
Next-generation DNA sequencing reveals that low fungal diversity

in house dust is associated with childhood asthma development

Abstract Dampness and visible mold in homes are associated with asthma
development, but causal mechanisms remain unclear. The goal of this research
was to explore associations among measured dampness, fungal exposure, and
childhood asthma development without the bias of culture-based microbial
analysis. In the low-income, Latino CHAMACOS birth cohort, house dust was
collected at age 12 months, and asthma status was determined at age 7 years.
The current analysis included 13 asthma cases and 28 controls. Next-generation
DNA sequencing methods quantified fungal taxa and diversity. Lower fungal
diversity (number of fungal operational taxonomic units) was significantly
associated with increased risk of asthma development: unadjusted odds ratio
(OR) 4.80 (95% confidence interval (CI) 1.04–22.1). Control for potential
confounders strengthened this relationship. Decreased diversity within the
genus Cryptococcus was significantly associated with increased asthma risk (OR
21.0, 95% CI 2.16–204). No fungal taxon (species, genus, class) was significantly
positively associated with asthma development, and one was significantly
negatively associated. Elevated moisture was associated with increased fungal
diversity, and moisture/mold indicators were associated with four fungal taxa.
Next-generation DNA sequencing provided comprehensive estimates of fungal
identity and diversity, demonstrating significant associations between low
fungal diversity and childhood asthma development in this community.
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Practical Implications
Early life exposure to low fungal diversity in house dust was associated with increased risk for later asthma develop-
ment in this low-income, immigrant community. No individual fungal taxon (species, genus, or class) was associated
with asthma development, although exposure to low diversity within the genus Cryptococcus was associated with
asthma development. Future asthma development studies should incorporate fungal diversity measurements, in addi-
tion to measuring individual fungal taxa. These results represent a step toward identifying the aspect(s) of indoor
microbial populations that are associated with asthma development and suggest that understanding the factors that
control diversity in the indoor environment may lead to public health recommendations for asthma prevention in the
future.

Introduction

Growing evidence suggests that the development
of asthma is associated with microbial exposures
(Heederik and Von Mutius, 2012; Mendell et al.,
2011). Although the specific microbial exposure routes
and causal agents are not clear (Tischer and Heinrich,
2013), qualitative assessments of dampness and visible

mold in homes have been documented as consistently
associated with asthma development (Mendell et al.,
2011; Pekkanen et al., 2007; Quansah et al., 2012).
Dampness can also contribute to changes in the indoor
microbial population (Hyv€arinen et al., 2002; Pitk€aranta
et al., 2011). The traditional fungal measurement tech-
nique of culturing has not identified consistent associa-
tions between microbial populations and asthma and
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severely underestimates the quantity and diversity of
microorganisms (Bridge and Spooner, 2001; Douwes
and Pearce, 2003). The lack of adequate quantitative
fungal sampling and analysis techniques for use in
homes has been cited as a limitation to linking indoor
fungal exposure with respiratory outcomes (Douwes
and Pearce, 2003; Hamilos, 2010), and this lack of
techniques prevents the development of thresholds to
define health-related microbial exposure limits and
identify effective interventions.

Taxonomic analysis via next-generation DNA sequenc-
ing of ribosomal RNA-encoding genes represents an
underutilized opportunity to quantitatively study fungal
populations in the residential environment in relation to
asthma development and dampness or visible mold
growth. Sequencing of the internal transcribed spacer
(ITS) region of ribosomal fungal DNA allows identifica-
tion down to the species level (Schoch et al., 2012). DNA
sequencing of the fungal ITS region provides accurate,
quantitative information about the diversity of a fungal
community not available from culture-based analysis, or
even quantitative polymerase chain reaction (qPCR)
assays. Decreased microbial diversity has previously been
associated with asthma development through culturing
(Ege et al., 2011), although an ITS DNA sequence-based
study of fungal diversity and asthma development has not
yet been conducted.

In this study, next-generation DNA sequencing of
fungal ITS regions was utilized to describe fungal
diversity and species relative abundances in house dust
collected at 12 months of age of children later
determined to be asthmatic or non-asthmatic. Dust
samples and data on home environmental characteris-
tics and health outcomes used in this nested case–con-
trol study were obtained from the Center for the
Health Assessment of Mothers and Children of Salinas
(CHAMACOS) prospective birth cohort study
(Bradman et al., 2005; Eskenazi et al., 2003). Statisti-
cal analyses examined relationships between fungal
diversity/species abundance and childhood asthma
development, as well as between fungal diversity/spe-
cies abundance and dampness/mold in homes.

Methods

This method section provides an overview of the study
cohort, indoor dust sampling, fungal analyses, and
statistical methods to determine associations among
microbial populations, asthma development, and
moisture. Detailed methods are available online in the
Supporting Information at http://onlinelibrary.wiley.
com/journal/10.1111/(ISSN)1600-0668.

Study population

The CHAMACOS birth cohort study enrolled 601
predominantly low-income, Latina pregnant women

living in the Salinas Valley, California, USA. Of the
601 enrolled, 526 (88%) delivered surviving singletons.
By the 7-year visit, children were lost to follow-up for
the following reasons: 72 moved, 59 refused, 24 could
not be traced, 21 could not schedule a visit, and two
became deceased (Bouchard et al., 2011). Of the
remaining 348 participants, 292 (84%) had available
dust collected from the 12-month home visit for possi-
ble inclusion in this analysis.

For this analysis, asthma cases and controls were
selected based on asthma status at age 7 years.
Children were defined as having asthma if a maternal
interview indicated current asthma symptoms and
either currently prescribed asthma medication or
prior physician asthma diagnosis. All 13 asthma cases
with available dust from the 12-month home visit
were included, plus 28 randomly selected controls
without asthma, frequency matched by sex (Table 1).
Chi-square analysis revealed that the 28 representa-
tive control homes did not differ significantly from
the original cohort of singleton births based on
maternal education, poverty category, or mother’s
birth country. However, the chi-square test for
mother’s birth country may not be valid due to too
few homes in some categories. The institutional
review board at University of California, Berkeley,
approved the study, and written informed consent
was obtained.

Home visit and dust collection

The home visit at enrollment and 12-months post-
partum included maternal interview, environmental
assessment, wall moisture readings, and dust collec-
tion. Dust was collected using a high volume surface
sampler (HVS3) vacuum cleaner (Lewis et al., 1994)
with a MediVac dust sampling head (Medivac Plc,

Table 1 Demographic information for the 41 children in this study

Characteristic
Case
n (%)

Control
n (%)

Total
n (%)

Household income
At or below US poverty line 11 (85) 20 (71) 31 (76)
Above US poverty line up to 200% 2 (15) 8 (29) 10 (24)
>200% US poverty line 0 (0) 0 (0) 0 (0)
Mother’s country of birth
Mexico 13 (100) 24 (86) 37 (90)
US 0 (0) 3 (11) 3 (7.3)
Other 0 (0) 1 (3.6) 1 (2.4)
Mother’s education level
Up to 6th grade 8 (62) 15 (54) 23 (56)
7th–12th grade 4 (31) 8 (29) 12 (29)
High school graduate or more 1 (7.7) 5 (18) 6 (15)
Child’s gender
Male 4 (31) 7 (25) 11 (27)
Female 9 (69) 21 (75) 30 (73)

US, United States.
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Wilmslow, Cheshire, UK) from the main living area,
child’s sleeping area, and kitchen. Dust was collected
from a 1 m2 area vacuumed for at least 2 min using
four double passes of the surface. After collection,
samples were placed on ice with a desiccant and then
transferred to the laboratory for storage at �80°C.

Moisture was quantitatively measured from the mid-
dle of three walls, a window corner, and any suspected
damp areas in the living area and child’s sleeping area
using a CT100 pinless moisture meter (Electrophysics,
Dutton, ON, Canada). Moisture meters from different
manufacturers may have different absolute reading
values on gypsum board (Harriman, 2008), and the
moisture content readings on drywall or plaster using
this device are on a relative scale. Thus, our analysis
included a range of moisture value thresholds to
demarcate damp walls, including readings of 17, 21,
and 24. Homes with any reading above these thresh-
olds were characterized as having damp walls and were
analyzed for associations with microbial growth and
asthma. Qualitative moisture indicators included visi-
ble mold growth, water damage, leaks under the
kitchen sink, peeling paint, rotting wood, and musty
odor. Other collected information included income,
smoking indoors, indoor pets, other occupants, and
season of visit (rainy/dry).

Fungal analysis

DNA was extracted (Yamamoto et al., 2012) from
10 mg of dust and amplified with multiplexed ITS1F
and ITS4 primers (Larena et al., 1999; Manter and Vi-
vanco, 2007). Unincorporated primers and PCR
reagents were separated from PCR amplicons using the
UltraClean 96 well PCR Clean-Up Kit (Mobio Labo-
ratory, Carlsbad, CA, USA), and amplicons were
quantified using the Quant-iT PicoGreen assay (Invi-
trogen, Carlsbad, CA, USA) prior to normalizing the
concentrations in all samples and pooling. Pooled
DNA was further purified with Angencourt Ampure
beads (Beckman Coulter, Brea, CA, USA) and
sequenced on 1/8 of a plate on the 454 GS FLX Tita-
nium DNA sequencing platform (454 Life Sciences,
Branford, CT, Brea, CA, USA) at the Duke University
Genome Sequencing and Analysis Core Resource.
PCR no-template controls and laboratory negative
controls (no dust added) produced in parallel with
sample preparation and DNA extraction did not
amplify. No DNA was detected in these control sam-
ples when analyzed by the Quant-iT PicoGreen DNA
assay or by gel electrophoresis. Sequences have been
archived in the European Nucleotide Archive with
accession number ERP002369.

Five allergenic fungal species (Aspergillus fumigatus,
Alternaria alternata, Cladosporium cladosporioides,
Epicoccum nigrum, and Penicillium spp.), total
bacteria, total fungi, and shed human skin cells were

measured with qPCR, with additional details in the
Supporting Information.

For diversity analyses, the bioinformatics analysis
toolkit QIIME, version 1.5 (Caporaso et al., 2010) was
used to process DNA sequencing data. Sequences were
trimmed if the read length was less than 300 bp or if
the read quality score was less than 20. All sequences
containing ambiguous bases and sequences unassigned
to a multiplex identifier (MID) were removed prior to
denoising. After denoising (Quince et al., 2011),
sequences were clustered using uclust (Edgar, 2010) at
97% similarity. For rarefaction curve production and
a diversity (within-sample diversity) analysis, the
operational taxonomic unit (OTU) table was trimmed
to 450 reads per sample (three samples with <450 reads
were excluded), and the number of observed species
was determined for each sample (in addition to Fisher’s
a, Shannon diversity index, and Chao1 richness estima-
tor). For b diversity (between sample diversity) and
principal coordinate analysis (PCoA), all available
quality-trimmed reads were utilized to calculate the
Morisita Horn (Horn, 1966) (non-phylogenetic)
distance. Results were assessed through PCoA plots
and analysis of similarity (ANOSIM, available through
QIIME) to determine the statistical significance of
clustering.

