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WE DEAEFRERRNSE, ERNMNHMMLE  NASRI @A, A THRDELCAERENEERBEAENES
BEMHYA , FHEECAERSBMAERBK (LRREBRE 50 mg/L ) MGIRY (ARESEH S50 mokg ) &, B
BUBFIRRENHRESR 2 A, HXH DNA B BENFRARINDECAEFNBXARFELENNEN, FRRSH
DA ASFNAMEERERRNARNHEAR S ERAEXW  BEXNEETRE  RETHELAERE , BAkS
AENYHSHEENFERE, MIRYPARNYRHSEMNFEARAS , XTERYELASFEBKMNBFEIR
MFAE. REMARSEARBETAGEEZRR. AT, TREBHTRERENLELAS | HECAERNEFEEX
REMENEKEREER. LRERTHDENAEFNBEESREHTERESE,

xR EELCASER  BYMAE  BELN  SHESN

FEZES Q9381 XEFREB A DOI: 10.6043/j.issn.0438-0479.201904012

Effects of functionalized graphene on bacterial community structure and growth in
marine environments

ZHANG Zuofeng® 2, ZENG Lingyu?, WANG Zhaoshou? 2>,
SHAO Zongze®”

(1. College of Chemistry and Chemical Engineering, Xiamen University, Xiamen 361005, China; 2. Key Laboratory of Marine Biological Genetic
Resources, Ministry of Natural Resources, The Third Institute of Oceanography, Ministry of Natural Resources of China, Xiamen 361005, China)

Abstract Functionalized graphene has broad application prospects due to its excellent electrical conductivity, heat transfer
and mechanical properties. In order to understand the possible ecotoxic effects of functionalized graphene on the marine
environment, we added functionalized graphene to the coastal waters (50 mg/L) and sediments (50 mg/kg) respectively, and
cultured the samples for 2 weeks by simulating the marine environment. The effect of functionalized graphene on the structure
of marine bacterial community was analyzed by high-throughput DNA sequencing technology. The results show that
functionalized graphene has significant effects on the species composition of bacteria from two marine environments, and the
effects are different; upon exposure to functionalized graphene, species diversity and abundance of bacteria in seawater are
reduced, while species diversity and abundance of bacteria in sediments are increased. This may be due to differences in
environmental behaviors such as disperse, adsorption and agglomeration of functionalized graphene in seawater and marine
sediments. However, functionalized graphene promoted photosynthetic bacteria in both seawater and marine sediments. This
study provides a reference for the assessment of marine ecological safety of functionalized graphene.

Key words functionalized graphene; marine bacteria; community structure; diversity analysis
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ARG TR . HAT, A SRRSO O 25 T ARz RER. Perreault SEELE K
Fo ot i1 28 e T AN RURCST B0 880 vh s R BIAT SR IR B0 B PR BB RSB/ TG O, B 3 2R (R DR/
Fr AR s AT SO S SR Tk T K SR T R B 2 L BT LA S B . Ren SEDIE T SU E B R
E RN (q-PCRY MUEEBERR I FP V¥4 1 A s fionS L3 v an vl O BEvk 454 . FIEMIIBERIE M, K
Bl S T AEJE U A (et SR P e S PE AR A AR Y R, B2 SRR AN L R ) — LS 2 T R
A0 SR R K o

2 SR IR Z (R AEAR SR 7> S IRE T 0, AR KA Tl 5 T8 BRI SR AR . 9 78 00 45 A0 s 0 2%
TR A AR E 5 HAE A B 2 BOEE AN T 2, AT S B R A s A HEAT R Th e Ak ). T
REAL AT SR AEAE IR 2 L 22 LR Ak RE A R 48 1 22 TS A ) I OS2 P AT 57 o R SR B KRS 2
R DBt A s8R Al e st e AR S M B h o 4R, L SR (R BRI B . DhREfL A R
W AE PR A AR BT P AR E M R U T B B S 5 P A ST B VE T o AE KA ST, A S M 24
BRI RIS 70 OOV, AR SORE AR B 28z, T 3K 32 B2 sz FL P A SR G IR B . B IR . 8 1
KA pH (HAFRZF RO, O SSGEEA R E BB — 2o VR T, R L 2 HONI R T 45 A ik B S5 2 S
FAE K IR B A 1) 7 WO ARG e P IR T 8l BRI R R S A I OE T A7 S0 S b4 B A 5647 9
IS, DhREA AT se I AE AR b J U ANRE B AR, DRI, RIS I AT Dh Re A0 A 280 B B T VR IR B Jm ik B2
ARERAR, (HABRLIZ 5] AT 2 5 1) SR TEDL.

