specifically address statistics,

sample analysis, and fungal ecology to complement discussion here. A rec-

ommended sampling design follows that includes selection of air sampling

methods, selection of air sampling instruments, air sampling flowrate and air

sampling duration, the number of indoor and outdoor air sampling locations,

sampling techniques, surface sampling and analysis methods, laboratory selection,

and recommended prior notification to occupants. All of these parameters directly

affect the resulting data on which interpretation relative to the building and

subsequent recommendations are based.

These decisions are not trivial and predict the quality of data collected and all

subsequent decisions. At the time of writing, it has been a decade since the American

Industrial Hygiene Association (AIHA) published the first edition of the Field Guide

for the Determination of Biological Contaminants in Environmental Samples6 and 7

years since the American Conference of Governmental Industrial Hygienists

(ACGIH) published Bioaerosols: Assessment and Control.2 Yet even the issue of

whether to conduct air sampling is still debated. Results of air sampling provides

empirical evidence on which to make informed decisions about indoor air quality

that necessarily impacts decisions regarding occupancy and relating that to

growth sites. If a decision is made not to conduct air sampling, then vacating the

building is not justifiable because fungal growth can potentially exist without signifi-

cantly degrading the indoor air quality. Likewise, leaving immune-suppressed

individuals in the presence of air degraded, for example, by pathogenic fungi,

would likely be considered negligent. Also, without air sample data, it is also not

possible to determine the effect, if any, of hidden fungal growth. Baseline data

also serve as the basis of comparison for postremediation sample data. However,

caution is urged. Poorly conceived sampling designs, poorly executed sampling

designs, poor-quality or inaccurate laboratory analysis, and/or over- or underinter-
preted sample data also may not fulfill the investigator’s goals and have unsuppor-

table ramifications with respect to disruption of life and/or business, and the liability
of many more parties than is first apparent.

2.2.2.1. Air Sampling Methods. Air sampling for fungal spores should include

sampling both total fungal spores, also called “spore trap sampling,” and sampling

for culturable fungi (sometimes erroneously referred to as “viable sampling”). Both

the AIHA6,8 and ACGIH pubications2 cited above encourage species identification.
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The latter unambiguously states that indoor and outdoor air comparisons cannot be

made “unless the genera and species found indoors and outdoors have been

identified.”2

Many more air sampling and analytical methods are available than those for total

fungal spores and culturable fungi, including but not limited to, microbial volatile

organic compounds (MVOCs), polymerase chain reaction (PCR), (1 ! 3)-

b-D-glucan (polyglucose compound in the cell wall of fungi), and ergosterol (the

most common sterol of fungi). Currently, none of these surpasses the quality of

information provided by culture with proper and accurate species identification

accompanied by spore trap.

2.2.2.2. Selection of Air Sampling Instruments. For a thorough understand-

ing of the advantages and disadvantages of various bioaerosol samplers or the mech-

anisms of aerosol collection, the reader is referred to a comprehensive discussion of

inertial sampling instruments.9 Some reference sources do not clarify whether

sampling bioaerosols is species-dependent;10 however, it has been known for

decades that sampling efficiency with culturable analysis is species-dependent.11,12

More recently, sampling efficiency with non-culture-based analysis has also been

shown to be species-dependent.12

New sampling instruments are continuously introduced on the market with and

without published validation data pertaining to sampling efficiency under controlled

test atmospheric conditions. For example, the Zefon Air-O-Cell spore trap air

sampling cassette is widely used. No studies with regard to sampling efficiency

were available when the cassette was first marketed. On review of the cassette

design, it seemed that its collection characteristics should compare well with the

Allergenco or Burkard model because the slit dimensions were almost identical.

Side-by-side comparisons of the Allergenco and Air-O-Cell in field investigations

revealed that the data were not entirely comparable; it appeared that higher percen-

tages of Penicillium/Aspergillus were recovered with the Air-O-Cell, which led to

reaching different conclusions as to the quality of indoor air (P. Heinsohn, unpub-

lished data). Although it yielded useful data, this study design could not assign

the amount of variability due to the instrument itself without knowing how much

analytical variability there is in the data, or how much of the difference was attribu-

table to environmental variability. Subsequently, the Air-O-Cell cassette was shown

under controlled laboratory conditions to result in an underestimation of spores of

Cladosporium cladosporioides,13 which is one of the most common fungi in indoor

and outdoor air. In otherwise nondegraded indoor air, its underestimation could

provide an incorrect rank order for fungi that it more efficiently recovers from the

air, including Penicillium/Aspergillus.13,14 This does not mean that the Air-O-Cell

cannot or should not be used. Its usefulness outweighs this pitfall. However, because

C. cladosporioides spores are undersampled, the investigator should use results of

Air-O-Cell if this differential sampling efficiency is factored in when interpreting

the data. The side-by-side culturable air sample data with species identification

are usually more important, especially at low spore concentrations.
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Proper selection of air sampling instrumentations requires that investigators

have a rigorous foundation with regard to the underlying principles of aerosol tech-

nology and mycology and that they continually read the peer-reviewed scientific

literature. One should be wary of any air sampling instrument for which no peer-

reviewed published data independently collected exist. Investigators should avoid

using samplers that lack data from laboratory-controlled test bioaerosol challenges

demonstrating sampling efficiency.

The use of the Andersen N-6 for culturable air samples side-by-side with the

Air-O-Cell spore trap samples has become a common practice in mold investi-

gations.14 The Andersen N-6 is a single stage sieve impactor that is the sixth stage

from the Andersen six-stage sampler. The sampling efficiency for this sampler is

perhaps the best known of all of the bioaerosol samplers15 and has long been a “stan-

dard” bioaerosol sampler.8,16 Collection of side-by-side Andersen culturable

samples with species identification and spore trap samples is recommended.

2.2.2.3. Air Sampling Flowrate, Pump Calibration, and Sampling

Duration. The Andersen N-6 sampler is designed to be operated at its optimal

flowrate to ensure collecting a particle size distribution with the known cutpoint.

The Allergenco and Burkard samplers for total fungal spores should also be

operated at their design flow rates, and the Air-O-Cell at the manufacturer’s

current recommended flowrate of 15 L/min. Thus, it is important to calibrate

pump flowrate to ensure particle collection according to design specifications.

However, the Air-O-Cell manufacturer’s recommended flowrate is somewhat

artificial and arbitrary. The cassette was found to have better collection efficiencies

for two fungal spore types at higher flowrates in research laboratory testing.17 A

disadvantage of the Allergenco and Burkard samplers is that investigators can

only measure the flowrate. These samplers have to be returned to the factory to

be calibrated.

Ideally, pump flowrate should be calibrated using a primary flow standard such as

the Bios DryCal, which is traceable to the standards established at the National

Institute of Standards and Technology (NIST). Pump calibration should be done

prior to use in the field and the flowrate measured at the conclusion of sampling

to obtain the average flowrate over the entire sampling period. Periodic field

checks can also be performed. Flowrate checks can be performed with a rotameter

if the rotameter has been calibrated against a primary standard, such as a bubble

flowmeter or DryCal. Temperature and pressure corrections should be done if

necessary. Figure 2.6 is an example of the kind of documentation necessary for

pump flowrate calibration. Note the level of information that should be included

with all pump calibration. The average flowrate over the entire sampling period is

used to calculate the air volume sampled. A difference of more than 5% of the cali-

bration flowrate is considered unacceptable.

The sampling period or duration needs to be sufficiently long enough to meet the

limit of quantification for the sampler chosen, such as the Andersen N-6 sampler.8 It

is clear that 1- and -2 min samples are often too short to meet the limit of quanti-

fication for most indoor environments.12 A 3-min sampling period for culturable
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air sampling using the Andersen N-6 is usually sufficient. Culturable air sampling for

longer periods of time always has to be balanced with the knowledge that desicca-

tion can occur as more air passes over propagules already impacted on the media

resulting in a loss of culturability. In other words, lengthier sampling periods may

fail to meet the statistical limit of quantification not because the airborne concen-

tration is too low but because fewer propagules remain viable and culturable. In

addition, sieve impactors such as the Andersen N-6 has an upper limit of collection

controlled by the number of holes.

Some manufacturers recommend different sampling periods for different built

environments. While this makes sense for industrial work environments such as

cotton mills or grain elevators where concentrations of fungi as high as 1 � 104

CFU/m3 (colony-forming units per cubic meter of air) have been documented,18

it does not make sense for nonindustrial indoor environments when sampling as

part of a baseline survey. In the unlikely event that baseline survey samples are

Fig. 2.6. An example of an air pump flowrate calibration record.
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overloaded, a shorter sampling time can be used in a second survey. Samples col-

lected indoors and outdoors for the same sampling duration can be directly com-

pared, whereas those with disparate sampling times cannot.

2.2.2.4. Number of Indoor and Outdoor Air Samples, Air Sampling
Locations, and Order of Sampling. Although there are no generally

recommended guidelines, at least two spore trap samples and two culturable air

samples should be collected at each location. The underlying reason for collecting

two of each kind of sample is to have more data from the same location to assess

the true mean of the airborne concentration at that location at that point in time.

The recommendation is to collect a pair of samples, namely, one spore trap and

one culturable air sample simultaneously, followed immediately by a second such

pair. This approach, rather than collecting two samples for total fungi collected sim-

ultaneously followed by two samples for culturable fungi collected simultaneously,

allows for direct comparison between the two methods collected at the same time for

that air sampling location that is needed for a direct comparison between the two

kinds of samples for the same time period. Trends in the data will be obvious

when samples are collected this way.

Some investigators collect air samples in a “lap” fashion, where a spore trap–

culturable air sample pair is collected in one location and the second sample of

each method at that location is not collected until after the first pair is collected at

all other air sampling locations. Other investigators may separate pairs of samples

with an arbitrary time period, such as 2 h. The inherent temporal environmental

variability may or may not be detectable in the “lap” sampling.

The decision of how many air samples of the same type at the same location can

be addressed from either a statistical or practical standpoint. Other sources should be

consulted regarding statistical calculations of how many samples are needed on the

basis of the goal of sampling.2 In general, collecting the number of samples required

to meet statistical significance is simply not logistically or economically feasible.

Consideration should also be given as to the possibility of actually resampling

room air using multiple high-volume air sampling pumps in small rooms, such as

typical bathrooms and laundryrooms. It would be difficult if not impossible to

accommodate multiple sampling trains with tripods in most typically furnished

rooms. More than one operator would be required to operate and move multiple

sampling trains efficiently from one location to another. This increases labor

costs to the high capital expense of multiple sampling trains and many times the

analytical cost.

One sampling location per 500 ft2 is usually adequate unless there is an area for

which no information is desired or unless the floorplan dictates otherwise. Fungal

bioaerosols and the concentration of these particles does not reach an equilibrium

concentration as would a gas or vapor in a defined space given sufficient time. In

fact, as do all particles, they settle out of the air as a function of their particle aero-

dynamic diameter,19 unless the air is purposely moved from one location to another

and sufficient transport velocity is maintained to keep them from settling out.19,20

Also, the aerosol concentrations are highest at the point of generation prior to
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settling out of the air. The goal of most air sampling is to determine whether fungi

that are growing on building materials are degrading the air quality.

Reference outdoor air samples should be collected at the outdoor air intake of the

air handling unit(s) serving the building, whenever possible. This is not always poss-

ible since in many high-rise buildings the outdoor air intakes can be several stories

high with no access. The mechanical plans will reveal how the building is serviced,

the locations of the air-handling unit serving each section of the building, the

location of the outdoor air intake, mixing plenums, and building exhaust locations.

Based on review of the mechanical and architectural plans, the investigator must

choose appropriate outdoor air sampling locations that would be indicative of the

outdoor air infiltrating into occupied areas. For example, consider the appropriate

outdoor air locations for a 15-story apartment building that is designed to mechani-

cally ventilate common-use areas such as hallways leading to apartments that have

balconies. Appropriate locations include the air intake of the air handler supplying

the hallway outside the apartment entry door and on the balcony of that apartment. In

other words, all outdoor air sources for the apartment should be characterized.

Natural ventilation occurs through open doors to the balcony and/or open

windows and through window weep holes to a lesser degree. The fact that the

higher above the ground a story is, the lower the concentration of phylloplane and

soil fungi is likely to be should be considered when planning the number and

location of outdoor air samples in high-rise buildings. It is recommended that the

investigator assess the pressure relationship of the hallway and apartment and

what the conditions are at the time. In other words, that pressure relationship

depends on other factors such as whether bathroom or kitchen exhaust fans are oper-

ating and elevator use.

2.2.2.5. Sampling Techniques. An investigator has the option of using tech-

niques to influence the air sample data by creating air currents to resuspend

settled fungal spores, so-called aggressive air sampling. Some investigators

attempt to maximize airborne concentrations of fungi by purposefully stirring up

dusts through activities such as stomping on carpet, banging on furniture, or

waving a clipboard in the air. Aggressive air sampling cannot be reliably repro-

duced. It may produce positively biased data. The more appropriate sampling

method for determining whether surface concentrations of fungi constitute back-

ground levels or contamination above background include microvacuum dust

samples or surface contact samples, rather than air samples.

Please refer to Table 2.6 for a summary of previous sections.

2.2.2.6. Surface Sampling Techniques and Analysis. There are five basic

surface sampling methods: wipe (swipe, swab), tape lift, bulk, surface contact

plate, and settled dust cassette. There are advantages and disadvantages of each of

these sampling methods. Additional information on surface sampling may be

found in Chapter 5.

In simplest terms, all sampling methods for which the analysis is culture allow for

identification of fungi to the species level. The importance of species information
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cannot be overstated for air or surface samples and has been already been discussed

in this chapter and is also partially summarized in Table 2.3. Wipe, surface contact

plate, and settled dust cassette surface samples are analyzed by culture. Tape lifts are

analyzed by direct microscopic examination only, and bulk samples can be cultured

and microscopically examined.

In general, surface samples are collected to determine whether a surface is

supporting fungal growth or if the surface is contaminated from growth site(s) else-

where. In general, fungal growth is visible and contamination is not. Of course,

TABLE 2.6. Recommended Air Sampling Design

General

Number of indoor air sampling

locations

One location per 500 ft2 of floor space unless

room sizes are smaller

Placement of air sampling

equipment within room

Central to room to the extent possible; �1 m

away from an exterior wall; away from

plants; on a tripod approximately 4 ft above

finished floor

Number of outdoor air sample

locations for single-story,

nonmechanically ventilated

buildings

At least two, front and back of the building;

tripod should sit on concrete or asphalt, if

possible, and away from plants

Number of outdoor air sample

locations for multiple-story,

nonmechanically ventilated

buildings

Two-grade level at front and back of building

and on a balcony or deck for at least the first

five stories; tripod should sit on concrete or

asphalt, if possible, and away from plants

Number of outdoor air sample

locations for multiple-story,

mechanically ventilated

buildings

At air intake of the air handling unit supplying

the area(s) of interest; tripod should sit on

concrete or asphalt, if possible, and away

from plants

Air sampling methods Total fungal spores and airborne culturable

fungi

Laboratory analysis of air

samples

—

Media for buildings without

immune-suppressed occupants

and incubation temperature

MEA (see text discussion) and 258C

Media for buildings with

immune-suppressed occupants

and incubation temperature

MEA at 258C and 378C

Laboratory analysis of culturable

air samples

Isolation, enumeration, and identification to

the species level

Laboratory analysis of total fungi See Ref. 13 for discussion

Air sampling instruments, flow

rate, and time

Andersen N-6 at 28.3 L/min for culturable air

samples for 3 min

Allergenco, Burkard, Air-O-Cell

Sample identification Blinded
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almost all indoor surfaces are “contaminated” by fungal spores that settle out of the

air. This contamination is a form of “background contamination.”

The types of fungi typically found in house dust have been published and include

those that are commonly found growing in water-damaged materials (see Table 2.7).

Thus, it does not suffice to find these fungi in surface contact or settled dust samples

to conclude that the surfaces are contaminated above background. One must also

document a growth site of the same species of fungi as long as this conclusion is con-

sistent with the chronology of events (e.g., when the leak occurred, actions taken).

The major disadvantage of tape lift methods is that they seldom can provide

species information. The major advantage is that a competent laboratory will

describe all the morphological structures that they see. Description of these

allows the investigator to determine whether vegetative only, or both vegetative

and reproductive, growth exists on the surface. Unfortunately, many accredited

laboratories report only the genus and a category “hyphae” without association

with to any genus. This reporting scheme does not take advantage of the power of

tape lift analysis. In addition, some accredited laboratories report quantitative

spore counts per unit area, such as spores/mm2. While this reporting scheme may

be useful to determine whether contamination has occurred, it has nothing to do

with growth. Similarly, although wipe samples are ideal for culture analysis,

some laboratories perform a microscopic examination. Again, only inoculation

onto media allows for colonial growth, which provides an abundance of morphologi-

cal structures for the mycologist to identify the species isolated. It also allows for

quantitation. This type of analysis is far superior to a qualitative estimate without

species confirmation when analyzed by microscopy.

Table 2.8 summarizes the optimal use of surface sampling methods.

2.2.2.7. Laboratory Selection. Few environmental microbiology laboratories

provide consistent, competent laboratory analysis for all analyses. One laboratory

may provide competent analysis of spore trap air samples; another laboratory may

provide competent identification of Penicillium species present in culturable

TABLE 2.7. Some Reported Fungi Found in House Dust

Species Reference

Fungi typically isolated from dry

environmental house dust

Aspergillus penicillioides

Aspergillus restrictus

Eurotium amstellodami

Eurotium chevalieri

Wallemia sebi

22

Fungi typically isolated in house

dust of homes with

conspicuous amplification

Aspergillus veriscolor

Penicillium brevicompactum

Penicillium chrysogenum

23

House dust as an ecological niche

for these fungi

Aspergillus fumigatus

Aspergillus versicolor

24
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air and surface samples. The latter is particularly true in light of the difficulty in

differentiating species of Penicillium.

Numerous factors are important in selecting the right laboratory for an analysis.

The most important factor is the training, education, and experience of the analysts

themselves. For example, do not assume that someone with a clinical microbiology

background can competently identify environmental fungi. A laboratory that per-

forms various fungal testing must be supervised by a mycologist, typically with

an advanced graduate degree. Please refer to Chapter 1 for in-depth discussions

on differences among microbiologists, bacteriologists and mycologists. It takes

many years of experience at identification to become proficient, even with the appro-

priate education. Be careful to use laboratories where all the analysts are qualified,

not just the laboratory director.

Accurate and consistent laboratory analysis is also a function of a laboratory’s

standard operating procedures (SOPs). This cannot be overemphasized because of

the current lack of standardized analysis for spore trap and culture analysis. This

means that spore trap and culture analysis is not done in the same way by all labora-

tories. More importantly, these differences directly affect the resulting data. Inves-

tigators are urged to learn what they need to know in order to evaluate the SOPs for a

laboratory under consideration, including information presented in this book (see

also Chapters 4 and 5).

Consider the following example in which both laboratories report colony-

forming units per gram of dust. The “soil crumb” method and serial dilution

method are methods of preparing settled dust for culture analysis. The former

tends to result in the isolation of more fungal species without dilution error. Note

that “error” means uncertainty regarding a measurement. The latter tends to

“swamp out” those fungi at lower concentrations while overemphasizing the

concentration of fungi isolated. Without even knowing what sample preparation

methods are used, investigators cannot properly evaluate extremely high concen-

trations samples at high dilution (e.g., 1 : 10,000) or the presence of many different

fungi at very low concentrations.

The following is another example of why it is so important to evaluate a labora-

tory’s SOPs. Standard microbiological practice does not allow for combining data

from inoculations. In the serial dilution method, most laboratories will inoculate

several dilutions, at least one plate per dilution and the results of one chosen

dilution reported. It is not standard microbiological and scientific practice to

TABLE 2.8. Summary of Optimal Use of Surface Samples

Surface Sample Type Culture or Microscopic Analysis

Wipe Culture

Tape Microscopic

Bulk Culture and microscopic

Surface contact plate Culture

Surface dust cassette Culture
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take counts of different fungi from different dilutions and combine all the data into

one final result.

Laboratory accreditation, such as the Environmental Microbiology Laboratory

Accreditation program (EMLAP) sponsored by the American Industrial Hygiene

Association (AIHA), provides some comfort that a laboratory meets certain accred-

itation criteria. For example, such accreditation establishes a threshold of laboratory

training among analysts and requires a laboratory quality assurance/quality control

(QA/QC) program. Despite meeting these thresholds, there is significant variability

between analysts in the same laboratory and between laboratories. Spore trap analysis

of the same samples, called a “round-robin analysis,” among AIHA accredited

laboratories varied several orders of magnitude in total concentration and the rank

order of fungal spores differed (P. Heinsohn, unpublished data). Both are important

criteria for interpretation of sample data in ascertaining whether indoor air quality is

in fact degraded.

2.2.2.8. Prior Notification. Aspects of the condition of the building and occu-

pant activities prior to a building investigation can directly affect the data. Thus,

the following instructions should be given to whatever responsible parties are

involved, such as building owner or tenant, to avoid biasing the data. Instructions

include the following:

. Close Doors and Windows the Day (i.e., 24 h) Before Air and Surface Sampling

are Conducted. Air sampling is conducted to determine the indoor air quality.

Obviously, this means that doors and windows must be closed because four

walls, a ceiling, and a floor constitute the typical indoor environment. Air

sampling has been done under all manner of conditions of the built environ-

ment, such as in the presence of collapsed ceilings and purposefully created

holes cut through subflooring exposing an earthen crawlspace. This means

that the sample data take into account the effect, large or small, of the air

quality in an above-ceiling space or crawlspace, respectively, in these

examples. Investigators should not conduct air sampling when the living

space or workspace is compromised via open ceilings and crawlspace if the

goal is to characterize the air quality with an intact building envelope. Likewise,

should the investigator want to know what the air quality is in an attic, then the

attic should be physically closed off from the living space or workspace, and

samples collected. If windows and doors are not closed prior to sampling, the

resulting laboratory data will most likely be negatively biased if a growth

site exists that is degrading the indoor air quality, that is, the indoor air

quality will more closely resemble the outdoor air than it would otherwise.

. Do not Vacuum or Dust at Least 24 h Prior to Air or Surface Sampling.

Ostensibly, removal of settled dust from finished flooring materials or horizon-

tal furniture surfaces will likely reduce the fungal burden, thus providing a

negative bias. On the other hand, vacuuming and dusting will likely increase

airborne concentrations of fungi from resuspending settled spores, thus provid-

ing a positive bias.
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. Do not do Any Unusual Cleaning that is not Customary Prior to Air and Surface

Sampling. For example, this includes carpet shampooing, the use of surface

disinfectants, deodorizers, and high-efficiency particulate air (HEPA) filtration

cleaners. One goal of a baseline investigation is to document the nature and

extent of fungal growth and contamination, if any. If surface fungal growth

or contamination has been removed or disturbed, then a negative bias is intro-

duced into surface data. Carpet shampooing may actually result in a positive

bias, depending on numerous factors including the spore burden prior to sham-

pooing, the process used, efficacy of cleaning, and ventilation following

cleaning.

. Set the Thermostat and Fan Control at Settings Customarily Used for the Time

of Year. Sometimes investigators collect samples in a “fan off” setting, activate

the fan, and then collect additional samples with the belief that quantitative and

qualitative differences between the two reflects the condition of the system acti-

vated. This sampling design is flawed and should not be used. Many paired

sample sets would have to be collected to detect a real difference. Furthermore,

analytical variability due to variability between analytical methods and

between analysts alone may explain differences. Surface sample collection

(e.g., swipe, surface contact plate) from within the system is the best sampling

design to determine whether a ventilation systems or ductwork is contaminated

is to collect surface samples. Investigators must also include sampling at

control locations in the same building in a nonimpacted area and in a control

building using the same surface sampling methods. Much thought should be

given to recommending cleaning ductwork or an entire a ventilation system

in the absence of unambiguously degraded indoor air quality with the same

species of fungi. It is hard to conceive of a ventilation system that does not

have background levels of fungi.

. Presence of Occupants is not Required. If presence is desirable, engage in

activities normally pursued except those excluded above and any other activity

that purposefully disturbs settled dust.

2.3. DESTRUCTIVE TESTING INVESTIGATION

Destructive testing is done only when there is a high index of suspicion that water

intrusion has occurred. Destructive testing enables a forensic water intrusion inves-

tigator to ascertain the cause of water intrusion and recommend a repair. Destructive

testing enables a mold investigator to determine the nature and extent of fungal

growth that is hidden from view during a baseline investigation.

Destructive testing in search of hidden fungal growth is justified if (1) there is an

active leak indicated by elevated moisture content readings taken during a baseline

investigation or (2) indoor air quality is unambiguously degraded by fungal species

for which growth sites have not been identified.

46 CONDUCTING BUILDING MOLD INVESTIGATIONS



Destructive testing is usually conducted inside a building. For various reasons, it

may be conducted from the exterior of the building. A mold investigator selects

areas to be opened according to input from the forensic water intrusion investigator

augmented by observation of water stains, water damage, and suspect fungal growth

noted in the baseline investigation. Often these areas may be part of the building

envelope (e.g., an exterior wall assembly) or within a partition wall (e.g., a

plumbing wall).

It is well known that forceful, mechanical disturbance (such as that involved in

destructive testing and mold remediation) can generate high concentrations of air-

borne fungal spores.21 Thus, destructive testing should be contained so as not to dis-

seminate contamination outside of containment. A protocol should be prepared to

maximize personal protection and prevent escape of fungal spores.

Results of a destructive testing survey are used to prepare a scope of work for

mold remediation. Careful documentation of destructive testing is essential to inter-

pret the findings. While the same surface sampling methods are used on surfaces

within intact rooms, the fact that hidden surfaces are revealed slightly complicates

written documentation. It is not sufficient to describe a sample location as “mold

on gypsum wallboard.” A description such as the following is very informative:

“Approximately one square foot of suspect mold growth on the cavity side

of gypsum wallboard located behind the bathroom sink cabinet backface. Approxi-

mately 64 in.2 of suspect mold growth on the room side of gypsum wallboard behind

the bathroom sink cabinet backface. Baseplate to left and right of sink plumbing is

water-damaged.”

Photographs should be taken as each building material is removed, for example,

before the bathroom sink is pulled off the wall, before the room side of gypsum

wallboard behind the sink is cut, and the reverse side of the wallboard that was

cut out, and so forth.

Destructive testing is obviously intrusive, causes damage, and requires special

precautions. These problems make air sampling from wall cavities an appealing

alternative. Wall cavity sampling usually involves insertion of tubing through a

hole made in gypsum wallboard, use of a high-volume air sampling pump, and col-

lection of a total fungal spore air sample while pounding on the wall above the

sample location during the sampling period.

Disadvantages of wall cavity air sampling include the following:

. It is not predictive of hidden growth; elevated concentrations have been found

in the absence of growth. The converse has also been found.

. Gypsum dust contamination occurs in the tubing and is subsequently collected

on the spore trap trace despite attempts to clean tubing between sample

locations.

Such data cannot inform the investigator as to the extent of growth for any building

material inside the cavity, which is the reason for destructive testing. Thus, wall air

cavity sampling is not recommended as an alternative to destructive testing.
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2.4. SAMPLING DURING MOLD REMEDIATION OVERSIGHT

AND CLEARANCE

Once the nature, the location(s), and the extent of fungal growth in a building have

been determined, an investigator can prepare technical specifications for mold reme-

diation. It is obvious that without this knowledge, mold remediation contractors

cannot know what building materials to remediate, how to remediate them, or

what constitutes acceptable clearance verifying effective mold remediation. Thus,

technical specifications for mold remediation must be building specific to this

level of detail.

Unfortunately, building mold investigators will often prepare a generic protocol

for mold remediation and not participate in overseeing the mold remediation. They

may or may not return as “an independent party” to conduct postremediation

sampling at the conclusion of the contractor’s efforts. Mold remediation works

best when an investigator provides continual oversight through postremediation

sampling. In the absence of this, an investigator is forced to rely only on the inspec-

tion and sampling that is part of postremediation testing.

Clearance consists of the following:

. Firsthand knowledge of compliance with work practices and procedures in the

technical specifications

. Visual inspection for dust

. Surface sampling for fungi

. Air sampling for fungi

The surface and air sampling methods have already been discussed. The same

surface sampling methods and analysis are used to verify the absence of fungal

growth. Likewise, the same air sampling methods and analysis are used to verify

that the air quality within containment is not degraded with respect to the species

of fungi originally degrading it and species of growth uncovered by demolition.

2.5. CONCLUSIONS

The importance of planning, designing, and conducting building mold investigations

cannot be overstated. Building investigations start with gathering all the relevant data

regarding a building’s leak history, construction, maintenance, and use, as well as

prior investigations by other consultants. Much of the background information is

essential in developing a sample design with clear objectives.

While physical inspection focuses on visual identification of all suspect water

stains, water damage, and visible fungal growth that might be associated with

leaks, it also includes documenting occupant-related sources of moisture, house-

keeping, and the presence of non-water-damage reservoirs of fungi. Physical inspec-

tion also includes moisture mapping because it can be extremely useful in
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pinpointing or excluding sources of moisture, or it may elucidate the path of water.

“Negative” or “typical” moisture content readings provide some evidence of the

absence of a chronic leak.

Proper documentation is essential in providing a factual record for the reliability

of all sampling instrumentation used, describing how and where samples were col-

lected relative to architectural details, maintaining the integrity of samples, and

identifying the laboratory and analytical methods used. Field notes documenting

site conditions provide a written record of a physical inspection. Air and surface

sample laboratory data and photographic documentation also form the factual

basis on which to base informed decisions regarding the nature and extent of

fungal growth and its implications. No one survey tool should be used exclusively

to base all decisions.

The reliability of laboratory sample data depends on a sound sampling design,

sampling instrumentation, execution of the sampling design, and competent labora-

tory analysis. Culturable air sampling with species identification must be done in

order to detect differences between indoors and outdoors. Collection of replicate

air samples using the same methods at the same location allows for assessing varia-

bility around an airborne concentration. Laboratory personnel and standard operat-

ing procedures (SOPs) greatly affect the quality of sample data.

The key underlying principles of planning, physical inspection, documentation,

and sampling discussed in depth in this chapter with respect to baseline investi-

gation of buildings also apply to other types of building investigations, including

destructive testing.
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CHAPTER 3

MICROBIOLOGICAL SAMPLING
STRATEGIES IN INDOOR
ENVIRONMENTS�

PHILIP R. MOREY

3.1. INTRODUCTION

For over a century scientists have carried out sampling for various microorganisms

in attempts to associate environmental conditions in buildings with bioaerosol

exposures. In the late nineteenth century, Carnelley et al.1 determined that exposures

to both airborne bacteria and fungi were reduced in homes and schools with excel-

lent housekeeping practices (Table 3.1). By the late nineteenth century it was gen-

erally accepted that airborne contagion such as Mycobacterium tuberculosis could

be diluted with large volumes of outdoor air (e.g., .60 Ft3/min per occupant),

thereby reducing the risk of disease.2 By the midtwentieth century the fundamentals

of many microbial sampling techniques used today had been developed3 because of

bioaerosol investigations in occupational environments such as agriculture, fermen-

tation facilities, and pharmaceutical manufacturing. Interest in microbial sampling

has continued into the twenty-first century because of health risk in indoor environ-

ments associated with exposure to (1) microorganisms and their components such as

allergens, endotoxins, and glucans in damp/moldy buildings;4 (2) Legionella aero-

sols from cooling towers and potable-water systems;5 and (3) infectious fungi (e.g.,

Aspergillus fumigatus) in medical facilities.6

Since 1995 the additional interest in microbial sampling has developed because

of moisture failures and microbial growth problems encountered in modern build-

ings. Many of the construction and finishing materials found in modern buildings

(e.g., paper-faced wallboard, particleboards, porous finishes such as carpet that

accumulate dust and bioburden) are more susceptible to biodeterioration in the

event of a moisture failure as compared to more traditional building materials

�Some of the concepts in this chapter are derived fromSection 5.2 of Reference 18, also written by the author.
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such as stone, brick, terra cotta, ceramic tile, and pine or hardwood flooring. The

intent of this chapter is to provide practical guidance to investigators carrying out

microbial sampling in nonindustrial indoor environments.

3.2. SAMPLING STRATEGY

Themost important step prior to microbial sampling is development of a plan on how

the analytical results of sampling will be interpreted. This is necessary because of the

absence of numerical guidelines for microbial agents. Whereas numerical guidelines

are well known for many chemical agents [OSHA personal exposure limits (PELs),

ACGIH Threshold Limit Values; registered trademark (TLVs)], scientific studies

correlating the dose of microbial agents with health effects are unavailable.

Reasons for an absence of numerical guidelines7–9 include (1) the many thousands

of fungal and bacterial species, (2) the capacity of microorganisms (whether dead or

alive) or their components (e.g., glucans, endotoxins, allergens) to cause disease by

various mechanisms (e.g., allergy, infection, toxicity, or irritation), (3) variation in

human susceptibility to microbial agents, and (4) an absence of standard sampling

and analytical procedures for the development of dose–response relations.

Notwithstanding the difficulties associated with interpretation of sampling

results, an appropriate sampling plan begins with a thorough inspection of the build-

ing for dampness or water damage and visible signs of microbial growth or contami-

nation. Essential tools for a building inspection include a powerful flashlight, a ruler,

a copy of building mechanical/structural plans, moisture and relative humidity

meters, and a camera. It is essential during the building inspection to measure and

document the location(s) and extent (square feet or meters) of water-damaged and

visually moldy materials including the likelihood of possible hidden damage. In

focused microbial sampling evaluations such as where legionellosis is a concern,

inspection and an understanding of a building’s heat rejection (e.g., cooling

towers) and potable-water systems is essential in order to select sites for collection

of samples possibly containing Legionella.

Practical reasons for microbial sampling in indoor nonindustrial environments are

numerous and varied. Often the management or occupants of a building wish to know

TABLE 3.1. Airborne Microorganisms in One-Room

Homes

Cleanliness of

Home

Average Number of

Fungi and Bacteriaa

Clean 18

Dirty 41

More dirty 49

Very dirty 93

aNumber of fungi and bacteria per liter of air. Hesse’s sampling

method; flowrate approximately 0.33 L/min; total air volume col-

lected was 1–10 L (see Ref. 1).
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whether interior conditions are “safe.” While sampling cannot determine whether a

building is safe, a sampling plan may seek to determine whether the general

mycological building condition is “normal” or “typical” or similar to conditions in

well-maintained, dry buildings or similar to conditions in the outdoor air. By contrast

a more focused sampling plan may seek to determine whether specific microbial

agents such as Legionella pneumophila serogroup 1 or thermotolerant Aspergillus

fumigatus or A. terreus are present in a building component where occupants may

have become ill.10

Many variables can potentially affect sampling strategies including the

following:

. Spatial location

. The time of day

. Seasonal outdoor conditions that affect the indoor environment

. Design, operation, and maintenance of the building including its HVAC

system

. Occupant considerations such as complaint and noncomplaint zones and

occupant activities

In summary, the investigator should have a thorough understanding of the build-

ing condition prior to development of a sampling plan.11

3.3. SPATIAL OR LOCATION VARIABLES

Sampling strategies can be affected by the layout of building components or zones.18

Thus, the objective of sampling may be to determine whether mold spores from a

damp attic are being dispersed into occupied zones. Consequently, during the

inspection prior to sampling, it is important to determine whether pathways occur

that would allow for transport of spores from the attic to occupied zones. In this

example, pathways for transport of spores may be hidden from view such as in inter-

stitial or wall cavity passages, especially if an air barrier on the attic floor is absent.

Additionally, spore transport can be promoted by negative pressurization in occu-

pied areas. In this example, collection of air samples in the attic and in occupied

areas should occur after development of a sampling plan based on a thorough phys-

ical inspection.

Another example illustrating the importance of spatial considerations in develop-

ing a sampling plan occurs when it is necessary to document that sewage backflow

microorganisms that had contaminated one part of a building had been properly

removed. An appropriate sampling strategy would be to test surfaces for the pre-

sence of pathogenic bacteria such as Escherichia coli 0157/H7, Salmonella, and
Shigella in areas physically affected by sewage and also in unaffected control zones

or buildings10 (see Table 8 in Ref. 10; see also Table 3.9 later in this chapter).

An absence of differences in concentrations of these Gram-negative bacteria10
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(e.g., bacteria not detected) between sewage impacted and spatially separated

control zones suggests that cleanup actions were adequate.

Indoor activities such as vacuum cleaner operation are known to elevate bioaer-

osol concentrations.12 Other activities such as walking around and sitting up and

down on upholstered furniture can result in a “personal cloud effect”13 wherein

the airborne particle level in the immediate vicinity of the active person is higher

than the particle level in other parts of the same room. It may be important, therefore,

for the investigator to determine whether personal or area sampling is appropriate. If

the intent of the evaluation is to document the personal cloud around the active occu-

pant, then a personal sampling strategy is required.

3.4. TEMPORAL (TIME) VARIABLES

Sampling results in a building are potentially affected by variables including human

activity patterns, HVAC system operation, and climatic or seasonal variations such

as alternating rainy and dry periods.

For example, sampling for culturable fungi during a prolonged dry season will be

less likely to detect water indicator fungi from leak-prone envelope walls than will

sampling during a rainy period when the building envelope is leaky and wet.18 Simi-

larly, sampling for human-shed bacteria in a classroom during unoccupied nighttime

hours will yield different results than will sampling in the same classroom with many

active students.

Temporal changes in the building envelope affect air sampling results. Solar

heating of the building envelope causes air near perimeter walls to warm and

move upward. Thus, divergent bioaerosol sampling results can occur in the

morning as compared to the afternoon. In this case sampling should be repeated

at least several times daily (morning and afternoon) at each testing site. Seasonal

changes in moisture levels including condensation potential on the inner surface

(closest to occupants) of the envelope wall can affect the ecology of molds on the

wall surface and in room air. Thus, during warm, humid seasons condensation

and active mold growth can occur on the wall surface especially in depressurized

buildings. However, surface and air sampling results obtained in the same areas

during the heating season may be different because of the absence of dampness.

In buildings located in cold climates during wintertime conditions, condensation

and consequential mold growth can occur on or near inner surfaces of the envelope

wall because of factors such as thermal bridging.14 A sampling strategy should

therefore anticipate the changing seasonal pattern of dampness in envelope walls.

A substantial mycology literature exists on seasonal variation in concentrations

and kinds of mold spores found in the outdoor air.15 A more recent study showed

that outdoor concentrations of boletes basidiospores varied diurnally by an order

of magnitude.16 Additionally, indoor concentrations of basidiospores followed the

same diurnal pattern from a low of about 500 spores/m3 in the morning and after-

noon to a high of about 4000 spores/m3 in the evening.16 This study has several

practical consequences on sampling strategy including the necessity of collecting
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comparative indoor and outdoor samples during the same time period. Also, during

sampling it is important for the investigator to note the presence of open windows

and doors, which will directly affect the infiltration of phylloplane mold spores

into the indoor air.

Nosocomial fungal infections (e.g., aspergillosis) have been shown to be tem-

porally associated with aerosolization of renovation and construction dusts.6,17

Dusts aerosolized during wall or ceiling demolition almost always contain Aspergil-

lus spores, some of which have a culturable half life of more than 7 years

(A. fumigatus, A. flavus; see Table 6.1 in Ref. 18). Aspergillosis epidemics in

medical centers are best documented by epidemiology studies.17 Sampling to docu-

ment environmental sources of Aspergillus spores associated with aspergillosis is

likely to be most successful if done concurrently with the epidemiology study

rather than after renovation/cleanup activities are completed.

3.5. INDOOR/OUTDOOR COMPARISONS

Because of the absence of interpretive numerical guidelines for bioaerosols, com-

parative indoor and outdoor sample collection is important in deciding whether

the indoor environment is normal and typical. Rank-order comparison of the

kinds of fungi found indoors and outdoors19,20 provides a strategy for determining

whether the indoor environment is atypical or suggestive of indoor mold amplifica-

tion. Table 3.2 provides an example where air sampling was carried out at a building

after completion of mold remediation. Sampling results showed that the kinds of

molds found indoors and outdoors were similar (Table 3.2). Note that leaf source

(phylloplane) fungi such as Cladosporium cladosporioides and Epicoccum nigrum

account for more than half of the identified taxa in both indoor and outdoor

samples. Soil fungi (Penicillium and Aspergillus species; P. brevicompactum in

Table 3.2) that grow on botanical materials in the soil, as well as on wet construction

TABLE 3.2. Comparison of Indoor and Outdoor Sampling Results at

a Building after Mold and Moisture Problems Had Been Remediated

Rank Order (%) of Fungi Types in

Outdoor Aira Indoor Aira

Cladosporium cladosporioides (71) Cladosporium cladosporioides (56)

Epicoccum nigrum (14) Nonsporulating fungi (16)

Yeasts (5) Epicoccum nigrum (10)

Nonsporulating fungi (4) Ulocladium chartarum (8)

Penicillium brevicompactum (2) Yeasts (3)

Cladosporium herbarum (1) Penicillium brevicompactum (1)

aRanked types of fungi in percent of total. Minor isolates are not included (numbers

in parentheses ¼ % of total).

Source: Adapted from Morey.10,18
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materials, accounted for only a minor percentage of the culturable propagules found

in both the indoor and outdoor air (Table 3.2). The sampling data in Table 3.2

together with a thorough inspection of the building showing an absence of water

damage or visible mold growth provides an indication of a normal and typical

indoor condition. Comparative indoor and outdoor air sampling for other microbial

agents such as endotoxins, b-1,3-D-glucans, and microbial volatile organic com-

pounds (MVOCs) can also be useful in determining whether microbial reservoirs

or growth sites are present in the indoor environment.18,21–23

The selection of appropriate outdoor sampling sites is essential for achieving

meaningful indoor/outdoor bioaerosol comparisons. If possible, outdoor air

samples should be collected on the building roof while facing into the wind or at

the location of the HVAC system outdoor air inlet.18,24 If it is not physically possible

to access the roof as in most residential evaluations, outdoor air samples should be

collected upwind and away from the building in a nondusty location. Outdoor air

samples should not be collected by placing the sampler just outside an open

window or by placement of the sampler on a porch or patio of the building being

evaluated. These outdoor sites just outside the building envelope are readily affected

by contaminants sourced in the indoor environment. Additionally, unusual outdoor

bioaerosol sources such as lawnmowing activities, composting, and soil excavation

should be avoided during the collection of outdoor reference samples.25

Comparison of outdoor/indoor sampling results can be confounded by seasonal

conditions. For example, during periods when the soil and outdoor vegetation are

covered by snow, few, if any, fungi are found in the outdoor air. This makes

indoor/outdoor comparisons at that time of the year difficult because during these

wintertime conditions, the aerosolization of a few Penicillium or Aspergillus

spores from floor or other interior surfaces is not masked by the normal influx of

outdoor phylloplane molds that would occur at other times of the year.26 By contrast,

when crops are harvested, prodigious quantities of outdoor-sourced spores are aero-

solized in the atmosphere, also making indoor/outdoor comparisons difficult.

3.6. COMPLAINT AND NONCOMPLAINT ZONES

Occupant complaints in buildings may be environmentally based (dampness, water

leaks, visible mold growth, MVOCs, etc.), health-related (e.g., upper respiratory irri-

tation, allergy, infection), or both of these. It should be recognized that results of

microbial sampling alone cannot be used to determine whether adverse health out-

comes have occurred (microbial PELs or TLVs are unavailable). However, careful

inspection of a building for dampness/moisture damage can lead to a microbial

sampling strategy, the results of which can provide useful information to a physician

or epidemiologist in associating environmental conditions with occupant health

complaints.

It is generally accepted that dampness and moisture problems in buildings are

associated with occupant respiratory disease.4,27,28 A prerequisite to developing a
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sampling strategy useful in understanding occupant complaints is an evaluation of

the nature and extent of the dampness/moisture problem (“follow the water”;

Ref. 29). Signs of dampness/moisture problems (efflorescence on concrete surfaces;

water-stained wallboard, etc.) as well as the proximity of occupants to water-

damaged areas28 should be documented during inspection. It is important to deter-

mine whether air is flowing from the water-damaged area to the complaint zone

and if visible mold is present in the moisture-affected areas.

A sampling strategy to document the possible association of microbial agents

with health (complaint) outcomes depends on appropriate selection of case and

control sampling locations. For example, occupants in a building zone with a

spray mist humidifier reported a flulike illness. Air sampling for endotoxin was

then carried out in the humidifier-affected zone, as well as in an indoor control

area (without humidifier) and in the outdoor air. Air sampling results showed that

endotoxin levels in the complaint zone were several orders of magnitude greater

than that in the indoor and outdoor control areas (Table 3.3). On the basis of this

sampling strategy as well as an epidemiology/clinical evaluation of occupants, it

was concluded that the flulike illness in the humidifier zone was caused by

inhaled endotoxin.30

Additional factors to consider with regard to microbial sampling strategy in com-

plaint/noncomplaint areas include the timing of the sampling evaluation as well as

the methodology to collect the samples. If microbial sampling is part of a clinical/
epidemiologic investigation, it is desirable to carry out all studies simultaneously.

Thus, if a possible case of hypersensitivity pneumonitis is being investigated relative

to emissions of Thermoactinomyces vulgaris from a water sump humidifier,31

microbial sampling should occur near or at the operating humidifier when the bac-

terium is growing, and not from the humidifier after it was cleaned.

The methodology used to collect samples in complaint/noncomplaint zones

should simulate normal occupant exposure conditions. Collection of air samples

from a wall cavity in a complaint zone when wallboard or other material surfaces

are being aggressively disturbed (e.g., by drilling or pounding) does not represent

normal bioaerosol exposure of room occupants. An appropriate sampling strategy

should specify “normal occupant activities and conditions” at the time of air

sample collection in both complaint and noncomplaint areas.

TABLE 3.3. Air Sampling for Endotoxin in a Misty

Zone of a Building Where a Flulike Illness Occurred

Sample Location Endotoxin Concentrationa

Indoor control zone 8

Complaint zone 3200

Outdoor air 23

aData in endotoxin units per cubic meter of air.

Source: Adapted from Morey.10
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3.7. SOURCE AND AIR SAMPLES

A microbiological sampling strategy can involve collection of source and/or air
samples.18,32,33 Microbial source sampling includes the collection of (1) materials

such as pieces of wallboard, fiberboard, or wood; (2) dusts by vacuum cleaner or

filter cassette minivacuum;34 and (3) surface mold spores and structures by cello-

tape, contact plate, or swab methodology. Microbial air sampling includes collection

of (1) culturable microorganisms by impactor or impinger; (2) mold spores, pollen,

and hyphal fragments by spore trap; and (3) microbial particulate by filtration for

analysis of endotoxin, glucan, mycotoxins, nucleic acid [polymerase chain reaction

(PCR)] composition. Source sampling is most useful in characterizing the microbial

composition in building materials or on surfaces. While air sampling has shown only

limited direct correlation with health outcomes,4,18,27 it can be useful in determining

whether the air in an indoor environment is microbiologically normal or atypical.

Regardless of the type of microbial sampling strategy, the investigator must under-

stand the limitations of the sampling and analytical methods employed.10,18,32

The microbial agent of interest often determines the choice of sampling method.

Culture-based methods such as collection of bioaerosols by impaction onto an agar

plate (culture plate impactor) or analysis of source samples for Legionella species

and for other Gram-negative bacteria are used where it is important to identify

microorganisms to species or subspecies (e.g., Aspergillus flavus; A. terreus; Legio-

nella pneumophila serogroup 1; Escherichia coli 0157/H7). Other specific tech-

niques such as PCR can also be used to identify the collected microorganism to

the species level, but these techniques cannot distinguish bacteria or fungi that are

viable (capable of causing infection) from those that are nonviable or no longer

capable of causing infection. It is important therefore for the investigator to know

from project onset whether the determination of culturable species or subspecies

is important to meet project objectives. For example, in aspergillosis or Legionnaires’

disease investigations, establishing the ability of the collected microorganisms to

cause infection is important.

The collection of airborne allergens, toxins, or other microbial agents such as

glucans and endotoxin is not constrained by loss of culturability, and therefore air

sampling for these agents can be accomplished by filtration of particles usually

from large volumes (.1 m3) of air. The collection of culturable bacteria and

fungi by filtration methods is constrained by the desiccation of some spores by the

large volumes of air that pass over the spores captured in the filter media. In devel-

oping a sampling strategy involving filtration methodologies it should be noted

that some mold spores are more desiccation-resistant (e.g., Penicillium, Aspergillus,

Eurotium species) than others (e.g., Cladosporium, Epicoccum, Stachybotrys

species), and this may affect data interpretation (see Table 6.1 in Ref. 18).

Most air sampling methodologies involve the collection of many samples over

short time periods, generally less than 10 min. The ACGIH advises that it is best

to collect multiple samples over 3 days at each sample site.24 This kind of replicate

sampling is appropriate primarily for research investigations where statistical

methods are used for data evaluation (see Table 5.9 in Ref. 24). For investigations
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where only a few samples are collected at each site because of time and cost

constraints, it is necessary that the investigator appreciate the limitations imposed

on data interpretation when less-than-ideal numbers of samples are evaluated.18,24

3.8. BULK SAMPLES

Bulk samples can be collected from a variety of solid and liquid materials. For

example, pieces of wallboard, fiberboard, or carpet can be analyzed to determine

whether hydrophilic (including cellulose degraders) or xerotolerant molds predomi-

nate. This analysis may provide an indication of the previous moisture condition in

the collected material (e.g., very wet or just damp). Table 3.4 illustrates the results of

analysis of visually moldy, moisture-impervious vinyl wall covering from an envel-

ope wall in a depressurized Florida building and of wallcovering from visually non-

moldy interior walls. The presence of mostly xerotolerant Aspergillus versicolor and

A. sydowii in the envelope wall samples suggests a previous damp condition as

contrasted with a soaking wet condition where many hydrophilic fungi such as

Acremonium and yeasts would likely dominate.

Bulk water samples for analysis of legionellas may be collected from cooling

tower reservoirs or from potable-water systems, as well as from the water mains

entering the building in order to determine whether amplification is occurring

in piping or reservoirs.5,35 It is important for the investigator to work closely

with the laboratory when collecting water samples for Legionella analysis. For

example, sodium thiosulfate should be added to the sterile collection bottles to neu-

tralize chlorine or bromine that may be present in the water sample so as to reduce

the biocidal action of chlorine or bromine against culturable Legionella.18 In

addition, arrangements must be made to have collected water samples arrive at

ambient temperatures at the laboratory by overnight delivery.

When collecting bulk materials for microbial analysis, it is important to obtain

samples from representative problem and nonproblem (control) areas. For purposes

of data interpretation, it is important to know the normal microbial ecology

TABLE 3.4. Analysis of Moisture-Impervious Vinyl Wallcovering from

Envelope and Interior Wallsa

Types of

Wallcovering

Types and Concentrations

of Molds

Wallcoverings from envelope walls Aspergillus versicolor and A. sydowi

dominate; average total concentration

1.7 � 107 CFU/cm2

Wallcoverings from interior walls A few Cladosporium and Fusarium

present; concentration 40 CFU/cm2

aSamples removed from wall with disinfected knife; wallcovering ground up in sterile water and

dilution plated on malt extract agar.
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(background) on material surfaces that are not degraded by water damage or

microbial growth.

Bulk material samples should be small enough to be easily transported to the

laboratory.18 Pieces of materials such as wallboard, fiberboard, and carpet are col-

lected in a manner that avoids cross-contamination (disinfect cutting tools between

each sample) and then placed in clean, new containers for transport to the labora-

tory.18 Aseptic sampling techniques should always be used, although they may not

be required if the extent of contamination on the collected sample far outweighs

similar contaminants that may be added during sample processing.18,33 However,

it is important to avoid cross-contamination between samples as may occur

when an extremely contaminated bulk material is placed in close proximity to a

relatively clean sample. Thus, dirty and clean samples should be placed in separ-

ate, sealed containers in the same shipping box or in different shipping boxes.18 In

addition, bulk material samples that are collected damp or wet should be packaged

at about 58C (418F) with desiccant so as to lessen growth during shipment to the

laboratory.

Special handling techniques are necessary for the collection of bulk materials and

for certain analyses such as endotoxin. Because background endotoxin is present

on surfaces of collection containers and instruments, all handling of the bulk

material must be carried out with pyrogen-free (or endotoxin-free) containers and

methods.18,36

Sampling strategies involving collection of liquids, like other materials, must

include adequate controls to aid in data interpretation. Table 3.5 provides an

example from an investigation where the objective of sample collection was to

determine the source(s) of Legionella pneumophila serogroup 1 that had caused

an outbreak of Legionnaires’ disease in a workplace containing water misters.10

Water samples were collected by standard methods18,35 from nozzles of misters

and from piping and hot-water tanks in the domestic water systems. Sampling

also occurred from control locations in the workplace (water mains) and from

residences of affected employees (Table 3.5). Analytical results showed that

L. pneumophila serogroup 1 was present in the workplace water system, but not

in well water serving the workplace or in residential water systems of affected

TABLE 3.5. Analysis of Bulk Water Samples for Culturable Legionella

Sample Location and Description Results of Analysisa

Hot-water tank and piping from workplace

buildings

10–1000 L. pneumophila serogroup 1/mL

Water spray nozzle of misters 10–100 L. pneumophila serogroup 1/mL

Hot-water tank and piping in occupants’

(case) residences; water mains from

workplace

Legionellas not detected (LOD ¼ 0.5/mL)

aCulture on buffered charcoal yeast extract agar.

Source: Adapted from Morey.10
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employees (Table 3.5). Decontamination procedures for the workplace water system

(chlorination and/or pasteurization) are well known.5,35

3.9. DUST SAMPLES

A sampling strategy involving the analysis of settled dust especially from above-

floor surfaces33,37 provides an indication of microbial agents that were likely once

airborne. Settled dust is heterogeneous, consisting of particles from people (e.g.,

skin scales), pets (e.g., Fel d1 allergen), textiles, paper, cooking, and the outdoor

air. The composition of settled dust can vary depending on the location in a room

or building. Settled dust may be collected by filter cassette minivacuum,34 adapters

fitted into the nozzle of a vacuum cleaner,38 or by a large precleaned vacuum

cleaner.18,33 As with other kinds of microbial sampling, dust samples should be col-

lected from representative areas (e.g., for floor dusts, collect samples from both

high- and low-traffic areas). When collecting dust samples it is important to docu-

ment both the surface area from which dust was extracted, as well as the time

over which the sample was collected. Dust samples should be sieved prior to analy-

sis in the laboratory (sterile sieve) to remove large inert particles (e.g., textile fibers

and lint).

