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Abstract
House dust mites (HDMs) including Dermatophagoides spp. are an important cause of res-
piratory allergies. However, their relationship with microorganisms in house dust has not 
been fully elucidated. Here, we characterized bacteria and fungi associated with HDMs 
in house dust samples collected in 107 homes in Korea by using DNA barcode sequenc-
ing of bacterial 16S rRNA gene, fungal internal transcribed spacer 2 (ITS2) region, and 
arthropod cytochrome c oxidase I (COI) gene. Our inter-kingdom co-occurrence network 
analysis and/or indicator species analysis identified that HDMs were positively related 
with a xerophilic fungus Wallemia, mycoparasitic fungi such as Cystobasidium, and some 
human skin-related bacterial and fungal genera, and they were negatively related with the 
hygrophilous fungus Cephalotrichum. Overall, our study has succeeded in adding novel 
insights into HDM-related bacteria and fungi in the house dust ecosystem, and in confirm-
ing the historically recognized fact that HDMs are associated with xerophilic fungi such as 
Wallemia. Understanding the microbial ecology in house dust is thought to be important 
for elucidating the etiology of human diseases including allergies, and our study revealed 
baseline information of house dust ecology in relation to HDMs. The findings could be 
useful from a perspective of human health.
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Introduction

House dust mites (HDMs) belong to the family Pyroglyphidae and inhabit human dwell-
ings, with examples including Dermatophagoides farinae, Dermatophagoides pteronyssi-
nus, and Euroglyphus maynei. Many of them are cosmopolitan and distributed worldwide 
(Colloff 2009; Thomas 2010). In Korea, they are frequently detected in house dust, with D. 
farinae being reported as the most predominant species followed by D. pteronyssinus (Ree 
et al. 1997). HDMs are known to be allergenic and more than 60 allergens of Dermatopha-
goides spp. are reported by the WHO/IUIS Allergen Nomenclature Sub-committee (http://​
aller​gen.​org/) as of December 2021. Moreover, a recent proteogenomic study identified 
additional allergen-like proteins (Erban et al. 2020b). HDM allergens are associated with 
allergic rhinitis and asthma, and exposure to them is known to exacerbate asthma in chil-
dren who are sensitized to them (Kanchongkittiphon et al. 2015). According to one esti-
mate, 1–2% of the world’s population and 50% of asthma patients are sensitized to HDM 
allergens (Caldert al. 2015). In Korea, HDM is the most common type of aeroallergens 
to which about 30–40% of the patients with allergic rhinitis and/or asthma are sensitized 
(Park et al. 2019).

House dust mites inhabit human dwellings. The indoor reservoirs of HDMs include 
carpets, upholstered furniture, mattresses, bedding, and settled house dust (Portnoy et al. 
2013). These indoor microenvironments serve not only as habitats for HDMs, but also for 
other arthropods (Bertone et al. 2016; Madden et al. 2016), such as domestic cockroaches 
(Bernton and Brown 1964; Kang et al. 1979). Additionally, human dwellings serve as habi-
tats for microorganisms such as bacteria (Jeon et al. 2013; Thompson et al. 2021) and fungi 
(Adams et al. 2013; An and Yamamoto 2016). Consequently, a unique ecosystem is formed 
in house dust, which is a mixture of human dander, animal hair and dander, pollen, plant 
debris, food debris, soil and fiber, and can be the source of nutrients for them (van Bron-
swijk 1981).

The co-occurrence of HDMs and microorganisms in house dust has been investigated 
historically by culture and microscopic observation (Sinha et  al. 1970; Lustgraaf 1978b; 
Rijckaert et al. 1981), but more recently by DNA sequencing (Loo et al. 2018). By analyz-
ing HDMs in culture, the associations between HDMs and microorganisms (bacteria and 
fungi) have been investigated in  vitro, both inside (intestine) and outside (environment) 
of the mites (van Bronswijk and Sinha 1973; Lustgraaf 1978a; Oh et al. 1986; Hay et al. 
1992; Hay et al. 1993; Hubert et al. 2019; Klimov et al. 2019; Nesvorna et al. 2021). Over-
all, these studies revealed that fungi in small quantity are beneficial to HDMs in that fungi 
digest lipids and proteins in house dust and facilitate the absorption of nutrients by HDMs 
and that HDMs utilize fungi as a food source (Van Asselt 1999; Acevedo et  al. 2019). 
However, large amounts of fungi are known to be detrimental because the dense coloni-
zation of fungi is thought to impede the movement of HDMs and/or produce toxins that 
are harmful to HDMs (Van Asselt 1999; Acevedo et al. 2019). Taxonomically, xerophilic 
fungi, such as Wallemia sebi and Aspergillus penicillioides, are known to be related to xer-
otolerant HDMs (Lustgraaf 1978a; Lustgraaf 1978b; Van Asselt 1999). However, there is 
still a lack of detailed information on taxonomical composition and diversity of bacteria 
and fungi related to HDMs, especially in actual dust systems in homes (i.e., in vivo).