e ER LRSS R, HEENOVEE M R/, A BIEMEAE SR, eSS
RGP EMBA i, WA E, SN ES RGN R IEIEI A 45 mERERRT, R
1M, A0 SR RGN R B B TR B, O A Rl R v A5 I IO SR R B o ASE ST AE S 56
BT RN EAE SR, IR DNA il 8 7 R R 73 8 17 K R A TUAR ) v 2 B R 9 S5
Xt DR AT SR B WL, LA Dl e A AT S8 06 B ¥ e A 2 B 2 0 L A8 I

1MBERE

L1 et RS FEHNHIE R

HY 0.253 g b A S0 N 25 28 0B /K I BEAR (50 mL) 1, RERERR N B 75 3R 3 o Rl 75 AL L 5
min. AAERFINANE 4 (PEG, 25.019 g) , fE 25 ‘C'F 300 r/min &K HiH: 24 h, 1534 Dhhe
sl . mEHHH OB 7k, DEEERKMNE PEG, TAANHEZTHZE 80 CT4: 4 h, NIH#%
3 2|2l hRgth A S w0,

FREUE 5 DhRe b A 20 B Ao RIFIMA— g \EM LB T/K, @i KEAES EEES 1 mg/L
FIRRR . WRODOE SR 0 23 R A b, BET S 208 it Quanta 450 ML T A4S (scanning
electron microscope, SEM) F1 JEM-1230 i% i H T 8% (transmission electron microscope, TEM) i
1T RAE

7E 514.5 nm K KM R, @i RM-1000 Hi S 6l Cre il 7 Dh et A S84 F A A S5 @ B 20k
B, HSEALE PR/ T 1 emt, Jeiil & 75 A 800 ~ 2000 cmL.

% H Refractive index /v 1.333, absorption &y 0.01, @il Zetaszier Nano-ZS90 4Nk K & K Hi {7 4
B AR I S8 AL AT SR A AN Th A A0 SR A 1 zeta HEAZ . KA RLFEAR R P 020 SR B, JL zeta A4
PORIER NS
1.2 BkERMLERE DNA WIZE

SrAAEEI (b4 24°26', R4 118°05")  #FHRIE (Jb4h 24°35', K% 118°03) MA L4 (b
7 24°32', K% 118°10") =HHUE/KFE MRS FRENMER S (B 1 L) o XA KR 72D
TSR RE A 1200 lux 261 REH (BN 60 r/imin) 553%, RIRINThAEIL A B)E; B INE &4 H
FACER T REAC A R, LK IAE] 50 mg/L, HAWKMASXTRRAMFE. 2 FE, BEKEENZE—
g (fEH 0.22 pm #EfED , JFiE £ DNA $25UA 745 (POWERSOIL DNA Isolation Kit) #2Ht



SRAFUESE D BE AT S8 X I PR B A BRI 45 R AR K R 3

R /KFE L1 DNA. 83T NanoDrop2000 #E 7 & 77 Y6 Y6 EE it (Thermo Fisher Scientific Inc) A& A% B& ik
fE, FRUEFE S DNA WREEEE T 50 ng/pl. )5, FHEKFE M) DNA £ B3 AV R 25 RH A R
ANFETEEENF (51947~ 338F_806R, 338F 4N 5°-ACTCCTACGGGAGGCAGCAG-3’,
806R /751y 5’-GGACTACHVGGGTWTCTAAT-3", R o FAMMBIBA 3 MEYFEHE,