For taxonomic assignment, the RDP pipeline initial
process (Cole et al., 2009) was used to trim the raw
sequence read file with the equivalent quality and
length criteria specified above, and BLASTn-based
annotation (Altschul et al., 1990) was performed
against a database containing all fungal sequences
identified to the rank of species (Nilsson et al., 2009).
Multilevel taxonomic identification was made at all
taxonomic ranks by FHiTINGS, version 1.1 (Dannem-
iller et al., 2013). The values at all taxonomic levels
from the FHiTINGS files were used to calculate the
relative abundance for each identification at the spe-
cies, genus, or class rank. Also, to estimate the absolute
concentration of each identified species per gram of
dust, relative abundance values were multiplied by the
total fungal spore quantities per mg of dust, as
determined by qPCR with universal fungal primers, to
produce absolute abundance values.

Diversity within genera with at least 10 species and
classes was determined using the FHiTINGS output.
Only samples with at least 1000 sequences per sample
were included in this analysis for normalization. The
number of different species identified by at least one
sequence was determined within each genus and class.

Statistical analysis

SAS, version 9.2 (SAS Institute, Inc., Cary, NC, USA),
was used for statistical analysis, with significance
defined as P < 0.05. Fungal diversity differences were
assessed with two sample t-tests. Odds ratios (ORs) for
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associations between asthma status, fungal diversity,
and household/demographic factors were calculated on
dichotomous independent variables (continuous vari-
ables dichotomized at median value). Binary variables
were used to avoid concerns with normality of the data
distributions and also due to the semiquantitative nat-
ure of 454 pyrosequencing taxon abundance data
(Amend et al., 2010). Potential confounding variables
were selected for analysis a priori (Table 2).

Associations between fungal taxa and asthma or
moisture were first analyzed by calculating ORs based
on dichotomized variables. Next, these findings were
adjusted for multiple comparisons using significance
analysis of microarrays (SAMs) (Li and Tibshirani,
2011; Tusher et al., 2001), version 4.00a. While SAM
was designed for gene expression analysis, here it was
used to calculate the false discovery rate and Q-values
for many taxonomic comparisons (species, genus,
class) against case/control status and moisture indica-
tors. A Q-value is similar to a P-value but is adjusted
for multiple comparison testing. More details of this
analysis are in the Supporting Information. Results
were considered statistically significant after adjust-
ment for multiple comparisons if P < 0.05 and
Q < 0.05.

Results

Overview

Demographic information for the 13 asthma cases and
28 controls included in the study is shown in Table 1.

After quality trimming, 52 058 sequences total
were included in the analysis, and the normalized
samples contained 902 different operational taxo-
nomic units (OTUs) combined. Fungal diversity was
reported here as the number of species-level OTUs
in samples normalized to 450 sequences and ranged
from 29 to 142 fungal OTUs per sample with a med-
ian of 80.5. The coefficients of variation for the
number of fungal OTUs of four replicates (different
aliquots of the same dust samples) were 4%, 8%,
11%, and 13%, and the cumulative coefficient of
variation was 9%. A total of 652 non-singleton spe-
cies were identified by BLAST analysis, and 180 had
at least 20 sequences total among all samples (Table
S1). Replicate analysis for fungal taxonomic identifi-
cations appears in Figure S1 a–d.

Fungal diversity, asthma, and moisture

Lower fungal diversity in house dust was associated
with increased risk of childhood asthma development
by t-test (P = 0.04) (Figure 1a,b). The unadjusted OR
of developing asthma with low fungal diversity (dichot-
omized at the median) was 4.80 (95% confidence inter-
val (CI) 1.04–22.1) (Table 2). Other fungal a diversity
(within-sample diversity) measures, including Fisher’s
a, Shannon diversity index, and Chao1 richness estima-
tor (Table S2), also demonstrated lower diversity mea-
surements in case versus control homes. In addition to
diversity for all fungi, species diversity within abundant
fungal genera and classes were also examined (Table
S3). Only decreased Cryptococcus genus diversity was

Table 2 Unadjusted and adjusted odds ratios for the association of potential risk factors with asthma development and with low fungal diversity, and for the association of low fungal diver-
sity with asthma development

Potential Risk Factora n (%)

Unadjusted Adjusted

Potential risk
actor OR for low
fungal diversityb

Potential risk
factor OR for asthma
development

Potential risk factor
OR for asthma development,
adjusted for low fungal diversity

Low fungal diversity
and asthma development,
adjusted for potential risk factor

OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

Low fungal diversity – – 4.80 (1.04–22.1) – –

Rainy seasonc 21 (55) 1.24 (0.34–4.45) 0.45 (0.11–1.80) 0.36 (0.08–1.65) 5.52 (1.12–27.3)
Smoking inside homed 0 (0) – – – –

Petse 5 (13) 1.59 (0.24–10.8) 1.53 (0.22–10.6) 1.35 (0.17–10.6) 4.74 (1.03–21.9)
Other childrenf 19 (50) 1.23 (0.35–4.41) 1.00 (0.25–3.93) 0.92 (0.21–3.94) 4.83 (1.04–22.3)
Below poverty lineg 30 (79) 0.53 (0.11–2.60) 4.05 (0.44–37.4) 6.28 (0.6–65.3) 6.21 (1.25–31.0)
Moistureh (>17) 15 (39) 1.25 (0.34–4.59) 1.14 (0.28–4.60) 1.06 (0.24–4.68) 4.79 (1.04–22.1)
Moistureh (>21) 12 (32) 0.61 (0.15–2.44) 0.63 (0.14–2.93) 0.73 (0.14–3.70) 4.68 (1.01–21.7)
Moistureh (>24) 5 (13) 0.21 (0.02–2.07) 1.53 (0.22–10.6) 3.47 (0.35–34.1) 6.43 (1.15–35.8)
Visible moldi 11 (29) 0.77 (0.19–3.16) 0.75 (0.16–3.53) 0.8 (0.16–4.16) 4.76 (1.03–22.0)
≥2 moisture indicatorsj 13 (34) 0.79 (0.21–3.03) 0.53 (0.12–2.46) 0.54 (0.11–2.73) 4.77 (1.02–22.2)

aStatistically significant (P < 0.05) odds ratios are in bold. bLow fungal diversity was defined by creating a dichotomous variable separated by the median (80.5 fungal OTUs). cRainy season
was defined as sampling between November 1 – April 30. dSmoking was defined as at least one person smoking indoors as reported by the resident. While 2 (5.3%) case and 2 (5.3%) con-
trol children were exposed to smoke, there was no smoking inside any of the homes. ePets included birds or mammals living inside the home within one year, and no homes had cats. f‘Other
children’ represents at least two other children under age 12 years living inside the home as reported by the resident. g‘Below poverty line’ represents homes with incomes below the US gov-
ernment-defined poverty line. h‘Moisture’ variables represent a dichotomous variable for any moisture meter reading anywhere in the living area or child’s sleeping area that exceeded the
indicated threshold (17, 21, or 24). iVisible mold growth represents moderates or extensive growth. jThe sum of two or more moisture indicators represents qualitative moisture indicators
including peeling paint, water damage, rotting wood, musty odor, water leak in the kitchen, or visible mold growth.
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statistically significantly associated with an increase in
asthma risk (OR 21.0, 95% CI 2.16–204). Increased
diversity within any genus or class was not associated
with increased asthma risk.

Increases in some quantitative and qualitative
measures of moisture were associated with increased
fungal diversity. Homes with two or more of six
qualitative moisture indicators showed a trend
toward higher fungal diversity (P = 0.17) (Figure 1c,
d). Water damage, rotting wood, and musty odor
were present in few (<5) homes with fungal diversity
values and were not statistically associated with fun-
gal diversity. Among the variables visible mold

growth, water leak in the kitchen, and peeling paint
(Figures S2 and S3), water leak in the kitchen was
associated with increased fungal diversity (P = 0.04).
Dust sampling during the rainy season did not affect
fungal diversity (Figure S2). For quantitative wall
moisture measurements, presence in a home of levels
exceeding each of the three thresholds of 17, 21, and
24 was associated with increased fungal diversity,
and this difference was significant for the most strin-
gent threshold (>24, P = 0.02) (Figures 1e and S4).
Finally, neither moisture indicators nor sampling
during the rainy season were associated with asthma
status (Table S4).

(a) (b)

(c)

(e)

(d)

Fig. 1 Fungal diversity associations with asthma development and with the presence of moisture indicators. (a,b) Rarefaction analysis
for fungi in case and control homes (n = 12 for asthma cases, n = 26 for controls), with values summarized in a bar graph. (c,d) Rare-
faction analysis for fungi in houses with two or more qualitative moisture indicators (n = 13 for homes with two or more moisture
indicators, n = 25 for homes with fewer than two moisture indicators), with values summarized in a bar graph. Moisture indicators
included peeling paint, water damage, rotting wood, musty odor, water leak in the kitchen, or visible mold growth. (e) Bar graph sum-
mary of rarefaction analysis for measured moisture at three threshold values (17, 21, and 24). The maximum moisture reading any-
where in the living area or child’s sleeping area was used. For the three thresholds of 17, 21, and 24, the respective numbers of homes
with low moisture were n = 23, 26, and 33, and the respective numbers of homes with high moisture were n = 15, 12, and 5. Rarefac-
tion curves appear in Figure S4. Error bars represent standard errors. All OTUs are defined at 97% similarity
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Other asthma risk factors

Potential confounders of the relationship between
fungal diversity and asthma, selected a priori, were all
not significantly associated with either asthma
development or fungal diversity in logistic models
(Table 2). None of these variables showed positive
confounding of the relationship between fungal diver-
sity and asthma development. Rainy season, poverty,
and measured moisture (>24) showed a tendency
toward negative confounding (partially obscuring the
relationship between asthma development and fungal
diversity) (Table 2). Including these three variables
individually in logistic regression models increased the
OR for asthma and fungal diversity between 15–34%,
and moved the OR for the potential confounder and
asthma farther from the null. In the adjusted models,
95% CIs for low fungal diversity and asthma always
excluded 1.0, while those for the potential confounding
variables did not.

Visible mold growth and case status modified the
relationship between moisture presence and fungal
diversity. Figure 2 shows that in homes without visible
mold growth, increased moisture content was associ-
ated with statistically significantly increased fungal
diversity (Figure 2a). In homes with visible mold
growth, increased moisture content was associated
with non-significantly decreased fungal diversity
(Figure 2b). In control homes, moisture content was

associated with statistically significantly increased
fungal diversity (Figure 2c), whereas in case homes
moisture content had no association with fungal
diversity (Figure 2d). Similar trends were also present
with Cryptococcus diversity (Figure S5), and Crypto-
coccus diversity was highly related to the total number
of fungal OTUs (Figure S6). Overall, these results indi-
cate that unknown factor(s) that partially obscure the
relationship of increased diversity with increased mois-
ture may be present in homes with visible mold and in
asthma case homes.

