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Abstract

Monitoring dynamics of airborne fungal species and controlling of harmful ones are of vital importance to conservation
of cultural relics. However, the evaluation of air quality and the community structure characteristics of microorganisms,
especially fungi, in the atmosphere of archives is in a stage of continuous exploration though more than 4,000 archives
were constructed in China. Seventy-two air samples were collected in this study under different spatial and weather con-
ditions from the archives of Kunming Medical University, located in the Kunming metropolitan area, Yunnan province,
southwestern China. A total of 22 airborne fungal classes, 160 genera and 699 ASVs were identified, the species diversity
is on the rise with the strengthening of air circulation with the outside space, and thus the intensive energy metabolism
and activity were found in the spaces with window and sunny weather, except for the higher lipid synthesis of indoor
samples than that of outdoor ones. Furthermore, there were significant differences in fungal community composition and
abundance between sunny and rainy weathers. A considerable number of species have been identified as indicator in vari-
ous environmental and weather conditions of the archives, and temperature and humidity were thought to have significant
correlations with the abundance of these species. Meanwhile, Cladosporium and Alternaria were the dominant genera
here, which may pose a threat to the health of archive professionals. Therefore, monitoring and controlling the growth of
these fungal species is crucial for both conservation of paper records and health of archive professionals.
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Introduction

Fungi are the second largest biological group in the world
after insects in terms of quantity, and they are ubiquitous
in our living environment. The amount of fungi in the air
reflects the quality of air of the region, and it is one of the
biological indicators of indoor air quality [1]. Archives are
an important source for recording history, and the protec-
tion of archives is an important approach to extend the life
of archival materials and to achieve long-term preservation
of historical materials. Paper records kept in archives can be
easily damaged by chemical, physical, and biological fac-
tors. Paper degradation caused by fungi is a very important
cause of damage of archival materials [2]; this is because
their environment contains high concentrations of organic
substances. Moreover, some fungal species involved in
paper biodegradation may also pose a risk to library/archive
professionals [3]. Microorganisms can enter the archive
environment through air flow and humans. When these
microorganisms settle on the surface of the paper, they
form a micro-ecosystem to prevent the normal flow of air
on the paper surface [4]. In this situation, the paper surface
absorbs moisture from the air, which is conducive to micro-
bial adhesion and subsequent biofilm formation [5]. Subse-
quently, at a certain level of humidity and temperature in the
archive environment, the degradation of paper is accelerated
through the growth of microorganisms such as fungi.

In the air of archive warehouses, the dominant fungal
genera are Aspergillus, Penicillium, Chaetomium, Tricho-
derma, and Rhizopus [6]; Aspergillus species include A.
fumigatus, A. niger, A. flavus, A. earthi, A. oryzae, and other
species [3, 7]. By secreting enzymes, these fungi in the air
decompose cellulose, lignin, starch, and other sugars in
archival materials as soon as they colonize these materials,
thereby converting them into acidic substances, which caus-
ing double harm to paper records [8, 9]. For example, Asper-
gillus has a high decomposition ability, and it can degrade
cellulose, starch, and proteins, thus posing a high risk to
paper and photo archives [10]. Previous studies have shown
that Chaetomium sp., Fusarium sp., and Geotrichum sp. are
specific pollutants present in the air of archive environments
[11], and the first two species are involved in the biodeg-
radation of paper [12]. Because these species can produce
enzymes to degrade cellulose, they have a strong cellulose
decomposition activity. Presently, many studies have inves-
tigated the impact of indoor air microorganisms on human
health; however, only few studies have assessed the impact
of air microorganisms on goods [13-16], particularly the
impact of microorganisms in archive environment on paper
archives. As environmental microorganisms could destroy
various archives with historical significance [12], it is cru-
cial to study the species and diversity of microorganisms in
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the indoor air of museums and archives to protect cultural
heritage.

Generally, the humidity in the archive room should be
regulated between 45% and 60% [17]. When the environ-
mental humidity for archive preservation increases, on the
one hand, its hygroscopicity also increases, which enhances
the absorption of harmful gases in the environment, par-
ticularly acidic gases, and indirectly induces paper dam-
age [18]; on the other hand, this situation also promotes
the contact of oxygen and metal ions, resulting in oxida-
tion reaction and thereby accelerating the aging of archival
materials [17]. When the humidity of the storage environ-
ment exceeds 65%, it not only accelerates the reduction of
paper strength but also induces fading of handwriting and
matter printed with organic inks in the paper record. A high
level of humidity in the archive environment also provides
favorable conditions for the propagation and growth of vari-
ous microorganisms and thus accelerates the invasion of
paper records in archives. In contrast, at the low level of
ambient humidity, the moisture on the archive paper will
evaporate, and the moisture content will not reach the nor-
mal level; consequently, the internal structure of the paper
will be damaged, which will make the paper hard and brittle
[18].

