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Isolation and diversity of culturable anaerobes from the ivory
burial environment of Sanxingdui

HE Changjie”', QIN Xiangning"', WANG Ning?, JIANG Luman’, ZHU Liping’, XIAO Lin?,
HE Yangqiu', LI Sifan®, ZOU Likou', ZHAO Ke"'
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Sichuan, China

2 Chengdu Institute of Cultural Relics and Archaeology, Chengdu 610072, Sichuan, China

3 Sichuan Provincial Cultural Relics and Archeology Research Institute, Chengdu 610041, Sichuan, China

Abstract: [Background] The deterioration of cultural relics in burial environments is closely
associated with microorganisms that are recognized as one of the major contributors to the
degradation and disappearance of cultural relics. The knowledge is limited regarding anaerobes
in the anoxic conditions deep at the Sanxingdui site. [Objective] To investigate the culturable
anaerobe diversity in the ivory burial layer of Sanxingdui, explore the factors influencing the
distribution of culturable anaerobes, and provide strain resources and theoretical reference for
further research on the organic acid and protease production of the anaerobes and the
mechanism of ivory degradation. [Methods] Anaerobes were isolated from the ivory burial
layer of Sanxingdui using an anaerobic workstation and three isolation media, and the
effectiveness of different media for isolating anaerobes was analyzed. The phylogenetic analysis
based on 16S rRNA gene sequences was performed to reveal the diversity of culturable
anaerobes. Furthermore, the Mantel test was carried out to study the environmental factors
influencing the distribution of culturable anaerobes. [Results] A total of 61 strains of anaerobes
were isolated from the ivory burial layer of Sanxingdui. Based on the 16S rRNA gene
sequences, the strains were assigned into Clostridium, Terrisporobacter, Hathewaya, and
Haloimpatiens belonging to Clostridiaceae and Peptostreptococcaceae. Eleven species were
identified: Clostridium cibarium, C. beijerinckii, C. magnum, C. nitrophenolicum, C. kogasense,
C. intestinale, C. sporogenes, Clostridium sp. (A4d), Terrisporobacter mayombei, Hathewaya
massiliensis, and Haloimpatiens massiliensis. Among the three isolation media used, the
reinforced Clostridium medium yielded the highest number and the most species of fermentative
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anaerobes, and the other two media also showed unique isolation effects. Mantel test results
indicated significant positive correlations between the distribution characteristics of culturable
fermentative anaerobes and the content of Cu and Pb. [Conclusion] The culturable fermentative
anaerobes present varied diversity in the ivory burial environment of Sanxingdui, with the
highest richness and diversity in pit K8. Multiple isolation media facilitated the isolation of
diverse microbial groups. Cu, Pb, and organic matter are the key factors influencing the

distribution of culturable fermentative anaerobes in the ivory burial layer of Sanxingdui.
Keywords: Sanxingdui ruins; ivory; burial environment; fermentative anaerobes
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¥ 1 mL BIERIRREEFT 9 mL RAKEFRHE
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PR BRI 913838 2 NCBI Y GenBank 208 %2, 3k
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Pb HitEE, Hf Cu SRHEFEST K4 5
K7, 1 Pb % & .2 m T HAME TR 1),
22 ZEHKTEBELIEREENTS
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Table 1  Soil physico-chemistry of ivory burial layer in the different Sanxingdui burial pits

Sample pH MC (%) OM (%) Cu (mg/kg-dry soil) Pb (mg/kg-dry soil)
K3 7.00+0.05¢ 17.86+1.19¢c 2.61+2.88c 5757.57+£601.43ab 563.99+256.03b
K4 7.03+0.06¢ 22.08+1.34b 12.41+0.10a 4685.29+£1001.86b 465.46+176.34b
K7 7.18+0.03b 30.07+1.07a 4.95+1.19b 5175.47+1199.95b 532.48+48.66b

K8 7.27+0.04a 16.16+£2.01¢ 5.42+1.48b 7005.50+1177.75a 948.01+£132.40a

BERNF PR HEZE (n=5), AR/NG TR IR 2555 .35 (P<0.05)

The results are average+standard deviation (n=5), different lowercase letters indicate significant differences (P<0.05).

