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Background—While fungal exposures are assumed to provoke wheeze through irritant or 

allergenic mechanisms, little is known about the differential effects of indoor and outdoor fungi on 

early-life wheeze.

Methods—In a Boston prospective birth-cohort of 499 at-risk infants, culturable fungi in 

bedroom air and dust and outdoor air were measured at age 2–3 months. Wheeze was determined 

using bimonthly telephone-questionnaires. Odds ratios were estimated for an interquartile increase 

in fungal natural log-transformed concentrations, adjusting for predictors of wheeze and potential 

confounders.

Results—Increased odds of ‘any wheeze’ (≥1 versus 0 episodes) by age one were positively 

associated with indoor dust Alternaria [odds ratio (OR)=1.83; 95% confidence interval (CI), 1.07–

3.14], Penicillium [OR=1.18; (0.98–1.43)] and Cladosporium [OR=1.47; (1.16–1.85)], indoor air 

Penicillium [OR=1.26; (0.92–1.74)], and outdoor air Cladosporium [OR=1.68; (1.04–2.72)]. In 

contrast, indoor dust yeasts were protective [OR=0.78; (0.66–0.93)]. ‘Frequent wheeze’ (≥2 versus 

<2 episodes) by age one was borderline associated with dust yeasts [OR=0.86; (0.70–1.04)] and 

indoor air yeasts [OR=1.53; (0.93–2.53)]. Alternaria concentration was associated with any 

wheeze for children with maternal mold sensitization [OR=9.16; (1.37–61.22)], but not for those 

without maternal mold sensitization [OR=1.32; (0.79–2.20)].

Conclusions—While wheeze rates were higher with exposures to fungal taxa considered to be 

irritant or allergenic in sensitive subjects, yeasts in the home had a strong protective association 

with wheeze in infancy. Molecular microbiologic studies may elucidate specific components of 

innate microbiologic stimulants that lead to contrasting effects on wheeze development.
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INTRODUCTION

Fungi have indoor and outdoor sources (1–3). While fungi are a known risk for irritant or 

allergy-induced wheeze (4–7), little is known about the differential responses of children to 

infant exposure to individual indoor and outdoor airborne and dustborne fungal taxa. 

Morever, a cross-sectional study suggested that certain indoor fungi (Penicillium and 

Eurotium) may be protective (8).

Infancy is a vulnerable period when exposures may influence immune development, allergy, 

and wheeze (9). We hypothesized that transient elevations in early-life (age 2–3 months) 

fungal exposures are associated with wheeze in children by age one. We assessed whether 

associations were independent of reports of dampness or other known predictors of wheeze 

(10, 11). Finally, we investigated sources of vulnerability, focusing on maternal asthma or 

sensitization.
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METHODS

Study Protocol

In a prospective Boston birth-cohort study, 499 infants (including six sets of twins) born to 

women with history of asthma and allergies were recruited between 1994 and 1996 (10). 

The study was approved by the Institutional Review Board of Boston’s Brigham and 

Women’s Hospital.

Early-life fungal exposure assessment when infants were aged 2–3 months has been 

described previously (12). Air samples were collected at 45 lpm using a Burkard culture-

plate sampler with dichloran-glycerol (DG18) culture media. Indoor air was sampled 1–

1.5m above the bedroom floor demarcated for dust collection. Outdoor air was collected 3m 

from the main entrance, but could not be collected if temperatures were <2.2 °C because 

culture plates would freeze. Positive-hole corrections scaled counts to an estimate of colony-

forming units (CFUs) that would have been observed without co-impaction events (13). 

After air sampling, dust was collected from the bedroom floor, using a canister vacuum 

cleaner (The Eureka Co., Bloomington, IN). Dust suspensions were spread-plated on DG18 

media. Fungal colonies were identified to genus-level using morphological methods (14), 

and reported as CFUs per gram of dust. In the subset with winter visits, fungi were measured 

again when infants were 8–9 months-old. Mean annual fungal concentrations were 

calculated as the average of the levels measured at the 2–3 and 8–9 month home visits.

