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Can the Next Generation of DNA Tools Guide the
Clearance of Water Damaged Buildings?

ampness and visible fungi have
D been reported in approximately

50 percent of U.S. homes.! 2
Water can penetrate building barriers
during flooding or outdoor precipita-
tion events, or may saturate indoor
building materials via plumbing fail-
ures or excessive indoor humidity. This
increase in building material water
activity leads to physical and chemical
degradation and promotes the growth
of bacteria and fungi. Water damage
and visible mold inside buildings are
consistently associated with respiratory
and allergic health effects in infants,
children, and adults.® These health
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effects include asthma, wheeze, cough,
respiratory infections, and upper respi-
ratory tract symptoms. While associa-
tions point toward exposure to fungi
grown on damp building materials as
the mediator of these health effects,
causal relationships are not well
established.’

Prior research and practice have
developed effective approaches for
reducing dampness and associated health
symptoms. Intense remediation and
environmental intervention of homes
with moisture sources and visible mold
cansignificantly reduce asthma morbidity
in children. In research previously
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sponsored by the Department of Housing
and Urban Development (HUD), the
U.S. Environmental Protection Agency
(EPA) and the National Institutes of
Health (NIH), extensive remediation
that included removal of water damaged
building malerials and  alleralion of
heating, ventilation, and air conditioning
(HVACU) systems resulted in a large and
significant decrease in asthma symptom
days and asthma exacerbation versus a
no-remediation control group.?

Guidance to identify required reme-
diation endpoints is critical for ensuring
effectiveness and controlling costs. The
Institute of Inspection, Cleaning and
Restoration Certification (IICRC) has
established the most widely used guid-
ance documents in the mold and build-
ing restoration industry, the ZICRC §520
2008 Standard and Reference Guide
for Professional Mold Remediation®
(S520-2008) and the ANSIIICRC
S500-2015 Standard and Reference
Guide for Professional Water Damage
Restoration' (S500-2015). (Editor’s
note: The S520-2008 was voluntarily
withdrawn as an American National
Standards Institute [ANSI] standard by
the IICRC in 2013 after minor errors in
administrative procedures were found.
The IICRC recently published an
updated and revised standard and ref-
erence guide, the ANSI/IICRC S520-
2015 and R520-2015. These updates
were not available to the authors at the
time this paper was written. Although
the documents have been updated, the
quotes and issues described below still
apply.) The S520 and S500 are proce-
dural standards, embodying guidance
which draws from a review of scientific
literature and practical experience from
sources such as American Conference
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of Governmental Hygienists (ACGIH),
American Industrial Hygiene Society
(AIHA), U.S. EPA, and the New York
City Department of Health (NYCDOH).

The S500-2015 states “Restorers
should consider potential contamina-
tion, defined as the presence of unde-
sired substances; the identity, location
and quantity of which are not reflec-
tive of a normal indoor environment;
and can produce adverse health effects,
cause damage to structure and contents
and/or adversely affect the operation or
function of building systems.”

The S520-2008 states “Remediators
and other parties to the remediation
process often request specific guidance
to confirm remediation success.” The
purpose of remediation is to restore the
property to an acceptable state similar
to that prior to the occurrence of the
indoor mold contamination, defined
by S520-2008 as “Condition 1.” Per
the S520-2008, “The return of the
remediated portion of the structure to
“Condition 1” should be documented
before the structure is rebuilt.” This
documentation is known as post-
remediation verification, which has also,
in the past, been termed “clearance.”
Condition [ is defined in the S520-2008
as: “an indoor environment that may
have settled spores, fungal fragments or
traces of actual growth whose identity,
location, and quantity are reflective of
a normal fungal ecology for a similar
indoor environment.”

The limitation of the S520-
2008 document and all other mold
remediation guidance is that there are no
accepted methods to define and quantify
a “normal fungal ecology” reference
point. Additionally, bacterial growth
on building materials is understudied
and may play an important role in the
microbial load of water damage materials
and occupant health outcomes.'
The type, relative abundances and
concentrations of microbial taxa that
constitute normal ecology of a building
are not clearly defined, and likely differ
based on environmental variables such as
building occupancy, geography, land use,
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Water damage and visible mold are
common in U.S. homes and are
consistently associated with respiratory
and allergic health effects in infants,
children and adults. While intense reme-
diation and environmental interventions
are effective at improving the health
of occupants, guidance documents
specify that the appropriate remedia-
tion endpoint is a return of the structure
to a “normal fungal ecology.” However,
microbial analysis tools commonly used
by practitioners cannot quantitatively
define a normal fungal ecology. The
ambiguity surrounding this task leaves
all parties with uncertain costs and
highly variable results.

