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B OE: [869] RBERANRIN A E LI EE LIE T 5B b — B ERKE I Agromyces sp.
CS16, Bt EX KA T4 B EREAUBKIE, FMTRERLLEEZRAKIKE LB T 69 5 R
R A AR A S TR E 4R 7T FARERAR I HF. [HE I EFH MR CS16 2+ Cd™'. Ni*'\ Cu™.
Zn* ey R e 7 ME CS16 2 Cd*. Ni'. Cu®'s Zn* SN M Fe i Bl ey bk @it AR
MG AT CS16 KRB Y 5 4B AKX KA, RAFERMAFRIHEERR CS16 32,
M F OIS CS16 3 F 2B £ N . [ Z VKK E Agromyces sp. CS16 ££ CE K E A 10 pg/mL
BFxt 69 X R B K, A 32.95 mg/g, sbifsfisim s Cd g kR R AR5, 53] 83.71%; H4k CS16
e Ni2RE A 75 pg/mL B X% K, 4 25.09 mg/g, £ NPTREA 25 ngmL M EHREZF, 4
70.27%; CS16 £ Cu’RE H 150 pg/mL B AR ER K, # 30.69 mg/g, £ Cu* REH 30 pg/mL
B ARER S, 4 80.11%; CS16 £ Zn*RE A 125 png/mL BFRRE& K, 4 3929 mg/g, £ Zn*" ik
JEH 25 ng/mL B AR ER G, 4 88.91%. B CSI6 2 ABATMMERLA 3744 ANAR, L+ A
37 AR E MR L Cd*. Ni*TL Cu®'s Zn* g duEAE k. CS16 2@ T4 BRMWE MR R T
RERAKMRT 69 E LR, A B 4N (sodium alginate, SA)5 ZE T M BZ (polyvinyl alcohol, PVA)#t
Mg, CS16 &F CAd 8 XMaeh T, {258 Nit'. Cu™'. Zn" W kR IR ERG. [44]

LR Agromyces sp. CS16 2 —#o B B AR A ZRBRYAOFE, AFRTMAET CS16 4 Cd*'\
Ni*". Cu™. Zn*#)kikie ), M@ 2dmf B E@mmFik& T4 ¢d™. Ni*'. cu™. Zn™"#)
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Removal of cadmium, nickel, copper, and zinc ions from
water by Agromyces sp. CS16

ZHANG Zuye, HE Mengyuan, QIAO Yue, JIA Runmei, PENG Xiangxuan, MAI Huaming,
CHEN Si’

College of Life Sciences and Oceanography, Shenzhen University, Shenzhen 518060, Guangdong, China

