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Abstract: In our living environment, there are various microorganisms that are thought to affect
human health. It is expected that excessive microbial suppression can have a negative effect on human
health and that the appropriate control of the microbiome is beneficial to health. To understand
how the physical environment, such as temperature and relative humidity, or housing itself affects
the microbiome in a rural house, we measured temperature and humidity and collected microbial
samples in a traditional Japanese house with a thatched roof. The relative humidity of outdoor
air was over 60% most of the day throughout the year. Indoor and outdoor air temperature and
humidity were closer to each other in summer than in winter. The DNA concentration of indoor
surfaces correlated with the relative humidity, especially with the lowest annual relative humidity.
In the thatched roof, outside surface relative humidity often reached 100%, and the occurrence of
condensation can affect the DNA concentrations. A high percentage of archaea were detected in the
house, which is not a common characteristic in houses. In addition, the microbial community was
similar outdoors and indoors or in each room. These characteristics reflect the occupants’ behaviour,
including opening the windows and partitions in summer. In the future, it will be necessary to
conduct continuous surveys in various houses, including traditional and modern houses, in Japan.

Keywords: microbiome; relative humidity; temperature; building environment; indoor environment;
thatched roof

1. Introduction

In modern life, we spend approximately 87% of our time indoors [1], and the impact of
the living environment on human health is considered to be significant. Risk management
for human health in the field of architecture is mainly based on air quality control, such
as temperature/humidity control and dilution of carbon dioxide and VOCs by ventila-
tion, and there has been little investigation from the viewpoint of microbiology in public
health. Some studies have been conducted on methods of preventing mould growth and
material degradation of exterior walls. Abe et al. evaluated the rate of mould growth
in a given location based on temperature and relative humidity data [2]. Another study
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developed models for predicting mould growth with transient temperature and humidity
conditions [3]. There is also a mathematical model for simulating mould growth on wood
materials [4]. It is also well known that mould growth can be observed in buildings with
dampness or water leaks [5]. It has been shown that condensation and housing charac-
teristics can affect mite allergens [6,7]. Research on bacteria and viruses has focused on
specific species, such as pathogens, and suppressing them. For example, the survival rate
of influenza viruses is higher at low humidity and low temperature [8,9] and the infection
rate is also higher at low humidity and low temperature [10].

Today, the microbiome in the building environment has gained increasing atten-
tion [11–13]. Recent studies have indicated that excessive microbial suppression may
cause increased pathogenic microorganisms. For example, infections caused by antibiotic-
resistant pathogens have occurred in hospital ICUs with excellent hygiene [14], and there
is a problem of a high incidence of pulmonary nontuberculous mycobacterial disease in
Japan [15]. Fujimura et al. showed that exposure to dog-associated house dust altered
the gut microbiome of mice and protected them from airway allergens [16]. In the living
environment, it has been reported that the risk of childhood asthma is low in non-farm
houses where the microbial community is similar to that of farm houses [17]. Previous
studies have mainly focused on modern building environments with pathogen related
problems, such as in hospitals [18–21] or schools [22,23]. However, in Japan, there are no
examples of investigations of bacterial and fungal communities in building environments
using culture independent methods [24].

In the building environment, several factors have been proposed to affect microbial
communities, including temperature, relative humidity, air exchange rate, and occupant
density [25,26]. In a study of homes with asthmatic children, the use of air conditioners,
the presence of pets, and occupants were shown to affect indoor bacterial and fungal
communities [27]. Lax et al. found that in hospital rooms, the patient and the microbial
community on the room surfaces interacted with each other [19]. They also found that
the microbial community on indoor surfaces was influenced by occupants [28]. Danmiller
et al. showed that occupant density had a significant effect on bacterial community
composition [27]. With regard to building operation methods, Kembel et al. showed that
indoor microbial communities change depending on ventilation methods [19]. It has also
been shown that building materials affect microbial communities [5,29]. In addition, it is
clear that physical environmental factors and their changes affect microbial communities,
as evidenced by the fact that mould growth prediction models are based on time-series
data of temperature and relative humidity [3,4] and that the growth of bacteria and fungi
differs depending on relative humidity [30].

However, it is not clear how housing itself (thermal insulation performance, airtight-
ness, building materials), the physical environment, such as temperature and relative
humidity, which are affected by ways of living (ventilation, air conditioning), chemical
substances (antimicrobial materials), or the outdoor environment (meteorological con-
ditions) affect the microbial community in the living environment. This study aims to
understand how the physical environment affects the microbiome in living environments.
We especially focused on indoor air and surface temperature and humidity, since these
factors strongly influence microbial growth and community structure.