Analysis of settled dusts for fungal composition has been used forensically as an

indication of a water or dampness problem.10,34, Table 3.6 provides an example

where both air and dust sampling provided an indication of problematic mycological

condition. More than 95% of the culturable molds found in the dust samples were

Penicillium, Aspergillus, and Eurotium species (mostly xerotolerant taxa). These

sampling data suggested a dampness condition or incomplete cleanup associated

with a previous mold remediation (Table 3.6). The composition of fungal taxa in

settled dust is typically heterogeneous with a significant percentage of phylloplane

fungi (e.g., Cladosporium, Alternaria, Epicoccum etc.) being present.39,40 Dust

TABLE 3.6. Dust and Air Sampling for Molds in a Building that Had Undergone

Incomplete Mold Remediation

Sample Description Sample Analysis

Amalgamated floor dusts collected from

many rooms

Dusts contain 108 CFU/g mostly (.95%)

Penicillium, Aspergillus, and Eurotium

species;,1% phylloplane molds

Air samples indoors by spore trap Penicillium/Aspergillus concentration 11,500

spores/m3; Cladosporium concentration

120 spores/m3

Air samples outdoors by spore trap Penicillium/Aspergillus concentration 55

spores/m3; Cladosporium concentration

120 spores/m3

Source: Adapted from Morey.10
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samples from an indoor environment heavily dominated by Penicillium/Aspergillus
species (Table 3.6) or cellulose degrading fungi (e.g., Chaetomium species) would

be considered atypical and forensically indicative of wet or damp conditions

present in an indoor environment.37

In the example in Table 3.6, Penicillium/Aspergillus spores comprised more than

95% of the airborne molds collected by spore trap. However, the relationship

between the fungal species in settled dust and the species in indoor air is often

less clear than the example in Table 3.6.41,42 As with air sampling, guideline

values relating total concentrations of fungi in dusts with health outcomes have

not been established.

Settled dusts may be analyzed for culturable fungi by dilution or direct

plating.18,39 In direct plating a small amount of dust (usually a few milligrams) is

sprinkled on the surface of the culture medium. Direct plating is recommended

for determination of the actively growing or ecologically important species in the

sample.39,43 Dilution plating provides an indication of the total number of culturable

fungi but can overemphasize the presence of those species with the longest half-lives

or ability to withstand stress such as repeated mixing with sterile liquids. In addition,

the error or deviation in quantitative dilution results increases as the dilution

increases.18 Laboratory data generated by manipulating and combining media and

dilutions are erroneous and misleading and should not be relied on.

Dust samples can be collected and analyzed for content of specific allergens such

as those from mites, cats, dogs, and cockroaches.18,44,45 Table 3.7 provides an

example where dusts from a complaint office (allergic symptoms), a control

office, and soot in a HVAC system outdoor air inlet were analyzed for various aller-

gens. In this example, cat allergen (Fel d1) concentrations were highest in the com-

plaint office. The results in Table 3.7 suggested that pet owners were transporting Fel

d1 on clothing into the workplace. The particles containing Fel d1 accumulated in

settled dust, especially in the complaint office. A thorough dust removal program

(HEPA filter vacuum cleaning), especially for fleecy office materials (upholstered

furniture, modular partitions, and carpet), was carried out to lower the Fel d1 in

the office environment.

Sampling strategies involving collection of settled dust should include consider-

ation of the type of laboratory analysis most appropriate for evaluation of the

microbial composition in the sample. Table 3.8 provides an example where very

TABLE 3.7. Concentration of Allergens in Settled Dust Samples

Allergens (mg/g)

Source of Dust Der f1 Der p1 Fel d1 Can f1

Complaint office 0.5 ND 75 0.5

Control office 0.4 ND 5 0.6

HVAC system soot NDa ND ND ND

aND ¼ less than the detection limit of 0.1 mg/g; increased risk of sensitization among atopic individuals

occurs at a level of 0.5–2.0 mg/g of Fel d1 (see Ref. 18).
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different results were obtained by dilution plating of dust for culturable fungi as

compared to analysis of the same dust by PCR. The dust sample was obtained

from an apartment occupant’s vacuum cleaner that had been repeatedly used for

housekeeping of carpeted flooring. Previous physical inspection of the building

envelope showed that biodeterioration involving extensive Stachybotrys growth

had occurred on building paper and sheathing in the envelope wall. Water had

flowed into the apartment from the envelope, thereby soaking the carpet on numer-

ous occasions. Dilution plating on malt extract agar (MEA) showed that Stachybo-

trys accounted for approximately 5% (or 1 � 103 CFU/g) of culturable molds found

in the vacuum cleaner dust. By contrast, PCR analysis of the same dust (24 target

fungi including Cladosporium, Aspergillus, and Penicillium species) showed that

Stachybotrys accounted for more than 95% of the spore equivalents detected

(Table 3.8). Thus, the analytical methods used in this example were important for

data interpretation, namely, whether Stachybotrys dominated the molds present in

the dust sample.

Some microbial investigative strategies include the collection of both air and dust

samples (Table 3.6), and perhaps other kinds of surface samples. If the purpose of air

sampling is to evaluate occupant exposure to bioaerosols the air samples should be

collected first. Dust samples are collected last because disturbance of interior sur-

faces12 increases bioaerosol levels in room air.

3.10. SURFACE SAMPLING

Cellotape, sterile swab, or surface contact plate sampling can be used to document

the type and/or concentration of microbial agents found on the tested surface.18 As

with other types of microbial sampling, analytical results alone cannot be directly

related to health outcomes (absence of microbial TLVs or PELs).

Cellotape sampling together with direct microscopy analysis provides a con-

venient method for (1) identifying the types of molds that may be present on a

surface and (2) documenting whether mold propagules on a surface are character-

ized as “normal deposition” or as growth, past or present, if the samples are expertly

TABLE 3.8. Analysis of Carpet Dust for Stachybotrys Content by Culture and

PCR Methodologies

Type of

Analysis

Stachybotrys

Concentration

% Stachybotrys among Identified

Fungal Taxa

Dilution plating on malt

extract agar

1 � 103 CFU/g Approximately 5% of culturable

propagules

PCR,a target list of 24

taxa

1 � 107 spore

equivalents/g
.95% of spore equivalent taxa

aQuantitative PCR assay; see Ref. 18.
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analyzed. Cellotape sampling is carried out by applying the adhesive side of a clear

tape, sticky side down, onto a material surface and then applying the adhesive side of

the tape onto a microscope slide and examination by direct microscopy for spores,

hyphae, and fruiting structures.18,33 The presence of a substantial number fungal

fruiting structures (e.g., conidiophores) and a network of hyphae (mycelium) pro-

vides clear evidence of mold growth on the sampled surface. Conidiophores indicate

reproductive growth, and mycelia indicate vegetative growth. The presence of just a

few spores and hyphae fragments on a surface is indicative of a normal condition

(normal deposition of spores and hyphal fragments that settle out from air).

Cellotape sampling is useful in detecting the presence of fungal microcolonies

(incipient mold growth) on surfaces where growth is not readily visible to the

unaided eye. In combination with a thorough inspection of interior surfaces for

visible mold growth, cellotape sampling in representative areas aids in estimating

the square footage of mold growth, which is critical for implementation of abatement

procedures according to governmental and professional society guidelines.46–48

A limitation of cellotape sampling is that mold spores can at best be identified

only to the genus level and in some cases only to morphological groups (e.g.,

Penicillium-Aspergillus). An obvious limitation of cellotape sampling is that it

cannot be used to determine whether mold growth occurs within a porous material

such as carpet or upholstery.

Contact plate sampling (surface of culture plate medium is applied to a smooth

material) can be used to identify the species of fungi or bacteria that may be

present.33 This kind of sampling has been used to document the extent to which sur-

faces in operating rooms have been disinfected.49

Swab sampling (sterile cotton or gauze applied to a defined area) is used to ident-

ify the types of fungi and bacteria or other microbial agents (e.g., b-N-acetyl

TABLE 3.9. Surface Sampling for Culturable Bacteria and

Air Sampling for Endotoxin at Building Affected by Sewage

Backflow

Sample Location

Culturable Bacteria

on Surfaces or

Airborne Endotoxin

Surface Bacteriaa

Surfaces previously covered with sewage None detected

Control surfaces unaffected by backflow None detected

Endotoxin (EU/m3
air)

Rooms previously affected by backflow 3.1

Rooms unaffected by backflow 0.5

Outdoor air 0.5

a
Escherichia coli 0157/H7, Salmonella, Shigella, Streptococcus faecalis.

Source: Adapted from Morey.10
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hexosaminidase)50,51 that may be present on surfaces. As with other sampling strat-

egies, it is important to collect control samples for purposes of data interpretation.

Thus, if swab sampling is used to demonstrate that pathogenic bacteria from a

sewage backflow have been appropriately removed, it is important to collect

samples from surfaces previously wetted by sewage, as well as from surfaces unaf-

fected by the backflow. Table 3.9 shows that bacteria typically found in sewage were

not detected by sterile gauze sampling of surfaces formerly in contact and unaffected

by sewage water. These data suggest that cleanup procedures were effective.

Surface contact sampling by cellotape, contact plate, or sterile swab/gauze
methods are not intended to determine whether mold growth occurs within porous

materials such as clothing, linens, and upholstery. Table 3.10 provides an

example where PCR analysis18 of dust collected from porous contents was used

as a supplement to visual inspection for mold contamination. Visual inspection

had shown an absence of mold growth on clothing and linens. A small amount of

dust (approximately 1 mg; too small for dilution plating) was extracted by filter cas-

sette microvacuum from the clothing and linen and analyzed by PCR (Table 3.10).

Phylloplane molds (e.g., Cladosporium and Alternaria) were present in greater

amounts than were soil fungi (Penicillium and Aspergillus species) or cellulose

degraders (Stachybotrys andMemnoniella). While there is a little comparative infor-

mation in the literature to aid in interpretation, the data in Table 3.10 suggest a

normal (not contaminated) condition for the tested clothing and linens.

3.11. CULTURE PLATE IMPACTIONS AND LIQUID IMPINGERS

Sampling for culturable bioaerosols may be carried out by impaction (e.g., single-

nozzle slit-to-agar, single- or multistage jet, or centrifugal impactors) onto a

culture plate inserted into the sampling device or by impingement into a liquid

medium.3,18,32 Culture plate impactors typically have an upper limit of detection

of about 1 � 104 culturable particles/m3 and as such are useful in most bioaerosol

evaluations in nonindustrial buildings, where this concentration is seldom exceeded.18

Impingement samplers, however, are more useful in heavily contaminated environ-

ments such as dusty barns or composting operations, where concentrations of cultur-

able particles often exceed 1 � 104/m3 according to Morey.52 Impingers have

flexibility with regard to choice of laboratory technique used to analyze the

TABLE 3.10. Analysis of Dust from Porous Surfaces by PCR Where

Contact Sampling Is Not Practical

Fungal Taxa in Dust Spore Equivalents per Milligram

Cladosporium and Alternaria species 35,000

Penicillium and Aspergillus species 11,000

Memnoniella and Stachybotrys 5
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collection fluid. Thus, the fluid may be concentrated by filtration to enhance the

detection of microorganisms present in trace levels. Also, the collection fluid can

be dilution plated simultaneously on different culture media selective for the

growth of various kinds of fungi or bacteria.

A necessary requirement for the use of culture plate impactors is the choice of an

appropriate medium for the growth of fungi or bacteria being studied. Xerotolerant

fungi are often collected on media such as dichloran glycerol (DG-18) or Czapek

yeast autolysate agar with 40% sucrose.18,53 Malt extract agar (MEA; no dextrose

or peptone as recommended by Flannigan)18,54 is a general-purpose culture

medium used for the collection of a wide range of fungi, including hydrophilic

species. Cornmeal and cellulose agars are used where the primary intent of sampling

is to detect cellulose degrading fungi.18

Because several different models of culture plate impactors are available, unique

sampling strategies can be developed depending on choice of sampling device. Mul-

tijet cascade impactors can be used to determine the size characteristics (e.g., respir-

able or nonrespirable) of culturable particles. A slit-to-agar impactor has the unique

ability to detect a sporadic or episodic emission of culturable microbes above back-

ground levels. Thus, a slit-to-agar sampler has been used to detect the release of

bioaerosols into ventilation air when a disturbance occurs in the air handling unit

such as slamming an access door shut.55 Battery-powered, portable multijet or cen-

trifugal impactors can be used to obtain an integrated sample collected in several

nearby locations. The collection of an integrated sample may better simulate

general exposure rather than an area sample in a stationary location.

When using culture plate impactors, it is desirable to collect a number of particles

on the medium surface that is neither too high nor too low. A loading of about one

colony per cm2 of plate surface area is desirable.18,24 Overloading the plate (gener-

ally more than 60 colonies) or crowding of colonies compromises the ability of the

laboratory to identify the microorganisms growing at particle impaction sites.

Underloading (,10 colonies) the plate results in collection of too few culturable

particles so that the sample may not be representative of the microorganisms

present in the air.

3.12. SPORE TRAP SAMPLERS

Spore traps are devices that collect both viable and nonviable spores as well as other

morphologically distinct particles (pollens, hyphal fragments, skin scales, plant

hairs, textile fibers) by impaction onto a sticky glass or tape surface. Information

on sources of commercially available spore traps is found elsewhere.18,32 The par-

ticles collected in a spore trap are examined morphologically by direct optical

microscopy with or without staining in order to determine kinds of fungal taxa or

pollens that may be present. Mold spores can be identified by morphology at best

to the genus or multigenus levels (e.g., Cladosporium, Alternaria, Penicillium–

Aspergillus). Speciation of collected mold spores cannot be readily achieved by

direct microscopic observation of spore trap samples.9 Species identification is
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achieved by culture analysis and by other techniques such as PCR methodology.18 It

is important for the investigator to predetermine whether the laboratory chosen to

process spore trap samples has analysts skilled in the microscopic identification of

mold spores.

Collection of particulate from �0.05 to �0.15 m3 of air is generally adequate to

provide a representative number of spores for direct microscopic analysis of spore

trap samples.18 In heavily contaminated environments such as workplaces where

mold remediation is underway (see Table 3.6), lesser volumes of sampled air can

be collected. In dusty environments nonbiological particles such as soot and

gypsum wallboard dust can cover up mold spores on the collection surface, thus

making analysis difficult.18

Recording or programmable spore trap samplers are available wherein spores are

collected continuously over a 24-h or 7-day period. This kind of sampling is useful

in identifying the occurrence of an episodic spore release and in identifying diurnal

variation in mold taxa levels.

Nonviable mold may account for 90% or more of the spores present in air

samples, and as such, spore trap sampling provides an estimate of the total mold

burden in the air. In addition, the concentration of some spores such as Stachybotrys

whose culturability is fragile (e.g., sensitive to desiccation) is best estimated by

spore trap as compared to culture air sampling.

Comparison of Tables 3.6 and 3.11 illustrates differences between air sampling

for molds by culture plate impactor and spore trap sampling. The sampling results

in both tables were atypical in rank-order composition of indoor molds compared

to molds in the outdoor air. Note that the culturable Penicillium and Aspergillus

taxa in Table 3.11 are identified to the species level. In the spore trap sample

(Table 3.6) Penicillium and Aspergillus species are combined into the morphologi-

cal genus Penicillium–Aspergillus. However, the spore trap sampling results in

Table 3.6, like the culture plate impactor results in Table 3.11, show that the

indoor air was atypical or different relative to the kinds of molds found outdoors.

Spore trap sampling is inappropriate when the sampling strategy involves the

identification of infective agents. Culture plate impactors, liquid impingers, and

TABLE 3.11. Air Sampling for Culturable Fungal Species in a Building

with a Mold Contamination Problem

Rank order (%)a of Fungi Types in

Outdoor Air Indoor Air

Cladosporium cladosporioides (92) Aspergillus versicolor (24)

Penicillium brevicompactum (2) Penicillium corylophilum (21)

Cladosporium sphaerospermum (1) Cladosporium cladosporioides (14)

Penicillium implicatum (1) Penicillium citrinum (8)

Penicillium sclerotiorum (1) Wallemia sebi (7)

aRanked types of Fungi in percent of total.

Source: Adapted from Morey.10
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bulk or surface sample culture methods are most useful in the investigation of infec-

tious fungal and bacterial agents.

3.13. SAMPLING BY FILTRATION

Bioaersols can be collected on filters and analyzed by methods including direct

microscopy, growth of propagules directly on the filter medium, elution of particles

from the filter, and dilution plating.18 In addition, specialized methods are available

for analysis of dust collected on filters for endotoxins, glucans, and mycotoxins, and

by PCR.

Personal and area air sampling for hardy fungal and bacterial spores can be

carried out using presterilized cassettes with cellulose ester or polycarbonate

filters.56,57 Possible damage (loss of culturability) during sample collection may

result from desiccation of sensitive cells and susceptible spores (e.g., Stachybotrys

spores; vegetative bacterial cells), and this favors the recovery of hardy spores

such as Aspergillus fumigatus. Personal sampling for culturable propagules by fil-

tration in most appropriate for dusty environments where the concentration of

bioaerosols is high (e.g., during mold abatement activities, wood processing, agri-

cultural operations) enough to ensure that an adequate number of culturable propa-

gules are present in the filter wash for dilution plating. Button (trademark) samplers

using gelatin filters are reported to be efficient in recovering desiccation sensitive

fungi and bacteria.18

Filtration is widely used for the collection of airborne endotoxins and glucans.

Cassettes, filters, and instruments that touch the filter collection surfaces must be

pyrogen-free (surfaces devoid of any environmental sources of endotoxins or

glucans). Endotoxins are more readily extracted from polycarbonate, Teflon, and

glass fiber than from cellulose ester filters.58 Sample air volumes adequate for analy-

sis of endotoxins or glucans often exceed 1 m3 for nonindustrial indoor environ-

ments. Filtration sampling for airborne mycotoxins has been successful in dusty

agricultural settings where airborne levels of total fungal spores were in the

105–107/m3 range.59 In one study, using a high-volume sampler (flowrate

0.83 m3/min; glass fiber filter; total air volume �50 m3), several Fusarium tri-

chothecene mycotoxins were recovered.59 However, in nonindustrial indoor

environments, detection of specific airborne mycotoxins has been limited to research

studies for reasons including limited availability of mycotoxin standards for each of

the many mycotoxins that may occur in spores and hyphae.18 High-volume air fil-

tration sampling has also been used to detect cytotoxins in collected dusts in nonin-

dustrial indoor environments.60

Interpretation of data from filtration sampling is hampered by absence of dose–

response information not only for culturable and nonculturable fungi and bacteria

but also for chemical agents such as glucans and mycotoxins. It is always important

therefore, for purposes of data interpretation, to collect background control samples

in the outdoor air and where possible in noncomplaint as well as complaint/problem
zones.18 Table 3.3 provides an example where the indoor concentration of
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endotoxins collected by filter cassette in a complaint zone was at least two orders of

magnitude greater than that present at outdoor and indoor control sites. As discussed

in an earlier section, this suggested that the flulike illness in the complaint zone was

associated with endotoxin exposure.

Table 3.12 provides an additional example of sampling strategy using filter

cassettes where the objective was to determine whether airborne endotoxin from a

wastewater treatment plant was degrading the air at a nearby office building. Air

samples were collected outdoors in the air around the office building, in the air

upwind from the wastewater treatment plant, and in the wastewater treatment

plant. Endotoxin concentrations in the outdoor air around the office building were

similar to those present upwind of the wastewater plant (Table 3.12). The endotoxin

concentration in the wastewater plant was only slightly elevated relative to concen-

trations in the outdoor air at the office building and upwind of the plant. This

sampling data suggested that Gram-negative bacterial aerosols from the wastewater

treatment plant were not affecting the outdoor air entering the office facility at the

time of sampling.

A sampling strategy for b-1,3-D-glucans using filter cassettes is illustrated in

Table 3.13. The objective of sampling was to determine the extent of exposure to

glucans under the unusual condition where moldy, moisture-impervious wall covering

was physically removed from gypsum wallboard (concentration of Penicillium–

Aspergillus spores .105/m3)34 as might occur during mold remediation activities.

TABLE 3.12. Airborne Endotoxin Upwind and Downwind of

Wastewater Treatment Planta

Location Endotoxin Concentration (EU/m3)

50 m upwind of plant 14

50 m downwind of plant at

entrance to office building

11

Above digester in plant 58

aAnalysis by Limulus assay (see Ref. 61).

TABLE 3.13. Air Sampling for b-1,3-D-Glucan When Moldy

Moisture-Impervious Vinyl Wallcovering Is Removed from

Envelope Walla

Sample Location

b-1,3-D-Glucan Concentration

(ng/m3)

Indoor air; wallcovering

undisturbed

0.12

Indoor air; panel of wallcovering

removed from wall

13,500.0

Outdoor air 0.03

aPolycarbonate filter cassette; analysis according to Rylander et al.62
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Sampling was carried out separately in empty rooms where one sheet of moldy vinyl

wall covering was removed and in another room where the wall covering was undis-

turbed. b-1,3-D-Glucan levels increased by three to four orders of magnitude in rooms

where moldy wall covering was peeled back from the wall as compared to indoor and

outdoor control locations (Table 3.13; Morey and Rylander, unpublished data).

3.14. CONCLUSIONS

A number of publications contain detailed discussions on microbial sampling strat-

egies in indoor environments.18,24,54 Listed below are some practical steps that prac-

titioners should consider when developing microbial sampling strategies in

nonindustrial indoor environments:

. Sample for the correct microbial agent. For example, in an allergy complaint

investigation, do not sample for Escherichia coli 0157/H7 or other potentially

pathogenic bacteria.

. Never assume that the collection of one or two outdoor samples and one or two

indoor air samples fully characterizes indoor air quality.

. Recognize that information in medical mycology books on infections caused by

fungi is not directly or even indirectly applicable to environmental sampling

where infection is not an issue.

. Do not provide medical/clinical opinion based entirely on the results of

environmental sampling.

. Numerical guidelines (TLVs or PELs) for interpreting bioaerosol data do not

exist. In other words, there is no scientific basis for relating measurements

such as 1000 spores/m3 or 100,000 CFU/g of dust to adverse health outcomes.

. A sampling strategy for an indoor environment always involves a thorough

understanding of the building and its components, and this is achieved by phys-

ical inspection. For example, understanding the nature of water damage and the

extent of visible mold growth is a prerequisite to development of a sampling

strategy in a mycological investigation.

. Never sample for microbial agents without a plan for data interpretation.

Remember, there are no TLVs or PELs. The results of laboratory analysis

are not self-interpretable.
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CHAPTER 4

MICROSCOPIC ANALYTICAL
METHODS FOR FUNGI

DE-WEI LI, CHIN S. YANG, and F. HARRINGTON

4.1. INTRODUCTION

The presence of indoor fungi and their byproducts may implicate potential health

problems, such as allergy, asthma, fungal infections, or detrimental effects

derived from mycotoxins.1–5 Frequently it is necessary to conduct visual inspection

or investigation, routine IAQ survey or monitoring and remediation to address

indoor-fungi-related water intrusion, indoor air quality, or potential health impli-

cations. The presence of indoor fungi often requires remediation by professionals

to remove fungi and clean the infested areas. During these processes, taking

samples for analysis of indoor fungi is imperative. Several kinds of samples can

be taken for indoor fungal investigation. These include sampling the air for airborne

fungal spores (spore count) or source sampling by collecting bulk samples, dust

samples, tape lifts, and direct swabs. The types and numbers of samples to be

taken are determined by the sampling strategies and the purposes of fungal investi-

gations. For most of these samples, a microscopic analysis performed in a laboratory

for indoor fungi is inevitable and crucial. The microscopic analysis is to identify

fungi present in the samples according to fungal morphological characteristics

and to quantify and characterize the fungal structures. Microscopic analysis for

indoor fungal investigation is not only for identification of fungal taxa but also to

provide additional information, such as fungal structures and quantitative infor-

mation on the fungi present in the samples. Such information is useful and crucial

to field investigators in order to properly evaluate and determine the fungal exposure

of occupants and the severity of the fungal infestation.

Presently there are no federal standards for analytical techniques and procedures

to identify molds; thus this chapter discusses microscopic methods appropriate for

the various sample types (spore traps, bulk, dust, tape lift, swab, and cultures).
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4.2. PRINCIPLES AND USAGE OF MICROSCOPES

4.2.1. Microscopes

Most introductory microscopy topics, such as (1) anatomy of a microscope, (2) basic

microscopy and image analysis, (3) magnification, resolution and contrast, (4)

numerical aperture, (5) illumination techniques, (6) depths of fields of focus, and

(7) microscope maintenance, are not discussed here but can be found in a number

of reference books on microscopes and on the internet at specific manufacturers’

Websites, usually with interactive tutorials, illustrations, and in-depth instructions

for many of the models. The features specific to that model are explained in detail

(see Web resources at the end of this chapter).

Both compound and stereomicroscopes are necessary instruments for fungal

analyses. Each one is discussed below. Several brands of both compound and stereo-

microscopes are suitable for use. The major manufacturers are Zeiss, Leica, Nikon,

Olympus, and smaller companies including Swift, Meiji, Bausch & Lomb, and

American Optical. Some of the newer innovations to microscopes include ergo-

nomic designs to decrease eye fatigue from long viewing times. A laboratory’s

budget determines whether a new or previously used instrument is purchased.

The purpose of the microscopic analytical method is to produce an image in

which more details of the specimen can be detected. For compound microscopes,

the quality of the image depends on the magnification, the resolving power of the

microscope, and the contrast produced in the image.6 The optical systems within

most modern microscopes may be able to produce high-resolution images at high

magnifications, but such a capability is worthless without sufficient contrast in the

image.7 Contrast is dependent on the interaction of the specimen with light and

the efficiency of the optical system coupled to its ability to reliably record the

image with a suitable detector.8 The contrast of the environmental sample is depen-

dent on several factors, including the proper setting of aperture diaphragms, the

degree of optical aberration, the contrast mechanism employed, the type of speci-

men, the mounting medium, and the characteristics of the detector; the field and con-

denser aperture diaphragm settings are most critical to the optical system. Figure 4.1

Fig. 4.1. Types of illumination on ascospores of Chaetomium globosum: (a) brightfield;

(b) phase contrast; (c) differential interference contrast.
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illustrates a series of three images captured in transmitted light mode of the same

viewing field containing ascospores of Chaetomium globosum under differing con-

trast modes: brightfield, phase contrast, and differential interference contrast (DIC).

The three images were taken from the same fungus with the same focus area, but

because there is some variation derived from the different contrast modes, the micro-

scopist might arrive at a different conclusion from independent examination of each

viewing field. In addition, if the spores are hyaline or colorless, the images would be

quite dissimilar and in the brightfield illumination mode, the transparent, unstained

spores would be invisible. Brightfield and phase contrast illumination techniques are

the prevalent techniques used for fungal analysis. According to the survey conducted

by the AIHA taskforce (unpublished data), the majority of the laboratories use

brightfield illumination but the colorless or hyaline specimens/spores have to be

modified by stains with chemical dyes so that the structures or spores can be noted.

These chemical dyes, however, may alter the structures, size, and natural color of the

organisms. Not as many laboratories use phase contrast illumination, and a small

number of laboratories use DIC illumination. Phase contrast and differential interfer-

ence microscopes make it possible to see unstained biological material without the

addition of chemical dyes. Objectives designed for these microscopes require the

assistance of optical detectors to modify events occurring at the objective rear

focal plane.9

Phase contrast microscopy enhances the phase difference between the specimen

and its surroundings with an illumination technique (Fig. 4.1). It requires a special

set of objectives with phase rings placed in the back focal plane of the objective. A

matching phase ring is placed in the condenser. A phase turret condenser will usually

have a brightfield position as well as phase positions to match each phase objective.

The phase objective has to match the specified phase position on the turret conden-

ser. The problems with phase contrast microscopy are that the technique suffers from

halo artifacts, is restricted to thin specimen preparations, and cannot take advantage

of the full condenser and objective apertures.7

Differential interference contrast microscopy employs a polarized illumination

technique that allows specimens that have a refractive index similar to that of

their surroundings to be visually differentiated. DIC achieves this result by

placing a Wollaston prism in the front focal plane of the condenser and one in the

rear focal plane of the objective. The result creates a three-dimensional (3D)

effect of the specimen’s surface and produces a monochromatic shadow-cast

image that efficiently shows the gradient of optical paths for both high and low

spatial frequencies in the specimen. The specimens are brighter (or darker) in the

region where the optical paths are enhanced along a reference direction, while

regions where the path differences are diminished are in reverse contrast. The

primary difference between phase contrast and DIC microscopy is the optical com-

ponents required for DIC do not mask or obstruct the objective and condenser aper-

tures (as in phase contrast). The result is a dramatic improvement in resolution

(particularly along the optical axis), elimination of halo artifacts, and the ability

to produce excellent images with relatively thick specimens. In addition, DIC pro-

duces an image that can be easily manipulated using digital and video imaging
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techniques to further enhance contrast.8A DIC turret condenser usually has a bright-

field illumination position as well as the DIC positions to match each objective.

Some models have a DIC turret condenser that includes a brightfield and phase illu-

mination positions. Biological specimens observed with these contrast-enhancing

methods often produce images that are quite different in appearance and character

(Fig. 4.1). The ability to utilize the microscope at full numerical aperture without

the masking effects of phase plates or condenser annuli is the primary advantage

of DIC over phase contrast. The other benefit is to improve axial resolution,

mainly to produce excellent high-resolution images at large aperture sizes with

DIC microscopy. Biological specimens (including fungi) under DIC microscopic

techniques have a pseudocolor that is different from the natural color.

Many fungi have displayed fluorescence when H&E (hematoxylin and eosin)-

stained samples were examined under a fluorescence microscope,10 and fluorescence

illumination techniques have been used for identification and enumeration of bio-

aerosols and pathogenic and soil fungi as well.11–13 Coleman and coworkers

reported that quantification of a fungal mass was achieved with a new procedure

that detected particle epi-fluorescence.14 For the assessment of an indoor fungal

infestation, a fluorescence staining method incorporating FUN-1 (Molecular

Probes, Eugene, OR), Fluorescent Brightener 28 (Sigma Chemical Co., St. Louis

MO), and potassium hydroxide was developed to examine fungi in air and physical

samples. The results showed that this staining method was most effective in speedily

detecting and distinguishing fungal structures with enhanced clarity.13 Because most

fluorescence dyes stain internal organelles or structures, such as DNA in nuclei, the

fluorescence may have difficulty emitted from dematiaceous spores, such as Stachy-

botrys. These fluorescence microscopic techniques for identification are still under

development and currently not widely used in commercial laboratories.

Because the stereomicroscope provides a 3D image of an object as well as the

ability to manipulate the specimen while observing, it is the instrument initially

used to determine accurately the location of the fungi on samples of tape, swabs,

bulk, and other sources (e.g., dust). The magnification range is normally 10–60�.

There can be a single fixed magnification, several discrete magnifications, or a con-

tinuous zoom magnification system. Newer versions of stereomicroscopes have

become more sophisticated with motor-controlled zooms integrated with digital

imaging systems. Besides observing fungal morphological features, especially the

reproductive structures, it is also possible to prepare the samples or subsamples

for further observation under a compound microscope. It is relatively easy to use

a stereomicroscope. Detailed instructions for specific models can be obtained

from the manufacturers. Observation starts from low power and proceeds to high

power. Light sources may be internal or from an external source. The external illu-

mination provides better observation potential by having the ability to change the

angle for a particular field of view. Occasionally, simultaneous lighting from

above and below may be necessary to observe certain fungal structures, such as con-

idial orientation on an environmental source or from a culture.

The morphological features of the reproductive structures (asexual, sexual, or

both) are crucial for identifying most fungi to genera or to species, including
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Alternaria, Chaetomium, Penicillium, and Aspergillus. The patterns of sporulation

and conidial chains are important elements to differentiate among species of Alter-

naria.15 The orientation of conidial chains and the conidial mass shapes are also

important characteristics for identifying the genera of Aspergillus and Penicillium

to species.16,17 These characteristics are undisturbed for observation under a stereo-

microscope, but can be lost in a wet mount preparation observed under a compound

microscope.

4.2.2. Microscope Objectives

The compound microscope can be set in a number of ways to greatly increase the

contrast images of environmental specimens through objectives and other acces-

sories for specialized applications. Generally, most optical microscopes are equipped

with a pair of 10� ocular lenses, or occasionally with 15� eyepieces. Ninety

percent of all optical microscopy examinations are conducted using standard achro-

mat or plan achromat objectives, which are inexpensive and easily available.9 Stan-

dard brightfield objectives are the most common and useful types of objectives for

examining specimens that are normally colored or have been previously stained (i.e.,

if the samples or spores were colorless). Objective lenses typically range from 10�

to 100� magnification. The American Industrial Hygiene Association (AIHA)

Policy Module 2D, Section 2D.3.1.2 indicates: “The laboratory shall have at least

one compound microscope having low, high power, and 100� oil immersion objec-

tives.” Ideally, all objectives should be parfocal and par-centered to minimize

refocusing.

Four objectives, 20�, 40�, 60�, and 100� (oil immersion lens), are commonly

used for spore count analysis.18,19A 20� lens is used for quickly scanning the whole

sample trace of a bioaerosol and to identify large spores. Although some laboratories

use both 40� and 60� objectives for detailed spore enumeration and identifi-

cation,20–25 the 60� lens is better suited for such analyses because it provides

details of fungal structures but does not significantly reduce the viewing area and

the depth of observations. The 100� objective (oil immersion lens) is used to

observe fine structures on small (,6 mm) spores or conidia. These fine structures

may indicate whether they are a specific structure indicating mode of spore devel-

opment or part of a release mechanism, all enhancing identification. The 100�

objective is not used all the time, but it is necessary to have the microscope equipped

with it. Keep in mind that the maximum resolving power of the light microscope is

about 0.2 mm at 1200� magnification.26 The smallest fungal spore is approximately

2 mm. A number of research labs have used a 100� objective for their studies

without consideration of the disadvantages associated with such an objective

lens.24,27–29 Although a 100� lens provides better resolution, the field depth is sig-

nificantly reduced. The analyst must constantly adjust the fine focus in order to count

and identify all spores. Under a 100� lens it takes a much longer time to analyze a

sample, due to reduced viewing area, without actually improving the quality of the

data. In addition, immersion oil attracts dust, is difficult to clean from the objectives,

and is likely to make the slide samples difficult or impossible to preserve for future
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examination or for replication and duplication analysis as required by AIHA policy

or by a laboratory quality assurance–quality control (QA/QC) policy.
According to the survey of the Environmental Microbiology Proficiency Analyti-

cal Testing (EMPAT) task force of AIHA (unpublished data) the majority of accre-

dited environmental labs analyze fungal spores under magnifications ranging from

200� to 600�. Among the surveyed labs, several labs indicated that 1000� was

used for their lab examination and analysis.

All compound microscopes used for examinations and analyses should be

equipped with an ocular micrometer or microgrid. The ocular micrometer must

first be calibrated before it can be used. Each microscope must be individually cali-

brated at least once a year, because the measurements of the lenses on the micro-

scopes may vary slightly within the same brand or from the same manufacturer.

The eyepiece and associated objective lenses are measured against a stage

micrometer or a graduated slide. The length of each division of the ocular

micrometer must be calculated, recorded, and documented at different magnifi-

cations. The ocular micrometer is used not only to measure the size of fungal

spores but also to determine the dimensions of sample traces. The micrometer

also serves as a guidepost during the analysis of the sample. According to the per-

centage of the area analyzed, concentrations of airborne fungal spores and structures

can be reliably calculated.

Proper alignment and use of the microscope are important for quality examin-

ation and analysis. The aperture should be set according to the objective lens

being used. For instance, when using a 60� objective lens, the aperture should be

closed down to the 0.3 position on a brightfield microscope to achieve the

optimal contrast. A wide-open aperture will lead to low contrast and some small col-

orless spores could be overlooked and undercounted with too bright a background.

The condenser normally does not need to be set at a lower position to have sufficient

contrast. Phase contrast light microscopy (PCM) is generally not recommended for

spore counting because small colorless, round spores and air bubbles are difficult or

impossible to differentiate using PCM.

4.2.3. Photomicrographic Accessories

Digital imaging is increasingly applied to image capture for microscopy—an area

that demands high resolution, color fidelity, and careful management of limited

light conditions.30 Digital cameras combined with the appropriate software can

now offer image quality comparable (but still short of the resolution) to traditional

film photography.30 The powerful software programs allow greater flexibility since

images can be captured and stored much more easily than traditional micropho-

tography with 35 mm film. According to Drent,30 a primary consideration in choos-

ing a digital camera over film is whether the electronic imaging device is of

adequate field size and spatial resolution to record the entire viewing field at the

optical resolution of the microscope system. The photomicrograph system can

either be mounted on the trinocular or the ocular tube; the ocular setup is more

economical.
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4.3. ASEPTIC TECHNIQUE AND BIOSAFETY

It is important to use aseptic techniques and observe biosafety precautions when

working with all microbes. Make sure that the working areas (lab benches, hoods,

microscopes, stereomicroscopes, etc.) are cleaned daily with 70% isopropyl

alcohol or diluted bleach solutions (5–10% commercial bleach). The analyst

should wear and frequently change gloves (latex or nitrile) in order to keep cross-

contamination of the samples to a minimum. The tools, such as inoculating

needles, forceps, scissors, spatulas, and scalpels with disposable blades, are

cleaned for each environmental sample that is prepared. Alcohol wipe pads can

be used to clean the tools or can be sterilized in an open flame. Ideally, it would

be safest to do the sample preparations in a biosafety cabinet or a HEPA hood.

This would protect the analyst from exposures as well as the samples from cross-

contamination. Additionally, caution should be taken when culture plates are pre-

pared on laboratory benches. It is necessary to have a HEPA filter installed in the

ventilation system in the room. In addition to avoid knocking, shaking, or

bumping the culture dish, the culture plate should not be turned upside-down.

This will keep the drier conidia from spreading all over other colonies throughout

the plate and becoming airborne when the plate is opened.

4.4. SAMPLE PREPARATION FOR SPORE COUNT

At present, several companies manufacture devices or equipment (such as Zefon

Air-O-Cell, Burkard, Allergenco, Laro, Cyclex-D, Buck, Rotorod, and industrial

hygiene cassettes filled with mixed cellulose ester membrane filters) to collect air-

borne fungi. These spore traps collect airborne fungal spores (including other

fungal structures), as well as other airborne particulates, on a glass slide with a

sticky surface or directly onto a filter. The impaction of the airborne materials is gen-

erated by an airflow jet. These airborne samples are prepared for direct microscopic

examination (spore count), then identified and counted. The data are recorded by

hand or directly into a computerized software program.

The information from a spore count is the total number of fungal spores and other

fungal elements, whether viable or nonviable, present at that particular moment and

at that particular location. The results are presented as fungal structures (or spores)/
m3 of air. This information is crucial for evaluating allergy related indoor air quality

and to address relevant health concerns. The two reasons for using a spore count

technique are (1) both viable and nonviable fungal spores and fragments are poten-

tially allergenic and (2) some fungi are not able to produce asexual/sexual spores/
conidia in culture (e.g., most members of the basidiomycota and all obligate phyto-

pathogenic fungi, such as rust fungi). The major drawback of a spore count is that

most fungal spores can be presumptively identified only to groups or genera since

the spores are separated from the fruiting structures that are necessary to properly

identify them. In most cases, it is possible to identify the spores only to the

generic level.
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4.5. MATERIALS NEEDED FOR PREPARING SAMPLES

First and foremost, all samples should be prepared in a clean area, preferably in a

containment hood to avoid any contamination. The slides prepared from the environ-

mental samples are temporary or semipermanent, and may last for only several days

to less than 3 months. The rule of thumb is that a freshly prepared sample will always

yield a better image and is much easier to examine for minute fungal structures. In

addition, the sooner the slides are analyzed, the possibility of deformation or degra-

dation of the fungal structures from water contained within the spore or fungal struc-

tures will be lessened. Crystals may also form in the sample from the combination of

stain, mounting medium, and/or the sticky compounds used in the commercial

sampling devices, such as Air-O-Cell cassettes.

Basic materials needed for preparing spore count samples include a pair of

pointed forceps, filter forceps, small stainless-steel scissors, inoculating/dissecting
needles, 25 � 75-mm plain or frosted slides, 22 � 22-mm coverslips, bottles

of stock solutions of stains and mounting media (e.g., lactofuchsin, aniline

blue, cotton blue), a 15–30-mL drop dispenser bottle for each mounting medium

and/or stain, or a 1-mL syringe containing mounting medium and/or staining

agent, immersion oil type A, 70% ethanol or isopropyl alcohol, clear nail polish,

a fine or extrafine permanent marker, alcohol wipe pads, scalpel with disposable

blades, and a cardboard slide container or a slide box.

Some environmental laboratories provide prepared or coated slides for use with

Burkard or Allergenco air samplers. Some investigators, who conduct on-site inves-

tigations, prepare their own slides. Several coating materials are commonly used,

including petrolatum or Vaseline-based high-melting-point wax (VHW) mix,

mixed cellulose ester (MCE) cleared with triacetin solution, single- or double-sided

clear adhesive tape, silicone in xylene 261, silicone grease 60, and Lubriseal stop-

cock grease 46. More detailed information about coating materials can be found

in the AIHA Green Book.31

For samples collected on 25 � 75-mm-coated slides, the samples should be num-

bered and labeled on the uncoated end or frosted area first. Before a slide is prepared,

the spore deposit area (known as a “trace”) should be outlined with a permanent

marker on the uncoated side of the slide. One or two drops of the mounting

medium are gently applied to the trace in a manner that avoids disturbing the

fungal spore deposit. A 22 � 22-mm coverslip is then placed over the mounting

medium on the trace to avoid creating or trapping air bubbles. Let the coverslip

settle down naturally to spread the mounting medium over the whole trace. Do not

push the coverslip down with a pen or any other instrument. Pushing down the

coverslip may lead to splitting the mounting medium and/or stain or smear the

sample trace. It is not necessary to fix fungal spores prior to the staining procedure.

For samples collected with Air-O-Cell cassettes or similar devices, make sure

that each sample has a matching labeled slide with the appropriate information

obtained from the “chain of custody.” Cut the sealing tape around the cassette

and pry it open. This can be safely done with a stainless-steel weighing spatula.

Mark the spore deposition trace on the underside of the slide with a permanent
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marker. If the sample is to be prepared with collection side up, place a drop of clear

nail polish on each of the four corners of the sample slide. With a pair of recently

alcohol-wiped forceps, carefully remove the slide from the cassette, turn it over,

and place it collection side up on a 25 � 75-mm slide. The nail polish on the

corners anchors the sample to the slide. One or two drops of mounting agent can

be gently applied onto the trace area. Afterward, a 22 � 22-mm coverslip is

placed over the mounting agent and the trace. Although it is possible to prepare a

slide sample with the collection side down, it is better to place the collection side

up to achieve optimal resolution and clarity. Some laboratories use a simplified prep-

aration method and mount the samples with the collection side down. This method

does not require the use of nail polish and a coverslip. The coating material on the

sample can anchor itself on a slide. The sample slide serves as the coverslip. This

preparation and mounting method greatly reduce the working distance between

the sample and the objective lens due to the thickness of the coating. Although it

is possible to have a reasonable resolution with a 60� objective, it is impossible

to use a 100� lens to observe fine details when such an observation is necessary

to properly identify some small spores.

When a sample is collected with a 25-mm mixed cellulose ester (MCE) filter cas-

sette, the filter is removed from the cassette with the filter forceps and mounted on a

slide. A clearing agent (such as triacetin) containing a dye is applied to the filter.

Again, this process should be conducted in a clean area (e.g., in a hood or a clean

Petri dish) to avoid contamination. The clearing process may take approximately

10–30 min. Afterward a mounting agent is applied, a coverslip is gently placed

over the sample, and then 25–50% or a fixed area of the filter area is examined.

When 37-mm filter cassettes are used for sampling, only a quarter of the filter is

gently cut with the alcohol-wiped scalpel blade and mounted on a slide for clearing

and staining.

4.6. STAINING AND MOUNTING TECHNIQUES

Depending on which illumination technique will be used, it may be necessary to

stain the fungi or fungal structures that are colorless, transparent, or lightly

colored, because staining agents improve the contrast of the fungal elements in

the samples to be examined. A mounting medium is used to provide a neutral back-

ground without altering the color or the chemical composition of the specimen and

preserve the specimen from dehydration. In addition, the mounting medium can

increase contrast by providing a refractive index higher than that of the glass slide

as well as providing a refractive index close to that of the specimen in order to

achieve the best transparency. Ideally, the mounting medium should be chemically

compatible with the specimen and the stain and mounting medium should not dry

out during examination or storage. Although there are many stains and mounting

media available for examination of fungi, lactofuchsin, lacto-cotton blue, modified

lacto-cotton blue, and lacto-phenol blue are the ones most commonly used by

mycologists. Malloch32 suggests that many fungi are difficult to “wet,” even with
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a wetting agent, and placing a drop or two of 95% ethanol for a few seconds and

then, before the alcohol is completely dried out, adding a drop of the required

mounting medium will aid the mounting/staining process.

1. Lactofuchsin (Mounting Medium with Stain). This is a commonly used stain and

mounting medium that stains the cytoplasmic elements a deep pink. Freshly pre-

pared mounts yield the best results. It is especially suitable for microphotography

since it increases the contrast to some minute fungal elements, provides excellent

clarity, and can be used for semipermanent mounts for most groups of fungi.33

As the samples age, some fungal structures may lose their natural color (e.g.,

Ulocladium conidia and aeciospores of the rust genus Gymnosporangium). To

make this medium, dissolve 0.1 g acid fuchsin in 100 mL anhydrous lactic acid

(85%).34 Lactofuchsin is better than cotton blue because the staining process is

rapid and cell walls are more noticeable.35

2. Shear’s Mounting Medium. Besides being a useful mounting agent, this medium

is also suitable for photomicrography.36 Since it contains glycerol, it does not dry out

as readily as water. To make Shear’s medium, use 3 g potassium acetate, 60 mL

glycerol, 90 mL ethanol (95%), and 150 mL distilled water.

3. Poly(vinyl alcohol) in Lactic Acid (PVLG) Mounting Medium and Clearing

Solution. This is an excellent permanent mounting medium that has minimal distor-

tion of fungal elements and sets rapidly. If used as a clearing agent, the mounted

specimens require a 2–3-day clearing of spore content before they are studied. To

make the mounting medium, use 1.66 g poly(vinyl alcohol) (PVA), 1 mL glycerol,

10 mL lactic acid, and 10 mL distilled water.35 Mix all liquid ingredients in a dark

bottle Before adding the PVA. The PVA is added as a powder to the liquid ingredi-

ents. The PVA dissolves slowly, and the bottle should be placed in a hot-water bath

(70–808C). The solution will be clear in 4–6 h. This solution is stored in dark

bottles and lasts for approximately one year.

4. Cotton Blue in Lactic Acid (Mounting Medium with Stain). This is a common

medium for both mounting and staining and is considered a stock solution for

other mounting media or stains. The components include 0.01 g cotton blue and

100 mL 85% lactic acid. To make this medium, place the lactic acid in a beaker

with a magnetic stirrer. Add the cotton blue powder to the solution while it is

heating and stirring. Let the solution cool after the cotton blue has dissolved, then

filter out the undissolved particles.33 If a lighter blue color is necessary, the solution

can be further diluted with 85% lactic acid.

5. Lacto-Cotton Blue (Mounting Medium with Stain). This is a variation of the sol-

ution described above and is another popular stain–mounting medium that includes

0.1 g cotton blue, 25 mL 85% lactic acid, 50 mL glycerol, and 25 mL distilled water.

As with the previous mounting medium and stain, it can be diluted with 85% lactic

acid for lighter color.

6. Modified Lacto-Cotton Blue (MLCB). This medium is a modification of lacto–

phenol blue.37 The stain is able to preserve the natural color of some dark-colored

spores/conidia and other fungal structures. The staining of hyaline and thin-walled
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spores and other structures is subtle, while thick-walled or pigmented spores remain

unstained. Sometimes it may be too light for certain spores and the contrast and

clarity may not be as good as with lactofuchsin. Sime et al.37 stated that this stain

is able to rehydrate desiccated and deformed spores and allow them to recover

their original shapes. The best results can be achieved if several hours of rehydration

pass before viewing. Its components include 3 mL cotton blue stock (1.0 g cotton

blue and 99 mL 85% lactic acid), 250 mL glycerol, 100 mL 85% lactic acid, and

50 mL deionized water.

7. Lacto-Phenol Blue (Mounting Medium and Stain). The use of this particular

staining/mounting agent is on the decline because phenol can be irritating and

easily absorbed through the skin. Phenol is an irritant and may lead to a number

of adverse health effects through long-term skin contact38 and is considered a poss-

ible carcinogen.33 To make this solution, add 100 mL lactophenol (a mixture of 20 g

phenol crystals, 20 g (16 mL) lactic acid, to 40 g (31 mL) glycerol, 20 mL distilled

water), 1–5 mL aqueous solution of cotton blue, and up to 20 mL glacial

acetic acid.39

8. Water. When examining fungi, mycologists usually prepare a water mount first

for the observation of living material so that the natural shape, size, and color of

the structures can be accurately recorded. If fruiting bodies or other structures

have dried out, they are first rehydrated in a 10% or diluted potassium hydroxide sol-

utions and then observed under water. Since water quickly evaporates, it should be

constantly added to the slide preparation to prevent dehydration of the material.

Additionally, a wetting agent may be added to the water (e.g., Triton X100,

Tween 80, or Span 60). This solution has the advantage of preventing air bubbles

from sticking to many fungal structures.32 For microscopic analysis in a commercial

lab, water is seldom used as a mounting medium.

4.7. PROCEDURES FOR IDENTIFICATION

AND QUANTIFICATION OF SPORE TRAPS

Reference data and relevant calculations are as follows:

1. Calibrate the measurements of different magnifications of all objective lenses

with a stage micrometer and an ocular micrometer. Attach these measure-

ments to the microscope base for future reference. The magnifications of

the microscope should be calibrated at least yearly. The full length of the

ocular micrometer under 40�, 60�, and 100� lenses and the diameters of

these lenses should be measured also. For instance, the Olympus BH2 micro-

scope has a field of view diameter of 0.39 mm for the 40� objective lens and

a 10� ocular lens, and the viewing area is 0.1195 mm2 at the 400�

magnification.

2. Measure the adhesive band for the sample deposit for each sample type or

obtain this information directly from the manufacturers. For example,
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Burkard samplers collect particles on an adhesive band measuring 14 mm

by 2 mm (28 mm2), Air-O-Cell, 1.055 mm by 14.4 mm (15.19 mm2), and

Allergenco samplers, 14.5 mm by 1.1 mm (16 mm2), respectively.

3. Use the micrometer measurements and spore trace length to calculate the

number of passes necessary to cover the whole trace and/or a portion of it

(such as 25%), whether counting transverse or longitudinal passes (or

traverses). Both the diameter of the lens and the field of view are used to

calculate the number of fields needed to cover the whole trace or a portion

of it, if using the random field method.

A number of methods are used to examine spore trap samples, such as random fields,

transverse traverses (or passes), and longitudinal traverse methods (Fig. 4.2). These

methods offer a systematic but random analysis. Traverse methods include two differ-

ent approaches: using a whole entire field of view or using a micrometer to guide tra-

verses and the counting process. The primary advantage of the micrometer method is

the analysis of a narrower, but more manageable analytical area. The microscopist

does not have to turn his/her eyes to scan the entire field of view and can more

easily focus on the area within the micrometer. This method is less tiring and less

stressful for the eyes.40With a micrometer, it is easier to guide traverses and determine

whether a spore on the edge or partially on the micrometer should be counted.

The trace area analyzed ranges from�25% to 100% depending on the laboratory.

There are no governmental, professional, or official requirements on the minimal area

that should be analyzed to get a reliable result. For a normal spore load, 25% of the

covering area is minimal. If unusually high spore loads (.800 spores/sample)

with a relatively even spore distribution are present, the area analyzed might be

reduced to less than 25%. Extreme caution should be taken when less than 25% of

the trace is analyzed. Some labs examine and then analyze their samples with

100% coverage for large spores and only 25% for the remainder of the trace. This

approach, however, is not random, and may indicate a bias toward larger spores.

Fig. 4.2. Fungal sample trace reading methods: (a) transverse traverse; (b) longitudinal

traverse; (c) random fields.
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Käpylä and Penttinen statistically compared the three analytical methods

(random field, transverse traverses, and longitudinal traverses) to determine the

variations of counts and the sample size necessary to yield valid results.22 Their

results showed that one or two longitudinal traverses may be unreliable because

of uneven distribution of the fungal material on the tape sample of a Burkard

sampler. Microscope fields or selected transverse traverses were recommended;22

however, they22 found that systematic traverses provided more effective results

than did randomly spaced ones. Sterling et al. found that 12 transverse traverses

usually yielded higher counts than did a single longitudinal traverse.24 More

empirical studies are needed to improve the quality of the analysis and yield

more reproducible results.

4.8. TECHNIQUES FOR SPORE COUNT ANALYSIS

The following steps are recommended:

1. Scan the slide. Use a 10� or 20� objective lens to scan the entire trace of the

deposit. Determine whether the spore deposit is random or evenly distributed.

If clustering and clumping of certain spore/conidial types are observed, note
it on the datasheet. If the trace is heavy and thick, rank the load of back-

ground particulates on the datasheet. Do not focus the spore counting on a

certain section or portion of the adhesive band. Scan for spores over the

entire deposit trace. Particularly note the spores of Chaetomium, Stachybo-

trys, Memnoniella, and Ulocladium. Ulocladium spores, which are excellent

indicators of water-damaged conditions, should be differentiated from those

of Pithomyces, which is typically of outdoor origin. If any of the spores of

these taxa are found during scanning, record the location that they are

found on the slide. The process of spore counting must be random and

free of bias.

