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Abstract: [Objective] We explored the fungal community composition on mural surface, to analyze
the major environmental factors that induce the explosion of fungal disease, and to provide the basis for
the scientific conservation of murals. [Methods] Mural samples with and without whitish moldy
necrosis were carefully and separately collected by sterile scalpel. The Scan Electronic Microscope
(SEM) was used to analyze microcosmic features of fungus that caused mural biodeterioration. By the
extraction of total genomic DNA, the following steps should be the amplification of fungal ITS region,
clone library construction, sequencing, and phylogenetic analysis, thereafter the fungal community
composition and structure characteristics were clarified. Combined with temperature and relative
humidity (RH) monitoring, the environmental factors related to fungal growth can be figure out.
[Results] A large amount of mycelia existed on mildewed murals, the volume of conidia ranged among
1.5-2.0 um multiplied by 1.0—1.5 pm. Most of clone library sequences in mildewed murals were much
similar to genera Engyodontium and Acremonium, of these fungi Engyodontium album was a dominant
fungus (98.1%); however, sequences from mural samples without mildew were more similar to genera
Penicillium, Aspergillus, Alternaria, Candida, Chaetomium and Engyodontium, in which Penicillium
laeve was a dominant species (77.4%). All sequences belonged to Ascomycota in our study. The
temperature below the tomb tunnel varied from —0.3 °C to 17.6 °C, and RH varied mostly from 80% to
100%. [Conclusion] The fungal community composition in the moldy murals was distinct different
from murals without apparently moldy necrosis. Engyodontium album was the dominant disease fungus
which caused mildew of murals. Perennial higher RH below the tomb tunnel must be the primary
environmental factor that induced mildew. As a result, it is necessary to carry out some salvage
protection and certain environmental control measures for conservation of ancient murals in this
archaeological site.

Keywords: Tomb murals, Mildew, Clone library, Community structure, Environment monitoring
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Figure 1 The main moldy area (A, in the arrow pointed
dashed box) and white mould on the mural surface of west
wall in tomb tunnel (B)
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Table 1 BLAST and analysis of ITS region clone library sequences on fungal disease murals

(Zzgézsgoﬂ%lz.s) Family Species Source Id(enr/l: )1ty Accession No.
xhl (KP063332) Cordycipitaceae Engyodontium album Wall 99 KC311469
xh55 (KP063386) Hypocreaceae Acremonium sp. Marine macroalgae 99 HQ914906
xnh40 (KP063474) Chaetomiaceae Chaetomium globosum Plant 97 JX981455
xnh78 (KP063512) Aspergillaceae Aspergillus versicolor Old peat 99 AJ937754
xnh61 (KP063495) Aspergillaceae Aspergillus penicillioides Sea sand 99 HQ914939
xnh1 (KP063435) Aspergillaceae Penicillium griseofulvum Rhizosphere 99 GU566212
xnh19 (KP063453) Cordycipitaceae Engyodontium album Wall 99 KC311469
xnh55 (KP063489) Aspergillaceae Penicillium laeve Genomic DNA 96 KF667369
xnh39 (KP063473) Debaryomycetaceae Candida parapsilosis Feed 99 GQ395610
xnh43 (KP063477) Pleosporineae Alternaria chlamydosporigena ~ Genomic DNA 99 KC466540
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Figure 3 Phylogenetic tree of mural fungus clone library

VE: Wxh: FEARBEE OS] ; Axnh: TP 8N BE N SCE RS

Note: Bxh: Sequences from moldy murals clone library; A xnh: Sequences from non-moldy murals clone library.
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Figure 4 Proportions of genera detected among the fungal
community on the west wall of tomb tunnel
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B2 S 1< i e [ A Y = e Sl RTA S S o i A
FROE, AR EE 1 A, 803 °C; Mkt
1E 8 H N 17.6 °C s AHXHEB K IHAERFE 80% L I,
5-8 HEZEZE MEHTAF] 100%., Hitn] UL, Wi &
Jiil SRy A R B8 AT A B D e A A ol
3 ZiHihe

B RE ] 1 A AR [ AR BB R AR DA
FETE G2 0 R s A0 3 TR 0 20 e il iz
Ko AMFEESHER RS T A, B ARREm R
IR T REBWEZIR, BT RIEE RN
J7 A ATE T, X R 3 B A T A R A R
AL T HEAIER Y E MO, ToH i A AR RE A
i B LR KT TP O 22 1R 254, 3SR A /D
= HACE A RIE BB TR, 10 B I S RE ] i
K Z B ER, JHIE AT B 22 R B ™
1RPRFIR