Abstract: [Objective] A potential new actinomycete strain Agromyces sp. CS16 was isolated
from the surface soil of the mangrove in Futian, Shenzhen. We studied the capacity and
application of the strain in the removal of heavy metals from water, aiming to provide technical
support for the bioremediation of heavy metal-polluted water. [Methods] The capacity of strain
CS16 in removing Cd*", Ni*", Cu®", and Zn”", and the extracellular and intracellular removal rates
of the metal ions were determined. Moreover, the whole genome sequencing was performed to
identify the genes associated with the heavy metal tolerance in strain CS16. Furthermore, CS16
was embedded with sodium alginate and polyvinyl alcohol, and the capacities of CS16 to remove
heavy metals after embedding were also determined. [Results] Agromyces sp. CS16 presented
great metal removal capacity. For Cd*", the strain showed the maximum removal capacity of
32.95 mg/g and the maximum removal rate of 83.71% with the initial Cd*" concentration of
10 pg/mL. For Ni*', Agromyces sp. CS16 presented the maximum removal capacity of
25.09 mg/g with the initial Ni** concentration of 75 pg/mL, and it presented the maximum
removal rate of 70.27% with the initial Ni*" concentration of 10 pg/mL. For Cu®", CS16 had the
maximum removal capacity of 30.69 mg/g with the initial Cu®>" concentration of 150 pg/mL and
the maximun removal rate of 80.11% with the initial Cu*" concentration of 30 pg/mL. For Zn®",
the strain had the maximum removal capacity of 39.29 mg/g with the initial Zn>" concentration of
125 pg/mL and the maximun removal rate of 88.91% with the initial Zn*" concentration of
25 ng/mL. A total of 3 744 genes were predicted in the whole genome of strain CS16, of which
37 genes were deduced to be associated with the resistance to Cd*', Ni**, Cu*’, and Zn*". CS16
mainly removed heavy metals in water by adsorbing heavy metal ions on cell walls. The
embedding with sodium alginate (SA) and polyvinyl alcohol (PVA) decreased the removal
capacity of CS16 for Cd*" and improved the removal capacities for Ni**, Cu®’, and Zn*'.
[Conclusion] Agromyces sp. CS16 is a new strain isolated from mangrove surface sediments, with
great capacity in removing Cd*", Ni**, Cu®*, and Zn** from water. We explored the metal removal
mechanisms of the strain at both cellular and genetic levels. CS16 was embedded with sodium
alginate and polyvinyl alcohol and the embedding product presented better removal capacity for
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Ni2+, Cu2+, and Zn*". In summary, CS16 is an efficient microbial agent in bioremediation of
heavy metal-polluted water. Moreover, the findings of this study provide a theoretical basis for
deciphering the mechanism of removing heavy metal ions from water by microorganisms.
Keywords: actinomycete; heavy metals; microbial remediation
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BN s NI 5.7/ B S S R R 2 S WiV 7/ BLIR I f s 2y
BRI AR LR E SR, BAER SN
RGBT e R R
AT LAt iE E e Jm s gy, A5 A .
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Z R N e R N 4 S S Y 1 X
SRR LR E R NHAEY, HlngEy
X V5K AL B )45 4 T 15 Y™ Y X S R R
fEfEf et 2 Ea R A KRG LR ESR
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WA BA ERESER MY . Aot
SERIL T — PR o 8 4 R W38 LT A AR 1
i 195 HH RO IR TR T AP Agromyces sp. CS16, Hi4y
ARz HEES RIS MR g, Bk
PR JEATE JI .

WAE ST . AR, BB EGRIL Y
AYSRAR R | (HAE SR by s A ) Ak BRK AR
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Wy 5 i [mTe , FEAA AR A X A W T AR AR AR T LR B
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SRR G, BA REFOKE, R
UPHUMEIRIE | B K | R A S,
& R A W 1 E AR 3R LR (polyvinyl
alcohol, PVA)H AR MA . Jodetk . YA
TP BT, B S YA A TR R I /N ER
S UL AR M R T

ARWEFEME T HFl Agromyces sp. CS16 Xf
Cd™" . Ni*", Cu™, Zn™ W EBREES, RIXT AN
HEJR VAL AR CS16 LBRE
SJEARSIHRZm , W E CS16 X H 4R = 4EHD
BT HEARSE T CS16 (1 L BRI, d 4 B 20 53
T Z T E— s 2t ed® . Ni*TL cu®ty
Zn® (R BRHUER , B R BERR N N 3R 2 A7 Wkt
CS16 fLH, WisE TALHA CS16 HUBERS/INK EBR
HELEWRES . AHAEY LBRE SR L FL AL
TIRSCRE, FE TRUEYIREE U, X
PGSR 4w 5 Y T R A T B S

1 MRETE

1.1 £
1.1.1 &k

Agromyces sp. CS16 4125 F I 4 H £ Ak
218, AL E IR, Agromyces
kandeliae Q22 (MCCC 1K03340)W [ H [= 15
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TP R R ORIE G, B SRR ER = g
TR
1.1.2 EFE

LB 35770 10 g/L JREE IR, 5 o/L EEHE
By, 5 o/L E4bah, pH EE 7.6£0.2, B[
RREFRIETINA 18 /L Bifigky .
1.2 MEEEREYNIGE

it A% G W s TR A A1 Pl o X B 4 i 11
AEY AT e B 1.0 g BAET 9 mL LHEK
i, 28 °C, 200 r/min #i&¥% 30 min, ER+ 3%
WO o R R R R RS B R B T
1072, 107, 107, 107, 10 BRI, 40 BIEL
100 pL FB T4 100 pg/mL Cu® 1 50 pg/mL
Ni* B[R LB A, A NSRS BRI 58 5
M, (BRI ST IR ATl b o AP ARcR ek
XPPAR E S TR AT A R
1.3 Agromyces sp. CS16 HIEE

