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Abstract

In this study, a culture-independent lllumina MiSeq sequencing strategy was applied to
investigate the microbial communities colonizing the ancient painted sculptures of the Mai-
jishan Grottoes, a famous World Cultural Heritage site listed by UNESCO in China. Four
mixed samples were collected from Cave 4—4 of the Maijishan Grottoes, the so-called
Upper Seven Buddha Pavilion, which was built during the Northern Zhou Dynasty (557-
581AD). The 16/18S rRNA gene-based sequences revealed a rich bacterial diversity and a
relatively low fungal abundance, including the bacterial groups Actinobacteria, Acidobac-
teria, Bacteroidetes, Cyanobacteria, Chloroflexi, Firmicutes, Proteobacteria and Verrucomi-
crobia and the fungal groups Ascomycota, Basidiomycota and Chytridiomycota. Among
them, the bacteria genera of Pseudonocardia and Rubrobacter and unclassified fungi in the
order of Capnodiales were dominant. The relative abundance of Pseudonocardiain the
painted layer samples was higher than that in the dust sample, while Cyanobacteria domi-
nated in the dust sample. Many of them have been discovered at other cultural heritage
sites and associated with the biodeterioration of cultural relics. The presence and activity of
these pioneering microorganisms may lead to an unexpected deterioration of the painted
sculptures that are preserved in this heritage site. Thus, proper management strategies and
potential risk monitoring should be used in the Maijishan Grottoes to improve the conserva-
tion of these precious painted sculptures.
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Introduction

The biodeterioration of cultural heritage is a ubiquitous and inevitable phenomenon that has
attracted conservators, archaeologists and scientists who are involved in the conservation of
cultural heritage and relics. Microorganisms are the most diverse group of known life in the
world; they occupy almost all the niches of the biosphere due to their abundant diversity, tena-
cious vitality and exuberant metabolism. Previously, multiple reports have documented that
almost all types of historic artifacts, including the mural paintings in temples, caves and cata-
combs [1-6], and even the art made of modern materials [7,8], exhibited signs of biodeteriora-
tion because of colonization and the microbes’ powerful biodeteriorative potential. Based on
culture-dependent method, some representative functional microbial groups have been iso-
lated from the wall paintings that are suffering from the deterioration, and abundant microbial
diversity has also been detected in different niches using molecular identification methods [9-
11]. Although previous studies were biased towards incompleteness due to their employed
methods, core and common metabolically active microbes have been associated with biodete-
rioration in caves and similar niches [12,13]. Many previous studies have suggested that these
microbes contribute to the deterioration process, but their roles and detailed mechanisms have
not been ascertained due to a lack of research methods.

The selection of an appropriate strategy for understanding microfloral characteristics is
indispensable for clarifying the ‘disease’ mechanisms induced by these microbes. Historically,
microbial communities were mainly investigated by a culture-based method. However, only
less than 1% of the microorganisms present in environmental samples can be cultured in labo-
ratory conditions, and these cultures only represent the isolation of easily cultivable microor-
ganisms [14]. Even so, culture-based methods still deserve recognition for the information
derived from such procedures, as the isolated and purified strains can be used to further study
the associated biochemical processes and mechanisms and their roles in specific environmen-
tal conditions and material types. Currently, multiple molecular approaches, such as DGGE,
RFLP, FISH and qPCR, have been used to identify the presence of environmental microorgan-
isms, especially non-culturable ones, to advance our understanding of the microflora on these
treasured cultural sites and relics. Although molecular strategies are powerful tools for reveal-
ing microbial communities, including metabolic and destructive microorganisms, the weak-
nesses of culture-based methods [15,16] are their high cost, time-consuming data processing
and low-throughput methods that cannot detect many taxa; these are apparent obstacles that
must be overcome. Fortunately, the advances in high-throughput sequencing methods can
overcome these problems and provide further insights into the microbial world.

In this study, the Maijishan Grottoes, a famous Buddhist cave temple located on the ancient
Silk Road in China, was selected. The Maijishan Grottoes are known for their beautiful scen-
ery, numerous caves, precious artwork and long-spanning history. The site was added to the
World Heritage List in 2014 as one of the key historical sites of the “Silk Roads, the Route Net-
work of the Chang’an-Tianshan Corridor.” The priceless painted sculptures that are preserved
in the caves of the Maijishan Grottoes are severely threatened by multiple factors, including
the poor stability of the mountain rocks, frequent earthquakes, water seepage, microclimate
change and human disturbance, in addition to microorganisms. More severely, the cultural
relics preserved in caves had been exposed to high humidity (RH >70%) in the atmosphere
for long periods, namely, more than six months of the year (monitoring data, not shown).
Generally, the physical conditions are considered extremely unfavorable to the conservation of
various types of cultural relics [17-19]. Consequently, numerous painted sculptures showed
visible signs of damage, such as cracking, powdering, salt crystallization and surface color
changes, which appeared as fading or black spots, due to the adverse environmental conditions.
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Similar diseases were also a prevalent phenomenon observed at other heritage sites (e.g., the
Mogao Grottoes) along the Silk Road in West China. Some of the artwork was severely damaged
by the extensive growth of microorganisms that colonized on the wall paintings, and then this
artwork was further damaged by the physical and chemical invasions from the biochemical and
physiological activity of the colonizing microorganisms. Unlike other diseases, the accumulative
process of microbial-induced biodeterioration can be extremely slow, and its symptoms are
invisible in the early stages due to a lack of proper research experience. It is generally agreed
upon that microorganisms cause serious contamination of the mural paintings and that they
colonize and penetrate into the deep layers of the paintings, resulting in material loss due to
acid corrosion, enzymatic degradation and mechanical attack [20,21].

