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Diversity of arsenic-oxidizing prokaryotes containing arxA
gene in Yunnan-Tibet hot springs and the influencing factors
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WU Geng'", JIANG Hongchen'

1 State Key Laboratory of Biogeology and Environmental Geology, China University of Geosciences, Wuhan 430074,
Hubei, China

2 Tibet Plateau Institute of Biology, Lhasa 850000, Tibet, China

Abstract: [Objective] To study the diversity of microorganisms in sediments of hot springs in Yunnan
and Tibet, the existence of arx4 in them, and the influencing factors. [Methods] Illumina MiSeq and
statistical analysis were employed for geochemical analysis and microbial diversity analysis of the
22 samples in 3 geothermal areas in Yunnan and Tibet and the relationship between the microorganisms
and environmental factors was elucidated. [Results] The dominant phyla in the sediments were
Chloroflexi (abundance: 21.27%), Deinococcus-Thermus (abundance: 17.25%), Aquificae (abundance:
13.39%), Proteobacteria (abundance: 9.27%), Acetothermia (abundance: 8.3%), Bacteroidetes
(abundance: 4.96%), and Crenarchaeota (abundance: 4.57%). arxA gene-harboring phyla were
Proteobacteria (abundance: 64.87%), Bipolaricaulota (abundance: 9.55%), Deinococcus-Thermus
(abundance: 6.42%), and Crenarchaeota (abundance: 4.05%). The dominant populations were different
among the geothermal areas, which was mainly caused by the temperature, pH, arsenic content, total
dissolved solids (TDS), and altitude, as manifested by the significant correlation (P<0.001) between the
microorganisms and the environmental factors verified by Mantel test. [Conclusion] arxA4
gene-harboring microorganisms in the sediments of hot springs were dominated by Proteobacteria and
were affected by environmental factors and geographical isolation. They exhibited geographical
distribution pattern, as indicated by unique dominant microbial groups in different geothermal areas. In
contrast, the arx4 gene-containing microbial groups showed no correlation with pH, but were mainly
influenced by altitude, arsenic content, TDS,

and spatial variables. This suggests the unique

physiological characteristics of them among the whole microbial communities.
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ZRIIRERN S T A E AR A2
Horr, A A Al S 48 A W A T 4 R o s
] Fi% B 42 AL il (arsenite  oxidase) ¥ As* AL,
AS Y RE AR, S — 2B A MR Sk e AR A B
H: ¥ (arsenic oxidizing bacteria). 454 HL
il AN ), A AR Ak AR ) Rk A o S R A
(heterotrophic arsenite oxidizers, HAOs)5 1k
AE LML B 7 &Y (chemolithoautotrophic arsenite
oxidizers, CAOs). H:H HAOs WA B4
PUBR R IR BURE S As™ AL As™, SRt
A& S R T CAOs KA AS™ER
HL LA, Oy (40 B B AR (IR 4, A4 il
FRAR S WE B 2204, I SE B As™ Ak
A RER[EE CO, T A B4R, HATh R
B AL B AioA (XY AroA. AoxA Fll
AsoA), ZiSIERIE aiod HeH . aiod FEHT 12
FETIRZA Y, XL HUEY AL IR 2,
M HINREWAS A 22 5. BN = 35 B ah A Ak ik
Y Thermus HR13 BEREE AL As®", N RETE R A
BT AU FFRMEEY) Rhizobium
NT-262, A W REIE4F A EE T AL As™,
NBBTE IR E AL T SRR AR N o F 32K
ASSHEN B FIMAL K o 7RI SEAE R GE
FEN G R BT —Ff [ A 245 45010 T i 1y 2k
R B, O Bk TR GE ) aiod HEH B,
HY5 arrd MR JEEERZEAL, RN GBS Ham 24
g arxA BEA, TR ArxAo HRATXT arcd B
W5, ARZALHI A A . 7EJLIOET
BA arxd HHBLRE A SR AL S O0RE A 7 AL
W EE S 20 RS B R B S T
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TEALBE A TR T SRR ER IR IR R, bR
2 A, T ArxA . ArrA 5 AioA #JJ& T DMSO
W FBESETE BTN GOHEIAS [l A A 5 T ) 2Rk
FRAREN ArsC—ArrA—ArxA—AioA, ArxA
5 ArrA AHEKRPFRIIENE, 124501k, Al
BA arxd FEHE AT RETE P U 3 [E 5
T B LRI PSR AR T R 202 | e
TA AT PORE R H = R b UR PO R 52
WS R IC VS M TR T e R B, ELAET
TREARREIREE . ik, X arxd BHEAOWFFE
A B TTEAA I M R ST, IR IR AT
X R AR R T i

