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Abstract:  Objective Microbial arsenic(As)methylation is a vital As resistance mechanism that alters the toxicity and mobility

of As, and can be used for the control of As contamination in soils. As-resistant plant growth-promoting bacteria use this
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mechanism to positively affect the growth of rice in As-contaminated soil. However, the arsenic methylation efficiency of rice
rhizosphere bacteria and its effect on rice growth under arsenic stress remain unclear. Method In this study, an As-methylating
functional Bacillus sp. LH14 was isolated from rice rhizosphere soil contaminated with As. The As methylation efficiency, As
resistance and plant growth-promoting traits of the strain were analyzed. Additionally, the effect of strain inoculation on rice
growth, rhizosphere As species and microbial interactions in As-contaminated soil were explored. Result The results show that
strain LH14 promoted As methylation and volatilization and produced dimethylarsenate and trimethylarsenic oxide, which
accounted for 54.9% of the initial As( )in the medium. LH14 inoculation significantly increased the copy numbers of arsenic
methyltransferase gene (arsM) and methylated As in rhizosphere soil, indicating that LH14 was involved in soil As transformation.
LH14 produced IAA under As stress and significantly increased seed germination rate, root and shoot length and biomass in the
presence of high As concentration. Also rice growth in the soil was significantly promoted by LH14 inoculation, and this was
associated with the enrichment of beneficial microorganisms (e.g., Burkholderiaceae and Gemmatimonadaceae) in the
rhizosphere. Conclusion Inoculation with As-methylating plant growth-promoting bacteria altered As speciation in rice
rhizosphere and directly or indirectly promoted rice growth by producing plant hormones, enriching beneficial bacteria, and

alleviating As stress. These findings provide theoretical support for the application of As-methylating bacteria in the remediation

of As-contaminated soil and alleviation of As stress in plants.

Key words: As stress; As methylation; Bacillus; Rice rhizosphere; Microbial interactions
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Y1} DMAs Fil TMAsO™ . A, {880 14 7 AT 7
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LB B3R H (gL'): HEAW 10, BERHER
Y5, EALEN 105 RoA BEFRIEERLH] (gL'): BN
i 0.25, BR/KMREREET 0.5, BERREE 0.5, ¥
PEVERY 0.5, BERRE 81 0.3, BiliREE 0.1, RN

0.3, FH I 0.25, F %K 0.5; ST HEFERmLHI( gL' ):
BEMRS, BERHRE 0.5, H%bES.

12 mmol-L™' NaAsO, i 0.22 um 3E M8
B 4 H ; Salkowski Ho o W #% B Ay 1.5 mL
0.5 mol-L™' FeCl;. 30 mL 98%H,SO,. 50 mL H,O ¥
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12 pmol- L™ As (T1) i R A WAAREFREE S, 7E 30°C
TFHEIR 200 rmin ' 15 9E 3 d, SRIEREARZ 0.22 um JE
ki, ] NexION 300X S0 AH {03 - o Bl &
S8 TR - %4 ( HPLC-ICP-MS, PerkinElmer,
USA ) XS E e v w0k B Ard 2
i MMAs( T ), MMAs( V ), DMAs( V )l TMAsO
(V). —tkiigt As (I ) 1k TMAsSO (V) Al
DMAs (V) #ikk (LH14) $005, I8 =4l
eGP ek, T 30%H il P —80°C 1R #5 HH1

ST E bR LH14 9 16S rRNA K&K FH] 27F/1492R 5|
Yy i, XF 16S rRNA JEH &K TA 75, H L
A TAYSEATINT . R FEF TS (1387 bp)
JH Blast #4724 MR R PE T, B0 E B bk LH14 5
W% 3 A= ZE AT W Bacillus acidiceleris 7)) I3 P4 15
99.93%. WPk LH14 45 H 41751 i IR AR i 2E 1 7]
E, FYIEE 5 R NCBI (B35 NZ CP0960
34.1), F|F] NCBI Prokaryotic Genome Annotation
Pipeline #F 175 D RE R, % Hh b FH SLHE RS T
FEMA arsM (locus tag: MY490 10085 ), fFHEHKE N
264 MREIEEMR . H LH14 5 HAh Bacillus J& ArsM [
IR 2 T 91 4E MEGA7.0 144 % Neighbor-Joining 5
SR EM, H bootstrap H 25/ Hr EEZ KL 1 000 K
K Rk B W EAE R
1.3 E#RE As (I ) BEALE A FmHTENE

