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Microbiological Evidence of the Formation of Sulfate on the
Surface of Yangling Mausoleum
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Abstract: Soil samples were from the surface of delves 13 and 15 of the Yangling Mausoleum. After
cultured in mineral salt media with only sulfur source, five bacterial strains were isolated and as-
signed as TD1, TD2, TD3, TD15 and PL13. According to their physiobiochemical characteristics and
16S rDNA sequences, TD1, TD3 were identified as Alcaligenes and Bacillus respectively. The ability of
metabolizing sulfide was also studied. TD2, TD15 and PL13 can produce a little sulfide. The speed of
producing sulfide by TD3 is 1.4 times to that by TD1. These strains feed on sulfide, such as S, S,04%,
S*", and can oxidize sulfide to sulfate. The conclusion provides a microbiological evidence for the for-

mation of sulfate on the surface of Yangling Mausoleum.
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UTAESE, Az A S ) H 45 52 B s ALY,
PRI 20%-30%1) A A1 2 )2 8 U AR AR
2R SR P AR AT 7 A A AR (R R
FLIR) . JCHLIR . AR . R MBRIR S, EA1H
5 000 B TCHLER 43 SO (B 5 R AP, B4k
DA Ak A0 T 0BT B AR A b Tl Y R
LT U B A Ay v B — JAE R S HE AR P 1 4
TR, g A e P SR A T R IR TR
5 PH AR A7 T3 200 A ROR sk R BT IR | 1R,
] A A S A R B E IR A, (AR R
b JEE BRSOy - S P A R i SR R TS
AR R E . BT LK, EF sk DX df AL 5
BT LR RIS, mTETER
it P A 3 FAC Sy 2 T 1 I XA B Y 32 A
PRFN . URmE. RSSO TIRIEIR SRR R AR
FIAR SR AR IR ER I LY 2 BB, Vb2 S I AT LA
7S T AR BRI S S, R AT I R
TR, VbR B nT AR AR R ER AT O A,
A T AR AR B A R ER . ABIE 5T LA
RIS N WE R 13 S5 15 Stk 5N pEFE T
G, % LR BB R AR R AT R L M R
B RE S I, RV SC AL S A IS s i 6 &
DAL B I S 2 T AL R 8 J i AT 488 (AR

1 5
1.1 AENEE. 78
111 EBFEEM: EHESRE 1 (d )
Na28203-5H20 10 g, KNO32 g, KH2P042 g, NaHCO3
2 g, MgS047H,0 1.2 g, FeSO,7H,0 0.02 g, Z&{HK
1L, pH 7.0-7.6, 1 x 10° Pa K& 20 min,

PR IR 2 (pl Br 2 L) Nay$,05-5H,0
10 g, NH,Cl 0.2 g, NaHCO; 2 g, Na,HPO, 0.4 g,
MgCl,-6H,0 0.2 g, 7&K 1 L, pH 6.6-7.2, 1 x 10° Pa

K 20 min, H P Na,S,05-5H,0 Fl NaHCO; ¥ T
A K E B KT, R I A E TR Y R
Wb, T 2 4 IEBR A Y FeSO, (MRE N
10 g/L)# W

T RR ER A I B 7 3L KNOs 0.5 g, K,HPO, 0.2 g,
Na,CO; 0.2 g, CaCO; 2 g, Wififi#y 10 g, Z&4/K 1 L,
pH 7.0-7.6, 1 x 10° Pa JCj#i 20 min., i fii by 4 4
AR IR ST 30 min Je A B K 1 AR AR 7R3k R
112 #HREESHWEVEESS: WIENHEA
R R R R 2R (R 1), 13 550 S0,
TR 155Uy 2.85 1%, HEHL 13 S50 15 S50
AN SRR AT o 20 ST ARG I A5 3] 79 4 BURE |l o5 A AL S
B 1 fis .