Agromyces sp. CS16 4355 H % 50 pg/mL Ni**
) LB [ AFA b, %52 R 16S rRNA KK
POk . WFRR &b CS1e Wik, H
TIANamp Bacteria DNA Kit i 7] &$#2H DNA,
A 1.1xT3 Super Mix [ Fl i@ F 5] ¥ 27F
(5-AGAGTTTGAT CCTGGCTCAG-3"). 1492R
(5'-GGTTACCTTGT TACGACTT-3")i#41T PCR,
¥ PCR 77k B AL RL A YRHEA PR vl i
17 DNA Wiy, F00 5 g4 R 1% % NCBI
(https://blast.ncbi.nlm.nih.gov/ Blast.cgi) ™ i i) %
P e EATIER 3 A0 00 E X, ARATARARUR A9 A AL
Pk, #3 CS16 1) 16S rRNA £41], H MEGA-X
Fa#E CS16 HELA
1.4 EHRESEZMHERNE

B 2.5 mL 85353 F 6 FLANMRS FRtrh, 16
20, 40, 60, 80, 100 pg/mL Cd*", 100, 200,
300, 400, 500 pg/mL Ni**, 200, 400, 600, 800,
1 000 pg/mL Cu**, 200,400, 600,800 1 000 pg/mL
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Z* R AR SRS TP e RD 125 pl CS16 Btk
(HeFh it 5%) , TN BEFRSGN E R 4f ODeoo J7 FHET
CRESE B, FCET 30 °C #EKH 100 r/min JR1%
K7t ,7 d I B E ODgoo, T HEEEFERTJG ODeoo
AL HIKT CS16 /A=K .
1.5 EHREREEREESFENRNE
151 WARMBKENESEBHER

2% He W51k, DI B AT 5 42 8 1
bR #F CS16 WM . Q22 WKL AFE 20 mL Y
HIPHEF] 50 mL B0, 4 °CL 8 000 r/min B
03 min i, 15 BT, P B O OIA 25 mL
Bk, PR 4°C, 8000 r/min Z.0> 3 min, {5
I, AsE AR IR AL A 3 48 CS16 A
Q22 W, AZRTHLTAET, 24 h R H
AT FH H SRS TR 1 A .08 vh i) i
A 25mL 110, 25, 40, 55, 70 pg/mL Cd*¥
W, 25. 50, 75. 100, 125 pg/mL NiZ ¥, 30.
60. 90, 120, 150 pg/mL Cu® ¥k, 25. 75. 100,
125 pg/mL Zn*' W, BMAMEES N 3 4, K
BOEMARBIKT IR SR 2 h J5, 4 °C.
8 000 r/min .0 3 min, B FIER 10 mL, FIHLER
G 55 1 R BHEIE {X ICP-OES) M & I W
HEEKRIE, RINERRGRIARE .
152 AREEZFEMFHKTHESBNER

¥ CS16 WL E 20 mL R 53 5]
50 mL .04, 4 °C. 8 000 r/min .0 3 min
e, R RIS, FREOETPIA 25 mL &
afizk, Bk 4°C. 8000 r/min &[> 3 min, 132
FIEW, DR AR SR AL, BEREESRAE I 3 F
CS16 WA VR THLH T, 24 h JFriEHh
PR T8 o S A WA 1) A% 0048 Hh 43l n
A 40 pg/mL CA&* VAW . 125 pg/mL Ni* VAW |
150 pg/mL Cu” I . 75 pg/mL Zn* W, KE
ODE AR MRS TR, BITEdRG 15,
30, 60, 120, 240, 360 min 7L 3 4, 4 °C,
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8 000 r/min &.(» 3 min, B FiHW 10 mL, fAH
SRR G 55 B IR (ICP-OES) I & i W
HE SRR, B RBRE RR U
153 BRI ESBEER

FREX 3 g W H AEERS/NKE) 50 mL 2.0
o, FHHE SR AR ) B0 R 30 pg/mL
Cd®". Ni*". Cu®. Zn®' Wk, MR 4R 4 Bn
3E KB ETARIKP IR IR 2 h 5,4 °C.
8 000 r/min &5.> 3 min, B EJHW 10 mL, FIH
SRR G 55 1 RIS (ICP-OES) I & i
HE SRR, B RBRERIRURE
1.54 EBREMEREMNITE

R UFRREAR LR TR 20 H
ST E SR, BN E AR B0 BB R
(A1) BREARX )W URRE ¢ Wk LR
TZ/0 mg EEJR.