Previously, research on the microbial invasions of wall paintings was only carried out at the
Mogao Grottoes, a cultural heritage site along the Silk Road. As early as the 1990s, the staff of
the Dunhuang Academy first isolated cultivable microorganisms from 51 samples of discol-
ored paintings that were collected from six ancient caves constructed in different dynasties.
Several functional genera, including Aspergillus, Cladosporium and Flavobacterium [22], were
identified, and these microbes were associated with the accelerated degradation process of
ancient wall paintings. Subsequently, simulated experiments revealed that some microbial
metabolites, including the pigments and calcium oxalate, altered the shape of the pigment crys-
tals and even decreased the crystals’ structural stability, as well as changing the elemental
valence state of the chemical pigments [23]. These processes played a critical role in the deteri-
oration and discoloration of the mural paintings, particularly for a red pigment containing
lead red (Lead tetroxide, Pb;O,). Recently, the microfloral characteristics that were present on
the wall paintings with signs of damage, along with their temporal and spatial distribution pat-
terns in different caves, were also investigated. Furthermore, the key environmental parame-
ters that influence community distribution patterns and their relationship with the ambient
conditions were further investigated [5]. In addition, the phylogenetic composition of airborne
microbes and their seasonal dynamics were investigated. Climatic parameters and tourist
activities were regarded as the two main factors that contributed to the risk of biodeterioration
[24,25]. The microbial species with invasion potential that could damage the wall paintings or
act as opportunistic pathogens to the visitors were also identified [26,27]. Overall, these studies
provided a comprehensive understanding of the microbes associated with mural decay in the
Mogao Grottoes.

A comprehensive understanding of the microflora colonized on the painted sculptures in
the Maijishan Grottoes is a crucial step for the effective protection and management of this
site’s ancient relics in the future. In recent years, a huge number of tourists have been attracted
by the Maijishan Grottoes. Statistically, approximately 57,000 visitors entered the grottoes dur-
ing the May Day Holiday (1 May to 3 May) in 2016, but the maximum tourist capacity at the
site is under 6,400 per day. Undoubtedly, too many tourists flooded into a relatively limited
space in a short time, resulting in a micro-climate alteration, which, in many cases, is harmful
to the conservation of cultural heritage sites. For example, the Paleolithic rock paintings of the
Lascaux Cave suffered successive biological invasions since its discovery due to artificial distur-
bances, most of which were tourists [9,28]. Thus, the relationship between the conservation of
heritage sites and tourism activities has become a hot topic in academic studies.

Opverall, to improve the conservation of the cultural heritage preserved in the Maijishan
Grottoes, it was necessary to investigate the microbial communities on the painted sculptures.
We adopted an innovative molecular strategy, namely, Illumina MiSeq sequencing, to analyze
the samples of the discolored painted sculptures that were collected from Cave 4-4 of the
Maijishan Grottoes. Our research objectives were to: (1) describe the complete bacterial and
fungal communities on the painted sculptures in the Maijishan Grottoes; (2) define the core
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phylogenetic groups among the whole microbial community; and (3) assess the potential
threat of invasive microbial groups at this study site. This is the first report investigating the
characteristics of the microbial community on the painted sculptures of the Maijishan Grot-
toes. It may not only contribute to clarifying mechanisms of biodeterioration induced by the
inhabiting microbes but also provide opportunities for microbiologists to formulate preventive
and remedial strategies to control the undesirable growth of microorganisms on this priceless
and fragile artwork.

Materials and methods
Sampling sites and sampling process

The Maijishan Grottoes are situated in Maijishan, 30 km southeast of Tianshui city in the
Gansu Province, China (Fig 1A). This city is located in the eastern Gansu Province, adjacent to
the Shaanxi Province. The Silk Road is over 1600 kilometers in length within the Gansu Prov-
ince, and Tianshui City was historically the first strategic location outside of Chang’an City
(now called Xi’an, the capital of the Shaanxi Province) to the west; it was the capital of the
ancient Chinese Kingdom and has played a very important role in the economic and cultural
exchange between ancient China and the Western world.