R1 REREFMG

Table 1 Environmental condtions of sampling

b5 2SR K RAFRE SO & &t oH Hh 2R B
Delve Humidity (%) Soil moisture (%) Temperature (°C) S0,*” concentration (mg/L) Distance (cm)
13 100 3.0-3.5 11.5641 9.1 10
15 99-100 2.5-3.0 4.0577 8.7 10

PL 100 g/L 4 e BiPRE B A SR 15 FR 56,
20°C WK R . B WG HE, U 3R 0SB
JE TR SR A PRI AT 708, 20°C Hig%, WS
1) 5 75 R 445 TR E R AT o
1.2 EHRESUBEREBEUHEHARSAX
mk[13-14].

1.3 FRER S

FH& R o e e BRI s ek A . HHL
RSB

(1) B 50 mL FpiAE, & T 150 mL HERH P .

(2) 75HL 150 mL #EJEHH 8 4>, 433l A 0.50.,
1.00, 2.00, 4.00, 6.00. 8.00 & 10.00 mL & B HAx
WEZR, INZ&18/K % 50 mL,

/.

(3) MFFAE LARHER A 1 mL 2.5 mol/L
HERIAW, IMAEWE 5 min 47, BUF 54N
2.5 mL SR BUE MK, PR 5 min 2247,

(4) BUTNHEIR M, MR AG, AR A
(1 + DEUKZ 2R A, 2020,

(5) FEW RV A )G, A8 B PR At g, U
WA T Le 8 P (N 8RR o, B B R R
W), FHZRIRK DRI HE M SRR 3 Ik, IBRIUE T
ERuN=E L

(6) £ 420 nm PR TSGR, 23 b5 ik
S

(7) 5
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M—ibrifEph £ A 15 SO, 7 (mg);
V——FREMAE AR
1.4 B4k 16S rDNA FINEM R KL FHHE
Bralifb B R FR B AT PCR 78, Irf8 r=¥IZ&+4E K
EREY N FIIELT 16S tDNA M. KK 751 5y
A NCBI GenBank ##i /%, #£17 BLAST XS, ]
Clustal 1 MEGA ¥4 #257 24k & W . H Bootstrap
G PEAR R AR T

2 R4
2.1 BEHHIESFENE

it B e . waEmaif, ke s ARk
TD1. TD2. TD3. TD15 1 PL13, H+ TD1, TD15
SPES A 155, HORTEMRN 38 A 13580, HIES
FRIEANR o

TDI: #& td 55373 |- 28°C fHiRE: 3% 3 d 5, JF
BB TR, 5-6 d YR H OB ERIR, 2
B, ok, K/ 1.2 mm, £mEEH, N5k
B, BAFEER BN R — ] 7E R 3R 5 LF
3, TD1 WAl 7E4F W E IR AL AR Wik TD1
RGP E P, SR YL M, R AR 2 AR,
st R, K/ A(0.15-0.20) pm x (0.50-0.80) pm;
MAHEE. & 1k TD1 SR FAER SR 11h 54
BRI Y (5 B ST L B IR A

FMMU2009

094175 80.0kV x20K 200nm

El1 TDI1ESHEE
Fig. 1 TEM photo of strain TD1 (x 20000)
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FMMU2009
094181

80.0kV xI5K 500 nm

B2 TD3iESHE
Fig. 2 TEM photo of strain TD3 (x 15000)

TD2: 7E td 53R | 28°C fHIEIEFE 3 d T, K
ynl WA, WYEJCEEM, 6 d B, HEEE RN
0.6 mm, [JE, ¥, M4, REGH . TD2 H
AR R R R DA, 2L QYL A, 2Ry
B, TR 2 AR, K/ R(0.15-0.20) pm %
(0.80-1.50) pm,

TD3: 7¢ td B335 3 | 28°C HIRK: 3R 5 d 5,
BT EOEE, 778 dJFHEALEIIKER, 2
B, %5 FER, KN 0.7 mm-1.3 mm, FHIEIE
JEHE, Sk, AIEEARNE R EAK . SR
B RGBSR R @B ik
0 M SRR, M I B, R /N (0.2-0.5) pm x
(0.6-1.0) um. FiuiE#EE, K 2 b TD3 724
REEFREE PSR 17 h J5 2B IR s ()5 1Y 5 I
Bl R, ZF@E, HEFRERE.

