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Arsenfite oxfidatfion reguflator AfioR 
reguflates bacterfiafl chemotaxfis 
towards arsenfite fin Agrobacterfium 
tumeffacfiens GW4
Kafixfiang Shfi1, Xfia Fan1, Zfixu Qfiao1, Yushan Han1, Tfimothy R. McDermott2, Qfian Wang1,2 & 
Gejfiao Wang1

Some arsenfite [As(III)]-oxfidfizfing bacterfia exhfibfit posfitfive chemotaxfis towards As(III), however, the 
reflated As(III) chemoreceptor and reguflatory mechanfism remafin unknown. The As(III)-oxfidfizfing 
bacterfium Agrobacterfium tumeffacfiens GW4 dfispflays posfitfive chemotaxfis towards 0.5–2 mM As(III). 
Genomfic anaflyses reveafled a putatfive chemoreceptor-encodfing gene, mcp, flocated fin the arsenfic 
gene fisfland and havfing a predficted promoter bfindfing sfite ffor the As(III) oxfidatfion reguflator AfioR. 
Expressfion off mcp and other chemotaxfis reflated genes (cheA, cheY2 and flfiG) was finducfibfle by As(III), 
but not fin the afioR mutant. Usfing capfiflflary assays and fintrfinsfic tryptophan fluorescence spectra 
anaflysfis, Mcp was confirmed to be responsfibfle ffor chemotaxfis towards As(III) and to bfind As(III) (but 
not As(V) nor phosphate) as part off the sensfing mechanfism. A bacterfiafl one-hybrfid system technfique 
and eflectrophoretfic mobfiflfity shfifft assays showed that AfioR finteracts wfith the mcp reguflatory regfion 
fin vfivo and fin vfitro, and the precfise AfioR bfindfing sfite was confirmed usfing DNase I ffoot-prfintfing. Taken 
together, these resuflts findficate that thfis Mcp fis responsfibfle ffor the chemotactfic response towards As(III) 
and fis reguflated by AfioR. Addfitfionaflfly, dfisruptfing the mcp gene affected bacterfiafl As(III) oxfidatfion and 
growth, finfferrfing that Mcp may exert some sort off ffunctfionafl connectfion between As(III) oxfidatfion and 
As(III) chemotaxfis.

Arsenfic (As) fis wfidespread fin the envfironment and can exfist fin severafl dfifferent oxfidatfion states and specfies1. Te 
most common arsenfic compounds reflevant to human heaflth are arsenfite [As(III)] and arsenate [As(V)]2. Arsenfic 
fin the envfironment typficaflfly resuflts ffrom efither naturafl geoflogfic sources or anthropogenfic actfivfitfies (e.g., arsenfi-
cafl pestficfides, ffossfifl ffuefls combustfion, mfinfing actfivfitfies). Arsenfic contamfinated drfinkfing water has become a bfig 
enveronmentafl probflem fin many regfions off the worfld, fincfludfing Bangfladesh, Indfia, Chfina and US2–4.
Mficroorganfisms contrfibute to As bfiogeochemficafl cycflfing, cataflyzfing As(III) oxfidatfion, As(V) reductfion and 

As(III) methyflatfion, whfich are the promfinent reactfions finffuencfing As specfiatfion and fin turn strongfly affect 
As mobfiflfity and toxficfity5–7. In most As(III)-oxfidfizfing bacterfia, the expressfion off As(III) oxfidase genes afioBA fis 
reguflated by a three-component sfignafl transductfion system fincfludfing the perfipflasmfic As(III)-bfindfing protefin 
AfioX, the sensor kfinase AfioS and fits cognate response reguflator AfioR8,9. In addfitfion, the consensus DNA bfindfing 
sequence GTTN(10) AAC has been documented ffor AfioR10,11. In some cases, mficrobfiafl As(III) oxfidatfion fis not 
onfly a strategy ffor detoxfiffcatfion but aflso a metaboflfic reactfion to generate energy12,13. Te chemoautotrophfic 
As(III) oxfidfizer NT-26, and the heterotrophfic As(III) oxfidfizers Hydrogenophaga sp. str. NT-14 and Agrobacterfium 
tumeffacfiens GW4 have aflfl been shown to obtafin energy ffrom As(III) oxfidatfion14,15.
Mficroorganfisms have evoflved numerous abfiflfitfies to respond and adapt to nutrfient scarcfity and envfironmentafl 

toxfins16. Chemotaxfis enabfles mficroorganfisms to mfigrate towards attractants or away ffrom repeflflents17. Generaflfly, 
the reguflatfion off bacterfiafl chemotaxfis finvoflves a receptor refferred to as the methyfl-acceptfing chemotaxfis protefin 
Mcp, a hfistfidfine kfinase CheA, and response reguflator CheY18. A number off Mcp protefins have been character-
fized ffor sensfing dfifferent flfigands, and as such are crfitficafl eflements off the dfifferent chemotaxfis responses. Mcp 
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protefins sense moflecufles that eflficfit the chemotaxfis response by targetfing specfiffc flfigands or sfignafl moflecufles and 
controfl auto-phosphoryflatfion off CheA, whfich then cataflyzes the transffer off the phosphoryfl group to a conserved 
aspartate off CheY19. Te resufltfing CheY-Pfi finteracts wfith a ffageflflar motor mechanfism, whfich causes a change fin 
bacterfiafl behavfior, such as dfirectfion or speed off ffageflfla rotatfion19.
Two As(III)-oxfidfizfing bacterfia, Hermfinfifimonas arsenficoxydans ULPAs1 and Rhfizobfium sp. NT-26, have been 

shown to exhfibfit chemotaxfis towards As(III)10,20. Te average swfimmfing speed off H. arsenficoxydans ULPAs1 
fincreases 2-ffofld fin the presence off 2 mM As(III)20. Te ffageflflfin FflfiC, hook-assocfiated protefin FflfiD, ffageflflar 
assembfly protefin FflfiH and ffageflflar hook protefin FflgE are aflfl up-reguflated fin response to As(III) exposure21,22. 
In Rhfizobfium sp. NT-26, mficroarray and proteomfics data showed that the expressfion off the ffageflflum M-rfing 
protefin FflfiF and ffageflflfin protefin FflaA was finduced by the presence off As(III). However, the AfioR bfindfing sfite was 
not predficted fin the reguflatory regfion off chemoreceptor genes fin Rhfizobfium sp. NT-2610. Moreover, the specfiffc 
chemoreceptor ffor As(III) and the reguflatfion mechanfism(s) off chemotaxfis towards As(III) remafin uncflear.
Prevfiousfly, we have shown that the growth off A. tumeffacfiens GW4 was enhanced by As(III) oxfidatfion15. 