Fungal taxa, asthma, and moisture

Quantitative PCR measurement of total fungal spore
equivalents, bacterial genomes, human cells, and five
allergenic fungal species was not significantly related
to asthma (Table S5). By pyrosequencing, the most
abundant (>1%) species were examined for differ-
ences in relative abundance between case and con-
trol homes (Figure S7a). While average differences
were observed, such as for human-associated Can-
dida intermedia and Malassezia globosa, none were
statistically significant. Using total fungal qPCR
results to transform data into absolute concentra-
tions did not significantly alter the results (Figure
S7b,c).

ORs for asthma and all individual species (Table
S6), genera (Table S7), and classes (Table S8 and

(a) (b)

(c) (d)

Fig. 2 Pearson correlation coefficients and graphs comparing maximum moisture content of any wall in the home compared with
number of fungal OTUs in floor dust. Graphs are (a, b) stratified by homes without (n = 27) and with (n = 11) visible mold growth
and (c, d) stratified by asthma control (n = 26) and case (n = 12) homes. All OTUs are defined at 97% similarity. Sequences were nor-
malized to 450 sequences per sample. The respective Pearson correlation coefficient P-values were (a) 0.009, (b) 0.22, (c) 0.04, and (d)
0.81
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Figure S8) showed no statistically significant positive
associations between any specific fungal taxa and
asthma risk. After adjustment for multiple compari-
sons, only Aureobasidium pullulans showed a
statistically significant negative association (OR 0.19,
95% CI 0.04–0.87) (Table S9). Finally, analysis of fun-
gal population b diversity (between samples) showed
that fungal communities in asthma case and control
homes shared many similarities and no clear, consis-
tent differences (ANOSIM P = 0.10) (Figure S9a).

The species Cryptococcus uzbekistanensis, Cryptococ-
cus albidus, Coniosporium apollinis, and the class Usti-
laginomycetes were significantly positively associated
with mold/moisture indicators after adjustment for
multiple comparisons (Table S9). No differences in
fungal population b diversity were found with these
moisture or mold measures (Figures S9 and S10).

Discussion

This is the first study to our knowledge to examine fun-
gal diversity in house dust and associations with later
asthma development using next-generation DNA
sequencing in a prospective, nested case–control study.
In this population, lower number of fungal OTUs in
house dust was strongly and significantly associated
with increased risk of later asthma development, and
this was strengthened with control for potential con-
founders. Previous studies have associated lower bacte-
rial diversity with increased asthma risk (Ege et al.,
2011), and one previous study examined nine fungal
species by culturing and found a similar trend (Ege
et al., 2011). This trend was seen even though culturing
underestimates fungal diversity (Bridge and Spooner,
2001).

Moisture and visible mold

Moisture was associated with increased fungal
diversity in house dust, as found previously (Pitk€aranta
et al., 2008). Moisture has also been positively associ-
ated with asthma (Mendell et al., 2011; Pekkanen
et al., 2007). This relationship may be partially
obscured by the possible negative confounding seen
here among asthma development, moisture, and fungal
diversity. Although high measured wall moisture
(Figure 3) had a non-significant positive unadjusted
association with asthma development, it was also
inversely associated with low fungal diversity. In turn,
low fungal diversity was strongly, positively associated
with asthma development. However, when both
measured wall moisture and low fungal diversity were
included in the asthma model (Figure 3), the adjusted
ORs for each increased by 127% and 34%, respec-
tively, relative to the unadjusted ORs. Thus, there is a
suggestion of negative confounding that may partially
obscure both the relationship between low fungal

diversity and asthma, as well as the relationship
between moisture and asthma.

Visible mold growth modified the relationship
between moisture and fungal diversity. Potential
hypotheses include that visible mold growth with high
moisture releases antifungal metabolites (Schalchli
et al., 2011) that reduce fungal diversity in house dust,
or that the number of fungal OTUs decreases due to
the dominance of one or more actively growing species
(Adams et al., 2013a). In asthma case homes, there
may be growth inhibitors present or diversity may be
reduced for other yet unknown reasons. These results
suggest that homes with visible mold growth and
homes of asthma cases may be similar in some way
related to the prevention of an increase in microbial
diversity with an increase in moisture.

Fungal exposure and increased asthma risk

Previous studies have focused on associating the
presence of detrimental fungal species with asthma risk
(Agarwal and Gupta, 2011; Arbes et al., 2007;
Reponen et al., 2012; Stark et al., 2005). While
multiple mechanisms may be important, here we found
similar fungal taxa in asthma case and control homes,
with no detrimental and one potentially protective spe-
cies. Similarities in fungal taxa in house dust may be
due to contributions from common sources, such as
outdoor air (Adams et al., 2013b; Goebes et al., 2010)

Fig. 3 Negative confounding of the relationship between low
fungal diversity and asthma development by measured home
moisture. The unadjusted models are represented in solid gray
arrows, and the adjusted model is represented in open red
arrows. Negative confounding by high measured wall moisture
(>24) reduced the association seen in unadjusted models for low
fungal diversity and asthma development. This was because
measured wall moisture had a positive association with asthma
development but a negative association with low fungal diver-
sity. With adjustment for measured wall moisture, the associa-
tion between low fungal diversity and asthma development
increased by 34% and that between measured wall moisture and
asthma development increased by 127%. UOR, unadjusted
odds ratio (solid gray), AOR, adjusted odds ratio (open red),
*P < 0.05
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and human shedding (Park et al., 2012). Although
abundance of no fungal taxon was identified as an
asthma risk factor, reduced diversity within Cryptococ-
cus was associated with increased asthma risk. Crypto-
coccus is a genus of yeasts associated with soil,
humans, and animals, and some species are pathogens
(Levitz, 1991). Here, Cryptococcus was the most
prevalent genus, and diversity within Cryptococcus was
associated with overall diversity. This genus is in the
Basidiomycota phylum, which is a source of aeroaller-
gens (Lehrer et al., 1994) but until recently lacked
allergen research compared with Ascomycota due to
culturing difficulties (Simon-Nobbe et al., 2008).
Subclinical infection with Cryptococcus neoformans has
been suggested to have a role in the pathogenesis of
asthma (Goldman and Huffnagle, 2009; Goldman
et al., 2006). Further research is needed to explore the
association of this genus with asthma development.

Together, these findings advance knowledge about
household factors associated with increased asthma
risk. Fungal concentration and diversity are not neces-
sarily related, and the dominance of a taxon within a
population may affect human health due more to
decreased diversity than the related increase in the
taxon’s absolute concentration. Our results point to
the ‘biodiversity hypothesis’ (Von Hertzen et al.,
2011) because a decrease in fungal diversity was the
main factor consistently associated with increased
asthma risk. Visible mold growth and household
moisture may also increase risk of asthma develop-
ment; if these two factors work through a reduction in
fungal diversity as in Figure 2b, then perhaps both
need to be present simultaneously to have an effect, as
found previously (Gunnbj€ornsdottir et al., 2003).
Moisture/mold and asthma may also be linked
through diversity of specific taxa (perhaps Cryptococ-
cus, and/or others). These findings give new direction
to the study of microbes in homes and, if validated in
future studies, represent a step toward eventual public
health recommendations to reduce asthma develop-
ment. Further research aimed at understanding house-
hold factors that control diversity in the indoor
environment will also be necessary.

Additional considerations

This study was conducted in a low-income,
immigrant community of predominantly Mexican
descent. The novel results should be confirmed in
future studies with larger cohorts and in groups with
different demographics. One characteristic of popula-
tions of Mexican descent is low overall asthma
prevalence rates compared with other racial/ethnic
groups (Arif et al., 2003; Lara et al., 2006). These
asthma rates for those of Mexican descent are
reported at approximately 5% in the United States
(Akinbami et al., 2011, 2012), compared with the

asthma prevalence rate of those of Puerto Rican
descent in the United States of 16.1% (Akinbami
et al., 2012). In California, the childhood current
asthma prevalence rate among all Hispanics is 5.1%
(95% CI 3.6–7.1%) (CDC, 2010). Using data col-
lected from Salinas, CA (Vogt et al., 2008), we also
estimate the asthma prevalence of those of Mexican
descent in the area to be 4.4%. The overall asthma
prevalence rate in the CHAMACOS cohort of 292
was 4.5%, which is consistent with previously
reported values.

Humans are exposed to house dust through
inhalation, dermal, and oral exposure routes (Butte
and Heinzow, 2002). Room occupants resuspend floor
dust, which contributes to the microbial population in
the air (Hospodsky et al., 2012). While much literature
has focused on inhalation exposure for allergic asthma
(Cockcroft et al., 2007), reduced gut microbial
diversity is also associated with hypersensitivity disease
(Bisgaard et al., 2011; Sj€ogren et al., 2009) and
autoimmune disease (Markle et al., 2013), and skin
contact may be an important exposure route for
asthma development (Redlich, 2010). All three
exposure routes may be additive (Marsella et al., 2006)
and may contribute to the relationship between low
fungal diversity exposure early in life and later asthma
development, possibly through immune system
training (Heederik and Von Mutius, 2012).

Strengths and limitations

Strengths of this study include the prospective, nested
case–control design with early exposure measurements.
The previous study estimating fungal diversity by
culturing nine species was cross-sectional (Ege et al.,
2011). The largely homogeneous, agricultural
community of similar socioeconomic status in a
defined geographic region reduced variability that
might otherwise obscure associations. Previously,
DNA-based techniques (qPCR) have found
associations between fungal exposures and asthma
development (Reponen et al., 2011, 2012). However,
qPCR-based techniques require a priori selection of
species or taxa of interest, even though many fungal
species that bind human IgE have not yet been clini-
cally recognized (Green et al., 2009) and the types of
microorganisms that are responsible for immune sys-
tem priming and development are not yet known. The
thoroughness of a qPCR-based diversity analysis is
also limited by the number of currently available
assays. The 454 pyrosequencing method allows for
comprehensive analysis of fungal communities,
including diversity analysis and taxa-specific analysis
without a priori selection of specific taxonomic groups.
Given the large number of potential associations
assessed, we also controlled for ‘multiple testing’ to
reduce the likelihood of chance findings.
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Limitations of this study include the small sample
size, which limited statistical power and precision of esti-
mates. However, the nested case–control design that
included all available asthma cases in a larger
prospective cohort enhances power and the ability to
generate causal hypotheses. The relationship between
fungal diversity and asthma was sufficiently strong to be
detectable in this sample, although with wide confidence
limits. The ability to explore confounding was also lim-
ited, but individual potential confounding variables
appeared not to enhance this relationship, but actually
to obscure it. Other potential confounders not addressed
here may exist, and exposures to allergens or endotoxin
should be considered in future studies. Larger sample
sizes in future studies may result in increased ability to
identify additional significant associations. This study
was conducted in a homogeneous low-income commu-
nity of Mexican descent, and future studies should also
confirm the generalizability of these findings to other
populations. Additionally, while pyrosequencing repre-
sents the most thorough fungal population analysis
method reported to date, additional species at very low
abundance may not have been detected. A previous
study has raised concerns that differences in collected
fungal biomass can artificially alter fungal diversity esti-
mates (Adams et al., 2013a). However, in this study,
fungal biomass determined by qPCR was not associated
with the detected number of fungal OTUs. Floor dust
sampling methods can affect the results of microbial
measurements (Hyv€arinen et al., 2006; Schram-Bijkerk
et al., 2006), such that care should be taken with direct
comparison of this study’s quantitative results to other
studies that may have used disparate sampling methods.
Although these results require replication in a larger
population with more rigorous confirmation of asthma
status, these findings demonstrate novel relationships
among childhood asthma development, fungal diversity,
and moisture in homes.