The Maijishan Grottoes are surrounded by the Qinling Mountains. The Grottos have a
warm, semi-humid continental climate with an average annual temperature of 10.4°C, an aver-
age annual relative humidity of 69.2% and an annual rainfall of 680 mm. A unique geographi-
cal advantage gives the location a pleasant climate, without brutal heat in the summer or bitter
cold in the winter, and a clear rhythm of the four seasons, with a beautiful landscape and vari-
ous well-known natural sites.

Three painted sculptures were selected for sampling in Cave 4-4 of the Maijishan Grottoes
(N34°21.093', E106°00.261’), the so-called “Upper Seven Buddha Pavilion,” which was built
during Northern Zhou (557-581AD). For each statue, three independent sampling locations
on the surface of painted layer were chosen, and the samples were carefully collected with ster-
ile swabs and scalpels. Then, the samples were pooled together in three parallel repetitions and
mixed thoroughly to form a single sample (Fig 1C, 1D and 1E). Only a tiny amount of the
painted layers was allowed to be collected during the sampling process, and the sampling loca-
tions were restricted to the edges of the damaged paintings. For the material specificity of the
painted sculptures, a single sample was not sufficient for MiSeq sequencing. Thus, in this
study, three single samples from each statue were mixed together as one representative sample
per statue and were named MJ4-1, MJ4-2 and MJ4-3. At the same time, the floating dust
deposited on the surface of the painted sculptures was collected as a control. One sampling
location was identified for dust collection on each statue, and then the samples were mixed
together as a single sample, called MJ4-4.

All the samples were collected under strict aseptic conditions. The sample materials were
collected in a sterile centrifuge tube and stored at -20°C until further analysis. The sampling
process was authorized and supervised by the administrative staff of the Art Institute of the
Maijishan Grottoes.

MiSeq high-throughput sequencing

The four sample materials were used for genomic DNA extraction with a commercially avail-
able extraction Kit (OMEGA Laboratories Inc., USA) according to the manufacturer’s proto-
cols. For each sample, the integrity of the DNA was determined by electrophoresis on 1.0%

agarose gels, and the concentration and purity of the DNA were measured spectrophotometri-
cally with a NanoDrop™ ND-2000 (Thermo Scientific Inc., USA).
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Fig 1. The research site and the sampling locations in the grottoes. A: The geographical location of the Maijishan Grottoes in China; B: Cave 4—4 of the
Maijishan Grottoes; C, D and E: the painted statues inside Cave 4—4 and the sampling locations, samples a-c were collected from the Shakyamuni sculpture
on the east side, were mixed thoroughly and were named it as MJ4-1. Similarly, samples d-f and g-l were collected from the Bodhisattva sculpture on the
south and north sides, respectively. They were also pooled together and were named MJ4-2 and MJ4-3, respectively. Samples 1, 2 and 3 were mixed and
were named MJ4-4.

https://doi.org/10.1371/journal.pone.0179718.g001

The universal primers 338F/806R for bacteria or 817F/1196R for fungi was used for the
amplification and MiSeq sequencing of the PCR products. The 16S rRNA genes were amplified
using the primer set: 338F, 5 ' ~ACTCCTACGGGAGGCAGCAG-3"',and 806R, 5' ~GGACTAC
HVGGGTW TCTAAT-3" [29], which target the V3-V4 regions of the 16S rRNA genes. The 18S
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rRNA genes were amplified with the primer set: 817F, 5 ' ~-TTAGCATGGAATAATRRAATAG
GA-3',and 1196R, 5'-TCT GGACCTGGTGAGTTTCC-3" [30], which target the V5-V7
regions of the 18S rRNA genes.

To minimize the impact of potential early round PCR errors, PCR was carried out in tripli-
cate with a 20-pL reaction volume, containing 4 pL of 5-fold reaction buffer, 4 uL of ANTPs
(2.5 mM), 0.8 pL of each primer (5 pM), 0.2 pL of BSA (20 pg/uL), 1 pL (approximately 10 ng)
of template DNA and 0.4 pL of Pfu DNA Polymerase (TransStart-FastPfu DNA Polymerase,
TransGen Biotech), with dd H,O to the final volume. The PCR program included an initial
denaturation at 95°C for 3 min; 35 cycles at 94°C for 30 s, annealing at 55°C for 30 s and an
extension at 70°C for 45 s; and a final extension step at 72°C for 10 min. PCR was performed
using an ABI GeneAmp™ 9700 Cycler (Thermo Scientific Inc., USA). Different “barcode”
sequences were added at the 5’ end of the forward primer to separate the corresponding reads
from the data pool that was generated in a single sequencing run. The amplicons were ex-
tracted by electrophoresis in 2.0% agarose gels, purified using a Gel Extraction Kit (AXYGEN
Co., China) according to manufacturer’s instructions and quantified using a QuantiFluor™-ST
Fluorimeter (Promega, USA). The purified amplicons were pooled in an equimolar and
paired-end sequence (2x300) on an Illumina MiSeq PE300 Sequencer (Majorbio Co. Ltd.,
Shanghai) according to standard protocols.

