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1. T B #E#

1.1 T FR 3

1.1.1 B W5 R AR

(—) HHEK (MeHg) EABAZRZAGANIHEMEZ R E

RKE—F 2o HETEMTRY, BENHERITENALBERLAE
AR, ERFRIIRRARE. RTEUSHAZXFE, TEA. BAE
SHUTEE W RAEENEY. EXERG T, RRERUKKENTA B4
FE, ECHHAIR— A AERPMERUENESL BT LY, ERENFTE
BhHaMAGZ ENE =, Ho, KRB TFHSREZELF Ik, PR
g R E B NNAR, S HER G A LUk R R RFE . #AKKE, Hg? &
A% A B AEN A FERMeHg), BET A S KEEYRA. KEEY
B MeHg B9k & H Yt An £ SR AR A B, 75 F 30 DK A A 1R g 7 2R R
LE—BRE. FARSEENRTENLS, MeHg B A4 &Mk & KA E
AW Z B HE SRR R R AR AR R, T AR B AR B K B Fn & TR B
ANEERBWRTENEEN R R FER,

FAEK (MeHg) EARAAEYFTHANMREZERTHN, HEMEELA
YRR TRME TR, XOERRTENRAFAAZ —. fiFk, XTHF
EREKEEDZRRFHARMUEENE £, Jang £ EETHERKELE
M RERENEEWARERE, RATEKEENEATERNEGELE Y.
Meakak > fohak > Eelak > REXLEY > £oaX > #
WA > FENY; EFRBETTFERNESESALNATIA > HALA >
FERE > OfE > HMBEE AN, Razavi FXAREZA-FEFRALLEEZNET F
EREKEEEEY. KELERAMUR AKX — W8k Lok ERE, fA]
WA AB A ETHEAE I RN FEREEETEN TN KRS ENHEXRE.
Poste %# % T MM AN M FEREFHAMENE E BN H, EREH
AR A ENEASSBAEURFHEAMENFEREEZNE I, 2%
SHeME LEAMREEENE S,

R, FEREAERYHE FHTRK RRFELEEBIG Y LT 2HEE,
KR REA LN KA EYZE (R, BAEX, BEXS), MElHL



FEAREKERGPEBR BN XBAE. W, AL F £ 0 MeHg B4 &
FELTUIRTHNE, WA ER-RTREEE, BRBETE T HIEN
(ICP-MS) %, T kil MeHg 7 4 ik 1 i 7 A7 U 75 2 3 n & 2 A% 55 e 5] & 48
A X KA (S-XRF), ZRFEFEMAEN, BREHATEERNE. KiiTL—
MEBEA T ER RN EUKEENEANNRK TR E, ETEEAHT HF
EREKEEIEANE EEHLE, DRLELLE.
(=) REFFHAEY (AlEgen) — Fib o P B BT AL OB R A

ERNI A — R ERERFEARGNAARE, EERBERRIRES
o T o TEALERERT FEHENTHE, KA RXEREZRBEET LA,
AR HLFM A R B KRR BB & B R O 4 K (aggregation-caused
quenching, ACQ) >, W 1. AMASLIREAF, KAMR L UEBRRRELSK
AFE, LACQ RN E—RBE FEMT RN TGE, #HMIRE T EALE,
7 R A0 A S AT B B A

4 \/\/ \/ \’

- . L

Bl 1 B R E 5| R OLE K

Z &5 5 % t(Aggregation-induced emission, AIE) 2 5 — fb ey 3 2 by, BI 7%
St B R R S B TR R AR T AT B B, 5 R OB K (ACQ) B BRI AR K,
BARERASTRAHWA AR MW EFRRSTER (B 2), AT REERHME
B P AR R AR R AL, A2 £ U R AE A — M R AT k. AR
AR AL Mg R IR 2017 FEIR EARF—F X,



B2 REFSRAMKERE ST ERE

R EF S % L4 (Aggregation-induced emission fluorogen, AlEgen), 7 4 4%
GTRN. ARG, AL TEEETEER ZERAK. TIREFT LN
RUEEFEMNED BT R MR A G EIRED RN T 7 & &k,
ARIE H A BT &L A 7 AlEgen 7 LR 4, X #7147 M AlEgen: TPE-RNS
EEINENH R T RREET N, AMESKE THSK LR EHEAFE
o & LA, # & K TPE-RNO WK, HFE LIS BA T ERNLE TN (E
3