We investigated a house located in a rural area surrounded by mountains and forests
in Japan. It is a traditional Japanese wooden-frame house with mud walls, a thatched roof,
and other natural materials, and it has an earth floor space. The reasons for selecting this
subject were as follows. Some studies suggest that the microbial community is different
between urban homes and rural homes [27] and that the microbiome in farm houses could
have a positive effect on human health [17]. The subject house is expected to have a
farmhouse-like environment in that it uses natural materials, has an earth floor space,
and has a strong connection between the outdoors and indoors. This initial attempt will
be complemented by future surveys to examine seasonal changes and investigations of
various housing types in Japan.
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2. Materials and Methods
2.1. Research Site and Ways of Living

In this study, we focused on a thatched-roof house with natural materials such as mud
walls in Miyama, Nantan City, Kyoto (N 35◦16′ E 135◦33′). Figure 1 shows photographs
of the exterior of the house, the earth floor, the rooms, and the thatched roof seen from
the inside. This area belongs to a humid subtropical climate. Miyama is surrounded by
mountains and forests, and there are many thatched-roof houses in the town. Traditional
Japanese wooden houses, such as thatched-roof houses, are characterized by their use
of natural materials such as wood, plants, and soil and by their earth floor space. Low
airtightness and open living style are also common in such houses. Such characteristics of
traditional wooden houses are evident in the subject house. Two adults and one child live
in the house. During the summer, occupants open the screen doors and room partitions
to ensure ventilation and do not use air conditioners. In winter, they always use a wood-
burning stove installed in the Japanese-style room. The smoke from the stove is exhausted
into the earth floor space, and the indoor side of the thatched roof is covered with soot.
Since 25 April 2018, we have been continuously conducting temperature and humidity
surveys in the rooms and on and around the thatched roof to investigate the thermal
environment in the house. On 6 September 2020, we collected temperature/humidity data
and microbial samples.
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2.2. Temperature/Humidity Measurements

Temperature/humidity measurements were taken continuously in the house be-
ginning on 25 April 2018. prior to this study. The measurement points of tempera-
ture/humidity are shown in Figure 2. Outdoor air temperature/humidity was measured
under the southeast eave using an outdoor temperature/humidity sensor (HOBO Pro V2
U23–002A, Onset Computer Corporation, Bourne, MA, USA) and a weather station (HOBO
Weather Station Kits, Onset Computer Corporation, Bourne, MA, USA) located nearby.
Indoor air temperature/humidity was measured using indoor temperature/humidity
sensors (HOBO UX100–011A, Onset Computer Corporation, Bourne, MA, USA) in the
earth floor space, the dining room, the Japanese-style room, the second-floor storage room,
and the space under the ceiling. The temperature/humidity inside the thatched roof was
measured using outdoor temperature/humidity sensors (HOBO Pro V2 U23–002A, Onset
Computer Corporation, Bourne, MA, USA) at the south eave, the west eave, and the south
side of the thatched roof (Figure 2). The surface temperature of the thatched roof was
measured at the west eave using thermocouples (HOBO UX100–014 M, Onset Computer
Corporation, Bourne, MA, USA). The measurement intervals for all locations were 30 min.
The relative humidity of the thatched roof surface was approximated by a calculated value
using the temperature of the roof surface and the water vapour pressure calculated by the
temperature and the relative humidity of the outdoor air.
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Figure 2. (a) Floorplan of the subject house. (b,c) The temperature/humidity measurement points (red and orange dots)
and the microbial sampling locations (blue, yellow, and green dots) were plotted on the plan. Coriolis (yellow plots)
means sampling locations using a biological air sampler (Coriolis Micro, Bertin Technologies, France). N indicates the main
entrance, and4 indicates the back entrances.

2.3. Microbial Sampling

On 6 September 2020, indoor and outdoor air samples were collected in phosphate-
buffered saline (PBS) liquid by a biological air sampler (Coriolis Micro, Bertin Technologies,
Montigny-le-Bretonneux, France) with airflow set at 300 L/min for 10 min. The aerosol-
containing liquid from the sampler was filtered on-site through a 20-mL syringe (Terumo
Corporation, Tokyo, Japan) and 0.2-µm filter cartridge (Sterivex, Millipore, Burlington,
MA, USA). We swabbed the surfaces of the south and west sides of the exterior walls,
the earth floor space roof, the earth floor, the dining room wall, the Japanese-style room
wall and column, the second-floor storage wall, and the bathroom wall (Figure 2) using
a cotton swab (Fine Check, ASONE, Osaka, Japan). The size of the sampling area was
10 cm × 10 cm for each location. The thatch was pulled from six locations on the roof, as
shown in Figure 2 (see also Supplementary Figure S1).

2.4. Numerical Analysis of Surface Temperature/Humidity

The temperature/humidity of wall surfaces and floor surfaces are different from
the temperature/humidity of air. To evaluate close relationships between the tempera-
ture/humidity and microbial communities on surfaces, it is necessary to measure the sur-
face temperature/humidity of the point where microbial samples were collected. Although
the air temperature/humidity was measured, the temperature/humidity of surfaces where
samples were collected was not measured directly in the subject house. We used the simul-
taneous heat and moisture transfer equation [31], which is a method commonly used in the
field of architecture, to predict the temperature/humidity inside walls. We modelled the
ground and mud walls of the earth floor and the Japanese-style room wall, respectively. We
calculated the surface temperature/humidity using one-dimensional numerical analysis.
The theory and methods of calculating surface temperature/humidity are explained in
Appendix A.
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2.5. DNA Extraction and Sequencing

All samples were obtained using aseptic techniques and appropriate negative controls.
A swab and a filter were directly placed in a bead tube of a DNeasy PowerBiofilm Kit
(QIAGEN, Germantown, MD, USA) under a laminar flow cabinet, and DNA was extracted
according to the manufacturer’s protocol with some modifications, as follows [32]. Instead
of using glass beads in a PowerBiofilm bead tube, 400 µL of sterilized ϕ0.5 mm zirconia
beads (TORAY, Tokyo, Japan) and two grains of ϕ5 mm zirconia beads (TORAY) were used
for homogenization. The samples were beaten with a Multi-bead shocker® (Yasui Kikai
Corporation, Osaka, Japan) at 2700 rpm for 10 min. The DNA was eluted in 100 µL of
elution buffer and then purified and concentrated with a Dr. GenTLE precipitation carrier
(Takara BIO, Tokyo, Japan). The concentration and purity of the DNA were measured with
a DS-11FX + Spectro/Fluorometer (DeNovix, Wilmington, NC, USA).