1.3 BF NI ML IE R H DNA HIRER

SrAAE EI (B4 24°26', R4 118°05') VAR (b4 24°35', K% 118°03) MALZE (b
26 24°32', R4 118°100) —HHUEFEIIRMIM IR G IR A AT (B4 5 kg) - MRATRY
FESATEJE R 1200 lux 2610 FH59%, BRI 6K (L. FH& 30 , MBEARNERRESE
MR ThReAL A S0, IR E AR 50 mg/kg, HAWKAF ST RAMFE. 2 FjE, MR BEHLE
0.75 g IR & B I MHE PEDTR YR B, B3 £ 3% DNA 2 EGA 57 & (POWERSOIL DNA lIsolation Kit) #2
I FEDTRA PR S i) DNA. ik NanoDrop2000 8 fif & 43 6 6 it (Thermo Fisher Scientific Inc) 1
DRZERIRFE, fRIUEFE S DNA WREEEEE 50 ng/pl. e, KEEFETURPIFE S IG DNA %4 RSk
VIR A R A AT @ EN T . GAfSIEE 3N EWERL.

1.4 Alpha Z ¥4 7547

Alpha Z FE1E /3 Hr f4 35 Sobs $5%. Chao 6%, Ace #5%t. Shannon F5 %Al Simpson $i& 3% FF & 47
e, RS R RAFER 2R, o, dT 4 MBI, Simpson FEEGEUN, RIORFES )
Pk 3 5 12, Coverage faHUAERFE M SCE M a5 2, IR B S, TIFEAS b e 210 AR 4500 H 100 Rk 2 ik
HAKES], Coverage fi 0nT e il /5 45 SR fig 12 AR FEAS 1) FL IR L
1.5 BRRME DN

MiBe 4 (Rarefaction curve) & MFEAHFENLIEUT 71 (reads) , SiihiX L8y 41| Fr AR R B #4F
43256 (Operational Taxonomic Units, OTU) , F£LASMEU FP 71 80 H i Ak b, AHRIH OUT 2 H N
PAsbr, filthde. HihdEm e, WHllFEEEEHE, E2NEdEE R 208NNy
B, R T B 4k 4R 38 T e AR B 2 B A AR A, AR RIMFEA R UL, AT B 5 AR A
FEEESTMT T HREA,

1.6 THEE(L AR H I B RIURY + AR AR EN N

K H HE % $0% (plate colony counting method) [416 1 £2 1y i 1k A7 88075 Ab B 5 RF i A 40 8 1 408 i
WEE, FRHEARESR.

WEOKHFE e BUE R 2 S S KRR R 1 mL PR MR 105 4%, HL 100 L BB J5 IAE 35 2 i
FifE 2216E “FH (Oxoid Limited A% ) F; 7 37 ‘C NELREIE 48 h 5, iHEH K I 53 B _E
BT LR DURRAARE e BURE R 2 RS DT RE i 10 g INNEIZEA 90 mL 25 &5 T /K I HEE il
e Rz EMR AR RS S, L mL B IR AR R 10° £, X 100 L AR S R i 2 S L TR A
7 2216E “F4R b5 7F 37 ‘C NS FE 48 h Jo, T T 5 X BAR b ) B VR AT LR

WEMAERITEANX: S = AJACX100%, Hd AR Ac 7 il 32 7 b B 4 R0 R AH 1) T AR ih- 2. 4
MR E 3N EMER.

1.7 MEY AR D

TE“T17 MCJR” 153 2KF BN EEA0 A HSGEEAT et o, R iE I BRI 30 B 0
JEILHFIE AL, B T T K RN TURR ) Hh 4 T R A0 P SRR %) = FE TR Dh RN A S804 2 1 1Y 35 5 R0
1?[15]0

2EREDH

2.1 et AEFHIRIE
B 1(a)F1 & 1(b)4 5 N D Re Ak A B )% SEM R TEM TSR RAFSE SR, WTLAE . DhRsih A B
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R EEN, FifEA 3~5 pm, REARZ AN YRR, Hilgab iR . 1(c)NEf
A (GO) MR A =M (FG) fuZ ik RIEL R . A A BN G WA D W5 I TE
1597 cm fll 1345 cm, T IhAEA A SRIE 1) G IEFT D &2 5l HUBLZE 1588 ecm™ Al 1341 cmt. HTE AL
ABEMRI D AMEREINLE C=C Wik, H G R E SR M BERE, miXiEE e K
FElel, | 1(d)y N A ARG (GO) FIINREM A )G (FG) ) zeta I RIAELE K. A A BIEN zeta
HL A7 /&-31.87 mV, T THREAL AT 5207 ) zeta HLAT /&-38.30 mV. X it B ThEEAk A7 SRS 411 56 N B 47 1K) 40
M.