1 TEEFEN K8 RFEREELBEREBWEMNSBER A BILRERSFE B: MORFR
SR ¢ HHHR R

Figure 1 Isolation of anaerobes from K8 ivory burial soil. A: Reinforced medium for clostridia. B:
Thiolglycollate medium. C: Soil leaching medium.
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Figure 2

A: K323 B K4 291

Isolation of anaerobes from different burial pits by SLM. A: K3 ivory burial soil. B: K4 ivory

burial soil. C: K7 ivory burial soil. D: K8 ivory burial soil.

*2 ARBEFENREENTBEER

Table 2 Isolation of anaerobes on different media
Source Isolation CFU Number of
medium  (x10” CFU/g-moist soil) isolated
anaerobic
strains
K3 RCM 4.23 7
™ 1.58 1
SLM 1.65 4
K4 RCM 2.96 8
™ 1.93 2
SLM 1.47 4
K7 RCM 3.97 6
™ 2.19 4
SLM 3.53 1
K8 RCM 5.76 13
™ 2.56
SLM 1.58 6

3d 5, SR FH SR B AR 4 T S A
R TRV IE S FERUE A . W 3 R, X
S PR AR I TR I YOI, BR/IMEFEZE 5, TITR
HAAN 0.8-4.0 mm, BIETEIRERITE S A AL
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8, NGEEEFHAEKST, ez A a6, b
BOMIR B, FRE T BB R, K28
RARZIHARATR, DR R EAR, @

PR Bl 3-20 um, FEEEH 0.3-0.8 um (& 3).
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NEERRGLZERH

SPEEMRZ 16S RNA FEFMF, i1
EzBioCloud b XJill & J& 0 b4 7 L Xt o34, 45
LKW 61 R R T R AA MY, e ERL
25 MRACRIERBEIR AR AR, WE = AR
FHGEE TIELRHERAWRGELEN, #HE
WHERGE LB MAL(E 4). S5REH, 25 ¥k
T DR 4R TR 4 0l 5 HE R 2% 06 AR i O 1) T R AH 0L
PEH 97.05%99.75%, Hih 5 bk H L 5 A ]
i) 16S rRNA FEH FF S AHRIEEAR . &4k BFS2
S5HAHEH X F Clostridium magnum ) 16S
rRNA JEAHPE S 98.43%, Wtk DFT2 5
Clostridium intestinale fJ UM R 97.05%, 1A
P BFS1. BFR1. CFR1 5 Clostridium sp. A4d
IR 23 5N 98.64% . 98.48% . 98.49%.
25 MR EE )8 T 2 4-FH(Clostridiaceae il
Peptostreptococcaceae) 4 A~ J& (Clostridium .
Terrisporobacter ., Hathewaya #l1 Haloimpatien)
11 4~Fh, Hrh Clostridiaceae $tit 23 ¥Rid 2@
F 3 /& 10 {~Ff . Peptostreptococcaceae i1
2 BRI E T 1A 3).
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100 pm

B3k 720: %50

3 REFAEBRAEMREIME TFEMRTORSHE

AFR5. C1-C3: &tk BFR1.D1-D3: &Kk DFS1

Bisk 720: %100

ik 720: x50

A1-A3: Hkk AFR2. B1-B3: Btk

Figure 3 Morphological characteristics of culturable anaerobes under super depth-of-field microscope and
scanning electron microscope. Al, A2 and A3: Strain AFR2. B1, B2 and B3: Strain AFR5. C1, C2 and C3:

Strain BFR1. D1, D2 and D3: Strain DFS1.

25 ZEMERFTEBELRETIERREE
HY4A BX

=R MEG OF S 2 A 4T SR R AR A A
IR BN (E 5), 4 DY BRI IR A R
fAEM 225, K8 G #ili)= - e vp R R 2
AT K3, K4, K7 BB A R o
S LR, B Clostridium sp. A4d 76 Fr A FE &
IS E AN, HoRWEE iR, H
Clostridium sporogenes H7E K3 ¥ i H1 53 253545
Clostridium magnum HYE K4 ¥ 5 0 2 3k A5,

Hathewaya massiliensis H7E K7 il H 43 553K
5, 1 Clostridium nitrophenolicum, Haloimpatiens
massiliensis, Clostridium kogasense, Clostridium
intestinale {Y7E K8 #£ ik H 20 B 35675 .
26 EFEMNREESBHEMN