Processing and analysis of the sequencing data

Raw FASTQ files were de-multiplexed and quality-filtered using Trimmomatic (Version 0.35)
with the following criteria: (i) The 300-bp reads were truncated at any site that obtained an
average quality score below 20 over a 50-bp sliding window, and the truncated reads shorter
than 50 bp were discarded; (ii) Extracted matching barcodes, two nucleotide mismatch in
primer matching, and reads containing ambiguous characters were removed; (iii) Only over-
lapping sequences longer than 10 bp were assembled according to their overlapping sequence.
Reads that could not be assembled were discarded. Quality sequences were aligned in accor-
dance with SILVA alignment [31] and clustered into OTUs using USEARCH version 7.1.
Operational taxonomic units (OTUs) with a 97% similarity level were used for the Rarefaction
curve, and an o-diversity index including Ace, Chao, Shannon diversity, Simpson diversity
indices and Coverage analysis were used with MOTHUR (1.30.1) [32]. Taxonomical assign-
ments of the OTUs at 97% similarity were performed using MOTHUR in accordance with
SILVA (123) or Unite (7.0) at 70% confidence intervals. For taxonomic analysis, the SILVA
database (http://www.arb-silva.de) and the Unite database (http://unite.ut.ee/index.php) were
used for bacteria and fungi, respectively. The B-diversity analysis, including Principal Compo-
nent Analysis (PCA) and a hierarchical heatmap, was generated using the Vegan packages in R
(3.2.0), while the Venn diagrams were implemented by the Venn diagram package. The raw
reads were deposited into the NCBI Sequence Read Archive (SRA) database (SRA accession:
SRP095989).

Results

MiSeq sequencing results and a-diversity indices

From the four samples, 133,014 valid reads and 1,757 OTUs were obtained for bacteria. Each
library contained 21,369 to 38,038 reads with different phylogenetic OTUs, ranging from 232
to 870. The average length of the quality sequences was 434 to 441 bp. In addition, 101,015
valid reads and 217 OTUs were found for fungi, and the average length of the quality se-
quences was approximately 403 bp. The total number of sequences, coverage, number of
OTUs, and statistical estimates of the species richness for 15,595 sequences (bacteria) or
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18,193 sequences (fungi), together with the subsets from each sample at a genetic distance of
3%, are presented in S1 Table and S2 Table. The rarefaction curves tended to approach the sat-
uration plateau in all samples (S1 Fig), indicating that the data volume of obtained sequences
was reasonable, and an increase in the number of reads may contribute a slight increase in the
total number of OTUs. The curves show that only a very small fraction of the new phylotypes
of the microorganisms was retrieved after 15,000 sequencing reads.

For bacteria, MJ4-4 had the highest richness (Ace = 1059, Chao = 1039), while MJ4-1 had
the lowest (Ace = 546, Chao = 367). The Shannon index provides not only the simple species
richness (the number of species present) but also the abundance of each species (the evenness
of the species) as distributed among all the species in the community. MJ4-4 had the highest
diversity (Shannon = 5.12), which was much larger than the diversity of MJ4-3 (Shannon =
3.42) among the four communities, and MJ4-1 had the lowest diversity (Shannon = 2.15). A
total of 232 to 870 OTUs were achieved in the whole samples at a 3% distance. The rarefaction
curve progression (98.60-99.39%, Good’s Coverage) was very close in all the samples. The
Simpson index varied from 0.0208 to 0.2665, with the highest value for MJ4-4 and lowest value
for MJ4-1 (S1 Table).

For fungi, MJ4-4 also had the highest richness (Ace = 72, Chao = 73), followed by MJ4-3
(Ace =71, Chao = 70), and MJ4-1 had the lowest richness (Ace = 45, Chao = 44). MJ4-3 had
the highest diversity (Shannon = 2.41) whereas MJ4-2 had the lowest diversity (Shannon =
1.72). The number of OTUs ranged from 42 to 67 in these samples; MJ4-4 had the highest one
and MJ4-1 had the lowest one (S2 Table).