Here, we aimed to characterize bacteria and fungi associated with HDMs in house 
dust samples collected from homes in Korea. We used DNA barcode sequencing of bac-
terial 16S rRNA gene, fungal internal transcribed spacer 2 (ITS2) region, and arthropod 
cytochrome c oxidase I (COI) gene to detect and identify these organisms. HDMs were 
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detected and identified by DNA barcode sequencing of the arthropod COI gene. The use 
of culture-independent high-throughput DNA barcoding has the advantage of being able 
to detect rare species and species that are difficult to culture (Shinohara et al. 2021), and 
allows characterization of the full spectrum of bacterial and fungal microbiomes associated 
with HDMs in house dust. Based on the results of DNA metabarcoding, we identified bac-
teria and fungi associated with HDMs in house dust by statistical methods such as network 
analysis and indicator species analysis.

Materials and methods

Sample collection and preparation

A total of 107 settled house dust samples in homes in Seoul city and Gyeonggi province 
of South Korea were collected by a field technician during April and May of 2021. The 
descriptive statistics of sampled homes are summarized in Table S1. Each of the dust sam-
ples was collected from the vacuum cleaner of the resident and enclosed into a sterilized 
zipper bags and transported to a laboratory. A sieve with 150 µm stainless mesh was used 
to remove large particles from each sample. Prior to each sieving, the mesh was washed 
with tap water using a scourer, rinsed with soapy water, deionized water, and acetone in 
that order, and dried. More than 1.2 g of each sieved dust sample was obtained and stored 
in a sterilized vial and kept at −20 °C until the subsequent experiment.

DNA extraction

The genomic DNA was extracted from 0.025 g of each sieved dust sample using AccuPrep 
Stool DNA Extraction Kit (Bioneer, Daejeon, Korea). For DNA extraction, 0.025 g of each 
sieved dust sample, 20 µl of proteinase K, 400 µl of SL buffer from the extraction kit, 0.3 g 
of 0.1 mm diameter glass beads, and 0.1 g of 0.3 mm diameter glass beads were added into 
sterilized 2-ml tube and homogenized by a beadbeater-24 (Biospec Products, Bartlesville, 
OK, USA). After homogenization, the genomic DNA was eluted into 50 µl of TE (10 mM 
Tris–HCl, 1 mM EDTA, pH 8.0) by the kit’s protocol. The extracted DNA was kept at −80 
°C until the following experiment.

DNA sequencing

Three DNA barcode markers targeting arthropods, bacteria, or fungi were PCR ampli-
fied separately. For arthropods, the cytochrome c oxidase I (COI) gene was amplified with 
primers BF1 and BR2 (Elbrecht and Leese 2017). For bacteria, the 16S rRNA gene was 
amplified with primers Bakt_341F and Bakt_805R (Herlemann et al. 2011). For fungi, the 
internal transcribed spacer 2 (ITS2) region was amplified with primers fITS7 and ITS4 
(White et al. 1990; Ihrmark et al. 2012). For the tagged sequencing on a MiSeq platform 
(Illumina, San Diego, CA, USA), the primers with the adapter sequences were used.

Each PCR reaction mixture (25 µl) contained 12.5 µl of the 2× PCR Solution Premix 
Taq (Takara Bio, Otsu, Shiga, Japan), and 1 µl of extracted DNA. The concentrations of 
primers were 0.5 µM for arthropods, 1 µM for bacteria, and 0.33 µM for fungi. For arthro-
pods, the PCR thermal cycle was 94 °C for 3 min for initial denaturation, followed by 35 
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cycles of 94 °C for 30 s, 50 °C for 30 s, and 65 °C for 90 s, and completed at 65 °C for 
5 min for final elongation. For bacteria and fungi, the PCR thermal cycle was 95 °C for 
5 min for initial denaturation, followed by 35 cycles of 95 °C for 30 s, 55 °C for 30 s, and 
72 °C for 60 s, and completed at 72 °C for 10 min for final elongation. After amplification, 
the PCR products were purified by AMPure XP beads (Beckman Coulter, Brea, CA, USA). 
After purification, the index PCR was conducted with the Nextera XT Index Kit v.2 (Illu-
mina) against each of the purified PCR product. For the index PCR, the thermal cycle was 
95 °C for 3 min for initial denaturation, followed by 8 cycles of 95 °C for 30 s, 55 °C for 
30 s, and 72 °C for 30 s, and completed at 72 °C for 5 min for final elongation.