The extracted DNA was amplified according to the Earth Microbe project [33]. The
V4 region of the 16S rRNA gene and V9 region of the 18S rRNA gene were used as target
regions for sequencing on the Illumina MiniSeq platform. The detailed library preparation
procedures are described in [34]. PCR amplification reactions contained 2.5 µL each of
1 µM primers, 12.5 µL of 2×MightyAmp PCR Buffer v. 3 (TaKaRa Clontech, Mountain
View, CA, USA), 0.5 µL of MightyAmp DNA Polymerase v.3 (1.25 U/µL), 5 µL of PCR
grade water, and 2.5 µL of DNA templates. Amplification was performed under the
following conditions: for the 16S rRNA gene, 98 ◦C for 2 min, followed by 35 cycles
of 95 ◦C for 30 s, 50 ◦C for 1 min, and 68 ◦C for 1 min, for the 18S rRNA gene, 98 ◦C
for 2 min, followed by 35 cycles of 95 ◦C for 30 s, 65 ◦C for 30 s, and 68 ◦C for 30 s. A
reaction containing no template served as the negative control and confirmed the absence
of nonspecific amplification. After amplification, PCR products were examined in a 2%
w/v agarose-TAE gel, stained with Safelook Load-Green (Wako, Osaka, Japan), visualized
on Printgraph CMOS I (ATTO, Tokyo, Japan), and cleaned using a Pronex® Size-Selective
Purification system (Promega, WI, USA). Primers with different barcodes (short artificial
DNA sequences) were used for different samples to identify each sample. For index PCR
amplification reactions, 12.5 µL of 2× KAPA HiFi HotStart ReadyMix (Kapa Biosystems,
Woburn, MA, USA), 2.5 µL of each forward and reverse index primer (1 µM), and 7.5 µL of
purified PCR product DNA were used. Amplification was performed under the following
conditions: 95 ◦C for 3 min, followed by 8 cycles of 95 ◦C for 30 s, 55 ◦C for 30 s and
72 ◦C for 30 s, and a final elongation of 72 ◦C for 5 min. The libraries were verified by
the fragment analyser TapeStation 4000 series (Agilent Technologies, Palo Alto, CA, USA),
cleaned using a Pronex® Size-Selective Purification system (Promega), and quantified
with a DS-11FX + Spectro/Fluorometer (DeNovix). Based on these DNA concentrations,
samples were pooled at equimolar concentrations into one tube and diluted to 1 nM. The
pooled amplicons were denatured and diluted to 30 pM, and 30% PhiX DNA was added
according to the manufacturer’s recommendations. The mixed library at 0.8 pM was
sequenced with Illumina MiniSeq using the 150-cycle Mini Reagent Kit (Illumina).

2.6. Data Analysis and Availability

A total of 6872,122 for 18S rRNA gene and 3,150,556 for 16S rRNA gene of raw
sequences were obtained from MiniSeq Illumina sequencing. The raw sequenced reads
were filtered for low-quality reads and adapter regions using Trimmomatic v. 0.39 [35]
with the following settings: TrimmomaticSE -threads 2; LEADING 20; TRAILING 25;
SLIDINGWINDOW 4:15; ILLUMINACLIP 2:30:10; MINILEN 120. After filtering and the
removal of the primer sequences, the 18S and 16S rRNA gene sequences were trimmed
and quality filtered using the DADA2 package [36] in the program R [37] with a procedure
adopted from the DADA2 pipeline version 1.14.1 with the following settings: maxLen
150; miniLen 100; maxEE 2; truncQ 2; rm.phix TRUE; compress TRUE; verbose TRUE;
multithread TRUE. The taxonomy was assigned using the silva_nr_v132_train_set.fa.gz
database. For 16S rRNA gene analysis, chloroplast and mitochondrial OTUs were manually
removed. Samples with more than 1000 reads were used for further analysis, and microbial
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data analysis was conducted in R using the packages phyloseq v1.36.0 [38] and vegan
v2.5.7; ggplot2 v3.3.4 was used for visualization [39].

3. Results and Discussion
3.1. Outdoor Air and Indoor Air Temperature/Humidity

Temperature/humidity measurements have been conducted since 25 April 2018. In
this study we used temperature/humidity data form 2019, when the data was available
throughout the year, since there was no significant difference by year and the data repre-
sents the temperature/humidity conditions of the subject house (Supplementary Table S1).
The daily mean of the outdoor temperature around the subject house rose from below
5 ◦C in winter to nearly 30 ◦C in summer (Figure 3a). The temperature gradually rose in
spring and decreased in autumn (Figure 3a). The relative humidity was high throughout
the year, with few days when the daily mean value was below 60% (Figure 3b). In the
summer, the indoor air temperature fluctuated with the outdoor air temperature, and the
daily range was narrower than that of the outdoor air. The air temperature of the space
under the ceiling did not rise as high as the outdoor air (Figure 4a). This was due to the
high thermal insulation performance and high thermal capacity of the thatched roof. In
a modern house with a steel roof, the attic space air temperature can rise higher than the
outdoor temperature [40]. The relative humidity in the same season was higher at night
outdoors and in the earth floor space, but the difference among indoor locations was small
(Figure 4c).
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Figure 3. Daily mean (a) temperature (◦C) and (b) relative humidity (%) in 2019. Outdoor air and indoor air (dining room
and Japanese-style room) data are shown in this graph.