K 3 4% AlEgen (TPE-RNS)5 R & F (Hg?") # X M HLFE

ABEARAEARNCH AR - R eXERERZS T — Mgl 7k, AT
&8 MR BRVE VR B R B T (Hg™), T —H ey 77 ik Bk MR T e Hg? 78
T S AR A, LR Hg E /NBLUK & TR M B 4 (3 s fu ok &) o
HRHAFURSSMLESH, EXEMNEREESFANFTEHETEERR,
A H A R O SR Hg™ 7 A 4 7 R A B BR R A

T i AR EA L &, e AlEgen (TPE-RNS)TMXUP] LL5 K &



F (Hg*) X4 T &Kk, TPE-RNS 54t F &K (MeHgCD 7F 7 & & K HY
@R (LE4), £7 LET, TPE-RNS 5 MeHeCl % £ R 2 5, HL6
AR KOG, ERIMET, TPE-RNS £5 MeHgCl R 5, HREEET AL
&, WM, ¥ 7% AlEgen (TPE-RNS)7F 7 T & & AR BV 1 W 2R
(MeHg). %W, 4% AlEgen (TPE-RNS) 541 ¥ £ K (MeHgCl) B3 K
MME, UEEREF (HZD) BERNWREELEEZREHT.

l I
A2 B1 B2

Al
[/l 4 %5 AlEgen (TPE-RNS) 5 & F £ K (MeHgCD) #8& K

W o%: Al: TPE-RNS; A2: TPE-RNS + MeHgCl

% /M. Bl: TPE-RNS; B2: TPE-RNS + MeHgCl

(Z) K%F (Daphnia carinata) ——#35 5 £ AEEF RN LRA W

FHEHMENR AT E (ERE) SHES (BFNES) ZANEEER
B, REBEEARMGE. ABE—RNENTEDY, BT HRAWI.
FEN. MATH, LHad, BAMKAARTRYE LWZENT. BFAE
By B AR A BT, TR KB, TEEA £ A A T R
B, TEA—MERIETAY, SMEEATARY A4%. SB2%5E
BAETR . A E GB) (¥4 Daphnia carinata), WE S, BT EREAE,
EEENMAEZ —, AW, REFE, RTERTEA, LAL. 58S
R R TR, £NDEATR Y HE R R —,




1.1.2 FAREX

ERERGY, RTELZUFEROPVAH#TENE R, HEXEENZIF
1%, RANAKRFERE, AR FEREREBACF UG FAEELFHE Y
MERREX . B AT FEREXELNHEFNAR, TEUNEFEREF
WY RN ERTHWEREE. BURE. BEEEEENENE, A
MXLHRBEARERT FEREXEENEABNFRM B A FER, BIE
REE B AR EENMAYRAT B PRUBREN TR, EXERETFEK
EREEEANBEEECEURELEZEZ MR F R, Tix L 2B
AOFOM R RAKER YT HEBNFNELZSL. 7, FEZRIEERAER
EERERTFERTE S EFHA, EEFHFAMWA 7 ELRNLEXRE, &
M EEREFHEANTFHREETEREEERFET AP RN, L& B E% B 1EH
HMBBANERYTEFE,

AR AN 5 5 4 0 R R A 2 — « 18 & & (Dahphia carinata) 79 5t %34 &,
ETF—FHAREF SR ALY (AlEgen), B E BN E FHER (MeHg) K E
BT, #ETIE MeHg 72 18 & R R AR R B B R AL E; DUR R BR 7
3, I MeHg 72 & 2 & R 19 09 R8P R A R 7638 1807 o A 3R 70
L FE, UM FERER L EZARANNREKRTF, A€ MeHg REWEEF
X OKFREBZEEHEN). EE® L, KTETHHARFEREFTHEIWE
AR BAKFRY T RFEEEZNERSE, ASERRFEREKEEMFHEZ



B EEHBTTRAME AR, ALK L, EXHFAREFIRAY
(AlEgen), LAEAFE A A A &4+ &1L AlEgen 4 E AL 846 | MeHg 75 442
ERIFH A

1.2 RRAXEEAR

1.2.1 S5 B 47

1) EEAFER (MeHg) 5R%E1FFH LY AlEgen (TPE-RNS) #9143 RAL
HenEah b, I EME MeHg REH AlEgen L &%, HoEREs
ICP-MS & % R 6 & o

2) £ MeHg UARE AR (R, #E) REBLEE, I MeHg £EAEAH
BEBBAKTRSALENTE, 2MELEEKENETHESE MeHg W £
BRI, AR MeHg 72 M 4 & 1k W B9 RO ACE B A LA

3) ERMIARE T (HgHO A BB L EWHREREA L, X2 ATF MK (MeHg)
HRAK (Hg) EBLEERANKREAT R, A AENRE.