The indexed PCR products were purified by AMPure XP beads (Beckman Coulter) and 
quantified by Quant-iT PicoGreen ds DNA reagent kit (Life Technologies, Carlsbad, CA, 
USA). The quantified samples were normalized, pooled with the internal control PhiX 
(30%), and injected to the v.3 600 cycle-kit reagent cartridge (Illumina) for 2×  300  bp 
paired-end sequencing on an Illumina MiSeq system.

Taxonomic assignment

The sequencing data processing method for bacterial libraries was described in our pre-
vious paper (Woo and Yamamoto 2020). Briefly, USEARCH v.11.0.667 (Edgar 2010) 
was used for quality trimming and taxonomic assignment. Low-quality reads with >1.0 
expected errors and/or those with lengths <200  bp were excluded. From the resultant 
reads, unique sequences were identified. Using the UNOISE algorithm (Edgar and Flyvb-
jerg 2015), chimeric reads were also removed, and zero-radius OTUs (ZOTUs) were iden-
tified. The SINTAX algorithm (Edgar 2016) was used for bacterial taxonomic assignment 
of each ZOTU against the RDP training set v.18 (rdp_16s_v18.fa.gz) with a cutoff confi-
dence value 0.8.

For arthropod libraries, taxonomic assignments were performed in mothur v.1.48.0 
(Schloss et al. 2009). First, we constructed a custom reference database of arthropod COI 
gene sequences. In total, 6,037,295 arthropod COI gene sequences were downloaded from 
the Barcode of life data system (BOLD) v.4 on July 28, 2021, from which, using the pcr.
seqs command, those amplifiable by the arthropod primer pair used in this study were 
incorporated into our database. The sequences containing ambiguous reads were removed 
using the screen.seqs command. In total, 75,526 sequences were obtained and 22 human 
mitochondrial DNA sequences (Table S2) were added and incorporated into our custom 
database. Second, the obtained arthropod COI gene sequence reads were taxonomically 
assigned against our custom database. The forward and reverse reads of each sequence 
were combined with the make.contigs command. For combined reads, the screen.seqs 
command was used with criteria of 250 min-length, 450 max-length, and 0 max ambigu-
ous reads to eliminate low-quality reads. Then, unique sequences were identified using the 
unique.seqs command. The identified unique sequences were aligned to our custom data-
base with the align.seqs command. From the aligned sequences, gaps were removed using 
the degap.seqs command, and sequences amplifiable with our primer pair were selected 
using the screen.seqs command. Subsequently, the unique sequences were screened for 
chimeric reads using chimera.vsearch command and removed. The remaining reads were 
taxonomically assigned against our custom database. The reads assigned to human mito-
chondrial DNA were removed using the remove.lineage command, and amplicon sequence 
variants (ASVs) were identified with the classify.otu command for the remaining reads.
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For fungal libraries, our previously reported method (An and Yamamoto 2016) was used. 
Briefly, the reads after quality trimming were taxonomically assigned using the BLAST 
2.12.0+ against the reference database (sh_general_release_dynamic_s_10.05.2021.fasta) 
downloaded from UNITE (Nilsson et al. 2018; Kõljalg et al. 2020) from which sequences 
of ambiguous species were removed. Specifically, the reference database initially contained 
98,090 sequences, but we excluded sequences of ambiguous species (denoted as ‘Ascomy-
cota_sp’) to prepare the database containing only 42,881 unambiguous sequences. After 
taxonomic assignment, FHiTHINGS (Dannemiller et al. 2014) v.1.5 was used to summa-
rize the number of sequences at each taxonomic rank with a cutoff of 0.001.

Diversity analysis

The obtained high-quality sequence reads were analyzed using the phyloseq package 
(McMurdie and Holmes 2013), vegan package (Oksanen et al. 2017), and R v.4.2.1. Prior 
to performing diversity analysis, bacterial ZOTUs classified as Streptophyta (green plants) 
or Zea (maize) at the genus level were excluded. After the exclusion, bacterial and arthro-
pod ZOTUs and fungal reads that have the same taxonomy were merged by the tax_glom 
function in phyloseq package. Then, bacterial, fungal, and arthropod libraries were rarefied 
into 1,100, 4,700, and 400 reads, respectively. Based on the rarefied libraries, the estimate_
richness function in phyloseq package was used to measure α diversity indices of bacterial, 
fungal, and arthropod libraries. Furthermore, β diversity analysis was conducted based on 
the rarefied libraries with the Jaccard similarity coefficient and Bray–Curtis dissimilarity. 
To compare dissimilarities, the adonis2 function in vegan package was used for performing 
permutational multivariate analysis of variance (PERMANOVA).

Network analysis

We constructed an inter-kingdom co-occurrence network at the genus level for fungi, bac-
teria and arthropods using the SParse InversE Covariance estimation for Ecological ASso-
ciation Inference (SPIEC-EASI) package v.1.1.2 in R (https://​github.​com/​zdk123/​Spiec​
Easi/) (Kurtz et al. 2015). All the count tables were filtered prior to running SpiecEasi to 
include only genera found in at least 20% of samples. The Meinshausen-Buhlmann (MB) 
method for neighborhood selection with a lambda minimum ratio of 1e-2 and nlambda of 
40 was used for the network inference. Network plots were displayed using Gephi software 
(https://​github.​com/​gephi/​gephi).