Furthermore, FflfiC flevefls were enhanced affer As(III) exposure, and thus we proposed that strafin GW4 may have 
a sfimfiflar As(III) chemotaxfis behavfior to that documented ffor H. arsenficoxydans ULPAs120 and Rhfizobfium sp. 
NT-2610. In thfis study, we show that strafin GW4 findeed exhfibfits posfitfive chemotaxfis towards As(III). We ffound 
that there are 20 candfidate mcp genes fin the A. tumeffacfiens GW4 genome, wfith one off them flocated adjacent to 
afio operon. Further, an AfioR bfindfing sfite upstream off mcp fis shown fin dfifferent experfiments to reguflate bacterfiafl 
chemotaxfis towards As(III), demonstratfing a reguflatory flfinkage spannfing ffrom As(III) sfignafl receptfion by a Mcp 
type receptor to the reguflatfion off As(III) chemotaxfis and As(III)-oxfidatfion.

Resuflts
Genetfic organfizatfion off mcp and the predfictfion off AfioR putatfive bfindfing sfites. Draff genome 
sequencfing off Agrobacterfium tumeffacfiens GW4 (AWGV00000000) reveafled an As(III) oxfidatfion gene fisfland 
contafinfing the codfing genes off the three-component sfignafl transductfion system (afioXSR) and As(III) oxfidase 
enzyme (afioBA) (Ffig. 1)11. Off the 20 candfidate mcp genes ffound fin the A. tumeffacfiens GW4 genome, one fis 
flocated adjacent to the afio operon (Ffig. 1). Usfing 12 afioBA reguflatfion regfion sequences, fincfludfing the prevfiousfly 
reported AfioR bfindfing sfite ffor afioBA fin the As(III)-oxfidfizfing strafins H. arsenficoxydans ULPAs1 and Rhfizobfium 
sp. NT-2610,20, a putatfive AfioR bfindfing motfiff GT[TC][AC][CG][GCT][AG][AG]A[ACT][CGA][GCT][GTA]
AAC was predficted and empfloyed to fidentfiffy AfioR bfindfing motfiffs ffor both the afioBA and mcp reguflatory 
regfions fin GW4 (Ffig. 1)11. Tough there are no mcp genes flocated adjacent to the arsenfic fisfland fin the genomes off  
H. arsenficoxydans ULPAs1 (CU207211) and Rhfizobfium sp. NT-26 (FO082820), the AfioR putatfive bfindfing sfite 
was ffound fin the reguflatory regfions off one off the mcp genes fin each genome off these bacterfia (Ffig. 1). Tus, occur-
rence and posfitfion off an AfioR bfindfing sfite reflatfive to a mcp gene and assocfiatfion off the mcp gene wfith adjacent 
afio genes were observatfions consfistent wfith thfis mcp encodfing a specfiffc chemoreceptor that fis at fleast somehow 
finvoflved wfith As(III) based reguflatfion off chemotaxfis.

Bacterfiafl chemotaxfis towards As(III) fin A. tumeffacfiens. To finvestfigate As(III) chemotaxfis fin GW4, 
the ffoflflowfing genotypes were constructed: afioR defletfion strafin, GW4-∆ afioR; mcp defletfion strafin GW4-∆ mcp and 
thefir reflevant compflemented mutant strafins, GW4-∆ afioR-C and GW4-∆ mcp-C. Te successffufl mutatfion and 
compflementatfion were conffrmed by dfiagnostfic PCR (Ffig. S1) and DNA sequencfing (data not shown).
Washed As(III) finduced ceflfls were used to test the As(III) chemotactfic phenotypes empfloyfing the capfiflflary 

assay. Te A. tumeffacfiens strafins aflfl showed a neutrafl response to Trfis-HCfl and a sfignfiffcant posfitfive response to 

Ffigure 1. mcp gene fin genome sequences off A. tumeffacfiens GW4 (AWGV00000000), H. arsenficoxydans 
ULPAs1 (CU207211) and Rhfizobfium sp. NT-26 (FO082820). Te GI number off the mcp gene fin GW4, 
ULPAs1 or NT-26 are 391324260, 500198911 and 918933804, respectfivefly. Te flocatfions off trfiangfles are the 
AfioR putatfive bfindfing sfites. Te dashed boxes approxfimate promoter regfions that were PCR-cfloned finto pLSP-
KT2flacZ ffor constructfion off β –gaflactosfidase reporter ffusfions.
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1 mM gflucose (posfitfive controfl) (p <  0.01), findficatfing that the floss off afioR or mcp dfid not finterrupt the bacte-
rfiafl chemotactfic system ffor certafin carbon sources (Ffig. 2). Chemotaxfis experfiments showed posfitfive responses 
towards As(III) (0.5 mM up to 2 mM, data not shown). As shown fin Ffig. 2, the wfifld-type strafin GW4 showed a 
sfignfiffcant posfitfive response to 1 mM As(III) (p <  0.01), but the mutant strafins GW4-∆ afioR and GW4-∆ mcp dfid 
not (p >  0.5). Te compflemented strafins GW4-∆ afioR-C and GW4-∆ mcp-C recovered the abfiflfity to respond to 
As(III) (p <  0.01) (Ffig. 2). Te resuflts findficate that strafin GW4 possesses the chemotaxfis machfinery needed to 
mount a posfitfive As(III) chemotaxfis response, and that both afioR and mcp genes are requfired. Aflso, defletfion off 
afioA aboflfished As(III) chemotaxfis (Ffig. 2), findficatfing that As(III) chemotaxfis requfires As(III) oxfidatfion. Ffinaflfly, 
aflfl off A. tumeffacfiens strafins showed a sfimfiflar fincrease fin response to 1 mM As(V) (p <  0.01, Ffig. 2), findficatfing that 
As(V) was aflso an attractant but findependent off afioA, afioR and mcp, as was aflso observed ffor gflucose (Ffig. 2).
To reveafl how Mcp ffunctfions fin A. tumeffacfiens GW4 chemotaxfis towards As(III), the sensfing domafin off Mcp 

was purfiffed (Ffig. S2) and empfloyed fin tryptophan-based fintrfinsfic ffuorescence assays to examfine fits affnfity 
ffor As(III), phosphate (Pfi) or As(V) (Ffig. 3). Te ffour tryptophan resfidues (W44, W166, W254 and W308) fin Mcp 
fimpflfied the protefin woufld be a good candfidate ffor thfis assay. Wfith fincrementafl fincreases off As(III), Pfi or As(V), 
ffuorescence quenchfing was specfiffcaflfly ffound wfith As(III), but not As(V) (Ffig. 3) nor Pfi (data not shown). Te 
KD vaflue wfith As(III) was 11.01 ±  3.02 µ M (Ffig. 3). Tfis data fis consfistent wfith the capfiflflary assay resuflts and the 
mutant work, fimpflyfing that the Mcp protefin (proxfimafl to the afio operon) fis an As(III) chemoreceptor, and par-
tficfipates fin As(III) chemotaxfis fin A. tumeffacfiens GW4.