Conclusions

Lower fungal diversity in homes of children at
12 months of age was associated with increased
probability of later asthma development. While no
individual fungal taxa were associated with increased
risk of asthma development, low Cryptococcus diver-
sity was associated with higher asthma risk. The
association between high moisture and high fungal
diversity has a tendency to partially obscure their
true relationships with asthma development. Our
results indicate that future research should expand
from primarily exclusive study of individual fungal
taxa in homes to also incorporate fungal diversity
measurements. Improved understanding of house-
hold exposure to low fungal diversity and the associ-
ations with health outcomes may eventually inform
preventive medicine and public health interventions

to reduce the burden of asthma on our society and
especially on our children.
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Supporting Information, Appendix A: Supplementary Figures

Figure S1 (A, B, C, D, E). Reproducibility analysis for four duplicate sequence libraries, A,
B, C, and D, and example Significance Analysis of Microarrays (SAM) plotsheet. For the
duplicate analysis, the inverse hyperbolic sine transformed relative abundance of each species of
the first analysis is plotted against the second, duplicate analysis for each sample. Duplicates
were different aliquots of the same dust sample.  Samples were not normalized for number of
reads per sample. The R values are (A) 0.66, (B) 0.54, (C) 0.49, and (D) 0.65. (E) SAM for
measured moisture <21 for all identified species. Species statistically significantly associated
with moisture are shown in green. Δ = 18.6.
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Figure S2 (A, B, C, D). Rarefaction analyses for fungi in dust samples collected from homes
during the rainy season and homes with and without visible mold growth. (A, B)
Rarefaction analysis (n=21 for dust collected during the rainy season, n=17 for dust collected
during the dry season), with values summarized in a bar graph. (C, D) Rarefaction analysis
(n=12 for homes with visible mold, n=26 for homes with no visible mold), with values
summarized in a bar graph. All OTUs are defined at 97% similarity and samples were
normalized to 450 sequences per sample. Error bars represent one standard error.
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Figure S3 (A, B, C, D). Rarefaction analyses for fungi in dust samples collected from homes
with and without a water leak and with and without peeling paint as moisture indicators.
(A, B) Rarefaction analysis for fungi (n=5 for homes with a water leak in the kitchen, n=33 for
homes with no water leak in the kitchen), with values summarized in a bar graph. (C, D)
Rarefaction analysis for fungi (n=30 for homes with peeling paint, n=8 for homes with no
peeling paint), with values summarized in a bar graph. All OTUs are defined at 97% similarity
and samples were normalized to 450 sequences per sample. Error bars represent standard error.
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Figure S4 (A, B, C, D, E, F). Rarefaction analyses for fungi in dust samples collected from
homes with and without the maximum moisture content of any wall recorded above a
threshold. Threshold values were (A, B) 17, (C, D) 21, and (E, F) 24. Graphs on the left
represent rarefaction analysis for fungi, with values summarized in a bar graph at the right
(repeated here from Figure 1E in the text for comparison). All OTUs are defined at 97%
similarity and samples were normalized to 450 sequences per sample. Error bars represent one
standard error.
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Figure S5. Pearson correlation coefficients and graphs of maximum moisture content of
any wall in the home compared to the number of Cryptococcus species in floor dust. Data
are (A, B) stratified by homes without (n = 22) and with (n = 8) visible mold growth and (C, D)
stratified by control (n = 20) and case (n = 10) homes. Cryptococcus species were identified
using BLASTn and FHiTINGS. Homes with <1000 sequences per sample (total n = 11) were
excluded from this analysis. The respective Pearson correlation coefficient p-values were (A)
0.006, (B) 0.75, (C) 0.02, and (D) 0.41.
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Figure S6. Pearson correlation coefficient and graph of the number of total fungal OTUs
compared to the number of Cryptococcus species in floor dust. Cryptococcus species were
identified using BLASTn and FHiTINGS. Homes with <1000 sequences per sample were
excluded from this analysis, p < 0.001, total n = 30.

Impossibile v isualizzare l'immagine.
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Figure S7 A,B. The most abundant species (>1%) among all samples analyzed by average
relative abundance in case and control homes. Values are divided by (A) average relative
abundance, (B) average inverse hyperbolic sine transformed relative abundance, or (C) average
inverse hyperbolic sine transformed absolute concentration. Inset in (A) is the validation of
pyrosequencing values for Epicoccum nigrum with qPCR. Error bars are one standard error (or
standard error of the IHS transformed values).
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Figure S8. Relative abundance of fungal sequences in case and control homes by rank of
class. Classes are listed in order of relative abundance, followed by Incertae sedis (uncertain
taxonomy) and ambiguous classifications.
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Figure S9 A, B, C, D. Principal coordinate analysis graphs of fungal diversity in floor dust.
The Morisita Horn (non-phylogenetic) distance was used to compare (A) homes of asthma cases
and controls, (B) homes with and without at least two qualitative moisture indicators, (C) homes
where the maximum moisture reading in any wall exceeded 17, and (D) homes where the
maximum moisture reading in any wall exceeded 24 (moisture threshold 21 not shown, p =
0.76). Solid colored circles represent homes with the characteristic listed (asthma case, with
moisture indicators, and with measured moisture above 17 or 24, respectively) and hollow grey
diamonds indicate homes without the characteristic. ANOSIM analysis in QIIME was used to
calculate the p-values. Analysis of asthma case and control homes with Canberra, Sorensen, and
Jaccard metrics yielded similar results (p>0.05).
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Figure S10 (A, B, C, D). Principal coordinate analysis graphs of fungal diversity in floor
dust. The Morisita Horn (non-phylogenetic) distance was used to compare homes with (A) water
leaks in the kitchen, (B) visible mold growth, (C) peeling paint, and (D) samples collected during
the rainy and dry seasons. Solid colored circles represent homes with the characteristic listed
(water leak in kitchen, visible mold, peeling paint, and rainy season, respectively) and hollow
grey diamonds indicate homes without the characteristic. Missing classification data is
represented by a green X in (A). ANOSIM analysis in QIIME was used to calculate the p-values.
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Supporting Information, Appendix B: Supplementary Tables

Table S1. List of identified fungal species in all homes with at least 20 sequences total from
all samples in order from most abundant to least abundant by number of sequences
identified.

200 or more
sequences

100–199 sequences 50–99 sequences 20–49 sequences

Ambiguous* Colletotrichum pisi Blumeria graminis Microdochium nivale

Epicoccum nigrum Filobasidium
uniguttulatum

Cryptococcusdiffluens Rhodotorula slooffiae

Debaryomyces hansenii Devriesia
pseudoamericana

Dendryphiella arenaria Pyrenochaeta
inflorescentiae

Cryptococcus victoriae Candida tropicalis Ustilago striiformis Sclerotinia homoeocarpa

Cryptococcus carnescens Leptosphaerulina trifolii Cladorrhinum samala Alternaria brassicae

Malassezia globosa Guehomyces pullulans Fusarium domesticum Cryptococcus randhawii

Davidiella tassiana Penicillium digitatum Trichosporon mucoides Fusarium oxysporum

Candida parapsilosis Phaeococcomyces
chersonesos

Rhizophlyctis rosea Sporobolomyces
coprosmae

Pleospora herbarum Beauveria felina Phoma paspali Stagonosporopsis
cucurbitacearum

Cladosporium
cladosporioides

Bionectria ochroleuca Stemphylium solani Penicillium virgatum

Fusarium equiseti Amandinea punctata Sterigmatomyces
halophilus

Mycoarachis inversa

Ulocladium consortiale Rinodina oleae Crivellia papaveracea Cryptococcus flavescens

Malassezia sympodialis Phoma plurivora Rinodina calcarea Drechslera andersenii

Leptosphaerulina
Americana

Candida orthopsilosis Schwanniomyces
pseudopolymorphus

Metschnikowia
pulcherrima

Cryptococcus albidus Rhodosporidium babjevae Clavispora lusitaniae Fusarium penzigii

Cryptococcus oeirensis Rhodotorula graminis Cryptococcus antarcticus Fusarium merismoides

Coniosporium apollinis Cryptococcus festucosus Acanthostigma
perpusillum

Eudarluca caricis

Rhodotorula mucilaginosa Candida sake Cryptococcus tephrensis Phoma tropica

Phoma herbarum Ulocladium chartarum Pseudotaeniolina globosa Sporobolomyces
yunnanensis

Wallemia muriae Galactomyces geotrichum Heydenia alpina Microdochium bolleyi

Cryptococcus chernovii Penicillium
brevicompactum

Peyronellaea glomerata Phaeosphaeriopsis musae

Trichosporon jirovecii Phialocephala fluminis Agaricus bisporus Preussia terricola

Pichia jadinii Cryptococcus macerans Kondoa aeria Cladosporium chubutense

Lewia infectoria Sporobolomyces gracilis Exophiala crusticola

Chalastospora ellipsoidea Gibellulopsis nigrescens Thielavia hyalocarpa

Chrysosporium
synchronum

Cryptococcus
heimaeyensis

Ascocoryne cylichnium

Aspergillus vitricola Devriesia fraseriae Aspergillus conicus

Candida intermedia Dokmaia monthadangii Claviceps purpurea

Aspergillus versicolor Oedocephalum adhaerens Golovinomyces orontii
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200 or more
sequences

100–199 sequences 50–99 sequences 20–49 sequences

Malassezia restricta Ochrocladosporium
elatum

Hortaea thailandica

Cryptococcus
uzbekistanensis

Alternaria alternata Pseudallescheria fimeti

Wallemia sebi Knufia perforans Plectosphaerella
cucumerina

Caloplaca thracopontica Dipodascus australiensis Phialophora oxyspora

Alternaria citri Phoma eupyrena Penicillium polonicum

Rhodotorula glutinis Articulospora proliferata Cryptococcus laurentii

Aspergillus penicillioides Cephaliophora tropica Antennariella placitae

Embellisia phragmospora Phoma fimeti Rhodotorula ingeniosa

Coniothyrium fuckelii Embellisia lolii Sordaria humana

Aureobasidium pullulans Acremonium strictum Sporobolomyces foliicola

Phaeococcomyces
Nigricans

Tetracladium setigerum Acremonium alternatum

Meyerozyma
guilliermondii

Celosporium larixicola Cryptococcus aerius

Cryptococcus saitoi Saccharomyces cerevisiae

Phoma saxea Aulographina pinorum

Ascochyta hordei Botryosphaeria obtusa

Cryptococcus dimennae Malassezia pachydermatis

Leptosphaerulina
Chartarum

Sporobolomyces roseus

Cryptococcus foliicola Phanerochaete sordida

Pichia onychis

Rhodotorula minuta

Sporobolomyces lactosus

Teratosphaeria
majorizuluensis

Aspergillus ruber

Sporobolomyces
phyllomatis

Phaeotheca triangularis

Sydowia polyspora

Pyrenophora teres

Acremonium charticola

Powellomyces hirtus

Botryotinia fuckeliana

Cryptococcus adeliensis

Stephanonectria keithii

Golovinomyces
cichoracearum

Mortierella alpina

Ramularia coccinea

Fusarium lateritium
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200 or more
sequences

100–199 sequences 50–99 sequences 20–49 sequences

Cystofilobasidium
infirmominiatum

Phialophora reptans

Exophiala xenobiotica

Ustilago cynodontis

*Ambiguous sequences had tying top BLAST hits.
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Table S2. Additional fungal α diversity measures calculated in QIIME with the mean
values in asthma case and control homes and p-values. All OTUs are defined at 97%
similarity and samples were normalized to 450 sequences per sample. After excluding homes
with <450 sequences per sample, n = 12 asthma cases and n = 26 controls.