Indicator species analysis

The indicator species analysis was performed to identify bacterial and fungal genera sig-
nificantly associated with HDMs (Dermatophagoides spp.). Specifically, the samples were 
divided into ‘High HDM’ or ‘Low HDM’ groups using the median value of the relative 
abundance of HDMs obtained by analysis of arthropods as a threshold. Bacterial and 
fungal genera that were disproportionately high in relative abundance in ‘High HDM’ or 
‘Low HDM’ groups were identified using the ‘multipatt’ function (with ‘r.g’ function and 
9,999 permutations) in the R package ‘indicspecies’ (De Caceres and Legendre 2009) in R 
v.4.2.1.

https://github.com/zdk123/SpiecEasi/
https://github.com/zdk123/SpiecEasi/
https://github.com/gephi/gephi
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Results

Sequencing statistics

From a total of 107 settled house dust samples, 94 arthropod libraries, 103 bacterial librar-
ies, and 103 fungal libraries were prepared. Some samples (13 samples for arthropods, and 
four samples for bacteria and fungi) were not PCR amplified, so the libraries could not be 
constructed. A total of 3,792,537 high-quality sequence reads consisting of 631,800 reads 
of arthropods, 1,301,958 reads of bacteria, and 1,858,779 reads of fungi were obtained 
(Table S3).

Arthropods

House dust mites of the genus Dermatophagoides were detected from 86 of 94 dust sam-
ples (91.5%) analyzed (Fig. 1 A). The mean relative abundance of Dermatophagoides in all 
analyzed samples was 28.7%. In total, 981 ASVs were assigned to Dermatophagoides or 
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Fig. 1   Relative abundance of A arthropod genera identified based on the COI gene, B bacterial genera iden-
tified based on 16S rRNA gene, and C fungal genera identified based on the ITS2 region. For each organ-
ism, the top-30 most abundant genera are shown. The tree shows the log-transformed Euclidean distance of 
the compositional similarity of the genera shown
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Tyrophagus, and centroid sequences of 35 sequence clusters from these ASVs are shown in 
Supplementary Data 1. Tyrophagus (mold mite) was detected from 43 of 94 dust samples 
(45.7%) analyzed. The mean relative abundance of Tyrophagus in all analyzed samples was 
2.4%. It is known that eight species of mites are found in dust in South Korea, including 
three major species: D. farinae, D. pteronyssinus, and Tyrophagus putrescentiae (Jeong 
et al. 2012). Dermatophagoides farinae is known to be the most dominant (65.3% of the 
total mite individuals), followed by D. pteronyssinus (20.6%) and T. putrescentiae (6.5%) 
(Ree et al. 1997). In our study, both Dermatophagoides and Tyrophagus were detected. The 
misidentification of other mite species as Dermatophagoides or Tyrophagus is unlikely as 
the sequenced COI regions are dissimilar among the mite species inhabiting Korea (Fig. 
S1).

The measured relative abundance of Dermatophagoides ranged from 0 to 96.6%, and 
the median and mean values were 15.8% and 28.7%, respectively. Based on its relative 
abundance, the samples were divided into groups of first (Q1), second (Q2), third (Q3), 
and fourth (Q4) quartiles (Fig. 2) for the subsequent α diversity analysis. In the β diver-
sity and indicator species analyses, the group combining Q1 and Q2 was named the ‘High 
HDM’ group, and the group combining Q3 and Q4 was named the ‘Low HDM’ group.

Bacteria

The abundant bacteria identified from settled house dust appears to be related with the 
human microbiome, especially skin, mucous, and oral cavity. Specifically, the dominant 
genera and their mean relative abundances were Staphylococcus (23%), Corynebacterium 
(14%), Streptococcus (9%), Lactobacillus (8%), and Cutibacterium (4%). The top-30 bacte-
rial genera and their abundance are shown in Fig. 1B.
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Fig. 2   Cumulative distribution of the relative abundance of the number of sequences of house dust mites 
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relative abundance for subsequent analyses
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Fungi

Among fungi, Malassezia, which is the resident yeast on human and animal skin, was 
the most abundant genus throughout the samples with 21% of mean relative abundance. 
Saccharomyces, which is the genus containing yeasts, was also abundant throughout the 
sample and its mean relative abundance was 20%. Lentinula and Pleurotus, the well-
known edible mushrooms, each showed 5% of mean relative abundance. The top-30 
fungal genera identified from the settled house dust samples are shown in Fig. 1 C.