As(III) chemotaxfis and As(III) oxfidatfion. To ffurther study the flfink between As(III) oxfidatfion and As(III) 
chemotaxfis, growth and As(III) oxfidatfion were tested fin MMNH4 wfith or wfithout the addfitfion off 1 mM As(III) 
(Ffig. 4). Consfistent wfith the prevfious resuflts15, addfitfion off As(III) resuflted fin sfignfiffcantfly enhanced growth ffor 
GW4 (Ffig. 4A), findficatfing As(III) oxfidatfion fin thfis strafin yfieflded energy ffor growth15. Consfistent wfith the resuflts 
we prevfiousfly reported wfith the afioA mutant15, mutant strafin GW4-∆ afioR ffafifled to demonstrate fincreased growth 
and fits As(III) oxfidatfion phenotype was dfisrupted (Ffig. 4B and G). As(III) oxfidatfion effcfiency fin strafin GW4-∆ 
mcp was decreased by roughfly 50% (Ffig. 4I), apparentfly flfinked wfith flack off enhanced growth as seen fin the wfifld 
type (compare Ffig. 4A and D). As expected fiff these mutatfions were dfirectfly assocfiated wfith the afltered growth 

Ffigure 2. Quantfiffcatfion off the chemotactfic response towards 1 mM As(III), 1 mM As(V) or 1 mM gflucose 
off A. tumeffacfiens strafins. Data were obtafined ffrom quantfitatfive capfiflflary assays. Trfis-HCfl (pH =  7.0) was used 
as a negatfive controfl. Resuflts represent the means ffrom at fleast three findependent experfiments and the error 
bars findficate standard errors. Stars represent statfistficafl sfignfiffcance (**p <  0.01).

Ffigure 3. Interactfion off Mcp wfith As(III) and As(V) as measured by reflatfive fintrfinsfic ffuorescence. Purfiffed Mcp 
(1.0 µ M) was fincubated wfith As(III) or As(V) (0, 5, 10, 15, 20 and 25 µ M) ffor 1 h beffore testfing. (A) Ffluorescence 
quenchfing observed when Mcp was fincubated wfith fincrementafl fincreases off As(III). (B) Ffluorescence quenchfing 
observed when Mcp was fincubated wfith fincrementafl fincreases off As(V). Ffluorescence change at 330 nm was 
anaflyzed by GraphPad Prfism 5, and KD vaflue was caflcuflated to be 11.01 ±  3.02 µ M.
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phenotype, provfidfing afioR or mcp fin trans (strafin GW4-∆ afioR-C or strafin GW4-∆ mcp-C) recovered the mutant 
phenotype back to wfifld-type GW4 status wfith respect to growth response to added As(III) (Ffig. 4C,H,E and J).  
Moreover, As(III) resfistance was reduced fin the GW4-∆ mcp mutant but recovered fin the compflemented strafin 
(Ffig. S3). Taken together, these resuflts estabflfish a ffrm flfinkage among As(III) chemotaxfis, As(III) oxfidatfion, 
As(III) resfistance and growth.

Expressfion off afioA, mcp and other chemotactfic reflated genes. To ffurther finvestfigate the reflatfion-
shfip between AfioR and As(III) chemotaxfis, flacZ reporter gene assays were perfformed. As expected, afioBA::flacZ 
expressfion was sfignfiffcantfly finduced by As(III) fin the wfifld-type GW4 but not fin GW4-∆ afioR (Ffig. 5A), and thus 
consfistent wfith the nuflfl As(III) oxfidatfion phenotype off thfis mutant (Ffig. 4G). Furthermore, afioBA::flacZ finductfion 
was sfignfiffcantfly attenuated fin strafin GW4-∆ mcp (p <  0.01; Ffig. 5A), whfich fis aflso consfistent wfith the decreased 

Ffigure 4. Importance off afioR and mcp on bacterfiafl growth and As(III) oxfidatfion effcfiency fin  
A. tumeffacfiens GW4. (A–E) Growth curves off strafins GW4, GW4-∆ afioR, GW4-∆ afioR-C, GW4-∆ mcp and 
GW4-∆ mcp-C fin MMNH4 medfium wfith or wfithout the addfitfion off 1 mM As(III). (F–J) As(III) oxfidatfion off the 
same strafins. Data symbofls shown fin (A) are the same ffor (B–E). Data are shown as the mean off three repflficates, 
wfith the error bars fiflflustratfing one standard devfiatfion.
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As(III) oxfidatfion effcfiency fin GW4-∆ mcp mutant (Ffig. 4I). Expressfion off mcp::flacZ was sfignfiffcantfly upreguflated 
by As(III) fin the wfifld-type strafin GW4, however fit ffafifled to finduce fin strafin GW4-∆ afioR (Ffig. 5B). Te above 
resuflts findficated that AfioR reguflates the expressfion off afioBA and mcp, and dfisruptfion off mcp appears to finffuence 
afioBA expressfion.
Gfiven the apparent finffuence off AfioR on mcp expressfion, addfitfionafl experfiments usfing quantfitatfive reverse 

transcrfiptase (qRT)-PCR were perfformed to assess the effect off As(III) on the expressfion off other chemotaxfis 
reflated genes, namefly cheA, cheY2 or fffiG. Tese genes were aflfl finduced by As(III) fin strafin GW4, but the tran-
scrfiptfion flevefls were sfignfiffcantfly decreased fin mutant strafins GW4-∆ afioR and GW4-∆ mcp, and recovered fin 
the compflemented strafins GW4-∆ afioR-C and GW4-∆ mcp-C (Ffig. 5C). Te resuflts are consfistent wfith the nuflfl 
As(III) chemotaxfis phenotypes fin strafins GW4-∆ afioR and GW4-∆ mcp (Ffig. 2), agafin fimpflficatfing AfioR and Mcp 
controfl As(III) chemotaxfis fin A. tumeffacfiens GW4.