The newest generation of DNA
sequencing technologies now allows

and season. Because this key reference
point cannot be accurately measured,
the entire industry is at the mercy of
third-party experts, who themselves are
without adequate microbiological tools
to define “normal microbial ecology.”
The ambiguity surrounding the task of
defining a normal fungal ecology leaves
all parties with uncertain costs and
highly variable results.

The promise of DNA-based
methods for practitioners

By sequencing ribosomal RNA
encoding genes in bacteria and fungi,
and then comparing these sequences
to curated databases, the different
members of a fungal and bacterial
community can be determined,
regardless of viability or culturability.
While this unbiased approach was
a revolution for microbial ecology,
up until the year 2007, this was a
laborious and expensive process that
required a high level of molecular
biology  expertise. = The  recent
commercialization of new technologies
that sequenced DNA by synthesis was
a game changer. This new approach
meant that sequencing could be applied
in a massively paralleled manner. The
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for rapid, low cost, and guantitative
descriptions of a building’s microbial
ecology. With appropriate analysis
of data, this robust methodology
is the industry’s best approach
for defining the natural fungal and
bacterial ecology of buildings and for
producing quantitative assessments for
clearance. Data analysis, not sampling
or sequencing, poses the greatest
challenge for implementing these tools
into practice. Cooperation between
research and practitioners is required
to build sequence analysis tools
specific for the remediation industry
that rapidly and effectively provides
results that the practitioner can use to
gauge remediation effectiveness.

cost of sequencing 1 million bases went
from $1,000 in 2005 to 30¢ in 2010.
DNA sequencing to identify fungal and
bacterial communities is now rapid and
can be performed by commercial labs.

This “next generation” of DNA
sequencing provides a near complete
view of all organisms present in a
sample. For a cost of less than $50
per sample, current technology
can sequence very deeply into
communities, allowing greater than
10,000 identifications per sample
and the quantification of rare taxa.
DNA sequencing is independent of
culturability and viability and thus
circumvents the prior ecological
limitations associated with culturing."
Thus, assessments can be made on a
basis of full microbial ecology data,
rather than a limited and inflexible
a priori set of indicators. This
vast increase and improvement in
information, accompanied by a broad
set of open-access tools for quantitative-
sequence comparisons and analyses'?
enables testing myriad approaches,
algorithms, and hypotheses for fungal
and bacterial communities associated
with buildings and human health.
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Next generation DNA sequencing
has become standard within research
communities. For example, DNA-
sequencing methods are now being
applied to long-standing uncertainties
in asthma epidemiology studies and are
yielding significant, new fundamental
insights into the role of fungi and
bacteria in asthma development and
severity.*>'*"> The amount of microbial
ecology research in buildings has also
exploded with the advent of these new
tools. With appropriate analysis of data,

this robust approach is our best prospect
for defining the natural fungal and
bacterial ecology, indicating moisture
damage, and quantitatively assessing
clearance. The low-cost, commercial
availability of sequencing, and maturing
state of development suggest that next
generation DNA sequencing will soon
be implemented into practice.

Tools for practitioners

Data analysis, not sampling or sequenc-
ing, poses the greatest challenge for

Alpha diversity: Annotating sequences and producing a list of
abundance.

The primary product of a-diversity analysis is a list of all of the microorganisms that
are present in a sample. Microbial taxa are listed based on their refative abundance
(i.e. 10% Cladosporium cladosporioides, 2% Alternaria alternata, 0.05% Aspergillus
fumigatus. . .). By adding a total fungal gPCR analysis to each sample, these relative
abundances can be converted to absolute concentration.® Per sample, hundreds to
thousands of different species can be identified and their concentrations determined.
One can also interrogate this list to determine the richness, which is the number of
different species in a sample.