Most researchers hold that many microbial communities
overlap between indoor and outdoor environments; how-
ever, some researches have emphasized that the microbial
community composition of indoor are different from those of
outdoor microbial communities [19]. Shin et al. analyzed the
internal transcribed spacer (ITS) readings of fungi in indoor
and outdoor air; they found that the proportion of Basid-
iomycetes in outdoor fungi was 59.8%, but that in indoor
fungi was 73.5%. Furthermore, the proportion of Ascomy-
cetes in outdoor fungi was 35.1%, as compared to 23.5% in
indoor fungi [20]. The differences in the composition of fun-
gal communities in indoor and outdoor environments may
be related to the differences in their relative humidity. Kotay
et al. also confirmed that fungal growth is significantly posi-
tively correlated with higher indoor humidity, particularly in
areas with water resources, such as kitchens and toilets; this
is because humid conditions are conducive to establishing a
stable microbial community [21]. Haas et al. reported that
more airborne fungi were found in buildings with humidity
issues than in standard buildings [22]. Bamba et al. inves-
tigated the impact of temperature and humidity on airborne
fungi in houses with semi-basements surrounded by a nat-
ural forest and found that airborne fungal abundance was
strongly correlated with the relative humidity level. A rela-
tive humidity level of higher than 70%, which is most suit-
able for fungal growth [23].

China has more than 4,000 archives of various kinds, with
a collection of 208.86 million volumes and a construction
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area of more than 10 million square meters. The scale of
urbanization and the process of industrialization in China
have accelerated significantly. At the same time, the urban
population is increasing, and air pollution is becoming more
and more serious. The harmful gases and dust in the air are
also becoming increasingly adversely affected by the mate-
rials made in the archives. At present, the evaluation of air
quality in archive warehouses is in a stage of continuous
exploration in China and even countries around the world,
and it is urgent to study the air quality of archive warehouses
when indoor air quality has become a major issue of global
concern. Archivists are mainly concerned with the effects
of humidity, temperature, harmful gases, light and dust on
archival preservation, and relatively little research has been
done on the community structure characteristics of micro-
organisms, especially fungi, in the atmosphere of archives.
Kunming is a metropolitan city located in a low latitude
(25 °N, 103 °E) and high altitude (1892 m) area in Yunnan,
southwestern China. A four-season spring climate is formed
by the effect of atmospheric circulation, geographical loca-
tion, and altitude [24]. The average annual temperature is
15 °C; July has the highest average temperature of 19.7 °C,
January has the lowest average temperature of 7.5 °C. The
annual precipitation is 1035 mm, and the absolute humid-
ity level is 74%. May to October is the rainy season, and
the precipitation in this period accounts for approximately
85% of the whole year. The dry season is from November
to April of the following year, and the precipitation in this
period accounts for only approximately 15% of the whole
year [25]. These climatic conditions are very suitable for
microbial growth; hence, it is essential to understand the
microbial taxa in archives, particularly the fungal taxa,
which is crucial for microbial control and protection of
the archive. The Kunming Medical University Archives
keeps all kinds of archives, including party masses, admin-
istration, teaching, accounting, foreign affairs, scientific
research projects, infrastructure, equipment, publications,
audio and video records, physical objects, and literature of
famous people, with a total of more than 40,000 volumes
and more than 190,000 items. Presently, there are relatively
few studies on the community structure characteristics of
microorganisms in the environment of archives, and these
studies have mainly concerned about the effects of humid-
ity, harmful gases, light, dust and temperature on archive
preservation; only few researchers have investigated the
effect of aerial microorganisms on archives. Therefore,
the present study used ITS sequencing (1) to analyze fun-
gal diversity and community composition in the air in the
Kunming Medical University Archives in different envi-
ronmental conditions; (2) to examine the effects of weather
conditions and spatial transformations on fungal communi-
ties and metabolite conversion in the context of diversity of

microbial species within the microenvironment niche; (3) to
identify indicator species in the archives in various environ-
mental and weather conditions in order to evaluate the air
quality in the archive warehouse. The results of this study
will enhance our understanding of airborne fungal biodiver-
sity in archives and provide new ideas and directions for
archival preservation strategies.

Materials and methods
Sampling

The sampling place was located in the Kunming Medical
University Archives. To determine the effect of ventila-
tion and weather conditions on microbial diversity in the
archives and the differences between microbial diversity
inside and outside the archives, we sampled Room 114 with
windows, Room 112 and Room 111 without windows, and
the corridor outside Room 114. We chose a week when wet
and dry seasons alternately occurred and collected samples
on three sunny days (April 27, 28, and 29) and a rainy day
(May 5). The area of Room 114 is approximately 200 m?,
where paper archives are kept; we selected three sampling
sites (A, B, and C) to collect aerial microorganisms. The
areas of Room 112 and Room 111 are approximately 50 m?
each; physical archives are kept in Room 111, and a part
of paper archives are kept in Room 112. We selected one
sampling site (D and E) in each room to collect aerial micro-
organisms and chose one sampling site (F) in the corridor
outside Room 114 for collecting outdoor aerial microorgan-
isms. The samples were numbered according to the sam-
pling time. The samples collected on April 27 were recorded
as Al, Bl1, C1, DI, El, and F1, the samples collected on
April 28 were recorded as A2, B2, C2, D2, E2, and F2, and
so on. Three parallel samples were collected for each sam-
pling site and each sampling time for five min. Microbial
aerosol samples were collected using the sampler (model:
VWY.SAS SUPER100, air flow: 100 L/min) with a sterile
filter membrane (glass fiber microporous filter membrane,
pore size: 0.22 um, diameter: 80 mm).