AfioR reguflatfion off As(III) chemotaxfis. Bacterfiafl one-hybrfid assays were then perfformed to examfine the 
finteractfion between AfioR and the mcp promoter regfion23. Te reguflatory sequence off mcp contafinfing a putatfive 
AfioR bfindfing sfite was cfloned finto the reporter vector pBXcmT, whfifle the AfioR codfing regfion was fintroduced finto 
the pTRG vector. Detectfion off protefin-DNA finteractfions fis based on transcrfiptfionafl actfivatfion off the Hfis reporter 
gene, whfich aflflows growth fin the presence off 3-amfino-1,2,4-trfiazofle (3-AT), a competfitfive finhfibfitor off the Hfis3 
enzyme23. Posfitfives are verfiffed by usfing the gene whfich conffers streptomycfin resfistance as a secondary reporter23. 
Both constructs were then transfferred finto reporter strafin E. coflfi XL1-Bflue MRF’ Kan (Stratagene). Te reporter 
strafin contafinfing pBX-Pmcp and pTRG-AfioR dfispflayed sfimfiflar growth as the posfitfive controfl (pBX-Mt2013p/
pTRG-Rv3133c) on the screenfing pflate contafinfing 3-AT and Str, whereas the negatfive controfl coufld not. Tfis 
findficated that AfioR coufld finteract wfith the mcp reguflatory regfion fin vfivo (Ffig. 6A).
AfioR bfindfing abfiflfity was then addressed fin vfitro usfing two dfifferent eflectrophoretfic mobfiflfity shfiff assays 

(EMSA). Te purfiffed Hfis6-tag DNA bfindfing domafin off AfioR (Ffig. S2) was fincubated wfith a 170 bp afioBA regufla-
tory sequence (contafins one AfioR putatfive bfindfing sfite, as posfitfive controfl) or a 259 bp mcp reguflatory sequence. 
Increasfing AfioR fin the bfindfing assay resuflted fin eflectrophoretfic shfiffs off FAM-flabefled afioBA or mcp DNA sub-
strates (Ffig. 6B). Ethfidfium bromfide stafinfing off unflabefled DNA probes aflso fiflflustrated shfiffs (Ffig. 6C). Te unflabe-
fled mcp DNA substrate coufld competfitfivefly finhfibfit AfioR bfindfing wfith the flabefled mcp DNA substrate (Ffig. 6D). 
In addfitfion, AfioR was fincapabfle off bfindfing wfith the mutated mcp reguflatory sequence that flacks the conserved, 
putatfive bfindfing motfiff (Ffig. 6E). Tese resuflts agafin findficated that AfioR coufld finteract wfith the mcp reguflatory 
regfion fin vfitro.
To ffurther conffrm AfioR bfindfing and to precfisefly determfine the AfioR bfindfing sfite, DNase I ffoot-prfintfing 

assays were conducted wfith the fffluorescence (5′ -FAM or 5′ -HEX)  flabefled mcp 259 bp reguflatory regfion. 
The resuflts ffrom eflectropherograms off both strands wfith dfifffferent AfioR concentratfions showed that the 
GTTCGGATTTCCGAAC regfion upstream off mcp was obvfiousfly protected ffrom DNase I dfigestfion (Ffig. 7), 
whfich fis consfistent wfith the reported AfioR bfindfing sfite11. Tus, these experfiments demonstrated AfioR can bfind 

Ffigure 5. Inffuence off As(III) on the expressfion off afioA, mcp and chemotaxfis reflated genes. (A) Expressfion 
off afioBA::flacZ fin strafins GW4, GW4-∆ afioR and GW4-∆ mcp fin MMNH4 medfium wfith or wfithout the addfitfion 
off 1 mM As(III). (B) Expressfion off mcp::flacZ fin strafins GW4, GW4-∆ afioR and GW4-∆ mcp fin MMNH4 
medfium wfith or wfithout the addfitfion off 1 mM As(III). (C) Expressfion off cheA, cheY2 and fffiG genes detected by 
qRT-PCR fin dfifferent strafins fin MMNH4 medfium wfith or wfithout the addfitfion off 1 mM As(III). Data are shown 
as the mean off three repflficates, wfith the error bars fiflflustratfing one standard devfiatfion. Te statfistficafl sfignfiffcance 
fis represented by stars (**p <  0.01).
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the predficted sequence fin the reguflatory regfion off mcp, reguflate the expressfion off mcp, and fis finvoflved fin the 
reguflatfion off chemotaxfis towards As(III) fin A. tumeffacfiens GW4.

Dfiscussfion
To date, As(III) chemotaxfis has been reported fin two As(III)-oxfidfizfing strafins, H. arsenficoxydans ULPAs1 and 
Rhfizobfium sp. NT-2610,20, however the As(III) chemoreceptor and the moflecuflar mechanfism(s) have not yet been 
demonstrated. Te generafl afim off thfis study was to expand upon our understandfing off the As(III) chemotactfic 
response usfing the As(III)-oxfidfizfing strafin A. tumeffacfiens GW4. Herefin, we ffrst provfide evfidence ffrom a varfiety 
off dfifferent approaches and experfiments that are finternaflfly consfistent wfith respect to expflafinfing how and why 
strafin GW4 exhfibfits posfitfive motfiflfity towards As(III).
Off the 20 open readfing fframes annotated as mcp fin the GW4 genome, we ffocused on the putatfive mcp flocated 

adjacent to the afio operon, assumfing fits flocatfion woufld be most promfisfing wfith respect to potentfiafl finvoflvement 
wfith As(III) chemotaxfis as weflfl as there befing a putatfive AfioR bfindfing sfite fin fits promoter regfion (Ffig. 1). Tfis 
assumptfion proved to be reasonabfle because thfis gene: (1) fis essentfiafl to As(III) chemotaxfis (Ffig. 2); (2) encodes 
a protefin that bfinds As(III) (Ffig. 3); (3) encodes a protefin somehow finvoflved wfith transflatfing As(III) oxfidatfion 
effcfiency ffor enhancfing growth (Ffig. 4D); (4) fis reguflated by the As(III) reguflator AfioR (Ffig. 5); and (5) exhfib-
fits bfindfing finteractfion wfith AfioR (Ffigs 6 and 7). Tese propertfies are compfletefly consfistent wfith one another 
and hfighfly reflevant to As(III) chemotaxfis. In partficuflar, reguflatory controfl by AfioR (Ffig. 5) dfirectfly fimpflficates 
that thfis mcp fis part off the As(III) response that flfinks As(III) sensfing, posfitfive As(III) chemotaxfis and As(III) 
stfimuflated-growth (Ffig. 4; Ffig. S3). To our knowfledge, thfis fis the ffrst experfimentafl evfidence specfiffcaflfly fidentfi-
ffyfing an As(III) chemoreceptor dfistfinct ffrom AfioX9 or ArsR24, and that fis flfinked to AfioR fin a reguflatory ffashfion. 