n o WIHBMR L — R
= ek

VIR — Fe R FE

LbrE= e x25mL (2)

AR5 1
X F IBM SPSS statistics 25 #4174+
0T RH t-test AT EHE 22 55 W M, o0k
At 25, P<0.05; < fURA BEME R,
P<0.01; “**fRRAW B2, P<0.001, K
FHERLR 22 5 25 43 W 4 I AN [ 422 ik B[] %6 22 B 2%
MEBRR R, ey Nz, f
15, 30, 60, 120, 240. 360 min 7SMHZE K,
P<0.05 REAFHZKF-ZHA G 2H42ES
1.6 ESREBEFERAKMEMEARINALLE
#Y ZE

SHBEHREPW L, MEELELE CS16
R EE S, WEEM T ESR S FAR 2 h
f) CS16 Bk, JimA 25 mL 0.1 mol/L HY
EDTA-2Na ek, THERIRZEEM 30 min, 2
OV, I A Jm VR, RIS 20 i 2 1T

e

1.5.5

B o 4 A o o B 25 2 TR, T AR
A 25 mL 0.1 mol/L ) EDTA-2Na PEiik, T-4i
B R A A I RE 8 min, ARJE TR RHR S 55
7% 30 min, EOHCEIEWR, WE Ea Rk, |
AR A R R B R BIE,
A AMER AN A 4 mL K, W2 h EI05E
HE SR EE N E R E4E RS T Res
A, BB 3ANES.
1.7 £ERFAHH

¥ Agromyces sp. CS16 Hl Agromyces
kandeliae Q22 WERIX EA TAY TRE(HIE)K
A BRS Al AT 4 2 DAL I 3 e 3R A KUl A
FERE, MR Pk Cd® . N, Cu®| Zn™
FBRASC Y FE R I A X L o
1.8 EIRERIN-IR IS EZ(SA-PVA)ERRR /N Bk
AIH &

SR s N ER .
400 mL CS16 B LW & 30 mL, Nz
100 mL & K1) PVA-SA IRE Y (14%% 2. 151
%IRRT, IR SA-CS16 IR G, 5
£ K R 19 500 mL 1 AR F1 5% CaCly i & [F] st
P23 A i 2 B WG, 4 0.1 mL/min i
M, 300 r/min %3, 4 SA-CS16 IR G WL 12T
AMIFIIER N 5% CaCL Wk, 93071 A A
PER/NER UKL

WA R B 5 mL A LA
T, 24 h JGRRE, MRS TE, BRIk &
SERGE JE PR, FREEI/NER B o TR A
TEMEER /DR B HERE S ¢ WM/
BRALET CS16 TR,

2 BRS04

2.1 Agromyces sp. CS16 RIFZZSFNFE 1L 1%
AR5 KRN A8 FE 2T AR AR B0 X380 e Ak
)7 R HEEA T 37 A SR UE M i, OF
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O3 — KRV TE ) LR TR BT R Agromyces sp. %%J%W)Jﬂ%? CS16 F-Hl A& PR A T P8 R IE
CSl6, il 16S rRNA JEEM P LM LS  BRIEIE REE . LEV] . REALZOEH (&
Agromyces binzhouensis FUJE 55, N 98.48%, 1A), 4 HL -+ i #U5% (scanning electron microscope,
B — T e R I 2L R4 SEM)WE AP CS16 4l R KAFIR, AHH ASHE
Y9¥ A BR AL (average nucleotide identity, ANI) (& 1B), A4l 16S rRNA FE [ 5 5144 ZE EAL A4
450 89.84% (MLAE/NT 95%U F e A #ifl), 5K 2 R, CS16 5 Agromyces kandeliae
DNA-DNA %521 47 64.80% (MLAE/NTF 70%MF Q22 e LM [ A .