DNA extraction and PCR amplification of the
microbiome

We selected the -cetyltrimethylammonium Ammonium
Bromide (CTAB) method to extract the DNA of samples
from different sources. The quality of the extracted DNA
was confirmed by Agarose Gel Electrophoresis, and the
amount of the extracted DNA was quantified by an ultra-
violet spectrophotometer. The ITS2 region of the fungal
rRNA gene was amplified by PCR using the forward primer
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ITS1FI2 (5'- GTGARTCATCGAATCTTTG-3") and the
reverse primer [TS2 (5'- TCTCCGCTTATTGC-3"). Ampli-
fied in a total of 25 pL reaction volume, including 50 ng
DNA template, 2.5 puL forward and reverse primers, 12.5
pL 12X main mixture, and 7.5 pL dd H,O. In the initial
stage, the temperature was kept at 98 °C for 30 s to activate
DNA polymerase and then maintained at 98 °C for 10 s to
denature DNA. The reaction temperature was then reduced
to 54 °C for 30 s and then increased to 72 °C for 45 s to
extend DNA fragments. After 32 cycles, the temperature
was kept at 72 °C for ten min. Then, the obtained products
were stored in a refrigerator at 4 °C. The PCR products were
mixed in a certain proportion based on the sequencing quan-
tity requirements of each sample.

Sequencing

We used the ITS sequencing method in this study. The
obtained PCR products were confirmed with 2% agarose gel
electrophoresis, and an AMPure XT bead recovery kit was
used for recovery. The purified PCR products were evalu-
ated with an Agilent 2100 bioanalyzer (Agilent, USA) and
the library quantitative kit of Illumina (Kapa Biosciences,
Woburn, MA, USA). After gradient dilution of all qualified
online sequencing libraries, they were mixed based on the
required sequencing number in a certain proportion; this was
followed by denaturation of the libraries into a single chain
through NaOH for online sequencing. A NovaSeq 6000
sequencer was used for 2250 bp double-end sequencing,
with the NovaSeq 6000 SP reagent kit (500 cycles) as the
corresponding reagent.

Community diversity analysis

After high-throughput sequencing, PEAR (v0.9.6) [26] was
used for sequence splicing before further analysis, fqtrim
(v0.9.4) [27] was used to filter out low-quality sequences,
Vsearch (v2.3.4) [28] was used to remove chimeric
sequences, and giime2 (v2019.7) [29] was used for denois-
ing to obtain amplicon sequence variant (ASV) feature
sequences, and singleton ASVs were removed.

The calculated results of the diversity index and the
abundance index based on ASV indicated the bacterial com-
munity of each sample. The alpha diversity comprised the
Chaol index, Shannon and Simpson indices, Good’s cov-
erage index, and rarefaction curve. The Chaol index was
used to assess the number of ASVs and species abundance
in the samples (the higher the Chaol index, the greater
was the species richness). Shannon and Simpson indices
revealed the microbial diversity of each sample (the higher
the Shannon and Simpson indices, the higher was the com-
munity diversity). Good’s coverage index represented the
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adequacy of the sequencing data (the larger the value, the
more sufficient was the sequencing data). The rarefaction
curves were used to indicate the sequencing quality and the
species richness in the samples. For beta diversity, princi-
pal coordinate analysis (PCoA) was used to determine the
relationship between the microbial composition of samples.
Linear discriminant analysis (LDA) combined with effect
size (LEfSe) analysis was used to distinguish taxa with
significant differences between groups. Redundancy analy-
sis (RDA) was used to evaluate the relationship between
microbial community structure and temperature and relative
humidity factors in the environment. The RDP and unite
database [30, 31] were used to annotate the species with the
confidence threshold was 0.7, and the species abundance in
each sample was counted based on the ASV (feature) table.
In order to obtain information on the function components
of the community, we conducted PICRUSt2 [32] functional
prediction analysis based on the feature sequences of fungal
samples, using KEGG and COG databases [33, 34]. All data
were analyzed on the Lianchuan Biological Cloud Platform
(https://www.omicstudio.cn/tool.).

Differences in grouping

To compare the effects of weather, humidity, ventilation,
and other environmental conditions on the microbial com-
munity in the archives, we divided the samples into four
groups: Type I: the samples were divided into two groups
according to whether the room was windowed (W) and
windowless (NW); Type II: the samples were divided into
two groups based on whether they were collected in indoor
(Indoor) and in the corridor (Outdoor); Type III: the samples
were divided into sunny (Sunny) and rainy (Rainy) groups
according to weather conditions; and Type IV: the samples
were classified into four groups by combining weather and
ventilation conditions: indoor sunny (IS), outdoor sunny
(OS), indoor rainy (IR), and outdoor rainy (OR). We ana-
lyzed the microbial community composition and diversity
differences among these different groups.