Taxonomic composition based on MiSeq sequencing

The bacterial OTUs can be assigned into 19 phyla, 202 families and 435 genera. Eight different
phyla, namely, Actinobacteria, Acidobacteria, Bacteroidetes, Cyanobacteria, Chloroflexi, Fir-
micutes, Proteobacteria and Verrucomicrobia, out of the 19 total bacterial phylotypes were
common to the four libraries (Fig 2), contributing to 99.96%, 99.93%, 99.82% and 98.88% of
the total reads in the libraries of MJ4-1, MJ4-2, MJ4-3 and MJ4-4, respectively. Actinobacteria
was the most abundant division, comprising 20.88% (367) of the OTUs and 53.53% (41,741) of
the reads across all samples. Firmicutes, the second most abundant phylum, was 28.45% (500)
of the OTUs and 12.79% (7,911) of the reads in all libraries. These two phyla collectively
accounted for 97.86%, 94.56% and 81.9% of the total reads in MJ4-1, MJ4-2 and MJ4-3, respec-
tively (Fig 2A). However, Actinobacteria showed a high variability in the read abundance of
different samples; in decreasing order of abundance, the results are MJ4-1 (92.08%, 14,361
reads), MJ4-2 (83.56%, 13,032 reads), MJ4-3 (58.99%, 9,201 reads) and MJ4-4 (33.0%, 5,147
reads). Meanwhile, the reads of Firmicutes fluctuated in the different samples; the read propor-
tion reached the lowest value in MJ4-1, and it was the fourth largest phylum (11.04%, 1,723
reads) in MJ4-4, which occurred after Cyanobacteria (25.45%, 3,969 reads) and Proteobacteria
(22.31%, 3479 reads). The members of Acidobacteria, Bacteroidetes, Chloroflexi, Cyanobacte-
ria and Proteobacteria comprised 0.16% (99 reads), 5.45% (3,402 reads), 0.27% (171 reads),
6.76% (4,218 reads) and 7.25% (4,521 reads), respectively, in the total bacterial community.
The other lineages represented a much smaller fraction (ca 4.10%, 72 OTUs; 0.5%, 317 reads)
of the bacterial community.

At the genus level, the genera of Pseudonocardia and Saccharopolyspora accounted for only
5.41% of the total OTUs, but 54.06% of the total reads (18.80-78.90%)(Fig 2B). Rubrobacter
contained only 17 OTUs, with an average of 7.47% of the total reads with a high variability
(1.53-15.46%). The subgroups of Micrococcaceae, Brevibacteriaceae, Geodermatophilaceae,
Streptomycetaceae, Dermabacteraceae and Propionibacteriaceae were less than 1% of the total

PLOS ONE | https://doi.org/10.1371/journal.pone.0179718 July 5, 2017 7/19


https://doi.org/10.1371/journal.pone.0179718

@. PLOS | ONE Microbial community characteristics

100

- Fusobacteria
Fibrobacteres
- Tenericutes
Nitrospirae
Armatimonadetes
- Saccharibacteria
- Lentisphaerae
- Planctomycetes
Gemmatimonadetes

- Chlamydiae

- Verrucomicrobia

- Acidobacteria

- Deinococcus-Thermus
B crioroftexi
- Bacteroidetes
- Cyanobacteria
- Proteobacteria
- Firmicutes
- Actinobacteria

B (@] ]
o o o
1 1 |

Relative abundance (%)

N
o
|

MJ4-1 MJ4-2 MJ4-3 MJ4-4

100

[ others

[ 7174-901-12_norank
[ Blastococcus

I Hymenobacter

[l Modestobacter

I Arthrobacter

Il Swephylococcus

[ Candidatus_Rosenkranzia

80

I Brachybacterium

- Chroococcidiopsis
Rubellimicrobium

[ Methylobacterium

[ Bacteroidales_unclassified

[ Ruminococcus_1

Streptom 2

Cyanobacteria_uncultured

Ruminococcaceae_UCG-005

Prevotellaceae_unclassified

- Brevibacterium
Sphingomonas
Pseudomonas

[ Bacteroides

[ Lactococcus

[ Prevotellaceae_ UCG-001
Geobacillus

Il Crossiella
I Lochnopi

60

Tacsifid

40

Relative abundance (%)

20

Cyanobacteria_norank
[ Actinomycetospora
Bl Rubrobacter

MJ4-4 I Pseudonocardia

MJ4-1 MJ4-2 MJ4-3

Fig 2. Relative abundance of the bacterial community at the phylum (A) and genus (B) level.

https://doi.org/10.1371/journal.pone.0179718.9002

PLOS ONE | https://doi.org/10.1371/journal.pone.0179718 July 5, 2017 8/19


https://doi.org/10.1371/journal.pone.0179718.g002
https://doi.org/10.1371/journal.pone.0179718

@° PLOS | ONE

Microbial community characteristics

reads, accounting for 0.92%, 0.76%, 0.65%, 0.64%, 0.50% and 0.33%, respectively. A low rela-
tive abundance of Pseudonocardia (6.35%) was found in MJ4-4 compared to the other three
libraries (41.54-65.57%) of this study. In contrast, MJ4-4 had a higher abundance of Cyano-
bacteria without rank (18.92%) than the other three samples (0.23-0.56%).

The fungal communities were assigned to 6 phyla, 53 families and 46 genera. Ascomycota
was the most dominant division, comprising 67.74% (147) of the OTUs and 94.73% of the
total reads. Basidiomycota was the second largest division, with 28.57% (62) of the OTUs and
5.17% of the total reads; the other four fungal phyla, namely, Chytridiomycota, Ciliophora,
Eukaryota_unclassified and Phragmoplastophyta, accounted for only 0.1%. The sequences
affiliated with the Ciliophora were non-specific amplification products, and the application of
universal eukaryotic primers resulted in the sequences of some Eukaryota that could not be
classified.