Ffigure 6. Bacterfiafl one-hybrfid and EMSA anaflyses ffor the finteractfion between AfioR and mcp promoter 
DNA. (A) Bacterfiafl one-hybrfid assay. Co-transfformants contafinfing pBX-Mt2031p/pTRG-Rv3133c were 
empfloyed as posfitfive controfls (CK+ ), whfifle co-transfformants contafinfing pBXcmT/pTRG-AfioR was used as 
negatfive controfls (CK− ). Ceflfls off CK+ ,  pBX-Pmcp/pTRG-AfioR, and CK- were grown to OD600 off 1.0 and 2 µ L  
off each was spotted onto Hfis-seflectfive medfium (+ 3AT, + Strr) and LB pflate (− 3AT, − Strr). (B–E) EMSA 
assays. FAM-flabefled afioBA probe (B) and mcp probe (C) both finteracted wfith AfioR protefin. (D) Competfitfion 
experfiments fincfludfing flabefled and unflabefled mcp probe. (E) Mutant FAM-flabefled mcp probe (the mutatfion 
sfites are underflfined) finteractfion wfith AfioR protefin. Te amounts off DNA probes and AfioR were shown fin the 
above tabfle off each panefl.
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In the case off chemotaxfis, however, the Mcp As(III) receptor flevefls fin the ceflfl are ufltfimatefly controflfled by AfioR, 
and so fin a reguflatory context Mcp As(III) sensfing fis a downstream actfivfity rather than the finfitfiafl detectfion com-
ponent that finfitfiates the As(III) response. Evfidence off thfis Mcp actfing as an As(III) chemotaxfis receptor derfives 
ffrom experfiments showfing floss off As(III) chemotaxfis fin the ∆ mcp mutant (Ffig. 2) and shfiffs fin Mcp tryptophan 
ffuorescence finfferrfing As(III) bfindfing, but not As(V) nor Pfi (Ffig. 3). Tese flfigand bfindfing propertfies are sfimfi-
flar to AfioX9. A posfitfive As(V) chemotaxfis response fin aflfl genotypes tested (Ffig. 2) fimpflfies a dfifferent system fis 
finvoflved ffor sensfing As(V). Other key protefins finvoflved fin a chemotaxfis response are the CheAY sfignafl trans-
ductfion components as weflfl as the synthesfis off the ffageflflum protefins16. Importantfly, reguflatory controfl off these 
eflements aflso finvoflved AfioR, Mcp and As(III) (Ffig. 5), provfidfing yet addfitfionafl evfidence off a coordfinated As(III) 
oxfidatfion and chemotaxfis response.
Befing a toxfic metaflflofid eflement, As(III) fis reasonabfly consfidered as a repeflflent to most mficroorganfisms25,26. 

However, fits rofle as an attractant to As(III)-oxfidfizfing bacterfia such as H. arsenficoxydans ULPAs120, Rhfizobfium 
sp. NT-2610 and now A. tumeffacfiens GW415 (Ffig. 2) fis flfikefly not cofincfidentafl because aflfl off these mficroorganfisms 
sharfing a common trafit off befing abfle to use As(III) as an energy source12,15,20. Te flfink between As(III) oxfidatfion, 
energy generatfion, and chemotaxfis fis cflear; fi.e., dfisruptfion off afioR, afioA15 or mcp eflfimfinates As(III) oxfidatfion and 
the accompanyfing enhanced growth (Ffig. 4), and negatfivefly fimpacts As(III) chemotaxfis (Ffig. 2). Sfimfiflar resuflts 
were reported ffor H. arsenficoxydans ULPAs1 and Rhfizobfium sp. NT-2610,20. It fis reasonabfle to concflude that 
As(III) oxfidatfion generates energy ffor the chemotaxfis response to As(III) and ffor ffageflflum rotatfion10, and thus a 
ffunctfionafl connectfion between As(III) oxfidatfion and As(III) chemotaxfis fis not necessarfifly surprfisfing.
One off the more novefl observatfions derfived ffrom these studfies concerns the apparent ffunctfionafl reflatfionshfip 

between Mcp, As(III) oxfidatfion and growth. Te As(III) oxfidatfion effcfiency off the GW4-∆ mcp was sfignfiffcantfly 

Ffigure 7. DNase I ffoot-prfintfing assays ffor the mcp flocfi. Eflectropherogram-based vfisuaflfizatfion ffor protectfion 
pattern off mcp promoter affer dfigestfion wfith DNase I ffoflflowfing fincubatfion wfith (fin the bottom, 10 pmofl) or 
wfithout (on the top, 0 pmofl) AfioR protefin. Te ffuorescence sfignafl off the flabefled DNA ffragments (FAM-flabefled 
sense strand and HEX-flabefled antfisense strand) fis pflotted agafinst the sequence flength off the ffragment. Te 
DNase I ffoot-prfintfing anaflysfis data off both strands are showed beflow and the protected regfion fis fframed.
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attenuated, compared wfith the wfifld type (Ffigs 4F vs 4I). Furthermore, the afioBA finductfion profffle fin GW4-∆ mcp 
was remarkabfly perturbed (Ffig. 5A) and findeed As(III)-enhanced growth was absent (Ffig. 4D). Aflfl phenotypes 
were restored to wfifld type fin the compflemented strafin GW4-∆ mcp-C (Ffig. 4E). Taken together, aflfl these obser-
vatfions findficate a cflear ffunctfionafl connectfion between As(III) oxfidatfion, As(III) chemotaxfis and the As(III) 
stfimuflated-growth. Mcp finvoflvement fin As(III) stfimuflated-growth fis reasonabfly tfied to the acqufisfitfion off As(III) 
and the energy produced by As(III) oxfidatfion. Impafirfing As(III) oxfidatfion by roughfly 50% resuflted fin floss off 
As(III) enhanced growth. We aflso note here that strafin GW4 aflso exhfibfits posfitfive chemotaxfis towards Sb(III) 
(data not shown), findficatfing a ffunctfionafl reflatfionshfip between Mcp and Sb(III) oxfidatfion, or the finabfiflfity off Mcp 
to dfifferentfiate between As(III) and Sb(III).
Whfifle bacterfiafl chemotaxfis per se fis findeed a weflfl-documented and characterfized concept, fit has aflways been 