Results
Sequencing quality

The rarefaction curves showed that when the number of
sequencing bands approached 20,000, the curves tended to
be stable (Fig. 1). The Chaol index did not increase with the
increase in sequencing numbers, which suggested that the
sequencing data were deep enough to represent the informa-
tion of most species in the samples.
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Fig. 1 Rarefaction curves of the estimated ASV richness in the samples. A, B, and C: Room 114; D: Room 111; E: Room 112; F: the corridor of

Room 114. 1, 2, and 3: sunny weather; 4: rainy weather

Community composition and diversity analysis

A total of 72 samples were collected, of which seven sam-
ples had very low readings; hence, they were removed from
the downstream analysis. Finally, a total of 5,280,359 effec-
tive sequences of the fungal ITS rRNA gene were obtained,
and these sequences were clustered into 699 fungal ASVs
with 100% sequence similarity. After comparison with the
RDP database [31], a total of six phyla, 22 classes, and 160
genera of fungal communities were identified. Ascomycota

(77.5%) was the most abundant phyla, while the other phyla
included Basidiomycota (20.4%), Zygomycota (1.5%),
Olpidiomycota (0.1%) and Chytridiomycota (0.1%).
As shown in Fig. 2., the five classes with higher relative
abundance were Dothieomycetes (46.3%), Ustilaginomy-
cotina (12.1%), Sordoniomycetes (10.8%), Euronomyce-
tes (26.6%), followed by Malassezia (13.5%), Alternaria
(4.2%), Paraphoma (3.7%) and Candida (3.2%). A total of
218 ASVs were not classified into specific genera.
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Fig. 2 The microbial community structure of all samples at the class (a) and genus (b) levels

A series of indices were calculated and compared to
show the diversity of fungi in air samples (Table 1), includ-
ing the diversity index (Shannon/Simpson), the richness
index (Chaol), and the sample coverage index (Good’s cov-
erage). As shown in Table 1, the value of Good’s coverage
index for each sample was 1, indicating that the quantity
of sequencing was big enough to analyze the diversity of
fungal communities. Group OR had the richest diversity,
because its Shannon index (2.53) was the highest, while
group IR had the lowest Shannon index (1.49) and the low-
est diversity. Fungal diversity in the room with windows
(group W) was slightly higher than that in the room without
windows (group NW). Group Indoor showed lower diver-
sity than group Outdoor. Furthermore, fungal diversity in
sunny weather (group Sunny) was higher than that in rainy
weather (group Rainy). The fungal diversity performed a
gradually increasing trend from an indoor windowless area
to an indoor windowed area to an outdoor area.

Although group W and group NW had 260 and 130
unique ASVs, respectively, principal coordinate analysis
(PCoA) did not clearly separate the two groups (Fig. 3.),
and the results showed no significant difference between
the two groups (p=0.311, ANOSIM). PCoA also showed
that the fungal diversity in group Indoor was lower than
that in group Outdoor; however, the differences between
the two groups were not significant (p=0.393, ANOSIM).
At the same time, the results of PCoA showed a significant
difference between the sunny and rainy weather groups
(»p=0.014, ANOSIM). Fungal diversity was highly similar
between group IS and group OS. However, a marginally
significant difference (p=0.06, ANOSIM) in diversity was
observed between group OR and group IR. All these results
were driven by the Jaccard distance.
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The shared and unique genera in different
environmental conditions

The shared and unique microbiota between each subgroup
were analyzed at the ASV level (Fig. 4.). In Type I group-
ing, the samples from the windowed and windowless rooms
shared 235 ASVs, with 260 unique microbial ASVs in the
windowed group, which was twice that in the windowless
group. In type II grouping, the indoor and corridor samples
shared 235 ASVs, with 424 unique microbial ASVs in the
indoor samples and 74 in the outdoor samples. In type III
grouping, the sunny and rainy samples shared 193 ASVs,
with 407 and 99 unique ASVs detected in sunny and rainy
samples, respectively. In type IV grouping, the samples of
groups IS and OS shared 153 ASVs, with 292 and 67 ASVs
specific to groups IS and OS, respectively. The ASVs shared
by groups IR and OR were 45, and the number of ASVs spe-
cific to group IR was 130, which was approximately twice
that of group OR (68).

The unique genera collected in the windowed room
were Leptospora, Rhodotorula, Ampelomyces, Khuskia,
Valsa, and Erysiphe, while the unique genera of the win-
dowless rooms were Candida, Bjerkandera, Phialophora,
Hypoxylon, and Mycosphaerell. The same genera detected
in group W and group NW were Cladosporium/Davidiella,
Malassezia, Alternaria, Cryptococcus, Aspergillus, Acre-
monium, Golovinomyces, and Phoma. Compared to the
outdoor corridor, the endemic genera collected in inside
the archive rooms were Paraphoma, Ampelomyces, Asper-
gillus, Bjerkandera, Khuskia, Acremonium, Phialophora,
Hypoxylon, Mycosphaerella, Valsa, Phoma, and Erysiphe,
while those of the corridor genera detected in group Indoor
and group Outdoor were Davidiella/Cladosporium, Malas-
sezia, Alternaria, Candida, Cryptococcus, Kabatiella, and
Rhodotorula.
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Fig. 3 Principal coordinate analysis (PCoA) of fungal communities
for four types of grouping based on Jaccard distance. (a) windowless
room (NW) and windowed room (W) samples; (b) indoor and outdoor

Hypoxylon, Khuskia, Valsa, Kabatiella, Ampelomyces, Rho-
dotorula, and Erysiphe in the group Sunny almost did not
exist in the group Rainy. This result indicated that there has
been a significant change in the composition of microbial
communities in the air from sunny to rainy weather.

