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Abstract

Mold growth indoors is associated with negative human health effects, and this growth is limited 

by moisture availability. Dust deposited in carpet is an important source of human exposure due to 

potential elevated resuspension compared to hard floors. However, we need an improved 

understanding of fungal growth in dust and carpet to better estimate human exposure. The goal of 

this study was to compare fungal growth quantity and morphology in residential carpet under 

different environmental conditions, including equilibrium relative humidity (ERH) (50%, 85%, 

90%, 95%, 100%), carpet fiber material (nylon, olefin, wool) and presence/absence of dust. We 
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analyzed incubated carpet and dust samples from three Ohio homes for total fungal DNA, fungal 

allergen Alt a 1, and fungal morphology. Dust presence and elevated ERH (≥85%) were the most 

important variables that increased fungal growth. Elevated ERH increased mean fungal DNA 

concentration (P < 0.0001), for instance by approximately 1000 times at 100% compared to 50% 

ERH after two weeks. Microscopy also revealed more fungal growth at higher ERH. Fungal 

concentrations were up to 100 times higher in samples containing house dust compared to no dust. 

For fiber type, olefin had the least total fungal growth, and nylon had the most total fungi and A. 
alternata growth in unaltered dust. Increased ERH conditions were associated with increased Alt a 

1 allergen concentration. The results of this study demonstrate that ERH, presence/absence of 

house dust, and carpet fiber type influence fungal growth and allergen production in residential 

carpet, which has implications for human exposure.
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1. Introduction

Asthma costs $81.9 billion per year in the United States alone [1] and affects 8% of the US 

population [2]. This disease disproportionally affects low-income communities and is 

associated with poor quality housing conditions [3]. Exposures within the residential built 

environment are important because 90% of our time is spent indoors [4], and these 

exposures may be responsible for up to 44% of physician-diagnosed asthma cases [5]. 

Common asthma triggers include mold products (e.g., antigens, inflammatory factors) that 

can contaminate building materials or deposit within house dust reservoirs.

Exposure to fungi in housing costs an estimated $22.4 billion per year, and losses include 

medical expenses, reduced work/school productivity, and lower quality of life [6]. Fungal 

exposure in the indoor environment is associated with an increased risk and severity of 

asthma and allergies [7–11]. Fungi contain many known allergens [12], including Alt a 1, a 

major fungal allergen found in the ubiquitous species A. alternata and related taxa within the 

Ascomycota order, Pleosporales [13]. Alt a 1 is a highly conserved allergen that can be 

found in Alternaria sp. and other common indoor fungal sources in the Pleosporales order, 

such as Ulocladium and Stemphylium [14–18]. Alternaria sp. and other cross-reactive fungal 

species that can produce the Alt a 1 allergen are present in 95–99% of homes [19,20]. It has 

known health effects, including being a risk factor for asthma and allergic rhinitis [21–25]. 

In addition to the inhalation of fungal components (spores, hyphae, and fragments), fungi 

can also release harmful chemicals, such as microbial volatile organic compounds (MVOCs) 

and mycotoxins into the air [26, 27]. In occupational settings, mycotoxins have been found 

to be associated with hypersensitivity pneumonitis, and with long term exposure, resulting in 

liver cancer [28]. MVOCs can lead to irritation of the eyes and upper respiratory tract as 

well as inflammatory reactions [29].

Fungal growth (indicated by visible mold or moldy odor) in a home is the strongest and most 

consistent feature associated with negative health effects [9,30]. Water availability is 
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generally the limiting factor for growth indoors because nutrients are provided in sufficient 

quantity to sustain fungal growth on dust particles [31,32]. Moisture may result in conidia 

germination, that can result in the additional release of allergens, including Alt a 1 [33,34]. 

Additionally, even relative humidity levels in the air can be sufficient to support microbial 

growth indoors [31], and dust itself is hygroscopic [35,36]. Dust is typically present on 

floors in homes at a loading of 1–20 g/m2 [37]. In the presence of excess moisture, fungi can 

grow on many substrates commonly found in residential homes including wood, insulating 

foam, wallpaper, concrete, and carpet [38]. Previous studies have shown that fungal growth 

is activated around elevated ERH conditions greater than 80% in building materials such as 

wallpaper and gypsum [39]. This is a growing area of concern as major storm events and 

increased stormwater runoff events due to urbanization are increasing the number of 

flooding events in residential homes [40].

Fungal growth indoors can include both unicellular and filamentous fungi. Filamentous 

fungi form long branching structures called hyphae that spread and form large networks 

called mycelia. Filamentous fungi, such as species placed in the order Eurotiales, form 

mycelium networks that include aerial hyphae that produce conidiophores from which 

emerge conidia. Abiotic or biotic disturbances can result in aerosolization and dissemination 

of these fungal bioaerosols, such as fungal fragments and especially spores/conidia that can 

be released into the air [41,42]. The optimal growth conditions for fungi vary by taxa, but 

most require typical ambient temperatures (such as 25 °C) and a water activity (aw) value of 

at least 0.65 [41]. Increased growth generally occurs at higher aw levels [43].

Fungal growth on building materials such as drywall and wood have been well-studied 

[39,44]. The type of building materials within the indoor environment play a crucial role in 

the types of microorganisms present and their ability to grow [45,46]. One material of 

particular interest is carpet. Resuspension of particles containing microbes following a 

disturbance on carpets is an important source of human exposure [47]. According to the 

Carpet and Rug Institute, carpets are the most common flooring material used in the built 

environment accounting for 51% of the total U.S. flooring market [48]. Carpet fibers can 

retain moisture, and the relative humidity in a carpet may be elevated above the surrounding 

room air [49]. Nylon carpet fibers (nylon 66 and nylon 6) have made up the majority of sales 

for residential carpets for decades [50,51]. Currently, there is a paucity of information in the 

peer-reviewed literature regarding fungal growth within carpets and dust as well as the role 

of factors such as carpet type, dust availability, and how relative humidity influences growth. 

We need to understand how conidia/spore attachment and hyphal growth occurs in varying 

indoor environmental conditions to provide insights for people afflicted with respiratory 

diseases. This knowledge is necessary to improve recommendations for cleaning practices, 

carpet material design and selection, and optimal indoor conditions. Ideally, this information 

can eventually lead to improvements in building design to support healthy microbial 

communities [52,53].