BB KBRS 12 pmol- L' As (TIT)
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) LB K3k, fii s W 4R ODgoo K 0.01, 30°C T 4%
JK 200 rmin' }55% 34 h, XE 6 THUEE, FERE
0.22 pm &3k 5 38 J5 , ] HPLC-ICP-MS il E R 25
BRFRAE R s SR R R AR (10% ) it at iy
REBCRLHEATIREE , HNO; (1%) F 90°C 2 h YEfiiE ,
FH 3R 7 R0 e O A% o A 0 T A PR A R
£ 0. 10, 20, 50, 100, 200, 500 umol-L™" As ( 1 )
1) LB 15 FR B MRk ( ODgop = 0.01), THERES
3 40h, F4hPE ODME, HF bR 3 ANEE,
1.4 TAA MEFKBEIFIHLZLE

PR T JC LA &R 100 mg L™ )IE 0.
5.12 umol- L' As( N ) LB ARKEFRILH, K597 13 h
JE W 0.22 um P8kt u&, WA Salkowski
AT A, T 530 nm P AR RE WO E

IKAEFPFE 30%3 A AL R IH# I L5 1
KPEEIE , KRR TR (10 mmol-L™' MgCl,
ARG ODgoo M 1) 30 min( LH14 ), I MgCl,
VS MR R -1 S AN RO IR AL 3 (CK). B P+
(25 kL) JicE THFRILP 4R b, MA 12mL 0, 15,
100 pmol'L™" As (T ) ¥, 25°CHERFE Sd, W
KRR 2R S fif B T
1.5 K& L

H5 LS4 A 3.5 kg s gemg M+, A
EBEFRMEEREKZR 2em, BHEH 15dJ5HIK
MR B G, A 6 tho W EKRIRIA JoH:
FhAL 3 A0 B, 4300 M 10 mL £33 F 7K (CK).,

10 mL ODgo 1.0 F¥K (LH14 ) FMEXE 4 RIFEIKIE
B — JE1 48 10 mL ODggo 1.0 I (LH14R ), %4~
b3 4 AES ., TEKREAEKRY 0L 8. 14, 20 f126d
FH 3L B K BRURE 2% 375 422 025 300 A O AR B - 980
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EMIEE . 15 8 KA 26 K, #/KREHE N h
B, R LK spyeK REAR, SREMRE 0~2 mm
B RS, WA 30 min J5-80CIRAE, Fiil
HUDNA, 26 d 5l B A Ak 3 b i K Rk s
1.6 *HEE PCRF16S rRNA EESEENF
Fl QlAamp PowerFecal Pro DNA Kit 37 & %}
18 A~ 1R 1T DNA #2150, %% /5 A Nanodrop il
FEWRBEFNZERE , IFFH 1 %S N RE I v UK A 7 BT 48
16S rRNA Fll arsM F& [H 4 %} %€ B 1Y PCR V1R R K
10 uL, 245 TB Green Premix Ex Taq 11 5 uL. 'F
E51¥4% 0.4 pL (10 pmol-L™' ), DNA ##k 1 pL.
ddH20 3.6 uL . fr H 591 ¥ S515F/806R I
arsMF1/arsMR2 Fl qPCR 4" #4254 L3 1. H pUC19
5T % A A A A7 35 R A S bR o £ (107~ 10°
copiessuL™ ). ffi i CFX 384 Real-Time PCR
Detection System ( Bio-Rad Laboratories, USA ) i
T8, GAFER =AES, PSR aRE T
STHR, RNCRA 90%~100%, HRiEFRE (R*) >
0.99, I #3K F1 barcode (9514 515F/806R X} 16S
tRNA V4 #7931, @PE5 M Hlumina MiSeq
PE300 Ml {47 30 7 o

F1 LHRAER PCRIIMFIIRREFZHE

Table 1 Details of primer pairs and thermal cycling parameters for gPCR

H 3 519 519575 K R
Target gene Primer Primer sequence Length/bp Amplification condition
16S rRNA 515F GTGCCAGCMGCCGCGGTAA ~300 95 CHAEYE 15min; 94°C 155, 55°C 30,
806R GGACTACHVGGGTWTCTAAT 72°C 30s, 43 MEH; 72°C 7 min
arsM arsMF1 TCYCTCGGCTGCGGCAAYCCVAC ~350 95 CHIAEHE 10 min; 95°C 30s, 60°C 45,
arsMR2 CGWCCGCCWGGCTTWAGYACCCG 72 C 1 min, 39 PME¥F; 72°C 10 min