ABIFTE N RCM 15 57 5573 2 3] 34 BRI A
I 7 FPRAEER TM B3R 500 3] 12 HRIKA
B, Jb 4 FPREER; SLM B3I E) 15 #k
P, St 4 FIRERE AR 6) 3 RhlEIRIEAT
yEE] T Clostridium sp. A4d, T Clostridium
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4 ET=BHZTERHETIEIEFRKEE16S rRNAEEMBMNARZLER #5754 GenBank
BT oy BB bootstrap ;AR KRR BT IRy 1) (07 B HP B 2 4 4K
Figure 4 Phylogenetic tree based on 16S rRNA gene sequences of culturable anaerobes from ivory burial

soil of Sanxingdui. Numbers in parentheses are GenBank accession numbers; values at the branching points
represent bootstrap value; scale bar indicates the estimated number of base changes per nucleotide sequence

position.
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®3 ET16SrRNA ZFE=ZEHKFEBELIRTEFREAMEEE
Table 3 Identification of culturable anaerobic species based on 16S rRNA gene sequences from ivory burial
soil of Sanxingdui

Source  Strain No. Family Closed match in EzBioCloud Hit strain name Similarity (%)
K3 AFR1 Clostridiaceae Clostridiumsp. (AB081585) Add 98.66
K3 AFR2 Clostridiaceae Clostridium sporogenes (JFBQ01000001) DSM 7957 99.54
K3 AFR3 Clostridiaceae Clostridium cibarium (JACSRA010000066) Sa3CVNIT 99.74
K3 AFR5 Clostridiaceae Clostridium beijerinckii (X68179) DSM 7917 99.08
K3 AFTS5 Clostridiaceae Clostridiumsp. (AB081585) Add 98.87
K4 BFS1 Clostridiaceae Clostridiumsp. (AB081585) Add 98.64
K4 BFS2 Clostridiaceae Clostridium magnum (LWAE01000001) DSM 2767" 98.43
K4 BFRI1 Clostridiaceae Clostridiumsp. (AB081585) Add 98.48
K4 BFR2 Clostridiaceae Clostridium magnum (LWAE01000001) DSM 27677 99.41
K4 BFR3 Peptostreptococcaceae  Terrisporobacter mayombei (FR733682) DSM 65397 99.47
K4 BFR4 Clostridiaceae Clostridiumsp. (AB081585) Add 98.86
K4 BFR5 Clostridiaceae Clostridiumsp. (AB081585) Add 98.66
K4 BFR6 Clostridiaceae Clostridium cibarium (JACSRA010000066) Sa3CVN1" 99.59
K7 CFR1 Clostridiaceae Clostridiumsp. (AB081585) Add 98.49
K7 CFR2 Clostridiaceae Hathewaya massiliensis (LT797537) Marseille-P3545T  99.66
K7 CFR3 Clostridiaceae Clostridium cibarium (JACSRA010000066) Sa3CVN1" 99.59
K7 CFT1 Peptostreptococcaceae  Terrisporobacter mayombei (FR733682) DSM 6539" 99.52
K7 CFT2 Clostridiaceae Clostridium sp. (AB081585) Add 98.86
K8 DFS1 Clostridiaceae Haloimpatiens massiliensis (LN850733) Mt13" 99.12
K8 DFS2 Clostridiaceae Clostridium kogasense (1Q423945) YHK0403" 99.66
K8 DFR1 Clostridiaceae Clostridiumsp. (AB081585) Add 98.94
K8 DFR2 Clostridiaceae Clostridium beijerinckii (X68179) DSM 7917 99.60
K8 DFT1 Clostridiaceae Clostridium nitrophenolicum (AM261414) 1D 99.75
K8 DFT2 Clostridiaceae Clostridiumintestinale (X76740) DSM 61917 97.05
K8 DFT3 Clostridiaceae Clostridiumsp. (AB081585) Add 98.94
100

W Clostridium sp.
W Clostridium sporogenes

80 W Clostridium beijerinckii

B Clostridium cibarium

60 B Clostridium magnum

Terrisporobacter mavombei

40 B Hathewaya massiliensis

Clostridium nitrophenolicum

Relative abundance (%)

20 B Haloimpatiens massiliensis

W Clostridium kogasense

W Clostridium intestinale

K3 K4 K7 K§

5 HEFREEEZEHARKITIERELRPHSS

Figure 5 The distribution of culturable anaerobes isolated in ivory burial soil of Sanxingdui.
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Figure 6 Isolation of anaerobes on different media.
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2103
12
Clostridium intestinale 10
Haloimpatiens massiliensis 8
6
Clostridium kogasense g
Terrisporobacter mayombei 2
0

Clostridium nitrophenolicum
Clostridium magnum
Clostridium sporogenes
Hathewaya massiliensis
Clostridium sp.