AT Hb 3K PR B rp H A AR HE ORI 2
—, Z SR ERCEIE IR, TEA KRR
M, HEA AR E R e E R, I,
PURIR A ST DA T A A AR ) K Ak 2 1 26
) PR, Ml JBT A o F IE A JE b A  H A  A
TER A B X 2 — | i X R R SR R
PRSP, PG X i 2D, Hdg, 7
s, B FEL X 22 S PR SR H T B AR g B
15 b F AR (40 mg/L) i e A HE DX (7 IR
SRR) s TP A H I T AR A S b A DX R IR
[ WCRTER E BN 50, 56 F 8 s
JCRPYI R R b R R A, K
HIESIE R . SR . KBS S, AEWNH
PR T A IR DL X
b ER AL 2 REAE A D] e Yk e B A5 A A i I A
WAL T — > R A fE AR EE, W IRES
TA AR A R AR B R A A A A 2R
A . PRI, XLk DX OR G W AT 2
FE Je Dy ae 56 R 43 B R % 1 B 3R AT T A L rp
B DRV 450, s AT i A A B A P
TEH X434 AR . A58 DR R X 3 4
AN [ it e J3E e M 8 b, A DX ARG 3R A SR S 5
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FOPHTS 22 A PORTURYIRE ST T A
T v Z2 FEVEWT 5 DL L 5 30 058 IR A s ] I 5
FRIIE RIS, B AR IR AT B IR A 35 v i 4
Bl A eI Z RETE BRIA R, IO Jim SR S 4
IR A S5 A A A R AR W 4 BF 5 B Rt O R it %
2%,

1 #H57%

1.1 XESHH

ARGV S TR i 22 4>, o 7
i BT EEL 1 X 2 Sl A X (DGQ) 9 MAER, R
ERFIE] 2020 4 10 H, HbPRARbRAEH FILS
30°42'19", ZR% 82°6'20", XG4k 4 860 m;
PO H o DU T $5 4% R b R X (DGY) 7 MERL, R
ERFE] 2019 4 8 H, HiPRARAREEH FIL4
29°35'54"-29°35'56", K4 85°45'0"-85°45'16"
YR 5 086 m; A TI(TC) 6 M
S5, SRAERTE] 2020 45 7 A5 2021 4 12 A, #
FRARARAE R T b 4 24°57'12"-24°95'10", K&
98°23'24"-98°43'61", I AE 1 300-1 500 m.
1.2 HmEXESK

B BIRE 2 M RIZVIFYI0-5 cm)
H5HRKIREGWET 50 mL B.O0ECEE)H Y
2/3 R, 3 T B T, B M A T T OKAR
SE6EE NABTET—80 °C BRI VKA F T4 4
DNA MYFEHL; SRAE 3 BIMIRIKZE 0.22 um JE
IR R T 15 mL B.0E T, Hh—EH TR
B B 1, — & vk HNO; i1k £ pH<1 Fi T
K BHES 7, — BN 15% #k Hy0, Fll 25% ¢
HNO; TR i S i e &

KA TR P R B AR AR A R . H
PRARARAE B 45X GPS [ (eTrex H, 3
B YI0  5 ( FF RE /pH SR AT T 0 /K 3R D
pH {E(LaMotte); KAb2=Z5U, U B 7R EI A (TDS)
S, i A 45 XK 543 AT { (Thermo  Scientific

ORION STAR A329)Fi7ill i 5 WIVH I ff 4 . Bl
. BRALYI N A R B SR AL A e B T
Al & (HACH), SR 0C LI E 5 k)3
SR FH I 22 ¥ B I AE -

