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W B ¥R 5L Portable meter (PT-H0, SARTORIUS,
74 ) ; HACH colorimeter (model CEL 850/product #:
2687900, Hach Chemical Co. ,lowa, Z£[H) ;3115 DNA
REGXFH & E.Z.N. A. ® Soil DNA Kit (Omega Bio—
Tek Inc., 3% ) ; Inductively coupled plasma mass
spectroscopy (ICP-MS, Thermo, &) ;% )6 € & PCR
X7 SYBR® PREMIX TagTM (2 x) (TaKaRa, K
%) ; ABI7500 realtime thermal cycler (ABI, ZEMH) .
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FIE B E o« 8 ik HACH colorimeter Xt /K /4K fF) NH, *
NO, ~ NO, ~ I Fe’ " I J& k47T B 3% Wl 5 » Si0,”~ . Ca.
K. Mg Mn HI Na {3 B2 75 9256 % N 3l i Inductively
coupled plasma mass spectroscopy (ICP-MS) ] 5 »
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A. ® Soil DNA Kit (Omega Bio-Tek Inc., USA) i
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FAL G 4 O KRR & 5 22
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A1 A0 B 16S rRNA JE K DA A 5 B accA
amoA KA () 7€ & PCR 514 W3k 1. & HE kAT 3
ANEH. T H % % & ABI7500 realtime thermal
cyclero [N AKZ A4 25 pL, 4% 12.5 pL SYBR®
PREMIX TagTM (2 x) ,20 —50 ng ¥4 3L K40 DNA
HI10 pmol 51 4. S VRS 7 K ) = 20 0 Tl A8 1t
95°C3 min; A5 Jy 94°C 15 5,38 Kk 45 s CHL A
WF 1) 5 AR 95C 30s (WL AR 52615 5) » 40 M
AL B G HEAT I A M e 2 Mo 20 Tl K S 6 S ER I
AN KK Shewanella piezotolerans WP3 Fl 7 [ B £
Natronomonas sp. 1] 16S rRNA FE K], 1F A A B 57 7
FIAH1E 16S rRNA BE[A ¢ 5 PCR AR 5 75 18 aced
F amoA & DR IR b 15 b 26 151 2 i ey At 1) A N S P
() 5 HE IR o v 0 B8 2 S TR (107 = 10%) /L A
HE K45 DL
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% 1. K#RETA PCR 314
Table 1. Primers used in this study

Annealing
Primers Sequence (5’ —3") Target group Usage Reference

temp. /°C
Bac331F TCCTACGGGAGGCAGCAGT

. 60 qPCR 21]

Bac797R GGACTACCAGGGTCTAATCCTGTT Bacterial 165
Bac27F AGAGTTTGGATCMTGGCTCAG rRNA gene

56 PCR for standard templates [22]
Univl492R CGGTTACCTTGTTACGACTT
Arch349F GYGCASCAGKCGMGAAW

60 qPCR [23]
Arch806R GGACTACVSGGGTATCTAAT Archaeal 165
Arch21F TTCYGGTTGATCCYGCCRGA rRNA gene

i 55 PCR for standard templates [22]
Arch958R CGGTTACCTTGTTACGACTT
Crena_529F GCWATGACWGAYTTTGTYRTAATG qPCR and for standard
) Archaeal accA gene  50/52 [9]

Crena_981R TGGWTKRYTTGCAAYTATWCC templates
Arch-amoAF STAATGGTCTGGCTTAGACG Archaeal amoA 6 qPCR  and  for  standard 4]

5
Arch-amoAR GCGGCCATCCATCTGTATGT gene templates

L5 SHitEHHh Analysis, PCA) o 43 il T 5 %% B 20T 109 7K 46 2 30 3

£ R2.6.0 B AFh &AM TS K
Vegan F )74, 5 AAE 51 K A6 27 Bodis O 38 47 4
tk, B J5 #E 4T B 4 43 M (Principal Component

B pH DL K &% 3 DA% DL ER 1 R R B AR S AT
Mantel test AH 3P 46 .

R2.AMRBAREREE

Table 2. Description of hot spring samples investigated in this study

Sample Sample description GPS location (N/E) T/C pH
Zzq (JE P2 ERA) Brown sandy sediment 24°57°03"/98°26°09. 5" 96 4.3
Driy6 (i i #GRF R 3 X 6 5) Brown sandy sediment 24°57°12.7"/98°26°17. 4" 96 4

Srbzq (i 7K FA 8 1E X)) Gray sandy sediment 24°57°12.7"/98°26°17. 4" 95 8.8
Dgg (& i KR 47D Ashen geyserite 24°57°12.7"/98°26°17. 4" 94 8.1
Hmz3 (Jif pl s B 3 45) Black sediment mix mat 24°5712.6"/98°26°17. 5" 92 7.8
Gmd (Jf pl g9 32 ) Gray mat 24°57°12. 6"/98°26°15. 7" 84 9