(©) —FG (d)
G-band GO -40-
D-band

] S 30
3 £
g 3
> 8

2 & -20-
3 o
c o
- s
Q

N 10

T T T 0-

1000 1200 1400 1600 1800
Raman shift (cm™) Samples

Bl 1 7373 T SEM (a), TEM (b), FiZtik (¢ K zeta Hifiz (d) XF DyREAL A 880 1 R AE
Fig. 1 Characterization of functionalized graphene based on SEM (a), TEM (b), Raman spectroscopy (c) and zeta potential (d)

22 EEENBFARSHEENYTFENT T

HEK AR Alpha 22 K i B B ARG RE 2 7 AT A SR R 1 AR 2(a) s . X AL R AL #EZH o
Coverage f8%4> 712y 0.999492 1 0.999276, it 99.9%; AbHLZ[¥) Sobs F5%(. Chao #5%i. Ace &
$0F1 Shannon 48 %05t AL BT 4K, 1T Simpson 8 B8t B 4145 BT T s o) v 38 B2 7 41 3R AT BE A L3
FEFTAS B ARt 8 TR, HXTREZ OTU % H & T4 . Bl g5 REW DI se A )G Re g
Wep AR v /K o 400 T O 0 S N 22

HEFEUTAR ) T 40T Alpha 224 P48 200 B AR B il 2 20 B 45 R AR 1 AN 2 (D)o W IR AL A b
FHZH  Coverage TE%07> %24 0.99899 A1 0.999389, ¥i#dit 99.8%; 4bHH4H [ Sobs 5%, Chao 154k,
Ace TEEUAN Shannon &% 04 BT BT, 10 Simpson F8 #5086t FRALA T T [, X vl & 5 51 AT
BEALIRE B 5 20 B0 MR fh 2ok TP 3H, HACPRAHR OTU i Hm X IRA. LiRg BRI Thaeth 158
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W B 4R e VR DT AR vh A T R W e = S 2 A

R R AT BIF R0 B Alpha 22 FETE M
Tab. 1 Effects of functionalized graphene on Alpha diversity index of marine bacteria

FEdh Sobs F6%0  Chao 8%  Ace #§%t  Shannon #5%(  Simpson 5%  Coverage #5%k

Cw 694 702.5526 702.50703  4.999356 0.027251 0.999492
T™W 654 683.5625 671.07507  4.794667 0.029821 0.999276
CS 651 675.0222 670.1749 4.7684 0.02358 0.99899

TS 705 715.9688 7147377 5.3588 0.01025 0.999389

E: CW. TW. CS M1 TS 73 AKX HR ALK RE fh . ASBRLHHE/KAE T X IRAL TR R S AL BEAH U AIRE S CRRD

_ 800 -
800 (a) (b)
—TS
o —cs
—TW
600 600 1
u]l m
%? 400 - § 400 1
5 o
200 1 2004
0 T T 1 0 T T
0 20000 40000 60000 0 20000 40000
HARFIE BARFIE

2 T 16S rRNA K il 807 I #E K (a) AR (b) 20 B 1 B 1 28 23 #r
Fig. 2 Analysis of bacterial rarefaction curves of seawater (a) and marine sediments (b) based on 16S rRNA gene high-throughput sequencing