This study aims to characterize growth of fungi within carpets and identify differences in 

growth with varying (1) ERH levels, (2) fiber materials, and (3) presence or absence of 

house dust. We hypothesized that the presence of house dust, higher ERH conditions, and 

natural fibers such as wool would stimulate increased fungal growth in carpet in comparison 
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to no dust, lower ERH, and synthetic fibers. As a second indicator of fungal colonization, we 

also specifically consider the presence and production of the major fungal allergen Alt a 1 at 

each ERH condition.

2. Materials and methods

2.1. Experimental overview

Separate experiments were conducted which included an ERH Experiment (carpet with dust 

and dust only) (Fig. 1A) and a Materials and Dust Loading Experiment (Fig. 1B). These 

experiments were intended to test the effect of ERH, carpet fiber type, and dust loading on 

fungal growth on carpets. The materials and dust loading experiments were conducted 

together using the same samples in an experimental matrix. Total fungal DNA was 

quantified for all samples. A. alternata quantities were quantified for samples inoculated 

with A. alternata in the materials and dust loading experiments. The Alt a 1 protein was also 

quantified for all ERH conditions and the original dust (before incubation) using “Fiber-

Dust” samples.

2.2. Carpet samples

Carpets used for the ERH treatment study were collected from three residential homes in 

Ohio beginning in May of 2016 using a previously described sampling protocol [31] (Table 

S1). Household dust used in this study was collected from the same residents’ vacuum 

cleaners and filtered through a 300 μm sieve to remove large particulates. Carpet samples 

were stored in airtight plastic bags at room temperature until used in this study. Sieved dust 

samples were stored at room temperature in glass beakers covered with parafilm until use. 

New carpet was purchased which included 100% nylon, olefin (94% polypropylene, 6% 

nylon), and 100% wool carpet fibers and contained no antimicrobial coatings for use in this 

study. Carpet information for each sample including pile height, total mass of fibers, and 

material types were recorded (Table 1).

All carpet samples were cut into 5 cm × 5 cm squares and autoclaved at 121 °C for 1 h and 

dried at 100 °C overnight (~12 h) prior to incubation. Site 1 house dust for dust loading and 

fiber material experiments were also autoclaved in this way for the samples labeled as 

“Autoclaved House Dust” conditions. Carpet samples and house dust samples autoclaved in 

this manner did not exhibit growth when placed on a potato dextrose agar plate indicating a 

high degree of sterilization. However, it is unlikely that we achieved complete sterilization 

for these sample types as described in previous literature [54]. In carpet samples containing 

the household dust, a modified ASTM method F608-13 with a 12 cm long, 1440 g steel pipe 

was used to embed 50 mg of household dust into each carpet square from the same home 

avoiding a 1 cm area bordering the edge of the sample [31]. The dust loading quantity in our 

samples translates to 20 g of house dust per square meter of carpet which is consistent with 

previously observed loading values on flooring surfaces [37].

This study was approved by the Institutional Review Board at The Ohio State University 

(study 2016B0132).
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2.3. Fungal strain

A freeze-dried A. alternata strain was purchased from ATCC (Manassas, VA, USA), item 

number 66981, and rehydrated in sterilized distilled H2O overnight (~12 h). The rehydrated 

fungal strains were vortexed for 15 s and 10 μL aliquots were placed onto Potato Dextrose 

Agar (PDA) [Difco Potato Dextrose 24 g; Agar 15 g; Distilled H2O 1 L] culture plates. The 

PDA plates were incubated for 2 weeks at 25 °C. Media was supplemented with 0.025 g of 

chloramphenicol (Sigma Aldrich, St. Louis, MO, USA) to prevent bacterial contamination. 

A. alternata spores were harvested using a modified plate flooding method in which PBS-T 

[PBS + 0.1% Tween-20] was poured into each PDA plate, scraped with an inoculating loop, 

and the spore charge was then poured into a flask containing 2 mm garnet beads (ASTM 

G26). This solution was shaken vigorously to release spores from the hyphae and then 

filtered through sterile wool. This process was repeated to obtain a 106 spores/μL solution. 

Spores were resolved and counted by staining [Crystal Violet (Sigma Aldrich, St. Louis, 

MO, USA) 10 μL; Tween-20 (Fisher Bioreagents, Waltham, MA, USA) 10 μL; Spore 

Solution 10 μL; Distilled H2O 970.μL], 10 μL of which was aliquoted onto a 3 separate 

InCyto DHC-N01-5 Neubauer Improved C-Chips and viewed with a Labomed microscope 

with a 20x air objective lens. Approximately 11% of the fungal particles in the A. alternata 
spore suspension were fragmented hyphae as determined by microscopy.

2.4. Relative humidity control

Salt solutions were used to control ERH conditions inside of the incubation chambers and 

were comprised of MgCl2 and NaCl. For 50% ERH, 44.84 g of MgCl2 was added to 100 mL 

of DI water [31]. For 85, 90, and 95% ERH, a total of 46.76, 35.89, and 27.54 g of NaCl was 

added to 100 mL of DI, respectively. The water activity of each salt solution was measured 

on an Aqualab 4 TE Dew Point Water Activity Meter (Decagon Devices, Pullman, WA, 

USA) and adjusted if needed. The water activity measured in each salt solutions was in 

equilibrium with the ERH in each incubation chamber. The highest tested ERH (100%) was 

achieved by using deionized water (DI) only. A single layer of parafilm was placed over the 

top of each 3.8 L incubation jar to retain moisture inside and allow for CO2 transfer. Onset® 

HOBO® loggers (Bourne, MA USA) were placed in the incubation chambers to confirm 

ERH conditions stayed constant during the incubation period.

