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ABSTRACT 

Microbiome and mycobiome profiling of house dust mites  

and their significance in allergic inflammation 

 

Ju Yeong Kim 

 

Department of Medical Science 

The Graduate School, Yonsei University  

 

(Directed by Professor Tai-Soon Yong) 

 

Allergic diseases such as asthma, rhinitis, and atopic dermatitis are the most 

common chronic diseases worldwide. The house dust mite (HDM) is a well-

known allergen source of allergic diseases. Characterization of the HDM 

microbiome is important because it may exert immunomodulatory effects on the 

pathogenesis of allergic diseases, owing to its ability to generate microbe‐

associated molecules such as lipopolysaccharide (LPS). However, little is known 

about the effects of the HDM microbiome on allergic immune responses.  

The purposes of the study were determining the appropriate microbiome 

analysis pipeline for HDM and elucidating the role of HDM microbiome in 

allergic disease development.  
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To this end, in chapter I, 16S rRNA amplicon analysis using high‐throughput 

sequencing technology was performed. Bioinformatics analyses were performed 

using three different pipelines to determine the appropriate method for the HDM 

microbiome analysis. The genera Bartonella and Enterococcus constituted 

approximately 99% of the microbiome of Dermatophagoides farinae; this finding 

was supported by 16S rRNA cloning. Staining methods for D. farinae showed 

that Enterococcus faecalis was distributed throughout the intestine and 

Bartonella was detected in the haemocoel. 

To determine whether the change in the microbiome in HDM affects allergy 

development, the mites were cultured in medium containing the ampicillin for six 

weeks, which reduced the amount of bacteria in mites 25-fold. The LPS 

concentration in mite extract was reduced by 100-fold by antibiotics. Furthermore, 

treatment of a human bronchial epithelial cell line (BEAS-2B) with an extract of 

antibiotic-treated mites significantly reduced the secretion levels of the pro-

inflammatory cytokines IL-6 and IL-8. 

E. faecalis, the predominant bacterium of D. farinae, was cultured and inoculated 

into the mite. Two weeks after inoculation, fluorescent microscopy and bacterial 

DNA quantification showed that the bacteria were settled in the gut of D. farinae. IL-

6 and IL-8 secretion from BEAS-2B cells was increased when treated with the extract 

of the E. faecalis-inoculated mite compared in the control mite extract.  

In the mouse asthma model made by the antibiotics-treated mite, reduced 

allergic airway inflammation was found in bronchoalveolar lavage cell counting 
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and lung histological examinations compared to the control mite or the E. 

faecalis-inoculated mite. In conclusion, the microbiome of HDM played a 

synergistic role in allergic inflammation in vitro and in vivo. 

In chapter II, a transcriptomic analysis (RNA-seq) of airway epithelial cells 

(BEAS-2B) was performed to compare gene expression patterns after treatment 

with extracts from the three species of mites (D. farinae, D. pteronyssinus, and T. 

putrescentiae). Based on the pathway analysis, immune responses to bacteria 

increased only in the D. farinae-treated group, because this species harbored a 

larger amount of bacteria than the other mites, and the high LPS level in D. 

farinae caused airway epithelial cells to produce higher levels of pro-

inflammatory cytokines. Subsequent experiments began with the knowledge that 

antibiotic metabolic pathways were enriched in D. pteronyssinus-treated cells but 

not D. farinae-treated cells. D. pteronyssinus had a large amount of fungi that 

were considered to inhibit bacterial survival in the mite. In conclusion, HDM 

mycobiomes inhibit microbiomes and this interaction may be related to allergic 

responses. 

 

 

 

 

Key words: allergy, cytokine, house dust mite, microbiome, mycobiome, 

transcriptome  
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CHAPTER I 

 

Microbiome of Dermatophagoides farinae  

and its adjuvant role in allergic inflammation 
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I. INTRODUCTION 

 

Allergic diseases such as asthma, rhinitis, and atopic dermatitis are the most 

common chronic diseases worldwide and it is estimated that one fifth of people 

suffer from some form of allergic diseases.1 House dust mite (HDM) is a well-

known allergen source to cause allergic diseases.2 In addition, HDM includes 

various immunomodulatory substances such as lipopolysaccharide (LPS) and 

bacterial DNA.3, 4 LPS affects the allergic response in various ways.5 

Characterization of the HDM microbiome is important because it may exert 

immunomodulatory effects on the pathogenesis of allergic diseases, owing to its 

ability to generate microbe‐associated molecules such as LPS and lipoteichoic 

acid.6 In a recent study, whole‐genome shotgun sequencing of Dermatophagoides 

farinae revealed that Enterobacter were the most abundant bacteria,7 while 

another study using 16S rRNA cloning reported that Bartonella was the most 

abundant bacterial taxon.3 

There have been numerous studies on the effects of human microbiome and 

environmental microbiome on allergic diseases, but little is known about the 

effects of the HDM microbiome on allergic immune responses.8 The purposes of 

the thesis are determining the appropriate microbiome analysis pipeline for HDM 

and elucidating the role of HDM microbiome in allergic disease development. 

To achieve the purposes, first of all, appropriate microbiome analysis of HDM 

needs to be determined in chapter I. A 16S rRNA amplicon analysis using high‐
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throughput sequencing technology was performed; this is currently the most 

widely used and reliable method for microbiome community studies.9 

Bioinformatics analyses were performed using three different pipelines to 

determine the appropriate method for the HDM microbiome analysis.  
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II. MATERIALS AND METHODS 

 

1. Mite cultivation 

For HDM cultivation, mites were inoculated into a 75‐cm2 cell culture flask 

(SPL Life Sciences, Gyeonggi, South Korea) and placed in a container 

maintained at 75% relative humidity and 25°C for six weeks. The feed was 

prepared by autoclaving a 1:1 mixture of inactivated dried yeast (Choheung Co., 

Gyeonggi, South Korea) and fish feed (Jeil Feed Co., Daejeon, South Korea). To 

eliminate the possibility of bacterial contamination, we used sterilized feed and a 

commercial cell culture flask. D. farinae with antibiotics was cultivated in the 

autoclaved medium at a 100:1 ampicillin ratio. The microbiome of the mites in 

this study may represent the core bacteria or endosymbionts because the mites 

had been subcultured and had been commercially available for more than 10 years. 

 

2. Isolation of DNA and preparation of mite body extracts 

To harvest the mites, autoclaved saturated saline was used to separate the 

mites from the debris. DNA was extracted by proteolytic degradation and 

mechanical disruption using the NucleoSpin® DNA Insect Kit (Macherey‐Nagel, 

Duren, Germany). The rest of the harvested mites were used to prepare a 

homogenate by sonication with the Qsonica sonicator (Q500) (Pronextech, Seoul, 

South Korea) and centrifuged at 10,000 g for 30 minutes using Mega 17R (Hanil, 

Gimpo, South Korea). The extract was obtained by removing foreign substances 
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from the homogenate, including bacteria, with a sterile Millex-GP syringe filter 

with a 0.22-µm pore size (EMD Millipore, Burlington, MA, USA). 

 

3. 16S rRNA library preparation and deep sequencing  

From the extracted DNA, the V3‐V4 region of 16S rRNA was amplified 

through PCR using the bacterial universal primer pair of forward primer 5′-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCW

GCAG-3′ and reverse primer 5′-GTCTCGTGGGCTCGGAGATGTGTATAAGA 

GACAGGACTACHVGGGTATCTAATCC-3′. A limited‐cycle amplification 

step was performed to add multiplexing indices and Illumina sequencing adapters. 

Libraries were normalized, pooled and sequenced on the MiSeq platform 

(Illumina MiSeq V3 cartridge [600 cycles]; Illumina, San Diego, CA, USA) in 

accordance with the manufacturer's instructions. 

 

4. Bioinformatics analysis 

Three bioinformatics pipelines were used. 

– ChunLab pipeline 

Raw reads were processed by a quality check and the filtering of low-quality 

(<Q25) reads using trimmomatic 0.32.10 After QC, paired-end sequence data were 

merged using PandaSeq.11 Primers were then trimmed using the ChunLab’s in-

house program applying a similarity cut-off of 0.8. Sequences were denoised 

using the mothur pre-clustering program, which merges sequences and extracts 
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unique sequences, allowing up to two differences between sequences.12 The 

EzTaxon database was used for the taxonomic assignment using BLAST 2.2.2213 

and pairwise alignments14 were generated to calculate similarity. Uchime15 and 

the non-chimeric 16S rRNA database from EzTaxon were used to detect chimeric 

sequences for reads with a best hit similarity rate of <97%. Sequence data were 

then clustered using CD-Hit16 and UCLUST.17  

– BaseSpace pipeline 

The analysis was performed using Illumina BaseSpace® 16S Metagenomics 

v1.0.1, provided by Illumina Inc. (http://basespace.illumina.com). 

– Mothur pipeline 

The 16S rRNA gene sequence data were processed using mothur v1.39.5 as 

indicated in the MiSeq SOP (www.mothur.org/wiki/MiSeq_SOP).12 Sequences 

were aligned to the SILVA reference alignment at www.mothur.org. Chimeras 

were removed using vsearch18 and non-chimeric sequences were classified using 

a naïve Bayesian classifier.19 

 

5. Bacterial-specific TA cloning 

16S rRNA genes from the mite DNA were cloned using PCR with full‐length 

16S rDNA primers, which are 27F (5′-AGAGTTTGATCMTGGCTCAG-3′) and 

1492R (5′-TACGGYTACCTTGTTACGACTT-3′) and the TOPcloner™ TA Kit 

(Enzynomics, Daejeon, South Korea). Cloned colonies were sequenced with the 
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primers M13F and M13R. Homology was determined through NCBI BLAST 

searches. 