Definition of Fungal Predictors

Fungal distributions were highly skewed and were represented as natural logarithm (ln)-

transformed, continuous variables (adding 1 CFU-per-unit for values below the limit-of-

detection). We classified exposures as: (1) individual genera; (2) ‘total fungi’ [sum of all 

detectable fungi from each medium (out-/indoor air and dust)]; (3) ‘high fungal exposure’ 

(binary variable, >75th percentile of any detectable genera); and (4) an ordinal count of 

genera that were >75th percentile.

Definition of Other Predictors

We adjusted for other predictors of wheeze, details of their ascertainment being reported 

elsewhere (10, 11). These included birthweight, self-reported physician-diagnosed maternal 

asthma, winter-birth, and maternal smoking during pregnancy. We did not adjust for 

environmental tobacco smoke, as it was rarely (<1%) reported. We also assessed whether 

results were independent of early-life exposures to cockroach allergen (≥2 U/g max Bla g 1 

or 2 in living room dust), dust mite allergen (≥10µg/g Der p or f 1 baby’s bed), and 

endotoxin (≥ median of measured samples = 81.3 EU/mg, in living room dust).

Previously we found early-life fungi associated with increased risk of lower respiratory 

illness (LRI; physician-diagnosed croup, bronchitis, bronchiolitis, or pneumonia) by age one 

(12). LRI is associated with wheeze and may be on the pathway between fungal exposures 

and wheeze. We evaluated the timing between the first episode of wheeze and LRI.

Behbod et al. Page 3

Allergy. Author manuscript; available in PMC 2016 February 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Maternal sensitization ascertainment by serum IgE has been described previously (15). 

Mothers were classified with ‘mold atopy’ if sensitized to Alternaria or Aspergillus species, 

and ‘any atopy’ if sensitized to ≥1 allergen (mold, cat, dog, ragweed, ryegrass, cockroach, or 

dust-mite), or total IgE ≥200 IU/mL (15).

Outcome Definition

Outcome ascertainment has been described elsewhere (10). Bimonthly telephone 

questionnaires were administered to the child’s primary caregiver, asking “Since we last 

spoke with you on (date given), has your child had symptoms of wheeze?”. We defined ‘any 

wheeze’ as ≥1 report by age one versus no report. ‘Frequent wheeze’ was defined as ≥2 

reports compared with <2.

Statistical Analysis

We compared outdoor and indoor air fungi and calculated Spearman correlations due to 

residual skewed distributions after ln-transformation. We compared unadjusted and adjusted 

logistic models, beginning with indoor air and dust using the full dataset. Odds ratios were 

scaled to an interquartile increase in ln-transformed concentration of the specific taxon. With 

fewer outdoor winter measures, we performed subset analyses on infants with measurable 

outdoor fungi, thereby maintaining constant sample-size across models: (1) indoor air and 

dust jointly in the same model; (2) outdoor air alone; (3) outdoor air and indoor dust jointly; 

and (4) outdoor and indoor air and indoor dust jointly. Sensitivity analyses excluding 

potential outliers (the highest two/three fungal concentrations) and also with generalized 

estimating equations to account for correlation in the twins were performed.

Fungi were included together in final models, checking correlations (r ≥ 0.8) to avoid 

colinearity. Models were validated using the Lasso approach for model shrinkage, to reduce 

the probability of chance findings (16). We also fit models for the binary ‘high exposure’ 

and the ordinal ‘count’ of fungal genera >75th percentile.

We used Wald and likelihood ratio tests to examine whether maternal sensitization or 

asthma modified the association between fungi and wheeze.

We used SAS 9.1 (SAS Institute, Inc, Cary, NC), except R 2.6.1 for the Lasso (17).