2.5. Inoculation and incubation

For samples inoculated with A. alternata, spores were deposited onto carpet squares using a 

Medline Aeromist Compact Nebulizer compression kit. The A. alternata spore solution was 

diluted in PBS to a 106 spores/mL concentration. The diluted spore solution (3 mL) was 

placed into the nebulizer tank. The 5 cm × 5 cm carpet squares were placed, fiber side up, 

into a 3.8L glass jar. A 5/16″ hole was drilled into the glass jar’s aluminum lid. Flexible 

plastic tubing was attached to the nebulizer tank and fed through the newly drilled hole in 

the aluminum lid (Fig. 2). The compressor was turned on for 10 min at a nebulizer fluid 

consumption rate of 0.18 mL/min to release the spores into the 1.9 L chamber. The aerosol 

particles were then allowed to settle in the chamber for an additional 10 min before placing 

the carpet samples into their incubation chambers. To demonstrate the spore coverage 

achieved on each carpet coupon, the inoculation process was repeated using crystal violet 
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dye. The dye showed that the spore mist was able to reach every area of the carpet coupon 

and an estimated 290,000 spores fell on each carpet sample (spore deposition calculated 

using concentration of spore solution and area of carpet coupon). Actual spore quantity 

deposited on carpet may be lower due to the assumption that all spores fell evenly to the 

bottom of the incubation chamber and that no spores exited the chamber during inoculation.

All samples were incubated in sterilized 3.8 L glass jars (Fig. S1) at 25 °C for 2 weeks in a 

VWR incubator (Radnor, PA 19087). Carpet samples from each site were placed into a 

common chamber and each separated by previously baked (550 °C) tinfoil to prevent any 

cross-contamination of the samples by contact. The tinfoil was arranged such that no excess 

moisture build up would occur near the samples. A salt solution (100 mL) was placed inside 

the beaker in each chamber to create the ERH condition being tested. Incubation chambers 

were checked multiple times per day and parafilm changed daily to prevent loss of ERH and 

prevent CO2 accumulation. Generally, the ERH remained at ± 2.5% of the desired ERH 

condition.

2.6. Microscopy

After 2 weeks of incubation, carpet fibers were cut from the sample squares using aseptic 

techniques and approximately 1.25 mg placed on Fisher Scientific (Hampton, NH USA) 

glass microscope slides (25 × 75 × 1 mm). For confocal and light microscopy, samples were 

fixed in 4% Paraformaldehyde (PFA) Solution in PBS (Affymetrix, Santa Clara, CA, USA). 

PFA solution (100 μL) was placed on each sample and allowed to sit for 2 h. Uvitex2B (50 

μL) was applied directly to the fixed samples and allowed to sit for 5 min. PBS was gently 

applied to the samples to rinse and was carefully pipetted off to prevent removing fungal 

structures. All samples were stored in the dark until microscopic analysis was performed on 

that same day. Uvitex 2B is a fluorescent stain (excitation 385 nm, emission 480 nm) for 

fungal polysaccharides that is effective for highlighting fungal structures (e.g., chitin) [55]. 

Sample preparation for Scanning Electron Microscopy (SEM) imaging consisted of 

extracting fibers and placing them on an aluminum stud with double-sided black carbon 

tape. The samples were then sputtered with 10 nm of gold to dissipate heat from the focused 

electron beam.

Fluorescent microscopy analysis was performed on a Nikon A1R Inverted Confocal (Nikon 

Insttruments Inc. Melville, NY USA) at the Campus Microscopy and Imaging Facility (Ohio 

State University). SEM imaging was performed on an Apreo LoVac Scanning Electron 

Microscope at the Center for Electron Microscopy and Analysis (Ohio State University).

2.7. Quantification by qPCR

Quantitative polymerase chain reaction (qPCR) was used to quantify total fungal DNA 

quantity in all samples as well as quantify A. alternata species in dust loading and materials 

experiment samples. qPCR was conducted in triplicate on extract from one physical sample 

for each condition. We took the average value of the three sites for analysis and also for 

calculation of variation in the ERH experiment samples (Fig. S2). Values were converted to 

“spore equivalent” units based on a standard curve of known A. fumigatus or A. alternaria 
spores using six 10-fold serial dilutions. This value was divided by the amount of material in 
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which the DNA was extracted. DNA was extracted from 50 mg of “Fiber-Dust” (ERH, 

carpet fiber, and dust loading samples) and house dust (ERH samples only). In this analysis, 

fiber-dust refers to the combination of carpet fiber material, embedded house dust, and 

biomass grown during incubation which was extracted by cutting the fibers from the original 

5 cm ÷ 5 cm carpet sample. Vacuumed dust samples were collected using a Eureka! Mighty 

Mite Vacuum cleaner with a modified attachment that held a 1.2 μm MCE filter (SKC, 

Eighty Four, PA, USA) in which the dust was collected.

DNA was extracted using a modified DNeasy Powerlyzer Power Soil Kit (Qiagen, Hilden, 

Germany) using a bead mixture (1 g 2 mm garnet beads, 0.1 g 0.5 mm glass beads, and 0.3 g 

0.1 mm glass beads) to efficiently break up fungal cell walls [56]. DNA was extracted from 

each carpet square and then analyzed in triplicate utilizing the developed qPCR (Applied 

Biosystems, Thermo Fisher Scientific, Waltham, MA USA). ERH samples were diluted to 

100X to prevent inhibition and materials/dust loading samples were diluted to 10X for qPCR 

analysis. qPCR was performed on an Applied Biosystems Quantstudio 6 Flex (Fisher 

Scientific, Waltham, MA, USA) and analyzed using Quantstudio Real-Time PCR Software 

v1.2 with a total reaction volume of 25 μL with SYBR Green PCR master mix.

Total fungal qPCR was determined using a fungal forward-primer FF2 (5′-
GTTAAAAAGCTCGTAGTTGAAC-3′) and reverse primer FR1 (5′-
CTCTCAATCTGCAATCCTTATT-3′) as a “universal” fungal primer derived from the 

fungal 18 S rRNA gene [57]. qPCR conditions for FF2/FR1 reactions included 1 cycle of 50 

°C for 2 min and 95 °C for 10 min followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 

min. “Universal” fungal qPCR reactions included 12.5 μL of Applied Biosystems SYBR™ 

Green PCR Master mix (Fisher Scientific, Hampton, NH, USA), 0.75 μL 10 μM FF2 primer, 

0.75 μL 10 μM FR1 primer, 9 μL DNAse free water (Thermo Fisher Scientific, Waltham, 

MA, USA), and 2 μL of extracted sample DNA per well. A. alternata primers were used for 

species specific quantification in all samples. These primers were designed based on 

alignment of β-tubulin gene sequence, forward-primer AaltFor (5′-
GTGCCTTCCCCAAGGTCTCCG-3′) and a reverse-primer AaltRev (5′-
CGGAAACGAGGTGGTTCAGGTC-3′) [58]. Temperature-time profile for AaltFor/

AaltRev primers included 1 cycle of 50 °C for 2 min and 95 °C for 10 min, followed by 40 

cycles of 95 °C for 30 s and 70 °C for 1 min. A. alternata-specific qPCR reactions included 

12.5 μL of Applied Biosystems SYBR™ Green PCR Master mix (Fisher Scientific, 

Hampton, NH, USA), 0.125 μL 100 μM AaltFor primer, 0.125 μL 100 μM AaltRev primer, 

10.25 μL DNAse free water (Thermo Fisher Scientific, Waltham, MA, USA), and 2 μL of 

extracted sample DNA per well.