Alpha diversity

As mentioned, the samples were divided into groups of first (Q1), second (Q2), third 
(Q3), and fourth (Q4) quartiles based on the relative abundance of HDMs (Der-
matophagoides  spp.) (Fig.  2). The α diversity indices of bacteria and fungi observed 
in each group were presented in Fig. S2. There were no significant differences between 
the groups for all diversity indices and organisms tested (Kruskal-Wallis test: p > 0.05). 
The descriptive statistics of α diversity indicators of each organism is listed in Table S4, 
and the rarefaction curves are shown in Fig. S3.

Beta diversity

Beta diversity analysis was performed to compare bacterial and fungal communities 
between the ‘High HDM’ and ‘Low HDM’ groups (Fig. S4). On both the community 
structures (Bray–Curtis dissimilarity) and memberships (Jaccard similarity), the effects 
of the groups appear to be small in both bacteria and fungi (PERMANOVA: r2 < 0.03).

Inter‑kingdom network

The inter-kingdom co-occurrence network among fungi, bacteria and arthropods genera 
in the house dust consisted of 289 nodes (227 fungi, 57 bacteria and five arthropods) 
and 922 edges (69.85% positive and 30.15% negative co-occurrences) (Fig.  3). We 
found that HDMs (Dermatophagoides) were associated with five genera, with a positive 
association with Wallemia (fungi), and negative associations with Faecalimonas (bac-
teria), Cephalotrichum (fungi), Dinoderus (arthropods) and Lasioderma (arthropods) 
(Table  1). The complementary cumulative distributions of the network metrics, such 
as centralities, are shown in Fig. S5. The top 200 cross-taxon edges with the highest 
observed interactions are listed in Table S5.

Indicator genera

The indicator species analysis revealed several bacterial and fungal genera that were 
found in the ‘High HDM’ and ‘Low HDM’ groups. Four bacterial genera were found to 
be disproportionately abundant in the ‘High HDM’ group (Table 2). No indicator bacte-
rial genus was found in the ‘Low HDM’ group. Similarly, nine fungal genera were found 
to be disproportionately abundant in the ‘High HDM’ group, with examples including 
Coniothyrium, Cystobasidium, Torulaspora, Trichophyton, and Zygosaccharomyces 
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Fig. 3   Inter-kingdom co-occurrence network of fungi, bacteria and arthropods genera in settled house 
dust samples constructed using the SpiecEasi method. Nodes represent individual genera, and edges rep-
resent significant positive (green edges) and negative (red edges) associations. The size of each node is 
proportional to the number of connections (degree). The organisms associated with house dust mites (Der-
matophagoides) are highlighted with thick lines. The weight values of top 200 cross-taxon edges with the 
highest observed interactions are listed in Table S5

Table 1   Genera found to be 
associated with house dust mites 
(HDMs) (Dermatophagoides) by 
the inter-kingdom co-occurrence 
network analysis

Type Genus Weight Interaction

Bacteria Faecalimonas – 0.0351 Negative
Fungi Wallemia 0.0589 Positive

Cephalotrichum – 0.0472 Negative
Arthropods Dinoderus – 0.0278 Negative

Lasioderma – 0.0925 Negative
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Table 2   Indicator bacterial genera of house dust mites (HDMs) (Dermatophagoides) identified by indica-
tor species analysis. The samples are classified into ‘High HDM’ or ‘Low HDM’ groups based on relative 
abundance of HDMs. The ‘High HDM’ group contains the samples in Q1 and Q2, and the ‘Low HDM’ 
group contains the samples in Q3 and Q4. The grouping into Q1, Q2, Q3, or Q4 follows the method shown 
in Fig. 2

a There was no indicator bacterial genus identified for the Low HDM group

Group Genus Association 
value

p Frequency (%) Mean relative abun-
dance (%)

High HDM Low HDM High HDM Low HDM

High HDMa Lautropia 0.326 0.0005 89.36 72.34 0.486 0.156
Granulicatella 0.248 0.0055 70.21 65.96 0.111 0.040
Neisseria 0.207 0.021 93.62 93.62 2.068 0.705
Stenotropho-

monas
0.122 0.023 76.60 65.96 1.015 0.067

Table 3   Indicator fungal genera of house dust mites (HDMs) (Dermatophagoides) identified by indica-
tor species analysis. The samples are classified into ‘High HDM’ or ‘Low HDM’ groups based on relative 
abundance of HDMs. The ‘High HDM’ group contains the samples in Q1 and Q2, and the ‘Low HDM’ 
group contains the samples in Q3 and Q4. The grouping into Q1, Q2, Q3, or Q4 follows the method shown 
in Fig. 2

Group Genus Association 
value

p Frequency (%) Mean relative abun-
dance (%)