T RSO R LUXT . RS8R AE O R TS 73 i
W — 2B R T A 5 0 i A A RE T OB R
YN NZE R RRIE B 25 5% o B A0 BE I SCIE 3 51 2 2L
5 NCBI #5# P2 (1 il 4 25 J A1 SZ T 96 I 1 51 4
oL, P38 T A A U A TR (98.1%), H540E
RS BERE S BRI E S A s S AR, ¥k
] 7 U7 IR 7 s iy B i ) PG B L N
S HE 7% B (Fusarium  solani)™>!, {1 (ol 14 25 1 75
U253 {5 1% & (Beauveria alba), XZEHEF 12
FAAETH8E . AWFR IR 2k, N AEEUR
PEET, A A AR el AR T L, an
R HHR IR Patnutiyev &8 Br e 21w, M
MG B 5 508 BT AR A Y 90%7; e T
g Akore 17 t2d Py s s SR ag e b, A A
N 2 T B e R SR I )
PRI LT, WA RE A7 G T R B ) D
Febnz—; X% E I B £ 5 B RE ) 1 B 2 BT
K, MG ERIE  Toe SRR A 23% %%,
BERT L, P o D 2 TR R (14 e A ) S o o e v
AIReRIEE B REEMER, AR AR B

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



486 AEY) 4R Microbiol. China

2016, Vol.43, No.3

1| 52 L P 2 Tl A e A o ) B AR R T

TG i R A BE 1 ST by 4 32 5 R 1A
HaE. MEE . dsaE . emt g . Baw
J& A A 2 R 1P SRR, LR RN R E
HRH(77.4%), BATSrE AEED | SEEEFRPR -
ARSI 2 PP 9 S SR AL o 5 7 s R ot 25 I8 T A
T2 R, TR TS B RN T
Bt SRS TR ARERIGAE T B AR i
AL SRR (3 R E . A AR A R B
Kitora oy BURE L FHRUEYIT D, H8)E . the
J& . R B A TR A L, b EEE
PR (Penicillium paneum) A A e 5 | Ly BORE 5
Jefly FERGE RO, EEIRITE AR ST R,
B J TE 35 S PRI 31 R 52 2 1 1) L T R 9 A B o 9
g, 456 AM G- Bk AU (GC-MS)XT L2 B
JEIRL, R I R TR A CARE A PRGN 1) S SRR 2 ey
HEESAN, Fk, HER. R
JiR T AT 2 TR A o < R ) R R A v
W B E SR E R P, R
feili, TES AR OEAgER M EEm |-, dnsRsk/
TR . ARS8 IR #9 )& (Cladosporium) %5 B B
7R Y YR R OK R B, 1 0 2E R A R
(Aureobasidium pullulans)% B F# 5t JC 12 47 YL B
1 20 g TR AR AT A R T4 e e 855 7
Jio B, JEABEGE b P03 T 5 2 A Y RE A
wn H AT PR AT LAY A S 252, (R 75 2 A
B o i DL TR AR Ay R ) T A Ay e 1Y) S B
W, ORI TS SERE S TR A TS G i . A
PO, 2578 BE ) b b SR rh JE 2R/ o]
B A RE I T L 2R . IXRTRE S SO
B/ RERE S 1) PCR 48U A —E X &R, At
5E46 th PCR P S HARA B AF e i 2, AN [] 5 | ik
T DNA B AL A RefifE 22 700, — st pire
PCR 434 vhth n] RE Rl S, AT S 3] fm 220
IRV S H N AT

HA L, HEMAE RS BRI A,

Hor R B AIAR R B A B G E . AR R IR
FEVERIART, R B A KR R 25-30 °C,
AEXHR R IR B 75% L0 ERIA] A K347, RH 7E 95%
LA . AR, BEih Ty
REAE-0.3-17.6 °C Z B3, HIXHEE K7
80%—100%Z [E], 7-9 J ik FIAR XS 8 B #4455
AR BT, PlZshE o ME SR IG5
PRI, HAEE =R WA E s 1
FEAER, T2 5 R IR R X ) 2
Beoh, HAE—E R FIRSE T BRI EReE . A A
TR RAERUR R ; SR10, REES it T R A5
TN P I ™ SURF T 22 NAMR 2 [scti, B
B e D A B Ay B A ) ) A A R B
PEAEA R EREE 5. DG 25 B2 A SO
P B, HT ek T [ kia b &
R0 LB 0 TR BE I 2 1 A TORAC Y (B R REHERR S
TR R ) A A O TR A R
FAFT BRI