Before qPCR analysis, DNA extraction efficiencies were determined for each fiber material 

by spiking 20 μL of a 106 spores/μL solution of A. fumigatus onto 50 mg of each fiber 

material. DNA extraction efficiencies for nylon, olefin, and wool fiber were calculated using 

Equation (1) and deviations were determined by using propagation of error (Equation (2)). 

Nylon and wool fiber materials showed nearly 100% extraction efficiency of spike DNA 

compared to the amount recovered from the spike with no carpet fibers present, which was 

used for our standards. The DNA extraction method was not as efficient with olefin fibers 

which only showed 56% efficiency, potentially due to inhibition of the fiber material (Table 
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S2). These extraction efficiencies were used only in fiber-dust qPCR analyses. qPCR values 

for each sample were calculated to units of spore equivalents per mg of fiber-dust (Equation 

(3)). qPCR inhibition tests were performed on all samples by using a A. fumigatus spore 

extract as a spike and no inhibition of the reaction was detected (data not shown).

Efficiency % = Quantity from fiber material
Quantity from spore solution ∗ 100 (1)

σ = σspore solution
2 + σfiber

2 (2)

Spore Equivalents
mg of Fiber − Dust = Spore Equivalents

μ L of DNA Extract× 50 μ L DNA Extract
50 mg of “Fiber − Dust” (3)

2.8. Fungal sequencing

Total DNA extracted from dust samples (Site 1, 2, 3) was sequenced on Illumina MiSeq at 

RTL Genomics in Lubbock, TX. This sequencing used fungal rRNA amplicons (ITS1F and 

ITS2aR ribosomal DNA primers [59]) with 2 × 300 bp sequencing reads. Data (raw fastq 

files) was analyzed with the bioinformatics pipeline QIIME (version 1.9) [60]. The spacers 

and primers were trimmed and the paired end reads were joined utilizing the SeqPrep 

method [61]. Sequences were trimmed to a Phred score of 20 with 3 low-quality base cells 

allowed before truncating.

Fungal taxonomy represented in the samples was determined using BLAST version 2.2.28+ 

[62] along with the UNITE database [63] and FHiTINGS version 1. 4 [64]. Absolute 

abundance of organisms in the samples was determined by dividing the number of sequences 

from each species by the total number of sequences in each sample. This proportional value 

was then multiplied by the spore equivalents of total DNA as measured by qPCR [65].

2.9. Alt a 1 allergen measurement

Alt a 1 was chosen as a model allergen for this study due to its presence in a majority of 

homes and the potential negative health impacts on residents. Carpet “Fiber-Dust” samples 

were extracted with PBS 0.05% Tween, pH 7.4 (Sigma Life Science, St. Louis, MO, Cat 

#P3563-10PAK) at a concentration of 100 mg/mL for 1 h at 30 °C using a rotating shaker. 

These samples were stored at −20 °C until analysis. Alt a 1 was measured by ELISA (Indoor 

Biotechnologies, Charlottesville, VA, Cat # EL-AA1) [13] with amplification using a 

streptavidin poly-HRP80 conjugate (Fitzgerald Industries International, North Acton, MA, 

Cat # 65R–S105PHRP) [66]. This enhanced the sensitivity of the assay ranged from the 

published 200 pg/mL to ~4 pg/mL (data not shown). Along with the standards and samples, 

a diluted allergen extract of an A. alternata/Alternaria tenuis (Stallergenes Greer, Boston, 

MA, Cat # XPM1D3A25) was run as a quality control to confirm that the amplified assay 

was not over- or under-estimating results.
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2.10. Statistical analysis

All samples analyzed by qPCR were done in triplicate and the results were analyzed with 

Statistical Analysis Software (SAS), version 6.2.9200. Statistical significance was 

considered P < 0.05. We tested the hypothesis that increased ERH would be associated with 

increased fungal DNA concentration by comparing the amount of fungal DNA present in 

different ERH conditions for each site using a Spearman Rank Correlation Coefficient. We 

also tested the hypothesis that differences in fiber material and dust loading would be 

associated with differences in fungal DNA concentration. Differences in the amount of 

fungal DNA present in different fiber materials and dust loading samples were compared 

using a Satterthwaite Two Sample t-test and Pearson Correlation Coefficient. Statistical 

analyses on Alt a 1 concentration included Satterthwaite Two Sample t-test and Spearmen 

Rank Correlation Coefficient.

3. Results

Microscopic evaluation revealed fungal structures on carpet fibers, including fungal spores/

conidia (Figs. 3, 5D and 8) and hyphae (Figs. 3, 4C–E, 5B–E, 7, and 8B). Spore/conidia 

chains (Fig. 3A), septate hyphae (Fig. 3A and B), and conidiophores (Figs. 3B, 4C and 5D, 

and 8B) were also observed indicating growth and reproduction of fungi within the carpet 

materials (Fig. 3). Additional SEM examples of fungal growth on carpet fibers can be found 

in supplemental information (Fig. S3). qPCR analyses showed differences in ERH 

conditions (Fig. 6), dust loading (Fig. 9), and type of carpet fiber materials (Fig. 9) affected 

fungal quantities and Alt a 1 production (Fig. 10). Results are detailed below.

