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Abstract: [Background] Microbial deterioration is a common biological disease in ancient wall paintings,
which seriously threaten the long-term safety preservation and exhibition of the wall paintings. As the
main source of the harmful microorganisms to wall paintings, airborne microorganisms have attracted
extensive attention in the monitoring and preventive conservation of cultural relics in recent years.
[Objective] Systematic survey of culturable airborne bacteria, including the concentration, community
structure and seasonal variation, was carried out in environments of wall paintings preserved at Tiantishan
Grottoes and Western Xia Museum, China. [Methods] Bio-acrosol sampler containing R,A agar was used
for sampling in all four seasons in 2016. Traditional culture-based method to acquire the airborne bacterial
concentration information and purified strains; by the extraction of genomic DNA, amplification of
bacteria 16S rRNA gene region, sequencing, and phylogenetic analysis, thereafter the bacteria community
composition and distribution characteristics of different study sites were clarified. Combined with
environmental monitoring data, to disclosure the main factors which responsible for the dynamic changes
of the airborne bacteria at the site. [Results] The concentration of culturable airborne bacteria was in a
range from 16.7 to 1 451.8 CFU/m’. There was no significant difference in bacteria concentration between
the Cave 18 and Cave 13, namely, the two sites at the Tiantishan Grottoes, with the obvious characteristics
of the seasonal variation, briefly speaking, Winter and Spring were higher than Summer and Autumn.
Meanwhile, there was significant difference in bacteria concentration between the inside and outside of the
Xixia Museum, the square outside of the museum were far more than the inside of the museum at the four
seasons, particularly in the winter. A total of 19 bacteria genera that affiliated to four phylum were
detected, among which, Acinetobacter, Arthrobacter, Bacillus, Kocuria, Brevundimonas, Carnobacterium,
Pseudoclavibacter and Hymenobacter were the dominant ones. [Conclusion] The airborne bacterial
community structures of the Tiantishan Grottoes showed a distinct characteristic of the seasonal variation
and spatial distribution; RH, temperature and seasonal rainfall were all have influences on the airborne
bacteria distribution; some of the genera have potential of causing biodeterioration of the ancient wall
paintings at this site; this study could provide supporting information for the preventive protection of
cultural relics that preserved at local site and museums.

Keywords: Airborne bacteria, Community characteristics, Ancient wall paintings, Monitoring and
precaution
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Figure 1 The four sampling sites of the airborne bacteria at the Tiantishan Grottoes and the Xixia Museum
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Note: A, B: Cave 18 and cave 13 of the Tiantishan Grottoes, respectively; C, D: The inside and outside of the Xixia Museum, respectively.
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1.2.3
3 27F (5-AGAGTTTGATCCT
GGCTCAG-3") 1492R (5-TACGGCTACCTTGTT
A. P. Buck ACGACTT-3) 16S rRNA
Bio-Culture Pump™ 1.5m PCR (25pL) 10x 25uL Tag
9 cm  RA DNA 1 U dNTPs 0.2 mmol/L. MgCl,
3 90 L/min 2 min 2.5 mmol/L 0.2 umol/L DNA
R,A (g/L) 0.5 0.5 ( 10ng)2.5uL PCR 94 °C 3 min
0.5 0.5 0.5 94°C1min 58°C1lmin 72°C 1.5 min 30
K,HPO, 0.3 MgSO, 7H,0 0.05 0.3 72 °C 10 min  1.0%
15.0 pH7.2
1.1.3 1.24
DNA PCR
pGEM-T E. coli DH50, (RFLP)
Agarose Biowest PCR BsuR' T Csp6 1
(15 ul) BsuR12.5uL Csp6
I 2.5 yL Buffer Tango 1.5 pL. ddH,O 3.0 pL
PCR 10.0 uL 37 °C 4h
PCR 2.5%
Eppendorf DNA
MP Biomedicals
PCR (50 pL)
Bio-Rad Thermo Fisher 123 PCR
Scientific Bio-Culture pGEM-T 16 °C
Pump™ A. P. Buck E. coli DH5a
Onset HOBO 1.2.5
1.2 373 (
121 ) T7/SP6
RA 7-15d
LB (100 mg/L Amp)
1.2.2 DNA 37 °C 150 r/min
NCBI (National Center for Biotechnology
Information) GenBank
DNA 1.2.6
DNA NCBI BLAST MEGA 7.0
DNA =70 °C (Neighbor-Joining method)
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1.2.7
CFU
OriginPro 2016
1.2.8 CCA
2016 4 2017 4
30 min
SPSS 16.0
(Pearson correlation analysis)
CANOCO 4.5
(Canonical correlation analysis
CCA)
2
2.1
16.67—
1 451.8 CFU/m’ 627.17+
62.03 CFU/m’  579.35 CFU/m’ (1)
T™O
(P<0.05) TT18 TMI (P<0.05)
2
T™MI
T™O (1 451.8+
25.9 CFU/m’) TMI (16.67+5.57 CFU/m’)