At the family level, abundant unclassified or no rank fungal sequences were found in each
sample. The total relative abundances of the unclassified and no rank fungi in MJ4-1, MJ4-2,
MJ4-3 and MJ4-4 were 83.93%, 97.23%, 92.15% and 93.71%, respectively (Fig 3). The members
of Capnodiales dominated the Ascomycota phylum, represented by Capnodiales_unclassified
and Capnodiales_no rank, and accounted for approximately 51.28% (37,319) and 10.19%
(7,421) of the reads across all samples, respectively. Ascomycota_unclassified, the second most
abundant group, (11.98%, 26 OTUs) consisted of 14.88% (10,832) of the reads in all libraries.
However, the proportion of Capnodiales_unclassified in different samples showed a high vari-
ability, with a range of 32.36% -66.97%. The proportion of reads was the lowest in MJ4-3,
while it was the highest in MJ4-4, followed closely by MJ4-2 (64.17%). Meanwhile, the relative
abundance of Ascomycota_unclassified showed an increasing trend in three painted layers
compared to MJ4-4, ranging from 6.71% to 22.25%, 13.89% and 16.17%, respectively. These
three families, including Capnodiales_unclassified, Ascomycota_unclassified and Capnodia-
les_no rank, were more than 76.3% of the total sequences in all four samples. A low relative
abundance of Eurotiales (2.94%), represented by Eurotiales_incertae_ sedis and Eukaryo-
ta_unclassified, was detected in MJ4-4 compared to the other three libraries.

Microbial community structure among different samples based on MiSeq
sequencing

To analyze the similarity of the microbial communities among the samples, a heatmap was
conducted using hierarchical cluster analysis. For bacteria, the heatmap (Fig 4A) was based on
the top 50 abundant bacterial genera and showed that MJ4-2 and MJ4-3 were grouped together
first, then clustered with MJ4-1; MJ4-4 was significantly different from the other three samples.
The PCA results (Fig 5A) also revealed that the bacterial communities of MJ4-1 and MJ4-3
grouped to the left of the graph along PC1, which accounts for 65.03% of the total variations,
whereas MJ4-2 was separate from other samples along PC2, which represented 33.14% of the
total variations.

The species shared among the bacterial communities were further determined via a Venn
diagram to compare the relationships among these samples in more detail. The results showed
that a total of 78 shared OTUs were evident in all the samples (Fig 6A), which comprised
97.04%, 95.36%, 63.18% and 49.12% of reads in MJ4-1, MJ4-2, MJ4-3 and MJ4-4, respectively.
Actinobacteria and Firmicutes dominated in the shared OTUs (S3 Table), as well as the reads
of the shared OTUs. Out of the 968 OTUs in total, three libraries from MJ4-1, MJ4-2 and MJ4-
3 had 80 OTUs in common, which comprised 97.17%, 95.4% and 63.19% of the quality reads
in each library, respectively. The core microbiotas were dominated by Actinobacteria and Fir-
micutes, which are represented by Pseudonocardiaceae, Rubrobacteriaceae, Bacillaceae and
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Fig 3. Relative abundance of the fungal community at the family level.
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Streptococcaceae. The members of Pseudonocardia dominated the family of Pseudonocardia-
ceae (S5 Table) with only 7 OTUs, but they were more than 75.37% (25,293) of the total reads
across all the samples. In addition, a total of 396 OTUs were observed in only the MJ4-4
library. These unique OTUs comprised 11.84% (1,847) of the total reads in the MJ4-4 library
and were dominated by Proteobacteria (107 OTUs, 486 reads) and Actinobacteria (98 OTUs,
364 reads).

For fungi, the heatmap (Fig 4B) was based on the top 50 fungal families. The figures show
that the samples divided into two clusters at the family level: MJ4-1 and MJ4-3 into one group,
and MJ4-2 and MJ4-4 into another. The PCA score plot (Fig 5B) agrees with the heatmap,
indicating a high similarity of the fungal communities between MJ4-1 and MJ4-3 and between
MJ4-2 and MJ4-4. Clearly, MJ4-1 and MJ4-3, in addition to MJ4-2 and MJ4-4, grouped to the
left or the right of the graph along the PC1 axis, which accounts for 86.12% of the total varia-
tions. The PC2 axis explained only 11.89% of the variance.

The Venn diagram shows that the four libraries own 34 fungal OTUs in common (Fig 6B),
accounting for 99.86%, 99.84%, 99.13% and 98.77% of the reads in MJ4-1, MJ4-2, MJ4-3 and
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and fungal phylogenetic trees were calculated using the neighbor-joining method.

https://doi.org/10.1371/journal.pone.0179718.9g004

MJ4-4, respectively. Ascomycota dominated in the shared OTUs as well as the reads of the shared
OTUs (54 Table, S6 Table), and the rest of the shared OTUs belonged to Basidiomycota. Of the
77 total OTUs, the three libraries from MJ4-1, MJ4-2 and MJ4-3 had 37 OTUs in common.
Actually, the OTUs shared by all four libraries were completely overlapped with the OTUs shared
by these three samples, with the exception of only 3 OTUs. In addition, 9 OTUs were detected in
only the MJ4-4 library; these unique OTUs comprised a tiny fraction of the reads in MJ4-4
(ca.0.10%), and their effects on the community composition of MJ4-4 would be negligible.