122 FFRAE

D FEFERK (MeHg) EREFF ALY AlEgen (TPE-RNS) By KM R
R, BEMEHANFRNLFERX, 2414 %E AlEgen (TPE-RNS) R AL JEHI &
T, FEREF (Hg*) +TPE-RNS 9 R A (B 3) #thiair; LLRFIK
JE %% JE H MeHg 5 AlEgen & 4 R AL, FIF7 KGN, MEFAAN L 6K ELTRE
BB AE (Isss/laso, P 6), T MeHg WK E 5 TR IME (Isss/laso) WY AR dh
%



750

PL Intensity

T X T 3 T T T T T
420 480 540 600 660

Wavelength (nm)
B 6 TFWET AlEgen 5 MeHg By X i E# . AlEgen &1 .T % 14 % 480 nm, 5 MeHg
FORL G B S 0 & g 585 nmo

2) U MeHg AR B R MELE, HB— T weta [ xS i, Edmkd
LR ERNMELEXN MeHg WK ABMENEUAE, FEECRBEFET
Fiig L (ICP-MS) JllZ &7 MeHg & &4 R M LB, 447 AlEgen M| ik oY /& #
B FURNTE (BhEe&AHARE) WAt MeHg L ZRANE
RuEE, URESMINEBE WAL,

3) sELL MeHg &Mk, FMEMEARAN MeHg 9& & L F R BUSWL
MBS RELE, TENT — B NELEIKRA MeHg 2 EWEUAE (5
ICP-MS | 7 46 R Mt 447, I Ml MeHg 72 4R 7 (R 2 A (o B9 2 AL (7
HRELERRE);

4 MptrrE G RNALETRNZT, MeHg £ B4 ZEARUHATE L
TAER TR, FEERAZHARBETWIARTEURSNEH AL, 24T
MeHg Z A4 EFW EEAH, FETREHAWHE X HEOWHARERM LR S
o

123 BEAFE



D ReEFEENLERE: LATIKEHRE,0.1,0.2,03,0.4,0.5,0.6,0.7,0.8,0.9, 1.0
uM)E A R (MeHgCD 475 7 i & 89 AlEgen (0,0.1,0.2,0.3,0.4,0.5,
0.6,0.7,0.8,0.9, 1.ouM) K i (MeHgCl 5 AlEgen ¥ LLZ fE1E A 57D, Wit
Sk BUII B3R E, # % MeHg 5 AlEgen 89 K R ], 33 3¢ 488 £ 45 (U0
v DU R ROBL A RN R, AT A R LR

2) MW ARAET: X E MeHgCl Bk E 4 £ (0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7,
0.8,0.9, 1.0 uM), 4 %1 5 ATEgen (1.0 uM) K Kz, 78 7% H b # 4L T 4 2 Bl AIEgen
JE 4% & (480nm) 5 KRG % & (585nm) B B 5E JE , FEit B TR E U E Tsss/Laso,
i1 /5 # 1 G it 40 SPSS19.0 L4 MeHg 7K & 5 72 th (8 (Isss/laso) B9 AR 7 8 2,
FHE R & A BIIE A RAEATE B & ;

3) AR FER RS kBT HE % (Euglena gracilis) 18 7 L1, ¥ 30g
B, 25 g KM A Sg iR A IL (IR E A H, mEXHE Smin &, & 4°CTR
FER, AURENER BAZWERURBRREERMBHEERY £, WU3g
TEEEAT 60ml ZE A+ & B RER, HEACTREEA.

4) VL A

O MeHg &9 % Uk

SRR R E T Z A AP, R E T RO 1pM), F (0.5uMD . F (1.0pM)
=K E B MeHgCl iz A RE L%, §F 10min &L B 5 E & &+
i £ 60min, /55 30min BUKH 5% 4% & £ 240min & A . EMHEIE T UE
ENEHBERENVSRN, A HEFRATTE,

FEFBAMES AlBgen R A& B 6 KN J5, 35 84 PUNE 7 A5 5
R, SPTERRIE, A FRARE AT R A E A MeHg BRI E AL
FULHEEBASE FREN (ICP-MS) M| AR = 1 MeHg & &, #5 AlEgen
5 3k I S 4E R AR IR AT

TR & &S MmN AlEgen, R —EHEZ 5, ZEARRET U
AAERERATHFEEENN MeHg ERLEERANNHALE LT A B
SELERG, RUARMANHTEHRYT G, ETHHEFZ L/, HLL AlEgen
BRHETRE, MEEHLEERER LD ME THATHRAFNE,