3.1. Relative humidity

We evaluated differences in fungal morphology and quantity in carpet at different ERH 

levels. 50% ERH showed few fungal spores and no growth for all sample sites (Figs. 4A and 

5A). Qualitative microscopic observations revealed fungal spore quantity slightly increased 

at 85% ERH (Figs. 4B and 5B). At 90% ERH hyphae were observed on carpet fibers 

indicating fungal growth (Figs. 4C and 5C). At 95 and 100% ERH similar fungal quantities 

were observed (Fig. 4D–E and 5D–E), however, the presence of conidiophores and conidia 

chains was qualitatively greater at 95% ERH (Fig. 5D). No fungal structures were observed 

via SEM imaging in site 3 samples at 90, 95, or 100% ERH conditions. This may have been 

due to the limited sensitivity of SEM compared to the full-size of the carpet coupon as qPCR 

results showed substantial fungal colonization of these samples (Fig. 6). Microscopy 

revealed that fungal hyphal networks directly on the carpet fibers increased in size and 

numbers with increasing ERH (Fig. 4).

SEM imaging showed a similar trend as the fluorescence microscopy, with little to no fungal 

growth at 50% and 85% (Fig. 5A–B), small hyphal structures began to emerge at 90% ERH 

(Fig. 5C), and elongated hyphae with conidia production at 95% and 100% ERH (Fig. 5D–

E). The majority of fungal conidia shown in SEM images (Figs. 5, 8 and 11) were consistent 

as A. sydowii due to their globose to sub-globose morphology characterized by a spiny outer 

cell wall surface ornamentation. This species was also highly abundant in the sample based 

on Illumina sequencing of the ITS region at 100% ERH (Table S3). For each site location 
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the original dust (before incubation) was also sequenced (Table S4) and revealed the 

preexisting presence of A. sydowii Fig. 5 shows an example of carpet samples at low to high 

ERH conditions viewed on SEM.

For ERH samples, total fungal DNA quantities were measured using three different 

measurements as the normalizing factor including (1) fiber-dust, a combination of fibers and 

dust, (2) dust incubated without carpet, and (3) dust only, that was extracted from carpet 

with a Eureka! Mighty Mite vacuum after incubation. As ERH increased, the total fungal 

concentration also generally increased. The total fungal quantity from Sites 2 and 3 

increased with increasing ERH. Site 1 showed similar trends from 50% to 95% ERH but the 

total quantity at 100% ERH was lower than that at 95% ERH. For each site, the total fungal 

concentration normalized to fiber-dust mass were significantly lower at all ERH conditions 

when compared with dust only and vacuumed dust sampling methods (Fig. 6). We calculated 

associations between fungal concentrations and ERH levels in dust using a Spearman Rank 

Correlation Coefficient (Table 2), and did this comparison with each sampling method 

(“Fiber-Dust”, dust only, and vacuumed dust). We used the average fungal concentration 

value as determined by qPCR for each of the 3 sites at all 5 ERH conditions (15 points total 

for each sampling method) for the Spearman Rank calculations. Fungal DNA quantity for 

each site and sampling method exhibited strong correlations (rs > 0.86) and statistical 

significance (P < 0.0001) with ERH level.

3.2. Carpet fiber material and dust loading

The effects of carpet fiber materials and dust loading on fungal growth was determined by 

inoculating A. alternata onto carpet samples and incubating at 100% ERH. A total of three 

carpet fiber materials were tested that included olefin, wool, and nylon using newly 

purchased carpet. Three different dust loading scenarios were also tested with each carpet 

fiber material: carpet containing no dust, carpet containing autoclaved house dust, and carpet 

containing unaltered house dust. All dust originated from Site 1.

SEM analyses of A. alternata-inoculated carpet fiber materials showed that fungal growth 

appeared most abundant in olefin fibers with high quantities of conidia and large hyphal 

networks (Fig. 7C). Wool exhibited the second highest fungal growth with moderate to large 

hyphal structures and conidial chains (Fig. 7B). Nylon showed the least amount of fungal 

growth with minimal presence of conidia and small hyphae (Fig. 7A).

Through SEM analysis, qualitative observations showed that A. alternata-inoculated samples 

containing no dust had almost no observable fungal structures. In autoclaved dust, we 

observed hyphal structures consistent with A. alternata hyphae in low quantities, but spores 

were not found (Fig. 7C). No A. alternata was definitively observed in house dust loaded 

samples. Other fungal species, putatively identified as Aspergillus and Penicillium spp., 

were observed in both autoclaved and house dust loaded samples, with larger quantities in 

the latter. Fungal growth was observed in house dust in all experiments (Fig. 8).

Total fungal and A. alternata quantities were determined via qPCR for dust loading and 

carpet fiber material experiments (Fig. 9). A qPCR comparison of fungal DNA quantities 

estimated by total fungal primers (FF2/FR1) and A. alternata specific primers (AaltFor/
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AaltRev) was done by quantifying the A. alternata standards used as samples using total 

fungal primers with A. fumigatus standards. This comparison showed that A. alternata DNA 

quantities should be increased by a factor of 2, when comparing total fungal load to the A. 
alternata specific load. This is due to the different region of the fungal DNA amplified by 

each primer set, with the multiple-copy ITS region for FF2/FR1 and single-copy β-tubulin 

for AaltFor/AaltRev.

Olefin fibers showed the lowest amount of total fungi in all dust loading conditions. Wool 

fibers showed the largest amount of total fungal quantities in no dust and autoclaved house 

dust samples, while nylon fibers showed the greatest in unaltered (non-sterilized) house dust. 

For sterilized carpet samples with A. alternata, wool fibers with autoclaved house dust 

showed the greatest increase in fungal growth, followed by nylon then olefin fibers. In 

unaltered house dust, nylon fibers showed the greatest A. alternata quantity followed by 

olefin then wool fibers. All fiber materials showed little to no growth in samples containing 

no dust.

Samples containing no dust showed almost no fungal growth in both total fungal and A. 
alternata measurements. Total fungal quantities were highest in samples containing unaltered 

house dust, while these quantities in autoclaved house dust were only slightly elevated 

compared to samples containing no dust. Inoculated A. alternata quantities were highest in 

samples containing autoclaved house dust, while only small quantities were measured in 

both samples with no dust and unaltered house dust (Fig. 9). We found that both material 

type and dust loading were statistically significantly associated with differences in fungal 

concentration in carpet (P < 0.05) with the exception of total fungal load of nylon and olefin 

fibers with no dust as well as A. alternata loads in nylon and olefin fibers with no dust and 

wool and olefin fibers with house dust.