 

6. Staining of mite section 

For immunofluorescence staining, paraffin‐embedded mites were cut into 7‐

μm serial sections. Rabbit anti‐Enterococcus antibody diluted 1:1000 (ab19980; 

Abcam, Cambridge, UK) and a mouse anti‐Bartonella henselae antibody diluted 

1:50 (ab704; Abcam, Cambridge, UK) were used as primary antibodies. Donkey 

anti‐rabbit IgG‐PE (sc‐3745; Santa Cruz, Dallas, TX, USA) and goat anti‐mouse 

IgG‐Alexa Fluor 488 (A11001; Thermo Fisher, Waltham, MA, USA) were used 

as fluorescent secondary antibodies. Mite sections were silver stained using 

Warthin‐Starry stain (ab150688; Abcam), which is specific for Bartonella, 

Helicobacter pylori, Legionella pneumophila and Spirochaetes. 

 

7. Lipopolysaccharide measurement 

The concentration of LPS of the mite extracts was measured using an LAL 

QCL-1000 Kit (LONZA, Basel, Switzerland). 

 

8. Real-time PCR 

To measure the bacterial 16S rRNA gene from the mite DNA the primers of 

HDM elongation factor 1-α (forward primer 5′-ACCCGTGAACATGCTTTGCT-

3′ and reverse primer 5′-CACCATTCTCTCAAGCTCGT-3′ and the primers of 
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bacterial 16S rRNA (forward primer 5′-CGGTGAATACGTTCYCGG-3′ and 

reverse primer 5′-GGWTACCTTGTTACGACTT-3′) with AMPIGENE qPCR 

Mixes (ENZO Life Sciences, Plymouth Meeting, PA, USA) were used.  

 

9. Enzyme-linked immunosorbent assay (ELISA) 

Der f 1, the group 1 allergen of D. farinae, was quantified using the Der f 1 

ELISA kit (Indoor Biotechnologies, Charlottesville, VA, USA). 

 

10. Cell culture and extracts exposure 

Human bronchial epithelial cells, BEAS-2B, were maintained in DMEM/F40 

medium at 37°C and 5% of CO2. Cells for treatments were seeded at a 

concentration of 1 x 106 cells/well in 6-well plates (SPL Life Sciences, Gyeonggi, 

South Korea), and treated with each HDM extract sample. Cells were sampled 24 

hours after a single exposure to 100 μg/ml of each HDM extract and compared to 

treatment with PBS controls. Four independent samples were examined in each 

HDM extract and PBS. Total RNA was extracted using the Trizol extraction kit 

(Qiagen, Hilden, Germany) and eluted in RNase free-water, according to the 

manufacturer’s instructions. 

 

11. Cytokine measurement 

The human bronchial epithelial cell line BEAS-2B (American Type Culture 

Collection, Manassas, VA, USA) was cultured in a 6-well cell culture plate (SPL 
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Life Sciences, Gyeonggi, South Korea) in Dulbecco's modified Eagle 

medium/F12 (1:1) with 10% fetal bovine serum and 1% penicillin (Gibco, Grand 

Island, NY, USA) for 24 hours at 37°C in a 5% CO2
 incubator. Each extract (100 

μg/mL) was applied to each well, and the supernatant was collected after 24 hours 

of culture. The concentrations of cytokines secreted from BEAS-2B cells were 

measured from the supernatants with the DuoSet ELISA human IL-6 kit and IL-

8 kit (R&D Systems, Minneapolis, MN, USA). 

 

12. Enterococcus faecalis having green fluorescence protein plasmid (GFP_E. 

faecalis) and inoculation into the mite 

E. faecalis OG1RF harboring pMV158GFP and pAMβ1 was grown on a brain 

heart infusion (BHI) broth and with tetracycline (1 μg/ml) and erythromycin (1 

μg/ml) to maintain the plasmids.20 One g of the harvested mites was treated with 

1 ml of the concentrated bacterial solution (2x1011 CFU/ml). After two hours, the 

solution was sobered out with filter paper and the remaining mites were cultivated 

in the 75‐cm2 cell culture flask with autoclaved food. Two weeks after inoculation, 

the mites were examined with an Axiovert 200 fluorescent microscope (Carl 

Zeiss, Oberkochen, Germany). DNA and protein extracts were prepared as 

described above.  

 

13. Generation of the asthma mouse model 

Wild-type BALB/c mice (aged 6–8 weeks) were purchased from Orient Bio 
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(Seongnam, South Korea). All experiments were approved by the Institutional 

Review Board of Yonsei University College of Medicine (No. 2018-0316). Mite 

extracts was resuspended in a saline solution and administered intranasally at a 

dose of 15 µg to isoflurane-anesthetized mice three times per week for up to three 

consecutive weeks. Mice were sacrificed 24 hours after the last challenge.  

 

14. Bronchoalveolar lavage fluid (BALF) cell  

The procedure of BALF cell collection was identical to a previously described 

method.21 After the elimination of red blood cells, centrifugation (400 RPM for 

15 minutes) and precipitation, the total BALF cell count was determined using a 

haemocytometer. BALF eosinophil, macrophage, lymphocytes and neutrophil 

cell counts were determined in a total of 400 BALF cells. 

 

15. Lung histology in the asthma mouse model 

Periodic acid-Schiff (PAS) staining was performed at corresponding levels of 

goblet cell metaplasia in an asthma mouse model. Briefly, the lungs were fixed 

for 24 hours in 10% neutral-buffered formalin, embedded, and serially sectioned 

(5 µm). Then the sections were mounted on poly-L-lysine-coated slides. After 

deparaffination and rehydration, the paraffin sections were incubated with 0.5% 

periodic acid solution for five minutes at room temperature and rinsed with 

distilled water. The sections were incubated with Schiff reagent for 15 minutes at 

room temperature and washed with lukewarm tap water for five minutes. Finally, 
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the sections were counterstained with hematoxylin and cover-slipped with 

mounting media. The immune cell infiltration level was evaluated in hematoxylin 

and eosin staining (0-4): 0: nothing; 1: under 1 layer of infiltration; 2: under 2 

layers of infiltration; 3: under 5 layers of infiltration; 4: 5 or more layers of 

infiltration. The mucus production level was evaluated in periodic acid-Schiff (0-

2): 0: nothing; 1: less; 2: more. 

 

16. Quantification of HDM-specific IgE, IgG1 and IgG2a in serum 

HDM-specific IgE, IgG1 and IgG2a in mouse sera were assessed using the 

antigen-capture ELISA method. Briefly, 96 well plates were coated with 2-10 µg 

HDM in 100 µl coating buffer and incubated overnight at 4 °C. Plates were 

blocked with 200 µl/well of assay diluent. Diluted serum samples (1:100 or 1:4) 

were added to each well and incubated. The wells were washed and biotin-anti-

mouse IgG1, IgG2a or IgE (BioLegend, San Diego, CA, USA) was added and 

incubated for two hours. This was followed by a 30-minute incubation with 

avidin-goat peroxidase (BioLegend, San Diego, CA, USA). TMB substrate 

solution (100 µl) was added to each well and incubated in the dark for 20 minutes. 

The reaction was stopped with 2 N H2SO4. Optical densities were read at 450 nm 

with the spectrophotometer.  

 

17. Quantification of cytokines in bronchoalveolar lavage fluid 

ELISAs for IL-4, IL-5, and IL-13 were performed with commercial kits 
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(Peprotech, Rocky Hill, NJ, USA) according to the manufacturer’s instructions.  

 

18. Statistical analysis 

Student’s t-test and analysis of variance (ANOVA), with Bonferroni 

correction as a post-hoc analysis were used. Differences with p values of 0.05 or 

less were considered to be statistically significant. 
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III. RESULTS 

 

1. Microbiome analysis of D. farinae 

The V3‐V4 region of the 16S rRNA of bacteria colonizing D. farinae was 

amplified by PCR, and next‐generation sequencing (NGS) was performed using 

the Illumina MiSeq platform. The microbiome was analyzed using three different 

bioinformatics pipelines. Using the ChunLab pipeline, Illumina's BaseSpace 

pipeline, and mothur linked to the Silva database, 65,320 reads were assigned to 

113 bacterial species, 67,601 reads were assigned to 163 genera and 49,408 reads 

were assigned to 33 genera, respectively.  

Using the ChunLab pipeline, Enterococcus faecalis accounted for 53.6% of 

reads, followed by Bartonella HQ806746 (39.0%); other species of Bartonella 

and Enterococcus were also detected (Figure I-1). When the two genera were 

combined, over 99% of reads were assigned to Bartonella and Enterococcus, 

using this pipeline.  

Using BaseSpace, Enterococcus spp. represented 56.3% of reads, 

Ochrobactrum spp. accounted for 28.2% and Bartonella spp. accounted for 5.5%. 

In addition, Devosia spp. (3.8%), Azorhizobium spp. (2.8%), Roseospira spp. 

(0.93%), Vagococcus spp. (0.35%), Agrobacterium spp. (0.27%) and 

Phaeobacter spp. (0.13%) were detected.  