2. Use the ocular micrometer (or graticule) to measure the size of the spores/
conidia. Most fungal spores/conidia are .2 mm. If spore-shaped particles

are ,2 mm, they are probably not fungal spores.

3. Learn to recognize and differentiate spores/conidia, hyphae, and conidio-

phores (spore-producing structures) of the Aspergillus–Penicillium group

and Stachybotrys. Spores/conidia and conidiophores of these groups are

often associated with indoor air contamination.

4. If spores/conidia are in clusters, record their presence. Count individual

spores/conidia. Record the number of spores/conidia in each cluster and

circle or otherwise mark that number to indicate that it represents a cluster.

5. Generally, a lab assigns each microscope an identification number that is then

recorded on each sample’s datasheet. Steps 1–5 apply to all analytic methods

for spore counting.

6. Transverse traverse method for Air-O-Cell, Burkard, Allergenco samples or

similar samplers—if Chaetomium, Stachybotrys, Memnoniella, and
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Ulocladium spores/conidia are found during scanning, start the first pass from
that location. When the first pass is completed, move to the end of the slide and

start the second pass.

Use the 60� objective lens for spore identification and counting.

Read .20 passes randomly (or enough to cover a minimum of 25% of the

trace) along the entire length of the sample. Count and identify spores/
conidia that fall within the ocular micrometer.

In those situations when spores/conidia touch the edge of the micrometer

which 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. 4.3).40

7. Random field method—randomly scan across the trace (three to five fields

per traverse or pass) in a zigzag pattern at 400� or 600� magnification.

The number of fields counted should be equivalent to at least 25% of the

band area. Count spores within the entire field of view. Try to randomly

scatter fields over the entire trace. For spores present on the perimeter of

the field, count only the ones on the left side (Fig. 4.4). If the spores

cannot be identified from the partial view, the field can be moved to the

left to reveal the entire spore for a more precise identification. Do this

only after the identification of the other spores in that field have been pro-

cessed. Use the total spore count, the number of fields counted, and the air

volume to calculate spore density. Spores/m3
¼ total spores/number of

fields counted � number of fields in the whole trace/air volume in

liters � 1000 L.

Fig. 4.3. Counting criteria for the traverse method for spore trap slides or samples. Only

count the spores touching the left margin of the micrometer pass; ignore the ones touching

the right margin. Two vertical solid arrows indicate the direction of a pass guided by a

micrometer. W is the width of the micrometer/pass. The unshaded spores are counted; the

shaded spores are not counted.
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8. For Cyclex-D or other similar samples:

Scan the entire circular area with the spore deposit to determine whether the

spores are randomly or evenly distributed. Randomly choose one-

quarter of the circular area for examination.

Use a 40� or 60� lens.

Count the spores/conidia in one quarter of the circular area.

If the spores/conidia are in clusters, count the individual spores. Record the
number of spores in each cluster and circle the number to indicate that it

represents a cluster of spores.

9. Filter samples:

For filter cassettes, use the NIOSH 7400 method as the basis for examin-

ation. Using the cleaned filter forceps, extract the filter, cut one-quarter

of the filter (use an alcohol-wiped razor blade or scissor), place on

a clean slide, then clear with hot acetone vapor (perform in a contain-

ment hood or a fume hood), then add the stain/mounting medium

lactofuchsin. Scan the slide at 400�. Count and identify all fungal

spores and hyphae that fall within the Walton–Beckett graticule or

other types of graticule. One hundred fields should be counted.

If .200 spores are counted in less than 100 fields, stop. Use the spore

counts and field counts for the calculation. Divide the total number of

spores counted by the number of fields counted to find an average

Fig. 4.4. Counting criteria of random field method for spore trap slides or samples. Only

spores on the left half of the perimeter of the field of view should be counted; ignore those

on the right. The unshaded spores are counted; the shaded spores are not counted.
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number of spores per field. Spores/m3
¼ average spore count per field/

0.00785 mm2
� 908 mm2 (for 37 mm filter) or 375 mm2 (for 25 mm

filter)/air volume in liters � 1000 L.

If close-faced sampling is performed, cut a 2-mm-diameter area from the

center of the filter for clearing and counting, since most of the particles

and spores are concentrated in this area. Follow the counting rules

discussed in step 4. Spores/m3
¼ average spore count per field/

0.000785 mm2
� 3.14159 mm2/air volume in liters � 1000 L.

4.9. BACKGROUND PARTICULATES (NONSPORE

MISCELLANEOUS MATERIALS)

In addition to fungal spores, airborne samples may contain particulates such as

insulation glass fiber fragments, gypsum dust, carbonaceous particles, animal bypro-

ducts (e.g., dander, hair), human skin flakes, pollen, and parts of or entire

arthropods or insects. These materials are referred to as background particulates.

The amount of background materials in the sample can influence the laboratory

analysis. When the background particulate load is heavy, it will block the light pene-

trating through the sample as well as the images of the spores by burying the spores

within and underneath the background materials. Examination of this type of sample

is difficult or even unreadable. The resulting data are expected to have wider vari-

ations. Unreadable samples are often reported as overloaded or unreadable. Three

factors may be responsible for overloading samples: (1) the sampling period is

too long; (2) at the time of sampling, a heavy airborne dust load already exists as

a result of various human activities (e.g., demolition, remediation activities); and

(3) the areas of concern are poorly maintained or dirty. Laboratories may record

the amount of background or debris matter by ranking it into four or more categories:

0—no discernable background matter, 1—low (minimal or no effect on analysis),

2—medium (may reduce the quality of lab analysis), and 3—overloaded (sample

is unreadable). An individual laboratory may decide to use other scoring systems.

The rank of background materials may help the investigator with future decisions

on how to adjust the sampling time according to the site conditions. It is important

to note that the background or debris rating has no numeric relationship to the

amount of spores counted or missed. When an overloaded sample is indicated, the

laboratory may record and report qualitative data, such as taxa of fungal spores or

the composition of the background matter.

The presence of gypsum dust (a component of sheetrock) in a sample can be trou-

blesome to the analyst. Gypsum dust reacts with lactofuchsin and forms air bubbles

and later crystals in the prepared slide. Some air bubbles may carry spores or resemble

fungal spores. In either case, it makes the examination of such samples difficult. The

nature of the background particulates, however, may provide useful information. For

instance, the presence of pollen may suggest an outdoor origin, poor air filtration, low

air ventilation, or any combination of these. Large amounts of skin flakes present may

correlate with sampling locations, utilization of the space, maintenance of the
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buildings, overcrowding, and human activities. Currently, there are no general stan-

dards or guidelines on how to report, grade or interpret background particulates.

Because of to the variability of background particulate and fiber composition, there

are no correlations between background matter on health concerns.

4.10. LIMITS OF DETECTION

The detection limit (DL) depends on the percentage of the sample trace counted and

is defined as one spore divided by the percent of the trace analyzed. For example, if

25% of the trace is analyzed, the detection limit of the analysis is 1
25
% (or 0.25) ¼ 4.

The quantitation limit (QL) depends on the total air volume (AV in liters) col-

lected and the detection limit or the percentage of the sample analyzed. It can be

calculated with the following equation:

QL(spores=m3) ¼1000 L=AV L=%

of sample area analyzed or QL

¼DL� 1000 L=AV L:

For example, a sample was collected with an airflow rate of 15 L/min for 10 min;

25% of the samples trace was analyzed. The quantitation limit for this sample is

1000/150/0.25 ¼ 27 spores/m3.

4.11. DATA PRESENTATION

Although there are currently no standards on how to format the lab reports resulting

from the analysis, the following information should be present for enumerating ident-

ified fungi: raw count, air volume (airflow rate � sampling time), percentage of sample

analyzed (or multiplication factor), fungal spore/conidial concentration (spore/m3),

detection limits, and percentage of particular fungus in the total fungal population.

Clients should be encouraged to provide information on the chain of custody listing col-

lection date, time, and location. This information is useful for the interpretation of lab

results. For AIHA-accredited labs, AIHA laboratory accreditation policy should be fol-

lowed to present the data and information in their lab reports.

4.12. VARIATION OF REPLICATIONS AND DUPLICATIONS

The accepted variations of replications and duplications will be determined in the

future with more empirical research. AIHA laboratory accreditation policy has

required the accredited labs to determine the accepted ranges of the variations for

quality control purpose. Generally speaking, the higher the percentage of the trace

is analyzed, the smaller the variation is expected.
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4.13. SAMPLE PREPARATION FOR DIRECT EXAMINATION

OR FROM CULTURES

The key issue here is how to preserve diagnostic features of fungi and the integrity of

fungal structures, such as conidiophores, phialides, pycnidia, and ascomata.

4.13.1. Bulk Samples

In addition to the basic materials used to examine the samples of spore traps, a roll of

transparent tape (19.0 mm � 32.9 m), and a dropper bottle of 70% ethanol is needed

to process bulk, dust, tape, and swab samples. Do not use either packing tape (too

wide and too sticky to handle) or frosted tape (not clear and will reduce the resol-

ution and clarity of the images) for the microscopic examination. Remember to

use aseptic techniques and clean all instruments between every sample.

The following procedure is recommended:

1. Directly examine the entire bulk sample macroscopically (with naked eyes)

or under a dissecting microscope to locate fungal colonies and evaluate the

degree of fungal infestation. Discoloration of the sample can be an indication

of fungi. However, early infestations may not yield obvious discoloration.

When there are no obvious areas of discoloration, an examination of the

material should be conducted under a dissecting microscope. It is easy to

miss the colonies at early stages of development because of their light

color and small size. When an area with the potential of fungal colonies

is located, a tape lift sample as a subsample should be made from that

location.

2. Using a pair of scissors cut a piece of clear tape (�2 � 2 cm or 0.8 � 0.8 in.)

and then hold the tape with the forceps. Place the adhesive side of the tape over

the area to be examined, using the handle of the forceps (or the blunt end of a

pen) to firmly and evenly press the area. Peel off the tape from the sample.

3. While holding the tape in the air over a paper towel, rinse with a few drops of

70% ethanol or isopropyl alcohol.

4. Put the tape on a slide with adhesive side up.

5. Stain it with a drop of mounting medium with stain. Coat both sides of the tape

with the medium by picking it up with the forceps, then putting it down again.

Again, make sure that the adhesive side of the tape is face up.

6. Gently place a coverslip over the tape.

7. Examine this wet mount (i.e., the sample side) under a compound microscope.

8. Scan the entire tape with a 20�, 40�, or 60� lens for fungal structures. Use a

higher magnification to observe fine structures.

If fungal structures are not present on the tape, additional subsamples or tape lifts

should be made to avoid assuming a false negative. Each area of discoloration
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needs to be examined to determine whether more than one species of mold is

present. For each different species/taxon, a tape lift should be taken to verify the

identification.

For bulk carpet samples when the pile is deep, tape lifts are not suitable. Tape lifts

are also of no value when the fungi are growing on the reverse side of the carpet. It is

also difficult to make contact with fungi when they are at an early stage of growth. In

these circumstances, it is necessary to pull out fibers from the carpet or backing for

microscopic examination.

4.13.2. Bulk Dust Samples

The following steps are recommended:

1. Shake the dust cassette by hand or place on a vortex instrument to produce a

more homogenous mixture.

2. Leave the cassette on a bench to allow the dust to settle.

3. Open the cassette (cut the tape with a weighing spatula; pry apart).

4. Subsample the dust by grabbing a portion using filter forceps or with a micro-

spatula, then place it on a slide.

5. Add a drop of 70% of alcohol or isopropyl alcohol to wet and fix the sample,

then spread the dust with an inoculating needle to form a thin layer that will

allow light to penetrate sufficiently. Allow the alcohol to evaporate.

6. Stain the dust subsample with a drop of staining–mounting agent.

7. Place a 22 � 22-mm coverslip over the sample; view with a microscope.

8. Scan the subsample with a 20�, 40�, or 60� lens. Use a higher magnification

to observe fine structures.

When only a small amount of dust is in the cassette, a wet (sterile distilled water)

inoculating needle can be rubbed against the cassette wall to collect any particulates.

If still not enough dust is on the cassette wall, it is necessary to remove the filter from

the cassette and transfer it onto a slide. Record this situation for future reference. If

the dust sample contains gypsum, the prepared sample should be observed without

any delay, because the staining agent will react with gypsum and generate air

bubbles. These bubbles will obscure and distort spores and other fungal elements,

thus making observation more difficult.

4.13.3. Swab Samples

Taking a swab sample for the direct microscopic examination described in this

section is seldom recommended because intact fungal structures are disturbed and

separated during sampling and preparation of slides. However, this sampling–

analytical method can sometimes provide quick and useful information when

circumstances do not allow other sampling and testing. Swabs can be cotton, rayon,
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or other synthetic fibers and may or may not be commercially prepared (i.e., prester-

ilized in a tube with a buffer solution). For swab tips made with nonfibrous (e.g.,

spongy) material, it may be necessary to cut or pull off some of this substance

and mount it on a slide. Sometimes, the investigator takes a nonsterilized cotton

swab, samples the area, and places the sample in a plastic bag. It should be recorded

on the datasheet that the swab was not previously sterilized. When a swab sample

does not have any obvious discoloration, it should be examined under a stereomicro-

scope. An empty Petri dish can be employed to support the sample to avoid contami-

nation during the observation. Remember to use aseptic techniques and clean all

instruments between samples. The following procedure is recommended:

1. Remove the swab from the tube and thoroughly examine for areas of

discoloration.

2. At the points of discoloration, pull off several fibers with pointed forceps.

3. Place the fibers on a slide with the aid of an inoculating needle.

4. Fix the sample with a drop or two of 70% of alcohol and allow the alcohol to

evaporate.

5. Stain it with a drop or two of the staining–mounting medium.

6. Put a coverslip over it and examine under a compound microscope to locate

and observe fungal structures.

7. If fungal structures are absent, additional fibers from different areas should be

pulled off for further examination.

8. If no discoloration is found on the tip of the swab, fibers should be pulled off

from a minimum of four areas, covering most of the swab surface. Since many

fungi or fungal elements are naturally transparent or lightly colored, it may be

more difficult to locate these colonies.

4.13.4. Tape Lift Samples

Although field investigators may prepare tape samples using different methods, it is

important that only clear adhesive tape (i.e., sticky cellophane tapes) be used to

collect samples. Most tape samples are fixed or taped to a glass slide or taped

within a plastic bag for shipping to the environmental laboratory. Commercially pre-

pared kits have become common and popular since 2002. Becasue of the compo-

sition of the tape adhesive, it is important that the tape sample be examined as

soon as it is prepared. The staining–mounting agent reacts with the sticky coating

material on the tape, and any delay will lead to reduced resolution of images. The

fungal structures on the tape will become blurry with time. Remember to use

aseptic techniques and clean all instruments between every sample. The protocol

for preparing tape samples for microscopic examination is similar or identical to

that of the bulk samples described earlier.

If fungal structures are not present on the initial subsample, the remaining tape

should be scrutinized and additional subsamples should be prepared. If the tape

sample has large dust particles on it, gently remove them with forceps or with an

inoculating needle. Otherwise, the large particles may prevent examination under
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a higher-power lens because the thickness of the sample is greater than the working

distance of the higher-power lens. If gypsum particles are present on the tape, it

would be another reason to examine the sample as soon as possible.

Avoid mounting a tape sample with the adhesive side down and without using a

coverslip. Such a preparation will have a reduced resolution. Tape samples with

large fungal bodies or structures may interfere with the quality of analysis since a

minute fungal characteristic (e.g., annellation on the tip of a conidiophore) would

be overlooked and may lead to a misidentification. It is better to extract the larger

fungal bodies, then make a squash mount to examine them and examine the other

mycelia/hyphae on another slide.

4.13.5. Culture Samples

Detailed information on how to examine and then analyze culture samples is covered

in a Chapter 5. Only the procedure for preparing the sample from cultures is

described here. At the end of the incubation period, actively growing fungal colonies

need to be identified by preparing wet mounts. Two common methods used to select

fungal structures are by tape lift or with a dissecting needle.

A tape lift is often used to avoid damaging the reproductive fungal structures:

1. Examine the colony to determine whether it is slow-, medium-, or

fast-growing. For a fast-growing colony, the tape lift should be made at the

colony’s edge since the center of the colony contains the oldest reproductive

structures. In the center of fast-growing species such as some Penicillium spp.

and some Aspergillus spp., there are excessive numbers of conidia, so much

so that finding intact conidiophores would be unlikely.16 If the sample tape

lift contains conidia exclusively or very few reproductive structures,

another tape lift should be prepared from the edge or from a younger area

of the colony. For a slower-growing colony, a tape lift can be made from

the center.

2. Use scissors and forceps to cut a small piece of 3 � 3-mm clear tape.

3. Open the Petri dish just enough to allow the forceps with a small piece of tape

attached to enter the plate, to minimize the chance for spores/conidia becom-

ing airborne. Press the tape gently on a specific fungal colony with the forceps

(Fig. 4.5). The tips of the forceps should be nongrooved. The grooves on the

tips easily trap some fungal structures and lead to cross-contamination.

4. Lift the tape, remove from the plate, and fix it with a drop of 70% alcohol.

5. Place the tape in a drop of staining agent on the labeled glass slide. Make sure

that both sides are coated with the staining agent and that the adhesive side is

facing upward.

6. Carefully place a coverslip over the sample, then examine under a compound

microscope to observe the fungal structures for identification.

7. After use, the forceps should be thoroughly rinsed and wiped with 70% isopro-

pyl alcohol to ensure that there are no residual fungal elements remaining on

the tips of the forceps. Blot the forcep tips on a clean paper towel.
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It is difficult to collect the larger fungal structures such as ascomata, acervuli, and

pycnidia with tape lifts. If a tape lift fails to pick up these structures, a pair of

forceps or an inoculating needle can be used to extract them from the Petri dish.

The forceps can be used to pick up a fruiting body from directly the medium. Alter-

natively, an inoculating/dissecting needle can be inserted beneath the fungal body

and gently lifted with a bit of the culture medium. Some mycologists use a needle

to prepare mitosporic fungi also. For some analysts, it may be harder to manipulate

a needle than a small piece of tape. When using a needle, first separate a tiny area of

colony with mature fungal structures by cutting the edge of the area with the tip of

the needle.16 Then, pick up the tiny piece from the culture and place it on a slide

sideways to fix and stain it. If the piece is too big, it may be difficult to find intact

conidiophores with conidia for identification. The advantage of this method is that

the wet mount is prepared without a layer of tape and provides better resolution

of the fungal structures. The disadvantage is that it is harder to pick up some

fungal elements without resultant damage. The advantage of the tape lift is that it

is easy to pick up intact fungal structures; however, the tape will reduce the resol-

ution of the fungal structures and the reaction of the staining agent and tape

coating will blur the fungal image, especially if the preparation is not observed

immediately.

For descriptive information of common fungi and fungal spores from micro-

scopic analysis, please see the Appendix.

4.14. EVALUATION OF FUNGAL INFESTATION

Mastering microscopy alone does not guarantee a quality microscopic analysis

because the analysis involves the combination of adept microscopic abilities,

Fig. 4.5. Making a tape lift from a fungal colony.
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well-prepared slides, and a strong background with experience in fungal taxonomy,

biology, and ecology. The latter is the most important factor for consistent, reliable

analyses. The goal of the analysis is to identify and characterize the fungi or fungal

spores from the samples so that the results will aid the field investigators to evaluate

the level of indoor fungal contamination. Fungal identification and characterization

is not an easy task. According to Hawksworth, there are 1.5 million fungi but only

100,000 fungi have been described.41 Records from a laboratory indicate that there

are over 600 species of indoor fungi identified from the samples (unpublished data).

Introductory mycology textbooks such as The Fifth Kingdom
42 and Introductory

Mycology43 are important starter references in any laboratory that conducts fungal

identifications. A collection of mycological journals and advanced references,

such as monographs of various important fungal groups or genera, are a must if a

laboratory and its analysts are expected to identify fungi and their spores from a

wide range of background and conditions. New and uncommon fungal species

have been reported from indoor samples.44–46

Key morphological features such as mycelia, conidia, conidiophores, ascomata,

or pycnidia are necessary to determine whether fungal growth is present. The pre-

sence of mycelia alone indicates that a fungus has grown and colonized the sample

but is at only an early stage of development or not in reproductive mode. The pre-

sence of reproductive structures and spores/conidia indicates that the sample is

well established and has completed one lifecycle either asexually (conidiophores

or pycnidia) or sexually (ascomata or basidiomata). These fungi are at a mature

stage. When examining bulk samples, it is relatively easier to evaluate fungal con-

tamination, since the presence of fungal colonies can be obtained by observing the

discoloration or fungal growth of the samples. Discoloration by itself, however,

does not indicate the presence of fungal growth since nonorganic factors can

lead to discoloration (e.g., weathering, oxidation, or chemical reactions of nails

or other metal materials), as well as the activities of other biological agents. If

visible colonies are present on the bulk samples and mycelia and reproductive

structures are identified from samples examined microscopically, then a fungal

infestation is confirmed. If only a few isolated spores or hyphal fragments are

present and other fungal structures are absent, the presence of fungal growth or

infestation will not be indicated. When spores/conidia belonging to a mixture

of several different taxa, in particular those of phylloplane fungi, are found

together and other fungal structures are absent, the result does not indicate

fungal contamination. These spores probably resulted from the settling of airborne

spores with an outdoor origin. When small numbers of spores/conidia belonging

to a single genus or species are found, this may also indicate an outdoor source or

may be the result of a fungi-infested area in a different indoor location. Otherwise

other fungal structures would be present on the sample. When large numbers of

spores of one to many fungal genera or species are present (e.g., Aspergillus/
Penicillium-like) but with no other fungal structures, this may indicate the pre-

sence of a fungal infestation because large numbers of spores are the result of

amplification. The absence of mycelia and reproductive structures is probably

due to the massive production of billions of fungal spores in layers, which
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prevents an investigator from efficiently collecting other fungal structures under-

neath the spore masses. For bulk samples, when in doubt, confirmation of the pre-

sence of conidiophores can be obtained by rubbing and/or removing the conidia

from the colony to expose the reproductive structures and mycelia, then preparing

another tape lift.

Caution should be taken whenever spores of Chaetomium,Memnoniella, Stachy-

botrys, or Ulocladium are detected. These fungi and their spores are excellent indi-

cators of water-damaged environments, usually on a long-term basis of months or

even years. The detection of a single spore or low numbers from one of these

genera may indicate a fungal infestation or contamination. Investigators should

review and evaluate for any missed signals or hidden mold growth and contami-

nation. The spore may also have originated from an outdoor source or from contami-

nated materials. It may also be due to the settlement of airborne spores that

originated from a different area indoors.

The presence of obligate plant pathogens, such as powdery mildew, smut, and

rust, does not indicate fungal contamination on building materials or furniture.

These fungi need living plants to develop and complete their lifecycles47 and are

most likely from an outdoor source. On occasion, powdery mildew may develop

on houseplants, such as miniature roses and chrysanthemums, but does not signal

water-related damage in the building.

4.15. TRAINING OF MICROSCOPY ANALYSTS

Miller et al. indicated that the skill of analysts in quantifying and identifying fungal

structures, especially for small colorless spores, is exceptionally important.48 A

basic knowledge of mycology is one of the prerequisites for all analysts. New ana-

lysts should be trained in mycology until they have enough experience and back-

ground to perform analyses. The training should cover general mycology and

familiarity with the most common indoor fungi. The minimal educational require-

ments of analysts for spore traps and other samples should be a B.S. in biology or

in a related field. Analysts in training should first pass competency tests before

they can analyze clients’ samples. The competency test should include (1) correct

identification of spores/conidia most commonly and occasionally found on indoor

samples, (2) ability to differentiate major fungal groups on the basis of key charac-

teristics, and (3) for spore trap analyses, the ability to enumerate spores from whole

samples and portions of the samples following their laboratory’s standard operating

procedures. Samples of airborne fungal spores at low, moderate, and high concen-

trations should be used for proficiency training with the spore trap analyses. For

other types of samples, samples collected from different building materials should

also be used for the test. Novice analysts should be supervised with 100% of their

work checked by a supervising or senior analyst for at least 4 months for quality

control before being allowed to work independently. Records for training should

be documented and filed. Continuous training to improve and challenge the
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knowledge and the quality of the analyses should be planned at regular intervals.

Replications and duplications should be carried out routinely for not only quality

control but also proficiency improvement of microscopic analysis.

4.16. QUALITY ASSURANCE/QUALITY CONTROL

PROCEDURES

Proper QA/QC is important to ensure the quality of the microscopic analyses. There

are many aspects and areas where QA/QC will play a role in a microbiology labora-

tory. However, the present section will deal only with the issues and steps related to

the microscopic analysis. As stated previously, no standard protocols are available

for laboratory analyses and no numeric standards or guidelines exist for interpreting

laboratory results of airborne fungal structures. It is unlikely that such standards,

thresholds, and guidelines will be developed in the near future. Since standards

and guidelines are not available, the current approach to the interpretation of the

results relies on comparisons of results from indoors versus outdoors, complaint

versus noncomplaint areas, or both:

1. A set of reference slides should be prepared and maintained as part of the labora-

tory quality assurance program. The reference slide collection should include the

most common and less common airborne fungal spores/conidia. These slides

need to be verified by relevant authorities of fungal groups. In addition, a refer-

ence culture collection should be maintained. These cultures can be commer-

cially purchased (e.g., ATCC) or obtained from authorities of each group.

2. Establish a comprehensive mycological reference collection. The monographs

of various fungal groups are especially helpful for any fungal analysis. The

reference slides and literature should be accessible to all analysts.

3. Important and indicator spores, such as those of Stachybotrys and Memno-

niella, must always be confirmed by a senior mycologist. An analyst must

be able to consistently identify spores/conidia of indicator fungi, such as

Chaetomium, Memnoniella, Stachybotrys, and Ulocladium, as well as differ-

entiate them from similarly shaped and colored spores. Needless to say, the

labs should be able to identify these fungi correctly with confidence.

4. It is important to differentiate hyphal fragments, mycelial fragments, and

fungal hairs, such as those of Chaetomium species, from other organic and

nonorganic fibers. The presence and number of hyphal fragments and mycelial

fragments is significant for evaluating the degree of fungal infestation. Under

certain conditions, such as remediation, this is indicative of active growth.

Make sure that all analysts are competent to differentiate these structures

through thorough and proper training. Do not lump hyphal fragments with

other fungal categories.

5. Whenever a spore/conidium or other fungal element is unfamiliar to an

analyst, consultation with colleagues, reference slide collections, fungal
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identification references (keys, monographs, etc.), and with the senior mycol-

ogist or analyst may be necessary before categorizing it as an “unknown.” If

the “unknown” is the dominant spore type, the laboratory should indicate this

in the report or inform the investigator for consideration to recollect the

sample.

6. Quality assurance and quality control regarding the results from microscopic

fungal analyses should be qualitative, quantitative, and semiquantitative. The

qualitative aspect is the correct or proper identification of fungal spores/
conidia and structures. Because of the difficulties of quantifying fungal

elements from bulk, tape, dust, and swab samples reliably, a number of lab-

oratories report their results in a descriptive or semiquantitative manner, with

ranks such as 0, I, II, III, IV, V, or trace, few, many, numerous, and massive.

Consistency of the characterization, however, is important. A set of reference

slides covering the range of categories should be regularly consulted. Quan-

titative QA/QC may involve intra- and interlaboratory testing. Ten percent

of all the analyzed slides are selected for replicate and duplicate analyses

to assess the accuracy of intralaboratory analyses and to examine the analyti-

cal variations of a laboratory. Any significant discrepancy in results should

be investigated to determine the cause. Such discrepancy should be docu-

mented, including an explanation for the discrepancy, with a solution and

appropriate corrective action. A minimum of 20 spore count samples

should be exchanged and analyzed among participating laboratories for

round-robin analysis every 4 months to comply with the requirement of

the AIHA EMLAP. Intra- and interlaboratory results are collected and

analyzed statistically for precision, accuracy, and deviation. It is necessary

to document any significant discrepancy in results and to convene a discus-

sion among the laboratories to determine the reason and recommended cor-

rective action, then address the appropriate solution or corrective action for

the problem.

7. Generally this is not a problem in most modern biological laboratory settings,

but all textured surfaces found in carpets, furniture, or other surfaces are not

allowed.

8. All laboratories and all analysts engaged in fungal microscopic analyses

should participate in a proficiency testing program (e.g., EMPAT).

4.17. WEB RESOURCES

Leica Microsystems for microscopes: http://www.leica-microsystems.com/home/
index4.html.

Microscope World large selections of microscopes: http://www.microscopeworld.com

Nikon USA microscopes: http://www.nikonusa.com/template.php?cat¼5&grp¼22.

Nikon’s MicroscopyU: an educational forum for all aspects of optical microscopy http://
www.microscopyu.com/.
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Olympus Microscopy Resource Center, “designed to provide an Internet-based educational

forum on all aspects of optical microscopy, photomicrography, and digital imaging”:

http://www.olympusmicro.com/.

Swift microsopes: http://www.swift-optics.com/products/scientific.

Zeiss: http://www.zeiss.com/.
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CHAPTER 5

CULTURE-BASED ANALYTICAL
METHODS FOR INVESTIGATION
OF INDOOR FUNGI

FLORENCE Q. WU

This chapter focuses on the isolation and identification of culturable fungi from

indoor environments. Topics include the pros and cons of using culture-based

analytical methods for fungal investigations, the factors that may influence the

results, culturable sampling considerations, fungal isolation and identification tech-

niques, data interpretation, and quality control measures. Bacterial isolation and

identification require different techniques and are not covered in this chapter. The

purpose of this chapter is to provide a framework for culturable fungal analysis

based on sound mycology.

5.1. ADVANTAGES AND LIMITATIONS OF CULTURE-BASED

ANALYTICAL METHODS

Using spore-trapping samplers to collect fungal spores followed by direct

microscopy in the laboratory to identify and enumerate the spores is frequently

done in indoor air quality (IAQ) surveys. This practice has its practical merits,

but it is not without limitations. One problem is the direct examination of the

samples by microscopy, which results in uncertainty in the identification of the

fungal spores. Only a small number of fungal spore types can be identified to

generic level with confidence. Species identification based on spore morphology

is usually unachievable. Even the most significant genera such as Aspergillus and

Penicillium cannot be differentiated on spore trap samples. This problem hinders

the accurate assessment of fungal contaminants in IAQ projects. Culture-based

methods offer a convenient and practical solution to this problem, but generally

require at least a seven-day incubation period.
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The study and naming of filamentous fungi (including molds) rely mostly on the

morphological characteristics of the colony, hyphae, sporulating mechanisms and

structures, and spores. These characteristics are best observed by obtaining pure cul-

tures of the organisms. The fungi that are capable of growing on indoor building

materials (mostly dead organic materials) are primarily saprophytic, which means

that they can usually be cultured on artificial media. Almost all common indoor

fungi can be grown on media and produce sporulating colonies within a reasonable

timeframe (�7–14 days). In addition, the spores of many indoor fungal species can

remain viable and culturable for a very long time (e.g., years),1,2which makes recov-

ery from the environment a relatively easy task. Culture based analytical methods

take advantage of these facts and allow for more detailed analysis.

Obtaining cultures of filamentous fungi is essential for identifying the fungi to

species. Most filamentous species are discovered, described, and referenced on

the basis of the full body of the representative culture (called type specimen). Identi-

fication is achieved by comparing the unknown organism with the type specimen or

the original/reliable description of the type specimen. This approach is time-

honored and scientifically sound. Indoor air quality surveys often require that

species identification is known, which is possible only through use of a culture-based

method performed by a quality laboratory.

The term species identification should not be confused with speciation. These two

terms are not interchangeable. Species identification refers to a human activity of

determining the identity of an organism to species level that has been discovered,

described, and given a scientific name. Speciation refers to the formation of new

species and is an evolutionary process that includes gene mutation, genetic

exchange, geographic isolation, and natural selection.

Culture-based methods can provide quantitative data on viable and culturable

fungi from nearly all sample types (spore trap air and tape lift surface samples are

exceptions). Because the viability of a microorganism determines its infectivity

and growth potential, the use of culturable methods is required in certain environ-

ments, such as in public buildings or in the critical areas of hospitals and in clean-

rooms. In this case, the sampling and analytical protocols can be designed to target

specific groups, for example, human pathogens. Because only live pathogens can

cause infectious disease, culture methods are ideal for isolating and identifying

potential pathogens.

Culture-based analysis is one of the most economical ways to identify molds

to species level, especially when compared to existing molecular methods. If

desired, the culture can be preserved and archived for confirmative identification

or other use.

As do all other analytical methods, culture-based analysis has its limitations. One

of the most important limitations is its dependence on spore viability and culture

conditions. Nonviable or nonculturable fungi are not detected by this method,

although these fungi can be allergenic and/or irritating. The concentrations of

culturable samples, reported in colony-forming units (CFUs), are often substantially

lower than the total spore counts reported by direct microscopic examination.

Additionally, some spores travel in groups or clusters, and each cluster has the

potential of forming a colony. Therefore, the actual number of spores forming a
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colony is unknown, and the number of colonies may not reflect the total number of

spores that were actually collected in the sample.

Moreover, because of the need to incubate and grow the cultures, analysis usually

takes 1–2 weeks to complete. Depending on the media used, faster-growing fungi

may overgrow and obscure slower-growing colonies, which may result in false nega-

tives. Nevertheless, culture-based methods are still the most commonly used

methods to complement direct microscopy and to provide valuable information

that cannot be obtained otherwise.

5.2. FACTORS INFLUENCING THE RESULTS OF

CULTURE-BASED ANALYSIS

5.2.1. Ecological Considerations

Understanding the basic ecology of those fungi that can grow in the indoor environ-

ments is helpful in assessing the indoor environment, locating growth sites, identify-

ing reservoirs, and interpreting the sample results reported by the laboratory. The air

exchange with the outdoors may be relatively continuous in a mechanically venti-

lated building. If there is no indoor fungal growth and contamination, the compo-

sition of the indoor airborne fungal spores may resemble that of the outdoors,

although spores may be present in lower concentrations indoors. Outdoor airborne

spore composition, rank order, species diversity, and relative frequency and abun-

dance vary with geographic location, vegetation, season, weather, time of day,

and human activities.

There are generally three sources for indoor spores: influx from outdoors, spore

accumulation over time, and indoor fungal growth. Surface and carpet dust often

harbor fungal spores. Obviously, spores originating from indoor mold growth are

of the most concern to IAQ and microbial investigators.

Essentially all fungal spores originate outdoors. Fungal spores or hyphal frag-

ments generated outdoors can be transported into the indoor environment by

human activities or into the building structure in various ways.3 Except the fungi

that are parasitic to indoor plants, most fungi that are capable of growing indoors

are saprophytic, that is, capable of utilizing dead organic materials as food

sources. Some fungi are accustomed to living in human environments. For

example, those wood-rotting fungi capable of utilizing copper can overcome the fun-

gicidal treatment of lumber, causing extensive damage to wood-frame buildings.

Chaetomium and Stachybotrys species are often found flourishing on water-

damaged walls built of gypsum sheetrock. Framing lumber that has not been

kiln-dried may be colonized by various filamentous fungi, including Alternaria,

Aspergillus, Aureobasidium pullulans, Chaetomium, Cladosporium, Penicillium,

Phoma, and Ulocladium species.4,5

Although typical building materials (wood, gypsum sheetrock, tile, carpet, glass,

etc.) do not necessarily support fungal growth under dry conditions, any organic

material is a potential nutrient source for fungi in damp conditions. Fungi have

been isolated from damp or water-damaged building and finishing materials and
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building contents. These include gypsum sheetrock, wood, wallpaper, carpet, card-

board, spoiled foods, and clothing. Some fungi can use only simple carbohydrates

such as starch and hemicellulose as food, while others are capable of breaking

down more complicated compound such as cellulose and lignin, which can cause

structural damage to the substrate the fungi are growing on.

The growth requirements of fungi include sufficient moisture, a nutrient source,

and an optimum temperature range, which is 258C+ 58C for mesophilic fungi,

378C for temperature-tolerant fungi and/or human/animal pathogens, and 508C

for thermophilic fungi. In a typical indoor environment, nutrients and water are

the factors typically limiting fungal growth. It is now known that about 60 species

are commonly isolated from indoor substrates.6

5.2.2. Viability of Fungal Spores

Most of the microbial IAQ sampling methods collect fungal spores and hyphae.

Spores are minute propagative units (propagules) that function as seeds, usually

with some food reserve, but not containing a preformed embryo. The fungal

spores that are important in IAQ investigations are generally between 2.0 and

10 mm in length. The mechanism by which spores are produced is the basis for clas-

sifying fungi. This is why identification using culture analysis is the primary method

of choice. Spore types that are important in IAQ investigations include ascospores,

basidiospores, conidia, and sporangiospores. The major functions of fungal spores

are maintaining the populations, spreading genetic variability, and extending their

distribution range. Spores are dispersed mostly by air, but can also be dispersed

by water, arthropods, larger animals, plant seeds or propagating materials, and

human activities. Because fungi have the ability to produce massive numbers of

spores, fungal spores are among the most common microbial particles in outdoor

and indoor environments.

Many factors such as water, nutrition, temperature, light, and pH can determine

the viability of a fungal spore, as well as influence the process of a fungal spore

developing into a sporulating colony, as illustrated in Figure 5.1. Understanding

of these factors may help both laboratory and investigators design a suitable

culture method to maximize recovery of fungi.

Fungal spores can remain viable for a short period, for weeks or as long as many

years, depending on the fungal species, spore types, and storage conditions.1 It

appears that under the same conditions, chlamydospores and resting spores

survive longer than do other types of spores; ascospores, longer than basidiospores;

and smaller-sized conidia (e.g., of Aspergillus or Penicillium), longer than dark-

colored, larger spores (e.g., Stachybotrys, Ulocladium), although this kind of

generalization is often challenged. Most spore longevity data are derived from

experimental records, and those laboratory conditions may not reflect field con-

ditions. These data should be used only as an estimation of spore longevity. Indoor

fungi are mostly in an open environment that has many factors affecting the survi-

vability of fungi, such as desiccation, temperature, chemicals, and radiation. The

common belief is that the number of viable fungal spores reported as CFUs
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represents only about 1% of total spores.6 Because there are so many variables, it is

not realistic to estimate the survival rate of fungal spores in an indoor environment.

5.2.3. Selection of Culture Media

The media for culturing fungi can be divided into two functional types: primary

recovery media and standard identification media. A recovery medium receives

and revives the sampled spores (or occasionally hyphal fragments) and allows the

fungal propagules to germinate and grow into a colony on the medium. Ideal recov-

ery media maximize the diversity of fungi isolated from environmental samples.

However, no medium allows competing fungi to grow at similar rates, thereby maxi-

mizing the recovery of all viable species present on the plate. Different media have

different nutrients and water activity. All commonly used media are selective. For

example, malt extract agar (MEA) has high sugar and water content, which favors

hydrophilic and fast-growing species. Dichloran Glycerol (DG-18) can limit rapid

growth, permitting more diversity, but it does not support the growth of some hydro-

philic fungi because of its low aw content (Fig. 5.2).

Standard identification media are those cited in authoritative literature for confir-

mative identification of fungal species. Mycologists working on different groups of

fungi may employ different media. In IAQ surveys, confirmative identification of

Aspergillus and Penicillium species is often based on colonies developed on stan-

dard identification media, for example, MEA, to observe subtle but defining

characteristics.

5.2.4. Concentration Variations

The concentrations of airborne fungal spores, both viable and nonviable, are influ-

enced by a variety of factors. These factors include air movement, building

Fig. 5.1. To develop into a sporulating colony, a viable spore must undergo a process

consisting of spore activation, germination, growth, and sporulation. Many factors such as

water, nutrition, temperature, light, and pH can influence the process.
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ventilation rate, temporal and spatial variability, building maintenance, housekeep-

ing, activities in the sampling area, and sampling time and sampler performance.

These factors affect the composition of airborne spore populations. Designing a

proper sampling strategy should take these factors into consideration.

5.2.5. Sampler Performance, Sampling Time,

and Culture Preparation

There are variations in performance among the culturable samplers that are commer-

cially available, such as the inertial impactors including the Andersen or similar

samplers, Burkard viable sampler, the Surface Air System (SAS) samplers, the

Reuter Centrifugal Samplers (RCS), the AGI-30 impinger, or filter cassettes. Inves-

tigators should be familiar with the proper usage and performance of the air sampler

that they choose to use.6 Sampling time is another crucial factor affecting the results.

Efforts should be made to maximize sampling time, which increases the represent-

ativeness of the airborne population recovered and statistical reliability of the

sample, while avoiding the desiccation of the fungal spores and overloading the

sample medium.

For bulk, dust, and swab samples, how the samples are plated and cultured

directly affects the results. Common methods include direct plating or spore extrac-

tion and serial dilution. Depending on the species present in the sample, a culture

plate suitable for fungal identification should ideally have 30–60 colonies, even

though a mycologist can work with a plate with more colonies. Manually preparing

culture plates is labor-intensive, especially when multiple serial dilutions have to be

made and plated, but it is a reliable method and commonly used in mycology lab-

oratories and reported in the literature for many years for samples with a varied

Fig. 5.2. Performance comparison of MEA and DG-18 in recovering fungal diversity. The

plates shown in each photograph are cultures from the same concentration of spore

suspension: (a) a Trichoderma colony on the MEA medium inhibited the growth of all

other fungi—these fungi were recovered on the DG-18 medium; (b) Stachybotrys species

were recovered on the MEA medium, but not on the DG-18 medium.
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fungal community, such as dust samples. Because fungal colonies can grow quite

large compared to bacterial colonies, the accuracy of using an automatic spiral

plating machine, which was originally designed for bacterial plating, for estimating

fungal concentration in the sample has no relevant scientific support and the result is

highly questionable.

Direct plating involves placing a part of or the entire sample directly on the

culture medium. Using this method, a swab or wipe sample is streaked or wiped

across the surface of the culture medium. Dust samples may be sprinkled directly

on the culture medium or after weighing. Cassette filters can be put on media

directly. This method is useful when dust on a filter is too little to be weighed.

Direct plating is best used when only qualitative results are desired, or only a

limited number of species is suspected.

Dilution plating of a sample is accomplished by placing the sample in a known

volume of a sterile diluent [such as peptone water (0.1% v/v) or sterile distilled

water with Tween 80 (0.1% v/v)] to wash microorganisms off the sample matrix

and suspend spores and other propagules in the diluent. Various quantities or ali-

quots of the suspension are pipetted and spread over the surface of agar. It is

often necessary to make serial dilutions out of the spore suspension and sub-

sequently plate the dilutions. Dilution plating usually results in multiple plates

with evenly distributed colonies from which the optimum plates can be selected

for further identification and analysis. This method is best used when the sample

is suspected to contain a high number of viable propagules and/or quantitative

data are desired. The disadvantages of dilution plating are that spores with low

numbers might be lost in the process. Another disadvantage is that the fact that

bias increased with the dilution factor.

5.2.6. Experience of the Analyst

Identification of filamentous fungi is based on culture morphology and the reproduc-

tive process, which dictates that the analyst’s training and experience are very

important for obtaining accurate results. A competent analyst should have proper

training in fungal morphology and classification, understand how genera and

species are delineated, know what distinguishing traits to look for, and have suffi-

cient hands-on experience with the groups of fungi to be identified. Previous experi-

ence with mycology, including the identification of soil, food, and plant pathogenic

fungi, is useful, while experience with bacterial identification is not directly relevant

to fungal identification, due to the different approaches used for these

microorganisms.

Because of the richness in the variety of fungal species, fungus identification can

be a daunting task even for an experienced fungal analyst. Misidentification of fungi

is not uncommon. Misidentification is worse than no identification because it can

lead to misinterpretation of the results. Different fungal species have different eco-

logical niches and may have different implications for IAQ investigations. Savvy

investigators often check the qualifications and experience of the laboratory and

its staff who perform the identification, not just the overall laboratory accreditation.
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5.3. CULTURABLE SAMPLING CONSIDERATIONS

There are many references published by technical and professional communities as

well as manufacturers of sampling devices on the collection efficacy and proper

usage of various sampling methods.6 Readers are encouraged to research such infor-

mation of their chosen samplers. Therefore, this section discusses only the sampling

considerations that are required to ensure good sample quality for reliable analytical

results. As a general rule, precautions should always be taken to protect the viability

of sampled microorganisms and the integrity of the samples during sampling,

storage, and shipping.

5.3.1. Air Samples

The general mechanism of air sampling is to draw air through a sampling device that

captures and retains the microorganisms according to its design characteristics, then

allows the sampled air to exit the device. The airborne particles are typically col-

lected by the mechanisms of impaction, interception, and diffusion. Examples of

sieve impaction devices include the Andersen N-6 and similar impaction samplers.

Impaction and trapping into a liquid, or impingement, is the mechanism by which

particles are collected in an AGI-30 impinger. Filters take advantage of all three

mechanisms of collection to trap particles. The most common method for culturable

fungi is sieve impaction onto a culture medium.

The following factors should be considered:

1. A representative amount of air should be sampled to obtain results that are

scientifically and statistically reasonable. This means that the limit of quanti-

tation should be met, which is dependent on the sampler selected, the sampling

time, and the specific laboratory SOP for the analytical method.

2. Choice of collection medium and incubation temperature should be made

prior to the sampling and based on the type of fungi suspected in the environ-

ment to be sampled (Table 5.1).

3. Similar to sampling for direct microscopy, outdoor and nonaffected area refer-

ence samples should also be collected. In addition, blanks should be collected

during each sampling campaign. Field blanks are those opened and placed in

the sampler in the environment to be sampled but without activating the pump

to pull air. Sealed blanks are those original laboratory-supplied plates to serve

as quality control of the media supply as well as handling and shipping.

5.3.2. Surface Samples

Surface samples provide information on settled culturable fungal spores or fungal

colonies on a surface. A surface swab sample collects fungal spores or structures

from hard, smooth surfaces. A contact (e.g., Rodac) plate can be used to collect

fungal spores and structures from even and nonporous surfaces. A tape lift sample

from a surface is not appropriate for culture-based analysis, although it is possible
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to culture the spores or hyphae imprinted on the tape provided that they are viable

and in sufficient quantity and the sticky substance on the tape is not inhibitory to the

fungal structures.

When collecting surface samples for culture-based analysis, sterile supplies

should be used to avoid contamination during sampling and shipping. If the surface

material appears to be colonized by multiple fungi because of variations in coloration

or texture, then each distinct fungal type should be included in the sample to ensure

proper and adequate identification, and to maximize the utility of the sample.

5.3.3. Bulk Samples

A bulk sample is a three-dimensional piece of material, for example, wallpaper,

carpet, duct lining, or wood. Fungal propagules in the bulk sample can be extracted

TABLE 5.1. Recommended Culture Media and Incubation Conditions for Recovery

and Identification of Indoor Filamentous Fungi

Purpose Recommended Mediaa Incubation Temperature

Recovery and identification

of hydrophilic to

moderately hydrophilic

fungi

Malt extract agar

(MEA)11,12,15
258C

Recovery and identification

of xerophilic fungi

Dichloran glycerol (DG-18)33 258C

Recovery and identification

of cellulytic fungi

(Chaetomium,

Stachybotrys, Ulocladium,

etc.)

Cornmeal agar (CMA),7,8

cellulose agar6,34
258C

Recovery and identification

of potentially pathogenic

Aspergillus species

MEA; Czapek yeast agar

(CYA)11
378C

Confirmative identification of

Penicillium species

CYA, MEA, 25% glycerol

nitrate agar (G25N)12
258C, 378C, 58C

Recovery and identification

of Cryptococcus

neoformans
b

Birdseed agar (Guizotia

abyssinica–creatinine

agar, GACA)15

25–308C

Recovery and identification

of Histoplasma

capsulatum
b

Yeast extract phosphate

(YEP) agar34
258C

Recovery of yeast or

yeast-like fungi

MEA, CMA, etc.;15

identification often requires

physiological tests

258C or 378C

aSee the reference given for identification method and/or the medium recipe.
bDirect culturing of Cryptococcus neoformans andHistoplasma capsulatum is not always reliable because

of interference of environmental organisms; extra procedures may be needed. (Note: Cryptococcus

neoformans is a biosafety level II/III agent; Histoplasma capsulatum is a biosafety level III agent.)
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using sterile water. The resultant suspension can be plated directly or undergo serial

dilution followed by plating. A bulk sample can also be broken into small pieces and

cultured directly onto a medium plate. Whenever wood decay is of concern, swab

sampling may not be the best sampling method. Bulk samples are necessary, if it

is possible to take such samples. It is recommended that the investigator inform

the laboratory so that special procedures can be taken to avoid isolating only

surface fungi.

5.3.4. Dust Samples

Dust samples provide information on culturable fungal spores settled in carpet dust

or on other surfaces. The presence of these spores may be due to the accumulation of

airborne spores over time or to the effects of excess moisture in the sampled

material. Dust samples are usually collected using an air sampling pump to

collect either a visible quantity of dust or within a defined surface area into a

filter cassette. Because some fast-growing and widely propagating fungi are

common in dust samples, it is best to use both MEA and DG-18 to culture dust

samples for more reliable results. A dust sample can be immersed in sterile water

for suspension or dilution plating or plated directly on culture media.

5.4. SAMPLE PREPARATION METHODS

The general principle for fungal recovery is to provide fungal spores with the nutri-

ents and optimal conditions that they require for germination, growth, and sporula-

tion. In an environmental sample, there is often a mixed population of fungal

species. The choice of recovery and isolation methods should be based on the

ecology of the targeted group (e.g., mesophiles or thermopiles), the need for selec-

tive isolation (e.g., for pathogens), and the objective of the sampling (e.g., investi-

gator’s hypothesis). Investigators are encouraged to communicate with the

laboratory to determine the proper medium to use for air sampling or for plating

of bulk, surface, and dust samples. The media used and the incubation conditions

are critical factors that determine the diversity of species that are reported.

Obviously, the more media and incubation conditions that are employed to

culture a sample, the better the chance of recovering more species is. However, in

most investigations it is often unrealistic to use more than two media and two temp-

erature conditions. The most commonly used isolation scenario is 2% malt extract

agar (MEA) with incubation at 258C or room temperature.

For more comprehensive results, the simultaneous use of MEA and DG-18

should be considered in IAQ surveys for two main reasons: (1) MEA recovers a

broad range of hydrophilic and mesophilic fungi, while DG-18 is preferred for reco-

vering xerophilic as well as moderately xerophilic fungi—the combination of these

two media provides a reasonably diverse recovery of fungi from environmental

samples; and (2) a few common indoor fungi can grow rapidly on MEA that they

may mask, inhibit, interfere with, or entirely suppress the germination and growth
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of other fungi. Clever and experienced laboratories and mycologists may be able to

overcome such interference and count and identify as many colonies as they possibly

can. This may significantly reduce the number of species recovered. For example,

colonies of Botrytis, Fusarium, Mucor, Rhizopus, or Trichoderma tend to overgrow

and mask slower-growing fungi on MEA. However, these species have limited

growth on DG-18, allowing the recovery of other fungi in the sample. Other

media can also be used to select specific fungi. For example, cellulose agar (CA)

is usually used to demonstrate the cellulolytic capability of fungi in the laboratory

and has been used to enhance the recovery of Chaetomium, Stachybotrys, and

other cellulolytic species. However, colonies on CA are often diffuse, making it dif-

ficult to accurately count the number of colonies. Cornmeal agar (CMA) is used to

isolate hydrophilic fungi and identify Stachybotrys to species.7,8 If fungal pathogens

are of concern, then the laboratory should be requested to incubate the sample at

35–378C, which is near body temperature. An antibacterial compound (e.g., chlor-

amphenicol at 0.1 g/L) is often added to fungal isolation media to avoid interference

from competing bacterial growth.

Samples with solid medium (such as Andersen plates and contact plates) do not

require additional preparation or processing other than labeling and incubation on

arrival at the laboratory. All other samples require preparation and processing in

the laboratory by direct plating, extraction–dilution plating, or both. Fungal iso-

lation techniques aimed at recovering fungal biodiversity may be referenced in

developing protocols for recovering indoor fungi, for example, those described

for saprobic soil fungi9 and for microfungi.10

An aliquot of a liquid impinger sample can be plated directly onto an agar plate

using a spreader, or used to make serial dilutions before plating. Conversely,

samples with low counts may be concentrated by filtration prior to culturing. In

most cases, the typical 1 : 10 serial dilution method in microbiology laboratory

manuals can be applied in mycology analysis. The advantages of suspension/
dilution plating are that the method allows thorough washing of the sample, even

distribution of colonies on the agar, and quantification of the sample.

The details of the analytical procedures vary among laboratories. The laboratory

can precheck the sample before plating. For example, if it is observed that both

Stachybotrys and Penicillium are major components in the original sample, then

the use of cornmeal agar as well as multiple dilutions may be needed to adequately

analyze that sample.

Positive controls (culturing of a fungal isolate) and negative controls (the media

and reagent water used in sample preparation) should be set up and incubated along-

side the samples. Another aspect of culture preparation is laboratory contaminant

control. For example, Chrysonilia sitophila is a notorious contaminant that grows

rapidly and can extend outside the Petri dish. If this species is observed on a

sample, the sample should be kept in isolation. The incubator where the species is

found growing should be thoroughly cleaned with 10% (v/v) bleach.
Normally a minimum of 7 days’ incubation time is necessary to allow fungi to

sporulate and to exhibit characteristic morphology, according to major mycology

identification references for Aspergillus11 and Penicillium.12 The identification of
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Aspergillus and Penicillium species after exactly 7 days of incubation is more

reliable because this matches the conditions described in the authoritative literature.

For most common indoor fungi that produce conidia, 7 days are sufficient for

sporulation. However, for slow-growing and/or ascospores-producing fungi (e.g.,

Eurotium), a longer incubation time is often necessary. Most basidiomycetes

cannot form fruiting structures on culture medium within a reasonable timeframe,

and their culture-based identification is much more complex.