RESULTS

Cohort Characteristics

Of the 499 children, 211 (42%) and 96 (19%) experienced ‘any wheeze’ and ‘frequent 

wheeze’, respectively. Most (86%) wheeze episodes occurred after the early-life fungal 

assessments. Although 27% experienced ≥1 episode of LRI, 97% of this 27% experienced 

their first wheeze prior to their first LRI. Population characteristics have been described 

elsewhere (11–13). Children included 47% girls, 75% Caucasians, and 9% low-income 

families (<$30k/year). Forty-four percent reported visible dampness in the year preceding 

their age 2–3 month home visit.
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Characteristics of Indoor versus Outdoor Air and Dust Fungi

Among the subset with 2 visits, total outdoor air (r=0.82, p<0.01, n=111), indoor air (r=0.78, 

p<0.01, n=195), and dust fungi (r=0.87, p<0.01, n=81) measured at visit 1 were highly 

correlated with respective mean annual concentrations. The following results focus on 

exposures at visit 1.

Alternaria, Aureobasidium, Cladosporium, nonsporulating, and total fungal concentrations 

were greater in outdoor air, while Aspergillus, Penicillium, and yeasts were greater indoors 

(Table 1). All distributions were positively-skewed. Correlation-coefficients (Supplemental 

Material, Tables 1a and 1b) ranged from −0.30 to 0.51, with the exception of 

outdoor~indoor air Cladosporium (0.74) and nonsporulating fungi (0.66). For total fungi, 

levels in air and dust were highest in summer/fall and lowest in winter/ spring. However, 

individual taxa in dust did not vary significantly by season (Figure 1). Outdoor air 

Alternaria, Cladosporium, and Penicillium were highest in the summer/fall, whereas 

outdoor air yeasts were lowest; this was generally reflected in the indoor air patterns of the 

specific taxa.

Fungal Exposure Predicts Wheeze

Elevated odds of ‘any wheeze’ occurred for increased dustborne Alternaria concentrations 

(OR=1.83; 95% CI, 1.07–3.14), and for both dustborne (OR=1.47; 95% CI, 1.16–1.85) and 

outdoor airborne (OR=1.68; 95% CI, 1.04–2.72) Cladosporium in models with other fungi 

included (Table 3). There was a trend towards increased risk with elevated indoor airborne 

(OR=1.26; 95% CI, 0.92–1.74) and dustborne (OR=1.18; 95% CI, 0.98–1.43) Penicillium. 

Yet, dustborne yeasts had protective associations (OR=0.78; 95% CI, 0.66–0.93). Findings 

were consistent considering genera separately (Table 2) or jointly (Table 3).

Estimates for ‘frequent wheeze’ risk were less precise than those for ‘any wheeze’ 

(Supplemental Material, Tables 2 and 3). Adjusting for other genera, indoor airborne yeasts 

were borderline associated with increased odds (OR=1.53; 95% CI, 0.93–2.53), whereas 

dustborne yeasts appeared borderline protective (OR=0.86; 95% CI, 0.70–1.04). There were 

suggestions of associations with dustborne Alternaria, Cladosporium), and Aspergillus.

Associations were independent of winter-birth, low birthweight, maternal smoking during 

pregnancy, and maternal asthma. Models that either adjusted for birth- or sampling-season 

categorically, yielded consistent results. Relationships were not confounded by gender, 

ethnicity, income, daycare attendance or LRI by age one, maternal atopy, building type, 

endotoxin, indoor allergens (cockroach and dust mite), and self-reported mold/dampness.

We obtained consistent results in sensitivity analyses that: 1) excluded extremely high 

fungal exposures; 2) accounted for the correlation among the twins; and 3) with the Lasso 

approach. Models treating fungi continuously were more precise than with binary fungi 

(>75th percentile; results not shown). Reported mold/dampness was not significantly 

associated with any wheeze (OR=1.27; 95% CI, 0.88–1.83) or frequent wheeze (OR=1.06; 

95% CI, 0.67–1.69). Wheeze was not associated with binary ‘high fungal exposure’ (any 

fungi >75th percentile), ordinal ‘count’, or total fungal exposure variables.
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Effect Modification by Maternal Mold Sensitization

Dustborne Alternaria was associated with higher odds of ‘any wheeze’ for children with 

mold-sensitized mothers [(OR=9.16; 95% CI, 1.37–61.22), n=46] than those with non-

sensitized mothers [(OR=1.32; 95% CI, 0.79–2.20), n=315], (interaction p=0.05). However, 

associations were not modified by maternal ‘any atopy’ or asthma. Effect modification for 

‘frequent wheeze’ was not observed.