High HDM Low HDM High HDM Low HDM

High HDM Trichophyton 0.270 0.0010 55.32 55.32 0.449 0.055
Gliomastix 0.238 0.0080 25.53 12.77 0.077 0.015
Coriolopsis 0.217 0.039 12.77 4.26 0.037 0.011
Quixadomyces 0.206 0.042 14.89 6.38 0.030 0.012
Zygosaccharo-

myces
0.206 0.023 27.66 10.64 0.041 0.012

Tulostoma 0.203 0.031 23.40 10.64 0.019 0.009
Coniothyrium 0.201 0.040 19.15 12.77 0.031 0.009
Cystobasidium 0.158 0.020 95.74 95.74 1.439 0.329
Torulaspora 0.128 0.018 21.28 14.89 0.214 0.010

Low HDM Sporothrix 0.233 0.0037 2.13 19.15 0.006 0.024
Setoseptoria 0.224 0.024 2.13 17.02 0.014 0.016
Neocosmos-

pora
0.204 0.024 14.89 25.53 0.016 0.044

Vuilleminia 0.193 0.044 10.64 17.02 0.007 0.028
Nectria 0.186 0.031 14.89 25.53 0.014 0.085
Lyomyces 0.184 0.040 6.38 14.89 0.015 0.046
Candida 0.167 0.026 85.11 89.36 0.196 3.875
Lepiota 0.128 0.046 8.51 14.89 0.007 0.089
Wettsteinina 0.128 0.033 14.89 19.15 0.036 2.057
Fomitopsis 0.118 0.027 0.00 12.77 0.000 0.075
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(Table 3). Conversely, 10 fungal genera were found to be disproportionately abundant in 
the ‘Low HDM’ group.

In Fig. 4, the relative abundances of bacteria and fungi are shown that were found to be 
associated with HDMs (Dermatophagoides) by the indicator species analysis and/or co-
occurrence network analysis.

Discussion

Using DNA metabarcoding followed by indicator species analysis and/or network analy-
sis, this study identified bacteria and fungi associated with HDMs (Dermatophagoides) 
in settled house dust in Korea. In some previous studies (Horak et  al. 1996; Li et  al. 
2022), HDMs (number of mites or allergen levels) and microorganisms (bacteria and/
or fungi) in house dust have been measured in parallel. In this study, we used DNA 
metabarcoding to identify arthropods, including HDMs, and microorganisms (both bac-
teria and fungi) and statistically analyzed their co-occurrences. We discovered that the 
microorganisms positively related with HDMs included the xerophilic fungi, mycopara-
sitic fungi and some human skin-related bacteria, and those negatively related included 
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Q1 Q2 Q3 Q4

Stenotrophomonas

Neisseria
Lautropia
Granulicatella

Faecalimonas

Relative abundance (%)

0.01 0.1 1 100.001

Lyomyces
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Nectria
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Wettsteinina
Trichophyton
Cystobasidium
Wallemia
Candida

Vuilleminia

Fomitopsis
Sporothrix
Setoseptoria
Lepiota
Coriolopsis
Quixadomyces

Fig. 4   Relative abundance of A bacteria and B fungi that were found to be associated with house dust mites 
(HDMs) (Dermatophagoides) by the indicator species analysis and/or co-occurrence network analysis. 
The genera shown in red and green indicate the genera that were negatively and positively associated with 
HDMs, respectively. Each column of the heatmaps represents a house dust sample. From left to right, the 
columns are arranged in descending order based on the relative abundance of HDMs. The tree shows the 
log-transformed Euclidean distance of the compositional similarity of the genera
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the hygrophilous fungi. These findings were made possible because we could collect a 
large number of house dust samples (n = 107) to ensure enough statistical power.

Wallemia was found to be positively networked with HDMs. Wallemia is a xerophilic 
fungus with species such as Wallemia sebi commonly found in house dust (Desroches 
et al. 2014). The coexistence of Wallemia and HDMs has also been reported by previous 
studies. For instance, W. sebi has been isolated from HDMs in culture (Hay et al. 1992). 
A more recent DNA-based study has reported that Wallemia is the predominant fungus 
in the microbiome of D. pteronyssinus in culture (Hubert et al. 2019). An in vitro study 
also suggested that the growth of xerophilic fungi on the media stimulated increase in 
the number of HDMs, although the effect of Wallemia was small compared to other 
xerophilic fungi, e.g., Aspergillus penicillioides (Lustgraaf 1978a). These studies may 
suggest that xerophilic fungi, including Wallemia, may be suitable food sources for 
HDMs. Additionally, field studies have also reported co-detection of xerophilic fungi 
such as W. sebi and A. penicillioides and HDMs in indoor dust, which have been ana-
lyzed by conventional culture and microscopic methods (Lustgraaf 1978b; Rijckaert 
et  al. 1981). Using DNA metabarcoding, our study also revealed that Wallemia and 
HDMs were networked in house dust ecosystems. The co-occurrence of HDMs and 
Wallemia seems reasonable because they are both xerotolerant and therefore their eco-
logical preferences may be similar. For instance, HDMs are reported to survive even in 
an environment maintained at 10% relative humidity (RH), if they are exposed to a high 
relative humidity (90% RH) for 1.5 h a day (de Boer and Kuller 1997), and 65–75% RH 
has been reported to be optimal for their population growth (Arlian 1992; Arlian et al. 
1998).