1 (CFU/m?)
Table 1 Total airborne bacteria (CFU/m®) enumerated on
R,A agar plates from the four sampling sites

Sampling sites Mean Median Minimum Maximum
TT18 667.02+124.44b  657.40  266.70 1 086.60
TT13 518.82+113.50bc  451.54 140.73  1031.50
T™MO 994.68£104.69a 896.77  733.40 1451.80
TMI 328.17£69.41c ~ 385.00 16.67 526.00
Total 627.17+62.03 579.35  281.20 1409.20

a b ¢

Note: a, b and ¢ means significant difference.

2 TTI8  TTI3
TTI8 TTI3  (P<0.05)
TMO
TMI
(P<0.05)
2

TTI18 (P<0.05)
2.2

36

Bacteria concentration (CFU/m?)

Summer Autumn Winter

Spring

2 @ 6 10 12 )

Figure 2 The bacteria concentrations at the four sites in
different seasons (April, June, October, December)
Note: Different lower case letters indicate significant difference
(P<0.05).

2 CFU
Table 2 Pearson correlation analysis for bacterial
concentrations and environmental parameters

Sampling sites Temperature (°C)  RH (%) Rainfall (mm)
TT18 —0.899 —0.533 —0.975*
TT13 —0.893 -0.797 —0.895
TMO —0.926 —0.474 —0.655
TMI 0.670 0.532 —

