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B E. A4 E R4 K F(selenium nanoparticles, SeNPs)EL A Jk4F o432, b5k M F 4514,
FEZXHRARN K E, 7%1 T %T‘ﬁ«lfﬁ—% & R A SeNPs #9 B v, AR VAR 445 F B (Sreptomyces
avermitilis) A AF 7ot %, B iLifhn— & F469 Na,SeOs, F| AKX F RM4E. 4248 B 4% (scanning electron
microscope, SEM). &4+ EE,%L(transrmssmn electron microscope, TEM). #t & & X 4% At i (energy
dispersive spectrometer, EDS)a#7. X # & 474 (X-ray diffraction, XRD)&#7. 1§ 2=+ 219 3 45 638
(Fourier transform infrared spectroscopy, FTIR)4X ARt & 4R B & .49 SeNPs #4745 T4 53 R AL 57,
) B 1 A A ATAR R % £ & 9% JR A H - K Fa4k 77 B (Fusarium oxysporium)st B4 i & Mt 4T R, . 4 R
&R, 44 E B T H Na,SeO; 451L ik, SeNPs, #87 % 300 mmol/L 4] Na,SeOs, i g ; 4
BB T AWM AR SeNPs, X4 AZEE 100 nm A4, FAE LB R a7 XBER H
bt B o) SeNPs Bk H Ak dh A, A@A C. Se HE, R A#ZO. N¥7T%, -OH. C=0.
C-N. C-H ¥ F#HAL SeNPs B8 x M fnE MiE Bt %, FT4EAEE E T Z 49 SeNPs &F F. oxysporium
HEEWHFEM, 250 pmol/mL & Eip @ £ T & 77.61%, F 4 K H K E (median effective
concentration, ECso)#4 0.556 pmol/mL. %, P[44 5 A T 1% 5 Na,SeO; Mrif, [ BTiE T A4
A SeNPs, &kt SeNPs AL LA RAFT AR WAL E &t , J£ SeNPs & &AM AetR/E A b7 6 7 &
BA H A 0 SR ARAL
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Selenium nanoparticles synthesized by Streptomyces avermitilis:
physical and chemical characteristics and inhibitory activity on a
pathogen of Lycium barbarum

ZHANG Qi', LI Yani', ZHOU Rongjuan', QING Jiayuan', YUE Sijun®"

1 Xinhua College of Ningxia University, Yinchuan 750021, Ningxia, China
2 Key Lab of Ministry of Education for Protection and Utilization of Special Biological Resources in Western
China, School of Life Sciences, Ningxia University, Yinchuan 750021, Ningxia, China

Abstract: Biosynthesized selenium nanoparticles (SeNPs) have attracted much attention because
of their unique physical, chemical, and biological properties. The microbial reduction of selenium
salts to SeNPs has great potential, while there is a lack of elite strains. In this study, we explored
the reduction of Na,SeO3 by Streptomyces avermitilis into SeNPs. The colonies and hyphae of the
strain and the synthesized SeNPs were characterized by optical microscopy, scanning electron
microscopy (SEM), transmission electron microscope (TEM), energy dispersive spectrometry
(EDS), X-ray diffraction (XRD), and Fourier transform infrared spectroscopy (FTIR). At the same
time, the inhibitory activity of SeNPs on Fusarium oxysporum, the main pathogen causing root rot
of Lycium barbarum, was studied. The results showed that S. avermitilis converted Na,SeO; into
SeNPs and tolerated 300 mmol/L Na,SeOs;, demonstrating strong tolerance. S avermitilis
synthesized spherical SeNPs in the cytoplasm, and most of SeNPs had a diameter of about 100 nm
and were released by hyphal fracture. The SeNPs synthesized by S avermitilis were amorphous,
and their surfaces were dominated by C and Se, with the existence of O, N and other elements.
SeNPs had functional groups such as -OH, C=0, C-N, and C-H, which were closely related to the
stability and biological activity of SeNPs. The SeNPs synthesized by S avermitilis showcased
significant inhibitory activity on F. oxysporum, and 25.0 pmol/mL SeNPs showcased the
inhibition rate of 77.61% and ECsy of 0.556 umol/mL. In conclusion, S avermitilis can tolerate
high Na,SeO; stress and mediate the synthesis of SeNPs. The synthesized SeNPs have good
stability and strong inhibitory activity, demonstrating the potential application value in the
preparation of SeNPs and the control of L. barbarum root rot.
Keywords: Streptomyces avermitilis; selenium nanoparticles;
characterization; Fusarium oxysporum,; inhibitory activity
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Tk S A W R R R R R o A0 A
JRA AL SeNPs, [AIBFZERMIA KA. 2.
BT S HLY AR E Hegh i, i fb2a My B &
B B B SR AR | R T L TE
GNP Y ) SR A S N /AN R 8= R
Y SeNPs & ko
SR EMOE Y S L SeNPs 1Y
W08, H T A i E A G B SeNPs BE 77 1Y
(GG 7PN Ak 1 FI =N AN 1/ €2 i A
Al & W SeNPs, UK {5 %% %5 1 (Sreptomyces
griseobrunneus)'? | Tendae %% %5 [# (Sreptomyces
Fo AR ZK A T 8, U ZEoE
ENREST IR . BSIETR, TR BANKISUR 5 A
EL R S B 4 75 1 (Sreptomyces avermitilis)
F B TR A, AR LX)
SeNPs HIRE I HRIE . AT T 5 o 72
R B, BTYERERE RTE A NaySeOs HYH IR Ik
BT, REFEARLI ) SeNPs ki, S2I6
g L I HAT A05R 0 7 SeNPs BE ST o AT LA
B Ak 5 25 TR OA BF S 5, WL SeNPs 4 2
fh2ERAE . WLIEA | W32 kAT i — 20 i,
DN SeNPs (4 = S B i sibk ,  [A] I LAt
F2 (Lycium barbar um) = &35 i =5 B B0 pH——
23 1 Ji 71 7 (Fusarium  oxysporum) 36 i H: 11 7&
TG, A SeNPs [l 55 LA K M AT Jo 3 By i 4t

H: 1
El/‘jbl’a’io

1A

1.1 ##
111 i ER

BT 24 25 T (S, aver mitilis) A W [ 25 [
Fh AR5 th L (ATCC %5 31271); S ffusk T (F.
oXysporum) H 7 B R af A iRk 24 Be i A 1 52 5
254085 [ RS (L. barbarum) AR bk .