Using mothur, Enterococcus spp. was the most common (53.9%), followed 

by unclassified Alphaproteobacteria (40.5%) and Bartonella spp. (4.7%). For all 
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three pipelines, Enterococcus was the most abundant bacterial taxon. The major 

difference among methods was the second most abundant bacteria, that is 

Bartonella spp. for ChunLab, Ochrobactrum spp. for BaseSpace and unclassified 

Alphaproteobacteria for mothur. 
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Figure I-1. 16S rRNA amplicon sequencing results of D. farinae microbiome by 

three different bioinformatics pipelines (reads number, percentage). Bacteria 

occupying more than 0.1% were shown.  
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2. Bacterial culture of the mite homogenate and TA cloning of mite DNA 

To determine whether the second most abundant bacterial genus was 

Bartonella or Ochrobactrum, we cultivated the mite's homogenate on bacterial 

culture plates. On blood agar, only one species of gram‐positive cocci was found; 

it was identified as E. faecalis through 16S rRNA sequencing (Figure I-2). No 

growth was detected on the MacConkey agar, where Ochrobactrum, but not 

Bartonella, is expected to grow. 

To confirm that Bartonella spp. are the second most abundant bacteria, we 

cloned and sequenced the full sequence of 16S rRNA (rather than the V3‐V4 

region) of the mite DNA and used NCBI BLAST for identification. Consequently, 

21 of 31 colonies were identified as E. faecalis and 10 belonged to the genus 

Bartonella. Nine of the 10 Bartonella spp. were identified as the HQ806746 strain, 

which accounted for the majority of reads in the ChunLab pipeline results for the 

NGS analysis, and one was identified as the GU272277 strain.  

These results for Bartonella spp. were consistent with those obtained using 

the ChunLab pipeline, even at the strain level, and the proportion was also similar 

to that obtained through NGS. Other Alphaproteobacteria identified using the 

BaseSpace pipeline, such as Ochrobactrum spp., Devosia spp., Azorhizobium 

spp., Roseospira spp., and Agrobacterium spp., were not detected. Accordingly, 

the ChunLab pipeline was apparently the most suitable bioinformatics tool for 

analysis of the HDM microbiome. 
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Figure I-2. Gram staining of colony grown in blood agar culture of D. farinae 

homogenate. Only the gram-positive cocci were found. 
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Table I-1. TA cloning of 16S rRNA gene from D. farinae DNA. Homology was 

determined through NCBI BLAST searches 

 

Species (strain) Frequency

Enterococcus faecalis (KJ397963) 21 

Bartonella (HQ806746) 9 

Bartonella (GU272277) 1 

 

  



 

22 

3. Distribution of Enterococcus and Bartonella in the mite 

Several strains were used to determine the distribution of bacteria. In Gram 

staining, gram‐positive cocci considered as Enterococcus spp. were distributed 

throughout the intestine of D. farinae and were densely gathered in the stool in 

the hindgut region (Figure I-3A, B). Immunofluorescence staining revealed the 

same results (Figure I-3C).  

Gram‐negative intracellular Bartonella spp. were difficult to distinguish from 

the surrounding tissues by Gram staining, but they were detected in the 

haemocoel (probably in hemocytes) through silver staining and 

immunofluorescence staining (Figure I-3 D‐F). No bacteria were found in the 

eggs.  
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Figure I-3. Staining of D. farinae sections. (A) Gram staining (×400). (B) Gram 

staining (head region, ×1000). Gram‐positive cocci, considered as Enterococcus 

(blue‐colored cocci in clusters and short chains), were distributed throughout the 

intestine and the stool. (C) Immunofluorescence staining using an anti‐

Enterococcus antibody (orange). (D) Warthin‐Starry silver staining (×400). (E) 

Warthin‐Starry silver staining (head region, ×1000). Gram‐negative intracellular 

rods, considered as Bartonella, were detected in the haemocoel, but not in the 

intestine or egg. (F) Immunofluorescence staining using an anti‐Bartonella 

antibody (green). 
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4. HDM microbiome reduced by antibiotic treatment 

Antibiotics (ampicillin) was applied to D. farinae during the cultivation (six 

weeks) to determine whether its microbiome affects the allergy induction. 

Antibiotics did not affect the growth of mites at the specific antibiotic 

concentration (ampicillin powder: food = 1: 100).  

Relative bacterial 16S rRNA gene levels of the mite DNA were measured 

using qPCR. Ampicillin greatly reduced the bacterial amount in the mite (Figure 

I-4A). LPS in the mite extract was also greatly reduced by the antibiotics (Figure 

I-4B). The total amount of bacteria was reduced 25-fold and the LPS 

concentration was lowered 100-fold. However, the major allergen Der f 1 level 

in the extract was not affected by the antibiotics treatment (Figure I-4C).  

Although ampicillin treatment reduced the amount of microbiome, the 

composition of D. farinae microbiome was found to be maintained in microbiome 

analysis (Figure I-5). Nevertheless, Bartonella and Enterococcus occupied more 

than 94% of the microbiome. 
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Figure I-4. Change in the D. farinae (D.f.) microbiome following antibiotics 

treatment and its effects on the allergic inflammatory response. (A) Relative 16S 

rRNA gene levels. (B) Concentration of LPS in 1 mg/mL of D. farinae extract. 

(C) Concentration of Der f 1 in 1 mg/mL of D. farinae extract. *P<0.05, **P<0.01. 
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Figure I-5. Microbiome composition of the D. farinae following antibiotics 

treatment. The microbiome of each species was calculated as the average of four 

different batches. *D.f.: control D. farinae, D.f.+AMP: antibiotics-treated D. 

farinae. 
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5. Reduced cytokines secretion from airway epithelial cells treated with the 

mites having less microbiome 

When an extract of antibiotics treated mite was treated into the human 

bronchial epithelial cell line (BEAS-2B), the secretion of pro-inflammatory 

cytokines, IL-6 and IL-8, was significantly reduced compared to the control 

extract group (Figure I-6). 
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Figure I-6. Concentrations of IL-6 and IL-8 of human bronchial epithelial cells 

(BEAS2-B) treated with the extract of D. farinae cultured under ampicillin (AMP) 

(pg/mL). *P < .05, **P < .01. 
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6. Increased cytokines secretion from airway epithelial cells treated with E. 

faecalis-inoculated mites 

One predominant bacterium (Enterococcus faecalis) of D. farinae was 

cultured in vitro and inoculated to the mite (D. farinae). This E. faecalis strain 

has the plasmid of the green fluorescence protein gene (GFP_E. faecalis). The 

inoculation ratio was concentrated bacterial solution (2x1011 CFU/ml): mite = 1 

ml: 1 g. 

Two weeks after inoculation, fluorescent microscopy showed that GFP_E. 

faecalis settled in the gut of D. farinae (Figure I-7). The total bacterial DNA was 

increased 12 times in the E. faecalis-inoculated group (Figure I-8).  

Subsequently, the extract of the E. faecalis-inoculated mite was used to treat 

the BEAS-2B cell. The IL-6 and IL-8 secretions were increased in the E. faecalis-

inoculated group (Figure I-9). 
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Figure I-7. Fluorescent microscopy of (A) GFP_E. faecalis inoculated D. farinae 

after two weeks of inoculation and (B) negative control. 
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Figure I-8. Relative bacterial 16S rRNA gene levels in the mite’s DNA measured 

with qPCR after 2 weeks of inoculation GFP_E. faecalis (D.f.+E. faecalis). 
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Figure I-9. Concentrations of (A) IL-6 and (B) IL-8 of human bronchial epithelial 

cells (BEAS2-B) treated with the extract of D. farinae inoculated with E. faecalis 

(D.f.+E. faecalis) (pg/ml). *P < .05, **P < .01. 
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7. Mouse model of allergic airway inflammation 

To investigate whether the mite's microbiome has an adjuvant effect on 

allergic disease, the mouse model of allergic airway inflammation was used. Each 

group of mite extract (15 μg) was treated intranasally, three times a week for three 

weeks (Figure I-10). There were four groups: PBS treatment; extract of normal 

D. farinae (D.f.); extract of antibiotics-treated D. farinae (D.f.+AMP); and 

extract of Enterococcus-inoculated D. farinae (D.f.+E. faecalis). 
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Figure I-10. The intranasal treatment schedule for the mouse allergic airway 

inflammation model. Twenty-four hours after the last challenge the mice were 

sacrificed. 
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8. Less inflammatory response in the antibiotics-treated mite group 

After sacrificing mice, BAL fluid was collected. Eosinophils, neutrophils, and 

lymphocytes generally increased in all asthma models compared to the PBS 

control group. However, the eosinophils were less numerous in the antibiotics-

treated mite extract group than in the other extract groups (Figure I-11).  