= WA AR AR 40 . NOs . NOy-
S5 T T AR R T B 1433 IC (Dionex
ICS-900, IonPac AS18 4x250 mm; Thermo Fisher)
i, K. Na', Ca®. Mg” % 2 Al
AR 7% 1C (Dionex 1CS-900, IonPac
CS12A 4%x250 mm; Thermo Fisher Scientific Inc.)
D 5 A S o0 3R A IR it R P H 2 5 5
BTk ICP-MS (ICAP RQ, Thermo Fisher,
Carlsbad)illi, HH' O, (AsO+, m/z INWVERZN
BB AE, Rh (Rh+, m/z 103)E RN
1.3 DNA HYZEUA PCR # 1%

P A R R AR X EAT T DNA IR EL,
MRERBCE 3 PATRE, J7IEKR FastDNA
SPIN Kit for soil i jfll & (MP Biomedical)$& H .
K FH S15F Jaii A barcode 1) 806R 5|4 54
PE AT AWF IR e 5 0 arxd THEEFE R 5] 49126
S PEFT 16S IRNA Y arxd JLR P48, FH[5
SR : 16S rRNA A, 515F (5'-GTGYCAGC
MGCCGCGGTAA-3")5 806R (5'-GGACTACN
VGGGTWTCTAAT-3"); arxA 3&[H, arxA_Deg F B
(5'-CCATCWSCTGGRACG AGGCCYTSG-3)5

arxA_Deg R B (5-GTWGTTGTAGGGGCGGA
AS-3"). PCRY " HFEF H: 16S rRNA HE[H, il

A8 95 °C 5 min, AF: 95°C45s, Bk 53°C
45 s, FEf{i 72 °C 1 min, & A8k GEMH =
39 MEFR, RKUIEM 72 °C 10 min, )5 12 °C
PRIE; arxd FED, TAEPE 95 °C 10 min, ZFPE
95°C 1 min, 1Bk 60°C 30s, #Ef# 72 °C 1 min,
R AR 2 AP =2 39 MEI , R IRAEfif 72 °C
10 min, /5 12 °C fRild. ¥ 8™ PR 1.5%
B fE i B e AT VKRR, B EC3 Imaging
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System BB AR R G (UVP)HEAT ML, HE+E P
PEAE U 2E F 2 mL 2 KB &0 8 H H T4l
AE e, 4lifk % F AxyPrep DNA 5% 5] it
# & (Axygen), DNA A9 ¥ B2 & I % FH| Nanodrop
ND-1000 435656 i (Nanodrop Technology),
e BE IR FR B DNA # i35 2 Illumina MiSeq -
& AT I (2%250 bp/2x300 bp B
W) o
14 SBEHESF

AT LAY S d 2L P 91 8 Jeidit FLASH
(fast length adjustment of short reads)ftERIAIE
EPHEERZ S, MEREESIES], R5 6
FH QUIME v1.9.0 &% By 20 R UEA T 91) 1 fit
B A v o 3t e 40 ) i i, () 25 B I B 1 (o
80 Q<O)WI ¥, K USEARCH F2FFHY
UCHIME FEHRFEAT ik & AR 2R X5 168
rRNA JEH 741, A i ) 35 R ) e (o 9 384 )7
ﬁﬂ’}'?j@rﬁi(amplicon sequence variants, ASVs){E
R IEE G EE . X TF ared FEHFH], R
FH98% B A% 2 v 51 AR ALk 30 43 43 2 48 A B T
(operational taxonomic units, OTUs)FF4 145
)2 [ B BCE DY, EA 168 rRNA FIl arxd FE A
QR 7 41 2 i USEARCH #fF #9
usearch-sinax A8 57 4% 2 16S rRNA & K £ 45
JE(SILVA v138)1 NCBI J K 5 i (Refseq) %
SEFFI R G B
1.5 HRUFDW