Comparison of fungal communities in samples in
different groups

The number of dominant fungal genera (Cladosporium/
Davidiella (26.03%), Malassezia (11.55%), and Alternaria
(3.79%)) was higher in the indoor environment (group
Indoor) than in the corridor (group Outdoor), which instead
showed a higher presence of Trametes (8.20%) and Hypo-
crea (8.19%). The archives room with windows (group
W) showed a higher number of Cladosporium/Davidiella
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samples; (¢) sunny and rainy samples; (d) indoor rainy (IR), outdoor
rainy (OR), indoor sunny (IS), and outdoor sunny (OS) samples

(24.09%), Malassezia (15.04%), and Ampelomyces (3.54%)
than the windowless rooms (group NW), which instead
exhibited a higher presence of Cladosporium/Davidiella
(29.31%), Alternaria (7.66%), and Paraphoma (7.14%).
In sunny days (group Sunny), we collected the highest
number of Cladosporium/Davidiella (21.74%), Malasse-
zia (12.85%), and Alternaria (4.21%), while in rainy days
(group Rainy), we found that the dominant genera were
Cladosporium/Davidiella (25.45%), Paraphoma (9.39%)
and Hypocrea (6.15%). The dominant genera of group IS
were Malassezia (18.50%) and Davidiella/Cladosporium
(16.44%), while group OS were Trametes (10.93%), Mal-
assezia (8.52%), and Davidiella/Cladosporium (10.26%).
The dominant genera of group IR were Davidiella/Clado-
sporium (48.17%) and Leptospora (5.63%), while those of
group OR were Hypocrea (32.74%), Didymella (21.26%),
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Fig. 4 The shared ASVs between (a) windowless room (NW) and windowed room (W) samples, (b) indoor and outdoor samples, (¢) sunny and
rainy samples, (d) indoor rainy (IR) and outdoor rainy (OR) samples, (e) indoor sunny (IS) and outdoor sunny (OS) samples

and Schizophyllum (5.29%). At the same time, we found
that the relative abundance of Cladosporium/Davidiella in
the group IR was significantly higher than that in the group
OR. However, in group OR, Cladosporium/Davidiella was
almost nonexistent, while Hypocrea and Didymella were
significantly increased (Fig. Se).

As mentioned earlier, PCoA was used to establish beta
diversity differences between the groups. Similarly, Lin-
ear discriminant analysis (LDA) combined with effect
size (LEfSe) analysis was used to distinguish taxa with
significant differences between groups W and NW, Indoor
and Outdoor, and Rainy and Sunny as biomarkers for each
group (Fig. 6).

As shown in Figs. 4 and 20 ASVs were significantly dif-
ferent between groups W and NW, with 10 ASVs in each
group. At the species level, Cladosporium haloolerans,
Ampelomyces sp. LK 2010, Stemphylium solani, Aspergil-
lus penicillioides, and Phoma bellidis were significantly
enriched in group W, while Bjerkandera adusta was
enriched in group NW. We found significant differences
in 37 ASVs between groups Indoor and Outdoor, wherein
Massarina corticola, Wallemia ichthyophaga, Mycocali-
cium victoriae, Acrophialophora fusispora, Malassezia
slooffiae, Udeniomyces megalosporus, Pyrenochaeta
gentianicola, Phaeosphaeria spartinicola, Chaetomium

brasiliense, and Trametes versicolor were more abundant
in group Outdoor than group Indoor. At the species level,
there were no significantly enriched species in the group
Indoor, but at the family level, there were three families
that were significantly enriched: Mycosphaerellaceae, Sac-
charomycetaceae and Erysiphaceae. A total of 56 ASVs
were significantly different between groups Rainy and
Sunny, 45 and 11 fungal groups were significantly enriched,
respectively. At the species level, Golovinomyces asterum,
Schizophyllum commune, Engyodontium album, Eutypella
caricae, Acremonium brachypenium, Fusicolla acetilerea,
Aspergillus penicillioides, Phlebia livida subsp tuberculata,
Leptosphaeria microscopica, Botryosphaeria dothidea, Spi-
romastix warcupii, Podosphaera leucotricha, and Plecto-
sphaerella cucumerina were significantly enriched in rainy
day samples. In contrast, Candida membranifaciens and
Fusarium asiaticum were significantly enriched in sunny
samples.

Effects of temperature and relative humidity on
fungal community structures

We conducted redundancy analysis (RDA) to evaluate

the relationship between microbial community struc-
ture and temperature and relative humidity factors in the
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Fig. 5 The top 30 genera with higher relative abundance. (a) windowless room (NW) and windowed room (W) samples; (b) indoor and outdoor
samples; (¢) sunny and rainy samples; (d) indoor rainy (IR), outdoor rainy (OR), indoor sunny (IS), and outdoor sunny (OS) samples

environment (Fig. 7). The results showed that the first and
second axes accounted for 24.75% of the variance in fun-
gal communities. The correlation between environmental
temperature and the fungal community was highly signifi-
cant (r* = 0.6448, p=0.005). The correlation between RH
and the fungal community was significant (1> = 0.5465,
p=0.016) too. Aspergillus and Davidiella/Cladosporium
showed a positive correlation with RH and a negative corre-
lation with temperature. In contrast, Alternaria, Malassezia,
and Cryptococcus showed a negative correlation with RH
and a positive correlation with temperature. Based on the
collected samples, the fungal community was sensitive to
humidity, which is indicated by the closer vertical distance
between the samples collected on rainy days (A4, B4, and
C4) and the RH arrow.