Eng G5 2F #1787 47) Gray sandy sediment 26°15701.4"/99°5922. 3" 84 7.4
Hmz2 (fff o s i Wi 2 45) Black sediment mix mat 24°57°12.6"/98°26°17. 5" 82 7.8
Eynj3 CHRE 415 3 5) Black sandy sediment 26°15°01.2"/99°5922. 2" 78 7.4
Hmzl (& phigy 35 1 5) Black sediment mix mat 24°57°12.6"/98°26°17. 5" 77 7.8
Gql (R BKE 1 5) Brown sandy sediment 24°57°12.7"/98°26°17. 4" 74 4.4
Ens (95 4= 87 K JF 22 Brown Mat 26°1501.2"/99°5922. 7" 74 7.2
Eynj2 GH¥E A1 2 5) Black mat 26°15701.2"/99°5922. 2" 73 7.3
Wm3 (& ph I 4 5% 3) Gray Mat 24°57°12.6"/98°26°15. 6" 70 7.2
Enp (5 4 #5 28 bel SR ) Gray sandy sediment 26°15°01.1"/99°5922. 3" 68 7.2
Driy4 (Ji% ph #Ufg fE56 [X 4 ) Brown sediment 24°57°12.7"/98°26°17. 4" 67 3.2
Sx4 (Jelk LhY 4 5) Black sandy sediment 24°39723.3"/98°40°03. 4" 66 8

Sx11 (e 14 11 %5) Black sandy sediment 24°3923.3"/98°40°03. 4" 66 8

Sx1 (Jebk Ly 1 %) Black and green sandy sediment 24°3923.3"/98°40°03. 4" 53 6

Drtyl4 (fifs o S AR 56 X 14 5) Brown sediment 24°57°12.7"/98°26°17. 4" 47 4.5
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Table 3. Water chemistry of the investigated hot springs *

Sample NH, * NO, ~ NO, - Fe* Si0,%" Ca K Mg Mn Na
Z2q 164.27 2.21 5.49 0.201 645. 68 3.901 25.32  0.5995  0.521 59. 64
Drty6 2.18 0.13 2.22 2.087 675. 93 38.302 31. 4 1.1038 0.679  66.3
Srbzq BD 0. 83 2.86 BD 545.12 1.75 116.4  0.1197 BD 387.4
Dgg BD 0.36 3.35 BD 677.39 1.75 116.4  0.1197 BD 387.4
Hmzl &2&3" 0.56 0. 67 3.9 BD 679. 22 1.975 69.32  0.1429 BD 299.3
Gmd 36.36 0.24 3.26 BD 679. 76 1.39 96.38  0.11 BD 364.7
Eng 115.94 2.32 8.47 BD 581. 04 37.06 38.51 14.04  0.034  206.3
Eynj3 441. 85 BD 2.34 BD 677.57 39. 61 47.12 18.07  0.1135 235.2
Gql BD 0.8 2.65 6.756 678. 94 2.886 67.16  0.1952  BD 296. 7
Ens BD 2.96 6.86 BD 678. 39 3.503 13.51 0.2508  BD 139.2
Eynj2 BD 0.48 1.88 BD 643.7 37.06 38.51 14.04  0.034  206.3
Wm3 96. 49 3.29 39.84 BD 173.37 1.42 83.84  0.086 BD 360. 4
Enp 167. 87 BD 4.18 BD 656. 45 56.23 43.02 1912 0.062  213.4
Driy4 BD 1.22 1.82 3.688 680. 59 23.95 18.58  0.8083  0.0409  20.49
Sx4 382. 08 0.02 2.34 BD 629. 74 28.09 8.213 1.371 0.0524  73.94
Sx11 382.08 0. 02 2.34 BD 629. 74 28. 09 8.213 1.371 0.0524  73.94
Sx1 0.76 0. 67 3.88 1.017 172. 33 31.03 20.3 2.318  0.1603 176.5
Driyl4 BD 0.49 27.88 1.913 681.15 84. 4 24.51 9.223  0.9865 47.05

a. Values are reported as milligrams per liter. b. The Hmzl Hmz2 and Hmz3 are connected with each other and thus have same water chemistry. “BD”,

below the detection limit (0. 001 mg 1/) ; “ND”, not determined.
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Figure 1. The first two principal coordinate axes (P1 and P2) for
PCA and the distributions of sampling locations in response to

these axes. Rectangles represent chemical factors.
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A LO B B0 22 s OF 5 I — 5 1 R B o
16, NH, * \NO, " NO,  F1 Ca % 7% (% 3) . 4
X 10 Fifl 2% 2 i 4l oy o A (B 1) B B8R - AR K
A A e . XSRS R i
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HA R AARE
2.2 YHEFNEHE 16S rRNA EEEE