1.7 BESTESIT

e R A B REA R D 131 343 5778
&, FIRFA St P, RIUREIETRE
FZE=0g, 4 BY amplicon sequence variant ( ASV ) 4
fIEF . 18 MEEAILTRTG 13 352 4~ ASV, ffi ] SILVA

v132 Bl EX; ASV SEATYIRNERE . O Mot Ak B
AR 22 5, XPREACE T PR AR R == B A T
Z-score J1—A4k, B Z-score = (x-u) /o, H x. u
F1 o 53900 R FRAS P Fp AR = BEAE . I (ERIbRAE 2
AR AR MY T (pMEN ) 43 AT &4
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LB ASV KBS B 45 P, A T8 K 1y
M5 Bacillus &AL P Fp 3L HH B 2%, SR J5
Gephi AT AT ¥4k . FIH SPSS 26 #fFit171 77
22530, A AL PR 22 S A

2 4 R

2.1 Bacillus sp. LH14 BREE{L R Fnmb 14

itk LH14 76 12 pmol' L™ As (1T ) $355trpis
7234 h N, HEEREERRI g, FEIEER
TMAsO F1 DMAs, Afutli MMAs ([l 1a). 34h )5,

a)

(17353
As concentration/(umol-L™")

Ore . : .- : . . .
0 5 10 15 20 25 30 35
FEFENFE] Time/h

A1

TMAsO il DMAs #4333k 2.6 A1 0.6 pmol-L ™, F1 3
AR 26.1%, KiFRIE TS gl &k A H 2EAT TMAS
(I ) SAy=H, WePE A 3.5 umol-L ™', i B 28.8%.
Bt As (M) WeBE R 3.7 pmol L™, 47 As
(V) AR (2.0 umol- L™ ), 6 Bacillus sp. LH14 HA
R SALRE ST, ¥ As (T ) EBHEACHEEFA TMASO
I TMASs (1) 54K Btk LH14 ShfiiEscsb s B,
M AEFEXF LH14 A K= AEMEEN, £ 5~
100 umol-L ™" As ( T ) ¥ 5 315 1Bl A 7 i AR 400
FIBFRIE K , 40 h J5A AL ODgoo fHAH Eb25 FIXT
AT (K 1b ).

b)

—=— 0 umol-L™" As(TlN)
—e— 5 pumol-L™" As(1ll
—a— 10 pmol-L™" As(1Il)
—v— 50 umol-L™" As(1Il)
—— 100 pmol-L™" As(1l)
—4—200 pmol-L™" As(Ill)
—— 500 umol-L™" As(1l)

0.4+

OD(»()()

0.2

0.0 . . . . . . . . .
0 5 10 15 20 25 30 35 40 45
S0 E] Time/h

bk LHI4 765 12 pmol' L' As (1) 5373 ER 3R 34 h WATREEBIEE (a) SRR As (T ¥REEF LHI4 &

Kk (b)

Fig. 1

As speciation in LB medium inoculated with Bacillus sp. LH14 under 12 pmol-L™' As (Il ) (a), growth curves ( ODgqy ) of Bacillus sp.

LH14 under different As ( Ill ) concentrations (b )

22 WHERBEARZKAEN

Ik LH14 455558 Hh—1> arsM [RIRBEA
% arsM BRI T As( L )ZS5 AU SR BB 8 arsR
TUE, TEFE arsR K290 6 kb WyEIBEH LS 7
A, Hd G4 i N i B R IR ) arsC L s AR
W SRV arsD FITRZE ATP B3R arsd . arsM
FEF XN AP A & 264 MEIERR, 5 HAL
I ArsM & H P81 — B Bacillus
cereus (70.8% ). Bacillus thuringiensis ( 70.8% ).
Bacillus caldolyticus ( 62.6% ). Bacillus sp.CX-1
(31.6% ) Fl Bacillus pseudomycoides ( 33.3% ). ArsM
EHIPIIRG L BRI, Wbk LH14 1) arsM FE
Y Bacillus cereus 1 Bacillus thuringiensis W) i1k 56
FE ML (E2),

100 [Bacillus cereus
99

Bacillus thuringiensis

100

Bacillus sp. LH14

Bacillus caldolyticus

Streptomyces sp. GSRB54

Arsenicibacter rosenii SM-1

Pseudomonas alcaligenes NBRC14159

Bacillus pseudomycoides
100 | Bacillus licheniformis
| Baciltus sp. CX-1

54 Bacillus smithii

63 | Bacillus amyloliquefaciens
1001

Bacillus subtilis

A
0.1

&2 FEF AsM HE TR Neighbor-Joining REEK R
Fig. 2 Phylogenetic tree of deduced amino acid sequences of ArsM

retrieved from Bacillus sp. LH14 and reference protein sequences of
ArsM retrieved from GenBank
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2.3 FhAME T E R LH14 B TAA P23 7k 75