5.5. IDENTIFICATION OF FILAMENTOUS FUNGI

Identification of fungi frequently requires that microscopic mounts of the colony be

made and examined. Generally, there are two ways of picking out fungal structures

from its colony to make wet mounts: the needle method and the tape method. The

method of choice depends on fungal structure, colony texture, the analyst’s experi-

ence, and preference. Sometimes, both methods have to be used to make a satisfac-

tory slide preparation.

The Needle Method. An inoculating needle or a sterile disposable toothpick is

used to pick out a small portion of the colony that includes sporulating structures.

A stereomicroscope is used to guide the search for the appropriate section of the

colony where fruiting structures and spores are available. The portion of colony

on the needle is floated onto a slide with the aid of a drop of 70% ethanol. A pair of

the needles is used to tease apart the web of fungal aggregates so that details of the

fungal structures can be observed under the compound microscope. When most

of the alcohol has evaporated, a drop of lactic acid (for observing spore ornamenta-

tion using phase contrast) or lactofuchsin stain, or another mycological stain (for

observing hyphae and conidiophores using brightfield) is added to the sample on

the glass slide. The sample is covered with a glass coverslip for microscopic exam-

ination. The needle method is particularly useful for identifying fungi that produce

large numbers of spores, such as Aspergillus and Penicillium species. For species

forming more complex fruiting structures, for example, Chaetomium, Eurotium,

and Phoma, the structures can be flattened by gently tapping the cover slide

with a pen.

The Tape Method. A piece of clear adhesive tape is used to remove sporulating

structures. An observation slide is prepared from the adhesive tape for microscopic

examination. For details of such preparation, please see the Chapter 4. If carefully

done, the tape method does not distort the conidiophore structure, and is best used

to observe sporulating structures. It works well with many filamentous fungi, includ-

ing Acremonium, Alternaria, Curvularia, Phialophora, and Stachybotrys.

Discussion. The spore-producing structure and mechanism are of particular

importance in fungal identification. A clear understanding of relevant mycology

terms (ascus, blastoconidia, phialoconidia, poroconidia, etc.) and accurate
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observation of spore production (e.g., solitary, in chains, sympodial) are essential for

identification. It is also important to know what characteristics are important and

what characteristics are more variable. These skills and knowledge can be obtained

through proper mycology training and experience.

Important literature sources for fungal identification include Refs. 7 and 13–27.

Additional time, as well as extra steps may be needed for the identification of

Aspergillus and Penicillium to species. Identification is based primarily on the cul-

turing, isolation, and identification schemes described by Klich11 and Pitt,12

respectively.

5.6. DATA REPORTING

Fungal Identification. Genus or species information should be clearly and cor-

rectly presented in the analytical report. When more than two media are used, the

results should be reported separately to provide more detailed information. It is

not standard microbiological practice to combine individual results of the same

sample inoculated onto different media into one result. It is also not standard micro-

biological practice to combine results from different media inoculated with different

serial dilutions of the same sample into one result. The laboratory report should

include the results of only one dilution in an extraction and serial dilution

method. There should be no “manipulation or normalization” of data by combining

results from different media and different dilutions. Normally the dilution plate with

reasonably scattered and individually identifiable colonies and of diverse species is

to be analyzed. Colonies on plates from different dilutions can be used as a reference

to aid the identification.

Most true yeast and the yeast form of some filamentous fungi are normally diffi-

cult to identify solely on the basis of morphology. Biochemical tests and reaction

databases are often needed. Unless specifically requested by the investigator, it is

acceptable to report them as yeast colonies without further differentiating into

genus or species. The term nonsporulating colony refers to any colony that does

not produce a reproductive structure and is not in a yeast form. Whenever clamp

connections are present, the colony should be identified as a basidiomycete.

However, many basidiomycete fungi do not form clamp connections.

Quantification and Reporting Unit. If the volume of air sample is provided to the

laboratory, and the serial dilution method is used for sample preparation, quantifi-

cation is possible. For sieve impaction air samples, CFU/m3
¼ number of colo-

nies/total air volume in cubic meter (sampling rate in m3 per minute � sampling

time in minutes). Note that the unit of flowrate of most air sampling pumps is

liters per minute (L/min). The conversion factor is as follows: 103 L ¼ 1 m3. If

the result is reported and understood as colony-forming units (CFUs), then positive-

hole correction is unwarranted. For dust and bulk samples, CFU/g ¼ (number of

colonies � dilution factor)/weight (g) of dust used in analysis. If only a portion
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of the dust sample is analyzed, then the total dust weight should be reported in

addition to the analyzed dust weight to facilitate the interpretation of the data.

Detection Limit (DL) and Quantitative Limit (QL). Detection limit in mycology

refers to the smallest unit (i.e., colony) of an analyte (i.e., fungus) that can be visu-

ally detected by the analyst. For culture-based analyses, the sampled fungal spore

must form a colony to be visually detected, thus, the DL is one colony. Quantitative

limits refer to both the lowest and highest concentrations of the fungi that can be

detected and quantified in the sample as defined by the sampling, processing, and

analysis parameters. For air samples collected with an Andersen N-6 sampler, the

lowest QL is CFU/m3
¼ 1 CFU/sampled air volume in m3. For other sample

types, such as dust and bulk samples, where serial dilutions are made, the lowest

QL in CFU/g ¼ 1 CFU � dilution factor/weight used. For air samples collected

with impaction samplers, such as Andersen and SAS samplers, the highest QL

may also be a factor because of the maximum loading limit imposed by the sam-

plers.28 For an Andersen N-6 single-stage sampler, the maximum number of colo-

nies that can be recorded is 400. The highest QL of an air sample collected with

an Andersen N-6 single-stage impactor is CFU/m3
¼ 400 CFU/sampled air

volume in m3. For an Andersen two-stage sampler, the maximum colony count is

200 colonies per stage.

Media Used and Incubation Temperature. The laboratory report should include

the media used and incubation temperatures along with the taxonomic and numerical

data to give the investigator a better understanding of the data. The actual number of

colonies of each taxa identified should be given. Other relevant information such as

sample type, dilution factor, and incubation time may also need to be presented on

the analytical report.

5.7. DATA INTERPRETATION

Interpretation of culturable analysis is often a complex task. The common practice is

to compare the airborne concentrations outdoors with those indoors. The indoor con-

centration may also be compared to a reference area (unaffected area). The relative

abundance (rank order), presence of indicator species and/or species of concern, and
concentration are factors that can be applied to understanding the results of culture-

based analysis.6,20 Information on the ecology, pathogenicity, and toxigenic proper-

ties of the reported fungi may be helpful to the investigator in data interpretation and

report writing, and should be available from reputable laboratories. Such infor-

mation is available in this book as well as in Hung et al.6 The following is not

intended to provide comprehensive data interpretation. Instead, it attempts to

address concerns specific to the nature of culturable analysis.

False Positive and Negative. In culturable analysis, false positives and negatives

are unlikely if appropriate quality control measures were in place during sampling

and analysis. Investigators should follow appropriate sampling protocols in this
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book as well as in reputable publications, such as the new edition of AIHA’s Field

Guide for the Determination of Biological Contaminants in Environmental

Samples.6 A false negative may result from collecting the sample in the wrong

location, using the wrong sampling method, insufficient sample volume, the use

of inappropriate media and/or incubation conditions, limitations in the sample hand-

ling techniques, storing and transporting samples in extreme conditions, misidenti-

fication, or others. If the sampling protocol is not specifically designed to culture

particular fungi, it is not prudent to conclude that the fungus is absent solely on

the basis of limited air samples, especially when one is concerned with pathogens

in healthcare facilities or cleanrooms. If a laboratory has a sound quality assurance

and quality control program and carries it out according to the program, the chance

of laboratory false positives and negatives is minimal.

Competition and Interference Among Fungi. The presence of fast growing and

aggressive fungi often results in underestimation of both the diversity and the abun-

dance of the sampled fungal population. For example, if Fusarium, Mucor, Rhizo-

pus, or Trichoderma are reported on MEA, chances are that the growth of other

fungi (e.g., Aspergillus versicolor or Eurotium) were suppressed or masked, and

were not detected even if viable spores were present. This further highlights the

importance of using a more limiting medium along with the primary medium.

Source of Contamination. The ability to provide species information is an import-

ant advantage of culture analysis and should be used properly. Data of culturable air

samples accompanied by surface samples and careful visual inspections may

provide a better chance of identifying the source of growth and/or contamination

in relation to the air quality. Indoor growth of Aspergillus, Penicillium, Stachybo-

trys, and other indicator fungi of water-damaged environments warrants a risk

assessment, which usually requires further investigation. Knowing what may be

present in an air or dust sample of a normal building will also be helpful.29

Pathogenic Fungal Species. Data on a culture-based analytical report confirm

both the presence and viability of the fungal spores that were detected. While detec-

tion of airborne viable spores does not necessarily confirm indoor growth, the pre-

sence of potential pathogens at even low concentrations may cause concern in a

building occupied by people with diverse health conditions. Examples of pathogenic

fungi include certain Aspergillus species (e.g., A. fumigatus, A. flavus, A. terreus),

Cryptococcus neoformans, Fusarium verticillioides, Histoplasma capsulatum,

Trichophyton spp.30,31 Some indoor fungi may have multiple health implications

on humans, including Aspergillus versicolor, Stachybotrys chartarum.32

5.8. LABORATORY QUALITY ASSURANCE

To ensure the quality of data, the laboratory must have a quality assurance–quality

control (QA/QC) program and should comply with QA/QC policies of the labora-

tory as well as those of accreditation agencies. In addition to general requirements,
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quality control of culture analysis should have at least the following specific com-

ponents: (1) quality control of regent water, media, and other consumables used

for plating; (2) calibration and regular check of instrumentation such as analytical

balances and pipettes; (3) calibration and maintenance of biosafety cabinet, incu-

bator, refrigerator, and autoclave; (4) daily temperature check of incubator and

refrigerator; (5) use of HEPA-filtered workstations during analysis to avoid contami-

nation of the laboratory; (6) regular check of the airborne spores in the laboratory;

(7) positive and negative controls performed with each batch of culture or sample

preparation; (8) maintenance and use of reference culture collections whose identi-

fication has been confirmed by a reliable source; (9) qualification and training of

analysts; and (10) interanalyst, intraanalyst, and intralaboratory quality control as

well as proficiency testing.

Among the quality assurance measures mentioned above, the importance of

having a competent analyst perform fungal identification should be emphasized

because of the nature of the morphology-based culture analysis. In addition, the

use of a reference culture collection of correctly identified fungi that are relevant to

IAQ investigations is beneficial for training of the analyst and for quality assurance.
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CHAPTER 6

AIRBORNE BACTERIA IN INDOOR
ENVIRONMENTS

LINDA D. STETZENBACH

6.1. INTRODUCTION

Bacteria occur naturally in the environment. When environmental and nutritional

conditions are favorable, bacteria will colonize and grow on virtually any surface

and in most liquids. Bacteria become airborne as a result of dispersal from a site

of colonization and growth. The presence of bacteria in the air and on surfaces

indoors may result in human health concerns for building occupants. It is a

complex task to assess the populations and concentrations of airborne bacteria

that may impact the indoor environment and the health of building occupants.

This chapter discusses factors that affect bacterial presence and growth in indoor

environments, lists selected adverse health effects that may result from exposure

of building occupants, and details some analytical methods for monitoring airborne

and surface-associated bacteria indoors.

6.2. BACTERIAL AEROSOLS

Bacterial aerosols can include cells, cellular fragments, and byproducts of meta-

bolism present as particulate, liquid, or volatile organic compounds.1 A variety of

activities can result in the generation of bacterial aerosols indoors, including

operation of heating–ventilation–air-conditioning (HVAC) systems, hot-water

systems, and water spray devices (e.g., showerheads, humidifiers).2 Talking and

coughing generate aerosols with concentrations of 104–105 droplets/m3 of air.3

Manufacturing practices and biofermentation procedures generate additional

bacterial aerosols in industrial workplace environments,4 medical5,6 and dental

procedures,7,8 and patient care activities9 generate aerosols in healthcare facilities.
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6.3. SELECTED BACTERIA-ASSOCIATED HEALTH EFFECTS

Numerous Gram-positive bacteria are present in air, and bacteria shed from humans

are seldom harmful to others,10 but high ratios of airborne bacteria indoors compared

to levels found outdoors have been used as indicators of high occupancy rate, poor

ventilation, or inadequate building maintenance.11 The bacterial pathogens,

bacterial byproducts, and environmental bacteria associated with water-damaged

building materials and associated fungi are different from common human-source

bacteria.12

Bacterial pathogens are capable of causing severe disease following inhalation

exposure, and this is the primary route of exposure to bacterial aerosols for building

occupants. However, ingestion and dermal contact with airborne bacterial cells also

results in exposure. Approximately 10 m3 of air per day are inhaled by the average

human13 with the larger particles lodged in the upper respiratory tract (nose and

nasopharynx) and particles ,6 mm in diameter being transported to the lung. The

1–2-mm particles have the greatest retention in the alveoli of the lungs.

Infectious Mycobacterium tuberculosis,14 nontubercal mycobacteria,15 and

M. leprae16 are associated with severe illness following inhalation exposure. The

airborne transmission of M. tuberculosis from infected people occurs during cough-

ing, talking, speaking, laughing, and sneezing.17 Nosocomial M. tuberculosis infec-

tions have been reported in healthcare facilities resulting from aerosols generated by

the operation of suctioning instruments during treatment, manipulation of tubercu-

losis ulcers, drainage of necrotic tissue, and exposure during autopsy.6 Inflammatory

responses in mouse lung have been reported from laboratory experiments with

M. terrae that was isolated from a water-damaged building,18 and respiratory infec-

tion in immunocompromised patients has been linked to exposure to the M. avium

complex, which is commonly isolated from soil, water, and the air.19

Inhalation exposure to Legionella pneumophila, a vegetative Gram-negative

bacterium that is ubiquitous in freshwater environments worldwide,20,21 can result

in severe pneumonia termed Legionnaires’ disease. This disease was first reported

following the outbreak of respiratory illness among American Legion conventio-

neers in Philadelphia in 1976.22An estimated 10,000–15,000 cases of Legionnaires’

disease per year are reported in the United States.23 However, L. pneumophila is not

the only Legionella bacterium that is pathogenic, and Legionnaires’ disease is not

the only result from inhalation exposure. Nineteen other Legionella species are

also human pathogens,24 and the disease Pontiac fever, a mild flulike syndrome,

is attributed to the inhalation of Legionella that cannot replicate in host tissue.25,26

Mechanical air-conditioning systems with water spray components, cooling

towers, and aerosol-generating water devices (e.g., showerheads, faucets, whirlpool

tubs, decorative fountains, humidifiers) are all associated with Legionella exposure,

but no human–human transmission has been documented.25 Other airborne Gram-

negative bacteria including Escherichia coli, Pantoea (Enterobacter) agglomerans,

Pseudomonas spp., Alcaligenes faecalis, and Acinetobacter spp. are associated with

human exposure and resulting disease. These and other Gram-negative bacteria are

commonly isolated in cow barns, pig houses, and poultry barns,27 wastewater
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treatment plants,28–31 recycling facilities,32 and other industrial facilities.33 These

bacteria can cause a variety of health problems, especially to the young, elderly,

and immunocompromised persons.

Endotoxin is a component of the Gram-negative bacterial cell wall that is released

during active cellular growth and after cell lysis.34 Endotoxins are biologically

active materials that affect cellular and humoral mediation systems,34 and these

materials can affect many organ systems.35 Endotoxin exposure is a health

concern in occupational settings such as cotton processing and agricultural facilities

with high concentrations of organic dusts,36 industrial environments with water

spray components (e.g., machining fluids),37 and in indoor environments with

humidified mechanical air-conditioning systems.38,39 In residential settings, the

presence of dogs, moisture, and settled dust increases the likelihood of occupant

exposure to airborne endotoxin.40

A report by the Institute of Medicine12 lists environmental bacterial genera iso-

lated from studies of moldy building materials including Acinetobacter, Bacillus,

Flavobacterium, Nocardia, Streptomyces, and Thermomonospora, and it states

that additional studies are needed to elucidate connections between exposure and

health effects.

Staphylococcus spp. and Micrococcus spp. are non-endospore-forming bacteria

that are commonly dispersed into the air from the skin, oral and nasal surfaces,

and hair of humans.41 These organisms are associated with increases in nosocomial

infections in healthcare settings,42 including in-home care and assisted-living

environments.

Although they resemble fungi in their production of mycelia and dry spores,

Actinomycetes are filamentous non-endospore-forming Gram-positive bacteria.43

Actinomycetes are atypical in nonproblem buildings, but they are associated water-

damaged buildings and illness of occupants.44 They are also found in association

with numerous fungi that colonize building materials and furnishings following

water intrusion with concentrations of �104 CFU/m3 of actinomycetes reported

during repair of damaged structures.45,46

Infectious and toxigenic biological agents released in aerosols indoors as an act of

bioterrorism may result in severe illness.47,48 The Centers for Disease Control and

Prevention (CDC) stated that attacks with biological agents are most likely to be

covert with diagnosis of illness due to the occurrence terrorism only after infectious

disease has spread via person-to-person contact.49 Therefore, investigation of

contaminated indoor environments may be delayed, thereby complicating the moni-

toring of suspected indoor environments.

6.4. ANALYSIS OF SAMPLES FOR AIRBORNE BACTERIA

The concentrations of airborne bacteria are determined by volumetric air

sampling,11 but air sampling alone does not verify that an area is free of biological

contamination.50Airborne cells settle onto surfaces and may not be present in the air

at the time of sampling, although they are reaerosolized during routine activity.51,52
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Therefore, surface sampling in conjunction with air sampling assists in determining

areas of contamination, identifying the source of biocontamination, and determining

the effectiveness of remediation.50,53 Discussion of air and surface sampling is

presented in other chapters of this book. The following material focuses on analysis

of surface and air samples for bacteria. Agar-based impaction sampling methods are

limited to culture analysis. Culture methods require that the bacterial cells be viable

and culturable at the incubation conditions and on the growth medium selected. This

can be problematic as no agar formulation can culture all bacterial cells.53 For

example, a series of media amended with antibiotics and growth factors are

needed for the isolation and identification of Legionella pneumophila.25 Mycobac-

terium species are also difficult as many of them require extended incubation

time. Resuscitation may be needed for stressed organisms.54

All agar impaction have upper and lower limits of quantitation as no dilution or

concentration of the sample is possible. For example, the Andersen single-stage

impactor sampler operated at the manufacturer’s recommended flowrate of

28.3 L/min operated at a sampling time of 2 min results in a lower limit of detection

(LDL) of 18 colony-forming units (CFUs) per cubic meter of air. The upper limit of

quantitation for the Andersen single-stage impactor sampler under these conditions

is 104 CFU/m3 of air. Altering the flowrate or sampling time may reduce the LDL or

increase the upper limit of quantitation of impactor samplers, but particle bounce,55

insufficient embedding of cells into the collection medium, and increased injury to

bacterial cells56 can be a problem when flowrates are altered. In situations where the

aerosol concentration is high, overloading of the agar surface by impaction of too

many cells can result in colony masking.57 In addition, agar collection methods

that utilize multiple-jet impaction (e.g., Andersen impactor samplers, SAS Bio

Samplers) for collection of cells have manufacturer’s recommended positive hole

corrections to account for the likelihood that multiple cells may pass through the

same collection hole and settle onto the same place on the agar surface.53,58 The

correction factor increases as the number of colonies collected on the agar surfaces

increases, thereby magnifying uncertainty in the measurement.59

The same concerns for culturability and incubation conditions described above

for agar-based collection apply to air samples collected by impingement into

liquid. However, because the bacterial aerosol is collected into liquid, analysis

can also be performed using analytical chemistry and/or molecular biology. A

variety of microscopy techniques, chemical methods, spectrometry, and flow cyto-

metry can be used to identify and enumerate airborne cells and their components.60

Many of these are used for atmospheric aerosols and are not practical for routine

indoor air quality monitoring.

Light scattering spectrometry is applicable for monitoring of bacterial aerosols

indoors, and this method results in rapid counting of bacterial cells in liquid.61

Chemical assays for muramic acid, peptidoglycan, and fatty acids are also applicable

and are used to detect markers of bacterial cells and endotoxin.62,63 Limulus amebo-

cyte lysate assays have been widely used for endotoxin analysis.64 The data are

expressed as endotoxin units (EU) or nanograms of endotoxin per cubic meter of

air with one EU equivalent to 0.10 ng of a reference standard,65 but variations in
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extraction efficiency and the protocols for analysis result in differences in the results

reported.66 Immunoassay and radioimmunoassay methods are used to detect specific

antigens. Fluorescence immunoassay incorporates a fluorescently labeled antibody

and radioimmunoassay utilizes an antibody linked with a radioactive label. The

availability of specific and sensitive antibodies to the bacteria of interest limit the

use of immunoassay. Therefore, these techniques are being considered for monitor-

ing of biothreat agents67 rather than used for monitoring airborne bacteria in

water-damaged buildings. Flow cytometry incorporates the use of a target-specific

fluorescent probe and a laser beam.67 Lange et al.68 utilized this technique when

monitoring airborne bacteria in swine confinement buildings, finding that the

results were comparable to microscopic analysis, and Zollinger et al.69 used flow

cytometry to monitor airborne bacteria in indoor prefermentation grape processing.

Polymerase chain reaction (PCR) amplification and quantitative PCR (QPCR) pro-

vides enhanced detection and rapid identification of specific airborne and

surface-associated bacteria.50,70–72 These molecular techniques require primers

and probes that target unique gene sequences and specific amplification conditions

for detection of the microorganism of interest, and confirmation of their specificity

and sensitivity in laboratory studies. Internal controls and rigid quality control are

also necessary to minimize reporting of false negatives due to environmental inter-

ference caused by other microbial DNA, background particulate, and other

confounders.

6.5. SUMMARY

Exposure to bacterial aerosols may cause adverse human health effects prompting

the desire to monitor indoor water-damaged environments. Monitoring for bacteria

requires selection of appropriate analysis methods to determine the concentration

and population of cells and their components. Interpretation of the data remains

difficult as insufficient data are available to formulate an association of bacterial

aerosols with occupant health, and studies directed to dampness and bacterial

exposure indoors are needed.12
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CHAPTER 7

GENETICS-BASED ANALYTICAL
METHODS FOR BACTERIA AND
FUNGI IN THE INDOOR
ENVIRONMENT

RICHARD A. HAUGLAND and STEPHEN J. VESPER

7.1. INTRODUCTION

Since the mid-1980s, advances in high-throughput sequencing technologies have led

to a veritable explosion in the generation of nucleic acid sequence information.1

While these advances are illustrated most prominently by the successful sequencing

of the human genome, they have also factored heavily in our current knowledge of

nucleic acid sequences from a variety of microorganisms. Concurrent with this

growth in sequencing activity has been the development of a variety of techniques

for the amplification and manipulation of nucleic acids. The combination of these

technologies is currently supporting a gradual shift away from the use of traditional

culture-based analyses for the detection and characterization of microorganisms and

toward the use of new analytical methods based on genetic composition, namely,

nucleic acids.2,3 This shift is evident in a number of fields, including the micro-

biological analyses of indoor environments.

Genetic analysis methods for bacterial and fungal microorganisms are presently

becoming increasingly widespread in their applications, not only in research settings

but also in clinical and environmental testing laboratories. Advantages of these

methods over culture and phenotypic analyses can include higher speed, sensitivity,

and accuracy in the detection and identification of microorganisms as well as better

resolution between similar organisms and an ability to detect noncultivatable or fas-

tidious organisms. Through their potential for automation, these methods also offer

the potential for less reliance on analyst training and decreased labor investments.

As will be discussed in more detail below, current limitations of many of these

genetic analysis methods can include ongoing uncertainty of the extent to which
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available sequence information circumscribes the genetic variability of different

target microbial groups, technical and quality control issues, and higher costs

related to expenditures for instruments and reagents. It is reasonable to expect,

however, that each of these limitations will decrease in the future, making genetic

microbial testing methods an increasingly attractive option for many clinical and

environmental applications.

Section 7.2 of this chapter provides an overview (with references for additional

reading) of currently available genetics-based analytical techniques that may be

useful for investigations of bacterial and fungal microorganisms in the indoor

environment. These techniques are grouped into four general categories: (1)

in vitro nucleic acid amplification, (2) hybridization probes, (3) nucleic acid sequen-

cing, and (4) microbial strain typing. Section 7.3 provides example applications of

techniques within each of these categories for the study of indoor microbiology.

Section 7.4 provides a synopsis of quality assurance issues and presently accepted

quality control measures for laboratories performing genetic analysis methods,

focusing primarily on methods involving nucleic acid amplification techniques.

Other current strengths and limitations of these methods and their outlook for the

future are also discussed in Section 7.5.

7.2. GENETICS-BASED ANALYTICAL TECHNIQUES

7.2.1. In Vitro Nucleic Acid Amplification

The purpose of in vitro nucleic acid amplification techniques is to increase the quan-

tities of total, or more commonly, specific nucleic acid segments present in small or

complex samples to sufficiently high levels to allow their detection by optical,

physical, and other methods and/or to allow their further manipulation. Another

category of techniques meets the objective of specific nucleic acid detection

through the amplification of probe signals or other indirect markers of target

sequences rather than the target sequences, themselves.4Detection and manipulation

of specific nucleic acid sequences has been integral to many advances in biological

research and testing in the present era. A salient example of this is the important role

that nucleic acid amplification techniques have played in the development of modern

nucleic acid sequencing methods.5,6 Nucleic acid amplification also forms the basis

for the majority of available genetic methods for detecting and characterizing micro-

organisms that are of interest in the indoor environment.

The earliest widely accepted technique for nucleic acid amplification was the

polymerase chain reaction (PCR),7 which was first practically demonstrated in

1985.8 Despite the emergence of numerous alternative amplification methods over

the years, the elegance and simplicity of this basic technique, combined with its

flexibility in accommodating numerous modifications for different purposes, and a

steady progression of readily available and easy-to-use instrumentation, have con-

tributed to the fact that PCR remains the most widely used technique for nucleic

acid amplification to this day.
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PCR uses a thermostable DNA polymerase to amplify a segment of target DNA

defined at each end by specific oligonucleotide primers. PCR typically consists of

three basic steps: (1) the reaction mixture containing polymerase, oligonucleotide

primers, deoxynucleotide triphosphates (building blocks of DNA), magnesium (a

necessary cofactor for polymerase activity), buffer constituents, and sample contain-

ing target DNA is heated to separate or denature the two strands of the DNA in the

sample; (2) the reaction temperature is lowered, allowing the oligonucleotide

primers to anneal to each of the separated single strands of the target DNA

segment; (3) the reaction temperature is raised, allowing the polymerase to extend

the primers to make complementary copies of both strands of the target DNA

segment. The primer annealing and extension steps are often performed at the

same temperature. Each repetition of these three steps is referred to as a thermal

cycle that theoretically results in a doubling of the amount of target DNA present

in the reaction. The number of thermal cycles required for a PCR application may

be dependent on the amount of target DNA present at the start of the reaction and

the number of amplified product copies—also referred to as amplicons—desired

for post-PCR detection or manipulation. Generally 30–50 thermal cycles are suffi-

cient to detect 100 or fewer target sequence copies in a reaction, and detection of a

single target sequence is possible.9,10

Taq DNA polymerase, which is isolated from the thermophilic bacterium

Thermus aquaticus, was the first enzyme used for the amplification of DNA in

PCR procedures. More recently a number of modifications of this enzyme, as well

as other DNA polymerases with similar properties, have become available. Import-

ant examples of these modified enzymes are the “hot start” DNA polymerases.11,12

These enzymes are inactive until a specified temperature is reached—usually greater

than the annealing temperatures of the primers. Use of hot-start enzymes reduces the

production of nonspecific amplification products by preventing the elongation of

primers that have nonspecifically annealed to the DNA sample during preparation

of the reaction mixture or prior to thermal cycling.

Oligonucleotide primers are essential components of PCR as well as most other

nucleic acid amplification techniques. These are normally synthetically prepared,

single-strand sequences of �16–27 nucleotides that are constructed to be homolo-

gous to nucleotide sequences flanking the DNA segment targeted for amplification.

Primer design often requires some prior knowledge of the sequence of the target

DNA region. This knowledge is ususally obtained from the sequencing of cloned

DNA fragments or products from nucleic acid amplifications using primers that

are highly conserved among different organisms (i.e., broad-range PCR—see

below). In a general sense, primer selection plays an important role in the efficiency

of amplification and hence the sensitivity of a method. A number of computer pro-

grams are available to aid in the determination of optimal annealing temperatures

and avoidance of intra- and intermolecular dimers and hairpin loop formations

that can decrease amplification efficiency. For detection of specific groups of micro-

organisms, such as species or genera, knowledge of the target sequence in as many

different isolates representing these groups as possible is important for obtaining

optimal test method sensitivity. Similarly, corresponding sequence information
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from related organisms that are not intended to be detected is important for the selec-

tion of PCR primers with the desired levels of specificity.13

As mentioned above, one factor contributing to the longevity and widespread use

of PCR in research and testing laboratories is its ability to be modified for different

applications. Some of the more widely used modifications of this technique have

included reverse transcriptase PCR (RT-PCR), nested PCR, multiplex PCR, broad-

range PCR, quantitative-competitive PCR, and genomic fingerprinting PCR

(Table 7.1). One of the most recent and perhaps significant modifications of this

technique is real-time PCR.

Real-time PCR is so named because it detects and reports amplification of target

nucleic acids as it occurs in the reaction.2 This feature provides important advan-

tages over the basic PCR technique by reducing analysis time and labor as well as

potential artifacts from contamination. A unique feature of real-time PCR is the

use of target sequence-homologous oligonucleotide probes labeled with two fluor-

escent dyes that report amplification based on fluorescence resonance energy trans-

fer (FRET) mechanisms.14

Several different probe and dye configurations have been developed for achieving

FRET-based reporting in the reactions, including hydrolysis probes,15 molecular

beacons,16 scorpion probes,17 and adjacent dual-hybridization probes.18 In each

case, the level of reported fluorescence is directly related to the amount of amplified

DNA. An alternative mechanism for detecting amplification is the use of intercalat-

ing dyes—most commonly SYBR Green I, which fluoresce in proportion to the

amount of double-stranded DNA products that have been generated by amplifica-

tion.19 This approach eliminates the need for designing internal hybridization

probes but can suffer from lower specificity since nonspecific amplification products

such as primer–dimers are also reported. The fluorescence generated by each of the

abovementioned mechanisms is detected by a fluorimeter that is coupled with the

TABLE 7.1. Modifications of the Basic PCR Technique for Different Applications

Modified Technique Application Reference

Reverse transcriptase PCR Amplification of RNA sequences 129

Nested PCR Two rounds of amplification with

different primers sets for

increased sensitivity and

specificity

130

Multiplex PCR Simultaneous amplification of

multiple target sequences in a

single reaction

131

Broad-range PCR Detection and/or sequence
analysis of new organisms using

phylogenetically conserved

primer sequences

132, 133

Quantitative–competitive PCR Quantification of target sequences 134

Genomic fingerprinting PCR Genetic typing of microbial strains See Section 7.2.4
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thermal cycling instrument to provide highly sensitive monitoring of amplicon

production as the reaction proceeds.

Another significant benefit of real-time PCR is its amenability to quantitative ana-

lyses of target sequences. Because of this widely used feature, a common synonym

of real-time PCR analysis is quantitative PCR or QPCR. The number of thermal

cycles required for the fluorimeter to initially detect a significant increase in fluor-

escence above background levels is inversely correlated with the log of the initial

target sequence concentration in the reactions over a dynamic range of up to

seven log units. Real-time data collection software calculates this cycle number

for each reaction as a noninteger value by interpolation of the significantly above-

background fluorescence value on the fluorescence growth curve of the reaction

and reports it as the cycle threshold (CT) value. Standard curves of CT values

from different known quantities of target sequences can be prepared and used for

the quantification of target sequences in unknown samples.19

Other more recently developed target sequence amplification techniques,

including the ligase chain reaction,20 strand displacement amplification,21,22 rolling-

circle amplification23,24 and several forms of transcription-based amplification,25–27

have been reviewed in detail elsewhere.4,28 Some of these techniques offer distinct

advantages compared to PCR such as isothermal cycling, which lowers instrumen-

tation costs. Others have also been applied to whole-genome amplification.29 While

these techniques are beginning to make significant inroads in clinical research appli-

cations, they have not yet been widely used for indoor environmental research or

testing. Similarly, several innovative signal amplification methods, including

branched DNA amplification,30 QB replicase,31,32 cleavage-based signal amplifica-

tion,33 and cycling probe technology,34 have been developed but have not yet been

widely employed in environmental studies.

7.2.2. Hybridization Probes

The earliest applications of genetic information for microbial identification and

characterization were by means of nucleic acid hybridization probes. While cur-

rently augmented or supplanted by nucleic acid amplification techniques in many

instances, direct hybridization with oligonucleotide, gene length, and whole-genome

probes continues to be an important tool. In clinical laboratories this technique

is widely used as a confirmatory tool for the identification of cultured microbial iso-

lates, and a number of kits are commercially available for important bacterial and

fungal pathogens.35 Another extensively used application of direct hybridization

analysis has been the identification or characterization of microorganisms in situ

within clinical and environmental samples using fluorescent labeled probes referred

to as FISH (Fluorescence in situ hybridization).36 FISH techniques typically target

sequences within ribosomal RNA molecules because of their taxonomic and phylo-

genetic information and also their naturally high abundance in microorganisms.

Hybridization of target nucleic acid sequences with probes can be performed

either in solution, in conjunction with various hybrid capture mechanisms, or with

the targets directly affixed to a solid support. The former technique facilitates the
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speed of analyses due to the relatively rapid kinetics of nucleic acid hybridization in

solution, whereas the latter is amenable to simultaneous testing of multiple samples.

A method for attaching various probes to differentially labeled fluorescent particles,

used in conjunction with flow cytometric analysis, has also been developed that

combines the more favorable aspects of both of these techniques.37 The use of

surface-localized probes has more recently entered into a new era with the advent

of microarray production technologies.38 These technologies allow the localization

of up to tens of thousands of probes on a single support and have formed the basis for

major recent advances in gene discovery and gene expression studies in selected

eukaryotic and prokaryotic organisms. Additional applications of this technology

are being directed toward the identification of microbial pathogens in clinical

samples39 as well as microbial community analyses.40 Technologies of this type

may be useful in indoor microbial analyses in the future.

7.2.3. Nucleic Acid Sequencing

Despite certain limitations, nucleic acid sequence analysis is generally accepted as the

most rigorous of all genetics-based microbial identification techniques and serves as

the underlying basis for most other methods. Improved standardization in the form

of commercially available amplification and sequencing kits such as the MicroSeq

500 16S rDNA kit for bacteria and the MicroSeq D2 LSU rDNA kit for fungi

(Applied Biosystems, Foster City, CA) have lead to the increasing use of nucleic

acid sequencing as a diagnostic test for pathogen identification or confirmation in

larger clinical laboratories. These tests are directed predominantly at sequences of

the ribosomal RNA genes for which the largest reference databases from known organ-

isms are currently available through organizations such as the National Center for Bio-

technology Information (http://www.ncbi.nlm.nih.gov), the Ribosomal Database

Project (http://rdp.cme.msu.edu/index.jsp), and various commercial sources. The

small subunit 16S ribosomal RNA gene is most commonly used for bacterial identifi-

cation; however, for fungi, sequencing of the 28S large subunit RNA gene has moved

forward because of its higher content of variable sequence regions that can be used

for discrimination of different species. As with nucleic acid amplification and

hybridization-probe-based tests, limitations of this technique exist in dealing with

intraspecific nucleotide sequence variability that may not be represented by existing

sequence reference databases and also with the lack of sequence variability in some

instances between closely related species. Sequencing of other, more variable genes

has been used in some instances to obtain greater levels of taxonomic resolution.

Another limitation of this technique stems from the lack of generally accepted stan-

dards for determining the percentage of sequence identity within a single gene that con-

stitute a species.41 Despite these limitations, several studies have demonstrated a high

success rate by this technique in correctly identifying fungal (particularly yeasts) and

bacterial isolates from clinical sources, including a number of isolates that have been

refractory to conventional identification methods. Another advantage of sequence

analysis is that its ongoing use should continue to fortify existing sequence reference

databases,42 which will presumably further increase the success rate of future identifi-

cations made by this technique.
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7.2.4. Microbial Strain Typing

Strain typing is used for the discrimination or recognition of similar or different cul-

tured microbial isolates within a given genus or species. Analyses falling within this

category have proved to be a valuable tool in a variety of arenas, including medicine,

agriculture, industry, and environmental monitoring. The traditional use of phenotypic

characteristics for this purpose has now largely given way to a variety of molecular

genetic techniques. Currently, the most widely accepted of these techniques involves

restriction endonuclease cleavage of the whole genome with rare-cutting enzymes,

followed by separation of the resulting large DNA fragments by pulsed field gel elec-

trophoresis.43 The number and size distribution of these fragments is commonly

referred to as a “fingerprint” and is normally characteristic for different strains.

Another widely used fingerprinting technique is ribotyping, which is based on the

number and size distribution of restriction endonuclease-digested ribosomal DNA

fragments that are detected on an electrophoretic gel blot by hybridization with a

labeled total ribosomal DNA–specific probe.44 As with other microbial identifi-

cation methods, many newer approaches to microbial strain typing utilize nucleic

acid amplification techniques such as PCR. Included among these PCR-based

genomic fingerprinting methods are several variations of the random primed PCR

technique45–47 and amplification of a number of different repetitive DNA elements

present in microbial genes such as the characteristic REP, ERIC, and BOX elements

in many bacterial species48,49 and mini- and microsatellite sequences in both bac-

teria and fungi.50,51 Another PCR-based genomic fingerprinting approach that is

being increasingly used because of its repeatability, high resolving power, and appli-

cability with both bacteria and fungi is the amplified fragment length polymorphism

(AFLP) technique.52,53 A number of additional microbial typing methods based on

PCR amplification, nucleic acid fingerprinting, and various physical properties of

the amplicons have been developed, including single-strand conformational poly-

morphism analysis, temperature and gradient gel electrophoresis, and terminal

restriction fragment length polymorphism analysis.54 Because of problems in com-

paring data between different laboratories and over time, there is a growing call for

the augmentation or replacement of the image-based fingerprinting techniques

described above. Newer approaches such as multilocus sequencing avoid these pro-

blems and are increasingly being used for microbial typing as well for basic research

studies of microbial evolution.55–57

7.3. APPLICATIONS OF GENETICS-BASED METHODS FOR

INDOOR MICROBIOLOGICAL ANALYSES

7.3.1. Detection of Pathogenic, Allergenic, and Toxigenic

Bacteria and Fungi Using Nucleic Amplification and

Hybridization Probe Techniques

Genetics-based methods for the detection of pathogenic microorganisms have been

most widely developed and applied in clinical settings for the diagnosis and manage-

ment of infections.58,59Normal indoor environments are not considered as reservoirs
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for microbial pathogens and therefore are not ordinarily monitored for these organ-

isms. A notable exception is the specialized indoor environments of hospitals and

hospital intensive care units. In these settings, monitoring for the occurrences of

common and/or readily disseminated opportunistic pathogens is both warranted

and often practiced, due to the increased infection risks posed by these organisms

to immunocompromised and immunosuppressed patients.60,61 PCR methods for

detecting a number of microbial pathogens with the abovementioned characteristics

in different environmental samples have been reported (Table 7.2). Molecular tests

of this nature may often be more desirable in hospital monitoring situations than tra-

ditional culture-based detection methods because of their relatively short turnaround

times of 1–2 days or less. Some relevant pathogens that cannot be presently culti-

vated, such as Pneumocystis juroveci, can be detected in environmental samples

only by tests such as these. More specific applications of direct PCR based detection

methods have included the identification of environmental reservoirs for pathogens

in hospital settings62–66 as well the monitoring of airborne pathogens originating

from infected patients.67–72

Additional special situations requiring the detection of pathogenic microorgan-

isms in indoor environments involve instances of real or threatened acts of bioterror-

ism. The need for rapid and sensitive methods for detecting bioterrorism agents in

buildings was amply illustrated by the series of anthrax attacks that occurred in

2001. PCR-based tests for a wide range of highly infectious bacteria and viruses

that are considered to be the most likely agents in potential future attacks have

been developed.73 Application of the PCR testing technique for direct air and

surface monitoring following the 2001 attacks revealed some limitations in sensi-

tivity compared with culture analysis; however, it proved to be highly useful for con-

firmatory analyses of suspected B. anthracis colonies isolated by culture.74

TABLE 7.2. PCR Methods for Detection of Different Pathogenic Microorganisms

in Environmental Samples

Organism(s) Detected Analysis Method Sample Type Reference

Asperillus fumigatus Real-time PCR Air 135

Pathogenic Candida Real-time PCR Water 90

Bordetella pertussis PCR Air 67

Pathogenic Fusaria PCR Not reported 136

Legionella pneumophila PCR Air 137

Legionella pneumophila PCR Water 138

Legionella pneumophila Nested PCR Water 62

Legionella pneumophila Real-time PCR Water 66, 139

Methicillin-resistant bacteria PCR Surfaces 140

Mycobacterium tuberculosis PCR Air 69, 71, 72, 141

Pneumocystis juroveci

(formerly P. carinii)

PCR Air 70, 142, 143

Pneumocystis juroveci PCR Dust 144

Pathogenic Zygomycetes PCR Not reported 145, 146
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The possible roles of indoor fungi and bacteria as causative agents of a variety of

residential and occupational building-related health complaints have also received a

heightened amount of attention.75,76 Deleterious health effects other than infection

that are known or suspected to be associated with excessive exposures to certain

fungal or bacterial groups include allergic responses such as inflammation, rhinitis,

hypersensitivity pneumonitis, and asthma as well as a wide range of toxicoses.77–80

Despite the widespread concern and an abundance of anecdotal case reports, cause–

effect associations between specific exposures to indoor microorganisms and many

of these illnesses are still considered to be unproved at this time.81 PCR-based

methods can provide several advantages over the normal culture/microscopy-based

methods currently in use for the detection and quantification of general or specific

groups of indoor microorganisms.13,82–86 These methods may aid in the further

demonstration of associations between specific microbes in the indoor environment

and illnesses.87

Other practical applications of indoor dust sample analyses employing the real-

time PCR technique have been reported for the characterization of normal and

water-damaged buildings, based on the mold and bacterial populations

present.83,87,88 A number of environmental sampling and sample preparation

methods have been developed and evaluated to support PCR and other genetics-

based analyses of diverse indoor microorganisms65,86,89–95 (see also Table 7.2).

In addition, specific PCR primer sets and probes for a large number of species

or phylogenetic groups of common indoor microorganisms are now available
13,82,83,96–100 (see also Table 7.2). While thus far employed primarily for agricultural

and food testing applications, PCR primer sets and probes for genes involved in

fungal toxin production and their RNA transcripts are also becoming available

and should see increased use in the arena of indoor environmental analysis.101–104

An issue that often arises in PCR analyses is related to viability of the detected

organism. Although any detection of a pathogen’s DNA may warrant concern,

often it is more useful to know whether the organism is viable. Various approaches

have been used to detect viability by real-time PCR methods, including the use of

reverse transcriptase PCR to detect short-lived messenger RNA targets. One of

the newer approaches has been the use of the intercalating dye ethidium monoazide

(EMA).105,106 Exposure of a mixture of viable and nonviable Campylobacter jejuni

to EMA in combination with photoactivation resulted in a procedure by which real-

time PCR could be used to quantify only the viable cells. Testing of this approach

with a wide variety of organisms in different environmental matrices may establish

whether it is generally useful.

7.3.2. Microbial Strain Typing and Identification by Nucleic

Acid Sequencing

As with genetics-based detection methods, the most widely employed uses of

genetic strain typing and nucleic acid sequencing have been for the identification

of microbial isolates from hospital environments. Analyses of this nature most com-

monly address the question of whether nosocomial infections have originated from
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the physical hospital environment as opposed to their spread from other patients or

caregivers, or from latent community-acquired organisms already carried by the

patients. This information is used in turn to determine the best measures for control-

ling exposures to other patients by the infectious organisms. A number of studies

have successfully used molecular strain typing techniques to link nosocomial bac-

terial and fungal infections with air, water, and other specific reservoirs within hos-

pitals.107–118 In other studies, however, difficulties with this approach have been

reported. Some of these difficulties have been attributed to a high degree of

genetic diversity in certain commonly encountered species such as Aspergillus fumi-

gatus.119,120 This diversity can necessitate the testing of extensive numbers of

environmental isolates with still no assurance of ultimately establishing the source

of infection. Selection of a typing method with an appropriate level of resolution

for the species under investigation, specifically, low resolution for species with

high levels of genetic diversity and high resolution for species with low levels of

genetic diversity, can increase the likelihood of successful source identification.

While applications of molecular typing techniques and DNA sequencing for the

identification of microorganisms in general indoor environments are fairly limited to

date, several studies have demonstrated the usefulness of these approaches for char-

acterizing indoor populations of selected opportunist and nonpathogenic fungal and

bacterial groups with potential health implications.121–123 More studies of this

nature would undoubtedly facilitate the development of new and potentially more

sensitive primer sets and probes for the direct detection of additional microbial

groups that may be of interest in indoor environments.

7.4. QUALITY CONTROL/QUALITY ASSURANCE AND

OTHER CHALLENGES

It is well recognized that genetics-based microbial detection, identification, and

characterization methods can pose unique challenges that must be addressed to

ensure acceptable data quality. PCR and other techniques employing nucleic acid

amplification are particularly susceptible to both false-positive results, namely,

detection of target sequences when none are present in the original sample, and

false-negative results, specifically, nondetection of target sequences when they are

present in the original sample. These factors represent the largest technical limit-

ations to the use of nucleic acid amplification techniques in clinical and environ-

mental testing laboratories.

False-positive results are generally associated with laboratory contamination by

target nucleic acids either from the natural environment or from amplicons gener-

ated by previous analyses. Consistent avoidance of these problems generally

requires strict adherence to a number of control measures including personnel

training, protective clothing, laboratory design, and workflow procedures that

have been reviewed previously.124–126 Several methods have been developed for

the inactivation of PCR amplicons from previous analyses, but these do not elim-

inate the need for the more general control practices referred to above. In
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association with these practices, negative control samples should be prepared and

analyzed in parallel with each set of test samples to confirm the efficacy of these

practices.

False-negative results can be associated with poor assay (i.e., primer and/or
probe) design, poor reagents, poor recovery of target nucleic acids from the

sample matrix, or, most commonly, the presence of inhibitory compounds in

the samples analyzed. Inhibitory compounds most often originate from the original

sample matrix but may also be introduced during sample preparation. The first step

in addressing false-negative problems is to develop validated sample preparation

and analysis procedures that define the expected performance of the overall

method. Positive control samples should be prepared and analyzed in parallel

with each set of test samples to confirm the efficacy of these sample preparation

and analysis procedures. Since these external positive controls may not detect the

influences of specific sample matrices on the outcome of the analyses, however, a

common practice is to also include analyses of positive control sequences that are

added both prior to and after preparation of the samples. General guidelines for

the development and effective use of positive control sequences that can be

distinguished from the target sequences in the analyses have been reported.127,128

Another challenge faced by nucleic acid amplification–based microbial detection

techniques relates to the potential differences that can exist between the theoretical

and de facto sensitivities of analytical methods that incorporate them. While it is

known, for example, that the PCR technique has the capability to detect extremely

low numbers of nucleic acid target molecules in an analyzed sample, the need to

recover and concentrate these nucleic acids from microorganisms in large and/or
complex environmental samples down to the small volumes typically used for analy-

sis can present formidable problems.

Another major factor influencing the de facto sensitivity of the PCR technique is

the commonly encountered requirement of separating the recovered nucleic acids

from a wide range of potential PCR-inhibitory substances that may be coextracted

from environmental as well as other sample matrices.4 While considerable effort

has gone into the development of nucleic acid extraction and purification

methods, and an assortment of products are commercially available for these pur-

poses, the portions of extracted nucleic acid samples that are analyzed at one time

still often represent frequently only a small fraction of the total sample volume.

In addition, purification procedures that are intended to increase the fractions of

the extracted samples that can be analyzed without inhibition often tend to lower

the recovery efficiencies of the nucleic acids from the original samples.

Quantitative techniques such as real-time PCR present additional challenges in

terms of maintaining quality control and assurance.3 Paramount among these is

the absence of accurate and universally accepted quantitative standards and controls.

Added to this problem is the plethora of different reagent systems, platforms, and

often primer and/or probe assays that are used by different laboratories to analyze

for the same microorganisms. While strides toward the standardization and multilab

validation of test methods, reagents, and quantitative standards have been made for

the analyses of certain high-profile microbial and viral pathogens in the clinical and
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bioterrorism arenas, further work toward this goal is still needed for most environ-

mental analysis applications.

7.5. OUTLOOK FOR THE FUTURE

Despite technical problems that still persist, the use of genetics-based analytical

methods is already well established and is widely expected to play an increasingly

important role in clinical diagnostic microbiology and environmental microbiology

as well as other areas in the future. Further improvements and progress toward the

elimination of many of these technical problems will undoubtedly continue to occur.

Future progress in the development and use of molecular methods for indoor

environmental analyses, however, will likely occur only to the extent that they

demonstrate socioeconomic value. PCR analyses, for example, remain relatively

expensive and require major investments for instrumentation compared with cur-

rently used culture-based and microscopic analysis methods. Therefore, it is likely

that this and other nucleic acid–based testing methods will have to demonstrate a

value-added factor over the traditional methods. The groundwork for this has

already been established by the high speed, and potential for greater specificity, sen-

sitivity, and standardization that these methods possess. Studies using real-time PCR

analyses are currently being directed toward the development of rapid, standardized

approaches for predicting the water damage status of residential buildings as well as

for determining the associations between specific groups of microorganisms in

buildings and important illnesses such as asthma. Success in these efforts will

clearly provide an impetus for the continued development and more widespread

use of these methods.

(Note: The United States Environmental Protection Agency, through its Office of

Research and Development, partially funded and collaborated in the research

described here. It has been subjected to Agency review and approved for publication.)
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CHAPTER 8

WOOD IN THE BUILT
ENVIRONMENT—CONDITIONS
FOR MOLD AND DECAY

SUSAN E. ANAGNOST

8.1. INTRODUCTION

This chapter was written with the objective to answer the question “Why do fungi

grow on wood and wood products?” More specifically, when are conditions

within buildings conducive to the growth of wood-inhabiting fungi? Of most

concern are two types of fungi found in the built environment: molds and wood

decay fungi. Not only is the presence of mold in buildings that we inhabit unsightly;

mold can emit unpleasant odor (volatile organic compounds) and can cause allergic

reaction, infection, or other illness if inhaled, contacted, or ingested. Wood decay

fungi can also exist in buildings under conditions of high wood moisture content.

If left unchecked, decay fungi can cause significant destruction. The presence of

mold or wood decay fungi in buildings is often a sign of a serious moisture intrusion

problem.

Fungal spores are ubiquitous in air and settled on materials. However, certain

basic requirements must be met in order for these spores to germinate and

develop. Water, oxygen, and specific nutrients are essential and temperature can

limit growth if out of the optimal range. Nutrients include simple sugars, or more

complex compounds such as cellulose and hemicelluloses, and for white-rot

fungi, in addition, phenolic compounds including wood lignin. Food requirements

are easily met in wood or wood-based building materials.

8.2. MOLDS AND WOOD DECAY FUNGI

Many wood decay fungi (brown-rot and white-rot fungi) are in the taxonomic group

Basidiomycetes, while molds include Hyphomycetes, Coelomycetes, Zygomycetes,
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or Ascomycetes (Table 8.1). The group microfungi refers to fungi having small

(microscopic) sporocarps.1 Microfungi include molds, sapstain fungi, and wood-

decaying soft-rot fungi. When we talk about mold, we generally think of surface

contamination, in the form of discoloration, either on cellulose-based materials

like wood or wallpaper, or on dirt and organic debris that has accumulated on non-

organic surfaces such as paint. Fungi that cause mold growth may grow not only on

surfaces of building materials (Fig. 8.1) but also into porous materials such as wood

if there is sufficient moisture (Fig. 8.2). Certain mold fungi, such as Aureobasidium

TABLE 8.1. Fungal Taxonomic Groups that Contain Mold Fungi and

Wood Decay Fungi

Molds or Fungi Common Name Taxonomic Name

Molds — Hyphomycetes

— Coelomycetes

— Zygomycetes

— Ascomycetes

Wood decay fungi Brown-rot fungi Basidiomycetes

White-rot fungi Basidiomycetes

Soft-rot fungi Hyphomycetes, Coelomycetes,

Ascomycetes

Sapstain fungi — Ascomycetes

— Hyphomycetes

— Coelomycetes

Fig. 8.1. Surface mold on a ceiling beneath a water leak in the roof.
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pullulans, have the ability to grow into the parenchyma cells of wood, especially

sapwood, where the contents of the wood cells, such as simple sugars and starch,

support the growth of these fungi. It is generally assumed that molds will not

attack cellulose, hemicellulose, and lignin found in the wood cell wall; thus the

integrity of the wood remains unaffected. This is not always true, as many molds

have exhibited the capability to cause soft rot in laboratory tests2,3 (Fig. 8.3a,b)

and have been recovered from utility poles with soft-rot damage.4,5 Soft rot is a

type of wood decay characterized by the formation of diamond-shaped cavities in

the wood cell wall (Fig. 8.3a). Soft-rot fungi appear to tolerate high moisture

levels, and soft rot is typically found in wood exposed outdoors, often in soil

contact on structures such as utility poles, cooling towers, decks, and window

sills. In relative terms it is a slow decay, characterized by a gradual erosion of

wood surfaces that are exposed to moisture, such as utility poles in contact with

soil. In a typical indoor environment significant deterioration by soft-rot fungi

will be minimal, although the occurrence of soft-rot fungi in indoor air is very

common. Soft-rot fungi include such ubiquitous species as Alternaria alternata

and some species of Aspergillus, Penicillium, and Cladosporium.2,5,6

The wood decay fungi of greater concern in buildings, the brown-rot fungi and

white-rot fungi, are in the taxonomic group Basidiomycetes. A large number of iso-

lates of Basidiomycetes (870) were recovered from air samples taken within 74 of

103 homes sampled in Syracuse, New York,7 and may be an important, yet often

overlooked, factor in indoor air quality. Recovery of high indoor levels of basidio-

spores relative to outdoors may be an indication of a moisture or decay problem

Fig. 8.2. Growth of Aureobasidium pullulans into the parenchyma cells of wood; this “mold”

fungus discolors wood, but does not cause wood decay (bar ¼ 50 mm).
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within a building. At 5–10% weight loss from decay fungi, strength properties can

be reduced from 20% to 80%, depending on the type of decay and the strength prop-

erty measured.8

8.3. MOISTURE REQUIREMENTS FOR GROWTH OF MOLDS

AND WOOD DECAY FUNGI

Excess moisture is the single most important factor that will ensure the growth of

fungi in buildings. Although food sources for fungi are abundant in most buildings

and include materials such as wood and wood-based composite products (Table 8.2),

without sufficient moisture, fungi will fail to grow. In any climate the possibility for

molds or wood decay fungi to grow and even thrive exists when a problem occurs in

a building that allows excess moisture to accumulate. Typical indoor ambient con-

ditions of relative humidity and temperature limit or prohibit the growth of many

species of fungi, especially wood decay fungi. However, xerophilic molds prefer

dryer conditions and can grow at ambient, although high, relative humidity con-

ditions. Xerotolerant fungi, typically molds, have the ability to tolerate such drier

conditions. Thus, in some locations, such as the southeastern United States or

other locations where high relative humidity and temperature conditions exist, the

Fig. 8.3. (a) Soft-rot diamond-shaped cavities in the S2 layer of the wood secondary cell wall

of yellow birch caused by Phialophora melinii (bar ¼ 20 mm); (b) soft-rot cavities in a cross

section of southern pine caused by the fungus Alternaria alternata (bar ¼ 20 mm). (Figure 3b

reprinted from Wood Microbiology, R. A. Zabel and J. J. Morrell, page 187, copyright 1992,

with permission from Elsevier.)
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growth of mold will occur under ambient conditions. Also, in cases where tempera-

ture gradients exist, condensation can occur when moist, warm air contacts a cooler

surface, thus providing an environment conducive to mold growth.