2.3 ThEE (b ASHXNBRKRIIRY P A S AR ER F00

£ 37 C TFIELER:IF 48 hJa, XF & FEM I E M R BT 1H 8, SR IET 3 o xR A ik
HE it v 20 T A MUK B DY 4.27 X107 cfu/mL, T Ak B ZH i KRR b 4 B R 4 IR D 3.25 X 107
cfu/mL, HEKHRE G 22 D) REAL A S8 07 A0 LIS 20 TR A AF3E 320 76.19%; X IR ALTTAR MDA St v 28 A7 1 4 vk
J£7y 1.56 X 108 cfu/mL, T &b P ZH YUAR W RE it o 40 BT A 240 Bk B2 s 1.90 X 108 cfu/mL, JTARMIEE il o
T A D REA A SRR AL B S AP0 09 122%. AT, DO REAL A R i /K b 4B T i AR B — 2 1
FIAE L, TR DA P A T AR B — o R R
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Fig. 3 Effect of functionalized graphene on concentration of bacterial cells in seawater and marine sediment
2.4 ThEe b AEEIBAR IR Y AR YR B 20

1E “117 K BRI K R AR A A R i S R ik 2 B . Sk b, ok 4t 25 A

I FR 200 A A ar 0 L o, LK TR R Ak 3 ) TR R 2 RE AR AE 22 o R A I KR o B A R N AR

% 1] (Proteobacteria) , FHAHXF R8I 70%, H Ik NMATFHE ] (Bacteroidetes) . W5 4H |
(Cyanobacteria) %5; Ab¥EZH KA it B 3 W AR SR N LR 1] (Proteobacteria) , {H HAHXS F
TREZE 58.39%, HE4HR ] (Cyanobacteria) FASEME 1] (Verrucomicrobia) [AH X =F FE #00) fe 2H B
EAEE, RN AE B AL fEXTRA A, KIFEAMARTT (Chlamydiae) FI#ZJE{A[T (Spirochaetae)
BRI, (HIX 2 ANTIEAHE A R PRI K 4F4E4FH ] (Fibrobacteres) 7 X & 20 /4 4 A% )
B, (AR TRBEAS,

e “117 K BRI R A B YRR A S AT &5 SRR 2 Fs . SCRE, IR EETTRUAR:
i 22 ARG A I sk, HoN IR ZH A AL BRAH B R 2 REVEAEAE S . N IR TR RE
eb k% 3 RE HE BT A7 1 2 A8 JE B 1] ( Proteobacteria) AT AT i [] ( Bacteroidetes) , W& 5t
90%; 4 BE 4 YT AR P FE dh A AH 6E 35 B HE AT R AL MK SR N AZ JE B 1] (Proteobacteria) A4 AT B 1]
( Bacteroidetes ) , {HP E M X FEIH A F M, HIEAME] (Cyanobacteria) . ¥ % B[]
(Planctomycetes) FIjZ 11 (Actinobacteria) [AH % 3= FE #0203 KR 32 %15 Gracilibacteria 1
Saccharibacteria 7£XJ R ZH HhoR I HY ,  {H H) 3 R A A0 B AH A gk I HS R

pul



SRAFUESE D BE AT S8 X I PR B A BRI 45 R AR K R 7

2 (1T R K SR DU M h 4 B DR 2 A3 B

Tab. 2 Analysis of species composition of bacteria in seawater and marine sediments on phylum level

PR 17 A 1%

251 (Proteobacteria) 70.7
HFFE ] (Bacteroidetes) 9.64
WE4ME 1] (Cyanobacteria) 7.21
FH R (Planctomycetes) 5.15
L H ] (Actinobacteria) 3.25
JAth (Others) 4.05

51 (Proteobacteria) 58.39
WE4NFE ] (Cyanobacteria) 21.78

WMHH (Bacteroidetes) 8.72
FH® ] (Planctomycetes) 5.39

PEtE  (Verrucomicrobia) 3.54

HAth (Others) 2.18
AR (Proteobacteria) 69.88

HWFFE 1T (Bacteroidetes) 25.14
cs MR (Actinobacteria) 2.29
Wi4NE ] (Cyanobacteria) 0.89