studfied fin the context off compounds expected to be efither off nutrfitfionafl vaflue (posfitfive chemotaxfis) or a poten-
tfiafl toxfin (negatfive chemotaxfis). Tfis study breaks ffrom thfis tradfitfion by fiflflustratfing posfitfive chemotaxfis to a 
known toxfic moflecufle, As(III). Our study aflso provfides a cflear flogficafl moflecuflar bflueprfint ffor why and how thfis 
occurs. Specfiffcaflfly, posfitfive chemotaxfis to As(III) fis governed by the same reguflatory cfircufitry that controfls the 
expressfion off genes essentfiafl ffor As(III) oxfidatfion, a process that generates energy ffor thfis bacterfium. So, our data 
documents how some mficroorganfisms devfiate ffrom the norms estabflfished fin textbooks.
At a second flevefl, even though As(III) chemotaxfis has been reported fin the As(III)-oxfidfizfing strafins, H. arsenficoxydans  

ULPAs1 and Rhfizobfium sp. NT-26, a reguflatory mechanfism was flackfing. Te current study now provfides a very 
cflear understandfing off the As(III) sensfing mechanfism finvoflved, and strengthens the flfiteratures by fiflflustratfing a 
ffunctfion ffor one off the many dfifferent open readfing fframes that are annotated as mcp fin bacterfiafl genomes but 
remafin uncharacterfized wfith respect to encoded ffunctfion. Te specfiffc As(III) sensfing and bfindfing Mcp protefin 
fis now known (we fidentfiffed three mcp genes fin strafins ULPAs1, NT-26 and GW4, see Ffig. 1). Te finvoflvement 
off AfioR fis flogficafl. Tfis protefin fis weflfl known to reguflate As(III) oxfidatfion vfia posfitfive controfl off the As(III) oxfi-
dase genes, but fis now shown that fits reguflatory profffle fincfludes As(III) chemotaxfis. Off partficuflar noveflty fis the 
unexpected observatfion that thfis Mcp exerts some type off posfitfive and essentfiafl ffeedback reguflatory actfivfity on 
As(III) oxfidatfion.

Summary. Tfis study extends our knowfledge off how As(III) chemotaxfis fis part off the bacterfiafl physfioflogficafl 
response to As(III). Te mcp gene adjacent to the afio operon fis essentfiafl ffor thfis process, fit fis posfitfivefly reguflated 
by AfioR and encodes a protefin that bfinds As(III) that fin turn finfitfiates the As(III) chemotaxfis response. Tfis ena-
bfles the ceflfls to swfim towards As(III), whfich fis then used as an energy source ffor enhanced growth. Defletfion off 
mcp attenuated As(III) oxfidatfion effcfiency and eflfimfinated As(III)-enhanced growth.

Methods
Strafin and cuflture condfitfion. Bacterfiafl strafins and pflasmfids used are flfisted fin Tabfle S1. A. tumeffacfiens 
GW4 was grown at 28 °C fin a deffned mfinfimafl mannfitofl medfium MMNH4

27 contafinfing 55 mM mannfitofl as 
the prfimary carbon source and modfiffed to contafin 0.1 mM phosphate. As noted, 1.0 mM NaAsO2 [As(III)] was 
added to the medfium. Escherfichfia coflfi strafins were grown fin flysogeny broth (LB) (peptone, 10 g L−1; yeast extract, 
5 g L−1; NaCfl, 10 g L−1) at 37 °C. When requfired, 50 µ g mL−1 off kanamycfin (Kan), 50 µ g mL−1 off gentamficfin (Gen), 
5 µ g mL−1 off tetracycflfine (Tet), 50 µ g mL−1 chfloramphenficofl off (Cm) or 100 µ g mL−1 off ampficfiflflfin (Amp) was 
added.

Predfictfion off AfioR putatfive bfindfing sfites. Te putatfive AfioR bfindfing motfiff was predficted by MEME 
onflfine soffware (http://meme-sufite.org/toofls/meme)11. Usfing the putatfive AfioR bfindfing motfiff, the AfioR putatfive 
bfindfing sfites fin the genomes off A. tumeffacfiens GW4 (AWGV00000000), H. arsenficoxydans ULPAs1 (CU207211) 
and Rhfizobfium sp. NT-26 (FO082820) were predficted by FIMO onflfine soffware (http://meme-sufite.org/toofls/
ffmo), wfith the parameter off match vaflue off 0.0001.

Constructfion off afioR or mcp mutants and compflementatfion. In-fframe defletfions fin afioR and mcp 
were constructed usfing cross-over PCR as descrfibed by Lfink and coflfleagues28. Prfimers used ffor defletfion construc-
tfions are flfisted fin Tabfle S2. Te ffnafl constructs fin pflasmfids pJQ-afioR and pJQ-mcp were mobfiflfized finto GW4 vfia 
conjugatfion wfith E. coflfi strafin S17-1. Sfingfle cross-over mutants were fidentfiffed on MMNH4-Gen agar, whfich were 
then screened on MMNH4 agar contafinfing 25% sucrose, seflectfing ffor sucrose resfistance resufltfing ffrom resoflutfion 
off the merodfipflofid and resufltfing fin the doubfle cross-over. GenSen, sucrose-resfistant fisoflates were screened by 
PCR to verfiffy the GW4-∆ afioR mutant or GW4-∆ mcp mutant. For compflementatfion, the afioR was PCR-cfloned 
as a SaflI-HfindIII ffragment (prfimers AfioR-C-F and AfioR-C-R, Tabfle S2) finto pCT-Zorfi, yfiefldfing pCT-Zorfi-afioR. 
Te mcp was PCR-cfloned as a SaflI-XbaI ffragment (prfimers Mcp-C-F and Mcp-C-R, Tabfle S2) finto pCT-Zorfi, 
resufltfing fin pCT-Zorfi-mcp. Tese pflasmfids were transfformed finto E. coflfi S17-1 and conjugated finto the GW4-∆ 
afioR or GW4-∆ mcp, yfiefldfing the compflemented strafins GW4-∆ afioR-C or GW4-∆ mcp-C. Defletfions and com-
pflementatfions were conffrmed by PCR usfing prfimers AfioR-up-F/AfioR-dn-R, AfioR-fin-F/AfioR-fin-R, Mcp-up-F/
Mcp-dn-R and Mcp-fin-F/Mcp-fin-R (Tabfle S2), aflong wfith sequence conffrmatfion.