8.4. WATER AND WOOD—RELATIVE HUMIDITY VERSUS

MOISTURE CONTENT

With regard to wood and decay or mold conditions, there are two ways to express

moisture as it exists in buildings: relative humidity (RH) and moisture content

(MC). Relative humidity is an expression of the amount of water vapor in air,

while moisture content is the weight percent of water within a material, in this

case wood. Relative humidity is the percent of moisture in air, expressed as

RH ¼ 100(p/p0), where p equals the actual amount of water present in air and p0
equals the maximum water vapor that the air could hold at the same temperature.

Wood moisture content is the percent of water in wood expressed as a percent of

the oven-dry weight of wood or [(weight of wood in the wet condition2weight

of oven dry wood)/weight of oven-dry wood] in percentage.9 In normal indoor

ambient conditions, wood moisture content is low, generally below 20%

(Table 8.3) and is constantly striving toward equilibrium with the surrounding air.

At wood moisture content below the fiber saturation point (FSP), the relative humid-

ity of the surrounding air controls wood moisture. Below FSP (below 20–30% MC)

TABLE 8.2. Common Building Materials

Wood-based building materials

Wood lumber

Surface-treated wood

Preservative-treated wood

Laminated wood

Parquet

Cork

Plywood boards

Fiberboard

Sawdust insulation

Cellulose insulation

Paper

Wallpaper

Non-wood-based building materials

Gypsum board [CaSO4–2(H2O), hydrated calcium sulfate]

Ceramics

Paints and glues

Plastics

Wood adhesives

Concrete
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TABLE 8.3. Calculated Moisture Contenta of Wood at Various Temperature and Relative Humidity Levels

Relative

Humidity (%)

Ambient Air Temperature (8F)

30 40 50 60 70 80 90 100 110 120 130

5 1.4 1.4 1.4 1.3 1.3 1.3 1.2 1.2 1.1 1.1 1.0

10 2.6 2.6 2.6 2.5 2.5 2.4 2.3 2.3 2.2 2.1 2.0

15 3.7 3.7 3.6 3.6 3.5 3.5 3.4 3.3 3.2 3.0 2.9

20 4.6 4.6 4.6 4.6 4.5 4.4 4.3 4.2 3.0 3.9 3.7

25 5.5 5.5 5.5 5.4 5.4 5.3 5.1 5.0 4.9 4.7 4.5

30 6.3 6.3 6.3 6.2 6.2 6.1 5.9 5.8 5.6 5.4 5.2

35 7.1 7.1 7.1 7.0 6.9 6.8 6.7 6.5 6.3 6.1 5.9

40 7.9 7.9 7.9 7.8 7.7 7.6 7.4 7.2 7.0 6.8 6.6

45 8.7 8.7 8.7 8.6 8.5 8.3 8.1 7.9 7.7 7.5 7.2

50 9.5 9.5 9.5 9.4 9.2 9.1 8.9 8.7 8.4 8.2 7.9

55 10.4 10.4 10.3 10.2 10.1 9.9 9.7 9.5 9.2 8.9 8.7

60 11.3 11.3 11.2 11.1 11.0 10.8 10.5 10.3 10.0 9.7 9.4

65 12.4 12.3 12.3 12.1 12.0 11.7 11.5 11.2 11.0 10.6 10.3

70 13.5 13.5 13.4 13.3 13.1 12.9 12.6 12.3 12.0 11.7 11.3

75 14.9 14.9 14.8 14.6 14.4 14.2 13.9 13.6 13.2 12.9 12.5

80 16.5 16.5 16.4 16.2 16.0 15.7 15.4 15.1 14.7 14.4 14.0

85 18.5 18.5 18.4 18.2 17.9 17.7 17.3 17.0 16.6 16.2 15.8

90 21.0 21.0 20.9 20.7 20.5 20.2 19.8 19.5 19.1 18.6 18.2

95 24.3 24.3 24.3 24.1 23.9 23.6 23.3 22.9 22.4 22.0 21.5

98 26.9 26.9 26.9 26.8 26.6 26.3 26.0 25.6 25.2 24.7 24.2

aActual moisture content (mc) varies according to drying history of the wood and the wood species.

Source: After Table 3.4 in Ref. 10.
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water exists in wood in a chemically bound state; water molecules are hydrogen-

bonded to the cellulose and hemicelluloses in the wood. As the relative humidity

of the indoor air increases, as is typical in summer months, the number of bound

water molecules in wood increases, and wood swells, while the opposite occurs in

winter months, as heating systems generally lower the relative humidity of indoor

air. At the same relative humidity and temperature conditions, wood will attain

different equilibrium moisture content (EMC) levels depending on its drying

history (Fig. 8.4).10 For example, wood equilibrating from the green condition

attains an EMC of 16% at conditions of 708F and 80% RH, while wood that was pre-

viously dried to 6% EMC, when exposed to the same conditions, (708F and 80% RH)

will be unable to attain EMC of 16%, but instead may reach EMC of only 12–14%.

This hysteresis effect occurs when, on drying, bound water molecules leave the

wood cell wall and hydrogen bonds form between adjacent cellulose molecules,

rendering those sites inaccessible to water.

8.4.1. Wood Moisture Content and the Fiber

Saturation Point

The fiber saturation point (FSP) is the moisture content of wood where bound water

is at a maximum and any additional water must exist as free water. The wood cell

wall is highly porous; this porosity allows absorption of water vapor into the cell

wall. The amount of water molecules that can chemically react with the cell wall

is limited by the cell wall structure. Somewhere between 20% and 30% MC, the

cell wall becomes saturated with bound water. At this point, as wood is exposed

to water, the cell lumens begin to fill with “free water” (Fig. 8.5). Below the fiber

saturation point wood is striving for equilibrium with the surrounding air and only

Fig. 8.4. Theoretical desorption and adsorption curves for the moisture content of wood.

Equilibrium moisture content (EMC) is based on percent moisture based on the oven-dry

weight of wood. Initial desorption from the green condition yields higher moisture content

than does subsequent absorption. (After The Wood Handbook.10)
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bound water exists. The FSP occurs somewhere in the range of 20–30% MC and

corresponds to a relative humidity that is approaching 100%. Below the FSP the

relative humidity and temperature conditions determine the wood moisture

content. For example, at 708F, as RH increases from 30% to 80%, the wood moisture

content will increase from 6% to 16% (Table 8.3).

Fig. 8.5. Scanning electron micrographs of Douglas fir showing the porous nature of wood:

(a) the largest pores are the cell lumens and are readily visible in the cross section and

longitudinal sections through the tracheids; (b) cell lumens are devoid of free water; (c) the

white color in the cell lumens indicates that the lumens are completely saturated with

free water, or wood at its maximum moisture content (50� magnification). (Courtesy of

the N. C. Brown Center for Ultrastructure Studies, SUNY College of Environmental

Science and Forestry, Syracuse, NY.)
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Within a building, for wood to exist in a state above fiber saturation, there must be

a source of liquid water other than water vapor in the surrounding air, or changing

conditions may cause condensation of water vapor on surfaces that are cooler than

the surrounding air.

The porosity of wood is defined at three levels, and these levels help define bound

versus free water.11 The largest openings are the cell lumens with size ranging from

5 to 200 mm (Fig. 8.5). The second level includes the pit apertures and openings in

pit membranes that range in size from 1�1022 to 5 mm, and the smallest are the

voids in the cell wall, which are less than 1�1022
mm.11 Bound water occurs in

the smallest cell wall voids. According to Griffin,11 corresponding relative vapor

pressure (RH/100) for voids to begin to fill with water are 0.9998 or greater for

the smallest voids, 0.9997–0.90 for openings in pits and pit membranes, and

,0.90 for cell lumens.

For lumber or furniture, or any wood destined for indoor use, the wood is typi-

cally dried to a moisture content that will match the EMC range that the wood

will attain in service. For this reason, recommended moisture content values for

framing lumber are 15% to �19%.10 For furniture and millwork, the target moisture

content is close to that found under typical indoor conditions (relative humidity

50%, temperature 708F) or a moisture content of 6–9%.

The fiber saturation point is also the defining point for the wood properties of

strength and dimensional stability. Above FSP, strength and wood dimension do

not change. Below FSP, as bound water leaves the wood cell wall, wood properties,

especially strength, generally improve (Fig. 8.6). As RH decreases, wood MC

decreases, and most strength properties increase gradually below FSP. At FSP and

higher, shown in Figure 8.6 as �22% MC, strength properties are at the

minimum and stay the same up to full saturation. Also, wood reaches its

maximum dimension at this point.

Fig. 8.6. The effect of wood moisture content on wood strength properties at and below the

fiber saturation point: A—tension parallel to grain; B—bending; C— compression parallel to

grain; D—compression perpendicular to grain; E—tension perpendicular grain. (Reprinted

from the Wood Handbook.10)
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8.5. MOISTURE REQUIREMENTS FOR FUNGAL GROWTH

Moisture requirements for fungal growth can be defined in terms of water activity

aw, which is the relative vapor pressure of water in solution compared to that of

pure water (p/p0), which is equal to RH/100.11 Another definition of water activity

is the available water in a substrate as a decimal fraction of the amount present when

that substrate is in equilibrium with a saturated atmosphere.12 The availability of

water to an organism varies with temperature and the amount of free water

present. For most fungi the optimal water activity for growth is high, approaching

aw ¼ 1.00.

Fungi are categorized into four groups—hydrophilic fungi (aw . 0.90), meso-

philic fungi (0.80 � aw � 0.90, optimum .0.90), xerotolerant (minimum aw
,0.80, optimum .0.80), and xerophilic fungi (minimum aw ,0.80)—according

to minimum and optimum moisture required for growth.13 According to Griffin,14

xerophilic fungi require a water activity (aw) of ,0.97 and have a minimum

water activity that is ,0.90. Xerotolerant fungi can tolerate low aw, but have a

maximum aw that approaches 1.00; their minimum tolerance is also ,0.90.14

Most xerophilic or xerotolerant fungi are microfungi. Examples are Wallemia sebi,

Xeromyces, and certain species of Aspergillus and Penicillium. Most wood decay

fungi fall into the hydrophilic group and require a water activity of at least 0.97.11

The minimal moisture requirement for growth changes with temperature.15,16

Clarke et al.16 defined six groups of mold fungi ranging from highly hydrophilic

(growth limited to .98% RH) to highly xerophilic (growth limited to .75% RH)

(Fig. 8.7). Grant et al.15 defined three groups of fungi as primary, secondary, or

tertiary colonizers according to their minimal aw for growth. Minimal aw for

primary colonizers is ,0.80, for secondary colonizers 0.80–0.90, and for tertiary

colonizers.0.90. According to Shaughnessy and Morey,17 the lower limit of moist-

ure content of a material to support microbial growth is theoretically aw ¼ 0.65. A

water activity of 0.75 [equilibrium relative humidity (ERH) ¼ 75%] is suggested as

the useful limit to prevent growth, although other studies by Grant et al.15 and

Nielsen et al.18 indicate slightly higher minimal values to support growth (0.80

and 0.78, respectively).

8.5.1. Moisture Requirements for Wood Decay Fungi

It is generally accepted that the moisture content of wood must be above the fiber

saturation point for decay to occur. Optimal conditions for decay are when wood

moisture content is 40–80% MC.19 In a building when wood moisture content is

below the fiber saturation point, the lower limit of RH for wood decay fungi to

grow has been shown to be at aw .0.97, or when RH is .97%.11 This corresponds

to a wood moisture content of about 25–27% (Table 8.3). When free water is present

and the wood moisture content reaches FSP (20–30%MC), the RH of the surround-

ing air will no longer be the limiting factor to growth. When wood becomes totally

saturated with water, the lack of oxygen limits fungal growth.19 Studies of the

growth of sapstain fungi have shown that sapstain development can occur at or
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very near the fiber saturation point.20 The minimum relative humidity tolerated by

the sapstain fungus Ophiostoma piceae was 93–94% RH, which corresponded to

a wood moisture content of 21–22% at 158C.20 Because the fiber saturation point

can fall between 20% and 30% wood moisture content, there is a window of uncer-

tainty of when decay can occur. Attempts to control wood moisture content within

this range have shown that decay occurred at 27% MC in oriented strand board.21

The moisture content of green lumber ranges from as low as 30% to greater than

200%, and varies with wood specific gravity, amounts of sapwood and heartwood,

and whether the wood is a softwood or hardwood.10 Prior to drying, decay can

develop if lumber is exposed outdoors to moisture contents .20%.10 Use of

green (unseasoned or wood that has not been air-dried or kiln-dried but allowed

to dry in situ) lumber in construction can lead to mold and decay problems, as

well as structural problems related to warping as the wood dries. Extended

storage of lumber at moisture contents greater than 20% without drying can allow

decay to develop.10 After lumber is kiln-dried or air-seasoned to the moisture

Fig. 8.7. Lower limits of relative humidity to support the growth of fungi grouped in

six categories: 16
A—highly xerophilic; B—xerophilic; C—moderately xerophilic; D—

moderately hydrophilic; E—hydrophilic; F—highly hydrophilic. (Reprinted from Building

and Environment, Vol. 34, Clarke, J. A., C. M. Johnstone, N. J. Kelly, R. C. McLean, J. A.

Anderson, N. J. Rowan, and J. E. Smith, A technique for the prediction of the conditions

leading to mould growth in buildings, pages 515–521, copyright 1999, with permission

from Elsevier.)
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required for its use, what happens during storage and construction is critical. Wood

lying outside on the ground exposed to rain is providing an excellent scenario for

fungal colonization and growth. The potential for decay or mold to develop

increases with time of exposure, as was evidenced by greater amounts of fungal

colonization and greater diversity of species observed in kiln-dried southern pine

after as little as 4 weeks of outdoor exposure.22

8.5.2. Moisture Requirements for Mold Fungi

According to studies in the literature, moisture requirements for molds differ from

that of most wood decay fungi; many molds can tolerate lower aw than wood

decay fungi. The optimal and minimal relative humidity conditions for growth

vary for each species of mold and also vary depending on temperature and

growth substrate.15,18,23 In results complied by Viitanen and Ritschkoff,23 the

optimal growth for most molds occurred at high relative humidity (98–99%), at

temperatures of 20–308C, while the minimum RH at which growth occurred was

65% at 308C for Aspergillus fumigatus. For other common indoor molds, the

minimumRH needed for growth was reported as 85% forAlternaria sp.,Cladosporium

herbarum, and Penicillium chrysogenum; 93% for Stachybotrys atra, and 80% for

Aspergillus flavus.23

In controlled studies, the water activity required for minimal growth was

observed to increase significantly with a decrease in temperature.15 For Penicillium

chrysogenum at 258C the minimum aw to support growth was 0.79 while at 128C, aw
was 0.87.

The minima aw for growth also varies depending on the test substrate. Growth on

MEA (malt extract agar) occurred at lower aw (0.79) compared to growth on wood-

chip wallpaper where the minima was 0.84 for both Aspergillus versicolor and

Penicillium spp.15 For Stachybotrys atra, the minimum aw was 0.93 on MEA but

was much greater, 0.98, on woodchip wallpaper containing added nutrients. Stachy-

botrys atra was observed to grow on gypsum wallboard at 95% RH (aw ¼ 0.95).18

By adding a carbon source to the surface of a substrate, Grant et al.15 showed that

greater nutrient availability decreased the minimal water activity required for

growth. This provided evidence that organic “dirt” on a substrate will facilitate

growth at lower relative humidity conditions.

Experiments to test growth conditions require highly controlled environments; it

is difficult to control relative humidity conditions that are greater than 95% during

experiments on mold growth or wood decay.11 If surfaces become cooler than the

controlled air, condensation on these surfaces could lead to false-positive results

for mold growth under nominal conditions that would not allow condensation.

Despite the potential difficulties, careful control of relative humidity and tempera-

ture conditions can be achieved at a lower relative humidity range such as 70–95%.

More recently there has been considerable interest in developing mathematical

models to predict mold growth based on relative humidity and temperature.16,24,25

These models are an attempt to predict the lowest relative humidity at which
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mold will grow for each temperature. Although knowledge of the lowest moisture

tolerance has importance in predicting mold growth, the incidence of mold is

much greater, and has much greater impact, when relative humidity is much

higher, greater than 90%, or in cases where surfaces are wet because of condensation

or where there is excess moisture due to leakage.

A “mold index” was developed by Hukka and Viitanen24 that derived two for-

mulas for critical RH, one when T is.208C and the other when T is�208C. Accord-

ing to their mold index, at temperatures greater than 208C, the critical RH is always

80%, while at temperatures less than or equal to 208C critical relative humidity for

mold growth is described by the formula

RHcrit ¼ �0:00267T3
þ 0:160T2 – 3:13T þ 100:0

According to their model, below 208C the minimum relative humidity required for

growth increases to 82% at 108C and 88% at 58C24.

The biohygrothermal model incorporates non-steady-state relative humidity and

changing surface temperatures to predictions of mold growth, particularly spore ger-

mination.26,27 This model considers the moisture content of a model spore, as it

exists on different substrates in equilibrium with the air, and determines the bound-

ary conditions at which germination will occur. The model appears to be accurate at

predicting the latent periods of spore germination and subsequent growth rates when

compared with actual spores.26

8.6. THE EFFECT OF CHANGING MOISTURE AND

TEMPERATURE CONDITIONS

Below the fiber saturation point of wood, relative humidity of the indoor air

directly influences the moisture content of the wood. Only when free water is

present can wood reach fiber saturation. Obvious sources of free water are plumb-

ing, foundation, roof, and window leaks. Another source of free water is con-

densed water vapor, which can form when warm air contacts a cooler surface.

A drop in temperature, such as when warm moist air contacts a cold window,

can cause air to reach its dewpoint. Using a psychometric chart, for each relative

humidity–temperature combination, there is a dewpoint, or the temperature at

which condensation will occur.28 For example, when air is at 808F and 50% rela-

tive humidity, and it comes into contact with a surface that is 608F or below, water

vapor will become liquid. Temperature gradients often exist in wall systems, and

the type and extent of temperature gradients within walls will vary with climate,

time of year, and a building’s heating and air-conditioning systems and insulation.

Condensation within wall systems can lead to mold growth and wood decay. This

type of hidden growth can be further problematic if air moves through the walls

and transports fungal spores and microbial volatile compounds into the indoor

environment.
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8.7. SUSCEPTIBILITY OF BUILDING MATERIALS TO MOLD

The types of materials used in building construction will influence the types and

concentrations of fungi found in indoor air. The more porous and hygroscopic

the building material, the more moisture it can absorb and retain. Wood and wood-

based materials, which are hygroscopic, are susceptible to mold growth and decay.

Paint or other sealants applied to wood can be effective at preventing moisture

adsorption if properly applied and maintained. In gypsum wallboard it is the

paper backing and additives (starches) that will absorb moisture and serve as a

nutrient source for fungi. Gypsum itself will not decay, or support mold growth,

although it provides minerals, such as calcium, that may aid fungal growth.

There is a trend to develop and market new mold-resistant building materials.

New gypsum wallboard products that contain biocides are available on the

market. However, the effectiveness and usefulness of such products in preventing

mold growth require a thorough evaluation.

In a study of molds growing on 1140 samples of seven building materials, the

type and frequency of fungi varied between materials (Table 8.4).20 Penicillium

spp. were frequent on all materials as were nonsporulating isolates (isolates that

lacked fruiting structures and thus were not identifiable). Most common on wood

were Penicillium and yeasts, and also Aureobasidium, a genus that contains the

common wood stain and paint disfiguring fungus, Aureobasidium pullulans.

Acremonium, Aspergillus, and Cladosporium were more common on paper than

on wood. On gypsum board, the genus with the greatest frequency was Stachybotrys

(19.7%). On other materials, including wood, Stachybotrys was much less frequent.

On ceramic products the frequencies of Acremonium and Aspergillus were very

high. Mineral insulation was high in Penicillium, while paints and glues had

greater frequencies of Acremonium and Aspergillus than on either paper or

wood, and were also high in the genus Tritirachium. Plastics were high in yeast,

Acremonium, Aspergillus, and Fusarium.

Nielsen et al.18 studied the growth of molds on 21 building materials subjected to

several levels of equilibrium relative humidity at each of four temperatures. After

inoculation by 16 strains of fungi, the most common fungi recovered after 4 or 7

weeks incubation were Penicillium chrysogenum and four species of Aspergillus,

which grew on all materials. On wood, the minimum RH observed to support

growth was 78% RH at 208C and 258C and 90% RH at 58C. Gypsum board was

the only material to support the growth of Stachybotrys and only at RH of at

least 86%.

8.7.1. Visible versus Concealed Mold

Visible mold can be a good indicator of a moisture problem (Fig. 8.1); however, the

presence of visible mold does not always correlate with high concentrations of

bioaerosols. For example, in a study of 103 inner-city homes, no correlation

was observed between visible mold growth and the amount of airborne fungi
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TABLE 8.4. Frequency (%) of 24 Taxa of Fungi Isolated from Seven Types of Building Materials

Wood

(n ¼ 438)

Paper

(n ¼ 49)

Gypsum

Boards

(n ¼ 43)

Ceramic

Products

(n ¼ 161)

Mineral

Insulation

(n ¼ 217)

Paints and

Glues

(n ¼ 86)

Plastics

(n ¼ 125)

Acremonium 5.1 7.5 2.7 17.5 7.5 15.0 8.1

Aspergillus spp. 5.1 6.9 5.0 5.0 7.5 12.1 8.2

A. versicolor 2.5 2.1 4.8 11.9 3.8 13.5 4.8

Aureobasidium 6.7 6.7 1.9 1.2 4.5 1.4 3.3

Chaetomium 1.4 1.0 0 0.4 0.7 3.1 0.2

Cladosporium 1.7 10.8 0.1 4.6 4.2 2.2 1.3

Eurotium 0.3 0.3 0 0.1 0.1 0 0

Exophiala 2.2 0.4 0.3 0.1 0.1 0.1 0.5

Fusarium 0.8 0.2 0 1.3 0 0.1 2.7

Geomyces 0.3 0 0 0.5 0.1 0 0.9

Mucor 0 0 0 0 0.3 0 0

Nonsporulating isolatesa 13.2 10.6 12.6 14.0 11.3 7.6 11.4

Oidiodendron 2 1.0 0 0 1.4 0 0

Paecilomyces 2.3 0.1 5.7 0.7 0.7 1.3 0.2

Penicillium 22.9 18.9 23.4 17.4 29.8 16.1 17.3

Phialophora 3 1.1 3.5 2.0 0.2 1.0 3.4

Rhizopus 0 0.8 0 0.1 0.5 0 0

Scopulariopsis 0.9 1.9 0.6 3.1 0.6 0.1 2.1

Sphaeropsidales 6.3 1.6 5.4 2.1 4.8 2.6 8.1

Stachybotrys 0.7 4.0 19.7 1.9 1.0 0.9 1.0

Trichoderma 0.6 0 0 0.9 1.3 0.2 0.2

Tritirachium 0 0 0 3.1 0.3 8.4 3.1

Ulocladium 0.5 0.5 0 0 0.7 0 0.9

Wallemia 0 0 0 0.1 0 0 0

Yeasts 16.7 14.9 14.3 5.9 13.6 13.2 17.7

aNonsporulating isolates could not be identified.

Source: Reprinted from International Biodeterioration & Biodegradation, Vol. 49, Hyvärinen, A., Meklin, T., Vepsalainen, A., and A. Nevalainen, “Fungi and actino-

bacteria in moisture-damaged building materials—concentrations and diversity,” pages 27–37. Copyright 2002, with permission from Elsevier.
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(CFU/m3).30 Visible colonies may be producing few or no spores or the spores that

are produced are slimy or “sticky” and do not readily become airborne.

On the other hand, the absence of visible mold growth is not always an indication

of good air quality as growth may be occurring within walls or other spaces con-

cealed from view. In a study of homes damaged during El Niño, Morey et al.31

found greater levels of concealed mold in rooms in which significant moisture intru-

sion had occurred. Greater amounts of concealed mold corresponded to differences

in the frequency of fungal species recovered from indoor air samples. High concen-

trations of certain species of indoor bioaerosols may indicate a hidden moisture

problem. Because the spores from hidden mold growth significantly altered the

fungal composition of indoor air31 and visible mold does not always correlate

with bioaerosol concentration, the presence or absence of visible mold is not

always a good indication of indoor air quality.

8.8. THE EFFECTS OF BUILDING DESIGN

AND CONSTRUCTION

The easiest way to prevent mold or wood decay is to limit availability to water,

either water vapor or free water. Evidence suggests that relative humidity as low

as 75–80% can support mold growth. In cooler climates ambient relative humidity

and temperature conditions would rarely support the growth of molds, except near

water sources that provide localized high RH conditions, such as laundryrooms,

sinks, and bathrooms, particularly showers, or when temperature gradients exist

within buildings, causing condensation of water vapor. In certain climates, such

as the southeastern United States, ambient high RH (.80%) are possible and can

lead to mold growth. The use of vinyl wall coverings or wall barriers can hold moist-

ure within walls, prevent drying, and promote mold growth. To prevent this type of

moisture accumulation, it has been suggested by some that vinyl wallpaper or other

moisture “barriers” should not be used. Proper design is a necessary first step in

eliminating excessive moisture in buildings. During building construction proper

installation of foundations, wall systems, and windows should prevent water intru-

sion. However, nail holes or openings in wall barriers or improper installation of

window flashings can occur, leading to a leakage of the moisture barrier. Although

effective in most climates, a vapor retarder was shown to be ineffective when colder

air-conditioned air meets a warmer surface, such as a vapor barrier within a wall.32

Condensation occurs within the wall, moisture cannot escape, and fungal growth is

likely. Climate should be considered in designing wall systems,32 and a moisture

index based on moisture (actual rainfall in five North American cities) and evapor-

ation potential has been proposed to assist in the assessment of wall systems.33 Even

if a building is designed to minimize or prevent moisture intrusion, errors during

construction can lead to breaks in the protective building envelope and allow

water to penetrate (Figs. 8.8 and 8.9).
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Fig. 8.8. Decay fungi growing inside the wall of a gymnasium. During construction, the

wall’s interior moisture barrier was intentionally torn, allowing moisture to intrude. Decay

was apparent after removal of the wall panels. (Photo courtesy of Dr. Edson Setliff,

Adjunct Professor, State University of New York College of Environmental Science and

Forestry, Syracuse, NY.)

Fig. 8.9. Problems in buildings caused by poor construction practices. (a) improper

installation of a window that allowed water to seep into the wall beneath the window and

decay to occur; (b) fungal fruiting bodies indicating extensive, prolonged growth of the

fungus that started within the wall cavity, eventually growing through cracks in the wall

and through openings by the electric outlet. (Photos courtesy of Dr. Edson Setliff, Adjunct

Professor, State University of New York College of Environmental Science and Forestry,

Syracuse, NY.)
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8.9. TECHNIQUES FOR ASSESSMENT OF WOOD DECAY

AND MOLD IN BUILDINGS

A first step to diagnosing a mold or decay problem can be to look for any visible

signs of fungal growth such as fungal structures (rhizomorphs, even fruiting

bodies in some cases) or discoloration, and signs of associated moisture, such as con-

densation, water stains, peeling paint, and warping. For molds, fungal colonies can

be light or dark; either white, gray, black or brownish black; or brightly colored,

such as green, red, yellow, or pink. Colonies of wood decay fungi are typically

white or tan, sometimes brown or orange-brown. Rhizomorphs are large strands

of aggregate hyphae that are indicative of the building rot fungi,Meruliporia incras-

sata, Serpula lacrymans, and S. himantioides. Rhizomorphs function to transport

water, and give this fungus the unique ability to utilize a water source that is a con-

siderable distance from the wood that it is attacking. This fungus rapidly degrades

wood; thus it is critical to remove not only the decayed wood but also any other

wood in close proximity as it may also be infected.

Early in the decay process, when it is most beneficial to recognize their presence,

the signs of decay are the most difficult to detect. If left these signs are undetected,

the probability of decay is increased over time if the conditions for decay continue to

be available. Hidden decay has greater potential to proliferate if the source of moist-

ure is left uncorrected. It is generally thought that if drying has not begun within 48 h

of initial wetting, a material capable of supporting fungal growth will become colo-

nized. A common recommendation is to dry a material and eliminate a moisture

source within 48 h to minimize mold occurrence and damage. Surface mold can

be easily cleaned, but a long-term exposure to moisture can allow a fungus to

grow into the material, making it more difficult to remove. An example is

Aureobasidium pullulans, growing into parenchyma cells discoloring the wood

(Fig. 8.2). As for wood decay fungi, long-term exposures to high levels of moisture

can have significant effects on wood strength. For these reasons, any leaks through

roofs, walls, windows, plumbing, or foundations should be repaired promptly.

Wood exposed to high levels of moisture over time will most likely develop

extensive decay that is easy to recognize. There may be a heavy mat of fungal

mycelium and a strong, musty odor. As brown rot develops, it causes wood to

shrink and split into a distinctive cubical pattern (Fig. 8.10a). Brown-rotted wood

crumbles easily and is usually slightly reddish-brown in color. An extremely

harmful type of brown rot is caused by the building rot fungus, Meruliporia

incrassata which is commonly referred to as “dry rot.” White-rotted wood has a

white or streaked appearance; the texture is sometimes stringy or flaky; white rot

sometimes forms as “pocket rot” (Fig. 8.10b,c). Soft rot exhibits a very fine shrink-

age pattern, and is gray (Fig. 8.10d).

As it is a desirable goal to eliminate decay or mold before considerable damage or

extensive colonization has occurred, it is preferable in this case to use methods that

are sensitive to detecting incipient decay or hidden fungal colonies. These methods

can also be applied to determining the type of fungi present in visible fungal colo-

nies. These include nondestructive sampling regimes, such as air sampling, tape
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lifts, and culturing; and destructive sampling methods such as a pick test, core

boring, or drilling. Borescopes, which are useful for viewing fungal colonies

inside walls or under flooring, can be mildly destructive, requiring drilling a small

hole to insert the probe.

Moisture detection, as opposed to detection of fungi, serves to define the source

and extent of moisture intrusion into a building. Air temperature and relative

Fig. 8.10. Appearance of wood at advanced stages of brown rot, white rot, and soft rot: (a)

brown rot containing large cubical fractures due to decay and subsequent shrinkage;

(b) white-rotted wood that is light in color and streaked; (c) white pocket rot in which

decay is localized to the lighter areas; (d) soft rot as evidenced by surface checking due

to decay. The checking pattern is smaller and shallower than that of brown rot.

(All micrographs 1� magnification.)
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humidity indicators can measure indoor air conditions, while moisture meters can

measure the moisture content of wood and other materials. Care must be taken

for proper use and interpretation of both types of indicators.

When measuring the conditions of indoor air, most commercial temperature and

relative humidity meters can record relative humidity in the range of 0–95%.

Accuracy is typically +2%, but accuracy declines at higher humidities to +3 or

4%. As a guideline, a persistent relative humidity of 75% or greater can be an indi-

cation that mold growth is occurring. Brief episodes of high RH should not lead to

the development of fungi, as long as ventilation adequately eliminates the excessive

moisture.

To measure the moisture content of wood or other materials, electrical resistance

moisture meters are typically used. Many commercial moisture meters can provide

readings of 6–60% moisture and also provide correction factors for temperature and

species of wood. Some moisture meters include scales for other building materials.

Moisture contents should be taken at a number of locations within a structure to

compare normal moisture content with any problematic areas. As a guide, ,20%

moisture content would indicate that decay fungi would not be growing, although

mold growth may be possible. Any moisture content .20% indicates that decay

is possible, although at 20–25% it will probably be minimal. It must also be con-

sidered that moisture content is not always uniform within a piece of wood and

that conditions that lead to condensation can rapidly alter the moisture content.

8.9.1. Nondestructive Testing

Cultures can be made from visible mold colonies by taking tape lift samples, taking

scrapings of surfaces, or removing small pieces of wood or other material. The pre-

sence of fungi can also be evaluated from air samples. Fungal spores and fragments

are collected in active samplers in which a discrete, reproducible amount of air is

forced through a sample collector. The type of air sampler suitable for culturing

must contain growth media for the collection of viable samples. An example is

the Andersen N-6 single-stage sampler for the collection of bioaerosols onto

plastic Petri dishes containing a growth medium. The type of growth media used

can affect the population of viable cultures.13,34 To avoid contamination it is critical

that sterile sampling materials be used.

Air sampling can be a tool to find hidden sources of mold or decay, or to deter-

mine whether spore counts are excessively high. Results of air sampling can be

expressed in two ways: (1) as the total concentration of spores per volume of air

or, (2) as the presence of identifiable species or genera of fungi. Airborne data

must be interpreted carefully to determine whether there could be hidden sources

of indoor molds and decay. High total concentration of spores indoors relative to

outdoors can indicate an indoor source.

To detect advanced wood decay, such as decay hollows within building timbers, a

number of nondestructive techniques are available, such as stress-wave timers.

These and other wood inspection devices have been evaluated for accuracy and

ease of use.35–37
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8.9.2. Destructive Testing

A probe or pick test is useful if there is no concern with destruction or appearance of

the wood. The probe, similar to an ice pick, is inserted into the wood across the grain,

and tilted to lift a small piece of the wood. A splintering, uneven failure indicates

sound wood, while a brash, smooth failure indicates weakened wood. The relative

amount of pressure applied to fracture the wood can be an indication of decay.

Cores can be bored out of wood for culturing and/or microscopic analysis.

Culturing of cores can not only reveal the presence of fungi but can also determine

whether the fungus is destructive (a decay fungus) or nondestructive to the wood (a

mold or stain fungus). Identification techniques can classify the fungi to its type,

such as basidiomycete or ascomycete, or sometimes to genus or species. The

methods for sample collection and culturing require that sterile materials be used

in handling, such as sterile foil or bags for sample collection and handling.

Alcohol (95% ethanol) and flame are effective for sterilizing borer bits and other

tools used during sample collection.

Microscopic examination of wood samples is another technique that can deter-

mine the types of decay that are present. Samples can be examined for fungal

hyphae, spores, and other structures with a stereomicroscope, light microscope,

or scanning electron microscope. The stereomicroscope readily reveals fungal

colonies and reproductive structures (Fig. 8.11) and is useful for distinguishing

mold colonies from other types of surface debris. Fine white crystals have been

mistaken for mold on a surface, if wood contains salts or other treatments that

can migrate to the surface and crystallize. Stereomicroscopic examination can

reveal whether this fine white coating is composed of sharp, angular crystals or

threadlike fungal hyphae.

Fig. 8.11. Fungal colony on the surface of a wall behind the rubber baseboard molding, as

observed with a stereomicroscope. The fungus was later identified as Stachybotrys sp.

(bar ¼ 0.10 mm).
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Both the extent and type of decay can be assessed with light microscopy or scan-

ning electron microscopy. Thin sections of wood can reveal erosion in the wood cell

walls, such as fungal boreholes, soft-rot cavities, and other distinguishing features.38

Scanning electron microscopy is also useful for observing most decay features, such

as hyphae, boreholes, and erosion with the exception of embedded soft-rot cavities

that are readily visible under the light microscope.

8.10. SUMMARY

. Wood decay and mold have different moisture requirements.

. Many building materials support mold growth.

. Prolonged moisture exposure can cause structural damage.

. Certain moisture conditions favor specific fungi.

. Different building materials support different species of molds.

. Proper building construction and maintenance are essential; identification of a

moisture problem is the critical first step.

. Techniques for detecting mold or decay fungi can involve either nondestructive

or destructive sampling of wood or indoor air.
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CHAPTER 9

USE OF STATISTICAL TOOLS
FOR DATA PRESENTATION
AND ANALYSIS OF INDOOR
MICROORGANISMS

STELLA M. TSAI

9.1. INTRODUCTION

Many indoor microorganism studies generate a limited number of samples. The

purpose of this chapter is to encourage field investigators to consider statistical

principles in drawing conclusions even when the number of samples is small. In

this chapter, we will start with descriptive analysis using commonly available soft-

ware packages to acquaint readers with basic statistics, charts, and graphs that can

be used to present datasets. Correlation analysis and hypothesis tests [t-test, analysis

of variance (ANOVA), and nonparametric comparisons] are also included in this

chapter. As appropriate, Microsoft Excel, S plus, and SAS (all registered trademarks)

are included in the description of these data presentation and analysis methods.

Ideally, statisticians with experience in environmental databases should be con-

sulted prior to conducting study design and field investigation, and on data inter-

pretation afterward. One important point is that causality cannot be proved by

statistical significance only; on the other hand, insignificant results of known

hazards may still be important in identifying health hazards. For example, a

single spore or colony of Stachybotrys chartarum (or other marker fungi) detected

in air samples may be statistically insignificant, but may be important from a

health perspective or to determine potential water damage and microbial infestation.

Texts on data analysis for bioaerosols are suggested for more details on calcu-

lations and inferences used in bioaerosol data analysis. Eudey et al.1 have written

a chapter (Chapter 13) in the book on bioaerosols describing basic summary

statistics and some useful hypothesis tests. Macher2 describes various statistical

methods used in bioaerosol research. Several useful statistical packages are
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described in a book published by AIHA [e.g., Microsoft Excel and S plus

(www.insightful.com)].3

The following sections provide a brief overview of some statistical procedures

that can be applied to indoor microorganism investigations. Microsoft Excel is the

primary software used as an application tool for data analysis and interpretation

in this chapter. More advanced statistical packages, S plus and SAS, are described

when functions in Microsoft Excel are not available for specific data presentation

or analysis procedure.

9.2. DESCRIPTIVE ANALYSIS

When you have data from either field investigations or laboratory reports, you

should be able to describe the data in a straightforward and easy-to-comprehend

way to your clients or audience. One of the first steps in data analysis is to generate

descriptive statistics for all variables. The results from the descriptive statistics can

answer some of the very common and general questions, such as “How many

samples did you collect?” and “What are the mean (arithmetic average), standard

deviation, maximum and minimum concentrations of your data?” The standard devi-

ation is a measure of how widely spread the data are. If the data points are sufficient

and form a “bell-shaped” (normal) distribution, about 68% of the data will fall

within 1 standard deviation of the mean, that is, mean +1 standard deviation.

Roughly, about 95% and 99.7% of the data will be within 2 and 3 standard

deviations, respectively.

A very commonly used data analysis and management package, Microsoft Excel,

is described in this section to demonstrate how to generate a quick descriptive

analysis report.

In Microsoft Excel, you can key in or transfer your data into the spreadsheet.

Data in spreadsheet format can be presented by counts, concentrations, and/or per-
centage depending on the bioaerosol types and laboratory procedures. From the

spreadsheet format, you can generate reports by using Auto Format under Format.

A variety of choices are available to meet different reporting requirements.

If you want to conduct data analysis from the spreadsheet, open Tools. There, you

will find the selection Data Analysis. By clicking Data Analysis, you will open up a

window with all the analysis tools available in the Microsoft Excel package. If you

do not see Data Analysis under Tools, click on Add-Ins and then click the Analysis

ToolPak, then click OK to install the package. The Analysis ToolPak provides func-

tions and interfaces for data analysis.

After opening the analysis tools, click Descriptive Statistics. This will open up a

window in which you can input the range of data for analysis. The range of data can

be put in by highlighting the area (Table 9.1a) in the spreadsheet, or directly put into

the cell address with punctuations of colon (e.g., A3:B6) for cells labeled continu-

ously (Table 9.1a). For cells not labeled continuously, highlight the first set of data

first, then use the CTRL button to highlight the rest of data, or using both colon and

comma (e.g., A3:B3, A5:B5) with the cell address to put in the data (Table 9.1b).
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Then, click on the box for Summary Statistics to get the output table. In the output

table, you will find many terms used to describe the data. Mean and median are

approximately the same for normally distributed data. Kurtosis is the parameter

that describes whether the data distribution is in a central peak or in the tails with

a flat shape. The value for kurtosis can be as small as 23 for flat distribution with

short tails, 0 for a normal distribution, and positive for tails heavier than a normal

distribution.5 Skewness is the parameter that describes the symmetry relative to

the mean of the data distribution. Table 9.2 shows an example of Microsoft Excel

summary statistics output table using data in Table 9.1.

A chart or graph allows you to visually display data, compare data, and view

trends. Microsoft Excel is an excellent package to describe data in various types

of charts and graphs [e.g. column, bar, line, pie, XY (scatter), and area]. Each

chart or graph type has several subtype selections. Under Insert, click Chart

Wizard. A list of chart/graph types will show on the window. Column, bar, and

line charts can be useful to present data collected from different locations and

times to observe trends. Figure 9.1 presents an example of a line chart from

Microsoft Excel. The XY (scatter) plot can be used to view paired samples to

check consistency of repeated measurements and check to see if there are any

extreme high or low data points (outliers). Try your data to choose the best chart

or graph to describe and present the dataset.

TABLE 9.1. Basic Spreadsheet Formats in Microsoft Excel

a. Highlighted Areas are Cells Labeled Continuously

A B

1 Total Fungal Concentration

of Andersen Samples (CFU/m3)

Total Fungal Concentration of

Air-O-Cell Samples (structures/m3)

2 1655 3675

3 1604 6189

4 1416 3627

5 1775 6189

6 1809 3240

b. Highlighted Areas Are Cells Not Labeled Continuously

A B

1 Total Fungal Concentration of

Andersen Samples (CFU/m3)

Total Fungal Concentration of

Air-O-Cell Samples (structures/m3)

2 1655 3675

3 1604 6189

4 1416 3627

5 1775 6189

6 1809 3240

Source: Data in both tables from Tsai et al.4
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Panel graphs can display multiple sets of variables sampled with various X and/or
Y. Figure 9.2 shows an example panel graph created by S plus for two sets of samples

collected during a period of time to display the trend over time. S plus can be an

added-in with Microsoft Excel spreadsheet. S plus has the same 2D and 3D graph

functions as Microsoft Excel has.

TABLE 9.2. An Example of Summary Statistics Output from Microsoft Excel

A B C D

1 Total Fungal Concentration

of Andersen Samples

(CFU/m3)

Total Fungal Concentration

of Air-O-Cell Samples

(Structures/m3)

2 Mean 1,652 Mean 2,619

3 Standard error 70 Standard error 377

4 Median 1,655 Median 2,100

5 Mode #N/A Mode 3,537

6 Standard deviation 156 Standard deviation 843

7 Sample variance 24,447 Sample variance 710,246

8 Kurtosis 0 Kurtosis 23

9 Skewness 21 Skewness 1

10 Range 393 Range 1,685

11 Minimum 1,416 Minimum 1,851

12 Maximum 1,809 Maximum 3,537

13 Sum 8,259 Sum 13,097

14 Count 5 Count 5

Source: Data from Tsai et al.4

Fig. 9.1. An example of a line chart from Microsoft Excel (data from Tsai et al.4).
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9.3. CORRELATION

From the XY scatterplot, you can roughly visualize the correlation between two sets

of paired samples (Fig. 9.3). You can compute the Pearson’s correlation coefficient

(r) by using the Microsoft Excel Tools. Under Data Analysis, select Correlation.

This analysis tool measures the relationship between two datasets that are scaled

Fig. 9.2. An example of a panel graph using S plus for paired samples collected using both

Andersen sampler and Air-O-Cell cassettes. Panel 1 shows Andersen samples in units of

CFU/m3; panel 2, Air-O-Cell samples in units of structures/m3 (data from Tsai et al.4).

Fig. 9.3. Total fungal structure levels in Air-O-Cell samples versus total fungal

concentrations in Andersen samples (r ¼ 0.32); a trend line was added in the chart (data

from Tsai et al.4).
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to be independent of the unit of measurement. You can use the correlation analysis

tool to determine whether two ranges of data move together—that is, whether large

values of one set are associated with large values of the other (positive correlation,

0 , r , 1), whether small values of one set are associated with large values of the

other (negative correlation, 21 , r , 0), or whether values in both sets are unre-

lated (correlation near zero). The correlation coefficient can be relatively small,

yet significant, if the number of samples is large.

Spearman’s rank correlation, especially useful for bioaerosol samples, has been

applied and evaluated in several publications.1,2,6 –8 for samples collected from

two different locations or collected at two different sampling times. The sample

size of each group, sampling conditions and laboratory analysis should be consistent

between groups.

Microsoft Excel spreadsheet and data analysis tools can be applied to this

analysis. First, input groups of data into different columns. Open Tools in Excel;

you will find the selection Data Analysis. Clicking Data Analysis, then click Rank

and Percentile. This will open up a window in which you can input the range of

data for analysis. In the output table (e.g., see Table 9.3), you will find rank and

percentile of each data point in each group of data. By using the rank information,

a table for Spearman rank correlation can be created in the Microsoft Excel spread-

sheet (Table 9.4). The rank difference (di) of each interested bioaerosol can be

calculated in the spreadsheet by creating a formula (e.g., ¼ C22 E2). Another

column can be created for d i
2. In any blank cell of Excel spreadsheet, you can cal-

culate the Spearman rank correlation coefficient rs, by using the following formula2:

rs ¼ 1�
6�

P

(di)
2

n(n2 � 1)

where di is the rank difference for each bioaerosol and n is the number of bioaerosol

groups.

TABLE 9.3. An Example Rank–Percentile Table in Microsoft Excel

A B C D E F G H

1 Point Total Fungal

Concentration

of Andersen

Samples

(CFU/m3)

Rank Percentile

(%)

Point Total Fungal

Concentration

of Air-O-Cell

Samples

(structures/m3)

Rank Percentile

(%)

2 5 1809 1 100.00 2 3537 1 75.00

3 4 1775 2 75.00 4 3537 1 75.00

4 1 1655 3 50.00 1 2100 3 50.00

5 2 1604 4 25.00 3 2073 4 25.00

6 3 1416 5 0.00 5 1851 5 0.00

Soure: Data from Tsai et al.4
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In Table 9.4, rs is calculated as 20.6. From the Spearman correlation analysis, if

the two groups of samples are similar in composition, rs is close to 1. As rs decreases

below 1, the chance of less similarity in two groups increases. If the number of

samples is large, the correlation coefficient can be relatively small to be significant.

It is common that during the IAQ investigations, investigators need to collect

more than one environmental factor, and various biological agents. Factor analysis,

principal-component analysis (PCA), canonical correlation analysis, and path

analysis have been used to assess correlations between fungal taxa/compositions

(or concentrations) of biological agents and various environmental parameters. A

study in 2002 used PCA to evaluate airborne fungi in large office buildings and

its correlations with other environmental parameters to identify the fungal taxa

that covaried in air.9 Factor analysis and PCA may allow researchers to predict

what agents will be found in particular types of environments.2 S plus has functions

under Statistics–Multivariate–Factor Analysis and Principal Components for

these types of data analysis.

9.4. t-TEST AND NONPARAMETRIC METHODS

Each indoor microbial contamination investigation is conducted to answer several

questions. One of the most common questions is “Is the indoor microbial concen-

tration detected from the area with complaints different from the no complaint

areas?” In order to answer this question, sufficient numbers of samples should be

collected to represent microbial levels in both areas. The standard t-test can

be conducted to test the hypothesis if the following three assumptions are met. The

first assumption is that the two groups of data must be independent. Second,

the distribution of each group of data should be normally distributed, and third, the

variances of two groups should be approximately equal. If the assumptions are not

met, nonparametric methods are suggested for the hypothesis test. Normality tests

that check a given set of data for similarity to the normal distribution can

be performed using several statistical analysis software packages, such as SAS,

SYSTAT, and NCSS.

TABLE 9.4. An Example Spearman Rank Correlation Test

A B C D E F G H

1 Allergen Day 1

Concentration

Rank Day 2

Concentration

Rank di ¼

Rank (Day 1)2

Rank (Day 2)

di
2 rs

2 a 12 2 10 4 22 4 20.6

3 b 8 5 17 1 4 16 —

4 c 10 4 14 2 2 4 —

5 d 11 3 9 5 22 4 —

6 e 15 1 12 3 22 4 —
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9.4.1. Using t-Test to Test Differences between Two Means

(Two Groups of Samples)

The t-test is a procedure to determine whether the probability of observed difference

in the means is due to chance. In Microsoft Excel Data Analysis, you can find three

different ways of doing t-tests: (1) paired two-sample for means, (2) two-sample

assuming equal variances, and (3) two-sample assuming unequal variances. Types

2 and 3 can be used to determine whether the sample means from two

independent groups are equal under aforementioned assumptions. If two groups of

samples are not independent, type 1 is used. For example, if you want to compare

the pre- and post-remediation microbial levels from the same sampling points

before and after remediation, the paired t-test can be applied when the other two

assumptions are met. The paired t-test computes the mean and standard error of

the pre-versus-post differences, and determines the probability that the absolute

value of the mean differences greater than zero is by chance alone.

t-Test results from Microsoft Excel present p (T ,¼ t) in the table. The com-

monly used significance level is 0.05: that is, if the p value is below 0.05, then

the means between two groups of data are considered statistically significantly

different.

9.4.2. Nonparametric Test for Two Groups of Samples

One common problem in indoor microbial contamination sampling is that the

sample size is small and data distributions are very difficult to determine. When

the assumptions for using the t-test are not met, several distribution-free tests (non-

parametric tests) can be used to test hypotheses. For comparing multiple samples for

a single biological agent collected at two sampling locations or times (e.g., day 1 and

day 2), the Wilcoxon nonparametric test is useful for paired data not normally

distributed. The parallel parametric test is a t-test of two sample means. The equation

is discussed in the following section with the H-test.

Other nonparametric tests, including sign test, sign test for paired data, rank stat-

istics, Wilcoxon signed rank test, and Wilcoxon–Mann–Whitney U-test, are

described by Eudey et al.1

9.5. ANALYSIS OF VARIANCE (ANOVA) AND

CHI-SQUARE STATISTICS

The t-test (or its nonparametric equivalent) is used to test the mean differences of

two groups of samples. If more than two groups of samples are in the study

design, analysis of variance (ANOVA) is used to test whether all groups have the

same mean. This method has the advantage of testing whether there are any differ-

ences between the groups with a single probability associated with the test. The same

assumptions for a t-test should be met when conducting an ANOVA—that is, all

groups of data must be independent (unless a repeated measures design is used);

all groups of data must be normally distributed and come from populations with
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equal variances. One question that may be asked during the investigations is, “Do

all rooms, including livingroom, master bedroom, children’s bedroom, and basement

have the same levels of airborne microbial levels?” Microsoft Excel can be used to

run ANOVA. In Data Analysis, you will find three ways to run ANOVA: single

factor (one-way ANOVA), two-factor with replication, and two-factor without

replication (two-way ANOVA). To run one-way ANOVA, first, enter data into

data table, then go to Tools, Data Analysis, ANOVA: Single Factor. Enter input

range, check how the data are grouped, check the box that says “Labels in first

row” if applicable, set alpha (preset to 0.05), and then set output range.

Table 9.5 shows an example dataset for one-way ANOVA with five

samples collected at each location. Table 9.6 shows the ANOVA results from

Microsoft Excel. The value for F is calculated by dividing the mean square

for between groups (locations) by the mean square for within groups, that is,

MS(between groups)/MS(within groups). The ANOVA output shows the F value and the

critical value of F. In Table 9.6, the F value is greater than the F critical value;

therefore the null hypothesis is rejected. The probability (p) of accepting the null

hypothesis is well below 0.05, the means between groups of data (livingroom,

master room, children’s bedroom, and basement) are considered statistically

significantly different.