3.3. Alt a 1 allergens

Alt a 1 was quantified in original dust samples (no incubation) and in all ERH treatment 

conditions (50, 85, 90, 95, and 100% RH) after 2 weeks for all three site locations using the 

“Fiber-Dust” sampling method. Site 1 and 2 Alt a 1 allergen quantities were very similar in 

the original dust and throughout all ERH conditions (Fig. S4). Site 3 original dust contained 

approximately 10 times more Alt a 1 when compared to Sites 1 and 2. Once incubated with 

increasing humidity, similar trends were observed in all three sites with increasing Alt a 1 

allergen quantities starting at 95% ERH (Fig. 10). For all sites, Alt a 1 showed minimal to no 

increase in concentration for 50, 85, and 90% ERH, when compared to each site’s respective 

original dust concentration (Fig. S4). At 95% ERH, Alt a 1 allergen quantity increased by 10 

times the original dust, while at 100% ERH this increased to 100 times the original dust for 

all three sites (Fig. S4). Alt a 1 allergen concentrations for all three sites were averaged and 

similar trends were observed for the combined data (Fig. 10). Alt a 1 allergen concentration 

exhibited a strong correlation (rs > 0.86) and statistical significance (P < 0.0001) with ERH 

level. Satterthwaite two sample t-tests also showed statistical significance (P < 0.05) 

differences in Alt a 1 concentration when comparing the original dust and 95%–100% ERH 

conditions (Table S6).
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4. Discussion

ERH conditions, carpet fiber material, and presence of house dust all have significant impact 

on fungal growth in carpet. Elevated ERH conditions of greater than 90% and the presence 

of house dust favored increased fungal growth as indicated by fungal DNA abundance and 

visualization of fungal vegetative (hyphae) and reproductive (conidiophores and conidia) 

structures. Fungal growth in carpet fiber material was varied depending on the dust loading 

type. Wool fibers showed the most fungal growth in no dust and autoclaved house dust 

conditions, while nylon fibers showed the most in unaltered house dust. In all dust loading 

conditions, olefin fibers facilitated the least amount of fungal growth. These results align 

with previous quantitative results of fungal growth in house dust [31] and reiterates the 

strong link between fungal growth and moisture. Elevated ERH (>90%) also favored the 

production of the Alt a 1 allergen. The presence of these fungal structures reiterates that 

fungi can grow if sufficient moisture is available.

If sufficient moisture is present, the second most important factor to promote fungal growth 

was the presence of house dust to promote fungal growth in carpet. Quantitative analyses 

showed a significantly lower quantity of fungal growth on carpet samples containing no 

house dust compared with autoclaved and unaltered house dust. This was further 

demonstrated by increased fungal quantities in dust even in the absence of carpet fibers. The 

fungal DNA abundance was substantiated by microscopic (fluorescence and scanning 

electron microscopy) visualization of fungal structures on dust and carpet fibers compared to 

samples lacking any dust. House dust can be an important source of nutrients such as 

organic carbon, nitrate, phosphate, and sulfate providing levels 4 times greater than the 

stoichiometric requirements for microbial growth [31]. Fungal species, such as A. versicolor 
and A. fumigatus, can grow on many inorganic materials, especially in hygroscopic 

conditions and in the presence of absorbed dust that serves as a suitable substrate [67,68]. 

The combined presence of dust and moisture results in microbial growth and metabolic 

activity [69]. Fungal communities can even degrade chemicals found in the dust [70]. House 

dust is also highly variable in size and chemical contents based on geography, occupancy, 

presence of pets, ventilation, cleaning practices, and seasons which can all affect the 

quantity and diversity of microbial communities [71–73]. This highlights a need for better 

understanding of house dust chemistry and its influence on microbial growth. When 

compared to smooth flooring materials, carpets retain more dust [74] and also have higher 

particle resuspension rates [75,76]. In addition, standard vacuum cleaning usually only 

removes dust from the top layer of the carpet, allowing dust to collect in the bottom portion 

and remaining available for microbial uptake [77]. Studies have also shown that vacuum 

filter penetration can be ~10–37% for particles 0.5–3.3 μm, suggesting smaller fungal spores 

and fragments can potentially be resuspended into the air during the vacuum cleaning 

process [78]. Based on the similar fungal DNA quantities observed with dust only (no 

carpet) and vacuumed dust (from carpet), it may show that the synthetic carpet fibers do not 

contribute to fungal growth but act as a reservoir for the dust to settle and remain in the 

home. This highlights the importance of adequate dust removal in carpet to minimize 

potential fungal growth in flooring.
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Fungal DNA quantity generally increased as ERH conditions elevated. The presence of 

conidiophores and conidia in carpet samples with dust and at elevated ERH (≥80%), 

suggests these conditions create the significant risk of direct inhalational exposure to fungal 

conidia/spores, some of which can have negative impacts on human health. The conidia that 

were attached to carpet fibers did not appear to have any physical attachment method, but 

more likely were held in place by electrostatic charge or similar forces (Fig. 11) [79]. These 

spores are vulnerable to release in the air by abiotic and biotic disturbances such as walking 

across the carpet, air movement from fans/ventilation systems, and vacuuming. Our data 

suggest that to mitigate fungal growth and possible adverse health effects, occupants should 

consider monitoring their relative humidity for elevated levels. Currently, the US EPA 

recommends the relative humidity to be maintained between 30 and 50% and definitely 

below 60% [80]. Relative humidity is the measure of moisture content in the air which can 

be easily measured with a variety of instruments available at local hardware stores. ERH, as 

measured in the study, refers to the condition when the relative humidity in the air is in 

equilibrium with the water activity of the surface (in this case carpet) in an enclosed space 

[81]. It is important to note that elevated RH in the air is enough to saturate carpet fiber 

materials, including nylon, wool, and polypropylene, due to their hygroscopic properties 

[49]. Several of the ERH levels used in this study are higher than what may be experienced 

in the built environment. However, these levels are not unreasonable in a bathroom after a 

shower, next to a water leak, in a home with recent flooding, or other suboptimal condition 

that results in the infiltration of moisture.