Lung histopathology showed that there was less immune cell infiltration in 

the antibiotics-treated mite group than in the control mite group or the E. faecalis-

inoculated mite group (Figure I-12A). The E. faecalis-inoculated mite group had 

the highest cell infiltration level and mucus production (Figure I-12A). Panel B 

represents the immune cell infiltration score (0-4). Panel C represents the 

inflammation scores, including both the immune cell infiltration level (0-4) and 

the mucus production level (0-2). The antibiotics-treated mite extract group had 

lower immune cell infiltration scores and inflammation scores than other asthma 

groups (Figure I-12B, C). 
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Figure I-11. The numbers of the eosinophil, neutrophil, macrophage and 

lymphocyte in BAL fluid of each asthma model. There were four groups: PBS 

treatment; extract of normal D. farinae (D.f.); extract of antibiotics-treated D. 

farinae (D.f.+AMP); and extract of E. faecalis-inoculated D. farinae (D.f.+E. 

faecalis). n=5, *P<0.05, **P<0.01. 
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Figure I-12. Lung histologic findings of the mouse model of allergic airway 

inflammation. (A) Histologic findings with hematoxylin and eosin (HE) and 

periodic acid-Schiff (PAS) staining of lung tissues. (B) Immune cell infiltration 

scores and (C) inflammation scores including mucus production scores. Data are 

reported as means ± SE (n=6/group). One-way ANOVA were conducted and 

Bonfferoni corrected p-value were presented. PBS: PBS control, D.f.: normal D. 

farinae, D.f+AMP: antibiotic-treated D. farinae, and D.f.+E. faecalis: E. faecalis-

inoculated D. farinae. 
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9. D. farinae specific immunoglobulins in serum and cytokines in BALF 

Serum immunoglobulin levels were measured. The D. farinae-specific IgE 

level increased in all the asthma groups, but it was not significantly different 

among the asthma groups (Figure I-13A). This pattern was similar in IgG1, 

associated with Th2 immune response (Figure I-13B). However, the IgG2a 

showed a different pattern. IgG2a is related to the Th1 response. It only increased 

in the E. faecalis-inoculated group (Figure I-13C).  

Th2 cytokines, IL-4, IL-5, and IL-13 concentrations in BAL fluid were 

measured. The IL-4 concentration was increased in the control D. farinae extract 

and antibiotics-treated mite extract group (Figure I-14A). IL-5 and 13 were not 

increased in any of the asthma models (Figure I-14B, C). 

 



 

39 

 

Figure I-13. Comparisons of serum D. farinae-specific (A) IgE, (B) IgG1, and 

(C) IgG2a among D. farinae-induced asthmatic mice groups. Optical density (OD) 

measured by ELISA was presented. Data are reported as means ± SE (n=6/group). 

One-way ANOVA was conducted and the Bonfferoni corrected p-values were 

presented. PBS: PBS control, D.f.: normal D. farinae, D.f+AMP: antibiotic-

treated D. farinae, and D.f.+E. faecalis: E. faecalis-inoculated D. farinae. 

*P<0.05, **P<0.01.
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Figure I-14. Th2 cytokines concentrations in BAL fluid: (A) IL-4, (B) IL-5, and 

(C) IL-13. One-way ANOVA was conducted and the Bonfferoni corrected p-

values were presented. PBS: PBS control, D.f.: normal D. farinae, D.f+AMP: 

antibiotic-treated D. farinae, and D.f.+E. faecalis: E. faecalis-inoculated D. 

farinae. *P<0.05, **P<0.01. 
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IV. DISCUSSION 
 

In this study, 16S rRNA amplicon sequencing and subsequent analyses 

revealed that E. faecalis and Bartonella HQ806746, both of which are detected 

in numerous mammals and arthropods, constitute the core microbiome of D. 

farinae. These results were consistent with several previous findings. In a 

microbiome analysis of D. farinae using 16S rRNA cloning, Bartonella spp. was 

predominant.3 In another study using similar methods, Enterococcus spp. was the 

second most abundant bacteria in D. farinae.22 Some previous findings differ 

from the current findings. A study of the draft genome of D. farinae reported that 

Enterobacter spp. was the most predominant (63.5%) and Bartonella spp. 

accounted for only 1.7%.7 These differences might be explained by different 

sequencing methods, feeding, breeding facilities and mite strains. 

The staining methods for Dermatophagoides farinae showed that E. faecalis 

was distributed throughout the intestine and Bartonella was detected in the 

haemocoel. The reports indicated that the hemotropic bacteria, Bartonella, could 

be present in tick or louse haemocoel.23, 24 

Bartonella spp. and E. faecalis may have immunomodulatory roles in allergic 

disease development. The LPS of gram‐negative bacteria bind to the Toll‐like 

receptor (TLR) 4, which is involved in HDM‐induced asthma induction.25 In a 

mouse model using the D. farinae extract that we provided, allergic asthma 

features were reduced when the LPS was depleted in the HDM extract.26 Besides, 
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some studies have reported that Bartonella LPS serves as an antagonist of TLR 

4.27 Additionally, the lipoteichoic acid of E. faecalis may affect the development 

of allergies via TLR 2.28 Furthermore, recent reports confirmed that D. farinae 

allergens thus far reported are not derived from the mite’s microbiome, so the 

bacteria identified in this study are unlikely to be the allergen sources.7 In addition, 

Bartonella (0.6 μm × 1.0 μm) can be quantitatively removed by filtration (0.2-

μm or 0.45-μm filters) and destroyed by phenol in the process of the mite’s extract 

production.3 

Furthermore, treatment of a human bronchial epithelial cell line (BEAS-2B) 

with the extract of antibiotic-treated mites significantly reduced the secretion 

levels of the pro-inflammatory cytokines IL-6 and IL-8, which are related to 

allergic airway inflammation. This suggests that allergens and bacterial 

components such as LPS synergistically act on airway epithelial cells to stimulate 

the inflammatory response. Group 1 allergens and LPS have been reported to be 

recognized by the protease-activated receptor 2 and TLR 4, respectively, to 

stimulate IL-6 and IL-8 secretion in airway epithelial cells.29  

In mouse asthma models challenged by the antibiotics-treated mite, the 

reduced allergic inflammation was found when compared to models challenged 

by the control mite or E. faecalis. Some previous studies supported this result. 

For example, a study reported that the absence of TLR4 in airway structure cells 

abolished HDM-driven allergic airway inflammation and a TLR4 antagonist 

suppressed the asthma features in the mouse model.25 In addition, Ryu et al. 
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showed that the increased levels of innate pro-allergic cytokines (GM-CSF, 

thymic stromal-derived lymphopoietin, and IL-33) from BAL fluid in HDM-

induced mouse model were significantly decreased by the HDM extract-

abolished LPS.26 These reports indicate that bacterial components such as LPS in 

HDM affect allergic reactions, in line with the in vivo results in this study. 

When antibiotics were used in this experiment, the absolute number of 

microbiomes was reduced, but the ratio of Bartonella and Enterococcus, the 

majority of bacteria, was maintained. This suggests that the absolute amount of 

each bacterium is a more important factor in developing allergic inflammation 

than the proportion of microbiomes. Different bacteria have different types of 

immune modulatory molecules: gram-positive Enterococcus has lipoteichoic 

acid, and gram-negative Bartonella has LPS. 

In conclusion, E. faecalis and Bartonella were identified as the core 

microbiome of D. farinae and the microbiome of HDM was proved to have an 

adjuvant effect on allergic inflammation.   



 

44 

 

 

CHAPTER II 

 

Interaction of microbiome and mycobiome in house 

dust mite-induced allergic inflammation 
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I. INTRODUCTION 

Allergic diseases are caused by hypersensitivity of the host immune systems 

of atopic individuals to typically harmless substances in the environment.30 House 

dust mites (HDMs) and storage mites are well-known indoor or occupational 

causes of allergic diseases such as asthma, atopic dermatitis, and rhinitis.2, 31, 32 D. 

farinae and D. pteronyssinus are major HDMs, and Tyrophagus putrescentiae is 

the predominant storage mite species in South Korea. Koreans store uncooked 

rice in rice bins or chests in their homes, and T. putrescentiae is often found in 

kitchens in urban areas,33 where asthma cases have been associated with the 

presence of T. putrescentiae.34 The predominant mite species in Korean homes 

were found to be D. farinae (65 to 77% of Korean homes), D. pteronyssinus (8 to 

20%), and T. putrescentiae (6.5 to 8.5%).33, 35 

The major allergens in D. farinae and D. pteronyssinus are groups 1, 2, and 

23; in T. putrescentiae, they are groups 2 and 3.31, 36, 37, 38, 39 The group 1 allergen 

is a cysteine protease, which destroys the tight junctions of epithelial cells and is 

located in the gut of mites.2 The group 2 allergen is an MD-2-like lipid binding 

protein, also located in the gut.2 The group 2 allergen induces innate immune and 

type 2 immune responses by binding to TLR 2 in the bronchial epithelial cells 

and TLR 4 in dendritic cells.2 In groups 3, the major allergen in T. putrescentiae, 

displays serine protease activity.38 

Previous studies on the microbiomes of D. farinae, D. pteronyssinus, and T. 

putrescentiae reported different microbiota species compositions. The D. farinae 
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microbiome was enriched in E. faecalis and Bartonella, whereas that of T. 

putrescentiae was enriched in Bartonella and Sphingobacteriales.3, 7, 22, 40 Others 

reported that D. farinae had a higher amount of LPS than was found in D. 

pteronyssinus.3, 41 LPS has been reported to be a critical promoter of various 

immunological and allergic responses.4, 5, 42 

In addition, Aspergillus penicilloides have been observed in the intestine of 

D. pteronyssinus.43, 44 A change in fungal diet can affect the microbiome of T. 

putrescentiae, the fungivorous mite.45, 46, 47 This suggests that fungi in mites may 

interact with bacteria in mites and modulate allergic diseases. 