In the winter, the difference in temperature and relative humidity among locations
was larger than in summer. In addition, there was a wider range of fluctuations and a
shorter cycle in the indoor air temperature in winter than in summer (Figure 4b,d). In
spring and autumn, the difference in indoor and outdoor air temperature/humidity was
intermediate between that in summer and winter.

These seasonal variations are supposed to reflect room temperature control methods.
In this house, occupants opened the windows and partitions without air conditioning in
summer, so indoor air temperature and humidity were similar to those of the outdoor air.
In winter, they used a wood-burning stove and closed windows. Thus, the temperature
and humidity of the indoor air were different between the room with the stove and the
room without the stove, and these differed greatly from the outdoor air.
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Figure 4. Measured value of temperature (◦C)/relative humidity (%) in 2019. (a) Temperature in summer (1–14 August
2019), (b) temperature in winter (1–14 February 2019), (c) relative humidity in summer (1–14 August 2019), and (d) relative
humidity in winter (1–14 February 2019).

The mean annual temperature was low outdoors and in the earth floor space and high
indoors. The annual highest temperature was above 30 ◦C in all locations, and the annual
range was more than 25 ◦C (Table 1a). This indicates that there was a wide annual range
in temperature everywhere in the house. For the relative humidity, the mean value was
high in the outdoor and the earth floor space, and the highest value exceeded 85% in all
locations during the summer. The annual range outdoors was wide. In the storage room,
the annual range of relative humidity was narrowest, although it was nearly 60% (Table 1b).
This means that the annual range of relative humidity was also wide everywhere. The
temperature and humidity measurement results show that the earth floor space is a buffer
space between the outdoor and indoor environments.

Furthermore, the eaves provide shading and suppress a rise of indoor air tempera-
ture [41]. Japanese modern houses have large openings in each direction and have few
eaves for design purposes, while in traditional Japanese houses the deep eaves of the
thatched roof provide shading [40]. In addition to the high thermal insulation and high



Diversity 2021, 13, 475 9 of 21

thermal capacity of the thatched roof, the shading effect of the roof moderates the indoor
air temperature rise in summer in the subject house.

Table 1. Annual average value, annual highest value, annual lowest value, and annual range of
(a) temperature (◦C) and (b) relative humidity (%) in 2019 at each location. All the values in these
tables are rounded off to one decimal place.

(a)

Annual Mean Annual Highest Annual Lowest Annual Range

outdoor air 14.1 37.3 −1.5 38.8

earth floor space 15.4 33.3 2.0 31.3

space under the
ceiling 17.3 34.0 2.4 31.6

storage 18.9 34.9 5.1 29.8

dining room 21.3 34.2 6.4 27.8

Japanese-style
room 21.7 39.6 6.4 33.2

(b)

Annual Mean Annual Highest Annual Lowest Annual Range

outdoor air 84.4 100 17.3 82.7

earth floor space 78.0 94.9 27.3 67.6

space under the
ceiling 69.3 89.8 27.7 62.2

storage 68.8 88.9 29.5 59.4

dining room 60.6 90.5 24.6 65.9
Japanese-style

room 60.7 91.8 18.5 73.4

3.2. Result of Numerical Analysis of Surface Temperature/Humidity

The swabbed surface temperature/humidity was not measured. Therefore, to un-
derstand how the surface temperature/humidity fluctuations are influenced by air, we
calculated the corresponding values using the simultaneous heat and moisture transfer
equation. The temperature of the earth floor surface changed following the temperature of
the earth floor space air, but the surface temperature did not rise as high as that of the air.
The relative humidity of the earth floor surface fluctuated little and was approximately the
highest daily value of the relative humidity of the air (Figure 5a).

For the Japanese-style room wall, the daily range of surface temperatures was approx-
imately 2 ◦C narrower than that of the air, and the surface relative humidity fluctuated a
few hours behind that of the air. (Figure 5b).

3.3. DNA Concentrations and Relative Humidity of Indoor Surfaces

The relationship between the DNA concentration and the relative humidity of the
swabbed surface was investigated.

For the surface of the Japanese-style room wall, the analytical values of the mud walls
were used. The swabbed surface of the column in the Japanese-style room was adjacent to
the surface of the wall, and the difference in relative humidity was considered to be small.
Thus, the analytical values of mud walls were used for the surface of the column. For other
indoor wall surfaces, the relative humidity should be that of the air of each room. This is
because, from the results of the analysis using the simultaneous heat and moisture transfer
equation, the relative humidity of the surface of indoor walls can be approximated by the
relative humidity of the air with which the surface is in contact. For the earth floor surface,
the analytical values of the ground were used.
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Figure 5. The calculation results of surface temperature (◦C)/relative humidity (%) and the measured values of air
temperature/humidity of the (a) earth floor and (b) Japanese-style room wall.