Metabolic pathway prediction based on feature
sequences of fungal samples

We found 10 pathways that were significantly differentially
abundant between the windowed and windowless room
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samples. The most abundant metabolic pathways estimated
in these two groups of samples were those related to the orni-
thine cycle (including urea cycle, coenzyme A biosynthesis
I, TCA cycle I, superpathway of guanosine nucleotides de
novo biosynthesis I, II, guanosine nucleotides degradation
III, and guanosine ribonucleotides de novo biosynthesis).
Except for guanosine nucleotides degradation III, the abun-
dance of 9 other metabolic pathways in the windowed room
was higher than that in the windowless room (Fig. 8a). The
pathway with the greatest difference was TCA cycle I, with
the abundance of the group W almost twice that of the group
Nw.

There are 8 pathways that were significantly differen-
tially abundant between the sunny and rainy samples. The
most abundant metabolic pathways estimated in these two
groups of samples were those related to nucleotide syn-
thesis (including adenosine deoxyribonucleotides de novo
biosynthesis II, guanosine deoxyribonucleotides de novo
biosynthesis II, and superpathway of guanosine nucleotides
de novo biosynthesis I). Except for 1,3-propanediol biosyn-
thesis and galactose degradation I, the abundance of 6 other
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ture (T). A, B, and C represent three different sampling sites in Room

pathways including sulfate reduction I and TCA cycle I was
higher in group Sunny than in group Rainy (Fig. 8b). The
pathway with the biggest difference was TCA cycle I, and
the abundance of the group Sunny was three times that of
the group Rainy.

We found 22 pathways that were significantly differen-
tially abundant between the indoor and outdoor samples.
The most abundant metabolic pathways estimated in these
two groups of samples were those related to carbohydrate
metabolism (including glycolysis III, L-rhamnose degrada-
tion III, subcross degradation III, start degradation V, and
glucose and glucose 1-phosphate degradation) and lipid
metabolism (including fatty acid elongation, CDP — dia-
cylglycerol biosynthesis I, 1I, and phosphatidylglycerol
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114, with the numbers 1, 2, and 3 following A, B, and C representing
sunny weather and 4 representing rainy weather

biosynthesis). Other pathways included pathways related
to energy metabolism (including aerial respiration I, and
pentose phase pathway) and pathways related to metabo-
lism of co factors (including pantothenate and coenzyme
A biosynthesis I). Among all 22 pathways with significant
differences, only glycolysis III, airborne respiration I, pen-
tose phase pathway, and CDP - diacylglycerol biosynthesis
I, IT had a higher abundance in group Outdoor than in group
Indoor, while the 16 other pathways had a higher abundance
in group Indoor (Fig. 8c). In the outdoor samples, the top
three pathways of relative abundance were aerobic respira-
tion I, pentose phosphate pathway, and glycolysis III, and
the abundance of these three pathways was higher than that
of the indoor group; while in the indoor samples, the top
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three pathways of relative abundance were aerobic respira-
tion I, fat acid elongation, and pentose phosphate pathway.
Among the pathways with higher abundance, the most sig-
nificant difference is in fatty acid elongation, with the abun-
dance of the indoor group being twice that of the outdoor

group.

Discussion

Diversity, community composition, and dominant
groups in different environments

This study used the ITS gene sequencing method to analyze
the microbial communities in different environments of the
Kunming Medical University Archives. Fungal community
composition, alpha and beta diversities, and environmen-
tal factors were analyzed. Based on these analyzes, certain
differences were observed between the dominant groups of
aerial fungi under different environmental conditions.

In the diversity analysis, the Shannon, Simpson, and
Chaol indices of group W were higher than those of group
NW; however, these differences were not statistically sig-
nificant. Furthermore, the fungal diversity of group W was
generally higher than that of group NW. The dominant
genera of group W were Cladosporium/Davidiella and
Malassezia, and the genus with the lowest abundance was
Paraphoma. In contrast to group W, the dominant genera in
group NW were Cladosporium/Davidiella, Alternaria, and
Paraphoma, and the genus with the lowest abundance was
Kabatiella. Malassezia is a symbiotic fungus commonly
found on the skin of humans and animals [35]; this fungus
was a dominant genus in group W and group Indoor, but
not in group NW and group Outdoor. Based on this find-
ing, it is speculated that Malassezia was more dominant in
indoor environments than outdoor environments, and that
the windowed room has more air exchange with the outdoor
environment than the windowless room, which resulting in
the dilution of Malassezia in the windowed room.

For indoor and outdoor samples, the Chaol index of the
latter group was lower than that of the former group; this
finding indicated that the number of species in group Indoor
was greater than that in group Outdoor. However, the Shan-
non index and Simpson index of group Outdoor were higher
than those of group Indoor; this result indicated that the
microbial diversity of group Outdoor was higher than that of
group Indoor. This also indicated that the evenness of indoor
samples was higher than that of outdoor samples because
biodiversity represents the combination of the number and
evenness of species in the habitat. Although some stud-
ies have shown that the microbial communities in indoor
and outdoor air are highly similar [36-38], our study did
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not exhibit the same result. We considered that there were
some differences in the composition of microbial communi-
ties between indoor and outdoor air although the differences
were not statistically significant; this finding was same to
the results of Fang et al [39]. In group Indoor, the dominant
genera were Cladosporium/Davidiella, Malassezia, and
Alternaria, and the genus with the lowest abundance was
Schizophyllum. In group Outdoor, the dominant genera were
Trametes, Hypocrea, and Malassezia, and the genus with
the lowest abundance was Mycosphaerella.