&: 010-64807509

1.1.2 EBFEE

Wi 2 i 2 TR 15 7R R (B B U 4.0 g
HEWE 4.0 g, ZFEY) 10.0 g, pH 7.3, fi
KEZZ 1.0 L) T B 4t 55 25 13 /35 16
SeNPs il &5 [ AREIREEMA 18.0 g/L BB
Hg, FHT Na,SeO; ifif 32 PE 43 ik 56

PDA FiJREE (S E AT 200.0 g, HI%HE
20.0 g, HilE 18.0 g, MUKERZE 1.0 L) T4
el AL s it AT 1 955 1 S AT 7 S

KBS 121 °C, 20 min,

113 EZRXF S5

255 5135 : Na,SeOs (>99%, ThermoFisher
Scientific 2\ ), PBS (pH 7.4, iNINFE4E /R A=Y
BHEARAE]), MR € W (2.5%, Phygene
Ay, HAbGR X S A Hral

1 mol/L Na,SeO; B} Bt il : s FR HX
Na,SeO; 8.6470¢g, MEEFKEXRZE S0mL,
FEAMRAIE 022 um PG UE, 4 °CAK
.

1 mol/L SeNPs BEVEHCH] : HERIFRIL 0.789 6 g
T2 SeNPs, & F 10 mL 25 F /Kl i
1 mol/L SeNPs BF, 4 °CY&i#i# .

FHAYLE . FIHIH B (Carl Zeiss AG 2%7]),
o L 21 48 AR 5 1% 4 (ThermoFisher Scientific
2NH]), X B2 AT 8L (Bruker Corporation 23 /),
AE 1% 43 1 {X (Oxford Instruments), %5 5 Hi 5
(Hitachi 22 H]), J65 WA (AR kU att),
R Ilfs 484 (Tousimis Research Corporation 73
Hl), BB EREE OO RAEYEST), Hilk
37 15 9% 46 (T g WOR T AE I RHCAT BR 2 7D
1.2 A%

1.2.1 SeNPs &5

WUE AL 3 d A0 A e TR 1Y) ] A B R TR
e 2% (PRBU) R A 22 50 mL WA
B, A 250 uL NaySeOs BE, flid 5%
T Na,SeO; ¥/ 5 mmol/L, Hf I REE T,
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T 28 °C. 90 r/min JZ G FRMEE, LIFERN S N
A SR TG B K A AR b %o B
1.2.2 P45 EE A Na,SeOs it Z it 16

T I E B 24 B RS TR AT NaySeOs Y if 52
PE, 2 BN FHAFL Y NaySeOs BER A F
20 mL ARHE A REFREE S, #2457, Hil 45 NaySeO;
el 4 5.10.20.40,100,200 300,400 mmol/L
P FEL A B SR 3, SR e FH IG5 T L TR VR 43 0l
RIS A 3R 3L, B8 T 28 °CHE 346 b
B FRAER, DA SF AR IE B 7K I [ A7 B A
R Xt HE

N T KR SR Na,SeO; B N & B I
FIBTAEGE R, KA FALBREE 3R 6 d S5 G
MR O K IR R R W, AR5 R AR
TR, BT 28 CRFRM TR 6 d,
WEEE IR 5 A BT 24 4% 5 TR TR VR B . DL A Ak
PYRE 3NEE
1.23 MEEEFRFHLEMNE.EHER
WM ERFAFHE B R 2R

el 122 B kW& & 0.5 mmol/L
Na,SeOs [ [ /&S5RI, #fiEaR 3 dJaR A .
gt WROWER R 2L,

#1450 mL 55350, F 28 °C. 90 r/min #
VikidE 3 d G 250 uL Na,SeO; Bk , il
WH Na,SeO; M/ 5 mmol/L, AkziiEiE 2%
FER S LT AR, B S mL B 2 ), T 5 000 r/min
B0 5 min, FF [y, TARUIERE PBS 2o
W (pH 7.4) 6% 3 KDL LBREEFRILEIREA Y, R
Je 43 ] B 22 I UTEE RN 1 mL 2.5% 1%
TR E S — 0T 4 °CRRE 24 h R K
. YR, RAHIE S HL B (transmission electron
microscope, TEM)WLEE 44 Al 50 A 6L & 5 55—
¥ H1 PBS 22 tPI R 3 UK, FHARKURAEFH 30%.
50%.70% . 80% . 95% . FEAf BE K, J5 FH 100%
CEERR K 2 YK, F2UK 20 min, FELL 100% N i &
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B2 ¥k, BFK 20 min, ZJEARE T, 4
P47 9 H B 8% (scanning electron microscope,
SEM)MLEE . Xf BEFE S INA 250 pL JoRE/K, H
ARALBE )y v SRR AR T
1.2.4 SeNPs HI3ZBU R R AE

R T 2 7 R L TTTE Y BT Y A
g1, KEREFR 6 d MIEFRE T e s R B O AL
10 000 r/min £5.0> 10 min, WAETTHE, ALK
VeI 3 IREBRIGFRILTRE , TIEH 50% . 60%.
T0% RS FE VR T 8 000 r/min 5.0 10 min 43
B, MR 2 WRWELATIE,
47K F 8 000 r/min B.0» 10 min YE% 3 I L%
PA RERE , PR 4E/K 6 000 r/min 5.0 10 min ¥
W E IR DTTE , I DiiE & Im A T8 )5
AT SEM M, BRE A X JTLHEIE (energy
dispersive spectrometer, EDS)3 47 . {8 BLI|-£1 7R
1 Y6 1% (Fourier transform infrared spectroscopy,
FTIR)FI X HF£&A75f (X-ray diffraction, XRD)
51T