After finding that there are differences between groups of data, we now want

to know what the differences are. There are many methods available in other

statistical packages (e.g., SAS) to investigate the differences including Duncan’s

multiple-range test (DUNCAN), the Student–Newman–Keuls multiple-range test

TABLE 9.5. An Example Dataset for One-Way ANOVA

A B C D

1 Livingroom Bedroom Children’s Bedroom Basement

2 24 12 10 46

3 20 8 17 45

4 21 10 14 45

5 15 11 9 35

6 22 15 12 49

TABLE 9.6. An Example One-Way ANOVA Table

Computed Using Microsoft Excel

A B C D E F G

1 Source of

Variation

Sum of

Squares

(SS)

Degree of

Freedom

(df)

Mean

Squares

(MS)

F P Value F

Critical

Value

2 Between groups 3476.8 3 1158.933 82.34 6.09 � 10210 3.24

3 Within groups 225.2 16 14.075 — — —

4 Total 3702 19 — — — —
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(SNK), least–significant-difference test (LSD), Tukey’s studentized range test

(TUKEY), Scheffe’s multiple-comparison procedure (SHEFFE), and others.

In order to do these tests in SAS, place the test name following a slash (/) on

the SAS PROC ANOVA MEANS statement. Applying these methods using

data in Table 9.5, all methods show grouping as follows: A (basement) . B

(livingroom) . C (master room and children’s bedroom) (Table 9.7). Locations

with the same letters are not significantly different.

When the assumptions for using ANOVA are not met, several distribution-free

tests (nonparametric tests) can be used to test hypotheses. The Friedman procedure,

for more than two groups of samples from different locations or collected at different

times, is equivalent to ANOVA. To test whether there is no difference existing

among groups, a chi-square statistic is used, xr
2:

x2r ¼
12

nk(k þ 1)

X

k

m¼1

(Rm)
2
� 3n(k þ 1)

where Rm is sum of ranks of each group (e.g., days or locations), n is the number of

bioaerosol groups, and k is the number of groups.

As mentioned in the Spearman rank correlation, the rank of bioaerosol is calcu-

lated within each group. In the Friedman procedure for more than two groups of

samples, the rank is calculated among groups; that is, if you have three groups,

there will be only three ranks for each bioaerosol. A Microsoft Excel spreadsheet

can be used to organize data for this test. Apply the Rank and Percentile function

in Data Analysis, and remember to change of the defaulted “Grouped by” from

Columns to Rows. Rm
2 and xr

2 can both be calculated in spreadsheet using the

formula above (Table 9.8). The critical values of the x2 distribution have been

listed by Macher2 to compare with xr
2. In Table 9.8, a xr

2 was calculated as

4.67, which is less than a critical value of 5.99 for a degree of freedom f, as 2

(i.e., number of days minus 1) at the significant level (p ¼ 0.01). The test shows

that the differences among groups (day 1, day 2, and day 3) are not significant at

the selected level.

TABLE 9.7. An Example of Multiple Comparison Results Using SAS

A B C D E F

1 Groups Count Sum Average Variance Difference

from Groups

2 Livingroom 5 102 20.4 11.3 B

3 Master bedroom 5 56 11.2 6.7 C

4 Chilidren’s bedroom 5 62 12.4 10.3 C

5 Basement 5 220 44 28 A
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In some situations, we need to compare only one bioaerosol group, but sampled at

different locations or times. The H-test or two-sample Wilcoxon test can be applied.

The H-test (Kruskal–Wallis procedure) is a generalization of the two-sample

Wilcoxon test, and is used to evaluate the differences among samples from more

than two groups (e.g., different locations or times). H is calculated as the following.

When k ¼ 2, this equation is used for Wilcoxon test:

H ¼
12

N(N þ 1)

X

k

i¼1

Ri

ni

� �2

� 3(N þ 1)

where Ri is the sum of ranks of observations, group; N is the total number of obser-

vations, sum of ni; n is the number of observations in each i group; and k is the

number of groups.

9.6. DISCUSSION

Several basic statistical methods are described in the sections above using Microsoft

Excel, S plus, and SAS. The reader should consult standard statistical texts and refer

to the user manual of each statistical package for more detailed and advanced

information. Numerous studies have used these methods, and even more advanced

statistical methods have been seen in the peer-reviewed literature. Methods used

in those publications are not necessarily the best or the only approach to analyze

data from your investigations. The presentations of the methods in this chapter

provide the reader an opportunity to evaluate these methods. By using statistical

tools to understand the database, this provides a great opportunity to better charac-

terize exposure to indoor microorganisms.

Data missing because of unexpected events may occur in indoor microbial inves-

tigations. Imputation is one of the approaches to substitute some value for a missing

data point. Once all missing values have been imputed, the dataset can be analyzed

using standard statistical techniques. However, standard analysis techniques do not

reflect the additional uncertainty due to imputing for missing data, and therefore

further adjustments are necessary to account for this. Another approach to treating

missing data is to omit them from data analysis. This may reduce sample size of

TABLE 9.8. An Example Nonparametric Test Using Friedman Procedure

A B C D E F G H

1 Allergen Day 1 Rank Day 2 Rank Day 3 Rank xr
2

2 A 12 2 10 3 20 1 4.67

3 B 8 3 17 2 20 1 —

4 C 10 3 14 2 24 1 —

5 Rm — 8 — 7 — 3 —
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data analysis, but may avoid errors or uncertainties from the data imputation pro-

cedure. However, if missing data were due to improper operation or malfunction

of the equipment, the entire dataset collected would be questionable. Under such

circumstances it is necessary to recollect the dataset, whenever time and cost are

permitted.

The power of a statistical test is the probability that the test will reject a false null

hypothesis. The higher the power means that there is a greater chance to obtain a

statistically significant result when the null hypothesis is false. Increasing the

sample size is the most commonly used method for increasing statistical power.

Prior to investigation, a calculation of sample size is needed to enable the statistical

test to generate accurate and reliable results that would be helpful. If the sample

size is too low, the results will lack the precision to provide reliable answers to

the questions that it is investigating. If the sample size is too large, time and

resources will be wasted. However, because of the nature of wide variations of

indoor microbiological sampling results, power analysis may not be practical to

investigators in many situations.
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CHAPTER 10

ECOLOGY OF FUNGI IN THE
INDOOR ENVIRONMENT

CHIN S. YANG and DE-WEI LI

10.1. INTRODUCTION

Ecology is the scientific study of relations and interactions between organisms and

their environment. Fungi are no different. Their growth indoors follows similar eco-

logical principles. It is well understood that fungal spores are ubiquitous indoors and

outdoors and that fungi require moisture, nutrients, reasonable temperature, oxygen,

and a substrate to grow on. Fungal spores may exploit niches found in the indoor

environments and grow when the appropriate requirements are available. Although

observations have been made and described to a certain degree regarding fungi and

the indoor environment, there has been very little or no systematic study or review of

fungal ecology indoors by mycologists. An attempt was made to discuss “the fungal

ecology of indoor environments.”1 The four-page section was so short and simplistic

as to provide the reader a disservice. However, the intrinsic relationship between

fungi and their growth requirements in the indoor setting have not been fully eval-

uated and discussed. A more recent review on indoor fungal ecology provides good

and useful information.2

This chapter reviews existing mycology literature and discusses the ecology of

indoor fungi on the basis of current knowledge as well as the authors experience

and observations.

10.2. FACTORS AFFECTING FUNGAL GROWTH INDOORS

Many environmental parameters can influence fungal growth indoors. Some are

biotic factors, and others are physical and chemical, or abiotic factors. Biotic

factors include the presence of fungal propagules or spores, viability of spores,

the nature of the fungal species, and competing fungi and other organisms.
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Abiotic factors include nutrients, temperature, moisture, pH, oxygen and carbon

dioxide, and light. Fungi are not photosynthetic and require a wide range of nutri-

ents, including carbon, nitrogen, sulfur, and various macro- and micronutrients for

their survival and growth. Most fungi, including anamorphilic ones, and yeasts

are little impacted in their growth by hydrogen ions, as measured in pH.3 Fungi

are generally considered mildly acidophilic, with a preferred pH of slightly acidic

at pH �5. Most fungi found in food and other substrates grew in a wide pH range

of 3–8.3,4 Some fungi, such as Aspergillus niger and Penicillium italicum, are

able to grow at a pH as low as 2.3 The pH levels in the substrates may affect com-

petition between fungi and other microbes, such as bacteria. However, bacteria may

outperform fungi at near-neutral pH and higher.5 On the other hand, most building

materials are within the range cited by Wheeler et al.4 The impact of pH on indoor

fungal growth is generally considered insignificant.

For practical purposes, moisture, nutrients, and temperature and their interactions

with fungi indoors are discussed in detail below because they are the most important

abiotic factors in determining whether fungal spores may germinate and grow. The

impact of other environmental parameters is also discussed.

10.2.1. Biotic Factors

Four biological factors contribute to fungal growth indoors: presence of fungal pro-

pagules or spores, viability of spores, the nature of the fungal species, and competing

fungi and other organisms.

It is generally agreed that fungal spores of a wide variety are ubiquitous in nature

as well as in the indoor environment. There is no reason to doubt their presence

indoors. However, only certain spores may find the right indoor niches and con-

ditions for growth. Fungal spores in the environment may be dead or viable,

either in dormancy or ready to germinate and grow. The viability of fungal spores

is associated with a number of factors, such as age, UV light, and extreme con-

ditions. Dead spores, although they may still be allergenic and contain secondary

metabolites, cannot germinate and grow. Therefore, they do not cause infections.

Some viable spores, however, may be in dormancy. Dormant fungal spores are

usually either physically or chemically restricted for germination. A physical

barrier, such as a thickened spore wall, restricts absorption of water for spore germi-

nation. Some fungal spores contain inhibitors, which prevent spores from germina-

tion. Some spores germinate only after stimuli are applied or available. There are

also spores of fungi growing on burnted sites that require heat treatment for germi-

nation. Spores of obligate parasites (e.g., rust fungi) or of some symbionts (e.g.,

mycorrhizal fungi) will not germinate without the presence of appropriate hosts.

Spores of xerophiles may not germinate if aw (water activity) is not within its

range. Although all these spores may be found indoors, the majority of fungi that

grow indoors do not have such restrictions.

The majority of airborne fungal spores in a typical indoor environment are

of outdoor origins, particularly from such sources as leaves and vegetation, or

phylloplane.6,7 Common phylloplane fungi include species of Alternaria,
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Aureobasidium, Cladosporium, and Epicoccum.7 In addition, soilborne fungi also

contribute to airborne fungal spores. Spores of soilborne fungi are not uncommon

indoors, particularly in carpet dust. Other sources of indoor fungal spora include

wood products, foodstuff, vegetables, and fruits. It is important to point out that

some fungi may come from more than one source. Species of Alternaria, Aureo-

basidium, Cladosporium, and Epicoccum have been described from multiple

sources.5,7–10 Scott correctly pointed out that many common indoor fungi have

multiple sources.7

Fungi do not differ from other organisms. They compete with one another for

space, nutrients, and moisture. Although little has been studied and reported about

competition among fungi and other organisms, mycophagous mites and insects

and their skeletons and feces have been observed among fungal colonies in

samples collected from the indoor environment.7,11–13 Samson and Lustgraaf

observed the association of xerophilic fungi, Aspergillus penicillioides and

Eurotium halophilicum, with house dust mites Dermatophagoides pteronyssinus.14

Scott described fungal growth and association of mites along a vertical moisture

gradient on a water-damaged drywall.7 Hydrophilic fungi, such as Stachybotrys

chartarum and Acremonium sp., have been observed near the lower extent of wall-

board, in which the highest aw is likely to exist. Mites and insects not only feed on

fungal matter but also help dispersal of fungal spores when they crawl and move

around.12 Common storage mites Acarus siro and Tyrophagus putrescentiae are

known to feed on common indoor mold, such as P. chrysogenum.9 Mycoparasites,

such as Trichoderma harzianum,8 are commonly isolated from water-damaged,

cellulose-containing building materials.15 Trichoderma harzianum is also known

as a cellulolytic fungus.8 It is not clear whether T. harzianum grows independently,

as a mycoparasite, or both.

10.2.2. Abiotic Factors

Nutrients. Fungi are achlorophyllous and nonphotosynthetic. Their survival and

growth rely heavily on their ability to obtain nutrients, such as sugars, amino

acids, vitamins, and macro- and micronutrients, from the substrates. Different

species of fungi have different abilities to access and utilize simple or complex

forms of carbohydrate, organics, and mineral nutrients.16 Some fungi, such as

species of Aspergillus and Penicillium, are called “sugar fungi” because they are

fast-growing and prefer simple sugars. On the other hand, some fungi can break

down complex carbohydrates (such as cellulose and lignin) or complex organics

(such as wood) to obtain nutrients, and are usually late colonizers of the substrates.17

Decomposition and degradation of a substrate is due to enzyme activities. The types

of enzymes required depend on the substrates.16

The primary food source for indoor fungi is cellulosic matter. Cellulose is made

of glucose units in a linear linkup with b-(1–4) bonds. Cellulose chains are further

crosslinked by hydrogen bonds to form microfibrils and then cellulose fibers.18

Cellulose fibers may come from several different plant sources: wood, herbaceous

stem (i.e., flax and jute), leaf (i.e., manila), or seed (i.e., cotton). The majority of
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cellulose fibers used in building materials are processed, delignified wood fibers,

which become much more susceptible to fungal attack, due to chemical or physical

means used in the pulping process, than in their native form. The susceptibility of

cellulose fibers to fungal attack is associated with their chemicophysical form. Cel-

lulose in its native state consists mostly of crystalline form with a few amorphous

sites. The number of amorphous sites increases along native cellulose during the

pulping process, which increases the susceptibility to fungal attack.18 This may

also help explain the observation made by Chang et al. that used ceiling tiles

were more susceptible to fungal growth than new ones in a moist-chamber

study.19 Aging of the ceiling tiles may also increase the number of amorphous

sites. The widespread use of cellulosic materials in building materials as well as

in building construction increases the availability of food sources for fungal

growth. Karunasena et al. studied colonization and growth of Cladosporium,

Penicillium, and Stachybotrys on ceiling tiles made of inorganics or containing

organics (i.e., cellulose).20 The results showed that inorganic ceiling tiles did not

support the growth of fungi, while cellulose-containing ceiling tiles did. The

authors suggested that inorganic ceiling tiles could serve as a replacement for

cellulose-containing ceiling tiles to avoid fungal growth.

In wood, cellulose fibers are chemically bound to lignin. Lignin consists of large

molecule units of complex polyphenolic polymers made of carbon, hydrogen, and

oxygen elements.18,21 Lignin helps protect cellulose from microbial attacks by redu-

cing the accessibility of susceptible amorphous sites.18 Stachybotrys chartarum, a

known cellulolytic fungus22 that grows mostly on paper products rather than

wood products, is a good example.

In addition to wood and cellulose products, chemically modified cellulose deriva-

tives are used in building finishing products. Emulsion paints may contain carbox-

ymethyl cellulose. These derivatives are as susceptible to fungal attack as

cellulose fibers.18

Although cellulose substrates are the primary carbon source for many cellulo-

lytic fungi growing indoors, a study by Murtoneimi et al. demonstrated that other

chemical components of building materials were found to influence growth and

sporulation of Stachybotrys chartarum as well as cytotoxicity of the spores on 13

modified gypsum wallboards.23 The spores produced on the wallboards were also

tested for the inflammatory potential. It was reported that, in comparison to the

reference board (nonmodified), growth and sporulation of the fungus decreased

on wallboards in which (1) the paper liner was treated with a fungicide, (2)

starch was removed from the plasterboard, or (3) desulfurization gypsum was

used in the core. Spores collected from all wallboards exhibited cytotoxicity to

macrophages. Biocide application did not reduce fungal growth; however, spores

collected from biocide-treated board exhibited the highest degree of cytotoxicity.

The conventional additives (a foam, an accelerator, and a water-reducing agent)

used in the core were found to have some inhibitory effects on growth. Recycled

wallboard and the board without the starch triggered spore-induced tumor necrosis

factor alpha (TNF-a) production in macrophages. The study concluded that growth

of a Stachybotrys chartarum strain on wallboard and the subsequent cytotoxicity of
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spores were affected by minor changes in the composition of the core or paper

liners.

Most fungi identified as capable of growing indoors or on building materials7,24–26

are also fungi known to cause food spoilage and biodeterioration.3 With the exist-

ence of a wide range of organic matter in an indoor environment, one should not

be surprised to find unusual fungi growing indoors.27

Temperature. Fungi, again like most organisms, usually grow in a wide range

temperature. In this context, range, including minimum, optimum, and maximum

temperatures, can be defined as a temperature profile. Each species has its own

profile. Some are narrow and some are wide. Fungi that can grow in a wider temp-

erature range may also have a competitive edge, for example, A. fumigatus. Most

fungi, known as mesophiles, grow best at a temperature range near room tempera-

ture. Some fungi are classified as psychrophilic, literally cold-loving, or thermophilic,

literally heat-loving. Psychrophilic fungi are defined as not growing above 208C and

having a minimum temperature at or below 08C and an optimum temperature in the

range of 0–178C.28 Thermophilic fungi, such as Aspergillus fumigatus and Absidia

corybifera, have minima at or above 208C, maxima at or above 508C, and optima

somewhere in the higher half of that range. Mesophiles are defined as those

having minima above 08C, maxima below 508C, and optima between 108C and

408C. Unfortunately, fungi seldom follow this rigid artificial classification. Aspergil-

lus fumigatus has a wide temperature range of 12–528C and does not fit into a classi-

fication neatly. However, most fungi, particularly those commonly found growing

indoors, are mesophilic.

Moisture. Fungi can utilize organics by secreting enzymes to break down organics

into small molecules. Enzymes require water as a solvent for their activities as well

as for the endproducts, such as simple sugars and amino acids. The most commonly

utilized organics are sugars of various kinds, from simple sugars, such as glucose, to

sugar polymers, such as cellulose. Some fungi, such as species of Penicillium and

Aspergillus, grow quickly in the presence of simple sugars and are often called

“sugar fungi.”17 Stachybotrys chartarum, Trichoderma species, Chaetomium globo-

sum, and Chrysosporium pannorum (syn.Geomyces pannorum), to name only a few,

are cellulolytic and capable of secreting cellulases to break down cellulose into

simple sugars. Wood decay fungi are capable of producing cellulases, ligninases,

or both to utilize complex organics, namely, wood.21

In the indoor environment food is usually abundant and temperature is usually

moderate. Moisture is usually the critical factor limiting the germination of fungal

spores and subsequent fungal growth.26,29 It is biologically important for some

fungi to regulate their spore release, such as some members of basidiomycetes

and ascomycetes. Fungi, like all organisms, require water for various physiological

as well as metabolic activities. Water serves as a solvent for carrying solutes in and

out of hyphae and for enzymatic and other metabolic reactions.28 It is also used to

regulate and maintain the turgor pressure inside the cell so that it does not collapse as

a result of high external pressure. Various terms, including osmotic pressure,
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osmotic potential, water potential, and water activity, have been used to define or

describe the role that water plays in a biological system. Water activity (aw), prob-

ably the most commonly used term, describes and defines the available free (not

chemically or covalently bound) water in a substrate available for biological

growth. It is measured when equilibrium is reached between atmospheric relative

humidity and the water content in a substrate or a solution, or it expresses the avail-

able water in a substrate as a decimal fraction of the amount present when the sub-

strate is in equilibrium with a saturated atmosphere (an equilibrium relative

humidity of 70% around the substrate means that the substrate has a water activity

of 0.70).30 Water activity can be calculated as aw ¼ p/p0, where p is the partial

pressure of water pressure in the substrate and p0 is the saturation vapor pressure

of pure water under the same conditions.5 Water activity is numerically equal to

equilibrium relative humidity (ERH) expressed as a decimal. If a sample of substrate

is held at constant temperature in a sealed enclosure until the water in the sample

reaches equilibrium with the water vapor in the enclosure, then aw ¼ ERH/100.
Another commonly used measurement of moisture in a substrate is moisture

content in percentage of dry weight. It is often used in measuring moisture

content of wood or wood products.

The use of ERH in calculation of aw often gives the false impression that relative

humidity (RH) is critically important and an overriding factor in indoor fungal

growth. Relative humidity is the measurement of water molecules and water droplets

in a given airspace. Since fungi do not and cannot grow in air, RH has only second-

ary effects on fungal growth, condensation, and hygroscopicity of materials. In fact,

most indoor fungal growth occurs as a result of incoming water but not just high RH

and condensation on indoor surfaces.9,31,32 Scott suggested that Stachybotrys char-

tarum is a principal colonizer of paper products following water damage, but is

rarely involved in materials subjected to condensation.7 He also referenced that

Cladosporium cladosporioides, C. spheraospermum, Alternaria, Ulocladium,

Aspergillus versicolor, Penicillium chrysogenum, P. griseofulvum, and P. spinulo-

sum were reported to cause disfiguration on interior surfaces of buildings due to con-

densation.33 However, these observations may not be applied to every situation,

since prolonged or large-scale condensation is no different from water damage. It

is more likely that the difference in the observations was due to the duration of

wetness and progession in fungal succession. Persistently high RH in a poorly ven-

tilated condition does allow hygroscopic materials to increase aw to a level that

favors growth of xerophilic fungi.

The measurement of water activity indicates the minimal water requirement for a

fungus to grow, which is seldom the optimal condition for fungi to compete and

grow in the environment. In practice, it is also important to also look at the

optimal aw for each fungus. Clearly, fungi have competitive advantages when

they are at their optimal growth conditions. Aspergillus versicolor has a reported

aw of 0.79 at 258C32 but an optimal aw of 0.98 at 278C.34 It is, in fact, common

to observe growth of Aspergillus versicolor on water-damaged materials, presum-

ably at higher aw. However, the range of aw that a fungus can grow can be a com-

petitive edge in finding an ecological niche. Fungi that can germinate and grow at a
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wider aw range clearly have a competitive advantage. Water activities of specific

fungi are available from many reference sources.24,26,31,35,36

Grant et al. found that minimal aw for spore germination and growth of indoor

fungi on building materials was much higher than on the fungal growth medium

MEA.32 Minimal aw required was different for spore germination and growth of

indoor fungi, and aw for fungal growth is usually higher than for spore germina-

tion.32 On building materials fungal growth and production of significant quantities

of mycotoxins required significantly different water activity, 0.8 versus 0.95.31Mod-

erately xerophilic fungi, such as Penicillium spp. and Aspergillus spp., will begin to

grow at aw between 0.78 and 0.90 depending on the composition of substrates of

construction materials.31

Clarke et al., on the basis of an extensive review of mycological literature and

laboratory validations with mold samples, defined six groups of fungi ranging

from highly hydrophilic to highly xerophilic.37 They used a growth limit curve,

which is defined by the minimum combination of local surface temperature and

humidity for which growth will occur on building surfaces, to define the six

groups. The laboratory validation tests showed the minimum time for growth at

the lowest RH to be 75 days. Highly xerophilic fungi have growth limited to

.98% RH, while highly xerophilic fungi have growth limited to.75% RH. Asper-

gillus repens is considered highly xerophilic; A. versicolor, xerophilic; Penicillium

chrysogenum, moderately xerophilic; Cladosporium sphaerospermum, moderately

hydrophilic; Ulocladium consortiale, hydrophilic; and Stachybotrys chartarum,

highly hydrophilic. The study did not determine the optimal RH for their growth.

The authors suggested using such information to provide a design tool that can

predict the likelihood and extent of mold growth.

In a similar but controlled laboratory study, Chang et al. found that new ceiling

tiles supported the growth of Penicillium chrysogenum and P. glabrum at aw 0.85

and a corresponding moisture content .2.2% and of Aspergillus niger at aw 0.94

and a corresponding moisture content .4.3% on used ceiling tiles.19 Penicillium

chrysogenum is known to have a germination aw at 0.78–0.85 and the minimum

aw for growth at 0.79,26 while Aspergillus niger is reported to have a minimum ger-

mination aw at 0.77.5

In a moist chamber study of new gypsum boards just off the production line, Doll

and Burge showed that 11 fungal genera were present on new gypsum board without

artificial inoculation. Penicillium spp. and Aspergillus spp. were found at 95% RH in

moist chambers only on the paper sides, and the number of fungi found on the new

gypsum board increased with increasing moisture content.38 On one occasion

Stachybotrys sp. was present on the gypsum boards. This study showed that new

gypsum boards were not free from naturally occurring fungal spores, which will

readily germinate and grow when a suitable moist condition was met.

Another common measurement of moisture content in a substrate or building

material is percentage (%) of moisture on an oven-dry-weight basis.21,39 Although

moisture level on a percentage basis does not indicate the availability and amount

of free water in a substrate and has no direct bearing on mold growth, the expression

is still commonly used in the literature of certain industries. In the wood industry, the
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precent of moisture content is frequently used in practice as well as in the literature.

Wood decay seldom occurs when the moisture of the wood products is below fiber

saturation point, on average 30%.21,40 However, the golden rule that is still in use

today by many wood users to prevent the growth of microbes and the development

of wood decay is not to allow moisture levels in wood to exceed 20%.21

To fungi, water is essential for growth whether it is clean, gray, or black.1

Although contaminated water may have a higher content of organics to serve as

nutrients, the requirement of water for fungal growth is otherwise the same.

Light. The effects of light on fungal development and ecology may be underesti-

mated. According to Tan,41 many fungi required light for the successful completion

of morphogenesis or sporulation. He also opined that light may be one of the most

crucial external factors controlling fungal development. Light elicits a number of

fungal reactions from light-induced uptake of glucose in Blastocladiella britannica

and the light-stimulated synthesis of protein and polychaccharides by B. emerso-

nii,42,43 through the influence on orientation and growth rate of hyphae and fruiting

bodies, to the morphogenetic initiation of fruiting bodies.44 Trinci and Banbury45

noted that photoinduced changes in pigmentation and conidiophore growth occurred

only in the part of a mycelium of Aspergillus giganteus exposed to light directly, but

not the adjacent area kept in the dark. Light may affect the release of conidia of

Botrytis squamosa.46 A number of the perithecial ascomycetes need light to initiate

ascospore discharge.47,48 It was observed that light triggers spore release in several

fungi.49 A number of fungi have evolved phototropic mechanisms for their spore

release so as to increase the efficiencies for spore dispersal.30 In the Ascomycetes

class, radiation, minimum humidity, changes in humidity, and minimum wind

velocity were all directly correlated with levels of airborne ascospores.48

However, light in indoor environments is different from the light outdoors in

spectra and intensity. It should be noted that there is literally no report on the

responses of fungi to artificial light (fluorescent and incandescent light) and the

light passing through window glass in indoor environments. Light normally is not

considered a limiting factor for the development and reproduction of most indoor

fungi. Further research on the effect of light on indoor fungi is necessary.

Oxygen and CO2. Most fungi are obligate aerobes. Moore50 noted that develop-

ment of fungal fruit bodies requires oxidative metabolism [amplified glycolysis

and the tricarboxylic acid (TCA) cycle activity] and, subsequently, oxygen supplies.

Oxygen is not a limiting factor for indoor fungi in most situations. It was observed

that fungi did not develop on the building materials continuously submerged in

water. CO2 is also very important to fungal development.50 Buston et al.51 found

that elevated CO2 concentration was necessary for perithecium formation of Chae-

tomium globosum, and the fungus developed the maximal number of perithecia in

10% of CO2. It was found that high CO2 concentration promoted mushroom stem

elongation of agaricus whereas cap expanding was enhanced by lowered CO2 con-

centration.52,53 Poorly maintained or malfunctioning HVAC systems may lead to

elevated CO2 concentration and deteriorating indoor air quality. However, the
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effects of oxygen and CO2 concentration on indoor fungi are not well understood

because of lack of research.

10.2.3. Interactions Between Temperature, Moisture,

and Fungi Indoors

Although little is known regarding interactions between temperature (T ), moisture,

and fungi in the indoor environment, studies on the interactions in the environment

offer some useful information.

Although relative humidity (RH) and temperature were reported to be the most

important environmental parameters regulating spore production,54,55 current

understanding of the relation between fungal growth and the availability of free

water (aw) in the growth substrate have significantly changed the importance of

RH on spore production. Sufficient moisture is not only important in vegetative

growth but also the most important factor in sporulation.48 Spore release and dis-

persal of some hyphomycetes was correlated with increasing T and decreasing

RH. Lower RH allows dry spores to become airborne. The moisture content of

the indoor air was reported to have significant effects on all measurable airborne

spore concentrations.56 Spore release of Botrytis squamosa, which is most likely

of outdoor origin, was promoted largely by declining RH, increasing T, and rain,

but occasionally by increased RH.46 On the other hand, Leach49 found that spore

release of Drechslera turcica and several other fungi was affected by decreasing

RH but not by temperature changes. Drastic increases of conidia of Cercospora

asparagi were trapped beginning at 7:00–8:00 a.m., when T increased and RH

fell below 90%.57 Beaumont et al.58 reported a positive correlation between con-

centrations of total airborne spores of Cladosporium and Botrytis with higher

temperatures.

Variations and fluctuations in indoor humidity and temperature were found to

have significant effects on fungal growth,33,59 such as in a bathroom situation

with transient high humidities where dominant mycota included species of Alter-

naria, Aureobasidium, Cladosporium, Phoma, and Ulocladium.25,60

Basidiospores of Paxillus panuoides Fr., a mushroom likely found outdoors,

were released when temperatures were above freezing, and daily peaks were

usually correlated with increased T and decreased RH. Spore releases were found

to increase from a temperature of 28C, to a maximum at 378C, but ceased at

458C. RH treatments did not significantly affect spore release. Temperature was

determined to be the stimulus for the natural spore release pattern.61 Higher

counts of basidiospores might be due to higher relative humidity and lower sun-

shine in 1978 in Galway, Ireland.62 Li63 found that RH and dew were positively

correlated with release of basidiospores of Amanita muscaria var. alba, and T

values showed no significant correlation with the release of the basidiospores.

Less than 0.1% of the basidiospores released infiltrated a residence nearby.

Because fluctuations and changes of RH are related to temperature variations as

well as moisture sources, the effects of these two parameters could not be

defined independently.
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10.3. ECOLOGICAL INTERACTIONS BETWEEN FUNGI AND

ENVIRONMENTAL FACTORS

A wide variety of fungal species have been documented to grow indoors.24,25,27

The species are represented in all major fungal taxonomic groups: Ascomycetes,

Basidiomycetes, the form class Deuteromycetes, Zygomycetes, and Myxomycetes.

The taxonomic relationship between these groups is available from existing litera-

ture and is discussed only where appropriate.

10.3.1. Indoor Fungal Ecology

The observations and reports of fungi growing indoors are not new. Wood decay in

buildings has been studied for generations.21 In addition, fungi as biodeteriorating

agents have been known. Aspergillus versicolor was reported as commonplace on

the wallpaper surfaces in New Zealand public buildings in 1945.64 Growth of

Scopulariopsis brevicaulis in buildings leading to poison gas and illness in occu-

pants was reported in the nineteenth century. Morton and Smith65 reviewed the lit-

erature on S. brevicaulis and described how it was discovered to grow on building

materials containing arsenic and produced a characteristic garliclike odor as far

back as the early nineteenth century. The garliclike odor was identified as diethylar-

sine and later trimethylarsine. Cases of poisoning from exposure to volatile arsenic

compounds derived from arsenic pigments in wallpaper or tapestry have been

reported since 1820. The compounds were recognized by their typical garliclike

odor, and the production of the odor was associated with the presence of “arsenic

mold.” The “mold” was later isolated and identified as Scopulariopsis brevicaulis.

In 1932, a child died and several other people became seriously ill from living in

damp rooms in which wallpapers contained Paris green, which had a small

amount of arsenic. These suggest that damp indoor environments and mould

growth are not a new problem.

In one of the early studies in the United States, Morgan-Jones and Jacobsen66

identified and reported mold growth found on carpets, plasterboard, and wallpaper

from three hotels in Florida and Georgia. Many fungi identified in these materials

are known biodeterioration agents of paper, textiles, and plaster. The fungi identified

from mold samples included species in the ascomycetous genus Chaetomium, the

dematiaceous hyphomycete genera Alternaria, Cladosporium, Stachybotrys, and

Ulocladium; the moniliaceous hyphomycete genera Acremonium, Aspergillus, and

Penicillium; and the pycnidial genus Phoma. They reported 14 species, including

two new species of Cladosporium, in 11 genera in the study.

Käpylä67 of Finland found that Aureobasidium pullulans was the predominant

fungus growing on wooden frames of insulated windows. In a study of toxicity of

moldy building materials, Johanning et al.68 not only detected cytotoxicity of the

materials to cell cultures but also identified several groups of fungi and detected

satratoxin H and spirolactone/lactams in the mouldy samples. The fungi identified

included several of those described by Morgan-Jones and Jacobsen66 and additional

species of Aspergillus, Paecilomyces, and Trichoderma from gypsum wallboard and
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other building materials. In more recent studies, C. sphaerospermum was found to

grow better than P. chrysogenum on various plaster materials, paints, and plaster-

boards under conditions with fluctuating aw, but P. chrysogenum grew better than

C. sphaerospermum did at constant aw.
31,69

Another source of fungal growth indoors is carpet flooring. Carpet is a sink for

dust and fungal spores and a good reservoir for survival of fungal spores and their

resuspension into air. Spores in the reservoir will germinate and grow when suitable

conditions become available. The most common fungal genera identified in dust

were Aspergillus, Alternaria, Cladosporium, Epicoccum, Eurotium, and Penicillium

among 41 different genera and species.70 In a comprehensive study of indoor fungi

in dust samples collected from 369 houses in Wallaceburg, Ontario, Scott7 found

approximately 250 fungal taxa and identified the 10 most common species:

Alternaria alternata, Aureobasidium pullulans, Eurotium herbariorum, Aspergillus

versicolor, Penicillium chrysogenum, Cladosporium cladosporioides, P. spinulo-

sum, C. sphaerospermum, A. niger, and Trichoderma viride.

Hodgson and Scott71 studied 243 carpet dust samples collected from problem

and control buildings in the United States. They found that average fungal con-

centrations, analyzed with the extraction–serial dilution method, in dust

samples from problem buildings were higher than in control samples (1.8

million vs. 30,000 CFU/g). The most common dominant fungal group detected

in problem buildings were species of Penicillium, followed by Cladosporium,

and then Aspergillus. In the control buildings, Cladosporium was the most fre-

quently detected dominant taxon, followed by Penicillium, Phoma, yeasts, and

Epicoccum nigrum at equal percentages. Aspergillus was never a dominant

taxon in the control buildings. Among individual Aspergillus species, A. versico-

lor was the most common species in samples from problem buildings. Other

Aspergillus species of significance included A. niger and A. sydowii. They con-

cluded that dominant taxa can also serve as an indicator of fungal contamination.

Penicillium spp. and Aspergillus spp., especially A. versicolor, are generally the

major or dominant taxa associated with problem building samples. The fact

that Penicillium species are commonly isolated from both problem and control

buildings makes interpretation of the data much more difficult, especially if the

total concentration of fungi in the dust samples is in the range of 104 CFU/g.
Knowing the species of Penicillium is very important in order to determine

whether it is likely from an indoor source.

Scott7 reported in the study on genotypic variation of two common dustborne

Penicillium species, P. brevicompactum and P. chrysogenum. It was found that

there were two genetically divergent groups of P. brevicompactum according to

sequence analysis of the b-tubulin (benA) and rDNA loci. The predominant

group, accounting for 86% of isolates, was found to cluster with the authentic

strains of P. brevicompactum and P. stoloniferum.7 Another report72 revealed

found that isolates of P. brevicompactum recovered from dust in houses in

Ontario could be divided into two genetically divergent groups. They found that

the two groups were distributed throughout the sample population and coexist at

several sites. On the basis of their findings, they reasoned that the primary
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amplification sites of P. brevicompactum were outside the building environment,

rather than the commonly held belief that it was of indoor origin.

A clonal pattern of inheritance in another common indoor fungus, P. chryso-

genum, was observed and phylogenetic analyses of allele sequences found the popu-

lation segregated into three divergent groups, accounting for 90%, 7%, and 3% of

the house dust isolates, respectively.7 Type isolates of P. chrysogenum and its

synonymous species P. notatum clustering within the secondary lineage confirmed

this synonym. No available species names could be applied to the predominant and

minor lineages. This implied that P. chrysogenum, delineated previously, is a

species complex including three taxa, two of which are currently unnamed.

Further studies are necessary to determine the nomenclature status of the two

unknown lineages of P. chrysogenum. Primary interest would be in the true identity

of the dominant group currently identified as P. chrysogenum.

Horner et al.73 reported that 50 single-family detached homes, built since 1945,

with less than 2 ft2 of known water damage, and located within a central city census

tract in the metropolitan Atlanta city (DeKalb and Fulton Counties), Georgia were

assessed to establish a baseline of “normal and typical” types and concentrations

of airborne and dustborne fungi in urban homes. The homes were predetermined

not to have noteworthy moisture problems or indoor fungal growth and were

sampled twice (summer and winter) within a calendar year. Dust samples were

sieved and inoculated by the “direct plating” method onto MEA and DG-18

media. Cladosporium cladosporioides, C. spp., and C. sphaerospermum were the

top three fungal species in both indoor and outdoor air samples. Rankings by preva-

lence and abundance of the types of airborne and dustborne fungal spores were not

found to differ from winter to summer, nor did the rankings differ when air samples

taken indoors were compared with those taken outdoors. Water indicator fungi (such

as Chaetomium, Stachybotrys, and Ulocladium) were essentially absent from both

air and dust samples.

However, it should always be kept in mind that isolation and identification of

fungi from carpet or carpet dust does not by itself indicate fungal growth. Spores,

which are ubiquitous in indoor dust reservoirs, can germinate and grow on culture

media. To confirm that a fungus is in fact growing in carpet flooring, a direct micro-

scopic observation and examination of the carpet or dust for vegetative growth and

reproductive structures is often necessary. In addition, if there is no history of

wetting of the carpet or persistent excessive humidity and no water staining, then

the carpet is unlikely to be supporting growth.

10.3.2. Specific Ecological Niche of Some

Common Indoor Fungi

Most, if not all, common fungi found growing indoors are saprophytes, biodeterior-

ation agents, or both. Species of Aspergillus and Penicillium are, in particular, well-

known saprophytes and documented biodeteriorating agents of a wide variety of

materials: fruits, foodstuff, produce, textiles, paints, and wood and paper pro-

ducts.5,10,74–76 These two genera include more than 180 species for Aspergillus
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and more than 220 species for Penicillium.77 With each genus, they include both

xerophiles and hydrophiles and cover a wide range of aw. On the other hand,

some fungi have a unique and specific niche, while some can grow on a wide

range of substrates.

Several Aspergillus species have commonly been reported from water-damaged

buildings.9,12,25,32 Aspergillus versicolor, one of the most common fungi in a wide

range of water-damaged building materials, also occurs in many kinds of foodstuff,

including spices, cereals, and nuts.5,77 It was reported as commonplace on water-

damaged wallpaper surfaces in New Zealand as early as 1945.64 Additional

reports of its occurrence in water-damaged environments are many.9,12,25,32,68

Additional Aspergillus species reportedly recovered from water-damaged environ-

ments include A. candidus, A. flavipes, A. fumigatus, A. flavus, A. niger,

A. niveus, A. nidulans, A. ochraceus, A. terreus, A. sydowii, and A. ustus.78 Asper-

gillus penicillioides and A. restrictus were from a “dry environment, e.g., house

dust.”78 Aspergillus fumigatus, A. versicolor, and A. terreus were isolated and ident-

ified from preservative-treated wood poles.75 Two xerophilic species of Aspergillus

growing on glass were isolated and identified.79

One interesting and unique species of Aspergillus is A. oryzae, which is tradition-

ally used in oriental food fermentation processing, including the production of soy

sauce, miso, and enzymes.80 Its primary distribution is in soil of the tropics77 and is

seldom reported from the United States or elsewhere in North America, if ever. The

fungus is morphologically and phylogenetically very close to A. flavus and A. para-

siticus, two aflatoxin producers.77,81 However, isolates of A. oryzae do not produce

aflatoxin.8 Therefore, one must be extremely careful when A. oryzae is reported in

samples collected from North American or other temperate regions. Chances are that

it is a misidentification by the laboratory and probably not A. oryzae.

Species of Penicillium are common contaminants of indoor environments.

However, individual Penicillium species may thrive in specific niches because of

their tolerance or their ability to utilize certain chemicals in the substrates. Penicil-

lium decumbens, P. fellutanum, and several species of Penicillium are known to have

significant tolerance to formaldehyde, and can commonly be found in wood and

building products, which contain formaldehyde or phenolformaldehyde.12,82

Penicillium chrysogenum and P. waksmanii can colonize particleboard and utilize

phenolformaldehyde resins as a carbon source.10,83 Penicillium chrysogenum is

considered to be one of the most widespread Penicillium species and “among the

most common eukaryotic life forms on earth,”74 including indoors. Penicillium

spinulosum, and P. ochrochloron can tolerate high concentrations of copper

because they can produce oxalic acid, which precipitates copper ions into relatively

insoluble copper oxalate as a mechanism of tolerance.84 Penicillium spinulosum is

also known to have a high degree of resistance to preservatives and other chemicals.3

Penicillium arenicola was also reported to have a high copper tolerance.74 Penicil-

lium glabrum was identified as one of the dominant primary colonizers in a copper–

chrome–arsenate (CCA)-treated sapwood of Pinus radiata.10,85 Therefore, it should

not be a surprise to recover these species from CCA-treated building lumber. Peni-

cillium diversum, P. funiculosum, and P. janthinellum were isolated and identified
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from wood utility poles treated with wood preservatives.75 A wide variety of Peni-

cillium species were recorded from a study in Canada as well as from other studies of

wood products.10 Not surprisingly, many species on the list included those com-

monly found growing indoors, such as P. brevicompactum, P. chrysogeum,

P. decumbens, P. glabrum, P. commune, P. crustosum, and P. spinulosum. Pitt3

considered P. purpurogenum, P. variabile, P. funiculosum, P. minioluteum,

P. pinophilum, and P. verruculosum to be common biodeteriogens that are

capable of producing very diverse degradative enzymes. They can also grow in a

wide range of moist environments. Textiles and canvas in tropical regions, mine

equipment, cooling towers, corks, and rubber are all susceptible to invasion by

these species.3

Many species of Penicillium are also common food contaminants and cause spoi-

lage in foodstuff,5 particularly in low-temperature storage at 228C and 58C.3

Several species have specific affinity for certain foodstuff or fruits. Penicillium

italicum and P. digitatum are well known to grow and cause rot on citrus fruits.

Penicillium italicum is common on lemons and other citrus fruits, while P. digitatum

has a preference for oranges. Penicillium expansum is also a well-known rotter of

pomaceous fruits, such as apples, pears, and other fruits and plant tissues. Penicil-

lium solitum is common in processed meat products and is a pathogen on

apples.74 Penicillium camemberti and P. roqueforti are known as the “cheese

molds” and for their role in cheese manufacturing. However, Penicillium roqueforti

is a soil fungus,9 has a wide distribution, and is a common spoilage fungus, even at

refrigeration temperature.5 The authors have observed and identified this fungus at

elevated concentrations from samples collected from a mine. Penicillium camem-

berti, on the other hand, is rare outside of cheese-associated environments. It is con-

sidered a domesticated strain of P. commune.9

Cladosporium is a large and diverse genus with over 60 species.77 Common

species include C. cladosporioides, C. herbarum, and C. sphaerospermum. They

are considered phylloplane fungi but have been recovered from soil8 and other sub-

strates. Cladosporium herbarum can grow at a very low temperature (258C) and

have caused problems in chilled beef.3 The other two species are also common

indoors and tend to grow on cold condensing surfaces7 and on fibrous glass insula-

tion in the HVAC system.11

Chaetomium is an ascomycetous genus and includes over 80 species.77,86 They

are cellulolytic and cause soft rot in wood. Chaeomium globosum is the most com-

monly encountered species in wood and paper products or cellulose-containing

materials in moldy buildings;31,78 however, one should not be surprised to find

other species of Chaetomium in chronically water-damaged buildings. Chaetomium

globosum and other species of Chaetomium are considered as tertiary colonizers

because of their cellulolytic nature17 and high water activity requirement.31,32

Scopulariopsis is a genus comprising about 20 species.65 Several species, includ-

ing S. brevicaulis, S. candida, and S. fusca, have been documented to grow

indoors.9,24,78 Two additional species, S. chartarum and S. brumptii, have been iso-

lated and identified from moldy indoor materials by the authors. All the species have

been reported from a wide variety of substrates, including paper, wallpaper, straw,
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soil, cheese, human tissues (such as toenail and skin), silkworm, stored meat, leather,

awnings, and fabrics, or as a culture contaminant.64,65 Scopulariopsis brevicaulis is

the most common species detected in the genus and has been associated with the pro-

duction and release of methylated arsenic gas and poisoning of building occupants.65

Smith87 reported that this species flourishes on high-protein substrates, such as meat

and cheese.

Trichoderma harzianum, T. viride, T. citrinoviride, T. atroviride,

T. longibrachiatum, and T. koningii have been recorded and reported from the

indoor environment.24,31,78 Many, if not all, species of Trichoderma are cellulolytic

and grow well on wood and paper-based substrates. Trichoderma viride is known to

produce powerful cellulases and is a common fungus growing on textiles, paper, and

timber.3 Trichoderma reesei is used in industrial-scale production of cellulase

enzymes.88 Bissett89 identified species of Trichoderma from ureaformaldehyde–

based foam insulation (UFFI). However, UFFI has not been a popular building insu-

lation material in Canada or the United States for many years. The likely source of

Trichoderma in indoor dust was soil.7 Trichoderma harzianum is also a well-known

mycoparasite, a fungus that parasitizes another fungus8 and is commonly referred to

as “green mold” in the mushroom cultivation industry. Occurrence of this fungus can

lead to serious yield losses to production of cultivated mushroom Agaricus

bisporus
90 and other species. Samuels considered many Trichoderma species to

have been incorrectly identified and regional or limited to certain ecological or

geographic locales.88 Trichoderma harzianum and T. asperellum are considered

two true cosmopolitan species.88

Stachybotrys and Memnoniella are currently recognized as two genera.22 The

primary characteristic for differentiation between these two genera is whether

condia are in a slimy mass (e.g., Stachybotrys) or in dry chains (e.g., Memnoniella).

However, many mycologists have long considered that the choice of using that

characteristic to differentiate between these two genera is insufficient. In fact,

studies have shown that some species can produce both dry spores in chains and

slimy spores en masse.27,91,92 Many Stachybotrys and Memnoniella species were

shown to be cellulolytic.22 Stachybotrys chartarum, S. chlorohalonata, andM. echi-

nata are the primary species detected in moldy cellulose-containing building

materials. Stachybotrys chlorohalonata is a new species segregated from

S. chartarum sensu lato on the basis of morphological, three-gene fragment

sequences, and mycotoxins profiles.93 However, other unusual species, such as

S. yunanensis, S. nephrospora, S. microspora, and S. elegans, have also been reported

from moldy buildings.27,94 Memnoniella echinata, although not as common as

Stachybotrys chartarum and S. chlorohalonata, can be found on cellulose-containing

materials suffering from long-term water damage. Li and Yang94 found that the PCR

primers and probe for detecting S. chartarum used by commercial laboratories were

not able to differentiate S. chartarum from S. chlorohalonata and S. yunnanensis.

Although microfungi or hyphomycetes are the most common species to grow

indoors, wood decay basidiomycetes, such as Sistotrema brinkmannii, Meruliporia

incrassata (a.k.a. Poria incrassata), and Serpula lacrymans (a.k.a. Merulius lacry-

mans), are occasionally identified and reported in wood-constructed buildings.24,78
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Sistotrema brinkmannii was reported growing on wet, decaying wood-framed

windows.24 Meruliporia incrassata is an important wood decay fungus, causing

brown cubical rot, and is commonly found in the western United States, such as

California. Serpula lacrymans is another wood decay fungus. It usually grows on

soft wood in constant contact with wet masonary.24 The latter two fungi are often

called “dry-rot fungi” because they appear to grow on dry wood. They can send

out rhizomorphs, a rootlike structure, and mycelial fans to search for and transport

back water and nutrients.21 The authors have occasionally isolated these fungi in

decaying wood materials from buildings in the United States. A real-time polymer-

ase chain reaction (real-time PCR) has been developed for the detection of Meruli-

poria incrassata and Serpula lacrymans.95

Fungi, depending on individual species, may grow at a wide range of moisture

conditions, from xerophilic to hydrophilic. Xerophilic fungi, literally meaning dry-

loving, were defined as those that can grow at a moisture content of the substrate

below aw 0.85.96 Xerophilic fungi, by definition,5 usually have an absolute require-

ment for reduced aw. In addition, xerophilic fungi, such as Aspergillus penicillioides

and A. restrictus,3,5,76,81 are usually slow growers and cannot compete effectively

with nonxerophilic fungi at high aw conditions.5 Xerophilic species of Eurotium,

which are the sexual or the teleomorphic form of some Aspergillus species, are slow-

growing on high-water-activity media but are relatively fast-growing on xerophilic

or low-water-activity media, such as DG-18 or media supplemented with 20–40%

sucrose or NaCl.5,76,81 Therefore, xerophilic fungi are ecologically unique. Their

survival and growth indoors rely on low or reduced aw in which fast-growing non-

xerophilic fungi are inhibited or limited in their competitiveness. The ideal con-

ditions for xerophilic fungi are persistent high RH with stagnant ventilation, in

which hygroscopic substrates can absorb sufficient water vapor to raise aw high

enough for xerophilic fungi, there is no direct contact with liquid water. Aspergillus

penicillioides, A. restrictus, Eurotium amstelodami, E. chevalieri, and Wallemia

sebi are common xerophilic species found growing indoors and were reported

from “dry environment, e.g., house dust.”78 Scott7 reported Eurotium herbariorum

and Wallemia sebi in household dust samples from Ontario, Canada.

Some xerophilic fungi, which prefer growth in a high salt environment, are called

halophiles.5 They exhibit superior growth on media or substrates with high salt

content. Basipetospora halophia (syn. Scopulariopsis halophilica) and Polypaeci-

lum pisce are two known halophiles. Although there has been no report of their

detection indoors, there is the possibility that they might grow on saltwater-damaged

buildings by seashores.

10.4. RELEASE AND DISPERSAL OF FUNGAL SPORES

Fungi reproduce by means of spore production. There are two basic categories of

spores, sexual and asexual. Sexual spores include ascospores, basidiospores, and

zygospores. Asexual spores include mainly conidia and sporangiospores. Spores

serve as propagules and are often released and dispersed through various means.
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Fungal spores may be grouped into two types: dry or wet and slimy. Some spores are

dry and powdery, while some are wet and slimy. Whether spores are dry or wet may

affect their release and dispersal.

10.4.1. Fungal Spore Types and Their Release

In conidial fungi or molds, dry conidia are often released by passive mechanisms or

by disturbance such as gravitation force, convection currents, deflation force, or

mechanical disturbance. Some spores are actively released by osmotic force built

up with water. Movement and feeding of arthropods, such as insects and mites,

are also a common release–dispersal mechanism.97–99 Drifting mist or tiny water

droplets in air current can serve as a secondary process to carry and disperse

spores of Cladosporium
97 and C. herbarum.100 Dry-spored fungi include such

common indoor fungi as species of Alternatia, Aspergillus, Cladosporium, and Peni-

cillium. Wet-spored or slimy-spored fungi include species of Acremonium, Aureoba-

sidium, Fusarium, Phoma, Stachybotrys, and Trichoderma, to name only a few.

Active discharge mechanisms by osmotic force are not uncommon in fungi, but

rare in molds or hyphomycetes. Epicoccum nigrum and Arthrinium cuspidatum

are discharged when sudden rounding of the basal cell under the spore occurs.97

Pressure buildup from water absorption is involved in spore discharge in many

species of ascomycetes and basidiomycetes.100 The well-known “cannonball”

fungus, Sphaerobolus stellatus, absorbs moisture to build up pressure in the inner

wall of the sporophore. The pressure and strain cause the inner wall to turn inside

out and catapult the spore mass covered in a sporing tissue (the entire structure is

called gleba) for a distance of several meters. The cannonball fungus is a basidiomy-

cete and common on very rotten wood, dung of herbaceous animals, or mulch.100

The black dots on exterior walls of houses and buildings are occasionally reported

when rainfall occurs after new mulch is applied. The gleba is covered with a

sticky liquid, which becomes tightly bound to the wall after drying.

Ascomycetes may actively discharge their ascospores by internal pressure of asci.

Some ascomycetes, however, may dissolve their asci and release ascospores in wet

masses for insect pickup and dispersal. Chaetomium species are wet-spore produ-

cers. Their ascospores are released in wet mass after their asci are dissolved.86

Wind or air movement plays an important role in spore dispersal of most spore

types and basidiospores. Air movement carries and disperses basidiospores after

they are ejected from basidia and fall out from between the gills of the basidioma.47

Basidiospores of Coprinus species can be carried away and dispersed by insects,

which are attracted by odors produced by the mushroom and pick up slimy spore

masses by contact. Although wet, slimy spore masses are likely to be picked up

and dispersed by insects, they may become dry and airborne.

In hyphomycetes, dry-spore release is often influenced by air movement and wind

speed.48 The minimum wind speed needed to release dry conidia varies with each

species, between 0.4 and 2.0 m/s.97 Sutton et al.46 reported that Botrytis squamosa

spores were apparently released at very low wind speeds. Maximum wind speed was

found to negatively correlate with spore concentrations of Cladosporium and
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Alternaria and unidentified ascospores and basidiospores. It was the only factor

among 10 weather parameters found to significantly correlate with all groups.

Wind and air movement is known to play an important role in basidiospore dispersal.

Minimum wind was directly correlated with spore counts, while maximum wind was

inversely correlated.48 High wind speed is also likely to disperse spore clouds and

dilute spore concentrations. Li63 found that wind speed was negatively correlated

with basidiospore release of Amanita muscaria var. alba. A study of mushroom

wood model and fresh Agaricus bisporus var. bisporus suggested that decreasing

wind speed may reduce the number of the basidiospores being blown back into

the cap.101 Basidiospores are dispersed primarily by air movement after being

released from their basidiomata.47

10.4.2. Fungal Spore Dispersal

Fungi have evolved to disperse their spores to increase their geographic area of dis-

tribution, chance of genetic development and survival,100 and population diversity.

Fungi can disperse their spores in short or long distances. However, the dispersal

mechanism does have a significant implication on secondary contamination and

human health when fungi are allowed to grow indoors.