TD15: 7E td }i 4k b 28eC il 2 d Jm,
MACEHTE S A, WEAEH, REE, FE, &
GBIk, PiEE, K/ 0.5 mm—0.7 mm, i85
Mo TR R B SR L VR AR 4L, TV AR
A3k 3 mm, F4 Y@M, MY E T, R
AR, K/ 1.5 pm—2 pm,

PL13: 7 pl Hi 373 [ 28°C @55 2 d ), i
ML EBAEE, 5 d i, FEEREG, B0, B/
B, HEEWR, KN 1 mm, fE4ERNFEEFRFE
[/t PAR G ey A LR R i 0 P LR AL
RN ERIR, 0.8 pm—1.5 pm,
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2.2 HBENEBEAR

XAy eSS BRI UEAT A FRAE AR RE A S, A
Rk 2 PR, LRRIZEHEAHE]Z R,
BER [ Rl P IR, B TDI1S AhHAl ks Al
K TR AR, nT LA R T e, Bk TD3
Ab, HoAth B BRI A 5 A TR R

R2 EREERL T

Table 2 Physiobiochemical characteristics of five strains

[J 1= 7
§%%.ﬁ. TDl TD2 TD3 TDI5 PL13
Characteristics
Catalase + < i + +
Hydrolysis of starch I I + — —

Cellulose decomposing - = = — _

Gelatin liquefaction = = — - _

M. R test - - + - +
V. P test = — _ — _
Indole production - 4+ 4 + +*
Use of citrate ¥ = = = =
Nitrate reduction 4 4 4 + +
OOfx;liS‘t:lgfseefermentatlon " " " _ "
Salt tolerance
2% + + + + +
5% + + = + +
7% + + = + +
10% + + = + +
12% + & - - -
Alkali resistance
pH 8 3 4 4 s +*
pH 9 + + + +
pH 10 + + - + +
pH 11 + o+ - + -
Carbon utilization
Glucose I e +*
Xylose
Saccharose + + + + +
Glycerol - - - - -
Mannite — + 4 4 +*
Tyrosine - 4+ 4 + +*
Sorbricacid + = = = =
Rhamnose 4 = — - _

2.3 ERERERAG

¥ TD1. TD2. TD3. TDI15 #i PL13 43 5I#E4-
BRI SL 5% 18.18.24 12 F1 12 h ), LA
5%t T 43 i B2 AR R ER A I 15 FR S rh, K555 48 h
Jei, FERR 24 bl 1 REBRERER T A X 5 R BED BRI

() R A A B 1 25 5%, TD1 Al TD3 AR 7= A i
TR Eh AN [& 3 Ffs, TD2. TDI15 A1 PL13 4R
FEAE AR R R T /T TD1 M TD3, B TD1 Al
TD3 J AR L B £ 2

25 1

o TDI1
® TD3

20 F J
Q
3
g
g 15t
£
=
5
(=1
S 10
]
<
<=
[="
a

5_

0 1

24

£ (h)

B3 E#k TD1#0 TD3 FFEREREIRE
Fig. 3 The speed of producing sulfide by strain TD1 and
strain TD3

2.4 Ek 16S rDNA FHIRERGELAE 2

TEHUH - AR IR EL R H E E4T 16S tDNA
P R HE R G LB 0. TDIL [ 16S tDNA J=¥)H
1410 bp, TD3 i) 16S rDNA j=#J 4 1441 bp . i kk TD1
Fl TD3 7E GenBank %U#i FE v i1 %6 35 43 i)
GU124637 1 GU124638.,

e PIT BRI 16S tDNA J3 514 A GenBank % 4i#
Ferh, #E47 BLAST XS, ZR IR, Htk TD1 Fl
Alcaligenes . Alcaligenes faecalis 1 [ J5 P 7 &
100% . B ¥ TD3 Fl Bacillus . Aneurinibacillus
thermoaerophilus . Brevibacillus reuszeri 1 [F]J5 44 1]
ik 100%, TD1 Al TD3 51X LETH (1 ¢ R WA 4 FroR