No correlation between DNA concentration and the highest annual relative humidity
was observed (Figure 6b, R2 = 0.3537). While positive correlations with the DNA concen-
trations were observed for the annual mean value of relative humidity and the annual
lowest value of relative humidity, with correlation coefficients of 0.6574 and 0.9994, re-
spectively (Figure 6a,c). The annual range in relative humidity was negatively correlated
with the DNA concentration (Figure 6d, R2 = 0.9996). The temperature and humidity of
the surface may affect the numbers of microorganisms on indoor wall and floor surfaces.
For the relationship between relative humidity and microorganisms, Danmiller et al. re-
ported that the growth of microorganisms in house dust is accelerated in a high-humidity
environment [30].

These results showed that there was a correlation between the DNA concentration on
indoor wall and floor surfaces and the annual relative humidity, and the lowest relative
humidity had a particularly large effect.

The surface material is soil for the earth floor, mud wall for the dining room wall
and the Japanese-style room wall, wood for the Japanese-style room column and the
storage wall, and thatch for the earth floor roof surface. In the subject house, the DNA
concentrations of microorganisms on surfaces varied more by sampling location than
by surface material. Comparing the wood column and mud wall in the Japanese-style
room, the DNA concentration was higher on the column surface. It has been reported that
microbial biomass can reflect seasonal variations in soil moisture and temperature [42], and
in damp or water-damaged building materials, wood is a material which is likely to support
fungal growth, following plaster and concrete [29]. This indicates that the surface materials
and those moisture conditions can affect the DNA concentration of microorganisms.

3.4. Thatched Roof Temperature/Humidity

Variations in temperature/humidity inside and on the surface of the thatched roof
were significantly different. The temperature at the surface of the thatched roof can rise
to much higher than that of the outdoor air, reaching up to 60 ◦C in summer (Figure 7a).
At night, the surface temperature can drop below the outdoor air temperature (Figure 7b).
This was due to the effect of nocturnal radiation. The temperature dropped significantly,
especially in winter. However, on some days in winter, the roof surface temperature did not
drop below approximately 0 ◦C, although the outdoor air temperature dropped below 0 ◦C
(Figure 7b). When this occurred, the roof surface may have frozen due to snow covering
the roof. The temperature inside the roof had a narrower daily range than the outside roof
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surface and the outdoor air and showed a narrower range at deeper locations inside the
roof (Figure 7a,b).

Diversity 2021, 13, x FOR PEER REVIEW 11 of 22 
 

 

  

(a) (b) 

  

(c) (d) 

Figure 6. Correlation between DNA concentrations of microorganisms and relative humidity on indoor surfaces. The hor-
izontal axis represents the (a) mean annual relative humidity, (b) highest annual relative humidity, (c) lowest annual 
relative humidity, and (d) annual range of relative humidity. 

The surface material is soil for the earth floor, mud wall for the dining room wall and 
the Japanese-style room wall, wood for the Japanese-style room column and the storage 
wall, and thatch for the earth floor roof surface. In the subject house, the DNA concentra-
tions of microorganisms on surfaces varied more by sampling location than by surface 
material. Comparing the wood column and mud wall in the Japanese-style room, the 
DNA concentration was higher on the column surface. It has been reported that microbial 
biomass can reflect seasonal variations in soil moisture and temperature [42], and in damp 
or water-damaged building materials, wood is a material which is likely to support fungal 
growth, following plaster and concrete [29]. This indicates that the surface materials and 
those moisture conditions can affect the DNA concentration of microorganisms. 

3.4. Thatched Roof Temperature/Humidity 
Variations in temperature/humidity inside and on the surface of the thatched roof 

were significantly different. The temperature at the surface of the thatched roof can rise 
to much higher than that of the outdoor air, reaching up to 60 °C in summer (Figure 7a). 
At night, the surface temperature can drop below the outdoor air temperature (Figure 7b). 
This was due to the effect of nocturnal radiation. The temperature dropped significantly, 
especially in winter. However, on some days in winter, the roof surface temperature did 
not drop below approximately 0 °C, although the outdoor air temperature dropped below 
0 °C (Figure 7b). When this occurred, the roof surface may have frozen due to snow cov-

earth floor space  
roof

earth floor
storage wall

dining room wall 

Japanese-style 
room column

Japanese-style 
room wall

y = 0.0023·exp(0.1713x)
R² = 0.9994

0.01

0.1

1

10

100

0 10 20 30 40 50 60 70

D
N

A 
C

on
ce

nt
ra

tio
n 

[n
g/

μl
]

Lowest Annual Relative Humidity [%]

earth floor space  
roof

earth floor 

storage wall

dining room wall

Japanese -style 
room column

Japanese-style 
room wall

y = 50461·exp(-0.191x)
R² = 0.9996

0.01

0.1

1

10

100

0 10 20 30 40 50 60 70 80

DN
A

Co
nc

en
tra

tio
n

[n
g/

μl
]

Annual Range of Relative Humidity [%]

Figure 6. Correlation between DNA concentrations of microorganisms and relative humidity on indoor surfaces. The
horizontal axis represents the (a) mean annual relative humidity, (b) highest annual relative humidity, (c) lowest annual
relative humidity, and (d) annual range of relative humidity.
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Figure 7. Measured values of temperature (◦C)/relative humidity (%) of thatched roofs from 2019 to 2020. (a) Tempera
in summer (1–14 June 2019), (b) temperature in winter (1–14 February 2020), (c) relative humidity in summer (1–14June
2019), and (d) relative humidity in winter (1–14 February 2020), amount of solar radiation is also plotted in figures of
temperature ((a,b) pale orange lines), and the amount of precipitation was also plotted in figures of relative humidity
((c,d) pale blue lines).