EF TR I 75 58 AT R E e R, R
T (1) ASEARYE EZRE R, S A
AR, ST e B R i 1 T DX I R B
PTAE; (2) X T EEZRBhE OR300 N B R4 T
S BT T AT AR, ORASRE R IR
AR, DDA S RIS, LI
FERSE B8 2 b [ K38 KU I R AT RIS
BE I G A e ) R A (3) A BT R I A
A B BT A7 R0 B A S W, DB S B 2 B st
() T BT AR
Bt Bt KR FE B MAE S SOLAF R IR L
PR BARIR G AKX THEAR AT ARG
8
& £ 3 ik
[1] Wang XD, SuBM, Chen GQ, et al. The Normative Research for

Ancient Wall Paintings Conservation in China[M]. Beijing:

Science Press, 2013 (in Chinese)

FA, SR, B, . b o (R m e R

M]. b5t B, 2013

[2] Ciferri O. Microbial degradation of paintings[J]. Applied and
Environmental Microbiology, 1999, 65(3): 879-885

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



R RRAE : RIGLST R 75 SERE ) EL G 7 S T 3 A

487

(3]

(4]
[5]

(6]

(7]

(8]

(9]

(10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

Zucconi L, Gagliardi M, Isola D, et al. Biodeterioration agents
dwelling in or on the wall paintings of the Holy Saviour’s Cave
(Vallerano, Italy)[J]. International Biodeterioration &
Biodegradation, 2012, 70: 40-46

Bastian F, Jurado V, Novakova A, et al. The microbiology of
Lascaux Cave[J]. Microbiology, 2010, 156(3): 644-652

Ma X, Mao L, Ma YT, et al. A review on microbial community
ecology in prehistoric Lascaux Cave paintings[J]. Dunhuang
Research, 2010(6): 115-120 (in Chinese)

i, EHE, DR, 5. RHURNR T i RE A P A S
SRS RE]. SUEBST, 2010(6): 115-120

Portillo MC, Gonzalez JM, Saiz-Jimenez C. Metabolically
active microbial communities of yellow and grey colonizations
on the walls of Altamira Cave, Spain[J]. Journal of Applied
Microbiology, 2008, 104(3): 681-691

Ma YT, Wu FS, Ma X, et al. A review on a microbial
community in prehistoric Altamira Cave paintings[J]. Dunhuang
Research, 2011(6): 115-120 (in Chinese)

oAk, &M, B0, 5. 90 R 3K 4L (Altamira
Cave) 5 il 3 2 9 B V& DF 58 (D], OB 5T, 2011(6):
115-120

Vasanthakumar A, DeAraujo A, Mazurek J, et al
Microbiological survey for analysis of the brown spots on the
walls of the tomb of King Tutankhamun[J]. International
Biodeterioration & Biodegradation, 2013, 79(4): 56-63

An KD, Kiyuna T, Kigawa R, et al. The identity of Penicillium
sp. 1, a major contaminant of the stone chambers in the
Takamatsuzuka and Kitora Tumuli in Japan, is Penicillium
paneum[J]. Antonie van Leeuwenhoek, 2009, 96(4): 579-592
Imperi F, Caneva G, Cancellieri L, et al. The bacterial aetiology
of rosy discoloration of ancient wall paintings[J]. Environmental
Microbiology, 2007, 9(11): 2894-2902

Feng QP, Ma XJ, Zhang X1, et al. Studies on microbial factor on
color change of Dunhuang mural I. Classification of microbes
on color changed mural and property of some typical species[J].
Acta Microbiologica Sinica, 1998, 38(1): 52-56 (in Chinese)
BV, DR, SRR, 5F. BUREEm AR bR IR
HYRIFST 1. €730 B i 1 A ) S B U B A ARG . e
Y2, 1998, 38(1): 52-56

Wu FS, Wang WE, Ma YT, et al. Community structures of
bacterial colonies on wall paintings in Cave 98 at Mogao
Grottoes, Dunhuang[J]. Microbiology China, 2013, 40(9):
1599-1608 (in Chinese)

RER, W, DR, . PORDE a5 98 i Bt il 3 i
TR B () 3 9% S5 40 20 A (0], AR o ARk, 2013, 4009):
1599-1608

Cuezva S, Fernandez-Cortes A, Porca E, et al. The
biogeochemical role of Actinobacteria in Altamira Cave,
Spain[J]. FEMS Microbiology Ecology, 2012, 81(1): 281-290
Heyrman J, Swings J. 16S rDNA sequence analysis of bacterial
isolates from biodeteriorated mural paintings in the Servilia
tomb (Necropolis of carmona, Seville, Spain)[J]. Systematic &
Applied Microbiology, 2001, 24(3): 417-422

Diaz-Herraiz M, Jurado V, Cuezva S, et al. Deterioration of an
Etruscan tomb by bacteria from the order Rhizobiales[J].
Scientific Reports, 2014, 4: 3610