Gt ot T2HEA R IEF R4 DEM:
e A “vegan” K IFEVETT o ZFEMEFE RO
B R A “vegan AT mantel 7307, LIk
95 B — PR DR - R A W T AR OG5 A
“reshape2” Fl “ggplot2” ¥ {4 £ 4 4 AH XT = B #1:
AR, PRAEAS [ XA A R B 22 555 A
FH“Hmisc” 3 AL 353 0 55 748 1 5 R AR
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JEZ Bl A9 Pearson AHERZ%L; HlH“vegan” .
“grid” Ml “ggplot2 3K {41, >R F S 7Y XF 1 43 #r
(CCA) A #1553 PR - 1 2 1] A% 5t X ol A W e V%
SR B FZIA 5 SR F 3 QB IBUE [ (PCNM) 1Y 23 (8] 43
il 5 XA A B B AR BRI T A3, R A b
FRARFR AT R 225 Al ) i, SRR A A G
P (P<0.05) /%) 25 ] A% 5t 5 PR 5% I+ F1] F “vegan”
AL AT 7 2257 f# 9 B (variance  partitioning
analysis, VPA) LA & PR R+ 5 25 [a] R Xl
A A T A5 AR S e O RE X TR
1.6 ERFIS

AW RS F 9 2 #2582 NODE ¥4 /%
F¢ 315 OEP003361

2 X504

2.1 KREE{LMER

DGQ JIr R 45 i #OR TR fh pH L H2
T, T 7.5-8.0, HEEEEME, WREN 46-78 °C,
HRIK TDS K 2 400 mg/L 2247, Horh £ 85 1
4 HCO5 . Na™, ClI'. K'#ll SO, ; DGJ #4
SRFE S pH oh 8.5-9.0, fifisctd: , iR 32-58 °C,
R A (DO A4, CREEA N
1 mg/L, RS EASIRA, TDS H
900 mg/L 7247, FEEF 4k HCOs . Na',
CI Ml SO, . TC #HURFEM pH N 6.0-9.6, K
I3 R FIINE—BRIEK, (CE WGQ —HESUNIR
PEK , IREE N 38-95 °C, TDS & 500-1 800 mg/L,
SRR FEE 4 HCOs . Na™y CI, K\
Ca™ Ml SO, B AR YF 22 AL KAFIER N B 2 .
LA =35, TC &M i Z M & S HZ a2
SRR, X5 TC &M A4 25
KA W =# TDS 2 FHhEMH DGQ &
IR AT PEY BT & R o BRI 2 A A HAth
FEEHAE AT W 1,
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Table 1 Information of sampling points and main physical and chemical parameters

Location Sample ID  GPS (E/N) pH 7/°C Altitute/m TDS/(mg/L) NO;7/(mg/L) NO,/(mg/L)

DGQ DGQ-1 82°6'20"/30°42'19" 7.5 69 4 861 2390.0 1.2 18.6
DGQ-2 82°6'20"/30°42'19" 7.7 70 4 861 2316.0 1.1 19.2
DGQ-3 82°6'20"/30°42'19" 7.5 78 4 861 2385.0 1.3 19.0
DGQ-4 82°6'20"/30°42'19" 8.0 66 4 861 2386.0 1.3 29.7
DGQ-5 82°6'20"/30°42'19” 7.5 46 4 861 2339.0 1.2 19.6
DGQ-6 82°6'20"/30°42'19” 8.0 63 4 861 2426.0 1.1 21.4
DGQ-7 82°6'20"/30°42'19” 8.0 65 4 861 2390.0 1.0 19.9
DGQ-9 82°6'20"/30°42'19” 8.0 56 4 861 2393.0 1.0 26.6
DGQ-10 82°6'20"/30°42'19" 7.7 72 4 861 2 385.0 1.1 18.7

DGJ DGIJ1-2 85°45'5"/29°35'54" 8.6 58 5055 900.7 1.7 16.2
DGIJ1-3 85°45'5"/29°35'54" 8.7 49 5054 899.3 1.0 16.2
DGJ1-4 85°45'5"/29°35'54" 8.5 40 5054 909.6 1.0 15.7
DGJ2-2 85°45'3"/29°35'56" 8.9 54 5051 903.1 1.1 13.4
DGJ2-3 85°45'3"/29°35'56" 8.8 46 5050 909.8 1.2 15.8
DGJ2-4 85°45'3"/29°35'56" 8.8 32 5048 905.5 1.0 0.9
DGJ13 85°44'57"/29°36'6" 8.5 49 5070 932.6 1.8 14.1