Measure of α diversity Mean:
Asthma
Cases

Mean:
Controls

p-
value

Fisher’s α 25.3 35.9 0.009
Observed Species 73.0 90.7 0.037
Shannon 4.23 4.77 0.079
Chao1 145 176 0.19
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Table S3. Odds ratios for low fungal diversity with classes and prevalent genera in asthma
case versus control homes. Diversity is defined as the number of species present within the
class or genus. Species number values were split into a binary variable based on the median for
each taxon. Samples with <1000 sequences per sample were excluded from this analysis (total n
= 30). Genera required at least ten different species level identifications to be included. Genera
and classes with insufficient identified species or poor model fit are not listed. Taxa with p <
0.05 are in bold.

Species diversity in: Odds ratio 95% CI

Genus
Cryptococcus 21.0 2.16 205
Candida 1.86 0.40 8.69
Penicillium 1.86 0.40 8.69
Phoma 1.86 0.40 8.69
Acremonium 1.56 0.32 7.60
Trichosporon 1.56 0.32 7.60
Caloplaca 1.29 0.24 6.96
Sporobolomyces 1.24 0.26 5.91
Malassezia 1.00 0.15 6.67
Fusarium 0.67 0.14 3.11
Rhodoturula 0.67 0.14 3.11

Class
Agaricostilbomycetes 4.00 0.77 20.9
Tremellomycetes 3.50 0.69 17.7
Microbotryomycetes 3.00 0.61 14.9
Agaricomycetes 2.00 0.40 10.1
Pezizomycetes 1.56 0.32 7.60
Ustilaginomycetes 1.56 0.32 7.60
Eurotiomycetes 1.24 0.26 5.91
Chytridiomycetes 1.22 0.27 5.59
Dothideomycetes 1.00 0.22 4.56
Incertae sedis 1.00 0.22 4.56
Leotiomycetes 1.00 0.19 5.24
Saccharomycetes 1.00 0.22 4.56
Sordariomycetes 1.00 0.22 4.56
Lecanoromycetes 0.67 0.14 3.11
Wallemiomycetes 0.64 0.13 3.25
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Table S4. Summary of moisture indicators found in homes and unadjusted odds ratios for
moisture indicators and childhood asthma. This table includes all homes (n = 41). No odds
ratios were statistically significant (all p > 0.05).

Moisture Indicator n OR 95% CI
Water leak in kitchen 5 N/A
Visible mold 12 0.57 0.13 2.52
Musty odor 3 1.08 0.09 13.1
Peeling paint 30 2.61 0.48 14.3
Rotting wood 1 N/A
Water damage 5 1.51 0.22 10.4
Two or more of above moisture
indicators present

15 0.40 0.09 1.78

Measured moisture > 17 16 1.04 0.28 3.93
Measured moisture > 21 13 0.54 0.12 2.43
Measured moisture > 24 6 1.09 0.17 6.88
Rainy season (Nov 1 – Apr 30) 21 0.47 0.12 1.80

N/A=Not available. Moisture indicator was not present in any asthma case home.
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Table S5. Odds ratios for qPCR measurements in 13 asthma case versus 28 control homes.
Values for qPCR spore/cell/genome equivalents were split into a binary variable based on the
median for each taxon. Fungal spore equivalents are in Aspergillus fumigatus equivalents
(Yamamoto, 2011). No odds ratios were statistically significant (p < 0.05).

qPCR target OR 95% CI
Fungal spore equivalents 1.38 0.30 6.40
Bacterial genomes 0.74 0.20 2.78
Human cell equivalents 1.17 0.31 4.36
Alternaria alternata 1.85 0.48 7.06
Aspergillus fumigatus 0.47 0.12 1.80
Cladosporium cladosporioides 0.74 0.20 2.78
Epicoccum nigrum 1.85 0.48 7.06
Penicillium spp. 1.85 0.48 7.06
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Table S6. Odds ratios for fungal species abundances in asthma case versus control homes.
Species required at least 20 sequences total from all samples summed to be included. Species
relative abundance values were split into a binary variable based on the median for each species.
Species with p < 0.05 are in bold. SAM analysis results for species with p < 0.05 appear in
Table S9. Odds ratio calculations with continuous transformed absolute abundance values
yielded similar results (data not shown).

Species OR 95% CI
Ramularia coccinea 5.78 0.90 37.1
Dipodascus australiensis 4.91 0.40 59.9
Meyerozyma guilliermondii 4.05 0.99 16.6
Microdochium bolleyi 3.94 0.92 16.9
Golovinomyces cichoracearum 3.90 0.56 26.9
Thielavia hyalocarpa 3.70 0.69 19.9
Pleospora herbarum 3.48 0.86 14.1
Rhodotorula glutinis 3.48 0.86 14.1
Leptosphaerulina chartarum 3.14 0.76 13.0
Phoma fimeti 2.92 0.75 11.4
Clavispora lusitaniae 2.57 0.64 10.3
Fusarium penzigii 2.36 0.29 19.0
Microdochium nivale 2.29 0.54 9.64
Cladorrhinum samala 2.25 0.13 39.1
Mortierella alpine 2.25 0.13 39.1
Articulospora proliferate 2.13 0.56 8.19
Leptosphaerulina americana 2.13 0.56 8.19
Wallemia muriae 2.13 0.56 8.19
Devriesia fraseriae 2.10 0.55 7.99
Cladosporium chubutense 1.88 0.46 7.66
Candida intermedia 1.80 0.48 6.81
Cryptococcus flavescens 1.80 0.34 9.55
Exophiala crusticola 1.80 0.34 9.55
Saccharomyces cerevisiae 1.80 0.34 9.55
Filobasidium uniguttulatum 1.56 0.39 6.25
Cladosporium cladosporioides 1.35 0.36 5.04
Coniothyrium fuckelii 1.35 0.36 5.04
Cryptococcus carnescens 1.35 0.36 5.04
Davidiella tassiana 1.35 0.36 5.04
Lewia infectoria 1.35 0.36 5.04
Malassezia restricta 1.35 0.36 5.04
Rhodotorula mucilaginosa 1.35 0.36 5.04
Amandinea punctata 1.33 0.31 5.72
Phoma eupyrena 1.33 0.31 5.72
Rhodotorula minuta 1.33 0.31 5.72
Sporobolomyces lactosus 1.33 0.31 5.72
Eudarluca caricis 1.32 0.34 5.19
Eudarluca caricis 1.32 0.34 5.19
Phoma paspali 1.32 0.34 5.19
Alternaria brassicae 1.13 0.29 4.38
Peyronellaea glomerata 1.13 0.29 4.38
Cryptococcus randhawii 1.11 0.26 4.67
Plectosphaerella cucumerina 1.11 0.26 4.67
Claviceps purpurea 1.09 0.17 6.88
Leptosphaerulina trifolii 1.09 0.17 6.88
Trichosporon jirovecii 1.09 0.17 6.88
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Species OR 95% CI
Metschnikowia pulcherrima 1.08 0.09 13.2
Preussia terricola 1.08 0.09 13.2
Rinodina oleae 1.08 0.09 13.2
Stephanonectria keithii 1.08 0.09 13.2
Cryptococcus tephrensis 0.99 0.26 3.70
Rhodotorula graminis 0.97 0.25 3.73
Fusarium merismoides 0.94 0.23 3.88
Sporobolomyces phyllomatis 0.94 0.23 3.88
Sydowia polyspora 0.94 0.23 3.88
Celosporium larixicola 0.90 0.19 4.23
Sterigmatomyces halophilus 0.90 0.19 4.23
Alternaria citri 0.86 0.23 3.20
Ascochyta hordei 0.86 0.23 3.20
Cryptococcus chernovii 0.86 0.23 3.20
Cryptococcus uzbekistanensis 0.86 0.23 3.20
Devriesia pseudoamericana 0.86 0.23 3.20
Epicoccum nigrum 0.86 0.23 3.20
Malassezia globosa 0.86 0.23 3.20
Phaeococcomyces nigricans 0.86 0.23 3.20
Phoma saxea 0.86 0.23 3.20
Ustilago striiformis 0.86 0.23 3.20
Wallemia sebi 0.86 0.23 3.20
Aspergillus conicus 0.84 0.14 5.01
Malassezia sympodialis 0.84 0.14 5.01
Ramularia eucalypti 0.84 0.14 5.01
Sclerotinia homoeocarpa 0.84 0.14 5.01
Oedocephalum adhaerens 0.83 0.22 3.20
Drechslera andersenii 0.80 0.20 3.27
Pyrenochaeta inflorescentiae 0.80 0.20 3.27
Sporobolomyces gracilis 0.80 0.20 3.27
Sporobolomyces gracilis 0.80 0.20 3.27
Cryptococcus aerius 0.75 0.16 3.46
Penicillium digitatum 0.75 0.16 3.46
Rhodotorula ingeniosa 0.75 0.16 3.46
Dendryphiella arenaria 0.72 0.19 2.76
Dokmaia monthadangii 0.72 0.19 2.76
Galactomyces geotrichum 0.72 0.19 2.76
Agaricus bisporus 0.69 0.07 7.40
Fusarium lateritium 0.69 0.07 7.40
Tetracladium setigerum 0.69 0.07 7.40
Candida tropicalis 0.69 0.17 2.79
Pseudotaeniolina globosa 0.69 0.17 2.79
Stemphylium solani 0.69 0.17 2.79
Alternaria alternate 0.67 0.12 3.86
Antennariella placitae 0.67 0.12 3.86
Cephaliophora tropica 0.67 0.12 3.86
Powellomyces hirtus 0.67 0.12 3.86
Sordaria humana 0.67 0.12 3.86
Sporobolomyces yunnanensis 0.67 0.12 3.86
Aspergillus vitricola 0.63 0.14 2.88
Fusarium domesticum 0.63 0.14 2.88
Pichia jadinii 0.63 0.14 2.88
Cryptococcus macerans 0.63 0.16 2.39
Cryptococcus antarcticus 0.59 0.15 2.39
Cryptococcus heimaeyensis 0.59 0.15 2.39
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Species OR 95% CI
Knufia perforans 0.59 0.15 2.39
Acanthostigma perpusillum 0.54 0.14 2.07
Caloplaca thracopontica 0.54 0.14 2.07
Candida parapsilosis 0.54 0.14 2.07
Candida sake 0.54 0.14 2.07
Chalastospora ellipsoidea 0.54 0.14 2.07
Coniosporium apollinis 0.54 0.14 2.07
Cryptococcus albidus 0.54 0.14 2.07
Cryptococcus dimennae 0.54 0.14 2.07
Cryptococcus festucosus 0.54 0.14 2.07
Cryptococcus foliicola 0.54 0.14 2.07
Cryptococcus oeirensis 0.54 0.14 2.07
Debaryomyces hansenii 0.54 0.14 2.07
Embellisia phragmospora 0.54 0.14 2.07
Phaeococcomyces chersonesos 0.54 0.14 2.07
Ulocladium chartarum 0.54 0.14 2.07
Ulocladium consortiale 0.54 0.14 2.07
Phoma tropica 0.51 0.13 2.06
Trichosporon mucoides 0.51 0.13 2.06
Acremonium alternatum 0.50 0.05 4.98
Heydenia alpina 0.50 0.05 4.98
Ustilago cynodontis 0.50 0.05 4.98
Aulographina pinorum 0.46 0.10 2.07
Cryptococcus diffluens 0.46 0.10 2.07
Sporobolomyces roseus 0.46 0.10 2.07
Botryotinia fuckeliana 0.45 0.08 2.53
Cryptococcus adeliensis 0.45 0.08 2.53
Cryptococcus laurentii 0.45 0.08 2.53
Malassezia pachydermatis 0.45 0.08 2.53
Blumeria graminis 0.40 0.09 1.78
Phaeosphaeriopsis musae 0.40 0.09 1.78
Stagonosporopsis cucurbitacearum 0.40 0.09 1.78
Acremonium strictum 0.39 0.10 1.55
Phialocephala fluminis 0.39 0.10 1.55
Colletotrichum pisi 0.38 0.04 3.66
Penicillium polonicum 0.38 0.04 3.66
Cryptococcus victoriae 0.33 0.08 1.35
Fusarium equiseti 0.33 0.08 1.35
Penicillium brevicompactum 0.33 0.08 1.35
Phoma herbarum 0.33 0.08 1.35
Phialophora oxyspora 0.33 0.06 1.78
Chrysosporium synchronum 0.31 0.03 2.84
Penicillium virgatum 0.31 0.03 2.84
Crivellia papaveracea 0.30 0.07 1.33
Guehomyces pullulans 0.30 0.07 1.33
Embellisia lolii 0.28 0.05 1.52
Hortaea thailandica 0.28 0.05 1.52
Phialophora reptans 0.28 0.05 1.52
Aspergillus versicolor 0.26 0.06 1.15
Aspergillus penicillioides 0.25 0.03 2.28
Rhizophlyctis rosea 0.25 0.03 2.28
Phoma plurivora 0.23 0.05 1.00
Ochrocladosporium elatum 0.21 0.04 1.13
Cystofilobasidium infirmominiatum 0.21 0.02 1.88
Pyrenophora teres 0.21 0.02 1.88
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Species OR 95% CI
Aureobasidium pullulans 0.19 0.04 0.87
Kondoa aeria 0.19 0.04 0.87
Rhodosporidium babjevae 0.19 0.04 0.87
Rhodotorula slooffiae 0.19 0.04 0.87
Gibellulopsis nigrescens 0.18 0.03 0.97
Aspergillus ruber 0.18 0.02 1.57
Exophiala xenobiotica 0.18 0.02 1.57
Teratosphaeria majorizuluensis 0.18 0.02 1.57
Fusarium oxysporum 0.14 0.03 0.73
Rinodina calcarea 0.11 0.01 0.98
Cryptococcus saitoi 0.10 0.02 0.55
Sporobolomyces coprosmae 0.10 0.01 0.84
Acremonium charticola N/A
Ascocoryne cylichnium N/A
Beauveria felina N/A
Bionectria ochroleuca N/A
Botryosphaeria obtusa N/A
Candida orthopsilosis N/A
Golovinomyces orontii N/A
Mycoarachis inversa N/A
Phaeotheca triangularis N/A
Phanerochaete sordida N/A
Pichia onychis N/A
Pseudallescheria fimeti N/A
Schwanniomyces pseudopolymorphus N/A
Sporobolomyces foliicola N/A