We observed differences in fungal growth based on carpet fiber materials. Wool is a fibrous 

keratin protein, which can be a source of metabolizable amino acids. Several strains of fungi 

isolated from soils, including Trichophyton sp., Fusarium sp., Trichoderma sp., and 

Cladosporium sp., have been previously shown to metabolize wool fiber substrates utilizing 

kertinase enzymes to cleave di-sulfur bonds [82]. It is possible that other carpet-colonizing 

species may also have keratin degrading ability, such as Dermatophyte species and some 

plant pathogens such as A. alternata that has been shown to grow on wool carpet fibers 

containing no dust (Fig. 7B). A. alternata was observed tunneling through wool fibers 

indicating potential trophic interactions (Fig. 12). These observations were made in carpets 

with autoclaved dust so further investigations are needed to determine if keratin degradation 

was occurring in the samples.

In the presence of unaltered house dust, nylon fiber materials showed the highest total fungal 

and A. alternata quantity. The reasons for this finding could be investigated in future work. 

The samples containing no house dust showed the largest total fungal and A. alternata 
growth in wool fiber materials. This may be more indicative of the effect of carpet fiber 

material on fungal growth in the absence of house dust. In all cases, olefin carpet fibers 

showed the least amount of fungal quantities. This information can provide guidance for 

consumers, especially those sensitive to allergies or with asthma, for purchasing carpet 

materials, such as olefin or polypropylene blend, that may reduce their risk for harmful 

exposure to fungi and their metabolites. However, regardless of material type, controlling 

dust and moisture remain the most important factors.
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Alternaria sp. and their production of Alt a 1 can have significant impacts on respiratory 

health for sensitized populations [25,83,84]. Fungal sequencing data (Tables S3 and S4) and 

Alt a 1 allergen concentrations (Fig. 10) in this study also show that an increase in total 

Alternaria sp. present in “Fiber-Dust” samples corresponded to an increase in total Alt a 1 

allergen concentration at 100% ERH. Site 3 samples contained a much higher baseline 

concentration of Alternaria sp. and 100X more Alt a 1 when compared to sites 1 and 2 

(Table S7). Alt a 1 concentration for all sites increased with greater fungal growth as ERH 

increased and this increase was more prominent at highly elevated ERH (>95%) conditions. 

In addition to supporting more Alternaria growth, elevated ERH conditions have been shown 

to increase gene expression in fungal species [32] and spore/conidia germination, which 

could also increase Alt a 1 production in these conditions [85]. However, others have found 

that A. alternata spore counts, a major source of the Alt a 1 allergen, did not correlate well 

with Alt a 1 concentrations, suggesting the absolute amount of fungi is not the only 

determining factor for Alt a 1 levels [86]. This study did not determine if the increase in Alt 

a 1 concentration was a result of larger quantities of Alternaria sp. or that these species were 

producing more Alt a 1 at elevated ERH and future studies are needed to address this 

question.

Previous studies have also examined levels of fungi based on various building materials. 

Regarding carpets, Li and Kendrick showed that fungal quantities in the air are significantly 

higher in rooms that contain carpets compared to those without [87]. Nielson et al. showed 

increased fungal growth, measured as coverage (%), with elevated RH in a variety of 

residential building materials such as woods, plywood, gypsum, and wallpapers [39]. Similar 

studies have described fungal growth, as a frequency (%), on materials such as plaster, paint, 

concrete, and glass fibers from water damaged buildings [88]. Consistent with our results on 

the importance of ERH, studies involving different gypsum materials showed the effect of 

wetted conditions significantly altered the fungal community structure and metabolic 

activity compared to dry conditions [44]. Future studies on metabolic activity and better 

determination of fungal community compositions on carpet materials over varying ERH 

conditions could help elucidate when harmful fungal species begin to thrive.

Microbiologists and architects have already recognized the potential of utilizing the 

microbiology of the built environment to address real world health and sustainability 

concerns. Previously, the goal was to attempt to eliminate as many microorganisms as 

possible to create a “healthy” indoor environment. However, this goal is changing as we 

begin to understand that a lack of microbial diversity can cause immune system 

dysregulation, increasing occurrences of chronic diseases such as asthma and allergic rhinitis 

[89]. Defining and promoting a healthy biodiverse microbiome indoors, where we spend 

most of our time could improve health for building occupants [90]. We already know that we 

are engineering an indoor microbial ecosystem by building design choices such as 

architectural design, ventilation, and surface material types [91–93]. An improved 

understanding of fungal composition of different carpet microbiomes and the factors 

contributing to fungal growth in materials such as carpet can eventually lead to 

improvements in building design to promote healthy indoor microbial communities.
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4.1. Limitations

One limitation of this study is the small number of replicates for each experimental 

condition, and future studies could include additional replicates within and across sites. The 

scope of this study was limited to the fungi present in sampled carpet and one strain of A. 
alternata, and other fungal species could demonstrate different results. Carpet fibers 

analyzed via microscopy may not be a comprehensive representation of fungal morphology 

in the whole carpet sample for each condition tested. The fibers (1.25 mg) that were used in 

microscopy analyses were relatively small compared to the total number of fibers on the 5 

cm × 5 cm carpet coupons. Furthermore, qPCR, confocal, and SEM imaging were all 

performed on one sample for each condition which means fungi may have been removed 

during confocal analysis and may have not been identified via qPCR or SEM. Additionally, 

the absorbent nature of the carpet fiber materials and their retention of the fluorescent stain 

may have obscured visualization of all fungal cells by fluorescence microscopy. This study 

did not take in account fungal growth on polyester carpet which has become a major fiber 

material in residential flooring [94]. In addition, carpet fiber pile heights were varied in these 

studies, and the effect of pile height on fungal growth is unknown. Each site sampled 

displayed different fungal growth patterns with ERH changes. This may be attributed to the 

chemical composition of each site’s house dust, which was not analyzed in this study. In 

addition, qPCR values are reported in spore equivalents and will not account for differences 

in DNA extraction efficiency, amplification bias, or gene copy number between species 

[65,95]. Quantification of fungi by DNA is unable to determine fungal viability in the 

samples as well as fungal cell types (hyphae vs conidia). However, combining the DNA data 

with allergen levels can be useful since non-viable fungal fragments can still contain 

allergens. Standard limitations for fungal ITS sequencing such as amplification bias may 

cause error in the rank of fungal species in this analysis. We also analyzed dust from a 

limited number of homes for this study, and additional sites and geographic variability 

between sites could be further evaluated in future work. Direct qPCR spore quantity 

comparisons between total fungal DNA and A. alternata may not be accurately reflected due 

to differences in the gene region each primer set targeted. Total fungal primers amplified the 

ITS region while the A. alternata specific primers targeted the β-tubulin region.