TC DGG-R 98°26'17"/24°17'12" 7.9 75 1414 832.8 1.9 7.4
GMQ 98°43'61"/24°95'10" 9.6 94 1352 1764.0 0.0 11.6
QQ 98°26'16"/24°57"2" 7.2 71 1337 729.3 0.2 0.3
HMZ3 98°26'17"/24°57'0" 9.1 92 1350 918.9 1.8 13.0
LLO3 98°40'5"/24°39'18" 9.1 88 1369 527.1 0.0 0.0
LP-Mix2 98°23'24"/24°54'31" 8.0 56 1137 1360.0 4.9 0.0

Locations are the areas of samples collection, DGQ means Duo Guo Qu, DGJ means Da Ge Jia, TC means Teng Chong.

THEAR S, SRR SRR R R

s
[

==

H— B A e b ARAAR A28 1): DGQ
FEh T REOYR ETE 40 mg/L 247, Rl , H
K DG b th B BE R 7-8 mg/L, 1 TC A
f AR O 0.005-1.000 mg/L, AR,
2.2 WEMREE S HIMFE

X 22 DUTURIFE A 16S TRNA JE K =i
AR TAL R, HEA5F] 1004 241 5751, XLk
JPHYET 6541, 140 4K, 292 4~H, 4164
FE,o562 ANm o Horb, TZ0NPEXF BERERT R 73
A . Chloroflexi (21.27%) . Deinococcus-Thermus
(17.25%). Aquificae (13.39%). Proteobacteria
(9.27%) . Acetothermia (8.3%). Bacteroidetes

] W
< o
T T

(=}
T

Arsenic concentration/(mg/L)

DGQ DGIJ TC

B 1 AR X SR E A E

Figure 1 Box plots of total arsenic concentrations
in different geothermal areas. DGQ means Duo Guo
Qu Geothermal Zone, DGJ means Da Ge lJia
Geothermal Zone, TC means Teng Chong Geothermal
Zone.
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(4.96%)5 Crenarchaeota (4.57%); WH 5|5
R4 58« Chloroflexia (16.73%) . Deinococci
(16.63%) . Aquificae (12.93%) . Acetothermiia
(8.28%) . Gammaproteobacteria (4.36%)5
Alphaproteobacteria (3.85%). MMl 1L X% arxd %t
DRl g il R S SR T A T A B, A58 915 394 2%
P51, BT 26 411, 40 M4, 5T 4H, 78 VL,
87 Ngo Hrb, TSR F SRR 0 -
Proteobacteria (64.87%). Bipolaricaulota (9.55%).
Deinococcus-Thermus (6.42%) . Crenarchaeota (4.05%) .
Planctomycetes (1.75%) . Verrucomicrobia (1.09%),
RWHANEERTHI53 3N : Betaproteobacteria (47.9%) .
Alphaproteobacteria (14.15%) . Deinococci (6.42%) .
Thermoprotei (4.05%)Y5 Gammaproteobacteria
(2.55%), BRULZAh, arxd 3 T3 ¥ 5119
Shannon-Wiener #8527 F5l & 0.91-4.93, Simpson
REGEY 0.27-0.98, TWEE]H ASV $it
M52 DGJ X EW R 7 T DGQ 5 TC. HAMH
BILER 2,
23 WMAEMZHEMESIHRERFMNTEET
B M)
231 WEMEBEESHMERTHEXME

10 3 B — BRI A - 5 T A MR v 22 1) A AR
KAEII BT (Mantel Kr3), 45RFN] EEIREEN
F(pH. W . W, A TDS il NOs )5
DU L DRI S arxd T e B R fUAE 1 H
AR B SEPE(P<0.001) (£ 3).

ik T E A S EESRE N T
F AR, BEICEE BERT 14 M TTRR YL P M
G FFE> 1% arxA YIRE R A Yy 2N 20 4
1717 Pearson FHRMEHT (K] 2), 45K FBVTF
Yivh Gammaproteobacteria 5 Alphaproteobacteria
Kot B35 IR F-F M BUER, o Gammaproteobacteria
5 TDS Ffifiyk B 2 5 2 1EAH ¢ (P<0.001), i
WEIE AL (P<0.05); T Alphaproteobacteria 5