1 Agromyces sp. CS16 &% 5 RIS 52
Figure 1 Morphological observation on colony and cell of Agromyces sp. CS16.

Agromyces binzhouensis OAct3537 (KC493987)
Agromyces intestinalis KACC 19306" (MN121515)
W Agromyces sp. CS-16 (MW819618)
Agromyces luteolus IFO 16235T (AB023356)
l_ Agromyces kandeliae Q22" (MF116285)
9 Agromyces bracchium IFO 16238" (AB023359)
Agromyces ulmi XILO1T (AY427830)
Agromyces protaetiae FW100M-8" (MK490987)
d Agromyces mediolanus DSM 201527 (X77449)

38
100- Agromyces soli MI21T (GQ241325)

Agromyces aurantiacus YIM 217417 (AF389342)
Agromyces arachidis AK-1" (FN868445)
—94|: Agromyces indicus NIO-1018" (HM036655)
Agromyces tropicus CM9-97 (AB454378)
gromyces flavus CPCC 202695" (LT629755)

A
—9-4_— Agromyces subtropicus 1Y07-56" (AB546310)

Humibacter albus DSM 189947 (ATXT01000006)

2 Agromyces sp. CS16 #{L#

Figure 2 Phylogenetic tree of Agromyces sp. CS16. Node values represent percent bootstrap confidence
derived from 1 000 replicates. Bar 0.01 at the top is the sequence divergence. The GenBank accession numbers
of the indicated sequences are shown in the parentheses.
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2.2 Agromyces sp. CS16 ¥t Cd**. Ni**,
cu’, Zn” M=

N T BRIE Agromyces sp. CS16 TEIR A IR 1S
RERSTITZ /Y Cd™ . Ni*", Cu™", Zn” WL,
S5 CS16 BMREERIES Cd™" . Ni*', Cu®',
Zo” RS SR, IR A KR DL . 4
w1 R, ®3E 1URE, &4 20 pg/mL Cd™ .
400 pg/mL Ni*", 1 000 pg/mL Cu*", 400 pg/mL
Zo* (R RE SR AR M, BT CS16 RERSFEH A=
K M EWIERS Cd™ . Nit*, Zn BRIk
ASVERR, BT CS16 ME K Z ] T . it
CS16 TEW A LB $53e3Lhxt Cd* (it 32 W JE 78
2040 pg/mL Z &, XF Ni*" @i 32 W B 1E
400-500 pg/mL ZI[a], X} Zn® it 52 vk B 7E
8001 000 pg/mL Z[a], Xf Cu* il 2 e g >
1 000 pg/mL. EAT S, Agromyces sp. CS16
Xf Cd* . Ni**, Cu®. Zn® # A B T 2k
2.3 Agromyces sp. CS16 ¥t Cd**. Ni**,
Cu’, Zn™'HIEBREE S
23.1 ARMNERE cd*. Nit*. Cu™, Zn*
3t Agromyces sp. CS16 P& EE JIRIS2 M

H TR R Cd™ L Ni* | Cu® |
Zn** X} Agromyces sp. CS16 LB 438 B T-HE

&1 Agromyces sp. CS16 Xf Cd**. Ni*', Cu**,

Zn* BT 214

Table 1 Tolerance of Agromyces sp. CS16 to Cd*",
Ni2+ Cu2+ Zn2+

Heavy metal Concentration (pg/mL)

cd* 20 40 60 80 100

NiZ* 100 200 300 400 500

cu? 200 400 600 800 1 000
Zn* 200 400 600 800 1 000

— means that the medium became turbid and bacteria grew.