N/A OR could not be calculated due to lack of taxon presence in either asthma case or control homes.
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Table S7. Odds ratios for fungal genus abundances in asthma case versus control homes.
Genus relative abundance values were split into a binary variable based on the median for each
class. Genera required at least 20 sequences total from all samples summed to be included.
Genera with p < 0.05 are in bold. SAM analysis results for species with p < 0.05 appear in Table
S9.

Genus OR 95% CI
Dipodascus 4.91 0.40 59.9
Meyerozyma 4.05 0.99 16.6
Microdochium 4.05 0.99 16.6
Thielavia 3.70 0.69 19.9
Pleospora 3.48 0.86 14.1
Nigrospora 2.88 0.66 12.6
Clavispora 2.57 0.64 10.3
Myrothecium 2.57 0.64 10.3
Phaeosphaeria 2.46 0.64 9.49
Ramularia 2.29 0.54 9.64
Cladorrhinum 2.25 0.13 39.1
Articulospora 2.13 0.56 8.19
Cladosporium 2.13 0.56 8.19
Devriesia 2.13 0.56 8.19
Rhodotorula 2.13 0.56 8.19
Verticillium 1.63 0.37 7.19
Agaricus 1.52 0.22 10.4
Golovinomyces 1.38 0.28 6.92
Saccharomyces 1.38 0.28 6.92
Acremonium 1.35 0.36 5.04
Ascochyta 1.35 0.36 5.04
Chalastospora 1.35 0.36 5.04
Davidiella 1.35 0.36 5.04
Galactomyces 1.35 0.36 5.04
Lewia 1.35 0.36 5.04
Wallemia 1.35 0.36 5.04
Amandinea 1.33 0.31 5.72
Eudarluca 1.32 0.34 5.19
Mortierella 1.32 0.34 5.19
Sordaria 1.10 0.23 5.31
Verrucaria 1.10 0.23 5.31
Claviceps 1.09 0.17 6.88
Metschnikowia 1.08 0.09 13.2
Tremella 0.97 0.25 3.73
Cladonia 0.94 0.23 3.88
Phaeophyscia 0.94 0.23 3.88
Sydowia 0.94 0.23 3.88
Celosporium 0.90 0.19 4.23
Coniothyrium 0.86 0.23 3.20
Epicoccum 0.86 0.23 3.20
Exophiala 0.86 0.23 3.20
Filobasidium 0.86 0.23 3.20
Malassezia 0.86 0.23 3.20
Ustilago 0.86 0.23 3.20
Knufia 0.83 0.22 3.20
Oedocephalum 0.83 0.22 3.20
Cyphellophora 0.80 0.20 3.27
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Genus OR 95% CI
Podosphaera 0.75 0.16 3.46
Preussia 0.75 0.16 3.46
Dendryphiella 0.72 0.19 2.76
Dokmaia 0.72 0.19 2.76
Drechslera 0.69 0.17 2.79
Stemphylium 0.69 0.17 2.79
Antennariella 0.67 0.12 3.86
Cephaliophora 0.67 0.12 3.86
Powellomyces 0.67 0.12 3.86
Sclerotinia 0.67 0.12 3.86
Phialophora 0.63 0.16 2.39
Pichia 0.59 0.15 2.39
Acanthostigma 0.54 0.14 2.07
Caloplaca 0.54 0.14 2.07
Candida 0.54 0.14 2.07
Coniosporium 0.54 0.14 2.07
Cryptococcus 0.54 0.14 2.07
Debaryomyces 0.54 0.14 2.07
Peyronellaea 0.54 0.14 2.07
Sporobolomyces 0.54 0.14 2.07
Trichosporon 0.54 0.14 2.07
Cochliobolus 0.54 0.12 2.43
Blastobotrys 0.50 0.05 4.98
Heydenia 0.50 0.05 4.98
Aulographina 0.46 0.10 2.07
Botryotinia 0.45 0.08 2.53
Pyrenochaeta 0.44 0.11 1.79
Blumeria 0.40 0.09 1.78
Bionectria 0.38 0.04 3.66
Tetracladium 0.38 0.04 3.66
Alternaria 0.33 0.08 1.35
Ambiguous 0.33 0.08 1.35
Aspergillus 0.33 0.08 1.35
Embellisia 0.33 0.08 1.35
Fusarium 0.33 0.08 1.35
Penicillium 0.33 0.08 1.35
Phialocephala 0.33 0.08 1.35
Phoma 0.33 0.08 1.35
Teratosphaeria 0.33 0.08 1.35
Ulocladium 0.33 0.08 1.35
Phaeothecoidea 0.33 0.06 1.78
Crivellia 0.30 0.07 1.33
Guehomyces 0.30 0.07 1.33
Hortaea 0.28 0.05 1.52
Chrysosporium 0.25 0.03 2.28
Rhizophlyctis 0.25 0.03 2.28
Rinodina 0.21 0.04 1.13
Colletotrichum 0.21 0.02 1.88
Aureobasidium 0.19 0.04 0.87
Kondoa 0.19 0.04 0.87
Rhodosporidium 0.19 0.04 0.87
Gibellulopsis 0.18 0.03 0.97
Pyrenophora 0.13 0.01 1.14
Ascocoryne N/A
Beauveria N/A
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Genus OR 95% CI
Botryosphaeria N/A
Mycoarachis N/A
Phaeotheca N/A
Phanerochaete N/A
Schwanniomyces N/A

N/A OR could not be calculated due to lack of taxon presence in either asthma case or control homes.

Table S8. Odds ratios for fungal class abundances in asthma case versus control homes.
Class relative abundance values were split into a binary variable based on the median for each
class. No odds ratios were statistically significant (p < 0.05).