HEF 168 rRNA H5 vl i 11 55 b vt 1l 2k (1 R?
fERT0.99, 4 4 B % AE 90% - 95% » i fig ith £ Ay
FL— U ], RE S g5 ROF G 1) R AR R AR A
UG R0 o A YU A I AR T, 4l B 16S rRNA
LD = B AR K M 2 T IR 4 AN BUR G FE R
Hmzl [f) 45 VU s 9 4,19 x 107 4% UL /g iR,
Hmz3 A%, 4 6.6 x 107 3% U1/ YURLH; AR XS T 41
W R 16S rRNA JEDR = B 51K, M 22 T3 5 AL
B HIAE 1.27 x 10° & 151 x 10" #% Il /g 3T
W B v R AR (R 2043 i Sx4 Al Hmz3 (3K 4) o
PN I]— B st e 0 T R ol 1 1 3 B LR S AN T
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Table 4. Abundance of 16S rRNA genes and archaealaccA and amoA genes in the sediments of the studied hot springs (copies/g)

Samol 16S rRNA gene Archaeal accA Archaeal amoA
Pample Bacteria SD Archaea SD accA SDh amoA SD
Zzq 2.09 x10° 9.1 x10° 1.04 x10® 1.2 x107 2.10 x10° 1.3 x10* 1.36 x10° 1.3 x10*
Drty6 1.08 x 10° 9.1x10° 5.52 x10° 2.7 x10* 9.25x10° 6.9 x10? 8.33 x 10° 6.0 x10°
Srhzq 2.52 x10° 2.3 x10% 2.58 x107 2.5x%x10° 4.11 x10* 2.0 x10° 3.55 x10* 1.1x10°
Degg 9.2 x10* 1.6 x 107 1.38 x 10* 8.0 x10° 2.95 x10* 3.7 x10° 2.14 x10* 6.9 x10°
Hmz3 6.06 x 107 5.3 x10° 1.27 x10° 7.9 x10° 9.94 x10° 1.9 x 10? 7.64 x10° 9.4 x10'
Gmd 9.56 x 10" 6.0 x10° 4.06 x 10* 1.4 x107 2.90 x10° 1.1 x10* 1.74 x10° 1.0 x10*
Eng 2.78 x 108 7.4 x10° 1.18 x10° 1.2 x10* 1.94 x 10* 1.4 x10° 1.39 x 10* 9.7 x 10"
Hmz2 1.69 x 10" 1.7 x10° 1.12 x10° 6.2 x107 6.81 x10* 4.9 x10° 6.16 x 10* 2.2 x10°
Eynj3 1.85 x10° 8.4 x107 8.75 x 107 6.4 x10° 1.08 x10° 7.3 x10° 9.23 x10* 5.6 x10°
Hmzl 4.19 x 10" 1.5 x10" 1.93 x10® 5.3x10° 2.41 x10* 3.5%x10° 1.93 x10* 1.4 x10°
Gql 5.24 x 108 3.0 x107 1.84 x 10’ 1.1x10* 6.88 x 10* 4.3 x10° 5.51 x10* 2.8 x10?
Ens 4.94 x10° 1.3 x10® 1.26 x 107 6.3 x10° 4.83 x10° 4.9 x 10* 3.84 x10° 1.4 x10°
Eynj2 1.40 x 10" 2.4 x10° 3.92 x10° 5.8 x107 1.22 x10° 1.3 x10° 8. 88 x10* 2.1x10°
Wm3 1.53 x10" 1.2 x10° 3.09 x 108 1.3 x107 6.49 x10° 2.7 x10* 4.36 x10° 1.6 x 10*
Enp 1.40 x 108 3.3 x10° 5.69 x 107 9.1x10° 1.32 x10° 2.1 x10* 1.06 x 10° 1.3 x10*
Drty4 8.95 x 10° 1.0 x 10’ 3.00 x 107 8.4 x10° 8.70 x 10* 9.6 x10? 7.98 x 10* 1.5x10°
Sx4 2.08 x 10" 4.5 x10° 1.51 x 10" 2.6 x10° 1.13 x 10° 5.4 x10° 6.49 x 10* 1.9 x10°
Sx11 3.77 x 10° 5.5 x10’ 8.45 x 107 2.7 x10° 8.89 x 10° 5.2 x10? 9.23 x10° 8.1 x 102
Sxl 3.83 x10'" 1.0 x10° 4.19 x10® 4.0 x10° 4.99 x10* 7.0 x10° 3.16 x 10* 1.6 x10°
Drtyl4 1.12 x 10" 1.5x%10° 6.65 x10° 2.8 x10° 1.44 x10* 5.1 x10? 8.67 x 10° 4.7 x10?
5. ZEEFBRFEE LG
Table 5. The ratios of different gene abundances in the sediments of the studied hot springs
Bacteria 16S
g | rRNA gene/ Archaeal 168 Af;;ﬁ:ial 165 Archealacc A/
ample I
b archaeal 16S rRNA gene/archealacc A archaealamo A
archaealamo A
rRNA gene