<l actamicro@im.ac.cn, & 010-64807516

x2 MRS arxA EE o ZHMEER
Table 2 Alpha diversity index of arxA genes in
sediment samples

Sample Total Observed Shannon-

Simpson Equitability

ID reads ASVs Wiener

DGQ-1 55691 192 2.0 0.6 0.4
DGQ-2 46039 280 1.6 0.4 0.3
DGQ-3 41353 188 2.4 0.8 0.5
DGQ-4 43846 265 1.3 0.4 0.2
DGQ-5 35304 344 3.6 0.9 0.6
DGQ-6 53124 161 1.1 0.4 0.2
DGQ-7 50511 161 0.9 0.3 0.2
DGQ-9 54802 214 1.3 0.4 0.2
DGQ-10 51277 223 1.8 0.6 0.3
DGJ1-2 46 682 450 3.8 0.9 0.6
DGJ1-3 50176 617 44 1.0 0.7
DGJ1-4 33474 568 43 1.0 0.7
DGJ2-2 44641 414 2.8 0.8 0.5
DGJ2-3 38 680 488 43 1.0 0.7
DGJ2-4 30898 606 49 1.0 0.8
DGJ13 37057 441 4.1 0.9 0.7
LP-Mix2 25 553 267 3.9 1.0 0.7
LL0O3 50076 187 3.4 0.9 0.7
HMZ3 41554 145 2.6 0.9 0.5
QQ 6973 199 4.4 1.0 0.8
GMQ 47751 153 1.9 0.5 0.4
DGG-R 29932 177 2.9 0.9 0.6

Locations are the areas of samples collection, DGQ means
Duo Guo Qu, DGJ means Da Ge Jia, TC means Teng Chong.

x3 B-INREFESREMRF L LI Mantel
ooy

Table 3 Mantel test of single environmental factor
and microbial communities

Environmental R P

factor 16S rRNA arx4 16S rRNA  arx4
pH 0.43 0.38 <0.001 <0.001
Temperature 0.36 0.29 <0.001 <0.001
Altitude 0.46 0.36 <0.001 <0.001
As 0.47 0.42 <0.001 <0.001
TDS 0.51 0.36 <0.001 <0.001
NO;5~ 0.37 0.35 <0.001 <0.001
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(A)

Unclassified .. ﬁ

Thermoprotei |
Planctomycetes ¢
Opitutae Pearson
P coefficient
Gemmatimonadetes . . | | 0.4
Gammaproteobacteria | 0.0
. - -0.4
Flavobacteriia ¢
Deinococci t

Betaproteobacteria

-
-l

As
NO;

Alphaproteobacteria

Altitude
pHf
TDS }

Temperature

& 2

(B)

Unclassified
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Figure 2 Pearson correlations between dominant classes of microbial [microbial in hot springs sediments
(A) and microbial with arx4 genes (B)] and main environmental factors (***: P<(0.001; **: P<0.01; *:

P<0.05).
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Figure 3 Pearson correlations between alpha diversity index [microbial in hot springs sediments (A) and
microbial with arx4 genes (B)] and main environmental factors (***: P<0.001; **: P<0.01; *: P<0.05).

(A)
®
2 L
! ®
—~ [ ]
\9 - .
g @ @ Location
2 titude
& DGQ
=~ 0F
3 PCNM1*7Q% *DGI
S Temperature ®TC
1t
_2 L
0®
-2 -1 0 1

CCAI (10.0%)

(B)
[
41
3l
§ 2F Location
% DGQ
< © DGI
oIt ® TC
Temperature
ol PCNMI o Altitude
°® D
H PCNM4
,l L —~
-1 0 1
CCA1 (9.1%)

4 AREMEERFEZEEFITRIA)UARE R arxA EE (B)RE Y EEE HIEX L (CCA)D T
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Duo Guo Qu, DGIJ: Da Ge Jia, TC: Teng Chong).
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