Class OR 95% CI
Cystobasidiomycetes 3.70 0.69 19.9
Monoblepharidomycetes 2.25 0.13 39.1
Microbotryomycetes 2.13 0.56 8.19
Dothideomycetes 1.35 0.36 5.04
Wallemiomycetes 1.35 0.36 5.04
Orbiliomycetes 1.08 0.09 13.2
Exobasidiomycetes 0.94 0.23 3.88
Ambiguous 0.86 0.23 3.20
Incertae sedis 0.86 0.23 3.20
Saccharomycetes 0.86 0.23 3.20
Glomeromycetes 0.67 0.12 3.86
Pucciniomycetes 0.63 0.14 2.88
Eurotiomycetes 0.54 0.14 2.07
Lecanoromycetes 0.54 0.14 2.07
Leotiomycetes 0.54 0.14 2.07
Sordariomycetes 0.54 0.14 2.07
Agaricomycetes 0.33 0.08 1.35
Agaricostilbomycetes 0.33 0.08 1.35
Chytridiomycetes 0.33 0.08 1.35
Pezizomycetes 0.33 0.08 1.35
Tremellomycetes 0.33 0.08 1.35
Ustilaginomycetes 0.33 0.08 1.35
Dacrymycetes N/A
Microsporea N/A

N/A OR could not be calculated due to lack of taxon presence in either asthma case or control homes.
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Table S9. Odds ratios for statistically significant fungal species, genera, or classes in homes
with and without two or more qualitative moisture indicators, visible mold growth,
measured moisture at three threshold values (17, 21, and 24) and case/control homes.
Species and genera required at least 20 sequences total from all samples summed to be included.
Relative abundance values were split into a binary variable based on the median for each taxon.
ORs in italics were negatively associated. Only taxa with p < 0.05 are reported, and these taxa
were then further validated by calculating a q-value in SAM. Taxa with p and q < 0.05 are in
bold. “NA” in the q-value column indicates that the taxa did not pass the SAM significance
threshold at the selected Δ value. Statistically significant taxa from the case/control analysis are
listed at the bottom with the SAM analysis values. The SAM calculation used raw sequencing
data.

Measure Rank Taxon OR 95% CI
SAM

q-value
At least two moisture indicators

Species Cystofilobasidium infirmominiatum 5.11 1.05 25.0 0.74
Species Lewia infectoria 0.23 0.06 0.91 NA
Genus Rhodosporidium 5.19 1.28 21.1 0.86
Genus Lewia 0.23 0.06 0.91 NA
Class Chytridiomycetes 5.19 1.28 21.1 NA

Visible mold growth
Species Claviceps purpurea 6.75 1.04 43.9 NA
Species Penicillium polonicum 6.75 1.04 43.9 NA
Species Coniosporium apollinis 4.91 1.09 22.1 NA
Species Microdochium bolleyi 4.80 1.09 21.2 NA
Species Phoma paspali 4.40 1.05 18.4 NA
Genus Blastobotrys 14.0 1.37 144 NA
Genus Claviceps 6.75 1.04 43.9 NA
Genus Coniosporium 4.91 1.09 22.1 NA
Genus Rhodosporidium 4.91 1.09 22.1 NA
Class Ustilaginomycetes 4.91 1.09 22.1 0.00

Measured moisture (>17)
Species Cryptococcus laurentii 11.5 2.01 65.9 0.29
Species Cryptococcus uzbekistanensis 6.38 1.56 26.1 0.00*
Species Sydowia polyspora 4.00 1.00 16.0 0.29
Species Cryptococcus albidus 3.91 1.03 14.9 0.29
Species Penicillium brevicompactum 3.91 1.03 14.9 NA
Species Rhodotorula slooffiae 3.91 1.03 14.9 NA
Species Ascochyta hordei 0.19 0.05 0.76 NA
Species Plectosphaerella cucumerina 0.08 0.01 0.75 NA
Genus Sydowia 4.00 1.00 16.0 0.39

Measured moisture (>21)
Species Cryptococcus laurentii 9.72 1.92 49.1 0.14
Species Caloplaca thracopontica 6.00 1.33 27.0 0.14
Species Coniosporium apollinis 6.00 1.33 27.0 0.00*
Species Cryptococcus albidus 6.00 1.33 27.0 0.00
Species Cryptococcus uzbekistanensis 6.00 1.33 27.0 0.00*
Species Penicillium brevicompactum 6.00 1.33 27.0 0.29
Species Rhodotorula slooffiae 6.00 1.33 27.0 NA
Species Cephaliophora tropica 5.21 1.01 26.8 NA
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Species Rinodina calcarea 4.28 1.04 17.6 NA
Species Sydowia polyspora 4.28 1.04 17.6 0.29
Species Cryptococcus antarcticus 4.00 1.00 16.0 NA
Species Knufia perforans 4.00 1.00 16.0 0.14
Species Ascochyta hordei 0.19 0.04 0.87 NA
Genus Coniosporium 6.00 1.33 27.0 0.34
Genus Cephaliophora 5.21 1.01 26.8 NA
Genus Sydowia 4.28 1.04 17.6 NA
Class Chytridiomycetes 6.00 1.33 27.0 0.14

Measured moisture (>24)
Species Phanerochaete sordida 17.00 1.24 232 0.63
Species Cephaliophora tropica 15.50 2.12 114 0.63
Species Cryptococcus antarcticus 10.90 1.14 105 0.63
Species Penicillium polonicum 10.70 1.46 78.1 NA
Species Aspergillus conicus 7.75 1.15 52.3 NA
Genus Phanerochaete 17.00 1.24 232 0.7
Genus Cephaliophora 15.50 2.12 114 0.7

Case homes (significant values from tables above)
Species Phoma plurivora 0.23 0.05 1.00 0.24
Species Aureobasidium pullulans 0.19 0.04 0.87 0.00*
Species Kondoa aeria 0.19 0.04 0.87 NA
Species Rhodosporidium babjevae 0.19 0.04 0.87 0.24
Species Rhodotorula slooffiae 0.19 0.04 0.87 0.24
Species Gibellulopsis nigrescens 0.18 0.03 0.97 NA
Species Fusarium oxysporum 0.14 0.03 0.73 NA
Species Rinodina calcarea 0.11 0.01 0.98 NA
Species Cryptococcus saitoi 0.10 0.02 0.55 NA
Species Sporobolomyces coprosmae 0.10 0.01 0.84 0.24
Genus Aureobasidium 0.19 0.04 0.87 0.24
Genus Kondoa 0.19 0.04 0.87 0.24
Genus Rhodosporidium 0.19 0.04 0.87 0.24
Genus Gibellulopsis 0.18 0.03 0.97 0.24

*These values were listed in the initial threshold (applies to measured moisture 17, 21 and case homes only). The Δ
value was then decreased to calculate additional q-values.
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Supporting Information, Appendix C: Methods

This detailed methods section includes additional information on the study cohort, indoor dust

sampling, fungal analyses, and statistical techniques. For convenience, all of the information in

the methods section of the main text is also present here.

Study design, population, and samples. The CHAMACOS birth cohort study enrolled pregnant

women between October 1999 and October 2000 at clinics in Salinas, CA that serve

predominately low-income, Latina patients. Eligibility criteria included the following: ≤ 20

weeks gestation at enrollment, mother ≥ 18 years of age, participants met the criteria to receive

poverty-based U.S. government health insurance, and birth planned to take place at the local

hospital. A total of 1,130 women were eligible, and 601 were enrolled. Of those enrolled, 526

(88%) delivered live-born surviving singletons. By the 7-year visit, participants were lost to

follow-up for the following reasons: 72 moved, 59 refused, 24 could not be traced, 21 could not

schedule a visit, and 2 became deceased (Bouchard, 2011).  A total of 292 (of the remaining 348

participants, 84%) had available dust collected from the 12 month home visit for possible

inclusion in this study.

For this analysis, homes were selected based on the child’s asthma status at age 7 years.

Children were defined as having asthma at age 7 years if, according to the maternal interview at

age 7 years, they had asthma symptoms and also either used prescribed asthma medication or had

ever been diagnosed as having asthma by a physician. Potential control children were those

without current asthma at age 7 years. Of potential cases, all 13 with available dust from the 12

month home visit were included, plus 28 randomly-selected controls with available dust,

frequency matched by sex. Household income levels, mother’s country of birth, mother’s

education level, and gender of the children included in this study appear in Table 1. A chi-square
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test revealed that the 28 representative control homes did not differ significantly from the

original cohort of singleton births based on maternal education, poverty category, or mother’s

birth country. However, the chi-square test for mother’s birth country may not be valid due to too

few homes in some categories. Chi-square test with gender was not evaluated because controls

were frequency matched by gender. All analyzed samples were from the 12 month home visit.

All research was approved prior to the study by the institutional review board of the University

of California, Berkeley, and written informed consent was obtained from all adult participants.

At 7 years of age, child assent was also obtained.

Home visits took place at enrollment and at 12 months after birth and included participant

interview, dust collection, wall moisture readings, and other environmental assessments. The

home visits began on March 22, 2001 and ended on December 4, 2002. During each home visit,

dust was collected using a high volume surface sampler (HVS3) vacuum cleaner (Lewis, 1994)

and a MediVac dust sampling head (Medivac Plc, Wilmslow, Cheshire, UK) with a 5-10 µm

mesh screen after a 300 µm pre-filter (Bradman, 2005). Samples were collected in areas of the

home where the child spent most of their time (living room, kitchen, or bedroom). Dust was

collected from a 1 m2 area vacuumed for four double passes of the surface and at least 2 minutes.

If less than 200 mg of dust was collected, additional area was sampled that included upholstered

furniture if necessary to obtain sufficient dust (n=5). The mean actual area sampled among all

samples was 1.2 m2. Of homes where flooring type was recorded, sampled floors included hard,

non-wood surfaces (39%) and carpet (61%). Immediately after samples were collected, they

were placed on ice with a desiccant and then transferred to the laboratory, where they were

aliquoted and stored at -80°C prior to use.
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Moisture in homes was assessed quantitatively, with a capacitance wall moisture

measurement, and qualitatively, using visual inspection for moisture indicators. The CT100

pinless moisture meter (Electrophysics, Ontario, Canada) was set to a density of 0.5 for drywall

and plaster and measured moisture content of walls at the horizontal midpoint, 0.45–0.60 m

above the floor. If furniture blocked the desired measurement location, the reading was taken at

the same height as close to the horizontal midpoint as possible. For these moisture

measurements, both the main living room and child’s sleeping room were considered for each

home, and in each room, three of the walls were measured. Walls were selected for reading with

the following priority: external walls; walls separating bathrooms, kitchens, or laundry rooms;

and walls separating bedrooms, living rooms, or dining rooms (Lowenthal, 2002). A fourth

reading was taken in each room considered at the corner of a window. Additionally, the

inspectors took readings (including walls, floors, and ceiling) if they suspected dampness, i.e., if

there was a musty odor or visible water damage, mold, mildew, or water condensation.