5. Conclusions

We demonstrated that elevated ERH, fiber material, and dust presence all influence 

microbial growth in carpet. The most important factor that contributes to fungal growth in 

carpets as well as allergen levels is elevated moisture, followed by the presence of house 

dust. Olefin carpet fibers appear to be the best choice for minimizing fungal and A. alternata 
growth compared to nylon and wool fibers. Allergen sensitive individuals may consider solid 

floors over carpet since dust removal is easier and more effective, and resuspension rates for 

dust are lower. This would be especially important in areas of high moisture, such as a 

bathroom. These results have implications for future home design and maintenance of carpet 

that can potentially improve human health.
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Fig. 1. 
Summary of samples and conditions: (A) Study design for the effects of relative humidity in 

carpet embedded with dust and the dust by itself, (B) study design for the effect of common 

fiber materials wool, nylon, and olefin, and study design for the effect of autoclaved house 

dust, unaltered house dust, and no dust (B). Each square represents a 5 cm × 5 cm carpet 

coupon. Dust was distributed in center of carpet coupon before embedding. Each circle 

represents 50 mg of house dust only. All analyses were done with one physical carpet 

coupon and with triplicate qPCR measurements.
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Fig. 2. 
(A) Schematic of Inoculation setup. A compressor forces air into the nebulizer containing 

the A. alternata spore suspension. The nebulized solution exits the nebulizer and flows into 

the glass jar onto the carpet in the bottom. (B) Glass jar at time = 0 and (C) Glass jar at time 

= 10 min.
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Fig. 3. 
SEM images of samples incubated at 95% ERH and 25 °C for 2 weeks showing (A) spore/

conidia chains and (B) conidiophores which are signs of fungal asexual reproduction. Both 

images were from Site 2 ERH experiment (Fig. 1A).
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Fig. 4. 
Confocal images of vegetative and reproductive fungal structures on nylon carpet fibers (Site 

3). Samples were incubated at 25 °C for 2 weeks at (A) 50%, (B) 85%, (C) 90%, (D) 95%, 

and (E) 100% ERH conditions. Samples were fixed with 4% PFA, stained with Uvitex 2B, 

and gently washed with PBS.
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Fig. 5. 
SEM images of (A) dust on fibers, no growth at 50% ERH, (B) small hyphae on fiber at 

85% ERH (C) spores on fiber with small hyphal structures at 90% ERH, (D) spores, large 

hyphae, and conidiophores at 95% ERH, and (E) large hyphal networks and spores on fibers 

at 100% ERH. Samples were incubated at 25 °C for 2 weeks. Images A – C are from Site 1, 

Image D is from Site 2, and Image E is from Site 3.
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Fig. 6. 
Total fungal DNA qPCR results for Sites 1–3. Samples from each site were incubated at 25 

°C for two weeks at each ERH condition and embedded with house dust from their 

respective sites. “Fiber-Dust” samples were a combination of carpet fibers and dust extracted 

together, vacuumed dust was incubated in carpet and then vacuumed, and the dust only 

samples were never embedded in a carpet. All samples are done in triplicate and at 100X 

dilution. Error bars displayed are standard deviation of triplicate samples. P < 0.05 for all 

quantities within each site.
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Fig. 7. 
SEM images of A. alternata on (A) nylon, (B) wool, and (C) olefin carpet fibers. All samples 

were incubated at 25 °C for 2 weeks at 100% ERH and embedded with Site 1 autoclaved 

house dust.
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Fig. 8. 
House Dust and fungal growth at 100% ERH. (A) fungal spores on dust particle, (B) hyphae 

with reproductive structures resembling Aspergillus conidiophore associated house dust at 

100% ERH, (C) fungal spores on dust particle at 100% ERH, and (D) fungal spore attached 

to possible hair fiber or dust strand at 95% ERH.
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Fig. 9. 
qPCR results for dust loading and carpet fiber materials. Total fungal and A. alternata 
specific quantities were measured for all samples. Error bars displayed are standard 

deviation of three technical replicate qPCR measurements for each single carpet coupon. All 

samples incubated at 25 °C for 2 weeks at 100% ERH. Statistical data can be found in Table 

S5. *P < 0.05, **P < 0.005.
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Fig. 10. 
Alt a 1 allergen quantity for all site’s original dust (OD) and after incubations at 50, 85, 90, 

95, and 100% ERH. Quantities represent the average of all three sites and error bars shown 

represent the 95% confidence interval. All samples were incubated for 2 weeks at 25 °C. Alt 

a 1 allergen ELISA measurements were made on “Fiber-Dust” samples for each site and 

ERH condition, while OD measurements were dust only samples with no incubation. 

Statistical analyses of Alt a 1 measurement are outlined in Table S6.
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Fig. 11. 
Putative Aspergillus sydowii spores resting on nylon carpet fiber. Carpet embedded with 

house dust from Site 2. Incubated for 2 weeks at 25 °C and 95% RH.
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Fig. 12. 
A. alternata penetrating wool carpet fiber. Carpet embedded with autoclaved dust and 

inoculated with A. alternata. Incubated for 2 weeks at 25 °C and 100% RH.
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Table 1

Carpet sample information per 5 cm by 5 cm coupon.

Sample Pile Height (mm) Mass of Fibers (g) Fiber Material Pile Type Backing Material New/In-Home Extraction

Olefin 60 1.34 Olefin Looped Synthetic Jute New

Wool 60 0.98 Wool Looped Synthetic Jute New

Nylon 130 2.65 Nylon Cut Plush Felt New

Site 1 120 2.62 Nylon Cut Plush Synthetic Jute In-Home

Site 2 180 0.85 Nylon Cut Plush Synthetic Jute In-Home

Site 3 100 1.46 Nylon Cut Plush Synthetic Jute In-Home
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Table 2

Correlatation analysis of qPCR concentrations versus ERH conditions. Average qPCR measurements from 

each of the 3 sites at each of the 5 ERH conditions were used to calculate the Spearman Rank Correlation 

Coefficient.

Sample Method Spearman Rank Correlation Coefficient p-value

Fiber-Dust 0.88 < 0.0001

Dust Only 0.92 < 0.0001

Vacuumed Dust 0.87 < 0.0001
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