The relative humidity at the surface of the thatched roof had a wider daily range than
that of the outdoor air (Figure 7c,d). At night, when the relative humidity of the outdoor
air was high, that of the thatched roof surface was also high, reaching 100% on many days
throughout the year, and more frequently in winter (Figure 7c,d). The reason for this is
that the temperature of the thatched roof surface was lower than the outdoor temperature
due to nocturnal radiation, where condensation occurs. The relative humidity inside the
roof fluctuated less than that outside the roof surface and the outdoor air. At a depth of
250 mm inside the roof, the variation was different from that of the outdoor air or at a
depth of 50 mm. This was due to the effects of solar radiation and rainfall on the outside
roof surface on the heat and moisture transfer inside the roof (Figure 7c,d).

The relative humidity of the thatched roof surface reached 100% on more than half
the days of the year, which was more than double that of the outdoor air. On the other
hand, there were no days when the relative humidity inside the thatched roof reached
100% during this period (Table 2).

Table 2. The number of days and total time that the relative humidity reached 100% per year are
shown for the outdoor air, thatched roof surface, and 250 mm inside the thatched roof. For the
thatched roof surfaces and inside the roof, there were times when relative humidity data were not
available. The number of days was calculated by counting the days when the relative humidity
reached 100%, even temporarily. Since the measurement interval was 30 min, the total time (hours)
was calculated as the number of data points at which the relative humidity reached 100% multiplied
by 30 min.

Outdoor Air Roof Surface 1 Roof Inner 250 mm

Days 73 185 0

Total time 406.5 890.5 0

Number of data
available 17,568 16,819 17,567
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3.5. DNA Concentration and Relative Humidity of the Thatched Roof

For microbial samples extracted from thatched roofs, the relationship between DNA
concentration and relative humidity was different from the relationship found in indoor
surface samples. There was no correlation between mean annual relative humidity and
DNA concentration (Figure 8a, R2 = 0.159). However, the higher the number of days or
longer the total time that the relative humidity reached 100%, the higher the DNA concen-
tration (Figure 8b, R2 = 0.9986). Thus, the length of time that the relative humidity reaches
100% is supposed to have an effect on microorganisms on thatched roofs. As we will discuss
later, the thatch of the roof surface, where condensation frequently occurred, deteriorated.
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Figure 8. Correlation between the DNA concentrations of microorganisms and relative humidity on the west side of the
thatched roof. The horizontal axis represents the (a) annual mean relative humidity and (b) total hours when the relative
humidity reached 100%. The samples were collected from three locations (under side of the eaves, roof surface side, and
inner side of roof), and the relative humidity of outdoor air, roof surface 1, and 250 mm inside the roof were adapted.

3.6. Sequence Results and Comparison of Microbial Communities

Sixteen and 13 samples were used for analysis of the 18S rRNA gene and 16S rRNA
gene, respectively. Good’s coverage values were greater than 99.5% for all the samples
(Supplementary Tables S2 and S3). In terms of the richness and evenness within the
samples, water displayed the highest values but did not differ significantly among the
samples (p > 0.05) (Figure 9a). Because of the characteristics of traditional Japanese houses
with thatched roofs and earth floorspace, we collected samples from various indoor and
outdoor locations (mud walls, wooden walls, earth floor, thatched roof, water, and air) to
understand the microbial community structure (Figure 2). Regarding community similarity
(i.e., beta diversity and hierarchical clustering), samples were grouped by phenotype, but
there was a high degree of diversity among samples. Interestingly, indoor and outdoor
aerosol samples overlapped (MK-Cw_18S, MK_Cd_18S and MK_Co_18S). This is different
from the results of previous studies conducted in modern houses [5,26]. In general, the
microbial community structure inside and outside the house is very different, and most
microbes inside the house are of human origin. Even doorknobs outside the house have a
very different microbial community origin from those inside the house [43]. It is likely that
there is sufficient microbial exchange between the outside and inside (Figures 9b and 10).
Buildings affect the biogeography and the pattern of microbial spread indoors [44,45] via
the building materials, surfaces, and products used [42,46,47], indoor environmental condi-
tions (temperature, humidity, light, airflow, etc.) [30,48,49], indoor-outdoor connections,
and associated microbes [19,50], etc. All of these factors affect the location of microorgan-
isms in the built environment and their survival there. Although the built environment may
seem inconvenient for microorganisms [51], they can survive indoors for months [52–55],
and indoor environmental conditions can promote intermittent growth of bacteria and
fungi [30]. In traditional Japanese houses with thatched roofs and earth floors, a character-
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istic temperature and humidity environment is formed (Figure 4). In addition, microbial
diversity is presumably increased by the intervention of bringing in soil and mud walls
wherein microorganisms may be fermenting plant matter, making this study distinct from
many studies on microorganisms in modern buildings.
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Figure 9. (a) Eukaryotic alpha-diversity measured using the Shannon index at the OTU level. There was no significant
difference among the phenotypes (p > 0.05). (b) Nonmetric multidimensional scaling (nMDS) analysis based on Bray-Curtis
dissimilarity metrics of samples labelled according to phenotype based on eukaryotic community composition. Unclear
separation among the phenotypes was observed (PERMANOVA, F-value = 2.81, R-squared = 0.41, p value ≤ 0.01). Ellipses
represent the 95% confidence interval. See details for Supplementary Table S2 for detailed explanation of each sample label.