B, A3 FIE T CS16 FEFEMiM T A [F) e B
Cd*" . Ni*", Cu™, Zn™ ¥ 2 h G LR
St €1 3B.D.F.H 2l iR T CS16 XF Cd*' .
Ni**, Cu®', Zn*' W RBRFE, KB CS16 XHILHK
Cd™" . Ni*", Cu™"., Zn* [ 25 BR %45 51 T ik 5|
83.71%. 80.96%. 80.11%. 88.91%, iXEME
FEARME B B 4 IR P, CS16 Xt Cd™ L Nit',
Cu™', Zn™' ¥ A BRI ERRAES . K 3A BIR
T CS16 X Cd* iy LBrfE, KL CS16 X Cd* 1
KBraEb CA* MG ETHIm TR, 78 Cd™
WP R 10 pg/mL B, 4 32.95 me/g; 24 Cd™
HIRIIE W BEE IR E] 70 pg/mL W, FERRiE T RS
18.37 mg/g. X} Cd* LR TR AR M T
WY Cd*' St CS16 724 T8 FEAE , (#153 CS16
YRR, JERECT LB E T, Bl 3B-D
AyERT CS16 XF Nitt, Cu®', Zn® By LB,
KL CS16 XF Ni** (Fe i = BR R 25.09 mg/g) .
Cu® (e E £ N 30.69 mg/g) . Zn*" (I £
TN 36.29 mg/g) 2 bk i bl EE 4 VR BE T e T
RIS THOT SN, TRERE CS16 MR E 4R
RPN LR E 2 ESE, R RE
WREIY, CS16 XTH 48 iy LBRE T,
Agromyces kandeliae Q22 /15 HEZIM M+
e, R—MRAE Al B R AEIREE EXS CS16
FHIEMITARE, Q22 FTLIVER CS16 A BHM:XT IR,
Fo A — T LI AR I IE CS16 215 HA B0 50 1) 2=
PREE 4R AR, AR BITOR Q22 5 CS16 [H#
B R AT SLm B 3 BOR R B EORIE KR,
CS16 HA H Q22 B i LB MR, vl Il
TERBE LR, CS16 BEE LBR L Q22 M H
L8 B MAE—Sk T Q22 5 CS16 AR
BB RS, JEAE Q2 HAKRKA Y E
AT AR s i LR, AT Q22 t B A AH
AR EBREE 1. B 3A R, 7E 10 pg/mL
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/l 50 ¢ B 100 .
=l)]
E P a0l | CCsi6
E 40 =2 80 = [ 1Q22
b S~
3 30} g 60}
g =
o 20} g 40|
=) =] * *
= Q
7 ﬂﬁ? T r'hﬂ
L2
A 0
10 25 40 55 10 25 40 55 70
Cd** concentration (ug/mL) Cd* concentration (ug/mL)
C 50, D 100
b
? 40 ook ok k% 3k * - 80 + ’wi e L
g s —E—
=, Q
g 30 5 60r
g =
= 20} z 40t
.8 =)
= Q
& 10} % 20t :
2
20 0
25 50 75 100 125 25 50 75 100 125
Ni*" concentration (pug/mL) Ni** concentration (pg/mLY)
E 50 F 100
T *
? 40 F wx ok * ~ 80 _I'_—|
= = =
é‘ ’_‘ ’—‘ ;/ k¥ ok ok sk %
é 30+ § 60 + |—|
S g
.5 20+ g 40 +
= Q
[=5
1]
B, 0 ins!
30 60 90 120 150 30 60 90 120 150
Cu*' concentration (pug/mL) Cu?* concentration (pug/mL)
G 50, H 100 -
e
El = —
40t — s 80 ¢
£ N N TS —
5 30t £ 60l
8 =
5 g
20+ 40 |
g 0 g 0
= &
5 10} 20 +
s
(] 0
25 75 100 125 25 100 125
Zn* concentration (pg/mL) Zn* concentratlon (ng/mL)

3 Agromyces sp. CS16 1 Agromyces kandeliae Q22 SHAELRE Cd*'v Ni¥*\ Cu®'\ Zn*ERREBFERE
Figure 3 The biosorption capacity and removal rate of Cd**, Ni*", Cu**, Zn*" by Agromyces sp. CS16 and
Agromyces kandeliae Q22 at different initial concentrations. A: The biosorption capacity of Cd*". B: The
removal rate of Cd*". C: The biosorption capacity of Ni*". D: The removal rate of Ni*". E: The biosorption
capacity of Cu®". F: The removal rate of Cu®". G: The biosorption capacity of Zn*". H: The removal rate of Zn**
t-test was used to analyze the differences between groups of data (* represents statistical difference, P<0.05; **
represents significant difference, P<0.01; *** represents extremely significant difference, P<0.001).

P4 actamicro@im.ac.cn, & 010-64807516



TR MESE | AR YRR, 2023, 63(7)

2799

CA&™ M, CS16 % CA* LR Q2 i T
8.81 mg/g, & Q22 LM 1.36 f%; K 3C &
/N, T30 pg/mL Cu B, CS16 %t Cd* 13
Bt Q22 5 T 8.36 mg/g, 4 Q22 F R 1.49
¥ PEHIEAR M BE ), CS16 % Cd* . Ni**, Cu*",
Zn 1 22 BRAE AT BEAR X T
2.3.2 [EHEMETKIT Agromyces sp. CS16 2%
BREESIRIF N