@ MeHg 8%



PR CO.1uMD. #F (0.5uMD. & (1.0pM) = Fb ik B B MeHgCl ¥ 02
AL & 2 & 30min, BUKERR I IF T 5 I8 & & X MeHg (VR R &, [ EHE L
EBNFEAF . FF 10min ELEHFAHF K ELEE 60min, /55 FF 30min 3
KB E L& E 240min & . ERFFETUELANHHELZWH AL, I
T+ S AR R B HA B ST T

HHR RO T E, BLRALENEGHAERELLEHE, B0l
MeHg Bk W E N (5 ICP-MS Ml & & R#M LD UREBRXZRNH AL
t GEHRFE&ERLEE),

5) B HE N
O ZFEWELERE

DU CO.1pMD. #F (0.5uMD. & (1.0pM) =43k & 9 MeHgCl 75 7% 32 i1 4t
AW RE (Euglena gracilis) 30min, # /& LA 4500 r/min #9 % 3 % /4 1min 5 %
Flo BRI HAE N RET AL HAE, NEREMARA MeHg 194 € (5 ICP-
MS & & RAUED URAHAE. MEUENEHERRRELE.

@ MeHg #46 M|

&% 10min # 2 BUK S B4 & F 60min, M /EF 0 30min FUAH 5B L E
% 240min & . ERFETAEENTHEL ROV AL A, FFItH AR L H
LT B ER DO R, BT AELERNEGHALEREX LD HE,
B F R F MR R E MeHg £ A X AKANEE (5 ICP-MS JIl 22 RAdH
B) RAomfr g (BhLe&HRARe),

6) Xt b #T

M ZHASHBELRERNFR (BAENITRHEEN. BT,
MeHg E%&. MeHg /L 5), HATREEEAKBIE T EE MeHg WEE
KR . MeHg 5 4 F R AANIESE; FN LA HO A BRL BN IR E R
ST ALK 5 To ALK A 5 35 30 40 1 PO KA AL B 2 TR
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TEHAREREEFTETH
AR AR EF S LEA AlEgen v, IR T e R & iz
: BAEXN MeHg B £ 8/E, EETEHBWT:
1) B&E % F7OLH 4 AlEgen 7% 1l MeHg
BT —MREF SO EA AlEgen H ik, LU R IR BE R S A
IR W HY MeHg, 7238 3T 06 Fr i 4 € 10 AR +# MeHg #1RE B 7]
B, Ao, BT DA T 0 K R B B 7 SR MEAR I MeHg 7 73 3 o1 4 14 4 & AR B9 AR
R0 E AR,
2) MeHg £ B & E RN E &£ AT
& & &I A AR TR B MeHg Wy B I %, F B g4 1 MeHg
EEAKRK ., UFALTFEKE B MeHg 4 57 MK &%, 75 0-60 min
Z W, 2.5uM/L A% EARN MeHg R R EFEE M E 0.123 uM, 11 5.0
uM/L 4 & % & & N MeHg B9 4 E 4 0.218 uM; £ %4 & % MeHg B Bk 4
REH: £50uM/L AT, BREREHEXEH AT Smin 5, BEE
w4 T 0.061 uM # MeHg, T /5 MeHg B M EF (T Ao & 2.5 uM/L
e, B4 EE S min 5B 0.076 uM 8 MeHg, Z B3k & & # 7 60 min
WA e, KB MeHg #4287 5] 0.061 uM, E %| 240 min, & T2
HERRANLE, RINXAEERZAE, MeHg R IK B 1% i E B E K
& # %, HF| 150 min & MeHg £ R E- TRE; ERRAF,
MeHg ¢4 # & M I 461+ B 89 10 2] 30 min F4:3 i, 4% /5 7% 60 min B T [&,
®JE T AR
3) MeHg ZE L &R AN E £ A
HEEkREAZRAGEE MeHg BT, ®RMAXH MeHg TEEEE
A ERWAR T, MERARHBE TSN, ERAFRESEGFHNILE
RADIAWEMAL ., T, REXILAGRAERERFAHE, EAER
Eamfa A K B RE I E] MeHg B0 E . I E #E \H MeHg F1b
A ERE, RNAA LR FMNERE, BEREN MeHg R K E T 1645
TrRAMERENEESTREE, ELERERAERALEMENELT L
ANJE MeHg & &0 fn F A fpd 2, fiaEERMAHZLRHEARAE S



P 4 &R A B MeHg A £ 8 AR A LIRS &, % DLBCHE M R 038 12 ROA 1F
e R Sk o 3 3 R R 5 ROC R AT AlEgen X MeHg #EAT 7 AL 4L A
%, AWE MeHg 755514 80 - A T A MeHg 72 A4 & 41 P+ 89 A&
MRERLBRRBT —MHWITAE,

3. HHHIK T R ILE R

1) EZ&ET AlEgen W1 MeHg = &4 M 477 # & : CMeHg = 1.14*In
(Isss/Taso) - 0.333

2) BRAREAT MeHg £ & &AW B9 BB ACE UL RE & iR
AL SRR AARN; RENENEELRRH, XA TRRETE
% & 7 MeHg B9 KRR B 4 A AL 8 24T .