* 0.05 —

Note: *: Correlation is significant at the 0.05 level (2-tailed) —:
No precipitation.
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MG694500-MG694535 BLAST (Kocuria)
NCBI (Brevundimonas) (Carnobacterium)
Pseudoclavibacter (Hymenobacter)
( 3 NCBI 10.6% 10.24% 8.87% 8.22% 8% 5.62%
5.19% CFU 74.18%
(Corynebacterium)
NCBI (Sphingomonas) (Paenibacillus)
(Streptomyces) (Nocardiopsis)
(Alcaligenes)
( 3 4.25% 4.04% 3.46% 3.03% 2.67% 2.24%
2.3 13 18
19 5
(Actinobacteria 47.37%) TT18
(Proteobacteria  26.32%) (Firmicutes (36.53%) (28.84%)
21.05%) (Bacteroidetes  5.26%) TT13 (45.96%)
5% 8 (4 (29.84%) TTI18
(Acinetobacter) 17.45% (43.90%) (29.27%) TTI13
(Arthrobacter) (Bacillus) (71.43%) (20.41%) TT18
3 16S rRNA
Table 3 Analysis of typical 16S rRNA gene sequence in the air environment of the Tiantishan Grottoes and the Xixia Museum
Typical clones (Accession No.) Family Species Source Identity (%)
A13 (MG694500) Moraxellaceae Acinetobacter baumannii Hospital 99
A35 (MG694521) Micrococcaceae Arthrobacter phenanthrenivorans ~ Water 99
C2 (MG694529) Bacillaceae Bacillus muralis Murals 100
A18 (MG694505) Micrococcaceae Kocuria sp. Murals 99
A23 (MG694509) Caulobacteraceae Brevundimonas sp. Hydrocarbon 99
A19 (MG694506) Carnobacteriaceae Carnobacterium inhibens Permafrost 99
A25 (MG694511) Microbacteriaceae Pseudoclavibacter helvolus Snow crabs viscera 99
F14 (MG694532) Hymenobacteraceae Hymenobacter sp. Water 98
A20 (MG694507) Corynebacteriaceae Corynebacterium callunae Water 99
F12 (MG694530) Sphingomonadaceae Sphingomonas roseiflava Sunflower root 99
C1 (MG694528) Paenibacillaceae Paenibacillus polymyxa Murals 100
A38 (MG694524) Streptomycetaceae Streptomyces scopiformis Sunflower root 99
A37 (MG694523) Nocardiopsaceae Nocardiopsis sp. Desert 99
A29 (MG694515) Alcaligenaceae Alcaligenes faecalis Soils 100
A28 (MG694514) Microbacteriaceae Microbacterium sp. Desert 99
A30 (MG694516) Microbacteriaceae Rathayibacter tritici Wheat 99
A16 (MG694503) Bacillales Family Exiguobacterium indicum Mosquito midgut 99
Xl Incertae Sedis
Al5 (MG694502) Microbacteriaceae Curtobacterium sp. Soils 99
A32 (MG694518) Oxalobacteraceae Massilia sp. Soils 99
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A29 (MG694515) .
]gg Alcaligenes faecalis Mc250 (KY271067) | Alcaligenes | ﬁ'pFOIeObacw”a
A5 (MG694502) § )
99 1Curtobacterium sp. MR MD2014 (KU740254) I Curtobacterium
A28 (MG694514) I Microbacterium
100 Microbacterium sp. Gl Sw 6a 3 (MG232360)
A30 (MG694516)
|M 1007 Rathayibacter tritici DSM 7486 (NR_026158) | ratrayipacrer
A2Z5 (MG694511) .
100 ! Pseudoclavibacter helvolus CJ-G-TSA2 (HM584267) Pseudoclavibacier
1001 A18 (MG694505) IKWW_H
Kocuria sp. MJAB-3C (KY412153)
F13 (MG694531)
100 Arthrobacter crystallopoietes (KY368136)
100 - A35 (MG694521)
Arthrobacter phenanthrenivorans THBB 11103 (KR085846) Arthrobacter Actinobacteria
01100 | A36 (MG694522)
Arthrobacter citreus ITHBB 6305 (KR233753)
36 F25 (MG694535)
24 T00lArthrobacter sp. Fa21 (AY131225)
—| VAZO (MG694,507) I Corynebacterium
100 Corynebacterium callunae (KU921528)
|-A37 (MG694523) I Nocardiopsis
100 ' Nocardiopsis dessonvillei (KC514118)
100 A21 (MG694508)
Streptomyces pactum (CP016795)
1007 A17 (MG694504) e
Streptomyces sp. (KX641380) Sireplomyces
A38 (MG694524)
99 L Streptomyces scopiformis A25 (NR_14403)
100, C1 (MG694528) I —
Paenibacillus polymyxa MJAB-1A (KY412143) s
100,A16 (MG694503) S
- Exiguobacterium BR18 1A (JN644531) I Bxiguobacterium
A19 (MG694506
J{(Z'arnf)bautcrmm lzqhibcn,\' (CP006812) I Carnobacterium
59 rA31 (MG694517)
95 100 | Bacillus sp. BAM161 (AB330404)
C2 (MG694529)
621 981Bacillus muralis MIAB-1C (KY412144)
Al4 (MG694501)
100!Bacillus sp. PAP08 (MG593945) L
A26 (MG694512) Firmicutes
01 A27 (MG694513)
891 Bacillus pseudomycoides Y39 (KF730754) Bacillus
05 A34 (MG694520) h
99 |'Bacillus mojavensis LMB3G81 (MF040286)
F23 (MG694534)
0! Bacillus subtilis OTG001 (MG543794)
10045,A40 (MG694526)
Bacillus sp. C1 (MG461669)
98| Bacillus zhangzhouensis Tv91C (MG547767)
97 A39 (MG694525)
67 LA41 (MG694527)
90,A23 (MG694509)
100ﬁA24 (MG694510)
| Brevundimonas sp. (KY907035)
—| F12 (MG694530) I Sphingomonas
100 LSphingomonas roseiflava MK341 (NR_117716)
100 (A13 (MG694500 iy o .
% ‘rAc/ne(mbacler bazimann// Naval-18 (JN668117) Actnetobacter | yproteobacteria
59 99 —A32 (MG694518)
’—E Massilia sp. DK4 (KF591403) Massilia p-proteobacteria
100 A33 (MG694519)
100! Massilia sp. 5F8 (FR86960)
100 — F15 (MG694533)
Hymenobacter norwichensis (NR_042172) Hymenobacter Bacteroidetes

100 TFM (MG694532)
0.01 99 - Hymenobacter sp. 16F7G (KU758880)

22
A

100

82

Brevundimonas

99 a-proteobacteria

3 16S rRNA
Figure 3 Phylogenetic tree of airborne bacteria based on 16S rRNA gene sequences
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Figure 4 Proportions of bacterial genera detected in environment of the Tiantishan Grottoes and the Xixia Museum
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Figure 5 Relative abundance of the dominant bacterial genera at the four sites
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Figure 6 Canonical correlation analysis for bacterial

communities and environmental parameters from the four
sites at different seasons
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