For sunny and rainy weather samples, the Shannon and
Simpson indices of the sunny weather samples were higher
than those of the rainy weather samples; this finding showed
that the microbial diversity of the rainy weather samples
was lower than that of the sunny weather samples. How-
ever, the Chaol index of the sunny weather samples was
lower than that of the rainy weather samples. This finding
indicated that the number of species in the sunny weather
samples was lower than that in the rainy weather samples;
however, the species evenness of the sunny weather samples
was higher than that of the rainy weather samples. In the
sunny weather samples, the dominant genera were Clado-
sporium/Davidiella, Malassezia, and Alternaria, while the
genus with the lowest abundance was Candida. However,
in the rainy weather samples, the dominant genera were
Cladosporium/Davidiella, Paraphoma, and Hypocrea, and
the genus with the lowest abundance was Valsa. The reason
for this difference may be that the increase in RH in the
air inhibits the growth of Malassezia and Alternaria; this is
because our RDA result showed that the abundance of these
two genera was inversely proportional to RH.

Analysis of the functional characteristics of the
dominant species

To identify the significantly different taxa occurring in dif-
ferent environments, we conducted LEfSe analysis to find
biomarkers that enriched in each group. Cladosporium,
Ampelomyces, and Pleospora were enriched in group W,
while Bjerkandera and Tubeufiales were enriched in group
NW. Mycosphaerellaceae, Saccharomycetaceae, and Erysi-
phaceae were more abundant in group Indoor, while Sac-
charomyces, Taphrinales, and Acrophialophora were more
abundant in group Outdoor. Basidiomycota, Malassezia-
les, and Malassezia were enriched in group Sunny, while
Ascomycota, Hypocrea, and Hypocreaceae were enriched
in group Rainy. However, the specificity of all these spe-
cies were not high, although the LDA value was > 3 and the
P-value was 0.05.

These results revealed that Cladosporium was the domi-
nant genus in all samples except the outdoor samples, Alter-
naria was another dominant genus among multiple groups
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of samples, and many previous studies showed similar
results to the present study. Fu et al. conducted research
on aerial fungi in parks, shopping malls, factory areas, and
agricultural markets in four major cities in China; they
found that the dominant genera were Cladosporium and
Alternaria [40]. Fang et al. studied the distribution and com-
munity structure of summer air microbes in Beijing; their
findings indicated that Cladosporium was the dominant fun-
gus, which accounted for 47.2% of the total species [41].
Chang et al. found Cladosporium as the dominant fungus
in their investigation of microorganisms in the air of open-
air pig houses [42]. Shelton et al. also found Cladosporium
and Penicillium as the dominant groups in their study of the
fungi in indoor and outdoor air in the United States [43].
Cladosporium is a common indoor and outdoor mold [44],
which is commonly found in decaying organic materials,
soil, food, and textiles [45]. Some species of Cladosporium
have been proven to have strong lignin and cellulose degra-
dation ability [46]; thus, these fungal species pose a great risk
of damage to paper archives. Alternaria is also a common
aerial fungal genus, and its spores are commonly found in
soil, household dust, and indoor air of buildings [47]. Alter-
naria can be found in any natural environments with the
abundance of cellulose as these fungi feed on cellulose and
cause a variety of plant diseases [48] and respiratory tract
infections and allergies [49]. In a cellulose liquid medium,
Alternaria can produce enhanced carboxymethyl cellulase
[50]. Robl et al. confirmed that Alternaria, Aspergillus, and
Trichoderma isolated from Brazilian metamorphic books
are excellent producers of cellulose hydrolases [51]; there-
fore, we should also consider Alternaria when discussing
the protection of paper archives. In addition, Aspergillus is
also a target that should be focused. Although Aspergillus
was not considered a dominant fungus in our present study,
it deserves our attention because of its inherent characteris-
tics. Aspergillus is a well-known fungal genus that can pro-
duce various enzymes (such as cellulase, amylase, protease,
and lipase) [52-55], particularly Aspergillus niger, which
has been widely studied by many scholars and can produce
various compounds such as amylase, acid protease, cellu-
lase, and pectinase [56]. This species not only has strong
cellulose decomposition ability, but it also produces black
brown hyphae and spores on paper materials [57], thereby
causing multiple damages to paper materials. The above-
mentioned three genera have been shown to cause allergic
reactions and have the possibility to produce volatile toxic
chemical compounds into the archive environment, which
may pose a health risk to archive professionals [58].

