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Abstract
With the development of analysis technology and environmental monitoring means, emerging
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pollutants have been widely detected in the environment, and their potential environmental harm
has been widely concerned and studied in recent years. As primary producers in aquatic ecosys-
tems, microalgae not only play a vital role in maintaining the stability and balance of the ecosys-
tem, but also their high sensitivity to environmental change makes them an ideal biological model
for studying the effects of environmental toxicology. In this paper, the response mechanism of
microalgae to five emerging pollutants, including perfluorinated compounds, polycyclic aromatic
hydrocarbons, microplastics, synthetic phenolic antioxidants and organophosphate, was syste-
matically reviewed. The growth and morphology of microalgae under pollutant stress, absorption
and metabolism of pollutants, oxidative stress reaction, photosynthesis and gene expression were
mainly discussed. This paper analyzed the response mechanism of microalgae under the stress of
emerging pollutants, summarized the toxic effects of emerging pollutants on microalgae and the
possible mechanism of action, and put forward suggestions and prospects through summary and
analysis.
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1. 5l

Bi5 4 (Emerging Contaminants, ECs) W HE M i5 444, i BA B EE. MIERFA ALY R
AV SRR 1A T8 F A . B BV ME S 5 5 B Richardson 7£ 2002 4E42 H[1], BT A4 fi
FRBAE SRR KRR . TR, AR Z 13 %05 W E A AL A ) (Perfluorinated com-
pounds, PFCs). % ¥} 75 %% (Polycyclic aromatic hydrocarbons, PAHs). ¥ %} (Microplastics, MPs)%5 . It4},
A By 25471 4k 75 (Synthetic phenolic antioxidants, SPAs) A5 ML 2 Fig (Organophosphate esters, OPEs)%%
IR G| VT o B TS R AE AR IR B P KA E T NSRRI AE S R | BRI 2 &l i,
A 22 MR K B 22 4, JERHATE S W s ) A ) AR A RV S i P AR ST s e o DR B
AMEF RARVERRE AL BN THOKAERS RAMIEF DAL, SEEMZ TR, N ES RS
125 RN T el s T B4 5 o SR A0 R I, 4 ] AR S a0 5 1) SR A B b X BT 1 BT R AR R
PIRGIE) 2,6- —HUT FEXT H Iy (BHT) M 3,5- U T 3E-4-F2 3 2K H g (BHT-CHO), V33 B 43 71 178 Al
102 ng/L. FEIRTTIG/KALER B 7K EAKEE i R A 2 BHT F1 BHT-CHO, P39 L4 7oy 132 il
70 ng/L [2]. BRI, sk B %05 G i ol AR ST AN B DR AP OK IR BT 22 4 A AR 2 R G f R ) B 2

1o

il

T — R EAM R a MRS AN, ENTLCRANgu . SRS R AR, ReME A
AR IR S BHEEIF G RE ST IE A IR L BRI [3]. M REEZ, Xt
AR RPRBEZAT, tE R, T5 . WmiE A pH &, #RILE 7R raE s, 7z mE .
WSk, ERASEREE, WOHIESERWE XA LG R M a e R, A AT A 3
[4] [5] [6]. it 57 I 415 Bl 8 FR W Bt AT AR DAREAG TS e IR BE & — b A GR T AT 1 25 B
TR, TG RK AEBE AR [ UL A 2 WT R B E IR I SRR, BAT B 38 M Br AR i 3, mr bl
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QG E AR TNME . FIN, Rt mEN KRR R A 2 —, HA AR Ak
PE PR L B O PR A KIS R P A A TR [7] R B T v P UM D PR A PR B A A )
JREGEZ MR Bt T —FoA R B R R A, XA EATHR R & & 1 o it 35 B 22 BE TR B8 XURS: 7 i
AR

T V5 QeI WA R R BLAE 2 AT T, Wi AR, DSBS (R A P AR TP R g EE . 4i
SRR RO G EAE R ROWA RS o ARGETIER SRR AR AT S BURR  AT SR PP 75 G
PIEETEI 2 i dahR . TR, K SedE AL A HOR 5 28 MR B 2 2 AR 5 © O R 7R TS G #PEN LRI I
AROTEB]. WG NARAEE R, 2774 — RIS A B AT B R, X LA
P8 2 T BUMEE AR A KN B B FUR R R A, LR ARE 20, thVE 2 SRR A
i, L2 05 AT AR AT FE e (R 32 VL S 5 AR A G G [ . Du <53 i 5 e 412
WEFRIL, G 7 R Coo SREMALTE, MHREEANML A SAT IR TG A RN A B R A T AR L,
3R~ MU RERE AOAR SO IR B e A AR AR GUIE A 1 401 [9]. [AI, AL T5 VR I R R e i Xt i i 5 )
SR ANIAN 7§ #E R KR, I S G T X A5 G (1 B