Chemotaxfis assay. Chemotaxfis was tested by capfiflflary assays29. Overnfight cufltures (OD600 =  0.7–0.8) were 
each finocuflated (10 µ L) finto 5 mL off MMNH4 wfith or wfithout the addfitfion off 1 mM off As(III) and fincubated at 
28 °C ffor 16 h wfith 100 rpm shakfing. Ceflfls were then harvested by centrfiffugatfion (3,000 rpm ffor 5 mfin) and resus-
pended fin 5 mL 50 mM Trfis-HCfl (pH =  7.0). Te capfiflflary tubes were ffflfled wfith 10 µ L chemo-effector soflutfion 
[Trfis-HCfl (pH =  7.0) contafinfing 0.5–10 mM As(III), 1 mM As(V) or 1 mM gflucose], and then the open ends off 
capfiflflary tubes were bflocked by 1% agarose gefl. Te capfiflflary tubes were then vertficaflfly pflaced fin the bacterfiafl 
suspensfion. Affer 10 mfin fincubatfion at room temperature, the number off ceflfls fin the capfiflflary was quantfiffed by 
coflony-fformfing unfits on LB agar.
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Pflasmfid constructfion, expressfion and purfificatfion off AfioR and Mcp. Expressfion off the entfire AfioR 
proved dfiffcuflt, and so the Protefin Bflast onflfine program was used to predfict fits DNA bfindfing domafin (HTH). 
Te afioR (ffrom 868 bp to 1,329 bp) was PCR-cfloned as a EcoRI-NotI ffragment usfing prfimers AfioR-HTH-F and 
AfioR-HTH-R (Tabfle S2) finto pET-28a(+ ), resufltfing fin pET-28a-afioR. Ceflfls contafinfing pET-28a-afioR were 
finduced at OD600 off 0.3 by addfing 0.02 mM IPTG, and cufltfivated at 20 °C ffor 12 h.
Onflfine soffware HMMTOP (http://www.enzfim.hu/hmmtop/htmfl/submfit.htmfl) and TMPRED (http://www.

ch.embnet.org/soffware/TMPRED_fform.htmfl) were used to predfict the Mcp extraceflfluflar membrane sensfing 
domafin (ffrom 43 aa to 325 aa), whfich was PCR-cfloned as a EcoRI-HfindIII ffragment usfing prfimers Mcp-As-F and 
Mcp-As-R (Tabfle S2) finto pET-28a(+ ), resufltfing fin pET-28a-mcp. Ceflfls contafinfing pET-28a-mcp were finduced 
at OD600 off 0.3 by addfing 0.3 mM IPTG and cufltfivated at 28 °C ffor 4 h.
Ceflfls contafinfing pET-28a-afioR were cufltfivated at 20 °C ffor 12 h and ceflfls contafinfing pET-28a-mcp were cufltfi-

vated at 28 °C ffor 4 h. Tey were then harvested by centrfiffugatfion (7,000 g ffor 10 mfin at 4 °C) and resuspended fin 
borate saflfine buffer (pH =  8.0)30 wfith 20 mM fimfidazofle. Unbroken ceflfls and ffragments were coflflected by centrfiff-
ugatfion at 7,000 rpm ffor 10 mfin. Te supernatant was mfixed wfith 2 mL off Nfi-NTA Hfis-Bfind Resfin (7 seabfiotech) 
and gentfly agfitated at 4 °C ffor 1 h to aflflow the poflyhfistfidfine-tagged protefin to bfind wfith the resfin. Te resfin was 
washed wfith 10 mL off borate saflfine buffer contafinfing 60 mM fimfidazofle, then efluted wfith 5 mL borate saflfine buffer 
contafinfing 300 mM fimfidazofle. Fractfions were coflflected and anaflyzed by SDS-PAGE, and protefin concentratfions 
determfined spectrophotometrficaflfly (NanoDrop 2000, Termo).

Mcp-bfindfing wfith As(III), As(V) and phosphate (Pfi). Purfiffed truncated Mcp was fincubated wfith dfiff-
fferent concentratfions (0, 5, 10, 15, 20 or 25 µ M) off As(III), As(V) or Pfi at room temperature ffor 1 h. Tryptophan 
ffuorescence was monfitored between 290 and 390 nm wfith a ffuorescence spectrophotometer (PerkfinEflmer, 
Massachusetts, USA). Te KD vaflue was caflcuflated by GraphPad Prfism 5

9.

Cuflturfing and As(III) oxfidatfion test. Overnfight cufltures off GW4, GW4-∆ afioR, GW4-∆ afioR-C, 
GW4-∆ mcp and GW4-∆ mcp-C (OD600 =  0.7–0.8) were each finocuflated (200 µ L) finto 100 mL off MMNH4 
wfith or wfithout 1 mM off As(III) and fincubated at 28 °C ffor up to 48 h wfith 100 rpm shakfing15. At desfignated 
tfimes, cuflture sampfles were taken ffor vfiabfle pflate counts or measured ffor totafl protefin content by the Bradfford 
protefin assay31. Monfitorfing As(III)/As(V) concentratfion used hfigh-perfformance flfiqufid chromatography wfith 
hydrfide-generatfion atomfic fffluorescence spectroscopy (HPLC-HG-AFS) (Befijfing Tfitan Instruments)32. The 
As(III) oxfidatfion effcfiency was caflcuflated usfing the As(V) amount (mmofl)/totafl protefin (g).