DISCUSSION

While we found increased odds of wheeze in the first year of life with elevated infant fungal 

exposures in indoor dust (Alternaria, Penicillium and Cladosporium), indoor air 

(Penicillium), and outdoor air (Cladosporium), the odds of wheeze were reduced with 

elevated indoor dustborne yeast levels, even after adjusting for visible home dampness, 

endotoxin, or other known wheeze risk factors (10, 11).

How Do Fungi Modify Infant Wheeze Risk?

Fungi may be irritants, leading directly to airway inflammation, or may increase infection 

risk, leading to inflammation and bronchoconstriction (5). Early-life wheeze is usually 

induced by viral illnesses in vulnerable infants (18). While mold predicted increased risk of 

LRI (12), 97% children experienced their first wheeze prior to their first LRI, making LRI 

less likely to be on the pathway between early-life fungal exposures and wheeze expression.

Inhalant infant allergy is often undetectable. Nevertheless, the increased wheeze response to 

Alternaria of children with mold-sensitized mothers may be an early manifestation of 

allergic symptoms (19). We could not evaluate modification of infant wheeze risk by 

maternal sensitivity to other genera, as we only tested maternal IgE for Alternaria or 

Aspergillus.

Increased ambient basidiospore and ascospore concentrations during infancy were 

associated with increased wheeze odds at age 2 in a birth-cohort of 514 low-income, 

predominantly Mexican children in an agricultural region of California (20). However, in a 

subgroup of this population, there was no in-vitro evidence for a relative increase in Th2 

expression.

The protective role of dustborne yeasts adds to the small but growing evidence that not all 

fungi or fungal products need be risk factors for sensitization or a Th2 bias (21). While 

unmeasured confounders may explain the protective role of yeasts, we adjusted for several 

known potential confounders and predictors of early-life wheeze. Yeasts are unicellular 

fungi that are phylogenetically diverse, whereas the species we found to be harmful in our 

study are multicellular fungi. Variability in pathogen-associated molecular patterns 

(PAMPs) within yeast species as well as between unicellular and multicellular fungi may 

differentially stimulate innate responses through variable pattern-recognition receptors 

(PRRs). Toll-like receptor 2 (TLR2) recognize PAMPs from fungi, thereby initiating signal 

transduction pathways that induce expression of genes that regulate innate and subsequent 

adaptive immune responses (22). Molecular microbiologic studies may elucidate specific 
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components of innate microbiologic stimulants that lead to contrasting effects on wheeze 

development.

In a birth-cohort of 574 at-risk infants, high dust (1–3)-β-D-glucan concentrations (>60µg/g) 

appeared protective of recurrent wheezing by age one (23). Differential glucan levels 

between genera (24) and types of yeasts (25) may explain the variable associations with 

respiratory and allergic disease (26). Taxonomically-resolved exposure measures may 

clarify this inconsistency (27). The direction and magnitude of wheeze response may be 

related to the route, dose, and timing of exposure, and the child’s vulnerability factors (28). 

As gut immune responses are key to development of immune tolerance (29), ingestion of 

floor dust by infants and toddlers may result in protection, whereas aerosolized yeasts may 

be irritants. Moreover the yeasts that aerosolize may differ from yeasts in floor dust.

Method for Ascertainment of Mold Exposure May Influence Findings: No Gold Standard

Our study is one of the most comprehensive evaluations of early-life fungal effects on infant 

wheeze risk. Few studies have simultaneously measured fungi in outdoor air and indoor dust 

and air. Despite the potential health significance of exposures, cost considerations lead most 

studies to rely on visible mold. A Connecticut study of high-risk children measured indoor 

airborne, but not outdoor or dust culturable fungi (30). They reported increased age one 

wheeze risk for those 36 children with high Penicillium levels (30). Exposure to >75th 

percentile of indoor airborne Penicillium (but no other fungi) at age 3 months predicted 

increased age one wheeze risk in a smaller study of 103 at-risk infants from the low-income 

urban population of Syracuse, NY (31).