K A B2 AR G35GB
SeNPs ¥ K 5 AR A K, T E
400-4 000 cm" 3 [l P 0 A LSO, A
JEh 5 kHzo RH X SFEAT S AR A b
45 AR HAT AT, B SeNPs By A& T4k A
PIRESL R, HHTRIEE R, MR HE T X 4
LATHH P AT, A 10°-90°, 45
FEEEFE R 5 (°)/mins
1.2.5 SeNPs ¥k 7] W I EIERA

Z:HSCER 161/ 78, #alifh | im T4
J5i i) SeNPs I JC i K B il e B2~ 1 mol/L 1)
B, SR 4. 10, 20, 40, 100, 200,
300, 400, 500 pL BR, A —E I I
KB AE 20 mL (1) PDA AR _E, 57 BI85 58
Mg 5], il H SeNPs ¥ JE 4 0.2, 0.5,
1.0, 2.0, 5.0, 10.0, 15.0, 20.0. 25.0 pmol/mL
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W EEBEE () PDA -4l o X BRAE 0 A S IR FRIC A
KA, A E 3 ANEL,

WA 5 mm )45 8 ERFEE AL 3 d Y9I 5k
DI REFR AL SOV E U D, e A IR A
TR 22 W TR DFEE 5 2115 SeNPs (35 3R A b g
AT T 22 W — 1T B B R B SR AT, B R
%, IETE M) BT 28 oClH IR 746 b 7 B 55
I, Ff 24 h S BB, SR R R
SE Il <5 28 SO TR VR HLAR, REXTER
AR & ST M S R R SR, A
[Fi) Kb BT 2 S Hie U0 T R A TR ROR o 1T R
[R(%)ITHEA: RE(D wu—D wa)/(D ue—5), X
D e EXT R EHAE, D unte b EAE, H
PFEAE 5 mm,

o TR 22 A A A ] 45 B i LR AELAE 9 9
AEBR AR R R A SR R B S B AR B
AR TR 22 A A ] L 25 R0 ol B8 205 B2 ) B Y
VeI SC R, KRR I T5 RS, TR
BN JE (median effective concentration, ECsq)LA
UGIPE Y E

2 EREG5M

21 MEHEERILE Na,SeO; £
SeNPs
2.1.1 [4E5EEE X NaySeO; i 32 14 2 4

BT 4% B TR FE & A 5 mmol/L Na,SeO; I
IREEFRIL PSR 2 d GBI BAR LT (B 1), X
WA UL Z T BA ¥ NaySeOs #54k k21 (4, 1Y
SeNPs!" I fE 11 .

SR FH T A4S Al 855 5% T = 6 Tk BT 24 e 2 T )
Na,SeOs BT 5214 , AR 52 32 B AR LT LU K BB S
MRS 5 S T A TR F IR 1.2.2 BB ATk
FERERFE 3d )5, 5-300 mmol/LNa,SeO; b3
FREFRIEI AR 2T, - H AN AL PRS- R A%

&: 010-64807509

oy g 3 1 B4R (K] 2), XU ITE AR Mk
JEAR IR 34T SeNPs (YA, , HABAFAE IS B
AE5E 75T o 400 mmol/L Na,SeOs &b F ity 5% 57 3t
[FIFEAR 21, {H KRB 4 20 o B 4 i 2 0, 1B

1 M@EEFEZLFE NaSeO; £ B SeNPs
A PTAERE R R IR, #7 kP MR 228k B: I
Jil' 5 mmol/L Na,SeOs A% Pl 4 4% 25 P 7 K -

Figure 1 Reduction of Na,SeO; by S avermitilis
to generate SeNPs. A: S avermitilis culture

solution. The arrow points to the mycelial pellet. B:
S avermitilis solution with 5 mmol/L Na,SeOs.

400 mmol/L 300 mmol/L 200 mmol/L 100 mmol/L

2 SiKE Na,SeO; b 32 X bl 4 % 8 = 775 /Y
g0 A: 43BN 400, 300, 200, 100 mmol/L
Na,SeO; 1 Bl 4 4 75 177 [ (A4 ; B: &b FH 43
125 4 T 0 5 T AL 7

Figure 2 Effect of high concentration Na,SeOj;
treatment on the survival of S avermitilis. A: Solid
culture of S avermitilis with 400, 300, 200, and
100  mmol/L Na,SeO; added, respectively. B:

Colonies formed by S avermitilis isolated at each
treatment concentration.
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400 mmol/L ¥ & Wi T B ¥ A I # A7 1,
SeNPs (177 A= 52 tH A W B I8 I /N o 14
Jo B A T T R 25 SR PO 2 ik, B 4k
%5 @ 0] it 5% 300 mmol/L Y Na,SeO;, B A K
F i} 2 BE
2.1.2 Na,SeO; MM AERERE EFESH
220

R T B UE NaySeOs Xif BT 4k 4% 5 B o 74 % B
HILASME, WA 0.5 mmol/L Na,SeO; {537
3d JE WER TR I M 22 S A8 ik . B 3A 7]
DIE 1, PT4EEE S E RIS Na,SeOs YBE 57
PR AE . RaTERrNEE, BEoga]
DLE B 22BE . e . A S, K 3B
TSN NapySeOs TR & S 7 22 i &, M
A LLE BTN NaySeO; Jr Bl 455 5 1 A BETE i
IEE P RTE, RIS s R/ NR 5, B
THOEE AT LU B R 2227 240, W24 e hF itk o
TR LB, WA B “F R~ RN NaSeOs ¥k
JEA 5, NaySeOs AbFEHR B2 iy, T8 Bl i) 71 7% B
g/, YU E T 10 mmol/L i, PHRWEIA
W, DHORE R W RAB TN, RRg
RAE AR S A m] AAS B ENE, AT
Na,SeO; [ A FR I e ad — B Rl 5 57 J
HREA B AR 22 B3R (B 1 Bk o), T