Effect of temperature and humidity on fungal
communities and suggestions for archive protection

The cooperation between paper protectors and microbiolo-
gists is a good way for managing the biodegradation of paper
records, as it can provide feasible and advanced methods for
protectors to evaluate the risks of microbial spoilage. Envi-
ronmental factor analysis can describe the effect of environ-
mental factors on the microbial community in the archive
rooms. The availability of water is considered an important
factor that determines the colonization of microorganisms
on paper surfaces. As is known to all, paper is a material
that can absorb moisture, and its water activity is related to
microclimate parameters such as RH and temperature [2].
Therefore, protection strategies should include the evalu-
ation of environmental microclimate parameters. Borrego
et al. analyzed the relationship between microbial concen-
tration and the T and RH (temperature and relative humid-
ity) values; they found significant differences between the
Argentine and Cuban archives. In Argentine archives, T and
RH are suitable for document preservation, but the climatic
conditions of the Cuban National Archives are higher than
the optimal preservation conditions; hence, the concentra-
tion of microorganisms in the air is higher than that of most
Argentine archives [4]. In addition to T and RH, air flow,
human activities, and pH can also affect microbial commu-
nity diversity. The interior surface of a well ventilated space
usually contains microbial composition more similar to that
of outdoor air [38]. High pedestrian flow can affect the inter-
nal microclimate of the indoor environment and cause the
re-suspension of microorganisms present on the surface of
objects [59]. When the humidity in the air increases, more
water will combine with acidic gases in the air to produce
acidic substances, causing a decrease in pH and affecting the
growth of microorganisms.

For several fungi mentioned earlier that pose a signifi-
cant threat to paper records, we found that humidity seems
to have a greater impact on their growth compared to tem-
perature. If the RH is below 80%, it is not conducive to the
growth of Cladosporium/Davidiella, and the optimal tem-
perature range for its growth is wide and ranges from 9 °C to
34 °C. Alternaria is a cold-resistant fungus that remains dor-
mant during prolonged drying periods and quickly reappears
once the water source becomes available again. The optimal
temperature for Aspergillus is approximately 28 °C, and the
minimum RH is 88%. The RDA results also show a strong
positive correlation between Aspergillus and Cladosporium/
Davidiella and RH. Alternaria, Malassezia, and Cryptococ-
cus are pathogenic fungi and are related to human health.
The RDA results showed that they were positively corre-
lated with temperature, and their optimum growth tempera-
ture is about 25-37 °C. To slow down the biodegradation of

@ Springer



1616

Brazilian Journal of Microbiology (2024) 55:1601-1618

paper records and protect the health of archive profession-
als, we need to control relative humidity and temperature
in the archive rooms to create an environment that is not
conducive to fungal growth and reproduction. We suggest
setting the maximum suitable temperature at 21 °C and the
optimal RH at 30-50%, as higher temperature and humidity
can increase microbial activity, while lower humidity can
lead to drying and embrittlement of paper materials [60]. In
addition, we can also use some mildewproof agents such as
p-nitrophenol to inhibit the proliferation of mold and other
microorganisms. The NMF-1 mildewproof agent developed
in recent years is one of them. The drug is highly volatile,
gas-phase insecticidal and mildewproof, and can be used
safely without direct contact with paper archives [61].

The role of microbial metabolic function

The role of air microbial metabolic function has been rarely
studied and reported. Our study found that the abundance of
TCA cycle I in the groups W and Sunny was twice and three
times higher than that in the NW and Rainy groups, respec-
tively. This indicates that the microbial energy metabolism
and microbial activity in the groups W and Sunny were
higher than those in the groups NW and Rainy, and this may
be the reason why the diversity of samples in groups W and
Sunny was higher than that in the groups NW and Rainy.
Thus, we speculated that sunny weather and well ventilated
environments may be more suitable for microbial growth
than rainy weather and enclosed environments. For the pres-
ervation of archive records, we cannot control the weather
conditions, therefore, we hold that it is possible to reduce
the opening of the archives’ windows to reduce air exchange
and thus reduce the impact of microbial activities on archival
materials. The relative abundance of the top five pathways
in the outdoor samples was higher than that in the indoor
samples, with three pathways (aerobic respiration I, pentose
phosphate pathway, and glycolysis III) related to energy
metabolism and the other two (CDP — diacylglycerol bio-
synthesis I, II) related to biofilm synthesis; this result indi-
cated that the microbial metabolism in the outdoor samples
was more vigorous, which is consistent with our previous
finding that the diversity of the outdoor samples was higher
than that of the indoor samples. The most significant differ-
ent pathway between groups Indoor and Outdoor was atty
acid elongation, which was almost twice as abundant in the
indoor group as in the outdoor group. This result indicated
that lipid synthesis of the indoor samples was significantly
more vigorous than that of the outdoor samples, which may
be related to the high abundance of Malassezia in the indoor
samples. The lipase in Malassezia can decompose triglycer-
ides and produce saturated fatty acids.

@ Springer

Conclusion

In summary, this study revealed the fungal community
structure and diversity in different environmental condi-
tions in the archives of Kunming Medical University by
using ITS sequencing. Overall, the aerial fungal diversity
of windowless rooms was lower than that of windowed
rooms, while the fungal diversity of the windowed rooms
was lower than that of the outdoor environment; the spe-
cies diversity in sunny weather was higher than that in rainy
weather. We linked the investigated fungal communities
with environmental microclimate parameters (temperature
and relative humidity), and the result showed a strong cor-
relation between fungal communities and temperature and
RH. Cladosporium and Alternaria were the dominant gen-
era in most of the environments we sampled, and they are
also the main fungi that degrade paper materials in archives.
Therefore, to restrain their growth and protect paper materi-
als, we recommend controlling the temperature in archives
at around 21 °C and RH at 30-50%, and we also can use
some anti mold agents that do not harm the paper records.
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