Discussion

To investigate the microbial communities of the painted sculptures in the Maijishan Grottoes,
a MiSeq high-throughput sequencing approach was used. The results revealed a high bacterial
diversity and a relatively low fungal diversity, as well as a high bacterial abundance and a low
fungal abundance, on the painted sculptures of the Maijishan Grottoes. Many of the identified
taxonomical groups in our report have been discovered at other cultural heritage sites.
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For bacteria, the results suggested that Actinobacteria and Firmicutes were the most pre-
dominant bacterial taxa on the painted sculptures in the Maijishan Grottoes. Actinobacteria
are well known for their high secondary metabolism, such as the metabolism of pigments,
organic acids, polysaccharides and potent antibiotics. Over the past decades, an abundance of
Actinobacteria was recorded in many caves or subterranean environments [3,33-35], while
Firmicutes was frequently associated with earthy and drought environments. In addition,
Acidobacteria, Bacteroidetes, Cyanobacteria, Chloroflexi and Proteobacteria were also
detected in caves and subterranean environments. Comparing the distribution pattern of the

A B

MJ4-2 MJ4-3 MJ4-2 MJ4-3

396

\/

Fig 6. Shared OTU analysis of the different samples. Venn diagram showing the unique and shared OTUs (97%) for the bacterial (A) and fungal (B)
communities among the four samples.

https://doi.org/10.1371/journal.pone.0179718.9006
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bacterial genera among these samples, Pseudonocardia accounted for the largest number of
sequences detected from three painted samples, ranging from 41.54% to 65.57%; its proportion
was far higher in the painted samples than in dust (6.35%), indicating a significant community
succession on the painted sculptures in the Maijishan Grottoes over time. Pseudonocardia was
discovered in many heritage sites, particularly in catacombs and subterranean caves. Subterra-
nean caves are generally regarded as oligotrophic ecosystems with almost no natural light, little
or no organic matter, high salinity and a relatively constant temperature and relative humidity,
all of which represent extreme environmental conditions for most microorganisms [36].

Generally, the surface of the wall paintings was also an extreme environment for most of
the surviving bacteria because of its poor nutrient availability and dry conditions. In the pro-
cess of creating the painted sculptures in the Maijishan Grottoes, some of the pigments con-
tained heavy metal compounds as main components, such as lead red (Pb;0,4) and vermilion
(HgS), which are both widely used red pigments at our study site; these pigments have a strong
toxicity that inhibits the reproduction of the majority species in bacterial communities. Thus,
most species of microbes cannot survive in this especially hostile microenvironment. How-
ever, Pseudonocardia is suitable for niches of poor nutrition because they can develop their fila-
mentous growth and utilize a variety of nitrogen and carbon sources. Thus, Pseudonocardia
colonized the wall paintings in caves at an early stage of microbial colonization, before the sub-
sequent deterjoration and damage to the substratum materials [37]. Pseudonocardia can alter
the local nutritional conditions and pH in a manner that benefits other life forms, mostly fungi
and algae. The common, core metabolically active group was responsible for the degradation
and discoloration of the wall paintings in many caves [38-40]. Their proliferation not only
leads to the formation of white colonies on the paintings due to the formation of slightly alka-
line niches but also results in a material loss that is caused by mycelium penetrating deeply
into the paint layer of materials, further altering the hostile niches in favor of the proliferation
of other microbes in unexpected microbial outbreaks.

Rubrobacter was the second largest bacterial genus detected in our research. Previous stud-
ies noted that the Rubrobacter-related bacteria are associated with the typical rosy stains on
wall paintings or plaster in Europe [41-43]. In addition, they were detected in salmon pink
biofilms from the bas-relief wall of the Bayon temple in Cambodia’s Angkor Thom [44], and
most of the 16S rRNA sequences retrieved from the different sample sites were slightly sepa-
rated from each other. Curiously, species of Rubrobacter-related bacteria were rarely con-
firmed, as most of them were detected in halophilic environments, especially in salt-attacked
monuments [45]. The formation of typical rosy discolorations was associated with carotenoid
pigments, such as B-carotene, a-bacterioruberin and derivatives from the secondary metabo-
lism of Rubrobacter-related bacteria, and it significantly decreased the aesthetic appearance of
wall paintings and historical plaster. Thus, large amounts of Pseudonocardia and Rubrobacter
were detected on the painted sculptures in the Maijishan Grottoes, and this result is a strong
indication of the potential risk of microbial invasion and deterioration.