IS Na,SeOs ML AH], DL 25 Rul b,
Na,SeO; X il 45 25 16 14 22 i A KOR B 27 A4
BRI o
2.1.3 M4EEFR2 SEM S 4

M SEM Z5IRATLIE Y, KRN Na,SeOs
PP 22 iR e R . D6 . TometRl, B2 A
4A), T AN NaySeOs b BH A T 22 {4 3 1 8 4% (&

3 Na,SeO; WMEREEEERELEEH
T A: RESIN NaySeOs R & L w225 B:
7SI 0.5 mmol/L Na,SeO; F T 7% M 22 o

Figure 3  Effects of adding Na,SeO; on colony and
mycelial morphology of S. avermitilis. A: Colonies
and microscopic hyphae without Na,SeO;; B:

Colonies and microscopic hyphae with 0.5 mmol/L
Na,SeO5 added.

4 MEHESEELZ SEM

Figure 4 SEM image of S avermitilis hyphae. A: SEM without Na,SeOs;. B:

Bar=1 pm.
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A: KU NaySeOs. B: ¥ Na,SeO;. Bar=1 um.
SEM with NazseO3.
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R 3 1) 25 A — 5, 150 B BT 4 i 5 o 1T DA 3
1 T 22 W 300 0y 205 U SeNPs BRI A
Wi, X5 Sreptomyces sp.ES2-5 Bt SeNPs
(10 AR RN, 2 ek BT X500 F 400 T 0 P T
R R RO P22,
214 MHEHERE TEM &R

TEM Z50EKH], 7EUIN Na,SeOs AL FRA
W, TR NSNS B T BB . S5 ECE
) SeNPs ki (&l SA ik FiR), R AT LAE H

AHBEL P A EE T BRI AS TR 5 RIS NaySeOs [X]
R Ry RS B S E2 A N P R €]
SeNPs Hiki (K 5SB). VA 25 SR Ui, T4k 5k 245
A FEA P SeNPs kL, ARG OBk
PR, [FIf Na,SeOs il LA S5 FI RS AL &
e S VAN a0 = I B A e ey 2l e 1] L R
PR AN AE , B B B skl Y,
2.2 YRIEAISRAE
22,1 FHEBEESH

W B B0 T8 1) 20 €0 A0 A 8 D i A

e
AT SEM gL, KL 6 RTLIE Y, Fdists s

<3 @
e 9
[ 2
% @
® %
T g
[ L

2.0 pm
A ik TR A SeNPs Fiki

Figure 5 TEM micrographs of S. avermitilis hyphae with (A) and without (B) Na,SeO3. The arrow points to

5 HMMA)STRHFIN(B) Na,SeO; B4 555 5 & K TEM
the SeNPs.
B

2.5 um
6 SeNPs # 7K 89 SEM (A)F1 EDS (B)5 #7
Figure 6 SEM (A) and EDS (B) analysis of SeNPs powder.
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IR ERTE SeNPs ki, KB4 B A%E 100 nm
LA, NSRS 200 nm ZE A7 OB 4E 1A . EDS
ST, B AR IS A A TR 1.37 KeV .
11.20 KeV 1 12.49 KeV H B T K5 12 ARG I i g
B, BLEA KR Se Lk,
222 L RIED R

R Y2 RAR KA, X BT 4R R T A
B SeNPs K 1A F Re 11770 #7 . FTIR 25
R(ET), 3421.87 em b A A i W A I 2 F TG
ML N-H Fl5r+[al. 2FHNr-OH i
ifRzhg >, 2 853.61 cm ™ 12 921.67 cm™
A P AR AT D SR Bl I R R AT (A A T 2 1 B
B FNAE 5 B —CH, F1—CHz) SRR A %o BRI
PG, 1 635.92 cm ™ Ab 5 W i g ] iy
AN TR TG RN A i 28 1 B e B LY C=0 (BERLT
WY IRSHE1IED T, 1 537.60 cm™ Ab R I IE
DA DR T LAY , T 1 400.88 em ! 420 AR W AT I8 /a8
FREWIE C-—H T ASTE . 1229.16 cm™ &b
(W WA X 1 —OH WS i 4k 3l , 2 B 2
B EPT, 1 040.18 om™ &b A4 WE i ks AT Bl 2 FH
Ferh ) C-N #3511 . LA E FTIR J6ig45 R
IULRH , BT 4k 5 2 TR 7 A2 %) SeNPs A 7E 2 S |
REZSFEE BT S5 A PR L HED 3 S 41 i A0 2R
& W) (extracellular polymeric substances, EPS)
%5 SeNPs (B WL, XA H1i SeNPs [\
EHA EEMERDY, X5 RMERF WIS
FH—, WAL, 7E 517.96 cm ™ A —HRAE 4
A RESEXTRRIM AR SR A, "TRERE Se=0 X
Se—H 2545, 3 2 15 10 W A 400 5 2R ki 2
BRI B T G 2 (1 SRl 2 A R idE— RS
2.2.3 XRD 4#f

SeNPs [ XRD Z5 5L an & 8 fli /i , #F 20°-30°
Z I BT R <@ S e, R AR AR
FRAE W AT, 3150 B AT 24 4% 5 7 7 AR Y SeNPs
FAEARAS . B4 RE R R A AR A B SeNPs A]
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7 SeNPs BJ{EEM LI TR IE D
Figure 7 FTIR spectrum of SeNPs.