Ve (Verrucomicrobia) 0.68
LAt (Others) 1.12

BT (Proteobacteria) 62.27

FFTHIT] (Bacteroidetes) 11.61

Ts W4HEIT (Cyanobacteria) 11.39
P81 (Planctomycetes) 5.25

TR (Actinobacteria) 343
HAth (Others) 6.05
1E “JR” JKP EXF K AN YA R A &5 RNk 3 Fion . i R, W KEE S L 285 4
J& B ZH B R ok, HOT R ANAL BRAH M B 2 AR EAAAE E . 0t 2 IR ER R R A, A
FHZH R norank_c_Cyanobacteria, Unclassified_f Halieaceae #lI Unclassified_f Rhodobacteraceae F¥)fH %t
F2 FE It B 4 K& 42 50 ;. norank_f_Piscirickettsiaceae 7E %t 8 ZH AT EBE N 14.18%, i He A4
AR X R FEAVCN 0.60%; B L3R DY 4 ANJE Ak, o IR ZE RN A B 4 ) e T B AR N =R BT R 25 SR
1E “J&”7 RSP EXPREE TR RIS M S A A S i 45 RNk 3 Fio . RRSRE, W\ EETTRY)
SRUEFE fh P 3 316 NE AN BT I H >k, HXP IR R A I i 2 FEE A E E R . BRATKI,
2t 2 BRI ER SR 7R 5, norank_c_Cyanobacteria 7E % I8 40 dr (A XS 32 BEA Y 0.88%, ffj FLAE
A PR OO OM R E ORI K IR T E OE 11.34% . 4 P 41 Lentibacter, Planktomarina,
norank_f_Cryomorphaceae #l1 Pseudoalteromonas [JAH X3 FE 25 il B HEAL R IR BRI B BiR 5 ANE
b, S R ZE A Ak 3 A 1) L e R A R B I 2 R

Cw




8  HEITRZR CARRHFMO

K3 JRACT LR K SR M h 4 1 B R A 3 B

Tab. 3 Analysis of species composition of bacteria in seawater and marine sediments on genus level

i J& AR %
norank_f_Piscirickettsiaceae 14.18
norank_c_Cyanobacteria 7.13
norank_c_OM190 431

CW OM43 clade 381
Spongiibacter 3.76
HAlb (Others) 66.81
norank_c_Cyanobacteria 21.65
Unclassified_f_Halieaceae 4.86

™ Unclassified_f_Rhodobacteraceae  4.31
norank_c_OM190 4.27
Spongiibacter 3.81
FAlh (Others) 61.10
Lentibacter 9.60
Planktomarina 7.31

cs Pseudoalteromonas 455
norank_f_Cryomorphaceae 4.34
NS3a_marine_group 3.80
FiAt (Others) 70.40
norank_c_Cyanobacteria 11.34
norank_c_OM190 4.27
Ascidiaceihabitans 3.77
norank_f_Piscirickettsiaceae 3.768
OM43_clade 3.13
HAh (Others) 73.72

3it i

A A e S 56 = BN ) R A SR IR TS Qg VAT, AT 1 g KRR VEDTRR W) h 4 B R VR N T g
AT SR B S, DA Dy Re A A S0 i K TR A B AR K e . 25 R BoR: BER T I IIREL
R E, BKSTURY T MEEEE S A AR . (B2, TIRERFHERIFER AL A, Thie
A SR AR e A A B 1 AR KRR B E A o A ISt A, AT I A AN (R 94 BE T R Ak SR 0
(0~50 mg/L) XIi##F B (Marinobacter sp.) « #HHJMIEE (Halomonas sp.) « & H & (Alteromonas
sp.) .« HEI¥ M I (Vibrio parahaemolyticus ) A B 2ZF g #4F B ( Bacillus subtilis ) . % Bk %
(Synechococcus sp.) FIZLE#LE (Rhodotorula sp.) g rEmAEM A KM, KIL 50 mg/L ThEgfb A
S g0 B IRV E TR B A P RE g o, AE KR 20%~50% (RKE KD o AT, HEIKAL
ZH FNYTTRR W b B 2H B 2R B 43 ) A 50 mg/L AT 50 mg/kg. 5 RERNUTAY) % T Tl K, BRI EIKE
e, YUY Dy Re Al A 3505 1) SE Bk B N 1% = T K