3.7. Taxonomic Composition and Biotic Interactions

For eukaryotes, Ascomycota, Phragmoplastophyta, and Basidiomycota dominated the
samples. Arthropoda such as spiders, collembola, and flies were the dominant taxa in air
samples. The high concentration of Arthropoda in the aerosol samples was probably due
to the aspirated faeces and shell fragments. In the thatch group, most of the plants were
grasses, especially MK_T_C and MK_T_D, indicating that the thatch genes from eukaryotes
were not destroyed by UV. MK_T_C and MK_T_D were collected from the interior of the
thatch and under the eaves, respectively. The appearance of the thatch differed depending
on its location (Supplementary Figure S1), the temperature and humidity environment, and
microbial features (Figures 4, 7 and 11). The surface thatch sample (MK_T_B) was brittle
like soil. This was presumably the result of microbiological degradation, as Aspergillaceae
was dominant in this sample.

What is unique microbiologically in this study is the high percentage of archaea
detected. Note that archaea appear in the eukaryotic data as well as in the prokaryotic
data, as the universal primer used in this study amplifies archaea [35]. In water samples,
Nitrosotateaceae, an ammonia-oxidizing archaea, was dominant. In prokaryotic data,
Candidatus_Nitrosotalea, an ammonia-oxidizing archaea, was also present (Figure 12).
Interestingly, Halococcus, an extremely halophilic archaea, was present on the earth floor.
The water in the houses is well water and has not been treated. In addition, the earth floor
was also dominated by archaea, with an unusually large percentage of archaea present
for a house. It has been reported that the risk of asthma in children is reduced in farm
home-like indoor environments, and the microbiota of farm dust is characterized by high
levels of archaea [33]. This indicates that the microbiome in the traditional Japanese house
could have a positive effect on human health.
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4. Conclusions

We measured the temperature and humidity outdoors, indoors, and inside the roof
of a thatched-roof house with an earth floor surrounded by mountains and forests. The
house was ventilated by opening the windows in summer and heated by a wood burning
stove in winter, so the indoor air temperature and relative humidity were closer to the
outdoor air in summer than in winter. The high thermal insulation, the high thermal
capacity and the shading effect of the thatched roof, which is a characteristic of Japanese
traditional houses, moderated the indoor air temperature rise in summer. For relative
humidity, the annual mean value was lower and the annual range was narrower indoors
than outdoors. The DNA concentration of microorganisms was greater on the earth floor
surface than on indoor surfaces. The DNA concentrations on the swabbed indoor surfaces
were correlated with the mean annual relative humidity and the lowest annual relative
humidity. In particular, the correlation of the DNA concentrations with the lowest annual
relative humidity was high. This result shows that relative humidity has a significant effect
on the DNA concentration of microorganisms, including bacteria, similar to what has been
reported for fungi. This suggests that lowering the minimum relative humidity is effective
in suppressing the growth of microorganisms. Microbial surveys were also conducted on
the surface and inside of the thatched roof. The DNA concentration of microorganisms on
the outside surface of the roof was the highest, while the concentrations on the inside were
lower. On the surface of the thatched roof with a high DNA concentration, condensation
occurred frequently and the thatch deteriorated. It is necessary to consider the effect of the
occurrence of condensation on the durability of thatched roofs. The microbial community
in the subject house differed from that in a typical modern house in that there was less
difference between indoor and outdoor settings or between indoor settings at each location.
In addition, a high percentage of archaea were detected in the house. The earth floor was
dominated by archaea, and there was an unusually large percentage of archaea present for
a house. This indicates that the microbiome in the traditional Japanese house could have a
positive effect on human health.

In this study, the relationship between temperature/humidity and DNA concentration
was considered. How temperature and humidity, and the surface material affect the
microbiome in the building environment should be considered in future work. This
survey was conducted in the summer of 2020, but given that temperature and humidity
environments vary greatly from season to season, it is necessary to conduct multiple
surveys to examine seasonal variations. Furthermore, it also needs to be investigated in
various other houses, including traditional and modern houses in Japan.
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Appendix A Numerical Analysis of Surface Temperature/Humidity

The ground and mud walls are porous materials. The heat and moisture transfer in
porous materials are simultaneous phenomena that affect each other. Temperature and
moisture chemical potential are used as the driving forces for heat and moisture transfer.
The moisture chemical potential µ (J/kg) is defined by the following equation:

µ = RvTIn(h) = RvTIn(p/psat) (A1)

Rv: gas constant of water vapour (Rv = R/Mv) [Pa·m3/kgK]
R: universal gas constant [Pa·m3/kmol·K]
Mv: molecular mass of water vapour [kg/kmol]
T: absolute temperature [K]
h: relative humidity [–]
p: water vapour pressure [Pa]
psat: saturated water vapour pressure [Pa]

The following assumptions are made about the porous materials treated here. (1)
Moisture in porous materials is maintained under two conditions: gas-phase and liquid-
phase. The solid-phase (ice) was not considered.; (2) The moisture inside porous materials
is always in equilibrium between the gas phase and the liquid phase; (3) The material is ho-
mogeneous and isotropic; and (4) There is no hysteresis of moisture absorption/desorption.
Based on these assumptions, the simultaneous heat and moisture transfer equations [31]
are as follows (heat balance Equation (A2) and moisture balance Equation (A3)).