1 1 1 1 1 1 1 ]
10 20 30 40 50 60 70 80 90
20(%)

8 SeNPs KJ XRD 53477
Figure 8 XRD analysis of SeNPs.

REJE T HR N T2 ER . BEREY
i

i, xSePy e 1R IRRIE . BFR R B,
H W) M SeNPs 22 9 Ak dh A , HAR L ZS SeNPs

FR) R L 16 PEAR T S AT S A0 16 1R, Bg ik aT

A, M TSR A R A SeNPs, P4k

HERETH A B AE S A SeNPs ELAT W LE I E W)

TE L

2.3 YAKAR X M AT AR B i R T R D
A F6 4 7) B (F. oxysporium) & 3% & 7 5 Hb

DX M AT MR I 1 B LR R R 2 — ), AT
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PR BT 25 2 1 5 LAY SeNPs FEFIFC AR By Thl
HIR IR T, BTSSR AR V2 4636 SeNPs
XoF 3 B D TR -2 AR 8 7 TR R A ASCR , F ARk
21 =k B (0.2-25.0 umol/mL) 3L 5 & 9 N 4b#f
DA KT HRAE(CK). 9 o CKL IR, oy vk
TRMPFFRIIWWEEIES, ATLUEH, BI4esE
BT A SeNPs 1] LUAT R0 il 43 76 i T 14 1)
A, BEA SeNPs i BERYIE AN, JABHR T 1)
EARAHRLI D, RIS B 0 R B AR

0 pmol/mL 2 pmol/mL

BiF% 4 d J5 /N [A] SeNPs 1k At 4 7 B g 3
TR 1 s, WEELE 0.2-25.0 pmol/mL K,
IR ITE AR FAR N 6.20-2.00 cm , ZHKAGXT
IO T AR N 14.93%77.61%, FALHE
Z AT % 25 A i 3 (P<0.01)

H 2% 2 AT, PTAEed A5 ™ A2 1) SeNPs Xf4R
F8 71 1 EE T EE TR Y=0.919X+4.489 ,
ECso 4 0.556 pmol/mL, il JLER{E(Y) 5 M
IRV X B () 2 IEAH G

15 pmol/mL

5 umol/mL

9 0 pmol/mL (A). 2 pmol/mL (B). 5 pmol/mL(C). 15 pmol/mL (D) SeNPs ¥ 5 7 4 7] & & 3% A /s

IRl

Figure 9 The effect of 0 umol/mL (A), 2 pmol/mL (B), 5 pmol/mL (C) and 15 pmol/mL (D) SeNPs on the

colonial morphology of F. oxysporum.

F 1 A[E) SeNPs ik E 3 18R 71 = RO HD I 3 R
Table 1

Inhibitory activity of different SeNPs concentrations on F. 0Xysporum

Concentration (umol/mL)

Colony diameter (cm)

Antibacterial rate (%)

0.2 6.20+0.25 bB
0.5 6.00+0.26 bB
1.0 5.50+0.16 cC
2.0 4.30£0.91 dD
5.0 3.00+0.60 ¢E
10.0 2.80+0.59 fF
15.0 2.50+0.53 ¢G
20.0 2.30+0.49 hH
25.0 2.00+0.42 i

CK 7.2040.20 aA

14.930.35 il
17.91£0.29 hH
25.37+0.26 ¢gG
43.284+0.91 fF
62.69+1.02 ¢E
65.67+1.31 dD
70.15+1.40 ¢C
73.13+1.46 bB
77.61£1.55 aA

The lowercase letters in the same column represent a significant difference of 5%, and the uppercase letters represent a

significant difference of 1%.

T2 A [E SeNPs iREMNRBMBEIENERNEZAN
Table 2

Indoor toxicity of different concentrations of SeNPs to F. oxysporum

Pathogenic bacteria  Toxicity regression equation r

ECso (umol/mL) 95% confidence limits X

F. oxysporium

Y=0.919X+4.489 0.98

0.556 2.727-4.746 3.948
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3 Wik

MG 58 P S 52 2 2 7 3 77 400 DK G R 1) 0 22 45
o WERRBA, AR LA R A = A 1) O,
X AR A —E IR AT, R A Eh 2
ISR AN A, PR B A i EL A i 2 sl HE L
HilBY . K2 H A YRk NaySeOs it 572 1k B 78
100 mmol/L LAPY®' 2 B 418 fe i i 52 e B hy
800 mmol/L™, {H7E I e B & 75 AE 40 5 H TG 11
PRI i A WL o BT 4 2 TR HA = Y Na,SeOs
i 52 Ve VA R o R i g g L], — i, BT
Ak 55 B W AT DL oF T 22 B 2 7 =8OR
SeNPs, i3 Ffi AR % A FEOHIL il e B A 80 AR 4P T
28 Oy — 7 I, P2 5 T 3 A 43
2R L. B 1% EPS, XU EPS skt
B H(C=0) Mk i (—CO-NH-)BE 454 Se, M
B — )2 03P R A AR QUK Uk ™ ) |, LA
P/ INEE I P SO AR s, [R] B AT
() SeNPs FiUkr s g sz BT, B 4 25 B RE 15
¥ NaySeO; W AL B9 kil , HAKSD
Na,SeO; i Z e T, A — & BN I .

AN TE A W AE A Y SeNPs F, A i A 77
XS, AMTERAN, AHNTEMSL, &F—
S B A W A P R AR X AT A B SeNPsPH 40
KRBT R R, BT 4B 5 0] AE R AR N AR
EARE/INI SeNPs kL, 33 6 Uk 75 41 it Py 3R
LB —ERER, SUFFREEARE, K5
AL R AE N A A2, M & i
SeNPs ki, [FET, ZHMISMILA SeNPs ki
B, XA IR B R L AR AR
SeNPs 554 ML S #A Fr ik — 2B 5% o

KRR LA RAF ST E RIS, B0k
e AR YR B R 0 R AP Y. SeNPs
A LA B R PRSI, 470 A 200 R s 200 LR
WEAI R R R A N R, 5 S S M A
AT A 200 B ™ A= A B N B, A FEA R Y

http://journals.im.ac.cn/cjben

VEFRM, WF5EE], SeNPs X #i % [GBHPE B (4n
2 S AT ) R 2% G BV T (U 4 o (0 B A BR A
TR BEERTA . R A S R AN K B AT B )
3 HEFER B E YY), SeNPs ik X} 72
AR IR U RO R Y AR
R I BT VS A L T i A R B R A
MEIVER . AT KRB, SeNPs X Az H I i
JEU B [RVRE ELA B A R RCR . L SeNPs ik
YE R kA AR s 1 A Bl iR, BRZE 8L, SO
MR AER A 5. UL EGSRATAEYE SeNPs
14 7 FH A M AT AR 0 1 B VR B S