Many heterotrophic bacterial genera, such as Arthrobacter, Brevibacterium, Bacillus,
Kocuria, Pseudomonas, Streptomyces and Saccharopolyspora were also detected in our research;
these are also the species most frequently isolated from the wall paintings of caves and cata-
combs [46-50]. They played significant roles in the biodeterioration occurring on the wall
paintings. For example, Pseudomonas-related bacteria were responsible for the “second micro-
bial crisis” due to their highly resistant to antimicrobial biocides in the Lascaux Cave [51].
Some strains of Pseudomonas-related bacteria, such as P. geniculata, P. stutzeri and P. fluores-
cens, were involved in the process of nitrogen fixation, which provides inorganic N from
ammonia-ammonium for the generation of nitrous (nitric) acid by other microorganisms,
causing acid corrosion to wall paintings, marble and limestone [52]. Other bacterial genera,
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including Arthrobacter, Bacillus and Kocuria, were identified in diverse environments, such as
soil, aerosols and ancient buildings [44,49,53] and were shown to contribute to the degradation
of wall paintings and other artwork [2,54,55]. Interestingly, Cyanobacteria and Proteobacteria
were dominant phyla in dust, second only to Actinobacteria, but their proportions on the
painted sculptures were far below that in dust. Most sequences of Cyanobacteria belonged to
unclassified and uncultured taxa, while Sphingomonas, Pseudomonas and Enterobacter were
the representative genera in Proteobacteria. Clearly, the main reasons for this phenomenon
were that these two phyla were inhibited on the painted sculptures due to the extreme environ-
ment and fierce competition from the other dominant genus, Pseudonocardia.

For fungi, the results showed that a large number of sequences belonged to the unclassified
or no rank genera based on the current database of 18S rRNA gene sequences, and most of the
sequences were affiliated with Capnodiales (unclassified and no rank) and Ascomycota_un-
classified. The results revealed a weakness of the fungi primers 817F/1196R for MiSeq sequenc-
ing due to their narrow taxonomical variety coverage [30,56,57]. Of course, the limitation of
the fungal database was also important reason for this phenomenon.

Comparing the microfloral structures on the painted layers and in the deposited dust, we
found that the diversity and abundance of bacteria were far higher in the dust than on the
painted layers. Apart from 78 shared OTUs detected in all samples, a total of 396 bacterial phy-
logenetic OTUs were observed in the dust sample only. In addition, there were slightly more
fungal phylogenetic OTUs in the dust than the number shared among all four libraries. In
other words, almost all of bacteria and fungi detected on the painted layers can be found in
the deposited dust, which was derived from the surrounding environment. To a large extent,
the microfloral characteristics of the deposited dust were highly consistent with the surround-
ing atmosphere of the painted sculptures, suggesting that the air is an important source of
microbes for painted sculptures.

In recent years, the Maijishan Grottoes and its elegant artwork and beautiful scenery have
attracted an increasing number of tourists, exerting tremendous pressure on the conservation
and management of this site. Previous studies revealed that when masses of tourists suddenly
swarm into a cave in a short time, they may destroy the original conservation environment of
the cultural relics due to their disturbances, such as the resuspension and floating of dust, an
increase in temperature, relative humidity and CO, concentration and an increase in the
diversity and abundance of airborne microorganisms [24,25]. These unexpected changes
always have a strongly irreversible influence on the cave microbiology and ecosystem stability.
In the Altamira cave, the temperature increased 0.07°C and the CO, concentration rose
51 ppm after one group of visitors entered the cave; these changes could not be restored to the
initial background levels immediately, and, sometimes, they could not even be restored by the
next day. Finally, the cave was closed for an indefinite period in 2002 due to the serious micro-
bial outbreaks that were mostly caused by human disturbance [58,59]. Furthermore, tourists
carried exogenous microbes into the caves and posed an increasing potential risk of pathogens.
Some of the microbes, such as Pseudomonas, Brevibacterium, Sphingomonas and Staphylococ-
cus, are pathogenic to humans and cause a potential danger to tourists and managers, but their
existence and infection potential in humans are currently not understood [26,27,60]. Thus,
complex management issues at the heritage site should take into account the visitor cycle and
its frequency, and they should monitor the physical environmental conditions and the micro-
organisms in the dispersion process and colonization strategies. Overall, the best way to con-
serve and protect a cultural heritage site is to avoid human intervention to maintain the
sophisticated ecosystem balance in the caves.

In summary, the characterization of the microbial communities on the painted sculptures in
the Maijishan Grottoes showed the presence of complex bacterial and fungal groups on these
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painted sculptures, many of which are common core species associated with the biodeteriora-
tion of painted sculptures. In many cases, tiny fractions of microorganisms may result in severe
damage to wall paintings due to a lack of sufficient attention or inappropriate management.
Although no obvious visible microbial damage exists on the painted sculptures in the Maijishan
Grottoes, the priceless and fragile artwork is now under multiple threats by different microor-
ganisms and human activities. Furthermore, the local environmental conditions are favorable
for microbial growth and reproduction and are dangerous to the painted sculptures, particularly
the high relative humidity and human disturbances, increasing the potential risk of microbial
outbreaks [61]. Thus, more attention should be paid to the conservative management of micro-
bial threats and risk monitoring in the Maijishan Grottoes for preventive heritage conservation.
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