R T IRFEAS [ 4 fl S X Agromyces  sp.
CS16 KRRELEETFREIIMEm, 43 3E T
CS16 7E Cd*" (40 pg/mL) . Ni** (125 pg/mL) . Cu*
(150 ug/mL) . Zn*" (75 pg/mL)IE W H IR HEfm T
ANEBH G LR b, 450K 4 fr
/N, CS16 Xf Cd*. Cu*. Zn® By 2[R/ L5k
S A B A B 3 T B, UREH CS16 X
Cd*, Cu™. Zn™ 1 LBRATHEAE 15 min P gEEEA
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Figure 4 The biosorption capacity and removal rate of cd*', Ni*', cu?, Zn*" by Agromyces sp. CS16 under
different contact duration. A: The biosorption capacity of Cd*". B: The removal rate of Cd*". C: The biosorption
capacity of Ni*". D: The removal rate of Ni**. E: The biosorption capacity of Cu®>". F: The removal rate of Cu®".
G: The biosorption capacity of Zn**. H: The removal rate of Zn*". One-way ANOVA was used to analyze the effect
of different time on removal rate and biosorption capacity, P<0.05 represents a statistical difference (a<b).
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Figure 5 The extracellular and intracellular portions in removing cd* (A), Ni** (B), cu* (©), Zn*" (D) by
Agromyces sp. CS16. “Extracellular” indicates the proportion of extracellular absorption. “Intracellular”

indicates the proportion of intracellular absorption. “Stable combination” indicates the proportion of stable
combination.
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*2 ECREMZTHEXER

Table 2 Heavy metal tolerance genes

CS16 Q22 Related metals Annotation

CmtR CmtR Cd HTH-type transcriptional regulator

CzcD CzcD Zn, Cd Co/Zn/Cd eftlux system component

FieF FieF Zn, Cd Ferrous-iron efflux pump

Unidentified \ Zn, Cd Predicted Co/Zn/Cd cation transporters

\ Unidentified Zn, Cd, Cu Lead, cadmium, zinc and mercury-transporting ATPase

\ Unidentified Zn, Cd Cadmium, zinc and cobalt-transporting ATPase

DdpF \ Ni ABC-type dipeptide/oligopeptide/nickel transport system, ATPase
component

DppB DppB Ni ABC-type dipeptide/oligopeptide/nickel transport systems, permease
components

DppC DppC Ni ABC-type dipeptide/oligopeptide/nickel transport systems, permease
components

GsiA GsiA Ni ABC-type dipeptide/oligopeptide/nickel transport system, ATPase
component

GsiD GsiD Ni ABC-type dipeptide/oligopeptide/nickel transport systems, permease
components

MgtE MgtE Ni Mg/Co/Ni transporter MgtE (contains CBS domain)

\ OppB Ni ABC-type dipeptide/oligopeptide/nickel transport systems, permease
components

\ OppD Ni ABC-type dipeptide/oligopeptide/nickel transport system

\ Unidentified N ABC-type dipeptide/oligopeptide/nickel transport systems, permease
components

CopC CopC Cu Copper resistance protein

CopZ CopZ Cu Copper chaperone

CsoR CsoR Cu Copper-sensing transcriptional repressor

mco mco Cu Multicopper oxidase

Unidentified \ Cu Copper resistance protein A precursor

Unidentified \ Cu ABC-2 family transporter protein

Unidentified \ Cu Copper-exporting P-type ATPase A

Unidentified \ Cu Copper-exporting P-type ATPase B

Unidentified \ Cu Copper-exporting P-type ATPase A

Unidentified \ Cu Spore coat protein A

Unidentified \ Cu Fluoroquinolones export ATP-binding protein

FurA FurA Zn Transcriptional regulator

MntB MntB Zn Manganese transport system membrane protein

YusV YusV Zn Putative siderophore transport system ATP-binding protein

ZupT ZupT Zn Zinc transporter

Unidentified \ Zn Cation transport ATPase

Unidentified \ Zn Putative periplasmic iron-binding protein precursor, ABC-type metal
ion transport system

Unidentified \ Zn ABC-type Mn/Zn transport systems, ATPase component

Unidentified \ Zn Zinc uptake regulation protein

\ indicates that the strain does not have this gene.
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Figure 6 The removal rate (A) and biosorption capacity (B) of Cd*", Ni*", Cu®*, Zn>" by suspended cells of
Agromyces sp. CS16 and gel beads (CS16+SA/PVA) embedded with CS16, #-test was used to analyze the
differences between groups of data (** represents significant difference, P<0.01).
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