Indoor and outdoor airborne, but not dustborne measurements were available for the Inner-

City Asthma Study of mold-sensitive children (aged 5–11years) with asthma (6). Outdoor 

fungi predicted more asthma symptoms, whereas indoor fungi predicted more unscheduled 

emergency room or clinic visits in the past 2 weeks. As the investigators suggest, the short 

duration of air sampling, and lack of dust measures could have led to an underestimate of the 

role of indoor mold on asthma symptoms.

Compared to airborne fungi, bedroom dust fungi were most consistently linked to wheeze, 

likely because dust cultures represent a more time-integrated exposure than 1-minute air 

samples (1). There is no gold standard method to estimate mold exposure (5), and ideal 

studies use a combination of approaches. While concentrations vary temporally within 

homes (32), fungi in early-life were highly correlated with average annual concentrations. 

Moreover, our early-life measures represent a vulnerable period when exposures may 

influence immune and respiratory development (9).

Despite fungal seasonal variability, fungal-wheeze associations were independent of season; 

children born in winter had reduced wheeze risk (OR=0.58; 95% CI, 0.38–0.90), relative to 

other birth-seasons. Other seasonally variable in- utero or post-natal exposures (e.g., 

aeroallergens, vitamin D) may explain the role of birth-season in early-life wheeze (33).
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Study Limitations

In addition to sampling time and taxonomic resolution limitations, our analytical technique 

required spores be culturable, but non-detectable culturable fungi may include non-viable 

spores and fungal fragments that carry allergens or irritants. Strongly hydrophilic (water 

activity, aw>0.9) fungi may be underrepresented due to the high solute concentration in the 

culture media used, DG18 (34) or because very few homes were severely water-damaged. In 

fact, hydrophilic fungi (e.g., Fusarium, Stachybotrys) were rarely recovered as their growth 

and survival relies on continuously wet materials (4).

While we had sufficient power to assess ‘any wheeze’, we lacked power to fully evaluate the 

risk of ‘frequent wheeze’, which is more predictive of future asthma (35). We recognize the 

number of fungi evaluated may lead to chance findings. However, we found consistent 

results with the Lasso method (16).

CONCLUSIONS

In one of the most comprehensive evaluations of early-life fungal health effects, our 

prospective birth-cohort has shown that while wheeze rates were higher with exposures to 

fungi usually considered to be irritant or allergenic in sensitive subjects, yeasts in the home 

had a strong protective association with wheeze in infancy. The influences of fungi on the 

risk of wheeze may vary by form, functional differences in genera, by timing, dose, or mode 

of exposure, or by inherited susceptibility factors. Molecular microbiologic studies may 

elucidate specific components of innate microbiologic stimulants that lead to contrasting 

effects on wheeze development. Such studies may result in groundbreaking findings as 

translational research that could contribute to development of new targeted pharmacologic 

or biotic primary or secondary asthma and allergy therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

aw water activity (or equilibrium relative humidity, %ERH) is the vapor 

pressure generated by moisture present in a hygroscopic product. It 

represents the moisture content on a surface that is available for fungal 

growth

Bla g 1 or 2 Cockroach allergen from Blattella germanica
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bn billion

CFU colony-forming unit

CI confidence interval

D50 aerodynamic diameter cutpoint where 50%of the particles are captured. 

Above this cutpoint, a greater percentage is captured

DG18 dichloran-glycerol culture media

EPS-Pen/Asp extracellular polysaccharides from Penicillium or Aspergillus

EU endotoxin unit

IgE immunoglobulin E

Inc incorporated company

IQR interquartile range

lpm liters per minute

LRI lower respiratory illness

Ltd limited company

r correlation coefficient

SD standard deviation

Th1 type 1 T-helper cell

Th2 type 2 T-helper cell
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Figure 1. 
The distribution of airborne (indoor / outdoor) and dustborne (bedroom floor dust) fungal 

concentrations by sampling-season, at the homes of children (age 2–3 months) in the 

Epidemiology of Home Allergens and Asthma Study.
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