Bastian F, Alabouvette C, Jurado V, et al. Impact of biocide
treatments on the bacterial communities of the Lascaux Cave[J].
Naturwissenschaften, 2009, 96(7): 863-868

Martin-Sanchez PM, Novakova A, Bastian F, et al. Use of
Biocides for the control of fungal outbreaks in subterranean
environments: the case of the Lascaux Cave in France[J].
Environmental Science & Technology, 2012, 46(7): 3762-3770

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Drahl C. For cave’s art, an uncertain future[J]. Chemical &
Engineering News, 2011, 89(43): 38-40

Zheng GY, Ma QL. Microorganisms identification and bacterial
study on wall paintings of humid subterranean tombs at Jiuquan
and Jiayuguan in Gansu province[J]. Sciences of Conservation
and Archaeology, 1996, 8(1): 43-50 (in Chinese)

FREEE, SyEsk. TR . IR CREm SR TR /T B ME 5
BRG] AR 575 B, 1996, 8(1): 43-50

Chen HG, Jia XC. The isolation and identification of mould
from mildewed murals of tomb of Han in Mixian[J]. Dunhuang
Research, 1996(3): 145-148 (in Chinese)

PRELER, UL, B IR R B BEm R T A 70 B 4 RE (1], 3K
FRIFSY, 1996(3): 145-148

Zhang H, Jing Y, Chao K, et al. The separation and identification
of moulds in tomb frescos[J]. Journal of Gansu Sciences, 1998,
10(2): 60-64 (in Chinese)

K BGE, ST, GF. ZLIRREME A B A E ] HOl
Rl2224R, 1998, 10(2): 60-64

Guo AL, Shan W, Yang WZ. Identification of microbial
population on the excavated fresco from Nanliwang village
Chang An county Shaanxi Province[J]. Sciences of
Conservation and Archaeology, 1997, 9(1): 39-43 (in Chinese)
TRETE, B, BOC5E. B AL AT I B A S
YIZHREE ], SRR 555 R, 1997, 9(1): 39-43

Zhao FY, Yan SM, Li H. Research into the moulds that have
appeared on the Western Han mural in Cuizhuyuan, Qujiang,
Xi’an[J]. Wenbo, 2010(5): 82-84 (in Chinese)

ERRHE, A, e, P i TR AT b VY OBE I L R T )
HriFFE[0]. SCH, 2010(5): 82-84

Ge QY, Li ZM, Sun YZ, et al. Application of molecular
biological techniques in identifying pathogenic microbes on
mural paintings[J]. Sciences of Conservation and Archaeology,
2012, 24(2): 14-21 (in Chinese)

BOEHE, RV, IMERR, SF. BEM R E ERAREZ R
YIEER AR ]. SC 5% 0 FEE, 2012, 24(2): 14-21
Wu FS, Wang WEF, He DP, et al. Molecular techniques used to
analyze the bacterial groups on mural paintings in Wei and Jin
Dynasty tombs, Jiayuguan[J]. Dunhuang Research, 2011(6):
51-58 (in Chinese)

WA, TR, BUOARME, 5. 5006 OC B 222 0 [ R im) 24
KRB TG [D). SRS, 2011(6): 51-58

Wu FS, Wang WF, He DP, et al. The fungal community
composition on mural paintings in tomb of Wei and Jin Dynasty,
Jiayuguan[J]. Dunhuang Research, 2013(1): 60-66 (in Chinese)
WRASE, VETTR, BURNS, 5. 570 G BRI S0 1 ol BE 1) 2L 7
TETE AL AT ). BUEAFSE, 2013(1): 60-66

Karpovich-Tate N, Rebrikova NL. Microbial communities on
damaged frescoes and building materials in the Cathedral of the
nativity of the virgin in the Pafnutii-Borovskii monastery,
Russia[J]. International Biodeterioration, 1991, 27(3): 281-296
Simonovicova A, Godyova M, Kunert J. Engyodontium album, a
new species of microscopic fungi for Slovakia and its
keratinolytic activity[J]. Biologia, Bratislava, 2004, 59(1): 17-18
Winters H, Isquith IR, Goll M. A study of the ecological
succession in biodeterioration of a vinyl acrylic paint film[J].
Developments in Industrial Microbiology, 1976, 17: 167-171
Polz MF, Cavanaugh CM. Bias in template-to-product ratios in
multitemplate PCR[J]. Applied & Environmental Microbiology,
1998, 64(10): 3724-3730

Nugari MP, Realini M, Roccardi A. Contamination of mural
paintings by indoor airborne fungal spores[J]. Aerobiologia,
1993, 9(2/3): 131-139

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