In this study, a transcriptomic analysis (RNA-seq) of airway epithelial cells 

(BEAS-2B) was performed to compare gene expression patterns after treatment 

with extracts from the three species of mites (D. farinae, D. pteronyssinus, and T. 

putrescentiae). Based on the pathway analysis, immune responses to bacteria 

increased only in the D. farinae-treated group, because this species harbored a 

larger amount of bacteria than was in the other mites. Subsequent experiments 

began with the knowledge that antibiotic metabolic pathways were enriched in D. 

pteronyssinus-treated but not D. farinae-treated cells. 
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II. MATERIALS AND METHODS 
 

1. Mite cultivation 

Inactive dry yeast (Choheung Co., Gyeonggi, South Korea) was mixed with 

food for fish (KKW1Q0040; Jeil Feed Co., Daejeon, South Korea) at a ratio of 

1:1, and the mixture was autoclaved. D. farinae and D. pteronyssinus were 

collected from beds in a Korean household (1998), T. putrescentiae, a storage 

mite, was collected from a rice barrel in a Korean house (2005), Japanese D. 

farinae was collected from a bed in a Japanese household (2002). All mites were 

continuously cultured and maintained in this laboratory from the point of 

collection. The mites were cultivated in the autoclaved medium in T75 cell 

culture flasks (70075, SPL Life Sciences, Gyeonggi, South Korea) at 25°C for 

six weeks. Mites (D. farinae and D. pteronyssinus) were also cultivated with an 

antifungal agent using a 10:1 ratio of amphotericin B powder (Cayman Chemical, 

Ann Arbor, MI, USA) in autoclaved medium for four weeks.  

 

2. Isolation of DNA and preparation of mite body extracts 

Autoclaved saturated salt water was used to harvest mites separated from the 

culture medium and debris. DNA was then extracted from the mites using a 

NucleoSpin DNA Insect Kit (Macherey-Nagel, Duren, Germany). The rest of the 

harvested mites were used to prepare a homogenate by sonication with the 

Qsonica sonicator (Q500) (Pronextech, Seoul, South Korea) and centrifuged at 
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10,000 g for 30 minutes using a Mega 17R (Hanil, Gimpo, South Korea). Foreign 

substances, including bacteria, were removed from the extracts using a sterile 

0.22-µm pore-size Millex-GP syringe filter (EMD Millipore, Burlington, MA, 

USA). 

 

3. Lipopolysaccharide measurement 

The concentration of LPS in the mite extracts was measured using an LAL 

QCL-1000 Kit (Lonza, Basel, Switzerland). 

 

4. Cell culture and mite extracts treatment 

BEAS-2B human bronchial epithelial cells were maintained in DMEM/F40 

medium at 37°C and 5% CO2. HDM was used to treat cells seeded at a 

concentration of 1 × 106 cells/well in 6-well plates (SPL Life Sciences, Gyeonggi, 

South Korea). Cells were sampled 24 hours after a single exposure to 100 μg/mL 

of each HDM extract. Four independent samples were examined for exposure to 

each HDM extract and to phosphate-buffered saline (PBS) as a control. Total 

RNA was extracted using a Trizol extraction kit (Qiagen, Hilden, Germany) and 

eluted in RNase free-water according to the manufacturer’s instructions.  

 

5. RNA-Seq and bioinformatics 

The RNA samples were sent to Macrogen (Seoul, South Korea) for 

sequencing using a NovaSeq 6000 System (USA). The generated reads were 
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mapped against the genomic DNA reference (UCSC hg19) using the HISAT2 

program (Johns Hopkins University, Baltimore, Maryland, USA). After read 

alignment, relative transcript abundance was measured using String Tie software 

(Johns Hopkins University, Baltimore, Maryland, USA), which determines 

abundance as fragments per kilobase of transcript per million mapped reads 

(FPKM). A differentially expressed genes (DEG) analysis was performed using 

DESeq2 with six combinations for comparison (Df/PBS, Dp/PBS, Tp/PBS, 

Df/Dp, Dp/Tp, and Df/Tp), and 912 genes exhibiting ≥ two-fold changes, and 

nbinomWaldTest raw p-values < 0.05 for at least one combination were selected 

for further study. Three samples for each group were analyzed as a single cluster 

to determine the level of similarity within the group. The numbers of clusters 

were independently assessed using hierarchical clustering (Euclidean method, 

complete linkage) to construct a heatmap. Genes upregulated at least two-fold 

after treatment with each HDM extract and showing a false discovery rate (FDR) 

< 0.05 were used to make a Venn diagram. Gene ontology was analyzed using 

G:Profiler (https://biit.cs.ut.ee/gprofiler/gost) and the term “GO biological 

process”. 

 

6. Real-time polymerase chain reaction (PCR) 

Quantitative reverse transcription (RT)-PCR was performed by monitoring 

the synthesis of double stranded DNA during 40 PCR cycles using SYBR Green 

PCR Master Mix (Applied Biosystems, Foster City, CA, USA). The sequences of 
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the primers were as follows: GAPDH, 5′-CAACTACATGGTTTACATGTTC-3′ 

(forward) and 5′-GCCAGTGGACTCCACGAC-3′ (reverse); IL-8, 5′-

GACCACACTGCGCCAACAC-3′ (forward) and 5′-CTTCTCCACAACCCT 

CTGCAC-3′ (reverse);IL-6, 5′-AATTCGGTACATCCTCGACGG-3′ (forward) 

and 5′-GGTTGTTTTCTGCCAGTGCC-3′ (reverse); CXCL1, 5-GCCAGTGC 

TTGCAGACCCT-3′ (forward) and 5′-GGCTATGACTTCGGTTTGGG-3′ 

(reverse); and CXCL2, 5′-TCCAAAGTGTGAAGGTGA-3′ (forward) and 5′-

GGTTGAGACAAGCTTTCTG-3′ (reverse). Relative mRNA levels were 

determined using the ΔΔCt method with normalization to GAPDH.   

HDM elongation factor 1-α genes were amplified using forward primer 5′-

ACCCGTGAACATGCTTTGCT-3′ and reverse primer 5′-

CACCATTCTCTCAAGCTCGT-3′. Bacterial 16S rRNA was amplified using 

forward primer 5′-CGGTGAATACGTTCYCGG-3′ (BACT1369F) and reverse 

primer 5′-GGWTACCTTGTTACGACTT-3′ (PROK1492R) from XenoTech 

with AMPIGENE qPCR Mix (ENZO Life Sciences, Plymouth Meeting, PA, 

USA). Aspergillus ITS2 genes were amplified using forward primer 5′-

GTCCGGTCCTCGAGCGTAT-3′ and reverse primer (ITS2) 5′-

GTTCAGCGGGTATCCCTACCT-3′. Fungal genes were amplified using 

forward primer 5'-TCCGTAGGTGAACCTGCGG-3' (ITS1) and 5'-

TCCTCCGCTTATTGATATG-3' (ITS4). Triplicate reactions were analyzed for 

each sample. 
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7. Cytokine measurement 

BEAS-2B human bronchial epithelial cells (American Type Culture 

Collection, Manassas, VA, USA) were cultured in a 6-well cell culture plate (SPL 

Life Sciences, Gyeonggi, Korea) in Dulbecco's modified Eagle medium/F12 (1:1) 

with 10% fetal bovine serum and 1% penicillin (Gibco, Grand Island, NY, USA) 

for 24 hours at 37℃ in a 5% CO2 incubator. A single extract (100 μg/mL) was 

applied to each well, and the supernatant was collected after 24 hours of culture. 

The concentrations of cytokines secreted from BEAS-2B cells were measured 

from the supernatants using a DuoSet ELISA human IL-6 kit and IL-8 kit (R&D 

Systems, Minneapolis, MN, USA). 

 

8. Fungal-specific TA cloning 

Fungal ITS1 and ITS2 genes in the mite DNA samples were amplified using 

PCR with the following primer pair: forward primer, 5′-TCCGTAGGTGAACC 

TGCGG-3′ and reverse primer, 5′-GCTGCGTTCTTCATCGATGC-3′.48 DNA 

bands in agarose gel were excised and extracted using a QIAquick Gel Extraction 

Kit (Qiagen, Hilden, Germany), and the TOPcloner™ TA Kit (Enzynomics, 

Daejeon, South Korea) was used for TA cloning. Cloned colonies were sequenced, 

and homology was determined through NCBI BLAST searches. 
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9. Mycobiome deep sequencing and bioinformatics 

From the mite DNA, the ITS region in fungal DNA was amplified by PCR 

using the following primer pair: forward primer (fITS9), 5′-GAACGCAGCAA 

AATGCGA-3′; reverse primer (ITS4), 5′-TCCTCCGC TTATTGATATGC-3′.49 A 

limited‐cycle amplification step was performed to add multiplexing indices and 

Illumina sequencing adapters. Libraries were normalized, pooled and sequenced 

on the MiSeq platform (Illumina MiSeq V3 cartridge [600 cycles]; Illumina, San 

Diego, CA, USA) in accordance with the manufacturer's instructions. Raw reads 

were processed using in QIIME v1.9.1 and UNITE v18.11.2018, the fungal 

database, as indicated in the reference literature.50 

 

10. Enterococcus faecalis with green fluorescence protein plasmid (GFP_E. 

faecalis) 

E. faecalis OG1RF harboring pMV158GFP and pAMβ1 was grown on brain 

heart infusion (BHI) broth and agar medium with tetracycline (1 μg/mL) and 

erythromycin (1 μg/mL) to maintain the plasmids.20  

 

11. Inoculation of E. faecalis into the mites 

The mites (D. farinae and D. pteronyssinus, 1 g) were inoculated with 1 mL 

of E. faecalis solution (2 × 1011 CFU/mL) with or without amphotericin B (3 

mg/mL). No food was provided for the mites. At 3, 6, and 10 days after 

inoculation, the mites (1 g) were homogenized and spread on BHI agar with 
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antibiotics to count the remaining GFP_E. faecalis. 