4 Zib

HrE BB G L SeNPs Lk I 458
b BTAERE R TE SeNPs 5 8 Na,SeOs i 3

LR 1 NaySeOs M ZHE ), fie iy i 2k B ] 35
300 mmol/L, X —#UH e = T 2 e 8 1Y K Z 5 4m
PRFI L TR o BT 4 B 5 TR B 106 70 A I I3 PN 5 IR
JE SeNPs ik, X LEFEML N A AL SeNPs 23
1oL TR 22 W 24 1y ZORR Tl 3 At L S IR v B i
P A Y SeNPs Uk 22 100 nm, #5549
2 —IE ) 200 nm B REMAK, HEEMR
AR, PR REICRAMLL C. Se HE, FF
TH O, N LR, [EFEREMNZE, SeNPs &
THfL 22 4 R W ML AN RS W0 (EPS), H i
—OH. C=0, C-N, C-H %' g FI X 4E+F SeNPs
B R P e A WS PR B G E T o TEAE W)
TP IO 5 T, BT 4 B R T BT B Y SeNPs Xof
IAGR T T EA B R NE v, B ERCR
5 SeNPs MM IEA X, 4 SeNPs W N
25 pmol/mL K, XF2R 8k T B 194 & 2K 7] ik
77.61%, H: EC50 24 0.556 umol/mL.

ZE b Prak B o TR I A R 22 W R
HEHZ2 1K) EPS 197 AR NaySeOs Xif 4 i (55
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P, 3PN A B2 AL 8 75 BT 4 4 55 R A S Y
Na,SeOs Mif 221, ST E AR E 1 SeNPs il
Wi o X —ad R B T A 2 i A A G PR BT A8 N
FITCAE . % Bk, BT a AR g —Fh
FGe i Tolk 2B 77 B, HAEA AN KA Jy TH o i
H Ty, MHMIFRAMIE, MU EME
Y17 SeNPs W, ] A 4T R E P07 SeNPs
BILFE R A 0 U5 A AT (4 25 R AR 22

REFERENCES

[1] ANGAMUTHU A, VENKIDUSAMY K,
MUTHUSWAMI RR. Synthesis and characterization of
nano-selenium and its antibacterial response on some
important human pathogens[J]. Current Science, 2019,
116(2): 285-290.

[2] HARTIKAINEN H. Biogeochemistry of selenium and
its impact on food chain quality and human health[J].
Journal of Trace Elements in Medicine and Biology,
2005,18(4): 309-318.

[3] ZHANG L, ZENG HW, CHENG WH. Beneficial and
paradoxical roles of selenium at nutritional levels of
intake in healthspan and longevity[J]. Free Radical
Biology and Medicine, 2018, 127: 3-13.

[4] ZHANG T, QI M, WU Q, XIANG P, TANG DJ, L1 Q.
Recent research progress on the synthesis and
biological effects of selenium nanoparticles[J].
Frontiers in Nutrition, 2023, 10: 1183487.

[5] JRAEAE, RS GROREN Y A K A W s 2 v AT

[ 1. AEMIEAREIR, 2020, 31(5): 621-626.
SU HH, WANG YH. Progress in synthesis and
biomedical application of selenium nanomaterials[J].
Letters in Biotechnology, 2020, 31(5): 621-626 (in
Chinese).

[6] XU MM, ZHU S, L1 YR, XU S, SHI GY, DING ZY.
Effect of selenium on mushroom growth and
metabolism: a review[J]. Trends in Food Science &
Technology, 2021, 118: 328-340.

[71 NIE XL, YANG XR, HE JY, LIU P, SHI H, WANG T,
ZHANG DH. Bioconversion of inorganic selenium to
less toxic selenium forms by microbes: a review[J].
Frontiers in Bioengineering and Biotechnology, 2023,
11: 1167123.

[8] AVENDANO R, CHAVES N, FUENTES P, SANCHEZ
E, JIMENEZ JI, CHAVARRIA M. Production of
selenium nanoparticles in Pseudomonas putida
KT2440[J]. Scientific Reports, 2016, 6: 37155.

(91 2™, talis, RIGvE, BEpER, WA, Mk, o
LR TR IR R A AR R ()], S BRI AR W)
274, 2022, 28(2): 379-386.

LIY, YANG J, WU WZ, GONG JX, DAI CX, QU YY.

&: 010-64807509

[12]

[14]

[15]

[16]

[17]

Biosynthesis of selenium nanoparticles by a bacteria
co-culture system[J]. Chinese Journal of Applied and
Environmental Biology, 2022, 28(2): 379-386 (in
Chinese).

HASHEM AH, ABDELAZIZ AM, ASKAR AA,
FOUDA HM, KHALIL AMA, ABD-ELSALAM KA,
KHALEIL MM. Bacillus megaterium-mediated
synthesis of selenium nanoparticles and their
antifungal activity against Rhizoctonia solani in faba
bean plants[J]. Journal of Fungi, 2021, 7(3): 195.
KHOEI NS, LAMPIS S, ZONARO E, YRJALA K,
BERNARDI P, VALLINI G. Insights into selenite
reduction and biogenesis of elemental selenium
nanoparticles by two environmental isolates of
Burkholderia fungorum[J]. New Biotechnology, 2017,
34: 1-11.

AMERI A, SHAKIBAIE M, AMERI A, ALI
FARAMARZI M, AMIR-HEIDARI B,
FOROOTANFAR H. Photocatalytic decolorization of
bromothymol  blue using biogenic  selenium
nanoparticles synthesized by terrestrial actinomycete
Sreptomyces griseobrunneus strain  FSHHI12[J].
Desalination and Water Treatment, 2016, 57(45):
21552-21563.