Clostridium beijerinckii
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27 ZEHKRFERELRVERRER
SIS

o ZFEE 43 BT H Species richness 45 Pielou’s
evenness ) | I T i A i 4 B 5 o0 A 1Y
SJFEFE; Shannon 5 Simpson $5 %0 T &4
TP e . = REHEG I )2 - ] B 3R IR
AR Z T R, 4 AT+
B RATRE 2RI B e 5 %, K8 B T3
/' Species richness . Shannon 5 Simpson $§ 1%
. 2 K8 SRR RS R SRR
Z R 5 K4 bt R IR A Z AR B0 IR
THA 3 ARG, R K4 Gig A HE)E +
ORGP DA R R TR A S
7 2 FEPE AL T H A3 R I - B3R5 (3 4).
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Table 4 The diversity indices of culturable anaerobes
in ivory burial soil of Sanxingdui

Sample  Species  Pielou’s Shannon Simpson
richness evenness index index
K3 1.207 0.980 1.358 0.803
K4 1.137 0.845 1.171 0.692
K7 1.251 0.990 1.373 0.818
K8 1.573 0.959 1.719 0.844

28 TENRREFSAEFRREEMEHSTH
FOLEPS

W = R HEG A2 A B 57 DA A
HES TSP I 5 AT AH O 20 A, Mantel 4656
ZERRW] 4 AP 13E pH & Cu. Pb & HEAH
HZRRIEAR KR AT FR A R R o A1 R
fES H A SRS E MC, pH. Cu 5 Pb &t &
IEAHDE, M OM SR, Hi Cu,
Pb ¥ & 2 0 3 IEAH (B TA) . MO 53 B
ZPR BN, AFEFAGE X WARAEAEAS [ FE 2
W, Hrp Clostridium cibarium, Clostridium
magnum, Terrisporobacter mayombei . Hathewaya
massiliensis 5§ MC 21EAHX, 5 Cu, Pb %
S ; Clostridium beijerinckii . Haloimpatiens
massiliensis, Clogtridium kogasense. Clostridium
nitrophenolicum, Clostridium intestinale 5 pH .
Cu, Pb HHEEIEMHK, 5 MC, OM &FH&EE 7
FK (& 7B).

3 WREER

MAEY R RBOC S UM EEREZ —,
IENSRITPORS REV=:3: 37 BLb - #78:  Rl ) PRE= N 7S
Z—EMT . REMEYRER FERIES
e 2 —U8, SR R E) T E
YERT, B 4 rh @R S 2R 35%, 1 —
EHEH 5 IR IR S AN 1%, IR

AR 2 B A B DL I R 308 08 AN T
Fe o A AT RGO RO MR A B T AT
TR DIRE , 0 X DRAE Y A AT,
RIS A W 2 AP A TR bk B U

T M DRARTR X SR SO U, 55 R A5
43w 2, R T DA A W i 43 B 15 5
AR R ME, o 3% 5 A5 1 TS SR R i o 2 5
i PR AR E A K BB R PO R Gk
RAATERT, fet% O iR DA SR, SRR
SACTAR S AT 2 B 35 7702 H T A NSO BT 1)
PRAE A 377 36R1220 ) Beah, BHEmIRA
PR AR K T AR B AR S A, ] B
SR B RS 0 SR A B T RS 57 2 A LR
JRELAL, L2 R = DR ARG e S b B ik
JER 22—, BB Ay DR R I A R R
S R4 A P ) A R T SR B R
{H %5 78 PR AL S R AR W A K OGS
FEW) AR PRI HE DR ot AT LUK SRR & 9 TG R
R AN I B R R, DU R DR A B BE 3R
TP TR EIR A 8 12 R R AR R
IR B AR B AT AR R I 3 8, 2 0 B 3
NG )R T Rl S P i
TR 7R 48t ol 2 e AT TR VRS B0 5 1B IR I
I 253 B AR T FLIR AT & (Lactobacillus) 5
Clostridium PR ; T 75 22 % PO i sy
25 HHEIL N ) 7E Known Media Database
(KOMODO) #4241 35 F Ly i, S8
TR E 43 25 . AF5ER A RCM, TM
SLM iX 3 B FR S0t R UAE Wit 0, 1
P RCM Hi R B it £, FEE R IEE 1Y
B, TEAMR T B RMA; TM 5
Wi £ TR 6 AR 8 B 4T M A R s R R v 4| Ak
W H ., & T 2R IRAARMAEY, (HX R
BRAR AT B A — 2 BRI E T, S
X Clostridium 73 B RCREE , BRI 5r
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Figure 7 The correlation between environmental factors and population distribution of culturable anaerobes.
A: Mantel test, the rectangle represents a correlation heatmap of environmental factors, with lines connecting
environmental factors to the correlation with cultivable anaerobic bacterial populations. B: Relevance