KGR T WA OFF RN EY . 207 WOER & RS BT I A HUBERR B 72 N 9 3L
5 RIS, IR A 5 R S R E KR S P AR AR A A SR Y T O R
CAIPIE— 20 47 S 55 B 5 AR LA PR R FE LA o

2. X ETE TS A B ROl RN
2.1 REEXEEASYRMBAYE R L

PFCs s& — R AN AN, PRI 14 22 1 o AR AN 2 5t il ) 2 A6 . 1 20 40 50
ALK, PFCs Rt &A™, AT 2™, WA SRS AKRER I T
B MREe . s R R TGV, AR B R (ARFRS) FI 2 A4 R h (B 2r 25 [10] [11]. 4RT,
T PFCs 7EA 7= Je H A A I F2 A AW HECRIA B vh , BATTFE SRS R 3R AR AE AR BRI 0512 7 AT
Xof FLAR S MG R R o o I H B A AR e TR I B S B, 72 VAR AR G 3 . LA
VIR, TR AT TR R S 2 PR 858 v 2 I (o LA A o (R AR A 2 B

AR FP S R T I3 G N AT B2 2 . SR R A BRI R R, A4
ST YL nt 4 I 5 (Anabaena sp. CPB4337) A1 - #f H 7 # (Selenastrum  capricornutum) i 2 5 &k 5 ik J&
(ECso» RIS 50% M IR FE) 1, R ILARORIR M B PR B 2 s T3R8 i — Pt iR, B
T AR (perfluorooctanesulfonate, PFOS) AT Polyfox 656 X AL &4k, PFCs Jof 435 [ 25 1 5 AR
YRS, SRR T WAL, PFCs IR MESZIR AR 58 [12] . X — K ILRIA T VTS PFCs HIM L
PRSI, 20 FE AR AR R 22 5, DA ORI B 22 VAR vt PE AR 1

AN, KR TR 2R R (PFOA) N, g4I Py 27 Ax it 22 H 3 Mk 420 1 pl 2R S50 4 i
DU UL A . WF I, PFOA Wl B350 2 Fhakis (G2 M H F S % /N BRI (Chlorella
pyrenoidosa) (14K, F HLE#E PFOA & FE B38 N, 84 1b 4 3L i (SOD) Ailidd S AL E B (CAT) 15 14 2 S
InJE PR T [13]0 X A2 B TR 52 BIAM FHa iy, oAk P 8 AR 25 T =38 I+ 155 S i b i Rk .
B MGk T e, AP R R T KRR RIS, WA B e, SOD Ml CAT KA K
Wz FEm, ATARREEEE SBHEABERZH . SOD Ml CAT 25 7 4ip s,
R PTG A2 4 LTS ok T P 4 1 R 1) — PR B L) . PFCs S UM AU RO (e 4t i i) 2555
YER WA 1 fis.
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Figure 1. Toxic effects of oxidative stress induced by PFCs on microalgal cells

[ 1. PFCs SEME N R BEE AN S EER

2.2. T BT IR 8 B MR R AL

PAHSs & — 2K IZ A E TR R A A WL G, BT HEABERYE . FeANE KA RS
P, WEIEIE KA KEAEWEN PUAT KR &R SR PAHS 20k B AT RN T, Al
FIETREA AR AR . HARFAETS, IR TR LR 5, a4 — g & 1) PAHS [14] [15].
IR LIRSS, PAHSs R 8URME . BURTEFISURAZIE[16], KIHREE T A PAHs MIREE 2 A4
RGN KA AL gy o R, PAHs B IRAEG IS 4L ] #4552 07T . e CRIVEHEZE. 35, B,
%% 10000 ZFf PAHs, EEMIERP SR (United States Environmental Protection Agency, US EPA) VK 16
B PAHS B Se 1 175 B PiE 1 17], FRER O 7 M PAHS 21 /K FR AL Se gz il 4e4[18].