Cystobasidium was also relatively abundant and positively associated with HDMs by 
the indicator species analysis. Cystobasidium is a pink-to-orange colored basidiomycete 
yeast that is genetically distant but resembles Rhodotorula in appearance (Yurkov et  al. 
2015), a commonly found indoor yeast (An and Yamamoto 2016). Rhodotorula, previ-
ously a polyphyletic genus, used to contain some species of Cystobasidium, but they are 
now separated (Wang et  al. 2015; Yurkov et  al. 2015) in response to recent changes in 
the code of fungal nomenclature (Hawksworth et al. 2011). Cystobasidium spp. have often 
been isolated from soil (Li et al. 2020). Our study shows that it is not uncommon in house 
dust in Korea. Cystobasidium is known to be mycoparasitic (Bauer et al. 2006; Wang et al. 
2015). One hypothesis that Cystobasidium was positively related with HDMs may be due 
to its mycoparasitism. Interestingly, mycoparasitism or killer activity against other fungi is 
also known for Coniothyrium (Campbell 1947), Torulaspora (Rosa-Magri et al. 2011), and 
Zygosaccharomyces (Weiler and Schmitt 2003), which were also positively related with 
HDMs. We speculate that these mycoparasitic yeasts or filamentous fungi are beneficial to 
HDMs as they may prevent from excessive fungal growth, which is known to be detrimen-
tal to HDMs (Van Asselt 1999; Acevedo et al. 2019).

Cephalotrichum was identified as a fungus that is negatively related with HDMs by net-
work analysis. The genus Cephalotrichum contains the former synnematous genus Dorato-
myces (Woudenberg et al. 2017). Doratomyces is reported to have grown in the building 
envelope that appeared to be in chronically wet conditions (Morey 2011), and is known 
to occur on wet cellulosic substrates such as wood (Woudenberg et al. 2017). The nega-
tive correlation between HDMs and hygrophilous Cephalotrichum appears to be consistent 
with the known fact that large amounts of fungi are not beneficial to HDMs (Van Asselt 
1999; Acevedo et al. 2019). It may be possible to hypothesize that the lack of co-occur-
rence between xerotolerant HDMs and hygrophilous Cephalotrichum is due to the dense 
fungal colonization and/or the differences in habitat or ecological preferences.
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In addition to fungi, some bacteria have been found to be positively related with HDMs 
in house dust by indicator species analysis. We speculate that it is due to their relation-
ship with human skin. For instance, Granulicatella, Lautropia, and Stenotrophomonas 
have been reported to be detected on human skin (Dekio et al. 2007; Gao et al. 2007; Ross 
et al. 2017). Similarly, Trichophyton was also found to be positively related with HDMs in 
house dust, and this fungus is also known to be associated with human skin (Wang et al. 
2021). It is thought that human skin-related bacteria and fungi likely co-occur with HDMs, 
as HDMs are known to eat human skin fragments that are abundant in house dust (van 
Bronswijk 1981). In addition, Neisseria, which is known to be found mainly in the upper 
respiratory tract as a commensal and/or pathogenic bacterial genus (Weyand 2017), is also 
found to be positively related with HDMs. Exposure to HDMs is known to affect airway 
microbiome diversity, and Neisseria is known to be more abundantly detected in patients 
with allergic rhinitis induced by HDMs (Chiu et al. 2017, 2020). Therefore, one hypoth-
esis we can propose is that exposure to HDMs caused allergic reactions such as rhinitis to 
increase Neisseria in the airways of the residents, which in turn increased Neisseria in the 
house dust.

However, no association was found with other abundantly detected skin-related bacteria 
such as Staphylococcus and Corynebacterium. In addition, no association was found with 
HDMs with Malassezia and Saccharomyces, the two most abundantly detected fungal gen-
era. These fungal genera are known to be associated with HDMs under laboratory condi-
tions. For example, Malassezia has been suggested to have a persistent symbiotic relation-
ship with HDMs (Nesvorna et al. 2021). Saccharomyces is known to be food for HDMs 
(Molva et al. 2019). However, in our study, neither network analysis nor indicator species 
analysis showed a significant relationship between these microorganisms and HDMs. One 
explanation is that in the actual indoor environment, these microorganisms may be present 
in much higher abundance than is required as food or as symbionts of HDMs, compared 
to the controlled laboratory conditions reported by the previous studies. If it is true that 
the abundances of these genera always far exceed those required for HDM in the actual 
indoor environment, it would explain that these genera are not the controlling factor of 
HDM abundance and therefore not correlated with HDMs.