Alpha Z e T ARG RE B ZE AT 45 B, S INREA A S8 AR ), /K P 41 B 1 22 RE 1 A
FhFRE B, TR DT R 4R () 2 A AR R B BT IR, WS R BN, ThReth AR
I RE S N EEAR BRI K T A A, (REEDTRRh AE HAE K . Zou SEUTHEH, AR ARSI IS
5000 A ) 2 T L 42 0 i 5 0 G 3 AN R PR LR A T A AR A TR B AR K AR S B . Farid
USRI WOLTE Fd a6k, W 2 A 220 A 385 O W AT TR R 4 2865 7 4 K B 0 PRI 1) e R, R
s 7 L8 I T B TR A Y 4 S T 3 R B AR A . FRATTHEN ,  7E MK v Tl RE AL A SR A 4 B
Uf, BRRES AN B, 25 50 s LA, AT A4S Mg AR A B 1 2 R . R R RE A
YRR EE N B . WEVTARAIRE S, DhRRA A S0 vT e S DU i K ORI A EAE AT U 55
AHMEEYE; BRAh, DhREAAT S0 O] AR I R I DT R B BORLCA WL, AR A K S AR
T AR AL IE B “ak AR, M E AR R DU AR i R A O 2 R . R R RGN IR IR FE 4, T EL AR
BLIEE FFR AT . BT ABEFCRIE, BT A8 R I ARECR, HIA R rILPidivg, Reas it
AHLYD, AT RAE Y AR K IR AL E IR T I P 2L R e, 200,

TE TRk A B A B B MK BE S, T1/KSF | Cyanobacteria A1 Verrucomicrobia A AH % =F & 12
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{5, Proteobacteria 11 Bacteroidetes [FJAHXT 3= FEFFAK; @KV B FEZARMM KR T UL BT TR R 5
FRK#E, Hr norank_c_Cyanobacteria, Unclassified f Halieaceae #l1 Unclassified_f Rhodobacteraceae
FIAH T E$E 5, 1M norank_f_Piscirickettsiaceae IS E AL . MR EEDIRRYIFES R, ThRetb A
SR L E T 11/K°F L Cyanobacteria F1 Planctomycetes (AR =£ %, B&{% T 17K °F L Proteobacteria Al
Bacteroidetes HJ AH Xf £ & ; £ J& /K *F £, norank_c_Cyanobacteria B A% £ AR, M
Lentibacter, Planktomarina, norank_f_Cryomorphaceae 1 Pseudoalteromonas fjAH %t = fE (€. LA L
SRR, IR MR KR SIS DURRIRE i, N INDhRetb A 2% 5, D& 0B norank_c_Cyanobacteria
PIAEN A BT B, HZm b A Rt — BT . AR PR AT AT SR BRIREE (0.1 mg/L) 1)
YK SR AER AT U 2R & 40 B SRR (Synechococcus sp.) ZEK[2H, FRATHEN A8 A Th RS AL A7 SR 45
A2 PR AR AR, A e 1R i 27 R0 F 2 i T R A AR a2 A 4 TR AR K ) DR B

gx b, A @ I o) BT I A B R TR S A AR Dh e A BRI R R I B, R I K A AR A A
R X Th BE AL A S8 0 0 e B A7 AR 22 5. DhRE LA 5800 (50 mg/L) FEA T ¥ /K A 40 1 1) 2 B 1t A0 AR )
B IRt SR0E (50 molkg) $eim TR AR 0 2 FEE R AR R RIS, ASTR] )9 2 B )
REAb A S50 B e RL TR BT AN ] o IR S8 25 BONIE— D PP A A SR MR IR A S 2 R T — x5

o

SEXM:

[1] ZHANG S, SHAO Y Y, LIAO H G, et al. Polyelectrolyte-induced reduction of exfoliated graphite oxide: a facile route to synthesis of soluble
graphene nanosheets[J]. Acs Nano, 2011, 5(3): 1785-1791.

[2] SHAREENAT P D, MCSHAN D, DASMAHAPATRA A K, et al. A review on graphene-based nanomaterials in biomedical applications and
risks in environment and health[J]. Nano-Micro Letters, 2018, 10(3): 53.