Wang [19]55/F 78 M 7 2k 52 T2 b PAHs (B5IE. 25, KR, EENIZRIF[o] B0) I & IS 2 ffw
SR SB I HIK(GSH) & 2 HF#K, Al SOD it E kg (POD) i HAE WA = . IX3H] PAHs 3
BT AU L, I TGRSR AR R B IKVE N —Fh B AR, E
0 P 8 i DA SR A R iR B e T A A, 3 S PR A e TR T DARRUAR b 00 s R 975 G 3 7 T 8 ) s 12 2
(ROS) [20]. BFFEARIL, ANAITHEE 32 EE A0 Iy D 4 ey 2 R A AE W R 22 5, e 1.0 mo/L BEALER
4 KIS, A F F A A5 (Scenedesmus platydisus) o 23 BEH Ak & B LS A8 e H Ak 3% 3R 4 72 i (GST)
PR A S M, T A /N IR PR P TR AR U RIS . AHRIY, BB BT — i B 52 5 A
AE /1, (AR 2 [RIAFAE 22 5, 9 4 s 5 M 5 A0 DY FE M5 (Scenedesmus quadricauda) & B AR M B3 28
B AR RO . AHEEZ TS, Hl /NI N LA RACH G, X R B U B . T
JOEH BRIE SR B (GR)FE4ERF A A GSH AR hlg EEEAEH], [l B4 GSH & &1 GST WG LRSI, GR
V%A BTN [21]. SRTT, 7€ Lei 55 [22]ABIF 78 H R I B0 AL 21 ) s AN =6 M H 248 GSH
GST WK IEZH B 48w, (B GR BTSN 5 MR- PR bW, GSH mlRe2 b2 S
AL — N BRI H KR TIGEE RS Ged a8 i — A S A AT 50, R R A SR
W BRI KIS PEBUEAAT, B ] DLEERRD K4 ROS [23], BE R T4 ROS 7KF BB AL & B HE
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BN 7 BURI[24], I T e fUER II PAHS BB I A3 2 il 2R HL AR -
2.3, ER R B #9 R R AL

MPs & —Fh EAS/NT 5 mm RSB r FRRORL, FCRIE T DL SR AR AR A PR [25] 0 i A 2 B DA
TN RSE H1E I T8 R it B BRUIORL, G N3P B S ek, W LB E . KRR, RE
A 5 RA AR BE R I SR P Jl I S8 AR A . MUBREE I . RVAE AN A ) o A 5 o A i e 1)
INBE R AR 4, e R BRIV T R A . T MPs RifRsN, WU AT BRI, 2 —Fp
B AERVETS G MPs X FREE 1 16 55 3 BRI AE FL B A 800 0 far 230 T AR %, BRAE W B4k
W, R N A RS R

AR, AR5 (FV) 5 8 K2 G (Fm) Z 1R R LB (FV/Fm) BT V208 6 R G 11 (PSI) HLT-A% 32 1
PER B EHEAR[26]0 X — LEER MM E N IRARAE T — KT PSSO DI BRIRAS M BUR 4L, T
WY AR BRGSO A AR G AR FH AR . WU S5 [2714F — T4 X6 /N BR 88 ATk #6338 38 (Microcystis
flos-aquae) & #& T~ MPs 8 (g2 ma it 7 b B, IR Fv/Fm LUAE R I T 235 R % IR ER 17—
FHATBERIMLE], BP MPs FIA77E T eIE I 48 PSI OB 0 1) 5248 QA Fl QB 2[R ) HL A& s il R 8k
SHEEZ A TIC RSN QA MARLER, MMM HE DL &8 . MPs X 6&1E KBS/ Al A2 £
JITHIR, AFEREMT UL . BT PSR SN A0 G 2 B R B R DGR AT ), LA AR I
BEIE R/, RETMRASFBOCEMERMBERREIC. REZRITEN, HEEENRKESS
e A R R A FREA 95[28]. X — ML T MPs XHE AR FISEm & 24 vk, AU R BIE e
BT, ErTRel R3S F2mE Lk, mEEFFRER R,