 

12. Statistical analysis 

Student’s t-test and analysis of variance (ANOVA), with Bonferroni 

correction as a post-hoc analysis were used. Differences with p values of 0.05 or 

less were considered to be statistically significant. 
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III. RESULTS 
 

1. Comparative transcriptomic analysis of BEAS-2B treated with three 

allergenic mites: D. farinae, D. pteronyssinus, and T. putrescentiae 

To investigate the responses of airway epithelial cells to different HDM 

species as major allergens, BEAS-2B cells were treated with D. farinae, D. 

pteronyssinus, or T. putrescentiae extract, and a transcriptomic analysis (RNA-

seq) was performed to compare gene expression patterns. The similarity between 

gene expression profiles within each group was analyzed using one-way 

hierarchical clustering (Figure II-1). Overall, 912 genes were found to be 

differentially expressed. The gene expression patterns in the PBS treatment group 

were different from those in each HDM group. In the treatment groups, D. 

pteronyssinus and T. putrescentiae clustered earlier, showing more similar gene 

expression patterns than those of the D. farinae-treated group (Figure II-1). 
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Figure II-1. Analysis of the transcriptional differences of BEAS-2B cells 

exposed to D. farinae (Df), D. pteronyssinus (Dp), and T. putrescentiae (Tp). 

Hierarchical clustering of 912 genes differentially expressed after 24 hours of 

exposure to extracts from each HDM and PBS. Genes showing a ≥ two-fold 

change and p-value < 0.05 are shown.   
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2. Pathway enrichment analysis for each mite-treated group 

Interestingly, the effects of extracts on BEAS-2B were more similar in the D. 

pteronyssinus and T. putrescentiae treatment groups, although D. farinae and D. 

pteronyssinus are more similar in terms of phylogeny and allergen type.  

Therefore, it was determined which genes were upregulated in response to 

exposure to each mite treatment. 

The Venn diagram shows genes upregulated after exposure to each mite 

treatment compared to the control (PBS treatment). Forty-three genes were 

commonly upregulated in response to all three mite species treatments, and these 

genes were mainly involved in chemokine production. (Figure II-2A, B). Sixty-

three genes increased only in response to D. farinae. Significantly, these were 

related to the type I interferon signaling pathway and responses to bacteria. There 

were 46 genes that were upregulated only in response to D. pteronyssinus, and 

these were associated with metabolic pathways. Only 61 genes were exclusively 

upregulated in the T. putrescentiae treatment group, and these were involved in 

cell signaling pathways such as pathways regulating intracellular signal 

transduction. Furthermore, genes that were upregulated in the D. pteronyssinus 

and T. putrescentiae groups but not the D. farinae group were associated with 

antibiotic metabolism (Figure II-2A, B). 
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Figure II-2. Pathway enrichment analysis. (A) Venn diagram representing the 

number of differentially upregulated genes after treatment with each HDM 

extract compared to treatment with PBS. Genes showing a ≥ two-fold change in 

expression and a false discovery rate (FDR) < 0.05 were counted. (B) Pathway 

analysis performed with genes from (A), using G:profiler with the term “GO 

biological process”. Genes with an FDR < 0.1 are shown. 
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3. Pathway related to immune reaction to bacteria enriched by D. farinae 

treatment  

The difference in D. farinae treatment versus treatment with the other mites 

was related to their responses to bacteria (Figure II-2B ②). In particular, the 

expression of cytokines IL-8, Cxcl-1, and Cxcl-2, which are involved in allergic 

inflammatory responses and immune cell recruitment, were specifically 

expressed in cells treated with D. farinae (Figure II-3A). These results were 

confirmed by real-time PCR (Figure II-3B). 
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Figure II-3. Gene expression of cytokines in BEAS-2B cells after exposure to 

each HDM extract. (A) Fragments per kilobase million (FPKM) of IL-8, IL-6, 

CXCL1, and CXCL2 in BEAS-2B cells 24 hours after stimulation. (B) 

Quantitative PCR of IL-8, IL-6, CXCL1, and CXCL2 transcripts in BEAS-2B 

cells 24 hours after stimulation. Data are presented as the means ± SDs of at least 

three independent experiments. 
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4. More bacteria and LPS in D. farinae than D. pteronyssinus and T. 

putrescentiae 

I hypothesized that these results would be due to a large amount of bacteria-

derived substances such as LPS in D. farinae. First, the amount of bacterial DNA 

(Figure II-4A) and LPS concentration (Figure II-4B) were measured in three 

species of mite’s DNA and in protein extract samples. The result showed that D. 

farinae had a 14,000 times higher amount of bacterial DNA than D. pteronyssinus. 

In addition, the LPS concentration was 25,270 EU/mg in the D. farinae extract, 

390 EU/mg in the D. pteronyssinus extract, and 1123 EU/mg in the T. 

putrescentiae extract. 

Microbiomes of D. farinae, D. pteronyssinus, and T. putrescentiae were 

analyzed using 16S rRNA amplicon sequencing (Table II-1). Each species of mite 

had different species of bacteria with a different amount. D. farinae had mostly 

Bartonella HQ806746 and E. faecalis. The average read count of D. 

pteronyssinus was only 5, a negligible number. T. putrescentiae had 

Sphingobacteriales and Bartonella JX001274, which was different Bartonella 

strain found in D. farinae.  
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Figure II-4. Bacterial DNA and LPS levels in three mite species. (A) Relative 

16S rRNA levels in D. farinae (D.f), D. pteronyssinus (D.p). and T. putrescentiae 

(T.p). (B) Concentration of LPS in 1 mg/mL of mite extract (EU/mL). 
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Table II-1. Microbiomes of D. farinae, D. pteronyssinus, T. putrescentiae, and D. 

farinae collected from Japan at species level analyzed using 16S rRNA amplicon 

sequencing (n =3) 
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5. Reduced cytokines secretion from BEAS2-B cells by LPS inhibitor in D. 

farinae treatment 

Furthermore, we sought to eliminate the effects of LPS in the mite extract. 

Our data showed that treatment with an LPS inhibitor (polymyxin B) decreased 

the secretion of IL-6 and IL-8 in D. farinae-treated BEAS-2B, but not in D. 

pteronyssinus- or T. putrescentiae-treated cells (Figure II-5). The levels of 

secreted IL-8 were not different between cells treated with the three species of 

mites when the LPS inhibitor was added (p = 0.196 by ANOVA). These data 

suggest that bacteria (or bacteria-derived substances) and allergens in D. farinae 

synergistically affect the secretion of allergic inflammation-related cytokines in 

airway epithelial cells. 
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Figure II-5. Effects of LPS on mite extract-induced (A) IL-6 and (B) IL-8 

production in BEAS-2B cells. Each extract was pretreated with the LPS inhibitor 

polymyxin B, and then extracts with and without pretreatment were applied to 

cells. Data are presented as the means ± SDs of at least three independent 

experiments. 
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6. Pathway related to the antibiotic metabolic process  

The antibiotic metabolic process pathway was not found in D. farinae but was 

enriched in D. pteronyssinus and T. putrescentiae due to CYP1A1 and ABCC2 

genes (Figure 6).  

In bronchial epithelial cells, including BEAS-2B cells, CYP1A1 expression 

can increase to metabolize and dispose of antibiotics such as penicillin.51, 52 In 

addition, symbiotic relationship between mites and fungi was revealed in D. 

pteronyssinus.46, 47, 53 

Based on these results, we hypothesized that D. farinae had more abundant 

bacteria because fungi in D. pteronyssinus and T. putrescentiae produced 

antibiotics (or xenobiotics) and inhibited the growth of bacteria in this mite 

species.  
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Figure II-6. Gene expression of CYP1A1 and ABCC2 in BEAS-2B cells after 

exposure to each mite extract. (A) FPKM of CYP1A1 and ABCC2 in BEAS-2B 

cells 24 hours after stimulation. (B) Quantitative PCR of CYP1A1 and ABCC2 

transcripts in BEAS-2B cells 24 hours after stimulation. Data are presented as the 

means ± SDs of at least three independent experiments. 
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7. More fungi in D. pteronyssinus than other mite species 

First of all, the amount of fungi in the three mites’ DNA was measured. 

Interestingly, the relative amounts of total fungi and Aspergillus in D. 

pteronyssinus were more than about 1,000 times and 100 times higher, 

respectively, than those in D. farinae (Figure II-7A, B). This was the inverse of 

the relative amount of bacteria in these mites (Figure II-4A). 
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Figure II-7. Relative amounts of (A) total fungi and (B) Aspergillus in D. farinae 

(D.f), D. pteronyssinus (D.p), and T. putrescentiae (T.p). 
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8. Fungal amount in D. pteronyssinus reduced by antifungal agent 

Next, an antifungal agent, amphotericin B, was supplied to mites for four 

weeks to reduce the amount of fungi in them. In D. pteronyssinus, the total 

amounts of fungi and Aspergillus decreased significantly (Figure II-8A, B), 

whereas bacterial abundance was not changed (Figure II-8C). D. pteronyssinus 

may have had little bacteria originally, so that the abundance of bacteria did not 

increase in this short period. In D. farinae and T. putrescentiae, no significant 

changes in fungi were found, perhaps because the fungal load was low in these 

species to begin with. 
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Figure II-8. Relative amount of (A) total fungi, (B) Aspergillus, and (C) total 

bacteria in D. farinae (D.f), D. pteronyssinus (D.p), and T. putrescentiae (T.p) 

following treatment with the antifungal agent amphotericin B. DfC: D. farinae 

without amphotericin B; DfA: D. farinae with amphotericin B; DpC: D. 

pteronyssinus without amphotericin B; DpA: D. pteronyssinus with amphotericin 

B; TpC: T. putrescentiae without amphotericin B; TpA: T. putrescentiae with 

amphotericin B. *P<0.05. 
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9. Aspergillus penicillioides identified as a dominant fungus in D. 

pteronyssinus 

PCR with primers specific for fungi (ITS1 and ITS2) was used to analyze 

mycobiome changes in the three mite species following amphotericin B treatment. 