The moisture meter was designed for use on wood, and moisture meters from different

manufacturers may have different absolute reading values on gypsum board (Harriman, 2008)

such that the moisture content readings on drywall or plaster using this device are on a relative

scale. Thus our analysis included a range of moisture value thresholds to demarcate damp walls,

including readings of 17, 21, and 24. Homes with any reading above these thresholds were

characterized as having damp walls and were analyzed for associations with microbial growth

and asthma. The homes were also inspected for the presence of water damage, leaks under the

kitchen sink, peeling paint, rotting wood, musty odor and visible mold in the living room and

child’s sleeping area (Bradman, 2005). For this study, visible mold growth was assessed in the

living room and child’s sleeping area (Bradman, 2005). Homes were counted as having visible
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mold growth if growth was moderate (< 1 m2) or extensive (≥ 1 m2). Homes with only minimal

mold growth, limited to crevices or a small area, were not considered to have mold growth in this

analysis.

Fungal populations have previously been demonstrated to vary by season (Kaarakainen,

2009). Salinas, CA is characterized by two seasons, a wet season and a dry season. Monthly

rainfall information for Salinas, CA was downloaded from the National Oceanic & Atmospheric

Administration, and months with >0.85 cm of rainfall during the study were characterized as

being in the rainy season (November 1 – April 30), while other months were considered dry.

Additional household information was also collected, including monthly income, occurrence of

smoking indoors, the presence of other children under 12 years of age, and the presence of

indoor pets including birds and mammals.

Dust sample preparation, DNA sequencing, and quantitative PCR. Genomic DNA was

extracted from approximately 10 mg of each of the 41 dust samples using the PowerMax Soil

DNA Isolation Kit (Mobio Laboratory, Carlsbad, CA, USA) with modifications (Yamamoto,

2012). All DNA extraction was conducted in a sterile, laminar flow hood to prevent ambient

sample contamination. DNA was diluted 10x in Tris-EDTA (TE) buffer to prevent PCR

inhibition. For sequencing, PCR amplification of the fungal ITS region was conducted with the

ITS1F and ITS4 primers (Manter, 2007, Larena, 1999) using a 50 µL total volume with the

following components: 25 µL PCR MasterMix (Roche, Indianapolis, IN, USA), 20 µL DNA-free

water, 1.5 µL 10mM forward and reverse primers, and 2µL DNA template. PCR consisted of

95°C (5 min) for initial denaturation, followed by 36 cycles of 95°C (30 s) for dissociation, 55°C

(30 s) for annealing, and 72°C (60 s) for each cycle extension, and finally 72°C (10 min) for final

extension. Unincorporated primers and PCR reagents were separated from PCR amplicons using
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the UltraClean 96 well PCR Clean-Up Kit (Mobio Laboratory, Carlsbad, CA, USA), and

amplicons were quantified using the Quant-iT PicoGreen assay (Invitrogen, Carlsbad, CA, USA)

prior to normalizing the concentrations in all samples and pooling. Pooled amplicons were

further purified with Angencourt Ampure beads (Beckman Coulter, USA) and were sequenced

on 1/8 of a plate on the 454 GS FLX Titanium DNA sequencing platform (454 Life Sciences,

Branford, CT, USA) at the Duke University Genome Sequencing and Analysis Core Resource.

PCR no-template controls and laboratory negative controls produced in parallel with sample

preparation and DNA extraction did not amplify. Sequences have been archived in the European

Nucleotide Archive with accession number ERP002369.

In each dust sample, quantitative polymerase chain reaction (qPCR) was conducted for five

medically-relevant fungal species (Aspergillus fumigatus, Alternaria alternata, Cladosporium

cladosporioides, Epicoccum nigrum, and Penicillium spp.) using previously described primers,

TaqMan® probes, and protocols (Haugland, 2004, Haugland, 2002). In addition, qPCR was

conducted using universal fungal primers FF2 and FR1 (Zhou, 2000) and prior protocols

(Yamamoto, 2012) to quantify total fungi via the SybrGreen (Roche, Indianapolis, IN, USA)

method against an Aspergillus fumigatus (ATCC 34506) standard. Universal bacteria primers,

including forward primer 5′-TCCTACGGGAGGCAGCAGT-3′, reverse primer 5′-

GGACTACCAGGGTATCTAATCCTGTT-3′, and TaqMan® probe (6-FAM)-5′-

CGTATTACCGCGGCTGCTGGCAC-3′ (Nadkarni, 2002), were used to quantify total bacterial

genomes against a Bacillus atrophaeus (ATCC 49337) standard in accordance with previous

methods (Qian, 2012). Finally, the intra-Yb8 primers (Walker, 2003) were used to quantify the

concentration of human cells in the house dust as a marker of the sloughed skin cell contribution

with HEK 293 (human embryonic kidney) cells as a standard, ranging from 10-3–103 cells per
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reaction in duplicate. It is possible to detect less than one cell per reaction due to multiple gene

copies per genome. Each qPCR reaction for the human cell assay consisted of 12.5 µL

SybrGreen MasterMix (Roche, Indianapolis, IN, USA), 0.75 µL each of 10 µM forward and

reverse primers, 10 µL molecular-grade water, and 1 µL DNA extract. The qPCR conditions for

the human cell assay were 95°C for 12 minutes followed by 45 cycles of 95°C for 15 seconds

and 74° for 60 seconds. All qPCR reactions were conducted in duplicate with no-template

controls on the ABI Prism® 7900HT fast real-time PCR system (Applied Biosystems, Carlsbad,

CA, USA). The A. fumigatus qPCR assay was used to test the 10x diluted DNA for signs of

qPCR inhibition by spiking samples with a known quantity of A. fumigatus spore DNA extract.

Inhibition was not detected in any sample.

DNA sequence data analysis. For diversity analyses, the bioinformatics analysis toolkit QIIME,

version 1.5 (Caporaso, 2010) was used to process DNA sequencing data. Sequences were

trimmed if the read length was less than 300 bp or if the read quality score was less than 20. All

sequences containing ambiguous bases and sequences unassigned to a multiplex identifier (MID)

were removed prior to denoising. After denoising (Quince, 2011), sequences were clustered

using uclust (Edgar, 2010) at 97% similarity. For rarefaction curve production and α diversity

(within sample diversity) analysis, the operational taxonomic unit (OTU) table was trimmed to

450 reads per sample (3 samples with <450 reads were excluded), and the number of observed

species were determined for each sample (in addition to Fisher’s α, Shannon diversity index, and

Chao1 richness estimator). For β diversity (between sample diversity) and principal coordinate

analysis (PCoA), all available quality-trimmed reads were utilized to calculate the Morisita Horn

(Horn, 1966) (non-phylogenetic) distance. Results were assessed through PCoA plots and
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analysis of similarity (ANOSIM, available through QIIME) to determine the statistical

significance of clustering.

For taxonomic assignment, the RDP pipeline initial process (Cole, 2009) was used to trim the

raw sequence read file with the equivalent quality and length criteria specified above, and

BLASTn-based annotation (Altschul, 1990) was performed against a database containing all

fungal sequences identified to the rank of species (Nilsson, 2009). Multi-level taxonomic

identification was made at all taxonomic ranks by FHiTINGS, version 1.1 (Dannemiller, 2013).

The values at all taxonomic levels from the FHiTINGS files were used to calculate the relative

abundance for each identification at the species or genus level. Also, to estimate the absolute

concentration of each identified species per gram of dust, relative abundance values were

multiplied by the total fungal spore quantities per mg of dust, as determined by qPCR with

universal fungal primers, to produce absolute abundance values. Absolute concentrations were

log normally distributed and were transformed using inverse hyperbolic sine (Keating, 2012) to

ensure that high dust concentration homes did not overly influence averages computed across

case and control homes. The inverse hyperbolic sine transformation is similar to a logarithmic

transformation at sufficiently large values (>1), but is defined at zero as well. Reproducibility

graphs for four replicates appear in Figure S1 A,B,C,D.

Diversity within genera with at least 10 species and classes was determined using the

FHiTINGS output. Only samples with at least 1000 sequences per sample were included in this

analysis for normalization. The number of different species identified by at least one sequence

was determined within each genus and class.

Statistical Analysis. Statistical analyses were conducted in SAS, version 9.2 (SAS Institute, Inc.,

Cary, NC, USA). Statistical significance was defined as p<0.05. Average number of observed
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species were compared in case/control homes and homes with various characteristics using two-

sample t-tests, using the pooled test in the case of equal variances and the Satterthwaite

approximation in the case of unequal variances. Odds ratios (ORs) for associations between

asthma status, fungal diversity, and household/demographic factors were calculated on

dichotomous independent variables (continuous variables were dichotomized at the median

value). Unadjusted ORs and 95% confidence intervals (CIs) were calculated with the Cochran-

Mantel-Haenszel statistic in SAS PROC FREQ (Mantel, 1959, Robins, 1986, Agresti, 2002).

Adjusted ORs and 95% CIs were calculated with logistic models in SAS PROC LOGISTIC,

evaluated by the Hosmer-Lemeshow goodness-of-fit test (Hosmer, 2000).

Each of an a priori set of potential confounding variables for the relationship between asthma

development and fungal diversity was tested in a separate logistic regression model. To be

included as potential confounding factors, variables were required to be plausibly associated with

both asthma development and house dust fungal diversity. Factors such as atopy that are likely

on the causal pathway to asthma were not included. These potential confounding factors included

exposure to indoor smoking, indoor pets, the presence of other children, poverty, sampling

during the rainy season, and dichotomous moisture/mold indicators. These dichotomous

moisture/mold indicators included maximum measured moisture of any wall above a threshold

value, with three alternate thresholds (17, 21, and 24); visible mold growth; and a variable

representing the presence of two or more of six qualitative moisture/mold indicators, including

water damage, peeling paint, rotting wood, musty odor, water leak in the kitchen, and visible

mold growth (Table 2). Pearson correlation coefficients (R) and probabilities were calculated to

determine linear relationships between wall moisture content and the number of fungal OTUs.

PCoA results were compared using ANOSIM analysis in QIIME.
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A traditional statistical analysis using p-values of the many fungal taxa in the taxonomic

analysis would be highly prone to “multiple testing” statistical error. This is due to the need for

many statistical comparisons of the various taxa in homes of cases and controls, as well as homes

with and without moisture. Therefore, validation was needed for the statistical results from the

odds ratio analysis for taxonomic identifications. Here, we utilized the Significance Analysis of

Microarrays (SAM) (Tusher, 2001), version 4.00a. While SAM was designed for gene

expression analysis, here it was used to calculate the false discovery rate (FDR) and q-values for

a large number of comparisons (species, genus, class) against case/control status and moisture

indicators. A q-value is similar to a p-value but is adjusted for multiple comparison testing. We

used sequence count values from species and genera with at least 20 sequence identifications

total and all classes. In SAM, “sequence” data was selected for a “two class unpaired” analysis.

All default settings were used, including the default seed number and 100 permutations. The Δ

value was increased until the FDR was <5% or until the FDR was minimized if a value <5% was

not possible, and the q-values were recorded for taxa with p<0.05. Then the FDR was relaxed

until a value of 30% was reached to obtain additional q-value information (this is noted by * in

Table S9). Results were considered statistically significant after adjustment for multiple

comparisons if p<0.05 and q<0.05. An example SAM plot appears as Figure S1E.
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