(cρ)app
∂T
∂t

= −∇·qs − r∇·J1w (A2)

https://www.mdpi.com/article/10.3390/d13100475/s1
https://www.mdpi.com/article/10.3390/d13100475/s1


Diversity 2021, 13, 475 18 of 21

ρw

(
∂ψ

∂µ

)
∂µ

∂t
= −∇·Jw (A3)

The heat and moisture fluxes in the equation are defined as follows.

qs = −λ∇T (A4)

J1w = −λ′µg(∇µ− ng)− λ′Tg∇T (A5)

J2w = −λ′µl(∇µ− ng)− λ′Tl∇T (A6)

Jw = J1w + J2w (A7)

J1w: gas-phase moisture flux [kg/m2·s]
J2w: liquid-phase moisture flux [kg/m2·s]
Jw: total water flux [kg/m2·s]
ρw:density of liquid water [kg/m3]
ψ: volumetric moisture content [m3/m3]
µ: water chemical potential [J/kg]
λ′µ: moisture conductivity with respect to water chemical potential gradient (=λ′µg + λ′µl)
[kg/ms(J/kg)]
λ′µg: moisture conductivity in the gas phase with respect to the water chemical potential
gradient [kg/m s(J/kg)]
λ′µl : moisture conductivity in liquid-phase with respect to the moisture chemical potential
gradient [kg/m·s·(J/kg)]
λ′T : moisture conductivity with respect to temperature gradient (=λ′Tg + λ′Tl) [kg/m·s·K]
λ′Tg: moisture conductivity in the gas phase with respect to the temperature gradient
[kg/m·s·K]
λ′Tl : moisture conductivity in the liquid phase with respect to the temperature gradient
[kg/m·s·K]
(cρ)app: apparent volumetric specific heat of material which includes moisture [J/m3·K]
λ: thermal conductivity [J/m·s·K]
r: heat of phase change from water vapour to liquid water [J/kg]
n: unit vector with downward vertical direction as positive
g: gravitational acceleration [m/s2]

In the boundary conditions used in the numerical analysis, solar radiation and rainfall
were not considered because the earth floor and the Japanese-style room wall are not
directly exposed to solar radiation and rainfall. The temperature/humidity of the space
is represented by measured values, while the physical properties are based on reference
data [56,57]. Table A1 shows the initial and boundary conditions and the calculation
domains for the earth floor and the Japanese-style room wall.

Table A1. Initial and boundary conditions and calculation domains for numerical analysis.

Earth Floor Japanese-Style Room Wall

Initial conditions

Spatial side:
measured air temperature/humidity in

earth floor
Bottom of the ground:

temperature 17 [◦C] (annual mean outdoor
air temperature)

hydrochemical potential −1.0 [J/kg]

Indoor side:
measured air temperature/

humidity in Japanese-style room
Outdoor side:

measured air temperature/humidity
outdoors
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Table A1. Cont.

Earth Floor Japanese-Style Room Wall

Boundary conditions

Spatial side:
Robin boundary condition

Bottom of the ground:
Dirichlet boundary condition

Both sides:
Robin boundary condition

radiative heat transfer coefficient 4.4 [W/m2·K]
convective heat transfer coefficient: earth floor space air 9.0 [w/m2·K], indoor air

4.9 [W/m2·K],
outdoor air 18.6 [W/m2·K]

measured air temperature/humidity
The moisture transfer coefficient was determined from the convective heat transfer coefficient

using the Lewis relationship. The Lewis number of 0.86 [58] was used.

Calculation area depth of the ground 20 [m] wall thickness 0.5 [m]

When solar radiation and rainfall are not taken into account, the Robin boundary
condition is determined using the following equations (heat flow Equation (A8) and
moisture flow Equation (A9)).

α(Ti − Ts) + rα′m(pi − ps) = −
(
λ + rλ′Tg

) ∂T
∂x

∣∣∣∣
s
− rλ′µg

(
∂µ

∂x

∣∣∣∣
s
− ng

)
(A8)

α′m(pi − ps) = −λ′µ
∂µ

∂x

∣∣∣∣
s
− λ′T

∂T
∂x

∣∣∣∣
s

(A9)

α: combined heat transfer coefficient [W/m2·K] (= αr + αc)
αr: radiative heat transfer coefficient [W/m2·K]
αc: convective heat transfer coefficient [W/m2·K]
α′m: moisture transfer coefficient with respect to water vapour pressure gradient [kg/Pa·m2·s]
Ti, Ts: absolute temperature of air and wall surface [K]
pi, ps: water vapour pressure of air and wall surface [Pa]
Subscripts:
s: surface of the material
i: i represents the room (r) or the outside air (o)

The calculations were carried out by developing a program using the explicit finite
difference method. The programming language used was Julia.
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