The potential applications are clear: the list can be organized to identify pathogenic
or allergenic taxa of fungi, or to look for specific or groups of taxa that may indicate
a particular source, such as growth on damp building materials. The most immediate
practical implication of richness is that this parameter has been associated with asthma
development.*° The more types of fungal or bacterial species one is exposed to, the
less likely the odds of asthma development. Alpha diversity data is often presented in
heat maps (See Figure A) and richness is presented in rarefaction analysis, which plots
the number of unigue species (ecologists call them operational taxonomic units or
0TUs) against the number of sequences (See Figure B).

Beta diversity: Determining if the microbial ecology in one sampie is
different from another sample.

Building-specific examples of these microbial community comparisons could include
indoor versus outdoor, damp versus dry buildings, pre- versus post-remediation, and
“healthy” versus “sick” buildings. While there are many computational approaches o
forming these comparisons, most researchers have settled on a two-tiered approach.
In the first tier, differences in one community versus another are compared in a prin-
cipal coordinates analysis (PCoA), where the metric for comparison is the evolutionary
distance between one community versus another. (See Figure C.) This grouping allows
a visual and statistical way for differentiating between, for example, damp versus dry
building ecologies. In the second tier these differences can be interrogated by compar-
ing the abundance of one species in the damp building, versus the abundance of the
same species in dry buildings. This comparison can be accomplished by a simple t-test,
but it should be noted that because of the large diversity, this t-test comparison will
be performed hundreds of times and these multiple comparisons must be statistically
accounted for.

Figure 1: General procedures for DNA sequence data analysis.
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implementing these tools into practice.
DNA sequencing efforts produce mil-
lions of sequences and these data must
be processed to support decisions on
restoration and clearance. Sequence
analysis falls into two broad catego-
ries, which include microbial com-
munity descriptions within a sample
(alpha-diversity) and the comparison
of microbial communities between dif-
ferent samples (beta-diversity). (See
Figure 1.) These analyses are facili-
tated by open source software pack-
ages such as “QIIME” (http://giime.
org/), “mother” (http:/www.mothur.
org/), and “VAMPS” (https://vamps.
mbl.edw/).

Given these powerful new
approaches, a goal of researchers
and practitioners should be to build
and test a set of DNA sequence-
based  computational  tools  for
indicating the strength of dampness-
associated bacteria and fungi in an
indoor air or surface sample. Beyond
the general concepts of diversity
analysis, practitioners will require
specific DNA analysis tool boxes,
where sequence data is entered,
and outputs are produced that offer
insight into the presence of dampness-
associated microbes, list allergens
and other health-relevant taxa, and
make quantitative comparisons of the
study ecology to archived microbial
communities that represent “normal
microbial ecologies.” The most
immediate need is to curate databases
containing organisms indicative of
growth on damp building materials as
well as databases on dry buildings to
represent “normal microbial” ecology.
Prior to the journal publication of any
study, sequence data must be deposited
into open access databases. These open
databases could be mined to leverage
sequence data from previous studies
to build and curate databases for more
pragmatic applications. Tracking the
origins or sources of microorganisms
is another necessary tool. In particular,
the question of how much of a current
building’s microbial community is
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from organisms that were grown
due to moisture must be addressed.
While current bioinformatics software
exists for source tracking of bacterial
contaminants,'s packages have yet to
be extended to fungi.

Conclusion
Over the last eight years, next
generation DNA sequencing has

revolutionized the study of microbes
in every environment, including
buildings. The advantages of rapidly
and cost-effectively  interrogating

A.

buildings to address long-standing
problems with dampness and human
exposure to fungal allergens and
toxins, suggest that these approaches
will soon be implemented into practice.
However, this technology is not yet
fully ready for translation into practice.
Prior to implementation, cooperation
between researchers and practitioners
is required to build sequence analysis
tools that rapidly and effectively
provide results that practitioners can
use to assess clearance and gauge
remediation effectiveness.
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Figure 2 (A) Example heat map, where color intensity indicates concentration or relative abundance, (B) rarefaction plot for
estimating richness, (C) example principal coordinate plot, each symbol represents a sample’s ecology and disparate cluster-
ing indicates differences among different sample treatments.
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