FHE G

fE AR R IA R MR LH14 7ET A AL BT 3
A TAA WAES, W 2 i, EEAER (1AA &
BCHTRY) MFAE T TAA P i T A RN PE
As (M) 777E @& T IAA =4, 78 5 pmol-L™
A1 12 pmol-L ™" As ( ) 544 F 43 MIFRAR T 24 54%7F11
89%. TEAIAIBIHR BE T, 4580 LH14 J5 B Fh 7 A 2%
N 60%~88%, fo T IR AL (38%~76% ).
R TO AT 34 B8 B B K R 2K ORTAR
K, X 2ERUAR (Y fef F R T I A R 2R 1R
100 pmol- L™ As (I ) #eEEFAH L ToHE b Ab 3, 432
Pl 25 AAR K43 340 34.7%F1 232% ([ 3a I
3d), ZFEEFFIE 28.7%m T HAA AU (& 3b
I 3c), AREEEE AT 500 165%F 275%
( [l 3¢ FA 3f), ik 245 /LW ik LH14 A B T2
fife K RER G, PR UERE R K
2.4 BE#k LH14 3855 T8k B £ KFRER

e 712 785 B 5 M)

15+ 5 AR AB IR R K FEAR PR PR FP (LH14 )

£2 0. 55 12pmol-L' As (11D RETE# LHI4
I IAA FE 8
Table 2 IAA production of LH14 at 0, 5and 12 pmol-L™' As (IIDD
concentrations
TAA 7= TAA production / (mg-L™")
Qb3
0 umol'L'As  5pumol-L'As 12 umol-L' As
Treatment
(1) (1) (1)
~Trp 2.40+0.14aA 0.97+0.08bB 0.26+0.03cA
+Trp 2.94+0.17aA 1.54+0.32bA  0.32£0.001cA

s ANE/NE FREFRR R R E A 2R B2, Rl
N %ﬂ%&rﬁﬂﬁﬂﬂ@amﬁfﬂf#i}% (P < 0.05), Note:

Different lowercase or uppercase letter means significant
differences ( P < 0.05 ) with different As treatments or with
tryptophan treatments.

MZ R HEF (LH14R ) Kb #3458 3558 i 1 /K Rk v
34 38.3% M 45.6% (&l 4a), Wonih LH14 Xt
fifiy5 e L HE KRR AR K AR EVE R . 7 26 d 553710
WK R PR L EEw T As () WREZA R
350 pg-L ' CK Ab B AR B B LAl v B Ry 9.5~
11.6 pg'L™", LH14 F1 LH14R b3 8 d J5 FP Lk fir
SR ZE 347 F32.4 ng L', 25 2.6 f5H1 2.5 1%,

E

Y e °’
[ JLHI4 2 o5t
5 ¢} 2 o gl2r
= ok _g 20 %
%ﬁ Hk ﬂ'-'ﬂ"’“g * %g P
= 4t ok & g 15 = °f
g K3 bl B .
<= (5] #t?u
7! z 10} b
¥l = 2 4
= a
0 0 0
0 15 100 15 100 0 15 100
d 8; e 6 ) 4

wn
T

Fi4Root length/cm
N -b
HR TR
Fresh weigth of root/mg
—_ N W A

R

W&
Dry weigth of root/mg
[\S)

;ﬂ:m

0 100 0
fifi e i Arsemc concentratlon/(umol L)

#F: *P<0.05, **P<0.01, ***P<0.001, note:

K3 fEo,

Fig.3 The growth of rice seedling inoculated with or without LH14 responding to 0,

ﬁfﬁ{& J# Arsenic concentration/(umol-L")

* means P < 0.05,

15 100 100
e B Arsemc concentratlon/(pmol L

** means P <0.01, *** means P <0.001.

15 1 100 pmol-L ™" As ( 1) ¥ A Joiefh LH14 F20m R /KR4 A4 K

15 and 100 pmol-L™" As ( T ), respectively
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A FE A (K 4b). % 8 KJ5, LHI4
Ab S AR B B SRR BE AT BT R B, I LH14R Ab 4
HHBE O s 2 R FF I i VR BE , TESR RIS LH14 Al
LHI14R kb B A4 F LR 4 CK 439 55 1.6 1571 3.8 1% .

150

50 -
120 - NN L
\ °:£
£ =
2 =]
= 90k 2
- AR T]
E : £
~ L T e S
w60 b k I E o
® ) 5
I g
30k £z
(5]
>

0

CK LH14 LH14R

Qb ¥ Treatment

DA LS5 RR W] LH14 A B TR 75 Qe 260 B KA 2R
K, AR RER P 2w As () 9 |
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the strain LH14
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Fig. 5

16S rRNA gene copies number (a ) and arsM gene copies number (b ) in rice rhizosphere soil on days 8 and 26,

composition of bacterial communities at the order level (¢ ), and heat map of the top 20 abundant genera at the family level (d )

on the day 26 in soil treated with or without the strain LH14
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