PCR of D. pteronyssinus resulted in thick bands at about 300 bp (arrow), which 

thinned following amphotericin B treatment (Figure II-9). These bands were 

excised and TA cloned, and all of the sequences were identified as Aspergillus 

penicillioides (13 colonies from control D. pteronyssinus; 10 colonies from 

amphotericin B-treated D. pteronyssinus), which is known to be an important 

constituent of the D. pteronyssinus mycobiome.44 
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Figure II-9. Results of PCR using primers specific for fungi (ITS1 and ITS2). 

Thinner bands, apparent after amphotericin B treatment of D. pteronyssinus 

samples (red arrows), were excised, TA cloned, and sequenced. DfC: D. farinae 

without amphotericin B; DfA: D. farinae with amphotericin B; DpC: D. 

pteronyssinus without amphotericin B; DpA: D. pteronyssinus with amphotericin 

B; TpC: T. putrescentiae without amphotericin B; TpA: T. putrescentiae with 

amphotericin B. 
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10. Mycobiomes of D. farinae, D. pteronyssinus, and T. putrescentiae treated 

with amphotericin B 

Figure II-10 shows the results of the mycobiome analysis based on next-

generation sequencing of fungus-specific ITS amplicons. A. penicillioides (pink) 

was found in D. pteronyssinus only, but this was greatly reduced by amphotericin 

B treatment. Another mold found only in D. pteronyssinus was Penicillium 

cinerascens (yellow). Some studies reported that A. penicillioides and P. 

cinerascens produce antibacterial molecules.54, 55, 56 Saccharomyces (blue) was a 

component of the mite food used in this study and a typical yeast found in every 

mite sample. T. putrescentiae also had another yeast, Meyerozyma (green). These 

results showed that only D. pteronyssinus had several mold-type fungi, which are 

probably have antibacterial activity.  
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Figure II-10. Composition of D. farinae, D. pteronyssinus, and T. putrescentiae 

mycobiomes following amphotericin B treatment. Fungal specific ITS2 gene 

amplicon analysis based on Illumina MiSeq next-generation sequencing. QIIME 

and UNITE databases were used for the bioinformatics analysis. DfC: D. farinae 

without amphotericin B; DfA: D. farinae with amphotericin B; DpC: D. 

pteronyssinus without amphotericin B; DpA: D. pteronyssinus with amphotericin 

B; TpC: T. putrescentiae without amphotericin B; TpA: T. putrescentiae with 

amphotericin B. 
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11. Maintained population of E. faecalis in D. farinae, but not in D. 

pteronyssinus 

To determine whether D. pteronyssinus fungi have the ability to reduce 

bacteria in this mite species, highly concentrated E. faecalis was inoculated into 

these mites. In our previous studies, E. faecalis was found to be a symbiont of D. 

farinae, but was not present in D. pteronyssinus and T. putrescentiae (Table II-1). 

Using E. faecalis with a green fluorescence protein gene plasmid (GFP_E. 

faecalis), we were able to confirm the inoculation status of each mite under a 

fluorescence microscope and measure the amount of inoculated bacteria in each 

mite based on an antibiotic resistance gene. 

First, we confirmed that GFP_E. faecalis can be maintained in D. 

farinae but not in D. pteronyssinus. GFP_E. faecalis-concentrated solution 

was added to the harvested mites. At each time point, mite homogenates were 

spread on BHI agar to determine the number of colony forming units (CFUs). 

After inoculation, the amount of GFP_E. faecalis decreased exponentially in D. 

pteronyssinus, but the bacteria were maintained in D. farinae from 6 to 10 days 

(Figure II-11).  
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Figure II-11. Introduced Enterococcus in D. farinae and D. pteronyssinus over 

time. E. faecalis containing GFP plasmid (GFP_E. faecalis) was inoculated into 

mites, and abundance (CFU per mite culture flask) of the bacteria was determined 

at each post-inoculation time point. Brain heart infusion (BHI) agar containing 

antibiotics was used to selectively culture GFP_E. faecalis colonies. *P<0.05. 
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12. Restoration of E. faecalis in D. pteronyssinus by amphotericin B 

treatment 

To determine whether the reduction in fungi in HDMs affected the 

microbiome populations, GFP_E. faecalis-inoculated mites were treated with the 

antifungal amphotericin B. On day 10 after inoculation, D. farinae had 7,950 

CFU of GFP_E. faecalis per a mite, whereas D. pteronyssinus had an average of 

only 6.7 CFU per a mite (Figure II-12A, B). However, D. pteronyssinus treated 

with amphotericin B had an average of 261 CFU GFP_E. faecalis per a mite, 

which was 40 times higher than the number in the control (DpC) group (p = 

0.0227). In the case of D. farinae, amphotericin B treatment did not promote 

retention of GFP_E. faecalis. These results confirmed that the lack of a D. 

pteronyssinus microbiome was due to the specific mycobiome in this mite. 
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Figure II-12. Remaining GFP_E. faecalis in the mite treated with amphotericin 

B. Ten days after GFP_E. faecalis inoculation and amphotericin B treatment, 

homogenates of 25 mites for each group (n = 6) were spread on BHI agar 

containing antibiotics (C). The CFU per a mite are presented as (A) for D. farinae, 

(B) for D. pteronyssinus. DfC: D. farinae without amphotericin B; DfA: D. 

farinae with amphotericin B; DpC: D. pteronyssinus without amphotericin B; 

DpA: D. pteronyssinus with amphotericin B. *P<0.05. 
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IV. DISCUSSION 

In this study, BEAS-2B cells were treated with D. farinae, D. pteronyssinus, 

or T. putrescentiae extract, and a transcriptomic (RNA-seq) analysis was 

performed. The pathway analysis revealed that immune responses to bacteria 

were activated only in D. farinae. In addition, LPS inhibitor (polymyxin B) 

treatment reduced the amount of IL-6 and IL-8 released from BEAS-2B cells in 

D. farinae extract treatment group. This suggests that allergens and bacterial 

components such as LPS in D. farinae synergistically act on airway epithelial 

cells to stimulate an inflammatory response.  

In this study, D. farinae had E. faecalis and Bartonella as core microbiomes 

and T. putrescentiae had mostly Bartonella and Sphingobacteriales. Several 

studies have reported that Bartonella is the most dominant bacteria group in the 

microbiomes of both D. farinae and T. putrescentiae.3, 7, 40 A previous study using 

a 16S rRNA cloning method demonstrated that Enterococcus species were the 

second most abundant bacteria in D. farinae.22 Although the draft genome of D. 

farinae indicated that Enterobacter species were predominant, Enterobacter was 

not detected in my D. farinae strain.7 Another study using 16S rRNA amplicon 

deep sequencing indicated that Solitalea-like bacteria belonging to 

Sphingobacteriaceae were present among various strains of T. putrescentiae, 

which is also in line with these results.40 In contrast, D. pteronyssinus can be 

cultured almost aseptically in the laboratory setting. D. pteronyssinus showed an 
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approximately 64-times lower LPS concentration than D. farinae. This finding is 

in line with previous studies showing that D. farinae extracts have more LPS than 

D. pteronyssinus extracts, and that D. farinae harbors a greater bacterial 

abundance than does D. pteronyssinus.3, 41 

To determine whether there is a difference in the microbiome according to the 

site of origin of the mite strain, the microbiome of a D. farinae strain collected 

from a house in Japan was analyzed (Table II-1). This Japanese strain has been 

maintained in the same laboratory for more than 15 years using the same methods 

applied for cultivating the Korean strain of D. farinae. The results showed that 

Bartonella HQ806746 was the dominant taxon among Japanese mites, exhibiting 

a similar microbiome pattern to that of Korean mites. Thus, when bred in the 

same environment, mites of the same species showed similar microbiome 

patterns regardless of their country of origin. This also suggests that the difference 

in the microbiomes of the three species of mites examined in this study was not 

related to the collection site, but rather truly reflects unique symbionts for each 

mite species. 