MPs 7 I A FE IS 2 RO AR A, ankife oy 63~75 pm (1) PE 7] DU 9 R AR K A 3 o (i 12t =F
R B AEK[29]. hAh, MPs & n] LS BUMGEEA SCHE R I R IA K AE AR 4K . Lagarde [28]55 A 78 N G2 1)
RIHER T MPs S stk RIS IA B fE 2, JETE 60 K A 5% 7 I (PP) I /2% i 2R £ ) (HDPE) 1 2 R
XT3 P9 A< #E (Chlamydomonas  reinhardtii) (A K& A 7= A B 2, HZ 5 A 9)-6 U TIGsE A O3 4]
ZRIBIKFH R i, Hoh HDPE ARBRAA IR . IXEIRETE MPs fA7EC1F T, BARIEA B
S E| MPs XS AE K IR2, (H MPs R B8 I8 I 5200 o 58 4 L P 350 14 207 LA AT X 00 P A B B0 7
AETEAERIENA o TN MPs e, s i o 2 FARIN& 2 DUE R — B AN R ), #2450 T2 T _EXHX
SNSRI AR T I R

2.4, EEEXT A RS 4 S AL BB AP R AL

SPAs & — X H T RELAMS BRI &Y, Tz BRI, sk, 2R, iy, ZmMme
i AT EATHIEF R ELRAE AP, @i E 5 N R B 1 B R R A A T S B S AL
KZH SPAs #REASZFHMY 458, FLRFIE 2 By PRa & A e U, 42 S5 M mT 43 N s 2, XL
My Z M. N A Iy P77 BHT RT3 (0 B g A AR T e i 52 2 e B OG0, | T
2, ATLLEE SRS R B, e, A AR R KA Y R ], A
16 - SEFEAESh BT L £ IR Jif (i . 28) 25 [30] [31], HIX S Rh RIK IR 5238 i A0 b . IR, BT e
IR =g, |2 BN LR K AR AR A NS TEA RS20, SPAS 52 21K Bk 2 1) 5GTE «

N RN EAL R, e S E L PR A . {E N TS RRT, SOD. CAT Al POD
AT RAPR G AR AR 4 52 45 1y 2 i I 1 S8 451405 [32]  WE T 3R W, 2K Iy A 3] /)N 3K (Chlorrella sp. L5) ) SOD
TEPERR IR, AR PUAA B A B IR H0,. Martins S HARGE 14 IR M AL BR 1) 2 14 R
#(Lingulodinium polyedrum)r CAT & HI3E 0, XA B T4k H0, ¥4t HL0 [33]. fEISHRMER T
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THERA AR 22 AR RS A, AT T S IR A 558 10 B ol i i 0 A R 00 S T 20 e R R 2 v
AT I SRS o

WEE BRI RSy, T LEE A AR E AR R E Y, R AL e AR R B R
MR, SERTi SR G W] DO BHT N o RE BUR TR (AT AE[34] o X7k A A i) Btk 3 105
BBRY, WO mARAGX BHT RBURMER R, H ECsofE A 1.375 mo/L. XEWEE AR+,
B O R TE BHT ¥R M 1.375 mg/L B 55 Hi 509% A A i sl At A= 42 355087 [35] « 75 IE B AEIR BE R
T3 40 o 0T B AL SR 1 AR K A R VE T, 96 h ECso B 231l 72.29 AT 27.32 mg/L [36] 0 1X 3 BHIX
FEANT BHT HITH 32 M8 T3 S iR G, (E4532 3] BHT AO4MHIEEmT . X 26 BN T 3R BHT 254 iy
KPUAMNFIE KR (AT AR I 0 L

2.5. XA BEREE A8 89 MR R AL

OPEs /& —KHA Z M TR S5, FHEMN SR RS0 AOERERERNT, FEEN
BELIATR S SBARTRI R 700 2 B T A . 9548, A T R 2547 k. OPEs 1 A5 BU A HUBR I, &
G BHBUR TG BARBIRT, A =N IE £ K. BT OPEs 76/ M R E#IY
7 AN, XA E AT 2 5 I i RO ENFREE . OPEs FJ LUE I 2 Mg (R Qs 4. 1308, 2
RANEREEB I, BT B KA LS53R A i b . 38 O AT 7T IRIE, OPEs LRI
ERVERIZE 0040, IF B KA AR RS RGN IRAFAE B35 AR & B R A TSR OR8] - ST IR 7
Fe !, BER = NlE(TIPP). RERR = (5 74 2L Bs (TCIPP) AT % R Py — 21 (CDP)E it T 1l 5 HUIR IR oh g
FHRIE SR F@E, FAEEmELm. BARE, XSG YR sl HE FAR IR R O nE T, M
W E OPEs gha, [N, AR, SR AR TP M o 0 R IR R A Bt 2, X
— RPN AR L) 5 e 52 m B £ S K AR AR AR KORUR B 4RI T B AR R (38]