heatmap, colors indicate correlation, circle size represents the R-value, and * insides the circles denote
significance (*: P<0.05).
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BT Haloimpatiens 4178 ; SLM K575k 32 H
AU = R HE G F B2 T3 B IR L, fe
M SLM K5 37 L v i 73 15 5] 4 FRAS [R] ) R 4T
HH Clostridium nitrophenolicum F1 Clostridium
intestinale {{ A\ SLM 1SR 373 AR5, A AL
Pem PR I B AR . AR, RCM 50k
o3 B BN PAR A LB Y i £, {H SLM 85
FRHEE TM 83 & T A RIF2E A IR A
B, 0B B IR I 18 SR Lo 0 Rl B SR KRR
(7> B AFAE B R0, B — B FR AR T 2
AIESREYI R B, PR B R 2R
PE, BRI ZMEE LGS A, USRI
FE IHE IR

AWFFEN = AL K3, K4, K7 Fl K8 ¥4
T HEE ) A3 B DA T T 16S rRNA
HHNRGE LTI, 98.65%I1 16S rRNA H:[H
Fe S AR AR BT LAAE A X3 1 4 400 b 11 [ 20
SrEEMRT A 5 bR S HIE A E Y 16S rRNA K
R AIAR UM IIAE T 98.65%, AT RE&TEAEHIIR
SEHHTA , 5 B — 20 03 282 SR 1 R
KHifii. 61 MRABEIKAR 2)® T Clostridium,
Haloimpatiens, Terrisporobacter , Hathewaya ixX
4 A&, Hrp Clostridium L8, 7EFiE
FES R R AR R R Z . IFE REP I8
VEHE it ) AT 35 5 R DR AR T A T4, IRl
ST 3RIS T Clostridium, Terrisporobacter f4ER
A, BrRitk 2 Ahid 55 5 3] T R AR W8
(Paraclostridium) . §Lf}: /& (Muricomes).
1% #T- i J& (Caproiciproducens) 4 J& [ )R A i, B
K41 #4515 Haloimpatiens, Hathewaya 44 .
=R MRS R S B B AT 0 55 AR A W A [
HAMIREEAFAE— € 1 22 7  BFFE ] Clostridium,
Hal oimpatiens F/1 Terrisporobacter #BHE & 7= Ak
A PR YR, AT REST G By R B R
WK A 1 R ol S SO A5 A A B B

Pinzari %% % BRI 97 26 (A HLIR F IR 7E 42
T LReIE RS 4G i, TR IR G2 I A 1)
45k Clostridium [F] B AT DAiEF 724 568 % 1
T8 o B 2% [ 52 v (Stickland reaction)7E Zd R
2 18] B A IR SR Ak - S B o R AR AT RE Y,
I AT DA B8 1 v 1 22 R [ VR il . AU,
1M Terrisporobacter [A1FEAEFE MR 2 SR, P
R FECR S W MBIN, AP ENSNE
MRS, b SR b Z B Ak,
Kim %P5 B Hathewaya 75 R fif 8 [ 5 i 72
TR SN, S BH e P Ao i b B O 34 TR A
T2 1 BRI K AL & W 22 18] LR 1 B/ o o
VR . T2 i 2o Rk R I A il
AYLAEEN, A DX s & B IR A E Y X 4
25 Al BRAF RV AR MBI

“RME 4 DTS - T 2F, [H
B+ TR E A, T E R T
Al BBZs Bl E 135 v i & R ) BRAR 22 RO T
Bz g AR R - E R
N A AR, ARTFI IS R R 4
HEGT)Z L3R Cu. Pb & fEimil ( ISR o ot
AR T b - 398 35 G XU A AR HE ) (Cu 100 mg/kg,
Pb 120 mg/kg) T, MR R E SR
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i ] REXT G 2 7 A VS AR f2 3 . H T, Clostridium,
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A JE IS D, (HMABRSE TR 7 B R K
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