HDMs induce a type 2 immune response with elevated expression levels of 

IL-6 and IL-8 in airway epithelial cells.57, 58 Specifically, group 1 allergens and 

LPS from HDM promote the expression of pro-inflammatory cytokines such as 

IL-6 and IL-8 by stimulating the protease-activated receptor 2 (PAR-2) and TLR4, 

respectively.29 Calcium levels in airway epithelial cells are elevated in response 

to the HDM extract, which, in turn, activates the NFAT/calcineurin signaling 
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pathway to induce the transcriptional production of pro-inflammatory cytokines 

IL-6 and IL-8.59 In addition, allergic airway inflammation was reduced in a mouse 

model when LPS in our D. farinae extract was inhibited by polymyxin B.26 IL-8 

is a major mediator of neutrophilia in acute severe asthma.60 Several studies have 

shown success with therapies targeting IL-6 in patients with asthma and mixed 

neutrophilic/eosinophilic bronchitis.61 

In this study, pathways related to antibiotic metabolism were enriched in D. 

pteronyssinus and T. putrescentiae, but not in D. farinae, in response to increased 

CYP1A1 and ABCC2 expression. In bronchial epithelial cells, including BEAS-

2B, CYP1A1 expression was shown to increase in response to antibiotics such as 

penicillin in order to metabolize them.51, 52 

Fungal loads were higher in D. pteronyssinus than in D. farinae, and that A. 

penicillioides was the predominant fungal species in D. pteronyssinus. A. 

penicillioides is among the most xerophilic fungi, and it generally lives in low 

moisture substrates such as indoor air, house dust, and stored dried food 

contaminants.62, 63 The presence of A. penicillioides has been suggested to play a 

role in reproduction in D. pteronyssinus.64 Notably, A. penicillioides has been 

reported to produce aurantiamide acetate, which displays antibacterial and 

antifungal activity.54, 55 Penicillium cinerascens, the second most common fungus 

in D. pteronyssinus in this study, is known to have antibacterial activity due to the 

presence of gliotoxin and spinulosin.56 We speculated that these antibiotics might 

act on BEAS-2B to upregulate genes related to antibiotic metabolic processes. 
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A symbiotic relationship between mites and fungi such as A. 

penicillioides was revealed in D. pteronyssinus and T. putrescentiae, and fungi 

have been reported to shape the microbiomes of mites.46, 47, 53 In addition, this 

study found that D. pteronyssinus cannot harbor inoculated Enterococcus, 

whereas D. farinae can. Antifungal agent was used to confirm whether this 

phenomenon was related to the presence of fungi. In D. farinae, amphotericin B 

treatment did not affect inoculated Enterococcus, but, in D. pteronyssinus, 

amphotericin B treatment increased the abundance of Enterococcus. The 

antifungal agent also allowed Enterococcus to be maintained in D. pteronyssinus. 

These results suggest that the lack of a microbiome in D. pteronyssinus is related 

to the specific mycobiome of the mite.  

Previous studies have shown that fungi in insects affect the growth of bacteria. 

Little AE et al. found that symbiotic black yeasts acquire nutrients from ants' 

bacterial mutualists and suppress bacterial growth.65 Beauveria bassiana (a 

fungus) oosporein can act as an antimicrobial compound to limit microbial 

competition in B. bassiana-killed hosts, allowing the fungus to use host nutrients 

maximally to grow and sporulate on infected insect cadavers.66 In Megachile 

rotundata (a bee), antifungals lowered bacterial abundance but increased the 

diversity of surviving fungi, suggesting that bacteria inhibit the growth of some 

fungi in the gut through chemical or competitive interactions.67 In this study, 

amphotericin B treatment allowed D. pteronyssinus to retain bacteria. In this 

process, fungal compounds such as aurantiamide acetate produced by A. 
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penicillioides might act as antibiotic agents. 

In conclusion, it was shown that the D. farinae microbiome causes airway 

epithelial cells to produce allergy-related cytokines, whereas fungi in D. 

pteronyssinus suppress the microbiome. The concept that the HDM mycobiome 

inhibits the related microbiome, which is associated with allergic responses, 

suggests new avenues for the development of allergy immunotherapeutics. 

Therefore, standardization of the process in producing mites and extracts in terms 

of the microbiome and mycobiome levels is essential for the development and 

improvement of diagnostic and therapeutic agents for allergic diseases. 
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V. CONCLUSION 

Taken all together, these results suggest that the microbiome of HDM 

(especially in D. farinae) plays an adjuvant role in allergic inflammation, and the 

mycobiome of HDM (especially in D. pteronyssinus) inhibits the microbiome 

survival in the mite. 

 

 

Figure III-1. Proposed model of the interaction between allergic inflammation 

and mite’s allergens, microbiome, and mycobiome. 
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APPENDICES 
 
Table. Microbiome of mite food (not autoclaved) in genus level 

Genus Count Proportion (%) 

Lactobacillus 19840 89.9773 
Clostridium 1076 4.8798 
Lactococcus 319 1.4467 
Leuconostoc 79 0.3583 
Staphylococcus 66 0.2993 
Lactovum 53 0.2404 
Prevotella 37 0.1678 
Streptococcus 32 0.1451 
Weissella 27 0.1224 
Turicibacter 25 0.1134 
Virgibacillus 25 0.1134 
Acinetobacter 23 0.1043 
Bacteroides 23 0.1043 
Pantoea 22 0.0998 
Psychrobacter 21 0.0952 
Kurthia 16 0.0726 
Xanthomonas 16 0.0726 
Myroides 15 0.068 
Bartonella 14 0.0635 
Enterococcus 14 0.0635 
Other  307 1.3902 

* The read counts of Bartonella HQ806746 and Enterococcus faecalis, the 
predominant microbiomes of D. farinae were 14 and 8, respectively. Bartonella 
JX001274 strain and Sphingobacteriales JN236497, the major microbiome of T. 
putrescentiae, were not found. 
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ABSTRACT (IN KOREAN) 

 

집먼지진드기의 세균총 및 진균총 분석과 

알레르기성 염증에서의 중요성 

 

<지도교수 용 태 순> 

 

연세대학교 대학원 의과학과 

 

김 주 영 

 

 

천식, 비염 및 아토피 피부염과 같은 알레르기 질환은 전 

세계적으로 가장 흔한 만성 질환이다. 집먼지진드기는 알레르기 

질환을 유발하는 알레르기 유발원이다. 집먼지진드기의 세균총은 

내독소와 같은 미생물 유래 물질을 생성하여 알레르기 질환의 병인에 

면역 조절 효과를 발휘할 수 있다. 그러나, 알레르기 면역반응에 대한 

집먼지진드기의 세균총의 효과에 대해서 알려진 바가 거의 없다. 이 

연구의 목적은 집먼지진드기의 세균총을 연구할 수 있는 분석 

파이프라인을 결정하고 알레르기 질환 발생에서의 집먼지진드기 

세균총의 역할을 규명하는 것이다. 

이를 위해 제 1장에서는 차세대 염기서열분석을 이용한 16S 

rRNA amplicon분석이 수행되었다. Bartonella 및 Enterococcus 속은 
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큰다리먼지진드기 (Dermatophagoides farinae)의 세균총의 약 

99 %를 구성했다. 여러 염색 방법을 통해 Enterococcus faecalis가 

장내에, Bartonella는 혈강에 분포하는 것이 확인되었다. 

집먼지진드기의 세균총의 변화가 알레르기 질환의 발달에 영향을 

미치는지 확인하기 위해 큰다리먼지진드기에 암피실린을 처리하고 6 

주 동안 사육하였다. 결과적으로 진드기 내의 세균총의 양은 25 배 

감소했고, 내독소 농도는 100 배 감소했다. 또한, 항생제를 처리한 

진드기의 추출물로 사람 기관지 상피세포주 (BEAS-2B)에 처리하면 

염증성 사이토카인인 IL-6 와 IL-8의 분비가 정상 진드기의 

추출물의 경우 보다 감소되었다. 큰다리먼지진드기의 세균총인 E. 

faecalis를 배양하여 진드기에 접종 시켰고, 2주 후 형광 현미경 

검사와 박테리아 DNA 정량을 통해 박테리아가 큰다리먼지진드기의 

장 내에 정착되었음을 확인하였다. 이때, BEAS-2B 세포로부터의 IL-

6 및 IL-8 분비는 대조군 진드기 추출물과 비교하여 E. faecalis가 

접종 된 경우 더 높게 측정되었다. 마우스 천식 모델에서, 항생제 

처리 진드기의 추출물을 처리하였을 때 알레르기성 기도 염증반응이 

대조군 진드기 또는 E. faecalis 접종 진드기 그룹과 비교하여 낮게 

나타났다. 결론적으로, 집먼지진드기의 세균총은 in vitro와 in vivo 

에서 알레르기성 염증 반응에 대해 보조제 (adjuvant)로서 작용하여 
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시너지효과를 보이는 것으로 나타났다. 

제 2장에서는 큰다리먼지진드기와 세로무늬먼지진드기 (D. 

pteronyssinus) 및 긴털가루진드기 (Tyrophagus putrescentiae)의 

추출물을 기도 상피 세포주 (BEAS-2B)에 처리하고 전사체 분석 

(RNA-Seq)을 수행하여 비교하였다. Pathway 분석에서 박테리아에 

대한 면역 반응은 큰다리먼지진드기 처리군에서만 확인되었다. 

큰다리먼지진드기는 다른 진드기 종보다 많은 양의 세균총과 

내독소를 가져서 BEAS-2B cells에서 염증성 사이토카인 분비를 

강화시키는 것으로 나타났다. 항생제 대사에 관한 pathway는 

세로무늬먼지진드기 처리 군에서 높았는데 조사결과 이 진드기 종은 

높은 진균 함량을 보였다. 또한 E. faecalis를 진드기에 접종한 

실험에서 항진균제인 암포테리신이 세로무늬먼지진드기에서 E. 

faecalis의 생존을 높이는 것이 확인했고 이는 집먼지진드기 내의 

진균 (mycobiome)이 세균총을 억제할 수 있다는 것을 시사한다.  

 

 
 

 
 
 
 
핵심되는 말 : 집먼지진드기, 알레르기, 세균총, 진균총, 전사체, 

사이토카인  
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