A negative association was found between HDMs and Candida, which seems to con-
tradict the results of previous laboratory-based studies (Hubert et al. 2019; Nesvorna et al. 
2021). We do not know the reason. One possibility is that the abnormally high abundances 
of Candida observed in three samples (samples 26, 96, and 152) biased the overall statisti-
cal result. However, more research is needed on this point.

Recent studies have reported more about bacteria inside the mites in culture, and 
some studies report intracellular bacteria symbiotic to the mites, such as Cardinium 
(Erban et  al. 2020a; Hubert et  al. 2021) and Bartonella or Bartonella-like bacteria 
(Valerio et  al. 2005; Hubert et  al. 2012; Kim et  al. 2018), which are thought to serve 
as indicators of the mites. In our study, however, neither Cardinium nor Bartonella was 
detected, which may be due in part to our reference database. In fact, our database lacks 
a reference Cardinium sequence, but we also expect that it is possible that Cardinium 
was absent in our samples, as Kim et al. (2018) reported the absence of Cardinium in 
the Korean D. farinae strain in culture. Our database contained 44 reference sequences 
of Bartonella (Table S6). To identify the possible bias in our method, we performed an 
in silico analysis and scrutinized ZOTUs assigned to the order Rhizobiales to which 
Bartonella belongs (Supplementary Information). We could confirm that our method 
can unambiguously detect and identify Bartonella. Therefore, we consider that Bar-
tonella was truly absent in our DNA libraries. The absence of Bartonella may be due 
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to the differences in microbiome between the mites. For example, T. putrescentiae is 
known to have populations with and without endosymbiotic bacteria (Erban et al. 2021). 
Another study analyzing the microbiome of D. pteronyssinus in culture did not also 
report on Bartonella (Nesvorna et  al. 2021), indicating the absence of Bartonella in 
their population. Additionally, another explanation is that Bartonella was present but 
was below detection limit because its abundance was too low compared to other bacte-
ria contained in house dust whose abundance is much higher than the abundance of the 
mites themselves.

In both bacteria and fungi, HDMs had negligible effects on the community struc-
ture Bray–Curtis dissimilarity) and membership (Jaccard similarity) (PERMANOVA: r2 
< 0.03), suggesting that the role of HDMs in shaping the characteristic microbial com-
munities in house dust is small. In fact, our network analysis revealed that HDMs (Der-
matophagoides) were located peripherally in the network of the house dust ecosystem. The 
relatively small values of network metrics such as degrees and centralities calculated for 
Dermatophagoides also support that HDMs play only peripheral roles in shaping the over-
all microbial communities in house dust.

A caveat of this study is that the quantification of organisms is relative. The measured 
relative abundance might be affected, especially among species of arthropods. Specifically, 
even if the absolute abundance is the same, the relative abundance of one species becomes 
high if the abundance of other species is low. This effect might be enhanced in arthro-
pods in which only a few species were detected, and we suspect that the observed negative 
correlations of Dermatophagoides to Dinoderus (bamboo powder-post beetles) and Lasio-
derma (cigarette beetle) might be due to this effect as there seems to be no conceivable 
biological basis. Furthermore, it should be noted that the inter-kingdom co-occurrence net-
work constructed is based on the relative abundance of organisms quantified within each 
kingdom. Though the similar approach has been also used by many of other studies (Tipton 
et al. 2018; Schlatter et al. 2020), the use of methods such as quantitative PCR or metagen-
omic sequencing that quantifies the abundance of organisms on the same scale across king-
doms may be preferable in the future. Nonetheless, we believe that the network constructed 
in this study well represents the house dust ecosystems as we could successfully identify 
the historically well-known positive relationship between xerophilic Wallemia and HDMs 
(Lustgraaf 1978a; Lustgraaf 1978b; Rijckaert et  al. 1981; Hay et  al. 1992; Hubert et  al. 
2019).

In summary, using high-throughput DNA metabarcoding followed by co-occurrence 
network analysis and indicator species analysis, we identified microorganisms associated 
with HDMs in house dust. Specifically, we identified that HDMs were positively related 
with the xerophilic fungus Wallemia, mycoparasitic fungi such as Cystobasidium, and 
some human skin-related bacterial and fungal genera, and they were negatively related with 
the hygrophilous fungus Cephalotrichum (syn. Doratomyces). Understanding the microbial 
ecology of house dust is important for elucidating the etiology of allergies, for example, 
because the house dust microbiomes are thought to affect human intestinal microbiomes 
that are thought to be associated with human diseases such as allergies (Shan et al. 2019). 
In this study, we provided baseline information regarding the HDM-related microorgan-
isms in house dust. The findings could be also useful from a perspective of human health.
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