Some fungi have their spores dispersed by other organisms, such as mycophagous

animals, mites, and insects. The finding of mites and insects and their exoskeletons

(molts) and feces on fungal colonies in indoor samples suggests a close association

between animals and fungal growth.11,12,22Mites and insects not only feed on fungal

matter but also help dispersal of fungal spores when they crawl and move around.12

Common storage mites Acarus siro and Tyrophagus putrescentiae are known to feed

on common indoor mold, such as P. chrysogenum.9 The authors have frequently

observed crawling mites and insects in association with mold growth on building

materials subjected to long-term water damage. This has also been reported by

other researchers.7 New fungal colonies can be observed developing along the

track of mites and insects, indicating dispersal of spores by them.

Spore dispersal by air movement is considered the primary route of spore disper-

sal for dry-spored fungi. Many fungal spores are adapted for aerial dispersal. In the

outdoor environment, air movement is, however, often unpredictable in the transport

and dispersal of fungal spores. How well spores are dispersed and survive over hori-

zontal distance is determined largely by their ability to survive in the atmospheric

environment.102 However, little is understood on the airborne dispersal of fungal

spores in the indoor environment. Human activities and the operation of the

HVAC system are considered important factors in spore dispersal indoors.26

Although wind and air movement is known to assist in the release and dispersal of

spores in nature, its importance in the indoor environment has not been studied and

is poorly understood. The primary air mover in a mechanically ventilated environ-

ment is the HVAC system.26 Since the HVAC system is powerful enough to move

significant amounts of air through the system for distribution to occupied space, its

impact on spore release and dispersal in the indoor environment cannot be

overlooked.
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10.5. CONCLUSIONS

Fungi require the availability of a number of important parameters, such as moisture,

temperature, and nutrients, for their growth indoors. The primary limiting factor is

the available free water, as measured in aw or by moisture content in percent, in the

substrate for spore germination and growth. Water and nutrient substrates, such as

building materials, are the most important ecological factors for indoor fungi. The

aerodynamics of airborne fungal spores is an area of future study for understanding

the mechanism of fungal spore dispersal and subsequent distributions indoors.

Fungal ecology in indoor environments is still poorly understood and only at the

infancy stage of study because of the complexity of the indoor environment.

Fungal succession on building materials and interactions among fungal contami-

nants in the indoor environment are largely unknown at this time except for obser-

vations and descriptions from field studies. There is no doubt that fungal ecology is

an important issue for us to better understand fungal infestations, their spore disper-

sal, and relevant environmental factors. More research on fungal ecology in indoor

environments is definitely needed. The current status of research in fungal ecology

indoors is providing more opportunities and posing greater challenges for mycolo-

gists to face.
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CHAPTER 11

A RETROSPECTIVE AND FORENSIC
APPROACH TO ASSESSMENT OF
FUNGAL GROWTH IN THE INDOOR
ENVIRONMENT

CHIN S. YANG

11.1. INTRODUCTION

Fungal spores are minute and invisible to the naked eye without the aid of a micro-

scope. It may take days or weeks before a spore germinates and grows into a

visible colony. Occupants of buildings are often surprised by the “sudden appear-

ance” of fungal growth in the indoor environment without realizing that the process

began days or weeks before. Spore germination and fungal growth require

water and, therefore, are common in a damp or water-damaged environment.

However, it is often difficult to determine when fungal germination and growth

occur in an environment where long-term or repeated water damage may have

occurred.

Because of interests due to litigations and insurance claims of water damage,

fungal growth indoors, and the resulting health effects, issues are frequently

raised on the timing of fungal growth and exposures. Although it is extremely

difficult to determine the onset of fungal growth specifically and precisely, it is

sometimes possible to retrospectively and forensically determine when observed

fungal growth occurred in relation to the chronology of water damage events.1

This chapter discusses rationales, reasons, and processes useful in the retrospec-

tive and forensic determination of observed fungal growth in relation to the

chronology of water damage events. A reasonable chronology of water damage

and fungal growth can probably be estimated on the basis of an understanding of

mycology literature, the ecology of indoor fungi (see Chapter 10 of this book and

Ref. 2), the collection and critical analysis of environmental and building infor-

mation and data, and the investigator’s expertise, experience, and observations.
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11.2. MICROBIAL FORENSICS

Microbial forensics is a term that is applied to an analysis tracing a microbe to the

source(s) of origin using molecular and genetic techniques.3,4 The most common

technique used is by comparing genetic variation and relatedness within and

between species.5 Although microbial forensics is relatively new, there are govern-

ment surveillance systems and gene databanks that store and make DNA microbial

fingerprints and gene sequences available for medical and economical

investigations.

In response to the anthrax letter attacks in 2001 and other bioterrorism threats,

many microbiologists and scientists in the United States have been looking for

ways of using biologic or genetic markers to trace the origins of the microorganism.

The scientific community in the United States as well as in many other countries has

formulated a system of microbial forensics for investigation and attribution purposes

in a bioterrorism event.3,4 The basic principles of microbial forensics are useful not

only in tracing bioterrorism agents but also in retrospectively and forensically deter-

mining fungal growth in relation to the chronology of water damage events indoors.

The article by Budowle et al.4 also highlighted the need for microbial forensic

analysis to encompass sample identification, handling, collection, preservation

and storage, method selection, casework analysis, interpretation of results, vali-

dation, and quality assurance.

The fungal genome is much larger and more complex than that of bacteria. In

addition, much more research into bacterial genetics has been carried out as com-

pared with fungal genetics, resulting in a greater understanding and knowledge of

the bacteria genome. However, recent systematic studies of the fungal genome in

important fungal groups, such as Trichoderma, are beginning to yield useful infor-

mation, including authoritatively delineated species and their DNA sequences.6 This

makes future application of such information in fungal forensics possible. Although

DNA-based forensic methods applicable to fungi are not fully ready at this time, this

may become useful in the future. Nonetheless, retrospective tracing of fungal growth

in the event of water intrusion in the indoor environment can be achieved using

environmental and biological information and evidence. The same needs described

by Budowle et al.4 are applicable to the topic of this chapter.

11.3. RATIONALES AND MYCOLOGICAL BACKGROUNDS

Fungal spores are microscopic and invisible to the naked eye. Furthermore, develop-

ing fungal microcolonies may be small and inconspicuous in the early growth stages.

Fungal growth may have occurred for a period of time and be hidden in the HVAC

system, in wall cavities, behind baseboard, or underneath vinyl wallpaper. These

make the detection of vegetative and reproductive growth in their early stage of

development extremely difficulty, although not impossible. Some information can

be obtained and used to determine whether the growth is relatively recent or has

occurred for an extend period of time.
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Indoor fungal growth is always the result and consequence of water damage or

long-term moisture control problems. Information regarding any water damage

history can provide an important clue to the approximate start of fungal growth.

Observation of water-damaged building materials observed during inspection can

also shed some light regarding a water damage history. Water is an excellent and

common solvent and can dissolve many substances. A building material subjected

to repeated water damage will show signs of varying degrees of deterioration. A

ceiling tile may become stained, softened, and deformed because of repeated

water damage. Nails and carpet strips may become rusty, stained, and weakened.

Rusty steel beams and metal studs are common in buildings subjected to long-term

water damage. The degree of rust development and the strength of such materials are

good indicators of the history of water damage. If growth of cellulolytic fungi

develops, cellulose-containing building materials can be weakened because of

degradation of cellulose fibers and paper. In addition, wood-based building materials

may be degraded and decayed by fungi to varying degrees. Severely decayed wood

is not uncommon in wood-structured buildings suffering from long-term water

issues from a few years to decades.

Fungal growth is usually concentric, and its colony is spherical.7 This means that

the greater the colony diameter, the longer the fungus has grown. Fungal growth is

also affected by the fluctuation of moisture content or water activity (aw) in the sub-

strate, temperature, and other biotic and abiotic factors (see Chapter 10). Under

optimal aw and temperature conditions, fungal growth is fast. Under suboptimal con-

ditions, the growth may be slow or may stop. Furthermore, different species may

have different optimal growth conditions.8 Therefore, the precise time chronology

of a fungal colony growth can at best be estimated, and often depends on other

environmental information.

Fungal succession in relation to resource utilization and penetrations by organ-

isms such as oribatid mites and enchytraeid insects on Scots pine needles and fir

needles have been studied and described.9 Unfortunately, very little or no infor-

mation on fungal and biological succession in the indoor environment is available,

for a variety of reasons. The primary reason is that no owner of a building is willing

to allow a moldy building to sit idle for many years. The author has, however,

observed changes of fungal taxa in several water-damaged buildings over a time

period. An example of changing fungal taxa over time occurred in an urban high-rise

building that caught fire in winter in a northeastern U.S. city. Millions of gallons of

water were used in firefighting. The entire building was soaked, including floors not

directly damaged by fire, and no drying effort was implemented for many months.

The building was also subjected to the prevailing weather conditions due to

damage to the building envelope. Fungal growth was observed, and Penicillium

and Sporobolomyces were detected in samples taken approximately one month

after the fire. Additional sampling showed fungal genera Aspergillus, Chaetomium,

Penicillium, and Ulocladium approximately 2 years later. A detailed assessment for

fungal growth and contamination, approximately 5 years later, identified a wide

variety of fungi, including species (except for Sporobolomyces) found in the first

and second samplings as well as Stachybotrys chartarum and other uncommon
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fungi. This case study illustrates that changes and increased fungal diversity

occurred in the building over a period of approximately 5 years.

In a chronically water-damaged environment, fungal populations and compo-

sitions are likely to change over time. Fungi are no different from any living

organisms. They grow in an environment and compete with other fungi and

organisms. The fungal population and composition as a whole evolve and change

depending on various environmental factors, interaction with other fungi and organ-

isms, and the biology of the fungi. The evolution of organisms in populations and

biodiversity in an environment or ecological habitat is called succession. Knowledge

of fungal succession in the indoor environment is poorly developed at present.

However, some theories of indoor fungal succession have been discussed.10,11 A

knowledgeable mycologist can use a variety of information and means to evaluate

fungal succession in a given indoor environment. The delineation of fungal succes-

sion in an indoor environment follows a forensic approach. Information and evi-

dence gathering is important and should be as comprehensive as possible. A

discussion follows on various observations, environmental information, and the

biology of various fungi that are useful in conducting an assessment of fungal suc-

cession in a water-damaged environment.

Although fungal spores are often described as ubiquitous, there are significant

differences in the ubiquitousness of each species or each genus. Yang et al.12 com-

piled results of more than 2000 Andersen air samples, indoors and outdoors,

collected on 2% malt extract agar in nonresidential buildings in the United States.

By rank order, Cladosporium, Penicillium, Alternaria, basidiomycetes, and

Aspergillus were the top five most frequently detected fungal groups outdoors. Cla-

dosporium, Penicillium, basidiomycetes, Aspergillus, and Alternaria were the top

five most abundant fungal groups outdoors. The indoor rank-order sequences in

frequency and in abundance were slightly different from those outdoors. Cladospor-

ium, Penicillium, Aspergillus, basidiomycetes, and Alternaria were the top five most

frequently detected fungal groups indoors, while Penicillium, Cladosporium,

Aspergillus, basidiomycetes, and Alternaria were the top five most abundant

fungal groups indoors. Womble et al.13 published findings of an USEPA-funded

study including 86 randomly selected, public and private non-water-damaged

office buildings in 10 climatic regions in the continental United States. Over 2000

time-integrated air samples for fungi were collected during winter and summer.

Thirty genera of fungi were detected indoors and 28 outdoors. The five most com-

monly found fungal groups or taxa were the same for both indoor and outdoor

samples. In descending order, based on the frequency of detection in a building,

they were nonsporulating, Cladosporium, Penicillium, yeast, and Aspergillus. The

findings are in general agreement with those of Yang et al.12 A significant portion

of nonsporulating fungi in the report13 would likely have been reported as basidio-

mycetes if the laboratory had known how to identify them. Kendrick conducted a

metaanalysis of 200 reports from around the world.7 The results suggested that Cla-

dosporium (mostly C. herbarum) accounted for an average of 33% of spore counts in

air samples, basidiospores 22%, ascospores 14%, Alternaria 4.5%, and Aspergillus/
Penicillium 3.5%.
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Horner et al.14 reported that Cladosporium cladosporioides, C. spp., and C.

sphaerospermum were the top three fungal taxa in both indoor and outdoor air

samples. Water indicator fungi (such as Chaetomium, Stachybotrys, and Ulocla-

dium) were essentially absent from both air and dust samples from these houses.

In the same study,14 a variety of Penicillium species were among the top 30

most abundant types of airborne and dustborne fungi. Aspergillus niger and

A. versicolor were the only two aspergilli consistently found among the top 30

most abundant airborne and dustborne fungi. However, Aspergillus niger was con-

sistently in the top 10 in air or dust samples, while Aspergillus versicolor was the

30th in abundance in indoor air samples, 25th in outdoor air, and 19th on MEA and

8th on DG-18 in dust samples. Aspergillus versicolor is moderately xerophilic and

grows better on a moderately xerophilic medium, such as DG-18. Other fungi of

consistent abundance in both air and dust samples includes Epicoccum nigrum,

Alternaria alternata, yeasts, and nonsporulating fungi. This is in general agreement

with the findings of Yang et al.12 and Womble et al.13 It may be concluded that

after water damage fungal growth is more likely to be the common species

rather than the rare species.

Some noteworthy and infrequently reported indoor fungi were described by Li

and Yang,15 Fernando et al.,16 and Li and Yang.17 Li and Yang15 described seven

new records or noteworthy fungi isolated from indoor environments in the United

States: Ascotricha chartarum, A. erinacea, Memnoniella echinata, Sporoschisma

saccardoi, Stachybotrys microspora, S. nephrospora, and Zygosporium masonii.

All species were recovered from water-damaged building materials, such as

drywall, wallpaper, wood, or in combinations of these substrates. Four species

were reported for the first time from the United States. Fernando et al.16 described

nine infrequently reported fungi, including two ascomycetes and seven hyphomy-

cetes, isolated from air samples collected in homes in the Syracuse, NY area:

Acremonium reseolum, Acrodontium intermissum, Acrodontium myxomyceticola,

Aphanocladium album, Cladosporium macrocarpum, Gnomonia sp., Myxotrichum

deflexum, Phialophora botulispora, and Tetracoccosporium paxianum. Acremonium

reseolum, Acrodontium intermissum, and Acrodontium myxomyceticola were very

common in air samples collected from both indoors and outdoors in this study.

The remaining six taxa were rare. Li and Yang17 reported their study of several Sta-

chybotrys species, including several rare or infrequently identified species, such as S.

elegans and S. yunnanensis. A newly segregated species, S. chlorohalonata, was

also included in the study. This shows not only that there are many species in the

genus but also that the rare and infrequently identified species can be found in water-

damaged indoor environments. These articles suggested that rare or uncommon

fungi can be found growing indoors or in samples collected indoors. If rare or

unusual fungi are found growing indoors, this strongly suggests that long-term

water damage has occurred.

Fungi that produce abundant microscopic spores in a higher frequency have a

better probability of encountering suitable environmental conditions for spore ger-

mination and growth. Fungi are likely to produce smaller spores in much more

abundance than larger spores. Small-spored fungi, such as Aspergillus versicolor
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and A. fumigatus, produce spherical conidia (asexual spores) with a diameter of

�2.5 mm. On the other hand, Stachybotrys chartarum produces cylindrical

conidia averaging �5 � 9 mm.17 On the basis of dimensions, Aspergillus versicolor

is 1
14
th the size of S. chartarum. The same amount of energy and resources that are

necessary to produce a single S. chartarum spore may be used to produce 14 A.

versicolor conidia. A 2.5-cm-diameter colony of Penicillium was reportedly

capable of producing 400 million spores7. In general, small-spored fungi are

likely to have a wider distribution and better chance to encounter suitable environ-

ments for survival and growth.

Although fungi may produce abundant spores, many fungi may have only a

portion of spores viable and thus capable of germination and growth. Stachybotrys

chartarum reportedly has “only a small percentages of the conidia available in lab-

oratory cultures.”18 In addition, growth of the fungus is inhibited by different

species of Penicillium.18 The second edition of the Field Guide for the Determi-

nation of Biological Contaminants in Environmental Samples
2 provides a table

of longevity of spores of 18 fungi under air-dry conditions. Spores of S. chartarum

are reported to have a half-life of approximately 0.8 year. This implies that the

spores will die out in about 5 years if there is no moisture for germination,

growth, and reproduction. Spores may lose viability over time if no suitable ger-

mination and growth conditions are available. Some fungal spores are known to

remain viable for years.2,7,19 A wide range of viability of fungi in laboratory

storage, with several different storage methods, has been reported.2,20,21 In

general, basidiospores are considered short-lived, from a few days to a few weeks.

Ascospores are long-lived, for a few years, and conidia of some species are long-lived

but variable. For fungi, suchasS. chartarum, a portionof their sporesmaybenonviable.

This indicates that some fungi, in particular in spore form, are capable of remaining

viable for an extended time period.

11.4. OTHER SIGNS AND INFORMATION

Environmental information and signs, such as a history of water damage in the

environment, rust and the degree of rust in sheetmetals (such as galvanized sheetme-

tal) or metals (such as nails), deterioration of building materials (gypsum and paper

layers), decay and degree of soundness in wood structures, and previous sampling

data and reports, can also provide useful information for forensic analysis.

Galvanized sheetmetal and other metals are commonly used in a building. Metals,

particularly iron, are oxidized and corroded when exposed to moisture. Oxidized

iron is rust. Occasionally, blue-green oxidized copper (copper oxides) on copper

or bronze structures in buildings is observed. Galvanized sheetmetal is iron sheetme-

tal coated with a thin layer of zinc in order to provide greater protection against

corrosion. Zinc, when exposed to moisture and airborne pollutants (such as hydro-

gen sulfide and sulfur dioxide), becomes white powdery zinc carbonate, zinc oxides,

and zinc sulfate (also known as “white rust”). Zinc carbonate and zinc oxides are not

very water-soluble, and do not protect the metal from further corrosion because zinc
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carbonate and zinc oxides become crusty and split, exposing the iron metal for cor-

rosion. Zinc carbonate and zinc oxides also react with moisture and acidic airborne

pollutants to form water-soluble zinc sulfate. It is also important to point out that

gypsum (CaSO4
. 2H2O) in drywall wallboard may be a donor of SO4 ion for chemi-

cal reaction with zinc.22 On the other hand, zinc sulfate is water-soluble and will be

dissolved and washed away on repeated moisture exposure. Zinc can chemically be

corroded when exposed to plasters, cements (which contain chlorides and sulfates),

acid rain, precipitation, and plant matter (such as wood shingles, moss, or lichens).

Electrochemical corrosion between galvanized sheetmetal and dissimilar metals in

the presence of an electrolyte, such as moisture, is also common.22 Iron underneath

the zinc coating will then be exposed to moisture to produce rust. Therefore, obser-

vation of rust on sheetmetal or iron nails is an indication of repeated exposures to

moisture or acidic airborne pollutants.

Rust from metals, such as nails, can also produce chemical stains on wood. Many

carpet wood strips or wood in buildings may show brown to black stains around nails

due to exposure to moisture, whether from flooding, high humidity, or condensation.

Iron stain, which chemically is iron tannate, is formed when iron reacts with water

and tannin in wood.23 The deeper the stain is, the longer it took to form. An intense

black stain is likely due to repeated exposures or a long-term exposure to moisture.

This chemical reaction can also degrade the wood. Investigators should be careful to

distinguish between iron stain and fungal growth. If the investigator suspects growth

of wood inhabiting fungi, it is important to collect a bulk sample and request the

laboratory to conduct an evaluation of fungal growth.

Buildingmaterials, such as drywall, deteriorate as a result of repeated or long-term

water exposures and mold growth. Gypsum drywall is essentially a thick layer of

gypsum (CaSO4
. 2H2O) sandwiched with starch between two layers of paper.

Water slowly dissolves the gypsum mineral and creates pits or tiny holes. Repeated

or long-term water exposures enlarge the holes. The larger the holes are, the longer

the water exposure is likely. Furthermore, fungal growth on the paper layers by

cellulolytic fungi, such as Chaetomium globosum, and Stachybotrys chartarum,

causes paper to eventually disintegrate. The degree of paper disintegration is

correlated with the duration of fungal growth.

Some fungi can cause wood decay, including brown rot, white rot, and soft rot.

Wood decay by fungi is a slow and complex process because wood is composed pre-

dominantly of lignin and cellulose, which are complex polymers and require the

involvement of complex enzymes to break them down.11,23 Wood decay fungi are

usually tertiary colonizers or latecomers in an ecological succession. They usually

require aw � 0.90 and can break down complex organics, such as cellulose or

wood, for sugars. Both brown and white rots are caused by wood-decaying basidio-

mycetes. Soft rot is caused by microfungi and ascomycetes.23,24 In the indoor

environment, wood decay can be initiated only when moisture content in wood is

greater than 20% and when spores or mycelia of suitable fungal species are

present.23,25 Wood structures close to soil can be colonized by wood decay fungi

through mycelia. The degree of wood decay can be significantly affected by wood

and fungal species. Some wood species, such as old growth baldcypress
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and redwood, are much more decay-resistant than are woods such as aspens and

spruces.26 Furthermore, heartwood is more durable than sapwood of the same

species. Certain wood decay fungi are considered much more aggressive than

others. For example, dry-rot fungi, Meruliporia incrassata and Serupla lacrimans,

are considered aggressive wood decay fungi.23 If wood members of a building

show wood decay, this is an indication of a long-term issue due to chronic or

repeated wet conditions. In general, the observation and detection of wood decay

in a building is considered due to long-term moisture issues, generally years. If

wood species and wood decay fungi can be positively identified, this will further

narrow down the timing and assist in determining the duration and chronology of

water damage leading to wood decay.

Other biological indicators, such as the presence of mycophagous mites, insects,

or mycoparasitic fungi, are also excellent indicators of long-term (i.e., secondary or

tertiary) colonization, in association with fungal growth. Mycophagous mites and

insects (mites and insects that consume fungi) have been observed feeding on

fungal matter in moldy insulation in the HVAC system27 as well as on water-

damaged moldy materials (see Chapter 10).28–30 Observations of association

between xerophilic fungi, Aspergillus penicillioides and Eurotium halophilicum,

and common house-dust mites Dermatophagoides pteronyssinus have been

reported.31 Fungal growth and association of mites on a water-damaged drywall

have also been described.30 Mites and insects not only feed on fungal matter but

also facilitate dispersal and spread of fungal spores when they crawl and move

around.28 Two common storage mites, Acarus siro and Tyrophagus putrescentiae,

were reported to feed on common indoor mold, such as Penicillium chrysogenum.18

When mycophagous mites, insects, and their exoskeletons (molts) and feces are

observed and identified with fungal colonies in samples collected from the indoor

environment, this is a very strong indication that their arrival must have

been after fungal colonization and growth had occurred. Mycoparasitic fungi,

such as Trichoderma harzianum,6,32 are commonly isolated and identified from

water-damaged, moldy, cellulose-containing building materials.6,33 Trichoderma

harzianum is also known as a “cellulolytic fungus.”32 Trichoderma harzianum is

also a common soilborne saprophyte.32 It is not clear whether T. harzianum grows

saprophytically, as a mycoparasite, or both saprophytically and mycoparasitically

indoors. Clearly, T. harzianum is likely a tertiary colonizer if it grows parasitically

indoors. This also means that growth of T. harzianum follows the growth of preced-

ing fungi and indicates long-term water problems and mold growth. One needs to

be cautious in interpretating indoor Trichoderma findings because they can also

be found in outdoor air.

Another rare form of parasitism was found and observed once in the indoor

environment by the author. Some parasitic fungi are known to trap and utilize

their prey as nutrient sources.7 The author has in one instance, over 25 years of

experience, observed that nematodes and Harposporium anguillulae, a nematode-

trapping fungus, were found in water and sediment in a drain pan in an air-handling

unit of an industrial building. This type of parasitic association has never been

reported from a building environment in the literature, although there were two

articles that reported nematodes in office buildings.33,34 Nematodes are typically
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soilborne, although they may be transported via soil particles by foot traffic or in

duststorms. Harposporium anguillulae is a well-known nematode-parasitizing

fungus found in soils. The detection and identification of this rare parasitic associ-

ation in a syntheitc (human-created) system suggested a long-term issue. Based

on the roof location of the air-handling unit, which made it difficult for nematodes

to reach, and the rarity of such parasitic association in the indoor environment, it was

estimated that the nematodes and Harposporium anguillulae had been growing

in the drain pan for more than a few years, possibly as long as 20 years when the

system was installed on the building roof. In addition, it was confirmed that the

drain pan and the HVAC had never been cleaned or serviced.

It is also important for investigators to work closely with highly qualified

and experienced laboratories and scientists during a retrospective and forensic

investigation. Careful observations and subtle signs under the microscope can be

an important clue to the investigation. Detections of fragments and pieces of

fungal structures, including spores, fruting spores, hyphae, and mycelia, are a

strong indication that the fungal growth has died, most likely due to a period of pro-

longed drying. Investigators can also request that the laboratory look for signs of

mycophagus mites and insects.

11.5. CASE STUDIES

Case 1

Background The new owners of a 20-year old townhouse took possession and

found a decayed and rotten wood subfloor, between the first and the second

floors, within the first month of ownership during a renovation. The decay

was such that second floor could be seen from the first floor through two open-

ings. In addition to the wood decay, Aspergillus versicolor, Chaetomium

globosum, and Stachybotrys chartarum were identified from moldy drywall

samples in two other locations in the townhouse. Questions were raised as to

whether the moldy drywall, wood decay, and wood rot could have occurred

within the month of new ownership.

Observations On a walkthrough inspection of the townhouse unit, three areas of

water damage and fungal growth were evident. The wood structure between

the first-floor kitchen area and the second-floor master bathroom was badly

decayed. The subfloor plywood on the second floor was so badly decayed

that two openings of approximately 16 � 6 in. and 12 � 4 in. were present.

Some wood framing also showed varying degrees of wood decay. The extent

of water damage and wood decay observed could be caused only by long-term

water damage of probably 5 years or longer.

The other two areas of water damage and mold growth were on the second-

floor bedroom and in the basement. Water stains and visible mold growth were

observed on the wood framing and drywall of the chimney. Samples of mold
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growth on drywall collected on the second floor showed growth of Aspergillus

versicolor, Chaetomium globosum, and Stachybotrys chartarum. The basement

had a very strong musty, mold odor on entry. Visible mold growth was evident

on the drywall as well as on cardboard boxes in the room. Some of the drywall

was damp to the touch. A variety of fungi were identified from mold substrates.

Discussion The three areas of water damage appeared to be independent from

each other. The water-damage on the second floor and the decayed subfloor on the

second floor had no apparent direct link. The mold growth in the basement

was limited to the bottom 3 ft of the drywall, suggesting wickup of water from

the concrete floor.

Aspergillus versicolor is a late primary or secondary colonizer. It is not com-

monly found immediately after water damage. However, it appears rather quickly

if the water-damaged condition is not addressed and dried. Chaetomium

globosum, on the other hand, is a tertiary colonizer and a cellulolytic fungus

and is known to cause soft rot in wood and degradation in paper products.

Based on the author’s extensive observations, it is often found to grow after

approximately 6 months of prolonged wet conditions. Stachybotrys chartarum

is a tertiary colonizer fungus and produces slimy spores, which indicates that

their dispersal is not as effective as airborne dry spores. Because of its biology,

the appearance and growth of S. chartarum usually requires at least 9 months

of chronic or repeated wet conditions, provided that it starts with a dry, clean

environment. Occasionally, new building materials, such as drywall and

ceiling tiles, may be contaminated with spores, which will germinate and grow

when wet. However, spores of S. chartarum are likely to die out rather quickly

without water for germination because of their short half lives.2 The

9–12-months timeframe may be modified if it occurs in a building with previous

water damage and mold growth or in a new construction with contaminated

building materials. This is based on the author’s extensive field and laboratory

experience as well as understanding and study of mycology. It was concluded

that the water damage and mold growth on the second floor could not have

occurred within a month of the real estate transaction.

Wood decay is a slow process. It requires the coexistence of water, spores of

wood decay fungi, and wood products. The probability of these three factors

occurring simultaneously is low. Furthermore, spores of wood decay basidiomy-

cetes are usually short-lived, from a few days to a few weeks; therefore, the

initiation of wood decay takes a long time. Wood decay also involves the

process of digesting complex organic matter (cellulose and lignin) by wood

decay fungi, which are late tertiary colonizers. For wood decay fungi to cause

the degree of wood rot observed in this case, more than 5 years of long-term

water damage was required, based on the best professional judgment. There is

zero or little chance for wood decay of such magnitude to occur in a month.

In addition, it is highly unlikely that three independent events of long-term

water damage and fungal growth occurred within one month after the real

estate transaction.

224 ASSESSMENT OF FUNGAL GROWTH IN THE INDOOR ENVIRONMENT



Case 2

Background Samples of sediment and condensate water collected from the

drain pan of several rooftop air-handling units (AHUs) were analyzed for

fungal and bacterial growth. After a week of incubation at 258C, many living

and dead nematodes infected with a nematode-trapping fungus, Harposporium

anguillulae, were observed on the agar medium under a dissecting microscope.

Observations It was reported that standing water and mudlike sediment

were consistently observed in the sheetmetal drain pan, which had significant

rust and corrosion. No record of HVAC maintenance was available during the

inspection of the system.

Discussion Harposporium anguillulae is a well-known nematode-parasitizing

fungus and is known to trap and utilize its prey as nutrient sources.7 This is the

only instance in which the author has ever observed nematodes and H. anguillu-

lae in water and sediment in samples from the drain pan in AHUs in over 25 years

of professional experience. The detection and identification of this rare parasitic

association in a synthetic system suggested that this was a case of long-term

neglect on cleaning and servicing the drip pans and the AHUs. Because of the

roof location of the air-handling units (which is difficult for soilborne nematodes

to reach except in an unusual airborne transport via soil particles in dusty con-

ditions) rusty and corroded drip pans, and the rarity of such parasitic association

in the indoor environment, it was estimated that the nematodes andH. anguillulae

had been growing in the drain pan for years, possibly as long as 20 years, when

the system was installed on the building roof. In addition, it was later confirmed,

according to the building managers, that the drain pan and the HVAC had never

been cleaned or serviced.

Case 3

Background A homeowner reported roof leaks and mold growth in a 20-year

old house one month after a hurricane had passed through. A home inspector

was hired to inspect and collect samples for laboratory testing. A laboratory

reported Stachybotrys chartarum in the samples. A second inspector was hired

to inspect, sample, and document reported water damage and mold growth.

Observations The second inspector found water stains on ceilings in a bath-

room remote from the reported roof leaks. Two separate laboratories indepen-

dently identified Stachybotrys chartarum from samples collected from the

house. One of the laboratories detected signs of mites and their fecal particles

in tape samples.

Discussion As discussed in Chapter 10, Stachybotrys chartarum is a hydrophi-

lic and cellulolytic fungus, and a tertiary colonizer. Its appearance in a

20-year-old house within a month after hurricane-associated water damage is

unlikely unless there is pre-existing contamination. Based on the author’s own

observations for over 20 years, it would take at least 9–12 months for

Stachybotrys chartarum to appear and grow indoors as a result of chronic or
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long-term water damage, provided the building does not have a previously

reported water damage and mold growth history. The possibility for slimy

spores of S. chartarum to reach an area with long-term or chronic adverse

water conditions and cellulose-containing materials is remote and requires an

extended period of time. The observation of mites and their fecal particles

extends the 9–12-month period further because additional time is needed for

mites to find the fungal growth. It was concluded that S. chartarum was not

the direct result of the hurricane water damage and was most probably due to pre-

existing water damage.

Case 4

Background A dispute arose between an insurance company and the owner of a

five-story commercial office building in a major city on the Gulf of Mexico. The

building owner claimed that mold growth, including Stachybotrys chartarum, in

the building was due to various instances of water damage, which was covered by

the insurance policy. The insurance policy had become effective 9 months before

the discovery of mold growth, and the insurance company claimed that the water

leaks and mold growth preexisted, before the effective date of the policy.

Observations On inspection, multiple roof leaks on the roofdeck and extensive

mold growth was detected on the ground floor and the fifth floor, as well as the

shaft of the outdoor air intake of the HVAC system. The sheetmetal roofdeck

had significant loss of zinc coating and exposed rusty iron. The shaft was con-

structed with drywall and had obvious signs of Stachybotrys chartarum growth

and water infiltration from the exterior. In addition, the interior walls of the build-

ing were covered with vinyl wallpaper. Bulk and sticky-tape samples collected

from the building showed the presence of species of Aspergillus, Chaetomium,

Fusarium, Penicillium, Trichoderma, and Ulocladium. The presence of insects

and mites were observed. Dead oriental cockcoach was found on floors through-

out the building. On close and detailed inspections, drywall underneath the vinyl

wallpaper with mold growth was significantly weakened and deteriorated.

Discussion Stachybotrys chartarum and species of Chaetomium, Trichoderma,

and Ulocladium are well-known hydrophilic and cellulolytic fungi and are ter-

tiary colonizers. The use of vinyl wallpaper is known to serve as a moisture

barrier and causes condensation in air-conditioned buildings in a hot, humid

environment. On the basis of the inspections, the types of fungi identified, the

detection of insects and mites among fungal growth, rusty sheetmetal roofdeck,

significantly deteriorated drywall, and multiple water sources, it is highly unli-

kely and improbable that the water damage and mold growth occurred within

the 9 months since the insurance policy had become effective.

Case 5

Background The roofdeck of a 25-year old school building was composed of

gypsum wallboard. Visible black mold was found extensively covering the roof-

deck during replacement of ceiling tiles. Tape and bulk samples were collected
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and analyzed with direct microscopic examination and culturing methods.

Stachybotrys chartarum was identified as the predominant fungus by the direct

microscopic examination method. The laboratory further reported that fungal

structures appeared very brittle and broke into pieces and fragments during

handling and preparation for the microscopic observation. However, repeated

culturing failed to recover any fungi, in particular Stachybotrys chartarum,

from the samples.

Observations On inspection, the roofdeck appeared dry; readings from a moist-

ure meter confirmed this observation. Furthermore, there had been no report of

active roof leaks or moisture problems associated with the roof or ceiling in

previous years. There was a report that rainwater had penetrated the gypsum

wallboards during roof construction.

Discussion Although Stachybotrys chartarum is a well-known hydrophilic and

cellulolytic fungus and a tertiary colonizer, its growth is likely to slow and stop

when aw falls below the minimal threshold. It was possible that the growth

occurred during roof construction when rainwater contaminated the gypsum

wallboards. The growth was likely to die out after an extended drying period.

The spores are also known to have a half-life of approximately 0.8 year and

lose practically all viability in 5 years. That the fungus failed to grow during

repeated culturing is another indication that the observed fungal colonies

were dead. The microscopic observations that fungal structures appeared very

brittle and broke into pieces and fragments on handling are another strong indi-

cation that fungal growth had ceased for an extended time period. Based on the

inspections and moisture readings, no recent report of roof leaks or moisture

problems, failure of the fungus to grow on culturing, and the microscopic obser-

vations of dead fungal fragments, the fungal growth appeared to occur during

roof construction when rainwater contaminated the gypsum wallboards. An

extended time period of dryness stopped the fungal growth, and the fungi even-

tually died out.

11.6. CONCLUSION

Based on the water damage history of a building, biological information of fungal

growth indoors, and environmental signs and information, it is possible and feasible

in many cases to estimate the chronology of fungal growth indoors both retrospec-

tively and forensically. This is similar to the forensic thesis and approaches used in

crime-scene investigations. Users of such information must have a clear understand-

ing of mycology and fungal ecology in the building as well as keen observations of

the environmental conditions conducive to fungal growth. An understanding of

building materials, building structures, and building moisture dynamics is useful

in such determinations. Experience in fungal assessment of the building environ-

ment is also important in educating professionals in defining the estimated time

required for growth of certain species to occur. Individual professionals should be

able to apply their practical field experience and calibrate with their geographic
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conditions to better define the chronology and timeline for establishment and growth

of key moisture indicator fungi in the indoor environment.
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CHAPTER 12

MICROBIAL REMEDIATION IN
NONINDUSTRIAL INDOOR
ENVIRONMENTS

PHILIP R. MOREY

12.1. INTRODUCTION

Considerable information is available in professional society and governmental

publications on remediation of (1) mold growth on interior surfaces, (2) biofilms

and legionellas in HVAC and water system components, and (3) sewage contami-

nation in buildings. General principles for mold remediation first embodied in the

1993 New York City Department of Health Guidelines on Assessment and Reme-

diation of Stachybotrys atra in Indoor Environments1 have been updated in more

recent consensus documents.2–5 The second edition of Health Canada’s Fungal

Contamination in Public Buildings: Health Effects and Investigation Methods
6

has significantly expanded the definition of “remediation” to include not only

the physical removal of mold growth from interior surfaces but also the elimin-

ation of the building defect (moisture problem) that allowed mold growth to

occur. Methods to control Legionella amplification in heat rejection and potable

hot-water systems, while well known,7,8 are often underutilized as evidenced by

the continuing occurrence of legionellosis.9 Control of microbial growth in air

handling unit drain pans and water sump humidifiers,10,11 although straight-

forward, is sometimes neglected despite reaffirmation of general maintenance

principles in documents such as ASHRAE Standard 62.12 Standards from the Insti-

tute of Inspection, Cleaning and Restoration Certification13 beginning in 1994 have

provided guidance on cleanup of sewage contamination and restorative drying of

water-damaged interior finishing and construction materials. General principles of

mold remediation, biofilm and Legionella control, and sewage cleanup are

reviewed in this chapter.
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12.2. MOLD REMEDIATION PRINCIPLES

It has been recognized for over 3000 years14 that extensive mold growth on

interior surfaces is unacceptable and that visually moldy materials should be dis-

carded. The 1993 New York City Guidelines
1 recommended the physical removal

of visually moldy materials, specifically contaminated with Stachybotrys char-

tarum, and also that cleanup be carried out by persons equipped with appropriate

personal protective equipment including respirators and gloves. The use of con-

tainment barriers and negative pressurization was recommended when visually

moldy materials with a surface area greater than that of a standard gypsum wall-

board (�3 m2) was removed.1 These general principles have been reaffirmed by

more recent guidelines,2,3,4,15 although the threshold for use of depressurization

and containment between guidelines varies from about 3 to 10 m2 of visually

moldy materials. The 1993 New York City Guidelines
1 also recommended that

moisture incursion into building infrastructure be prevented and that small

patches of visually moldy finishing and construction materials be removed by

properly trained maintenance personnel.14 These 1993 principles have also been

reaffirmed in more recent guidelines.2–6,15

More recent mold remediation guidelines2–6,15 all recommend increasingly strin-

gent actions to contain dust and to remove visible mold growth as the extent of

growth increases from just a little (a few square feet) to a large scale (.100 ft2).

The rationale behind these guideline recommendations is that more visible mold

likely means greater exposure risk. Recent studies in Austrian residences provide

evidence that exposure is related to surface area of mold growth observed during

building inspection.16 Inspection and air sampling were carried out in 66 house-

holds. The extent of mold growth on walls was divided into four classes as

follows: (1) absence of mold growth, (2) small single spot, (3) medium (,1 m2)

growth, and (4) large (.1 m2) growth.16 Sampling results showed that the extent

(surface area) of visible mold growth was significantly correlated with both the

total concentration of mold spores as well as with the predominance of Penicillium

and Aspergillus in room air. This Austrian study is especially significant in North

America because mold remediation guidelines such as those published by OSHA,

the USEPA, and the NYC Department of Health2–4 all have assumed that the

surface area of visible mold growth on interior surfaces is correlated with exposure

risk to both remediators and building occupants. The Austrian studies16 provide

scientific documentation that the logic behind North American mold remediation

guidelines is well founded.

Important objectives of mold remediation include (1) physical removal of

mycelium (growth) from interior surfaces, (2) prevention of cross-contamination

of occupied or clean zones by microbial contamination from areas undergoing reme-

diation activities, and (3) removal of settled dusts containing spores and other

microbial particulate that originated from zones where mold growth occurred.14

Physical removal of mold growth from interior finishing and construction materials

is the preferred remediation method.
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The following section describes mold removal methodologies. A later section

outlines quality assurance principles useful in monitoring the activities of the

mold remediation contractor.

12.3. MOLD REMOVAL METHODS

Methods used to physically remove mold growth vary according to the porosity of

the affected surface. Physical removal of moldy porous materials is recommended

because attempts to superficially clean, treat, and seal visually moldy surfaces

leave some residual mold propagules behind. Thus, the surface is primed for

growth if moisture becomes nonlimiting. Consequently, visually moldy porous

materials such as paper-faced gypsum wallboard (GWB), ceiling tiles, insulation,

and carpet are discarded.14 Because it is difficult to see hyaline (colorless) fungal

microcolonies on porous surfaces such as GWB, it is prudent to remove some

apparently sound material up to �30 cm away from the visually colonized

surface.17 Physical removal of visually moldy porous materials is also the preferred

remediation method because hidden patches of mycelium are often revealed, for

example, on wall cavity surfaces during the removal process.

Mold growth that is present on nonporous surfaces such as sheetmetal, ceramic

tiles, and glass is removed by cleaning.14 Use of tap water with detergents should

be effective for cleaning of nonporous materials.

The method recommended to remove visible mold growth from semiporous

materials such as wood depends on the degree to which hyphae have penetrated

into the substrate. Wood that is sound except for superficial colonization of the

surface should be sanded, planed, refinished, and reused. Wood that is dry or

wet-rotted is discarded.18

12.4. DUST CONTROL DURING MOLD REMEDIATION

Dust suppression methods, containment barriers, and depressurization techniques

are used during mold remediation to prevent cross-contamination of clean or occu-

pied areas and to prevent occupant or worker exposure outside of containment. The

extent of mold growth on surfaces (small-scale, medium-scale, large-scale15,19) in a

room or zone is important with regard to selection of dust suppression and contain-

ment methodology. For small-scale remediation, the positioning of the suction

nozzle of a HEPA vacuum cleaner at the location where mold is being physically

removed is generally adequate for dust suppression. For large-scale cleanups, a

depressurized containment (25 Pa) is recommended for isolation of remediation

area dusts (including spores) from adjacent cleaned or occupied zones.

Spores from mold-colonized surfaces may have previously been dispersed on air

currents into areas of the building unaffected by moisture problems. The IICRC

S520 Standard20 refers to this as “environmental condition 2.” A combination of
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HEPA vacuum cleaning and damp wiping (nonporous surfaces only) should be

adequate to remove most of the settled dusts containing these dispersed spores.

According to the IICRC,20 the objective of HEPA vacuuming and damp wiping is

the conversion of the condition 2 surface to environmental condition 1 (normal

fungal ecology20) status. Documentation of condition 1 status or normal fungal

ecology in an indoor environment is usually determined by the occurrence of a

rank-order profile of mold propagules containing a significant amount of phyllo-

plane (leaf-sourced21) molds22,23 and always with the absence of evidence of

actual mold growth (IICRC20 condition 3). Pre- and postcleaning sampling and

testing are required for rank-order comparisons and to document the change in con-

dition. This sampling and testing should be conducted by competent third parties.

Restoration of interior surfaces to a clean and dry status (IICRC condition 120)

does not require sterilization or disinfection of interior surfaces. Thus, the use of dis-

infectants and biocides is unnecessary in mold remediation24 except in healthcare

environments, where disinfection of some surfaces (e.g., in surgical suites) is

required to reduce the risks of nosocomial infections.

12.5. AIR SAMPLING FOR MOLDS

Air sampling is not required in most buildings in order to demonstrate that mold

remediation has been effectively carried out.3,4 However, air sampling can be

useful as a part of the quality assurance sampling. For purposes of documenting

effective remediation, it is generally adequate to verify that visually moldy materials

(including hidden mold) have been removed according to industry-standard quality

assurance measures25 and that residual dusts have been removed by HEPA vacuum

cleaning so that recleaning is unnecessary.6 Air sampling is deemphasized as a

quality assurance measure of the effectiveness of mold remediation, especially for

small buildings (e.g., most residences) because of the difficulty associated with

data interpretation when only a few outdoor and indoor samples are collected (see

Chapter 3, this volume, and Refs. 26 and 27). If air sampling and analysis are

required, a sufficient number of samples should be collected.

If air sampling is carried out in order to document a return to IICRC condition 1

status,20 sample collection is recommended to occur after buildback and several

days after the indoor building environment and its HVAC system have equilibrated

with the mycoflora outdoors.5,6 Table 12.1 (see also Chapter 3, this volume, and

Ref. 28) provides an example where air sampling demonstrated that indoor mold

spore types and concentrations had returned to a normal and typical condition. In

the example in Table 12.1, chronic moisture problems and extensive visible mold

growth occurred on the lower floor of a two-story building. Aspergillus versicolor

(AV) and other nonphylloplane molds were dominant fungi on visually moldy sur-

faces in first-floor rooms as well as in the air on both floors prior to remediation

(Table 12.1). Note that prior to remediation the collective concentration of

Penicillium, Aspergillus, and Eurotium outnumbered the combined concentration

of Cladosporium, Alternaria, and Epicoccum (phylloplane molds). Several weeks
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after the completion of mold remediation, which included a thorough HEPA vacuum

cleaning throughout the building, air sampling showed that phylloplane molds domi-

nated the mold spores on both floors of the building. The sampling data in Table 12.1

showed that restoration activities had changed the dominating profile of airborne

fungi from nonphylloplane to phylloplane species. The presence of low concen-

trations of AV after restoration illustrates the difficulty associated with removal of

all traces of the original mold spore contaminants. However, the overwhelming

presence of airborne phylloplane mold spores after cleanup shows a return to

normal and typical (IICRC status 120) condition.

12.6. CLEARANCE BY MEASUREMENT OF RESIDUAL DUST

It is universally accepted in mold remediation guidelines2–6 that both visible mold

growth and associated dusts should be removed during the cleanup process. During

final clearance, it is important to verify by inspection that visible mold growth has

been removed and cellotape sampling can be used to assist in this documentation.

The removal of fine dusts can be subjectively documented by a white or black

glove test wherein the glove is moved across a surface and the amount of adherent

dust on the glove may indicate a need for recleaning. It has been suggested that a

quantitative measurement of residual dust left on nonporous surfaces after mold

remediation is an appropriate final clearance for mold remediation.6,22,25

In 1992 the National Air Duct Cleaning Association (NADCA)29 developed a

standard in which the weight of the surface dust collected on a standard 37 mm

polyvinyl chloride or mixed cellulose ester filter (three-piece cassette) was used to

indicate whether nonporous surfaces in HVAC system ductwork needed additional

cleaning. While this gravimetric measurement does not provide an indication of the

microbial content of the collected dust, it does provide useful information on the

TABLE 12.1 Air Sampling for Culturable Molds as an Indication of Effectiveness

of Remediation

Location of Samples

Culturable Fungi (CFU/m3)a

Total AV only P/Asp/E C/Alt/Epi

Before remediation

Floor 1 (N ¼ 10) 650 140 560 45

Floor 2 (N ¼ 20) 120 6 60 30

After remediation

Floor 1 (N ¼ 20) 450 4 75 300

Floor 2 (N ¼ 30) 730 2 120 400

aCellulose medium. AV ¼ Aspergillus versicolor ; P ¼ Penicillium; Asp ¼ Aspergillus; E ¼ Eurotium;

C ¼ Cladosporium; Alt ¼ Alternaria; Epi ¼ Epicoccum; phylloplane molds (C/Alt/Epi) dominated

the propagules collected in the outdoor air before and after remediation.

Source: Adapted from Ref. 28.
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efficiency of the cleaning process in reducing dust loading on interior surfaces. The

measurement of residual dust in mold remediation is useful because it (1) is easily

understood by cleaning personnel, (2) avoids difficulties associated with interpret-

ation of microbial air and surface sampling data, and (3) provides a logical means

of determining whether the dust mass per unit surface area is sufficiently low that

regardless of microbial composition, the possibility of health risks is reduced to a

lower, more acceptable level.

Examples are provided in Table 12.2 where the amount of residual dust collected

from nonporous and semiporous surfaces such as bookshelves, floors, and painted

concrete block walls during final clearance indicated adequate cleaning. In the

example in Table 12.2, the residual dust level in carpet after HEPA vacuum cleaning

was reduced by over 50% but not to the 100 mg/m2 level.29Additional development

of standard methodologies for collection and measurement of residual dust on

various kinds of surfaces is needed before this method of clearance can be

universally used during mold remediation.

12.7. HVAC SYSTEM MOLD REMEDIATION

Mold growth can occur in HVAC systems when airstream surfaces become dirty and

moist. Dirt and mold growth on nonporous sheetmetal surfaces can be easily

removed by physical cleaning.14 However, mold growth on porous airstream sur-

faces cannot be removed by cleaning. Physical removal of the porous material is

required once hyphae have penetrated into the porous substrate.14

TABLE 12.2 Residual Dust on Various Surfaces after HEPA Vacuum

Cleaninga

Material Surface Residual Dust (mg/m2)

Nonporous wood book shelves (cleaning satisfactory) 0.5b

Nonporous hardwood flooring (cleaning satisfactory) 7.2c

Semiporous concrete block with partially painted

surface (cleaning satisfactory)

13c

Nonporous floor tile with semiporous grouting

(cleaning satisfactory)

67c

Carpet before HEPA vacuuming 490d

Carpet after HEPA vacuuming (cleaning probably

satisfactory)

200b

aUsing a 37-mmminivacuum (three-piece) filter cassette with tared mixed cellulose ester (0.8 mm

pore size) or polyvinyl chloride (5.0 mm pore size) filters; used closed face with 5 cm flexible

tubing cut at a 458 angle on tubing inlet; approximately 0.2–1.0 m2 surface area vacuumed for

4–6 mins.
bDust samples collected 3–7 days after HEPA vacuum cleaning at a time when the interior space

was occupied.
cDust samples collected 3–7 days after HEPA vacuum cleaning prior to occupancy.
dDust samples collected several days before mold remediation began.
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When mold growth occurs in HVAC systems, it should be realized that air-

handling units and supply air ductwork are designed to transport ventilation air

directly to the occupant breathing zone.14 Thus, during mold remediation in

HVAC systems2–4 it is necessary to prevent dust and mold propagules dislodged

from airstream surfaces during cleaning from following ventilation pathways into

occupied spaces. Because of the difficulty associated with mold remediation of air-

stream surfaces in HVAC systems, the manufacture of insulation with an airstream

surface that is smooth, cleanable, and resistant to biodeterioration has been rec-

ommended.14,30 Some success in preventing fungal growth by incorporating zinc-

based encapsulants in HVAC system airstream surfaces has been reported.31,32

12.8. REMEDIATION OF ROOM CONTENTS

IN MOLDY BUILDINGS

When visible mold growth occurs on walls, ceilings, or other room surfaces, spores

from these growth areas will be dispersed and settle onto or into porous contents

such as upholstered furniture, drapes, and clothing (IICRC condition 2)20. If the

amount of mold growth on room surfaces is small-scale, then it is reasonable to

assume that spores and other microbial particulate dispersed onto or into porous

contents will be limited and HEPA vacuum cleaning should be successful in remov-

ing most of the contamination (returning to IICRC condition 1).20

However, when the amount of visible mold growth on room surfaces is

large-scale, then cleaning of visually nonmoldy porous contents will be difficult.

HEPA vacuum cleaning will have to be supplemented by other cleaning method-

ologies such as washing in aqueous or organic solvents.33 Alternatively, porous

contents that were present in rooms with large-scale mold growth may be discarded

because of the high cost and difficulty associated with cleaning and documenting

that the cleaning process was effective. Section 9 of IICRC Standard S52020 contains

detailed information on contents cleaning.

12.9. QUALITY ASSURANCE DURING MOLD REMEDIATION

An important endpoint in mold remediation is quality assurance that the moisture

problem that caused mold growth has been eliminated. In addition, it is necessary

to document that a thorough physical assessment or inspection (carried out before

or during the remediation process) identified all significant mold growth sites,

including those hidden in building construction. Quality assurance principles appli-

cable to oversight of the methods used by the mold remediation contractor are

reviewed elsewhere5,15,25 and include the following:

. Document that appropriate methodologies or protocols were used during

removal of visible mold and associated dusts identified during building assess-

ment and inspections. Protocols and methodologies used during mold
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remediation become more complex as the extent of mold growth to be removed

increases.15,19 Protocols for mold remediation should be written by individuals

with recognized professional training and experience in the investigation

of mold problems following methods recommended in standard-of-care

documents.2–5,15,25 Generally the author of a mold remediation protocol is a

certified industrial hygienist (CIH), professional engineer (PE), or a building

scientist. Protocols for mold remediation may be prescriptive-based (tell the

remedial contractor how to carry out the cleanup) or performance-based (the

remedial contractor firm uses its own experience-based methods to carry out

the cleanup). Regardless of whether the protocol is prescriptive- or

performance-based, a clear set of endpoint guidelines should be available to

independently judge whether the remediation was successfully carried out.

Assurance by inspection that mold growth was removed and that affected

space was HEPA vacuumed are important endpoints for all mold remediation

protocols.

. Document that appropriate dust suppression, containment, and depressurization

techniques were used by the cleanup contractor or cleaning personnel during

mold remediation.

. Document that surfaces in remediated spaces have been HEPA-vacuumed and

that the amount of residual dust remaining on interior surfaces does not indicate

a need for recleaning.6,25

. Document for large-scale cleanups that a CIH, PE, or OS health and safety pro-

fessional provided independent quality assurance that the remediation was

appropriately carried out.15 Independent or third-party oversight is required

to avoid conflict-of-interest issues (the remedial contractor should not judge

if its work was successful). Independent oversight is also beneficial for

medium-scale and small-scale mold remediations.