Zzq 2 494 766 1.6
Driy6 19 597 663 1.1
Srbzq 98 627 726 1.2
Dgg 7 4659 6422 1.4
Hmz3 48 128 166 1.3
Gmd 235 61 85 1.4
Eng 236 1401 2333 1.7
Hmz2 15 16497 18246 1.1
Eynj3 21 813 801 1
Hmzl 2168 8025 10002 1.2
Gql 392 26 33 1.3
Ens 29 267 333 1.2
Eynj2 36 32140 44097 1.4
Wm3 49 476 710 1.5
Enp 2 431 539 1.3
Driy4 30 345 376 1.1
Sx4 1 1333256 2326401 1.7
Sxl1 45 9507 9152 1
Sxl 92 8382 13230 1.6

Drtyl4 1684 463 768 1.7
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JEE S 5 2 1~ G g DA A R 2 BT ) 4 i b X HOR R
Gir AN LI PE BN TP AR AR T T 5
SR, 8 JE AL AE W) A e = R B AR R I RE W =
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BE R A B S

#%1E  GubryRangin %5 N W 5CUE R 7 pH {HC
O T - BB R GG A R A
PO L SR IRAT S AT LA R W pH R
G R W R B AL T IR K R AL
Y UL, A RIS LT R 2.6.0 BpFHEAT
Mantel test ] 2> #7, 3 K K I pH {H 5 & B accA Fl
amoA FE K (¥ 3% VL HUAE 75 G2 vF 2% 8 X F AR o6 1k
(£6) o XRWHMA L T HEFREE A, pH LT
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F 6. HE accA Fl amoA EFFESFE
WERTFRHEXRMES T

Table 6. Statistical correlations (r values) between main

environmental factors and archaealaccA and

amoA gene abundances

Factor accA amoA

pH -0.13 -0.14

NH, * -0.09 -0.09

NO, ~ 0.69 (P =0.001) 0.70 (P =0.02)
NO, ~ 0.58 (P =0.001) 0.53(P=0.019)
Temp -0.14 -0.14
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AR TR 1) S B A LA G R AR AE A LRI R )
ZE5F e W accA 5 amoA KK W) = R AME, H
TR 03 A G M, I — 20 SCHF T O A BT
M) 2 A B 2k HP/HB & 42 [ @ CO,. BtAk,
X PR L D] 1 3 AT ONO, T AT NO, TR IR JE A AR B
5 OCI5E, SR T A YOI 0F R R B E AT 5 B 8 pH (i
FAAE B W 0 vk 2 0 S B A DG 1, X 5 R T R
B8 10 AH G T 45 RAFAEANTA
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Abstract: [Objective] Yunnan hot springs have highly diverseammonia-oxidizing archaea (AOA) , which are autotrophic
and can fix CO, using the 3-hydroxypropionate/ 4-hydroxybutyrate (HP/HD) pathway. In this study, we investigated the
abundances of prokaryotic 16S rRNA gene and archaeal accA and amoA genes in the sediments of hot springs of Yunnan
Province, and analysed the correlations between the above gene abundances and environmental factors. [Methods] We
selectedthe sediments of twenty representative hot springs, anddetected the gene abundances by quantitative polymerase
chain reaction (qPCR) . The principal component analysis (PCA) and the Mantel test in the R software package were
performed for the correlations of gene abundance and environmental variables. [Results] The bacterial and archaeal 16S
rRNA gene abundances were from 6.6 x 10" to 4.19 x 10" and from 1.27 x 10°to 1.51 x 10" copies/g sediment,
respectively; Archaeal accA and amoA genes were from 8. 89 x 10°to 6. 49 x 10° and from 7. 64 x 10’ to 4. 36 x 10° copies /g
sediment, respectively. The results of mantel test showed that accA gene was significantly (R =0.98, P < 0.001)
correlated with amoA gene; Both of them also were correlated significantly with NO,” and NO, , but not with pH.
[Conclusion] The abundances of bacterial and archaeal 16S rRNA genes and the ratio between them varied significantly
among Yunnan hot springs. The archaealaccA and amoA genes showed significant correlation with each other, validating
our previous finding that AOA in terrestrial hot springs might acquire energy from ammonia oxidation coupled with CO,
fixation using the 3-hydroxypropionate /4-hydroxybutyrate pathway.

Keywords: Yunnan hot springs, prokaryotic abundance, ammonia-oxidizing archaea, gene accA, gene amoA, qPCR
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