3 5w

A PR T AT 5% 45 S 3% W 3 R e B XUAk A 3
BTN B R 55 (CaSOy), #IALHEI th KA 5 449
SO, 5 HHEh iR EL IS N IE B, H B 25 T 1 484k
SN ATL B BB R AR 5 R RATE AR IR 5 . AR
XoF AN R SR A b A3 3 5 04 TR PR B R R AR e AT T
W5 . HE5 R (& 3)% 1, TD1 Al TD3 ¥RELL & Hifk
BYoAReEA K, IR AR L . XTIk TDI1
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100

Pseudomonas stutzeri (AF143245)

Pseudomonas anguilliseptica (NR_029319)

Cardiobacterium hominis (NR_025934)
Alcaligenes faecalis (GQ856253)

100 |: Alcaligenes sp. (AY331576)
TD1

100 | Bacillus sp. (AB045097)

100

l TD3

&|— Aneurinibacillus thermoaerophilus (NR_029303)

0.02

Brevibacillus reuszeri (NR_029132)

4 E TD1#1 TD3 5EXRREEMKZ B RERE K
Fig. 4 Phylogenetic tree based on the 16S rDNA sequences of strain TD1, TD3 and sequences of validly described
bacteria associated
Note: Numbers at each branch points indicate the percentage supported by bootstrap based on 1000 resampled data sets. After each bacterial

name, the GenBank accession numbers are showed in parentheses. Bar,

1 TD3 (4B AR £ A 1l et RNk ] 22 () A il e 2B A 7 900
53

8STD1=0.127t—6.637  R*=0.985 (1)

3STD3 =0.184t—7.147  R*=0.915 (2)

2 (1) AT (2) H B #4238 Sy TR A R 110
R, WHE TDI 1 TD3 AYHTER Eh 7= A i R4 51 N
0.127 mg/(L-h)F1 0.184 mg/(L-h), Hikk TD3 HIHiL
R AR B R LR R TD1 A 1.4 £%5, FkE TD3 X itk
VIR HEE I K TRtk TD1, S5REEH SR &
HIEMWIGGER 1), RIS RS T LGS
T Ak W 7 A B R B AR W, % S U Wk Ak
W 19 AR Ak 2 DU BH 92 5 S ) 2% 1D TR 6 34 i g Ji
Wz —,

FFk TD1, TD2, TD3, TDI15 il PL13 &k
BLER B RS T 5L DL BH B2 SOy R T 73 25 45 B Y, 3%
FREET H S mAY, eNTEARITILRE 7T,
BI4EAL S,057 4 SO 1M FRHAE f MM [l 4k CO, 77 2
ALY, 5250 il F B G A B 50 AT T A Qs
WA, HAbs O R 5 h

Na,S,0; + 20, + H,0 — Na,SO,4 + H,S0y;

S +1.50, + H,0 — SO, + 2H",

BRUEZ AN, %2 Bt ] DU i DL A e g ok
ARECRE =

(1) H,S + 0.50, — S+ 2H";

(2) 28° + 20, + OH™ —S,0;* + H';

(3) S’ + 0, + H,0 — SOs* + 2H";

(4) S’ + 1.50, + H,0 — SO,> + 2H";

(5) 28,05 + 0.50, + 2H" — S,04*” + H,0;

(6) S,05* + 1.50, + 2H,0 — 2H,S0,*;

http://journals.im.ac.cn/wswxtbcn

0.02 substitutions per nucleotide.

(7) SO3* + 0.50, — SO,~;

(8) 58 + 6NO;™ + 8H,0 — 5H,SO,* + 60H~
+ 3Ny,

AL | PR FRE & 16S rDNA [F]
TR TN b e 2R, BDRiE TD1 NI H
Alcaligenes, ¥k TD3 BiIHN Bacillus, Wik TD2 5
Pseudomonas HJBEALE B AT AR KA A RLME, TR Bk
TD15 M PL13 5 Micrococcus A B KA .
X 3R WY BH B ST 3 T A FE B 02 2= M T AE W e T 24
¥ o SRS TR AR AT S W] A RE M B AR RE B 3R, X
SETR A B AR AR REME R R A R (R 2)FR W, HOR AU
AL DA ™ AR R £R A T HLRR, i ] DA ™ AR
AOLRR, it KPR R, XY 2% YR M
S AER

2 £ X #
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