BEH, Kb, R, S, B, XER.
B A T whe3 1 % KR AR I SE[D]. IdE AR
ERF#, 2016, 55(4): 867-871.

CHANG QQ, ZHANG YY, CAO YY, LU CL, LU P,
LIU AM. Identification and Se-enriched characteristics
of A strain Se-enriched Streptomyces wh63[J]. Hubei
Agricultural Sciences, 2016, 55(4): 867-871 (in
Chinese).

AHMAD MS, YASSER MM, SHOLKAMY EN, ALI
AM, MEHANNI MM. Anticancer activity of
biostabilized selenium nanorods synthesized by
Sreptomyces  bikiniensis  strain  Ess_amA-1[J].
International Journal of Nanomedicine, 2015, 10:
3389-3401.

GOLINSKA P, WYPIJ M, INGLE AP, GUPTA I,
DAHM H, RAI M. Biogenic synthesis of metal
nanoparticles  from  actinomycetes:  biomedical
applications and cytotoxicity[J]. Applied Microbiology
and Biotechnology, 2014, 98(19): 8083-8097.

ZHOU JY, ZHAO XY, DAI CC. Antagonistic
mechanisms of endophytic Pseudomonas fluorescens
against Athelia rolfsii[J]. Journal of Applied
Microbiology, 2014, 117(4): 1144-1158.

RN, ey, AV, T, REWE, 2§,
I AEHa, XN 4. BGF A= ¥ HILIE X B 25 Rt s
PRI B ROCR[T]. db Al ), 2022, 50(1):
101-106.

HUO HL, XI XM, BAI QJ, TUO DB, SONG XF,
PENG M, QIU TY, LIU LR. Antimicrobial activity of
BGF bio-organic fertilizer against Phytophthora
capsici and Fusarium solani[J]. Journal of Northern
Agriculture, 2022, 50(1): 101-106 (in Chinese).

X: cjb@im.ac.cn

703




704

ISSN 1000-3061

CN 11-1998/Q AW T.#22*#  Chin J Biotech

[18]

[19]

[20]

(21]

(24]

[26]

WANG YT, SHU X, ZHOU Q, FAN T, WANG TC,
CHEN X, LI MH, MA YH, NI J, HOU JY, ZHAO WW,
LI RX, HUANG SW, WU LF. Selenite reduction and
the Dbiogenesis of selenium nanoparticles by
Alcaligenesfaecalis Se03 isolated from the gut of
Monochamus alternatus (Coleoptera: Cerambycidae)[J].
International Journal of Molecular Sciences, 2018,
19(9): 2799.

A, D, SRR, A, FHE, R, K
5. TRV TRRR A 075 06 55 N HL P A R 4 e
BIEMED]. Eah TR, 2023, 44(24): 152-158.

XU XN, MA HD, XU Y, LI X, QIN Z, QUAN CS,
ZHANG LY. Screening and identification of
selenium-tolerant marine strain and the antibacterial
activity of Se nanoparticles it synthesized[J]. Science
and Technology of Food Industry, 2023, 44(24):
152-158 (in Chinese).

Rer, RICK, BHAE, SEW. W7EshY M it
A= A b e A LRI S R R (D], ARl B IR 5 R 8
2#3, 2018, 35(3): 189-198.

ZHU YY, WU WL, ZHAO GS, GUO YB. Progress of
selenium biological transformation in animals, plants,
and microorganisms[J]. Journal of Agricultural
Resources and Environment, 2018, 35(3): 189-198 (in
Chinese).

TAN YQ, YAO R, WANG R, WANG D, WANG GJ,
ZHENG SX. Reduction of selenite to Se(0)
nanoparticles by filamentous bacterium Sreptomyces
sp. ES2-5 isolated from a selenium mining soil[J].
Microbial Cell Factories, 2016, 15(1): 157.

BUTLER CS, DEBIEUX CM, DRIDGE EJ, SPLATT
P, WRIGHT M. Biomineralization of selenium by the
selenate-respiring bacterium Thauera selenatis[J].
Biochemical Society Transactions, 2012, 40(6):
1239-1243.

PIACENZA E, PRESENTATO A, BARDELLI M,
LAMPIS S, VALLINI G, TURNER RIJ. Influence of
bacterial physiology on processing of selenite,
biogenesis of nanomaterials and their thermodynamic
stability[J]. Molecules, 2019, 24(14): 2532.
SCHRODER I, RECH S, KRAFFT T, MACY JM.
Purification and characterization of the selenate
reductase from Thauera selenatis[J]. Journal of
Biological Chemistry, 1997, 272(38): 23765-23768.
4G, ARME, EWEAE, K. W RS K AR
P Kbt S AL E A I]. &8 Tk B4, 2020,
41(15): 34-42.

FENG MJ, XIONG H, WANG XY, SUN Y.
Physicochemical properties and antioxidant activity of
protein in selenium-enriched brown rice[J]. Science
and Technology of Food Industry, 2020, 41(15): 34-42
(in Chinese).

Wi, XIWE. £0AP G I R I T B )
SRR EBRSE (). A RAL AR, 2003, 24(2):
226-231.

XIE MX, LIU Y. Studies on amide III infrared bands
for the secondary structure determination of

http://journals.im.ac.cn/cjben

(28]

[29]

[30]

[31]

[33]

proteins[J].  Chemical Research in  Chinese
Universities, 2003, 24(2): 226-231 (in Chinese).

P, AN, XV, R, SRR, MRS, T
FTIR M55 KA WL S fiid e rh e f A2 e 1.
Seitas 5GRE AT, 2016, 36(11): 3517-3522.

LI L, LI ZP, LIU M, WU M, MA XY, TANG XX.
Structural analysis of organic matter composition in
piggery wastewater during the process of organic
degradation based on FTIR  spectroscopy[J].
Spectroscopy and Spectral Analysis, 2016, 36(11):
3517-3522 (in Chinese).