OPEs HI/F1E ] Be 2> T HUMGEE IR AN M R 59 R, JE M 20 0 & 1E F R 5 RE B I 3L o jEAE,
X J5 I R RE 5| R AR N PRSI N, SRS AR R, INmS A g Theg.
FRI, WERE = (1,3- - 5-2- T4 &) 6 (TDCPP) A I — T Bk (TBP) ¥ < #11 i = ff1 #5 45 % (Phaeodactylum
tricornutum) (A=K, 5lEAN AR AN 315 . o, TDCPP PRI A R & &, milh
GVER . TBP NI I8 ik BRI LR R A R FEA RIS 9% 1 S AR 2R 5 B0 A P 1) A K 32 B4 1] [39] [40]

TR N — Pl A G N AWK R A8, AR BN B e 18 A2 3] — e FE FE I A B IR 7 Je i3t
ITHRIEE . TDCPP i [ AR RN B, R BN 58 A3 /N BRI AR, B n] DGR i) o i &2
FERAM A AR 1 TDCPP = H PSIN 1) B0 RS, 15 D1 B2 . D1 82 PSRBT O ) R
Yoy, HZHoHBEEmBEEEERMNSE. N THRCEERNIESET, Mg 8 sz 2l
i, 38 A ORI A SR B 2 4500 PSIT SR (RE 2 DL B ). AT, 24 TDCPP [y ik 2 B i
15 ppm i, X PSId 49538 B 1T R 2R s 4 8 R RS 70 (EIX R OL T, SEEAm p rA& 2 5 3
Joik5 TDCPP i AU IC, 53 dn e D) Be ™ B2 40, A mTRes| RAIMIstT [41]. Rk, FEess
TDCPP (1t 52 AR E JIAFAES — 2 MBI, X —EME, Ain B RESHGNE G2 AT TDCPP
SRS, AT S M e A A KRR AT o IR S R X T VP4l TDCPP 465 MLBSRRER X /K RS R ALK
Wz B EE R .

3. GRERE

TR X R 85 s 7 B o S AACEIL T AT T T X AN T 2 A R A 5 26 A e 10 A BRSO ML SRS IE A0 AR ST
FTid, A [FIFRSE RIS T B AR TS R I BB E AT N S LRI B 2 2 5, IR ZE R gE AR T
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ML 5t AEERAE AR B ST . W T4l RO SR T B AR R AE K AR AR S R e P K SR AN S 43t
THAA, RIS B T B AE T PR 58 e I (@ N YRR . SRTT, BT R IR A A B, A
LR HH A R i B

(1) BSLEE B s G iR AE w2, HBAE Tl A RG22 i AW L, 570605 R
% o AWETURBE 2 A S FT AT TR PR S5 T, I PRI T B DO s N 4 JR A 52 i 7 IO BE A, R
SR G PP A A 58 AP A7 AE IR AR A5 5

(2) RUEDLHE — IS ZFEIEYIREVE, (HAT TR R R T BRI SE . P i 2 FE I R R E AN
AT e AT S SRRSO BB AR o TR, O 1 S A T PP B s 37 D4 G i 7
i AR TEVE I, 25 RS T 2 BB AT B AT TLE E ARIA S (0 A 4 STV AE BV g

() MRS 2 HE RN, oI5 YR 5T AT Be 0% 78 A0l B AR IR T i) 2 BRBE e
(K122 A5 el RE RN A7 A 0F HAR AR, SEUR G BEEIT RN, Xt RORWE 7T 75 25 S8 (M 27
T -

gi b, BRI SN BRA TR T S R0ME BT, (HRSR ) LR FR BAE V2 (W75 Qe
AL RO AN R LS S R AR PRI 85 T adb AT, DASRAS A R IR AN PR BR A o X0 T4 e A7 R A
BEORIPER L TINPA AR AR A2 LA ARIPK AR A S R G R REAN A E 22 OQ FL 2L
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