12.10. MICROBIAL REMEDIATION OF LEGIONELLAS

AND BIOFILMS

The presence of stagnant water in AHU water spray systems and drain pans and in

humidifier water reservoirs provides conditions for the formation of biofilm (slime

containing yeasts, bacteria, protozoa, and other microorganisms) on submerged or

wet surfaces.14 Procedures for removal of biofilm from AHUs and humidifiers

include decommissioning of the HVAC component or device, physical removal of

the biofilm aided by use of detergents and disinfectants, removal of cleaning chemi-

cals, and recommissioning of the HVAC component or humidifier.11,12,34 The use of

biocides in place of routine physical removal of biofilm through cleaning is inap-

propriate. Prevention of biofilm development in HVAC components is promoted

by sloping of drain pans for self-drainage, periodic cleaning of cooling coils and

wet surfaces, and design of HVAC components for accessibility of potentially wet

surfaces for ease of inspection and maintenance.
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Legionella species, the causative agent of legionellosis (Legionnaires’ disease

and Pontiac fever) are found in outdoor water sources such as lakes and streams,

as well as in heat-rejection systems in buildings (e.g., cooling towers) and in hot-

water systems. Legionellas are found most frequently in or near biofilms where pro-

tozoa and the biofilm matrix itself can protect the bacterium from biocides or other

means of inactivation. Legionellas grow most rapidly in lukewarm water with a

temperature of about 85–1008F.

Excellent maintenance of heat-rejection and hot-water systems are appropriate

actions useful in preventing the amplification of legionellas and in reducing the

risk of legionellosis.9,35,36 For hot-water systems, thermal or chemical disinfection

of storage tanks and piping, avoidance of water stagnation in piping, and removal

of sludge from storage tanks and reservoirs are actions effective against Legionella

amplification.7,8,35,36 Legionella amplification in cooling towers is controlled by

attention to biocide usage and by scale or corrosion control. Where Legionella

amplification has occurred, the addition of biodispersants and disinfectants and

circulation of these chemicals in the water system/piping are important aspects of

remediation.14

The finding of culturable legionellas in water systems does not in itself mean that

legionellosis has or will occur. However, the occurrence of legionellas over and

above levels found in piped water entering the building is indicative of a water

system requiring more attention to sound maintenance procedures.35

12.11. REMEDIATION OF SEWAGE CONTAMINATION

Basic principles of sewage remediation include (1) prompt physical removal of

sewage (black) water, (2) thorough and often repeated disinfection of interior sur-

faces that came in contact with sewage water, and (3) prompt drying of interior

surfaces following disinfection so as to remove conditions that promote mold

growth. Specific actions recommended during sewage cleanup are described in

IICRC Standard S50013 and by Berry et al.37 Prompt removal of sewage water

and disinfection of affected surfaces are recommended because of the presence of

pathogenic microorganisms and invertebrates (e.g., hepatitis A, Escherichia coli

0157/H7, Giardia lamblia, Ascaris lumbricoides; see Ref. 38 for a description of

sewage organisms).14

During sewage cleanup it is important to document which porous materials or

contents were directly affected by sewage water. Materials and contents (e.g.,

carpet, gypsum wallboard, insulation, upholstered furniture, clothing) that came in

contact with sewage water are discarded.14,37 Semiporous materials such as wood

framing and concrete can be cleaned and disinfected. Nonporous materials such

as sheetmetal and glass can be easily cleaned and disinfected.13,14,37 An important

aspect of restoration is the identification of building components such as wall

cavities, underflooring materials, HVAC ductwork, and crawlspaces that may

have come in contact with sewage water. These areas should be disinfected, and
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this may require removal of undamaged finishes and construction material in order

to gain access to contaminated materials.14

Microbial sampling to document the effectiveness of sewage remediation is

seldom carried out because the primary emphasis is placed on physical removal

of sewage water and disinfection and drying of affected interior surfaces. If

microbial sampling is carried out, it is appropriate to compare the ecology of

sewage-contacted surfaces with similar surfaces in clean, dry, and well-maintained

buildings (see Table 3.9, in Chapter 3 of this book). The mere presence of a serotype

E. coli in the soil around a building, in soil tracked into a building, and in niches such

as cat litterboxes, does not in itself indicate the occurrence of sewage contamination.

However, the occurrence of an E. coli serotype such as O157/H7 (a causal agent of

hemorrhagic diarrhea) on building surfaces directly affected by sewage water is

indicative of contamination needing remediation.
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APPENDIX

COMMON AIRBORNE AND INDOOR
FUNGI AND THEIR SPORES

DE-WEI LI

Proper identification of fungi is challenging and the most important part in micro-

scopic analysis. For spore count, only spore morphological characteristics are

available. For microscopic analysis on other samples, additional fungal structures

may be available. It is important for analysts to understand how to utilize available

fungal structures for accurate identification and to recognize the significance of pre-

sence of certain fungi and fungal structures from perspectives of fungal biology and

fungal ecology. The followings are common airborne, indoor fungi, and fungal

structures for quick reference. Since colony characteristics are not available for

direct microscopic analysis of most of the fungal samples, description of the

colony will not be included in the following fungal descriptions. Readers should

try to obtain and reference mycological books, journals, and monographs of import-

ant indoor fungi:

1. Acremonium and Gliomastix (Hyphomycetes). Conidia are usually single-

celled, (they rarely have more than one cell) and may be colorless (Acremo-

nium) or have dark pigmentation (Gliomastix). Their sizes and shapes vary

from spherical, ovoidal, tear-shaped, subspherical, falciform, reniform, ellip-

soidal, to cylindrical; their surfaces range from smooth to rough; they are

usually thin-walled, developing mostly in a slimy mass, occasionally in

dry conidial chains. Phialides range from being colorless to darkly pigmen-

ted, are erect, and occur mostly singly from hyphae with inconspicuous col-

lorettes.1,2 These two genera are morphologically very similar, and some

mycologists, in fact, treat them under the genus Acremonium. The primary

differences separating the two genera are pigmentation and roughness of

tips of phialides. Acremonium is moniliaceous with smooth tips of phialides,

while Gliomastix is dematiaceous with rough tips. Acremonium strictum

(Fig. A.1) is a common indoor species, favoring high water activity, and
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grows on drywall, cellulose-based ceiling tiles, wood materials, and other

surfaces. Occasionally it may grow on building materials under high humid-

ity without direct water damage due to repeated condensation. These genera

can be identified with intact conidiophores and conidia, but it is very difficult

to identify the conidia of this genus from air samples because of wide vari-

ations within the genera and similarity with other fungal spores. More often

its airborne conidia were considered unidentified single-celled spores.

2. Alternaria (Hyphomycetes). Alternaria conidia are relatively characteristic

because of their size, shape, and septation. Its conidia are large, light brown

to brown, smooth or rough, multiple-celled with transverse and frequently

longitudinal septation, (viz., brickwall pattern with flat bases and elongated

tips), and range in size, up to 300 mm long.3Many species develop conidia in

chains. Conidiophores are light brown to brown, simple or branched, and

have multiple cells, developing conidia in sympodial mode. Mycelia are col-

orless to brown. Common indoor species are A. alternata (Fig. A.2) and

Fig. A.1. Acremonium strictum.

Fig. A.2. Altenaria alternata.
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A. tenuissima. This genus comprises a large number of species, most of

which are saprobic or plant pathogenic. Several other fungal species and

genera (e.g., Mystrosporiella, Phoma glomerata, P. pomorum, Ulocladium)

develop spores with some similar morphological characteristics.

3. Aspergillus (Hyphomycetes). Conidia colorless, green, bluish green to

brown or black, spherical, subspherical to cylindrical, 2.5–7.5 mm, smooth

to rough, in dry chains, forming columns or diverging. Some species

develop very thick-walled cells (Hülle cells) or sclerotia. Phialides flask-

shaped, without collorettes borne directly on vesicle (uniseriate) or on

metulae (biseriate). Conidiophores erect, unbranched, with enlarged apical

vesicles. Some species develop teleomorphs (sexual state) also. This is a

very large genus and some species are very common contaminants and

important indoor fungi. Some species are clinically significant to human

health because of their pathogenic, mycotoxigenic, and allergenic nature.

Species of this genus are mostly xerophilic to mesophilic, but rarely hydro-

philic. This genus is easy to identify, due to the presence of vesicle and

arrangement of phialides borne on it, but very difficult to identify to

species. Several species may implicate human mycoses.4 For instance, A.

flavus and A. fumigatus (Fig. A.3) may cause pulmonary aspergillosis.2

For direct microscopic analysis, it is relatively easy to identify the

members of Aspergillus to genus. However, it is not practical to identify

them to species without culturing them on required growth media and con-

ditions. To identify common members of this genus to species, please

refer to Identification of Common Aspergillus Species by Klich.5

4. Aureobasidium (Hyphomycetes). Aureobasidium pullulans is a very

common black yeastlike fungus indoors and is often found in bathrooms,

in kitchens, or on exterior building walls under shade. Conidia colorless,

ellipsoidal, varying in size (mostly 9.0–11.0 � 4.0–5.5 mm) and shape, one-

celled, in a slimy mass (Fig. A.4), and not very characteristic.2 Hyphae

Fig. A.3. Aspergillus fumigatus.
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colorless, 3–12 mm, locally developing into dark brown, thick-walled

chlamydospores. Budding is often present and endoconidia are present in

intercalary cells. Undifferentiated conidiogenous cells are in colorless

hyphae intercalarily. It is not practical to identify spores of this fungus on

spore trap samples without culture characteristics. For microscopic analysis

on other samples, with more fungal structures, this fungus may be identified.

5. Bipolaris (Hyphomycetes). Conidia brown, mostly smooth, ellipsoidal,

straight or slightly curved, multicellular, with a flat dark scar at base

(Fig. A.5). Conidiophores brown, simple, erect, multicelled, developing

conidia in sympodial mode. Germination is bipolar. Nearly all species are

pathogens of grasses. Some species are saprobes. It is very difficult to differ-

entiate the conidia of this genus from those of Drechslera, based solely on

the morphology of conidia. Often the spores of these two genera are

lumped together for spore count.

Fig. A.4. Aureobasidium pullulans.

Fig. A.5. Bipolaris specifera.
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6. Botrytis (Hyphomycetes). Conidia colorless, gray to pale brown, smooth,

ellipsoidal, obovoid, or subspherical, mostly nonseptate. Conidiophores

gray to brown, straight or flexuous, smooth, branched, often dichotomously

or trichotomously, with branch ends often enlarged. A conidiophore forms a

long stipe and a dense head. Botrytis spp. are common fungi outdoors and not

common indoors. The most common species is B. cinerea (Fig. A.6), which

is a plant pathogen causing gray mold on a very broad range of hosts includ-

ing some common ornamental plants, such as geranium, begonia, rose, lily,

dogwood, rhododendron, dahlia, Magnolia, and camellia6,7 and fruits and

produce. This fungus is mainly of outdoor origin, although it may be from

growth on fruits or flowers brought in from outdoors. Some houseplants

can be infected by this fungus, such as cyclamen, poinsettia, chrysanthemum,

and gerbera.7Other species of Botrytismay be present, such as B. peoniae on

peonies, B. squamosa on onion, and B. tulipae on tulips. These species of

Botrytis share some common characteristics in pathology and ecology.

With the presence of a conidiophore, it is not difficult to identify this

genus. However, it is a quite challenging to identify its conidia in the

samples of spore count. Conidia of this genus are often described as

unidentified fungal spores.

7. Cercospora (Hyphomycetes). Conidia colorless, filiform (scolecospores),

multiple-celled, with a conspicuous thick dark scar at base (Fig. A.7). Con-

idiophores colorless or dark, simple, in clusters and bursting out of leaf

tissue. Conidia develop successively on the new growing tips of conidio-

phores. Species of Cercospora are plant pathogens on a wide variety of

higher plants, commonly causing leaf spots. Conidia of Cercospora are

common in outdoor air during warm seasons. These spores do not have a

significant effect on indoor air quality. The presence of these spores in

indoor air are due to infiltration from outdoor sources. Pseudocercospora,

and ascospores of Balansia, Cochliobolus, and Gaeumannomyces, and

Fig. A.6. Botrytis cinerea: (a) conidiophore; (b) conidia.
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other genera develop spores sharing some similarities in morphology. Under-

standing the development of conidia and ascospores will be useful in differ-

entiating them.

8. Chaetomium (Ascomycota). Chaetomium species produce ascospores,

which are very characteristic and relatively easy to identify. Ascomata

spherical to pyriform, covered with characteristic hairs, which are branched

or unbranched and undulate or spiral coiled. Asci typically produce eight

ascospores, cylindrical to clavate, slenderly stalked, and with deliquescing

walls. Ascospores aseptate, smooth, dark, varying in size and shape, but

limoniform in most indoor species, release in a dark mass. The most

common species indoors is C. globosum, a hydrophilic species, often

growing with in long-term water damage environments (Fig. A.8). A

similar genus, Chaetomidium, produces similar spores. Chaetomium

species grow on wood and paper products, and are hydrophilic (moisture-

loving or have high water activity). They are common on water-damaged

drywall, wood, or materials with significant cellulose content. Spores of

Chaetomium detected indoors are excellent indicators of water damage.

9. Cladosporium (Hyphomycetes). Conidia dark, mostly one- or two-celled,

varying in size and shape, smooth to mostly rough, ovoid to cylindrical, some

subglobal, some limoniform with conspicuous scars at both ends, frequently

in simple or branched acropetal chains. Conidiophores tall, dark, erect,

unbranched or branched near the top, single or in clusters. Cladosporium

spp. are weak phytopathogens or saprophytic. C. cladosporioides and C.

sphaerospermum (Fig. A.9) are the common species indoors. Spores

Fig. A.7. Cercospora conidium.
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of Cladosporium are the most common airborne spores on the earth. Clados-

porium is the dominant airborne fungus outdoors in many areas around the

world.8 The spores of Cladosporium have well-defined seasonality with a

peak in growing seasons. Their diurnal pattern has a midday peak.9However,

species of Cladosporium can grow indoors, such as on fibrous glass

Fig. A.8. Chaetomium globosum (a) and its ascospores (b).

Fig. A.9. Cladosporium sphaerospermum.
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insulation materials in the HVAC and on cold, condensing surfaces. Many

other fungal spores, such as spores of Cladophialophora, Fulvia,

Hormoconis (Amorphotheca), andHyalodendron, are very similar to Clados-

porium spores.

10. Curvularia (Hyphomycetes). Conidia dark, three- to five-celled, fusiform,

curved, with an enlarged central cell and paler cells at both ends; conidiophores

brown, simple, developing conidia on new sympodial growing points or api-

cally (Fig. A.10). Curvularia, Drechslera, and Bipolaris are closely related.

Spores of Curvularia are very characteristic, as its name implies, and are

easy to identify. Species of Curvularia are pathogens on a wide variety of

plants and saprophytic. Their spores can be found outdoors and indoors.

11. Drechslera (Hyphomycetes). Conidia, light brown to midbrown, smooth to

finely roughed, straight, broadly rounded at both ends, multicelled, with dis-

toseptate (Fig. A.11). Conidiophores dark brown, simple, erect, thick, and

smooth, often developed from dark brown stromata. This genus occurs

mainly outdoors as plant pathogens. The airborne spore of this genus

indoors originate outdoors. Its conidia geminate from any cells, while the

conidia of Bipolaris are from polar cells.

12. Epicoccum nigrum (Hyphomycetes). Synonym is E. purpurascens. Conidia

developed singly, golden brown to dark brown, rough, spherical to pyriform,

15–25 mm, with funnel-shaped base and broad attachment scar; conidial

septation is obscuring in various directions and dividing conidia into a

maximum of 15 cells (Fig. A.12). Conidiophores straight or somewhat flex-

uous, short, in clusters, colorless to pale brown. This is a common indoor

fungus, often growing on water-damaged dry walls and paper products.

Conidia of this species are very common in outdoor air, very characteristic,

and easy to identify.

Fig. A.10. Curvularia lunata.
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13. Fusarium. Fusarium may produce three types of spores: (a) macroconidia,

fusiform, curved, multicelled, colorless, with a foot cell at the base end in

most species (Fig. A.13); (b) microconidia much smaller, simpler, colorless,

one- or two-celled, smooth, variable in size and shape, developed in chains or

slimy heads in most species; (c) chlamydospores may develop or absent

within hyphae intercalarily or terminally. Some species consistently

Fig. A.12. Epicoccum nigrum.

Fig. A.11. A conidium of Drechslera sp.
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produce both macroconidia and microconidia. The macroconidia are easily

identified, but the microconidia are difficult to identify. Microconidia may

be similar to and confused with spores of some Acremonium species.

There are two types of conidiophores: (a) densely branched conidiophores

forming slimy pustules (sporodochia); (b) sparely branched or unbranched

conidiophores. In both cases, phialides are slender and tapering, variable

in length, colorless, and smooth. Several species of the genus may occur

indoors under chronically wet or damp conditions (such as drain pans,

around water faucets). However spores of Fusarium are often considered

of outdoor origin.

14. Ganoderma (Basidiomycota). A wood decay fungus that produces bracket or

conk on trees. It has never been reported growing in the indoor environment.

Basidiospores of this genus are very common in the air outdoors and occasion-

ally present in indoor air. Basidiospores of Ganoderma are thick-walled,

rough, with a truncated end (Fig. A.14). The morphology of the basidiospores

are very characteristic and are very reliable and useful for classification of this

fungal genus.10 The spores of Ganoderma are easy to identify from spore trap

samples. This fungus is absolutely from outdoor sources.

15. Memnoniella (Hyphomycetes). Conidia, in chains, rough to warted, dark oli-

vaceous to brownish black, globose to subglobose, 3.5–6 mm (Fig. A.15).11

Phialides obovate, or ellipsoidal, colorless first, then turn to olivaceous,

smooth, 7–10 � 3–4 mm, in clusters of 4–8 phialides. Conidiophores

simple, erect, smooth to rough, colorless to olivaceous, slightly enlarged api-

cally. The genus Memnoniella is differentiated from Stachybotrys by their

different spore shapes and whether spores are in slimy conidial masses (Sta-

chybotrys) or in dry chains (Memnoniella).11 However, more recent studies

indicate that Memnoniella may develop Stachybotrys-like spores.12 M. echi-

nata is the most common species and is an excellent indicator of water-

damaged environments.

16. Mucor (Zygomycota). Sporangiophores are unbranched or irregularly

branched, with basal rhizoids, ending with a sporangium, not originated

Fig. A.13. Fusarium macroconidia.
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from stolons. Sporangia vary in size, are spherical without an apophysis,

have large columellae (versicle in a sporangium), rupture or persist on

maturity, and develop many sporangiospores in it. Sporangiospores are

single-celled, vary in shape, and are smooth or slightly ornamented. Mucor

plumbeus is often present in indoor environments (Fig. A.16). For spore

Fig. A.14. Basidiospore of Ganoderma sp.

Fig. A.15. Memnoniella echinata.
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count it is not practical to differentiate sporangiospores ofMucor from other

spores with similar morphology.

17. Nigrospora (Hyphomycetes). Conidia spherical, large, black, smooth,

14–20 mm, and an equatorial furrow frequently develops (Fig. A.17).

Conidiogenous cells develop on superficial hyphae terminally or laterally,

swollen, ampulliform, colorless, develop conidium singly. Its conidia are

very characteristic and easy to identify. With other fungal structures, it is

not difficult to identify members of the genus. Species of Nigrospora grow

on a variety of plants. Common species is N. sphaerica. They may occasion-

ally grow on water-damaged materials.

18. Penicillium (Hyphomycetes). Conidia in dry chains, one-celled, colorless or

very light colored in a shade of green, variable in size and shape, smooth to

finely rough, 2.5–8 mm in length, globose, ellipsoidal, fusiform, or short

cylindrical. Phialides acerose to flask-shaped, and have colorless to pale

Fig. A.16. Mucor plumbeus.

Fig. A.17. Nigrospora sphaerica.
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pigmentation (Fig. A.18). Conidiophores, simple or aggregating into synne-

mata, erect, colorless or pale-colored, terminally bearing one or several

layers of metulae that develop into a group of phialides. Stipes smooth or

rough, colorless or pale-colored. A conidiophore with conidia resembles a

broom shape. Penicillium is a large genus and is easy to identify to the

genus, but very challenging to identify to species. Some species are

common in indoor environments with water damage or under damp

conditions. For common species identification, please refer to the laboratory

guide to common Penicillium species by Pitt.13 It is very difficult to differ-

entiate the conidia of this genus from the conidia of Aspergillus or other

similar genera. The conidia of these two genera are often grouped together

as Aspergillus/Penicillium for spore count.

19. Pithomyces (Hyphomycetes). Conidia are dark brown, multicellular

(phragmo- or dictyoconidia) develop on small peglike branches of the vege-

tative hyphae, broadly elliptical, pyriform, oblong, and commonly rough

(Fig. A.19). Conidia of Pithomyces are cosmopolitan and are very character-

istic, making them easy to identify. However, less experienced laboratory

analysts may not be able to differentiate them from spores of Ulocladium

with confidence. Pithomyces chartarum is the common airborne species. It

is very common on dead leaves of a variety of plants and has also been

found on paper.3 Ulocladium, on the other hand, is an excellent indicator

of a water-damaged environment.

20. Rhizopus (Zygomycota). Sporangiophores develop directly from opposite

side of rhizoids, single or in groups, usually unbranched (Fig. A.20).

Stolons are present and are an important characteristic of this genus. Sporan-

gia are big, light-colored when young, later turning blackish-brown with

aging, and have many spores. Columella are spherical or half-globose, are

brown, and have an apophysis. Sporangiospores are ellipsoidal, often

Fig. A.18. Penicillium chrysogenum.
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striate, and irregularly angled. Zygospores are occasionally produced in

culture. Presence of rhizoids and apophysis will differentiate Rhizopus

from Mucor. Rhizopus develops characteristic sporangiospores that are

easily distinguishable by trained laboratory analysts. Rhizopus stolonifer is

the most common species identified.

21. Scopulariopsis (Hyphomycetes). Conidia are in basipetal chains, one-celled,

smooth or rough, spherical to ovate with a noticeable truncate end.

Fig. A.19. Pithomyces chartarum.

Fig. A.20. Rhizopus stolonifer.
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Conidiogenous cells are cylindrical or with a slightly swollen base (vase

shape), annellate, single or in branched groups similar to the conidiophores

of Penicillium. Several species may occur indoors. The most common

species is probably S. brevicaulis (Fig. A.21). Conidia of Scopulariopsis

are very characteristic with truncate ends.

22. Spegazzinia (Hyphomycetes). The species Spegazzinia tessarthra develops

two types of spores. One is dark brown, spiny, four-celled, separated by a

somewhat cross-septation. The other type is smooth, dark brown to black,

four-celled, and with a well defined cross septation (Fig. A.22).

Fig. A.21. Scopulariopsis brevicaulis.

Fig. A.22. Two types of conidia of Spegazzinia tessarthra.
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Conidiophores are slender, erect, solitary, pigmented, and develop apically.

Spegazzinia conidia are very characteristic and easy to identify. There is no

report of growth of this genus indoors. Its conidia are of outdoor origins,

including plants, plant debris, and soils.

23. Stachybotrys (Hyphomycetes). Conidia are in slimy masses, smooth to coar-

sely rough, dark olivaceous to brownish black, obovoid, later becoming ellip-

soid with age, 10–13 � 5–7 mm. Phialides are obovate or ellipsoidal,

colorless early then turning to olivaceous with maturity, smooth,

12–14 � 5–7 mm, in clusters of 5–9 phialides (Fig. A.23). Conidiophores

are simple, erect, smooth to rough, colorless to olivaceous, slightly enlarged

apically, mostly unbranched but occasionally branched. Conidia of

Stachybotrys are very characteristic and can be confidently identified in spore

count samples. This genus is closely related to Memnoniella. Species of

Memnoniella may occasionally develop Stachybotrys-like conidia, and

vice versa.12,14 Stachybotrys species grow on drywall and paper products,

and are hydrophilic.11 S. chartarum is probably one of the most common

species of Stachybotrys found in buildings with long-term water damage.

Fig. A.23. Stachybotrys chartarum.
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However, other species of Stachybotrys have been found in indoor environ-

ments.14 Stachybotrys detected indoors is an excellent indicator of water

damage. Precaution should be taken to interpret lab results with the presence

of Stachybotrys.

24. Trichoderma (Hyphomycetes). Conidia appear colorless to green, smooth to

rough, and are in moist conidial masses, variable in shape and size, small,

2.8–4.8 mm for common species. Phialides are flask-shaped, smooth, color-

less. Conidiophores branch repeatedly, bearing clusters of phialides termin-

ally in most cases. T. harzianum, T. koningii (Fig. A.24), and T. viride are

reportedly found to grow in indoor environments. Recent research suggests

that T. harzianum and T. asperellum are considered two true cosmopolitan

species.15 Trichoderma is a saprobe, and is very common in soil and on

decaying wood. Some Trichoderma species are mycoparasites. These

species are fast-growing in media and on building materials.

25. Ulocladium (Hyphomycetes). Conidia are black, rough, with pointed base

when young, with both transverse and longitudinal septae, single or in a

short chain (only in U. chartarum) (Fig. A.25). Conidiophores are pale

brown, erect, multicelled, and develop conidia in a sympodial mode. The

two common species of indoor Ulocladium are U. botrytis and U. chartarum.

This genus is closely related to Alternaria and Stemphyllium. Ulocladium

conidia are characteristic and can be identified by properly trained laboratory

analysts, although spores of Alternaria and Pithomyces may be confused

with Ulocladium. Ulocladium is an excellent indicator of water damage.

However, U. botrytis was found to grow on ceiling tiles under high humidity

(unpublished data).

Fig. A.24. Trichoderma koningii.
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Important Fungal Structures
26. Amerospores (single-celled spores). Amerospores are defined as asexual

spores that are nonseptate, single-celled spores with a length: width ratio

not exceeding 15:1; if elongated, they have a single axis and are not

curved through more than 1808; protuberances are less than one-fourth

spore body length.16,17 According to this definition, amerospores include a

large variety of one-celled spores. Some laboratories may report ameros-

pores as individual, small, rounded single-celled spores. Aspergillus/Penicil-
lium spores are those in chains. In such a case, the category should be

specified or defined to avoid confusion.

27. Ascospores and ascus (pl. asci). Ascomycota produce ascospores (sexual

spores) in a saclike structure called an ascus.17,18 In most cases eight

ascospores are developed in an ascus. Only a few ascomycetes, are known

to grow in indoor environments, due to water damage. Ascospores may be

of indoor origins including those of Chaetomium, Emericella, Eurotium,

and Peziza. Most ascospores are of outdoor origin. These ascospores

include a large variety of different taxa of ascomycetes, which are saprophic

or phytopathogens. Ascospores are highly variable and diverse in size and

shape. They vary from single-celled to multicelled, from colorless to pig-

mented, from spherical to needle-shaped. Ascospores are abundant during

warm seasons. There is a significant increase in airborne ascospore

Fig. A.25. Ulocladium botrytis.
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concentration during and after a light shower or drizzling rain. Some

members of the Ascomycetes class have well-defined diurnal patterns with

early morning peaks.9

28. Conidiophores. Conidiophores are reproductive structures of anamorphic

fungi and specialized hyphae on which asexual spores are developed.

Morphological characters of conidiophores are very important to determine

the mode of conidiogenesis so as to identify anamorphic fungi. Some ana-

morphic fungi are very common indoors. Conidiophores of some genera

are quite characteristic. The presence of conidiophores can be a good indi-

cation of fungal growth indoors. Conidiophores can become airborne and

appear in the samples of spore traps.

29. Hyphal fragments. A hypha (pl. hyphae) is a vegetative, filamentous

fungal structure.18 Its presence in air samples may indicate the presence

of fungal infestation. It is unusual for hyphae or hyphal fragments to

become airborne unless they are disturbed, such as in remediation. Elev-

ated levels of hyphal fragments indoors may suggest fungal growth

indoors and disturbance.

30. Mycelium (pl. mycelia) and mycelial fragments. Mycelium is a mass of

hyphae.18 Presence of mycelial fragment or mycelia most likely indicates

the presence and growth of fungi. Unless they are disturbed (i.e., by

removal of moldy materials or mold remediation), it is not easy for mycelial

fragments to become airborne. Elevated levels of airborne mycelial

fragments indoors suggest fungal infestation indoors.

31. Aspergillus/Penicillium-like. For spore count, it is impossible to differen-

tiate conidia of Aspergillus from Penicillium only on the basis of morpho-

logical characteristics of conidia. These conidia are very simple, mostly

small (2.5–5 mm; up to 7 mm), rounded or subspherical, and smooth to orna-

mented, colorless to lightly pigmented. Many fungal genera and species

produce spores that are very similar or difficult to differentiate from

Aspergillus and Penicillium. Spores of the following genera may be

identified as Aspergillus/Penicillium-like spores: Absidia, Acremonium,

Aphanocladium, Beauveria, Chromelosporium, Phialophora, Gliocladium,

Metarrhizium, Monocillium, Mortierella, Mucor, Paecilomyces, Thysano-

phora, Torulomyces, Trichoderma, and Verticillium.

32. Basidiospores/basidiomycetes. Basidiospores are sexual spores developed

on a basidium (pl. basidia) by basidiomycetes (including mushrooms,

boletes, toadstools, bracket and conk fungi, polypores, jelly fungi, rusts,

and smuts).17,18 Some basidiospores are characteristic and can be differen-

tiated by the hilum on the basidiospores. These spores are common and

abundance from spring to fall in the temperate climate. They originate

mostly from outdoor sources. Under very unusual situations, basidiospores

may be from fruiting bodies or basidiomata of a few mushrooms and

wood decay fungi indoors due to long-term water damage. Some members

of the basidiomycetes have well-defined diurnal patterns with night or
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early-morning peaks.9 For microscopic analysis of badidiomycetes, clamp

connection is the unique characteristic of some basidiomycetous mycelia

(Fig. A.26).

33. Myxomycetes. Myxomycetes are commonly called “slime molds”. Mycolo-

gists study them but do not consider them to be true fungi. Spores of

myxomycetes are variable, and their sources are mostly outdoors. Some

fruiting bodies of myxomycetes have occasionally been identified from

indoor samples. Without fruiting bodies, spores of myxomycetes are con-

sidered to be of outdoor origin. Their growth often occurs in hot, humid

summer months.

34. Rusts. Rust spores are produced by a group of parasitic basidiomycetes. Rust

fungi are obligate pathogens with a wide distribution.19 They infect trees and

a wide variety of plants. These plant pathogens depend on living hosts to

survive. Some rusts require two different hosts to complete their lifecycle.

Five kinds of spores may be developed in lifecycles of certain species.19

They are called rusts because their spores (urediniospores and aeciospores)

in mass appear rust in color. Their source is always outdoors.

35. Smuts. Smut spores are produced by a group of parasitic basidiomycetes.18

Smut fungi mainly infect angiosperms, especially monocots, and produce

most black (other colors are possible) spore masses in mid to late growing

season (such as summer).20 Members of the Gramineae family are the

major hosts of smut. Cyperaceae and Compositae are important hosts

also.20 The well-known corn smut is a species associated with corn and is

edible. Leaf smut is a disease on turfgrasses with a worldwide distribution21

and may become airborne during mowing and other human activities. Their

sources are always outdoors. Differentiation of smut spores from slime mold

(myxomycetes) spores can be very challenging. This is the reason why some

laboratory reports combine these two groups.

Fig. A.26. Clamp connections in basidiomycetous mycelium.
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Arthrinium cuspidatum, 207
Ascaris lumbricoides, 239
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207, 219, 222, 260, 261
ascomycota, 248, 260
ascospore, 76, 77, 108, 116, 198, 206, 207,

208, 218, 220, 247, 248, 249, 260
Ascotricha, 219

chartarum, 219
erinacea, 219
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flavus, 55, 58, 119, 166, 203, 245
fumigatus, 21, 37, 43, 51, 53, 55, 68, 119,

142, 166, 195, 203, 220, 245
giganteus, 198
niger, 192, 197, 201, 203, 219,
niveus, 203
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Aspergillus (Continued)
nidulans, 203
ochraceus, 203
oryzae, 203
parasiticus, 203
penicillioides, 43, 193, 203, 206, 222
repens, 197
restrictus, 43, 203, 206
sydowii, 59, 201, 203
terreus, 53, 58, 119, 203
ustus, 203
versicolor, 43, 59, 67, 119, 166, 169,

196, 197, 200, 201, 203, 219,
220, 223, 224, 234, 235

aspergillosis, 55, 58, 245
asthma, 2, 3, 4, 5, 75, 141, 144,
Aureobasidium, 107, 156, 157, 168, 169,

172, 193, 199, 200, 201, 207,
245, 246
pullulans, 107, 156, 157, 168, 172,

200, 201, 245, 246
aw see water activity

Bacillus, 125, 140
anthracis, 140

bacteria, 1, 2, 3, 4, 6, 7, 9, 10, 51, 52, 53, 54,
58, 64, 66, 68, 69, 70, 123, 124, 125,
126, 127, 133, 138, 139, 140, 169, 192,
216, 238
airborne, 51, 123, 124, 125, 127
environmental, 3, 124
gram-negative, 1, 2, 3, 4, 53, 58, 69, 124
gram-positive, 125

bacteriologist, 7
Balansio, 247
baseline investigation (see investigation),

15, 17, 46, 49
basidia, 207, 261
basidiomycota, 81, 252
basidiospore, 54, 108, 157, 199, 206, 207,

208, 218, 220, 252, 261
Basipetospora halophia (see also

Scopulariopsis halophilica), 206
Beauveria, 261
bioaerosol, 36, 37, 38, 40, 51, 54, 55, 56, 57,

58, 63, 65, 66, 68, 70, 78, 79, 168, 170,
174, 179, 180, 184, 188, 189
exposure, 51, 57, 63

biodeterioration, 51, 63, 169, 195, 200,
202, 237

biofilms, 231, 238, 239
bioterrorism, 125, 140, 144, 216
biotic factors, 191, 192

Bipolaris, 246, 250
specifera, 246

Blastocladiella, 198
britannica, 198
emersonii, 198

Bordetella pertussis, 140
Botrytis, 115, 198, 199, 207, 247

cineria, 247
peoniae, 247
squamosa, 198, 199, 207, 247
tulipae, 247

Burkard sampler (see also sampler), 37,
38, 42, 81, 82, 85, 86, 87, 110

building material, 4, 29, 30, 31, 41, 47, 48,
51, 58, 98, 106, 107, 124, 125, 155, 156,
159, 168, 169, 174, 176, 192, 193, 194,
195, 197, 198, 200, 201, 203, 205, 208,
209, 217, 219, 221, 222, 224, 228, 244,
259

building plan, 17,
bulk sample, 20, 42, 59, 75, 92, 94, 97, 98,

113, 117, 118, 221, 227

Candida, 140
Campylobacter jejuni, 141
case study (-dies), 218, 223
cellulose, 59, 62, 65, 66, 68, 81, 82, 83, 108,

115, 155, 156, 157, 159, 161, 193, 194,
195, 204, 205, 217, 222, 225, 226, 235,
236, 244, 248

Centers for Disease Control and Prevention
(CDC), 1, 125

Cercospora, 199, 247, 248
asparagi, 199

Certified Industrial Hygienist (CIH), 3,
6, 7, 238

Chaetomium, 62, 76, 77, 79, 87, 98, 99, 107,
113, 115, 116, 169, 195, 198, 200, 202,
204, 207, 217, 219, 221, 223, 224, 226,
248, 249, 260

globosum, 76, 77, 195, 198, 204, 221,
223, 224, 248, 249

Chaetomidium, 248
chi-square statistics, 186, 188
Chromelosporium, 261
Chrysonilia sitophila, 115
Chrysosporium pannorum, 195
Cladosporium, 37, 55, 58, 61, 63, 65, 66, 67,

107, 157, 166, 168, 169, 193, 194, 196,
197, 199, 200, 201, 202, 204, 207, 218,
219, 234, 235, 248, 249

cladosporioides, 37, 55, 67, 59, 196, 201,
202, 204, 219, 248
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herbarum, 55, 166, 204, 207, 218
macrocarpum, 219
sphaerospermum, 67, 196, 197, 201,

202, 204, 219, 248, 249
Cladophialophora, 250
clamp connection, 117, 262
Coelomycetes, 155, 156
Cochliobolus, 247
cockroach, 2, 5, 8, 62
conidia (or conidium in singular), 79, 81, 84,

87, 88, 89, 95, 96, 97, 98, 99, 100,
108, 116, 198, 199, 206, 207, 220,
243, 244, 245, 246, 247, 248, 250,
251, 252, 254, 255, 256, 257, 258,
259, 261

conidiophore, 64, 87, 92, 95, 96, 97, 98, 116,
198, 243, 244, 245, 246, 247, 248,
250, 252, 255, 257, 258, 259, 261

Coprinus, 207
cornmeal agar (CMA), 115
correlation,

analysis, 179, 183
coefficient, 183, 184, 185

Cryptococcus neoformans, 113, 119
culture (including culture media,

culture-based methods, culture analy-
sis), 18, 37, 41, 42, 43, 44,
58, 60, 62, 63, 64, 65, 66, 67, 68,
75, 78, 81, 92, 95, 96, 99, 105, 106,
107, 108, 109, 110, 111, 112, 113,
114, 115, 116, 118, 119, 120, 133,
140, 141, 144, 174, 200, 202, 205,
220, 246, 256

Curvularia, 116, 250

data analysis, 179, 180, 183, 184, 185,
186, 187, 188, 189

DG-18 agar, 18, 109, 113, 114, 115
DNA, 7, 78,127, 135, 136, 137, 138, 139,

141, 142, 201, 216
Dermatophagoides pteronyssinus,

193, 222
descriptive analysis, 179, 180
destructive testing, 16, 18, 22, 23, 46, 47,

49, 175
dew point, 9, 30, 167
differential interference contrast (DIC),

77, 78
documentation, 16, 22, 38, 47, 49, 232,

234, 235
Drechslera, 199, 246, 250, 251

turcica, 199
dust mite, 2, 5, 8, 62, 193

dust sample, 41, 43, 61, 62, 63, 75, 93, 111,
114, 118, 119, 141, 201, 202, 206, 219,
236

ecology, 9, 10, 36, 54, 59, 97, 107, 114, 118,
191, 198, 200, 209, 215, 228, 234, 240,
243, 247

Emericella, 260
endotoxin, 3, 4, 51, 52, 56, 57, 58, 60, 64, 68,

69, 125, 126
engineer, 6, 8, 17, 29, 238
Enterobacter agglomerans, 124
Epicoccum, 55, 58, 61, 193, 201, 207, 219,

234, 235, 250, 251
nigrum, 55, 201, 207, 219, 250, 251
purpurascens, 250

equilibrium moisture content (EMC), 161
ergosterol, 37
Escherichia coli (E. coli), 7, 53, 64, 58,

239, 240
O157/H7, 53, 58, 64, 239, 240

eukaryotic, 7, 138, 203
Eurotium, 43, 58, 61, 116, 119, 169, 193,

201, 206, 222, 234, 235, 260,
amstelodami, 43, 206
chevalieri, 43, 206
halophilicum, 193, 222
herbariorum, 201, 206

Exophiala, 169
exposure, 1, 3, 4, 5, 6, 18, 51, 57, 63, 66, 69,

75, 81, 123, 124, 125, 127, 141, 142,
166, 172, 176, 189, 200, 215, 221, 232,
233

false negative, 92, 107, 118, 119, 127,
142, 143

false positive, 118, 119, 142, 166
fiber saturation point (FSP), 159, 161, 162,

163, 164, 165, 167, 198
fingerprinting, 136, 139
Flavobacterium, 125
flow cytometry, 126, 127
fluorescence immunoassay, 127
fluorescence microscope, 78
Fulvia, 250
fungi,
brown-rot, 156, 157
hydrophilic, 59, 109, 114, 115, 164,

165, 193
mesophilic, 108, 114, 164, 195
phylloplane, 61, 97, 192, 204
psychrophilic, 195
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fungi (Continued )
soft-rot, 156, 157,
soil, 41, 55, 65, 78, 115
thermophilic, 108, 195
white-rot, 155, 156, 157
xerophilic, 18, 114, 164, 165, 193, 195,

196, 197, 206, 222
xerotolerant, 66, 158, 164

fungal spores, 6, 16, 36, 38, 41, 42, 43,
45, 47, 68, 75, 80, 81, 82, 87, 89,
90, 96, 97, 98, 99, 100, 105, 107,
108, 109, 110, 112, 114, 119,
155, 167, 174, 191, 192, 193,
195, 197, 201, 202, 206, 207,
208, 209, 215, 216, 218, 220,
222, 244, 247, 250

Fusarium, 59, 68, 115, 119, 168, 169, 207,
226, 251, 252
verticillioides, 119

fusaria, 140

Gaeumannomyces, 247
Ganoderma, 252, 253
genetic analysis methods, 133, 134
Geomyces, 169, 195

pannorum, 195
Giardia lamblia, 239
Gliocladium, 261
Gliomastix, 243
glucan, 3, 37, 51, 52, 56, 58, 68, 69, 70
Gnomonia, 219
gram negative bacteria, see bacteria
gram positive bacteria, see bacteria
growth media

malt extract agar, 18, 62, 63, 66, 109,
114, 115, 166, 197, 202,
218, 219

cornmeal agar, 115
buffered choal yeast extract agar

(BCYE),
Czapek cellulose agar,
DG-18 agar, 18, 109, 113, 114, 115

guidelines, 40, 52, 55, 64, 70, 91, 99, 143,
231, 232, 235, 238
Health Canada, 231
IICRC, 233, 234, 235, 237, 239
New York City, 231, 232
PEL, 52, 56, 63, 70
OSHA, 52, 70, 232
TLV, 52, 56, 63, 70
USEPA, 232

Guizotia abyssinica, 113
Gymnosporangium, 84

halophile, 206
Harposporium anguillulae, 223, 225
Health Canada (see guidelines), 231
health effect, 3, 4, 8, 52, 85, 123, 124,

127, 141, 215, 231
heating, ventilating, and air-conditioning

(HVAC) system, 3, 20, 53, 54, 56, 62,
123, 198, 204, 208, 216, 222, 223, 225,
226, 231, 234, 235, 236, 237, 238, 239,
250

HEPA, 46, 62, 81, 120, 233, 234, 235,
236, 238

hepatitis A, 239
hidden fungal growth, 16, 23, 36, 46
hidden mold, 21, 47, 98, 170, 234
Histoplasma capsulatum, 113, 119
Hormoconis, 250
humidity, 9, 15, 30, 31, 197, 198, 199, 202,

221, 244, 259
absolute, 30, 31
relative (RH), 30, 31, 52, 158, 159,

160, 161, 162, 163, 164, 165,
166, 167, 168, 170, 173, 174,
196, 199,

hybridization probe, 134, 136, 137, 138, 139
hypersensitivity pneumonitis, 18, 57, 141
hypha(e), 43, 64, 66, 68, 87, 89, 95, 106, 108,

113, 116, 172, 175, 195, 198, 223,
233, 236, 243, 245, 246, 251, 254,
255, 261

hyphal fragment, 58, 64, 66, 97, 99, 107, 109,
261

Hyphomycetes, 155, 156, 199, 200, 205,
207, 219, 243, 244, 245, 246, 247,
248, 250, 252, 254, 255, 256, 257,
258, 259

hypothesis test, 179, 185

identification, 5, 8, 18, 23, 36, 37, 38, 41,
42, 43, 44, 48, 49, 66, 67, 78, 79, 87,
88, 93, 95, 96, 97, 98, 99, 100, 105,
106, 108, 109, 110, 111, 113, 115,
116, 117, 120, 126, 127, 133, 137,
138, 139, 140, 141, 142, 175, 176,
202, 216, 223, 225, 239, 243, 245, 255

Institute of Inspection, Cleaning and
Restoration Certification (IICRC,
see also guidelines), 233, 234, 235, 237,
239

immunoassay, 127
indoor air quality (IAQ), 1, 7, 16, 19, 23,

36, 45, 46, 81, 105, 106, 107, 108, 109,
111, 114, 120, 126, 185
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indoor v. outdoor comparisons, 55
indoor microorganism, 141, 179, 180, 189
inhibitory compound, 143
insect, 3, 6, 8, 10, 24, 90, 193, 207, 208, 217,

222, 223, 226, 227
Institute of Medicine (IOM), 2, 9
inspection, 8, 9, 16, 19, 20, 21, 22, 23, 24, 36,

48, 49, 52, 53, 56, 57, 63, 64, 65, 70,
75, 119, 174, 217, 224, 225, 226,
227, 231, 232, 235, 237, 238

building, 9, 52, 232, 237
physical, 19, 22, 36, 48, 49, 53, 63, 70, 237
visual, 16, 20, 21, 22, 23, 48, 65, 75, 119
walkthrough, 224

investigation, 1, 4, 6, 8, 10, 15, 16, 17, 18, 19,
20, 21, 23, 29, 30, 32, 34, 35, 36, 37,
38, 45, 46, 47, 48, 49, 51, 57, 58, 60,
68, 70, 75, 82, 105, 108, 111, 114,
119, 120, 125, 134, 142, 179, 180,
185, 187, 188, 189, 190, 216, 223,
228, 231, 238

aspergillosis or Legionnaires’ disease, 58
baseline, 15, 17, 21, 46, 47, 49
bioaerosol, 51
building, 15, 16, 17, 29, 30, 32, 34,

45, 48, 49
clinical/epidemiological, 57
complaint, 70
field, 8, 37, 179, 180
forensic, 6, 223
fungal, 75, 105
IAQ, 108, 111, 120, 185
independent, 17
indoor microorganism, 180
medical and economical, 216
mold, 15, 20, 23, 29, 30, 35, 38, 48
mycological, 70
professional, competent, 20

laboratory data, 9, 17, 18, 45, 49, 62
leak history, 17, 18, 29, 48,
Legionella, 3, 51, 52, 53, 58, 59, 60, 124,

126, 140, 231, 239
aerosol, 51
amplification, 231, 239
bacteria,
method to control, 231
pneumophila, 53, 58, 60, 124,

126, 140
legionellosis, 52, 231, 239
Legionnaire’s disease, 3, 239
lignin, 108, 155, 157, 193, 194, 222, 225
Limulus amebocyte assay, 69, 126

malt extract agar (MEA), 18, 62, 63, 66, 109,
114, 115, 166, 197, 202, 218, 219

Meruliporia, 172, 205, 206, 222
incrassate, 172, 205, 206, 222

Merulius lacrymans, 205
mesophile, 195
Metarrhizium, 261
Memnoniella, 65, 87, 98, 99, 205, 219,

252, 258
echinata, 205, 252, 253

microfungi, 8, 115, 156, 164, 205, 222
microbial forensics, 216
microbial growth, 2, 3, 5, 9, 10, 30, 51, 52,

60, 164, 231
volatile organic compound (MVOC), 2, 3,

37, 56, 123, 155
microbial, 2, 3, 37, 56

microbiologist, 3, 7, 8, 44, 216
Micrococcus, 125
microscope, 64, 76, 77, 78, 79, 80, 81, 85, 87,

92, 94, 95, 116, 175, 215, 223, 225
differential interference contrast (DIC),

76, 77
phase contrast, 77
stereo, 78, 79, 81, 94, 116, 175

microscopic analysis, 44, 67, 75, 85, 96, 99,
127, 144, 175, 243, 245, 246, 262,

mite, 10, 62, 193, 207, 208, 217, 222, 223,
226, 227

dust, 8, 193, 222
storage, 123, 208, 222

mildew, 1, 24, 32
powdery, 98

moisture (also condensation, humidity,
water, water vapor), 2, 3, 4, 6, 8, 9, 10,
15, 17, 19, 21, 26, 29, 30, 31, 32, 33,
34, 35, 46, 48, 51, 52, 54, 56, 59, 114,
155, 156, 157, 158, 159, 160, 161,
162, 163, 164, 165, 166, 167, 168,
170, 172, 173, 174, 176, 193, 195,
196, 197, 198, 199, 202, 206, 207,
209, 217, 220, 221, 222, 226, 227,
228, 231, 232, 233, 234, 237

content, 9, 21, 31, 32, 33, 34, 35, 46,
48, 196, 197, 198, 199, 206, 209,
217, 222

moisture content reading, 155, 159, 160,
161, 162, 163, 164, 165, 174

detection, 173
mapping, 16, 26, 29, 31, 32, 48
problem, 2, 15, 19, 56, 168, 170, 176,

202, 227, 231, 233, 234, 237
requirement, 158, 164, 166, 176
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moisture (also condensation, humidity,
water, water vapor) (Continued )

source, 29, 172, 199
survey, 29, 30, 34

moisture meter, 32, 34, 35, 174, 227
Delmhorst, 32, 34

mold (also mould), 1, 2, 3, 4, 6, 7, 8, 15,
16, 17, 18, 19, 20, 23, 29, 30, 35, 36,
38, 46, 47, 48, 54, 55, 56, 57, 58, 59,
61, 62, 63, 64, 65, 66, 67, 68, 69, 70,
75, 93, 98, 106, 107, 141, 155, 156,
157, 158, 159, 164, 165, 166, 167,
168, 170, 172, 174, 175,176, 193,
197, 200, 204, 205, 207, 208, 221,
222, 223, 224, 225, 226, 227, 231,
232, 233, 234, 235, 236, 237, 238,
239, 247, 261, 262

abatement, 68
amplification, 55
cheese, 204
contamination, 65, 67, 98
exposure, 4, 5
green, 205
growth, 19, 47, 54, 56, 64, 65, 70, 98, 107,

156, 159, 166, 167, 168, 174, 176,
197, 208, 221, 223, 224, 225, 226,
227, 231, 233, 234, 235, 236, 237,
238, 239

inspector, 7
investigator, 17, 18, 29, 30, 36, 46,

47, 48
phylloplane, 65, 234
remediation, 15, 16, 18, 19, 23, 47,

48, 55, 61, 67, 69, 231, 232,
233, 234, 235, 236, 237,
238, 261

removal, 233
spore, 5, 53, 54, 55, 58, 64, 66, 67,

232, 234
xerophilic, 158

moldy
building, 51, 125, 204, 217, 237
environment, 8
insulation, 222
material, 52, 222, 232, 233, 234

Monocillium, 261
Mortierella, 261
Mucor, 115, 119, 169, 252, 253, 254,

256, 261
plumbeus, 253, 254

mycelium/mycelia, 64, 95, 97, 98, 125,
172, 198, 222, 223, 232, 233, 244, 261,
262

mycelial
fragment, 99, 261
fan, 206

Mycobacterium, 51, 124, 126, 140
avium, 124
terrae, 124
tuberculosis, 51, 124, 140

mycologist, 3, 6, 7, 8, 44, 218, 243, 262
mycotoxin, 3, 7, 8, 58, 68, 75, 107, 205,

trichothecene, 68
Mystrosporiella, 245
myxomycetes, 8, 200, 262
Myxotrichum deflexum, 219

negative control, 115, 120, 143
nematodes, 223, 225
New York City Guidelines, 232
niche, 43, 111, 191, 192, 196, 202, 203, 240

ecological, 43, 111, 196, 202
Nigrospora, 254

sphaerica, 254
nonparametric methods, 185
Norcadia, 125
nosocomial infection, 3, 125, 141, 234
nucleic acid, 58, 133, 134, 135, 136, 137,

138, 139, 141, 142, 143, 144
sequencing, 134, 138, 141
amplification, 134, 135, 137, 138, 139,

142, 143
numerical guidelines, 52, 55, 70

occupant health status, 18
Oidiodendron, 169
oligonucleotide, 135, 136, 137
Ophiostoma piceae, 165
opportunistic pathogens, 3, 140

Paecilomyces, 169, 200, 261
Pantoea agglomerans, 124
Paxillus panuoides, 199
Penicillium, 17, 18, 19, 37, 43, 55, 56, 58, 61,

62, 63, 67, 69, 79, 87, 95, 105, 107,
108, 113, 115, 116, 117, 119, 157,
164, 166, 168, 169, 192, 193, 194–7,
200, 201–4, 207, 208, 217, 218, 220,
222, 232, 234, 235, 254, 255, 257,
260, 261

arenicola, 203
brevicompactum, 43, 201, 204
camemberti, 204
chrysogenum, 43, 166, 193, 196, 197, 201,

202, 204, 208, 222, 255
citrinum, 67
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commune, 204
corylophilum, 67
crustosum, 204
decumbens, 203, 204
digitatum, 204
diversum, 203
expansum, 204
fellutanum, 203
funiculosum, 203, 204
glabrum, 197, 203, 204
griseofulvum, 196
implicatum, 67
italicum, 192, 204
janthinellum, 203
minioluteum, 204
notatum, 202
ochrochloron, 203
pinophilum, 204
purpurogenum, 204
roqueforti, 204
sclerotiorum, 67
solitum, 204
spinulosum, 196, 203, 204
stoloniferum, 201
variabile, 204
verruculosum, 204
waksmanii, 203

Peziza, 260
phase contrast, 76, 77, 78, 80, 116
Phialophora, 158, 169, 219, 261
botulispora, 219
melinii, 158

Phoma, 245,
glomerata, 245
pomorum, 245

physical inspection, 19, 22, 36, 48, 49, 53,
63, 70, 237

Pinus radiata, 203
Pithomyces, 87, 255, 256, 259
chartarum, 255, 256

Pneumocystis, 140
carinii, 140
juroveci, 140

polymerase chain reaction (PCR), 37, 127,
134, 135, 206

reverse transcriptase PCR, 136, 141
real-time PCR, 136, 137, 140, 141, 143, 206

Polypaecilum pisce, 206
Pontiac fever, 239
Poria incrassata, 205
positive control, 120, 143
primary colonier, 164, 203, 224
primer, 127, 135, 136, 142, 143, 205

probe, 78, 127, 134, 136, 137, 138, 139, 141,
142, 143, 173, 175, 205

prokaryotic, 7, 138
protozoa, 3, 238, 239
Pseudomonas, 3, 124
aeruginosa, 3

Pseudocercospora, 247
pulmonary hemorrhage/hemosiderosis, 1

quality assurance and quality control
(QA/QC), 45, 80, 99, 100, 119

relative humidity (RH), 30, 31, 52, 158, 159,
160, 161, 162, 163, 164, 165, 166, 167,
168, 170, 173, 174, 196, 199

remediation
microbial, 231, 238
mold, 15, 16, 18, 19, 23, 47, 48, 55, 61, 67,

69, 231, 232, 233, 234, 235, 236, 237,
238, 261
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