LAMPIS S, ZONARO E, BERTOLINI C, CECCONI
D, MONTI F, MICARONI M, TURNER RJ, BUTLER
CS, VALLINI G. Selenite biotransformation and
detoxification by Senotrophomonas maltophilia
SeITE02: novel clues on the route to bacterial
biogenesis of selenium nanoparticles[J]. Journal of
Hazardous Materials, 2017, 324: 3-14.

Rz, LA, RIS, K75, B, BB, M
RAF, WREIME. Tl R B AAT T XP G ERIE A
DKM R A0 ) B R D L T AR S R (], AR TR
274, 2021, 37(8): 2825-2835.

ZHU YY, KONG XP, WU EJ, ZHU N, LIANG D, LOU
MH, ZHOU ZM, JIN HM. Biosynthesis of spherical
selenium nanoparticles with halophilic Bacillus subtilis
subspecies stercoris strain XP for inhibition of
strawberry  pathogens[J].  Chinese Journal of
Biotechnology, 2021, 37(8): 2825-2835 (in Chinese).
AEE, Fok, BFE, WA, Bk, 1P,
B E. BEOKSEG 20 1 2 B 2l Ak SOk (0], &
Sn R, 2007, 28(6): 298-302.

SHI BX, CHE HL, ZHAO LX, TAN J, PAN SY,
WANG XP, LIU Y. Study on purification and spectra
analysis of Cardamine urbaniana O.E. schlz-selenium
polysaccharide[J]. Food Science, 2007, 28(6): 298-302
(in Chinese).

YE XG, CHEN ZZ, ZHANG YY, MU JlJ, CHEN LY, LI
B, LIN XR. Construction, characterization, and
bioactive evaluation of nano-selenium stabilized by
green tea nano-aggregates[J]. LWT, 2020, 129:
109475.

EWLL, W, B, BKEEEE, JR0C, B GUE
P I 00 ISU A K i A TR 118 9 08 B G % 2R A
R[], BRTGRME K 22440, 2019, 37(4): 29-34.

WANG LH, YANG H, MAO JL, GENG YF, SU W, HE
B. Screening of probiotics strain for nano-selenium
synthesis by microbial reduction and optimization of
the culture conditions[J]. Journal of Shaanxi University
of Science & Technology, 2019, 37(4): 29-34 (in

Chinese).
FEEE, I, DB, RBEE, K, FEE. M

FC AR R 9 s ot 1 45 5 B HERS BT A L (0], T 3t
X AT, 2023, 41(6): 245-253.

WANG GQ, DU XQ, MA C, ZHU TT, ZHENG R,
YUE SJ. Identification of the pathogen causing root rot
of Lycium barbarum and screening of antagonists[J].
Agricultural Research in the Arid Areas, 2023, 41(6):



I F | MY

== AL

HHEHA

FLAR TR IR (L F RAE R E X MICH R EE MM EEE

[34]

[38]

245-253 (in Chinese).

LOSI ME, FRANKENBERGER WT. Reduction of
selenium oxyanions by Enterobacter cloacae SLDI1a-1:
isolation and growth of the bacterium and its expulsion
of selenium particles[J]. Applied and Environmental
Microbiology, 1997, 63(8): 3079-3084.

HUANG SW, WANG YT, TANG CG, JIA HL, WU LF.
Speeding up selenite bioremediation using the highly
selenite-tolerant strain Providencia rettgeri HF16-a
novel mechanism of selenite reduction based on
proteomic analysis[J]. Journal of Hazardous Materials,
2021, 406: 124690.

RAJASREE SRR, GAYATHRI S. Extracellular
biosynthesis of Selenium nanoparticles using some
species of Lactobacillus[J]. Indian Journal of
Geo-Marine Sciences, 2015, 44(5): 766-775.

LIU HL, LTAN B. Quantitative evaluation of different
fractions of extracellular polymeric substances derived
from Paenibacillus mucilaginosus against the toxicity
of gold ions[J]. Colloids and Surfaces B: Biointerfaces,
2019, 175: 195-201.

WADHWANI SA, SHEDBALKAR UU, SINGH R,
CHOPADE BA. Biogenic selenium nanoparticles:

current status and future prospects[J]. Applied
Microbiology and Biotechnology, 2016, 100(6):
2555-2566.

WANG TT, YANG LB, ZHANG BC, LIU JH.
Extracellular biosynthesis and transformation of

&: 010-64807509

[40]

[41]

[43]

selenium nanoparticles and application in H,0,
biosensor[J]. Colloids and Surfaces B: Biointerfaces,
2010, 80(1): 94-102.

DOMOKOS-SZABOLCSY E, MARTON L, SZTRIK
A, BABKA B, PROKISCH J, FARI M. Accumulation
of red elemental selenium nanoparticles and their
biological effects in Nicotinia tabacum[J]. Plant
Growth Regulation, 2012, 68(3): 525-531.
CRUZ-LUNA AR, CRUZ-MARTINEZ H,
VASQUEZ-LOPEZ A, MEDINA DI  Metal
nanoparticles as novel antifungal agents for sustainable
agriculture: current advances and future directions[J].
Journal of Fungi, 2021, 7(12): 1033.

FWLL. A A R A A KA S A A LT B (D).
P2 BRVERHEERS, 2022

WANG LH. Synthesis of nano-selenium by probiotics
and its antibacterial mechanism[D]. Xi’an: Shaanxi
University of Science & Technology, 2022 (in Chinese).
WANG Q, LARESE-CASANOVA P, WEBSTER TIJ.
Inhibition of various Gram-positive and Gram-negative
bacteria growth on selenium nanoparticle coated paper
towels[J]. International Journal of Nanomedicine,
2015, 10: 2885-2894.

Jei Bt 20 KRG ) A ) 5 SR HCA TR P ) AT S (D).
FHE: LR R, 2018,

ZHOU C. Study on biosynthesis and antibacterial
activity of  nano-selenium[D].  Hefei:  Anhui
Agricultural University, 2018 (in Chinese).

X: cjb@im.ac.cn

705