Reporter gene assay off afioA and mcp. The reporter gene assays fin thfis study were tested by 
β -gaflactosfidase  actfivfity33. Te promoter regfions off afioBA and mcp were predficted by BPROM onflfine soffware 
(http://flfinux1.soffberry.com/berry.phtmfl?topfic= bprom&group= programs&subgroup= gffndb). Te promoter 
regfions off afioBA and mcp were ampflfiffed ffrom strafin GW4 (prfimers flfisted fin Tabfle S2) and fintroduced finto the 
EcoRI-BamHI sfites off pLSP-KT2flacZ (Tabfle S1). Te resufltfing pflasmfids were then fintroduced finto A. tumeffacfiens 
strafins vfia conjugatfion as noted above. Overnfight cufltures off strafins (OD600 =  0.7–0.8) were each finocuflated 
(200 µ L) finto 100 mL off MMNH4 wfith or wfithout the addfitfion off 1 mM As(III) and fincubated at 28 °C wfith 
100 rpm shakfing. Durfing the fincubatfion, β -gaflactosfidase assays were conducted as descrfibed prevfiousfly33.

Quantfitatfive RT-PCR anaflysfis. Overnfight cufltures (OD600 =  0.7–0.8) were finocuflated finto 100 mL 
MMNH4 medfium wfith or wfithout the addfitfion off 1 mM As(III) and fincubated at 28 °C wfith 100 rpm shakfing. 
Sampfles used ffor RNA fisoflatfion were taken affer 16 h cufltfivatfion (mfid flog phase). Totafl RNA was extracted by 
Trfizofl (Invfitrogen) and fincubated wfith RNase-ffree DNase I (Takara) at 37 °C to remove the genomfic DNA, whfich 
was then termfinated by addfitfion off 50 mM EDTA at 65 °C ffor 10 mfin. Affer determfinfing the concentratfion off 
RNA by spectrophotometry (NanoDrop 2000, Termo), 300 ng totafl RNA was reverse transcrfibed finto cDNA 
wfith RevertAfid Ffirst Strand cDNA Synthesfis Kfit (Termo). Te resufltfing cDNA was dfifluted 10-ffofld ffor reafl-tfime 
RT-PCR anaflysfis usfing SYBR® Green Reafltfime PCR Master Mfix (Toyobo) wfith prfimers flfisted fin Tabfle S2. 
Quantfitatfive RT-PCR was perfformed by ABI VIIA7 fin 0.1 mL Fast Optficafl 96-weflfl Reactfion Pflate (ABI). Each 
reactfion was repflficated three tfimes to estfimate error. Gene expressfion was normaflfized by the 2−∆∆CT anaflysfis wfith 
an fiQ5 Reafl-Tfime PCR Detectfion System (Bfio-Rad, USA)34. Te ANOVA anaflysfis was perfformed wfith Excefl 
2013.

Bacterfiafl one-hybrfid system assay. Te finteractfion off AfioR and the mcp promoter DNA was tested  
fin vfivo usfing a bacterfiafl one-hybrfid system as descrfibed prevfiousfly23. Te afioR codfing regfion was ampflfiffed 
(prfimers flfisted fin Tabfle S2) and cfloned finto the NotI-EcoRI sfites off the pTRG vector (Stratagene), generatfing pflas-
mfid pTRG-AfioR. Te reguflatory regfion off mcp was ampflfiffed (prfimers flfisted fin Tabfle S2) and finserted dfirectfly 
finto the XcmI sfite off pBXcmT, yfiefldfing pBX-Pmcp. Both off recombfinant pflasmfids were co-transfformed finto 
the reporter strafin E. coflfi XL1-Bflue MRF’ Kan (Stratagene). Affer 3–4 d off cufltfivatfion at 28 °C on a seflectfive  
screenfing medfium pflate contafinfing 20 mM 3-amfino-1,2,4-trfiazofle (3-AT), 16 µ g mL−1 Str, 15 µ g mL−1 Tet,  
34 µ g mL−1 Cm, and 50 µ g mL−1 Kan, the co-transfformant growth was scored. In addfitfion, co-transfformants con-
tafinfing pBX-Mt2031p/pTRG-Rv3133c were empfloyed as posfitfive controfls23, whfifle co-transfformants contafinfing 
pBXcmT/pTRG-AfioR were used as negatfive controfls.

EMSA. To fidentfiffy the putatfive AfioR bfindfing sfite fin the mcp reguflatory regfion, a 259 bp ffragment contafin-
fing the putatfive AfioR bfindfing sfite off the mcp reguflatory regfion was ampflfiffed usfing Mcp-box-F/Mcp-box-R 
(Tabfle S2). Te prfimer Mcp-box-F was flabefled wfith ffuorophore 6-carboxy-ffuorescefin (FAM) when needed. 
EMSA was carrfied out wfith a 0.5 pmofl flabefled probe and fincreasfing concentratfions off AfioR (ffrom 0 to 10 pmofl). 
A 170 bp ffragment off the afioBA reguflatory regfion was ampflfiffed usfing AfioBA-box-F/AfioBA-box-R (Tabfle S2) 
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as posfitfive controfl. For competfitfion assays, 1, 2, 3 and 4 pmofl unflabefled probes were added to reactfion mfixtures 
contafinfing 5 pmofl AfioR and the 0.5 pmofl flabefled probe. Te mutant probe was produced by Fast Mutagenesfis 
System (TransGen Bfiotech). Aflfl reactfion mfixtures were fincubated at 28 °C ffor 30 mfin fin bfindfing buffer [20 mM 
Trfis-HCfl, pH 7.0; 50 mM NaCfl; 1 mM dfithfiothrefitofl (DTT); 10 mM MgCfl2; 100 µ g mL

−1 bovfine serum aflbumfin 
(BSA)] and then floaded onto a 6% natfive PAGE. Affer 3 h off runnfing at 80 V fin 1×  TGE buffer, gefls were exposed 
to a phosphor fimagfing system (Fujfiffflm FLA-5100)35.

DNase I ffoot-prfintfing assay. Te ffuorescence-flabefled probes and the reactfion system were the same 
as fin EMSA. Te mfixtures were treated wfith DNase I (0.05 unfit, Fermentas) at room temperature ffor 10 mfin. 
Ten the reactfion was stopped by makfing the reactfion mfix 50 mM EDTA and fincubated fin a water bath at 
65 °C ffor 10 mfin. Te dfigested DNA ffragments were purfiffed wfith the Nucflefic Spfin® Gefl and PCR Cflean-up 
(MACHEREY-NAGEL) and efluted wfith 40 µ L dfistfiflfled water. The purfifffied DNA was assayed wfith Appflfied 
Bfiosystems 3730XL DNA anaflyzer (manuffactured by Tsfingke Company, Wuhan). Te resuflts were anaflyzed wfith 
GeneMarkerV1.6536.
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