[3] PERREAULT F, FARIA A F D, NEJATI, S, et al. Antimicrobial properties of graphene oxide nanosheets: why size matters[J]. Acs Nano,
2015, 9(7): 7226-7236.

[4] REN W J, REN G D, TENG Y, et al. Time-dependent effect of graphene on the structure, abundance, and function of the soil bacterial
community[J]. Journal of Hazardous Materials, 2015, 297: 286-294.

[5] CAIl D, SONG M. Recent advance in functionalized graphene/polymer nanocomposites[J]. Journal of Materials Chemistry, 2010, 20(37):
7906-7915.

[6] E/NE, BREWH, KAl S RIE KR EAT A R AR L[], P EIREERE, 2016, 36 (11) . 3348-3359.

[7] SU Y, YANG G Q, LU K, et al. Colloidal properties and stability of aqueous suspensions of few-layer graphene: Importance of graphene
concentration[J]. Environmental Pollution, 2017, 220(1): 469-477.

[8] YANG K J, CHEN B L, ZHU XY, et al. Aggregation, adsorption and morphological transformation of graphene oxide in aqueous solutions
containing different metal cations[J]. Environmental Science & Technology, 2016, 50(20): 11066-11075.

[91 PRETTI C, OLIVA M, PIETRO R D, et al. Ecotoxicity of pristine graphene to marine organisms [J]. Ecotoxicology and Environmental
Safety, 2014, 101(1): 138-145.

[10] ZHANG S, ZHANG C S, TIAN X P, et al. The study of diversities of marine microbes in China[J]. Bulletin of the Chinese Academy of
Sciences, 2010, 24(4): 228-234.

[11] LIU Z, ROBINSON J T, SUN X M, et al. PEGylated nanographene oxide for delivery of water-insoluble cancer drugs[J]. Journal of the
American Chemical Society, 2008, 130(33): 10876-10877.

[12] A e,  xIET, fIed, 4. L ARE R X INEECR BRI RE Z R 0], igEEREEE, 2017, 41

(1) = 39-47.

[13] Fhialdeg, #meR, EE. WEHEUIRYAEBE S MO RMWBE KN 0], WErES5EE, 2015, 46 (6) @ 1304-
1311.

[14] GURUNATHAN S, HAN J W, DAYEM A A, et al. Oxidative stress-mediated antibacterial activity of graphene oxide and reduced graphene
oxide in Pseudomonas aeruginosa[J]. International Journal of Nanomedicine, 2012, 7: 5901-5914.

[15] BEAZLEY M J, MARTINEZ R J, RAJAN S, et al. Microbial community analysis of a coastal salt marsh affected by the deepwater horizon
oil spill [J]. PLoS One, 2012, 7(7): 398-411.

[16] KUDIN K N, OZBAS B, SCHNIEPP H C, et al. Raman spectra of graphite oxide and functionalized graphene sheets [J]. Nano Letters, 2008,
8(1): 36-41.

[17]1 ZOU X F, ZHANG L, WANG Z J, et al. Mechanisms of the antimicrobial activities of graphene materials[J]. Journal of the American
Chemical Society, 2016, 138(7): 2064-2077.

[18] FARID M U, JEONG S, SEO D H, et al. Mechanistic insight into the in vitro toxicity of graphene oxide against biofilm forming bacteria
using laser-induced breakdown spectroscopy[J]. Nanoscale, 2018, 10(9): 4475-4487.

[19] WALLACE G G, MULLER M B, LI D, et al. Mechanically strong, electrically conductive, and biocompatible graphene paper[J]. Advanced
Materials, 2010, 20(18): 3557-3561.

[20] RUIZ O N, FERNANDO K A S, WANG B J, et al. Graphene oxide: a nonspecific enhancer of cellular growth[J]. Acs Nano, 2011, 5(10):
8100-8107.

[21] BRZE4E,  EJosF,  HBSEEE. W IWEEVEAE X PUOK TRABRRI R[], EITREER (BARIARD . 2018, 57 (3) - 329-
336.

aft