3) ZMEAFARSWN—KRQ023 FFEKFF2FFFAFL); Xk SCI
WX 2K (BAFRE-RKH#HFD; TREARE

4. T H lH R BAR N REH
1) @B H A R EH S % W AlEgen (TPE-RNS) 5 MeHg % £# R 4%
HRER R, BT —MHAEREN, TEENEFEREENT &,

2) # 3T AlBgen WA RAOLE €, P AEB RS 4 TELNN MeHg £ 75
o (&) 1R B o A A4

3) HAEABAELD ARG P E DL AlEgen H E A HY . 46| MeHg 17 2218 & #
FEARMET EREAR.

5. FEERUANALARKEMFTFERLANAL
TCo
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£ 3E FERARLZARANESRKFE: BT AEWIE

—. HRER

ERERGF, RTRZUFERAVAATENER, FEKEEN
Z A A, A AR ERE, WA T R REACE LR LR
ALY ETREX . B AT HERAEKEEMAFEFHRE, XN
EFEREFHREN. BEAAMBRTHERRE. BUKE, E5FF
REMEAE, KAMILERRETRERTFERENEEMEATAA
MW FERE, AMEAFTFEREENEMRALIEFREERE
MANTE, ERMERETIFEREREEMAEANNEEE 2 UK AERLE
B Z R RS AR A, TR R R A TN P AR K E R
MENEES R 0, AEXRIERHABREERERTFERTT S 7
WAL, (B 7E V5 i o 49 0 Ak T 2R R AR oK R, BT AR R AR i Bl BN
MEZTEREEKRBETAPOREK, LEBER BE/NENERETF
%,

AHE I UL i 5 e R R A 2 —: 18 % & (Dahphia carinata) 7% 78 %
, BT —HMINAEREF SR AN (AlEgen), 2 7 £ £ | & ¥ % R (MeHg)
WK EHT s, ST MeHg £ 18 & & A A RO BB e & sl & LA
RKATERN TN, il MeHg EELZERANRBULRURSFTEL; FF
BT EMRFA R F B, Aot FEAREESZERANWREAKTF,
A& MeHg REAWEEFA ORFREEIZEBREN). EE® L, AIH
(AT EEREFHEADEANNRBAF I RHEEENELSF,



3% RHREREEENOEEKT: £F AERIE
A4 JE R R AR R A A R R R Z I B E R AL AT T R Y SE B A Al
xR, BAHAREF TR (AlEgen), UMAARES ARG+
3 Bl ATEgen 7 2 4] #y A2 Il MeHg 77 242 & BV A

. HRFE

21 RERENER

L& Bk B (0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0 pM)#y & AL
H 3K (MeHgCD 47|54 Bl # E # AlEgen (0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6,
0.7,0.8,0.9, 1.0uM) K iz (MeHgCl 5 AlEgen ¥ LA Z FE/E HE R, WK
Bt LN L3R E, I E MeHg 5 AlEgen 89 K 5L ], 338 3T 2 a3tk
P RS E R A R MR, AT A F RO R
22 AR B AL

% & MeHgCl 89 B 4% £ (0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0
uM), 4715 AlEgen (1.0 uM) R BZ, FE% K AET 4 7432 B AlEgen &
L UE (480nm) 5 R K5 4 (585nm) BYOLIRE, ETEARBENE
Isgs/laso, T J& 1 3T 48 1+ 20 SPSS19.0 & MeHg WK JZ 5 Jt % H 18 (Isgs/Tago)
HIPREE &, FTHEB R ERAWIENRERES X,
2.3 P& 4 & F B VR B B A

W AT HARE (Euglena gracilis) 15 A £l &k, ¥ 30g @h. 25g K
W Fo Sg iR 1L IR KF, ®mEXHE S min f5, E4ACTREEA,
RAURENESR, BRENERAURBREER B FERANE, U3g T



$3% FPERERAEANNEEKT EF AERIE
B BFUE T 60ml ZAE AP 4| & B BB R, HEACTRELHA.
2.4 32 LA AL
2.4.1 MeHg #% di

SREXNRNEETZEALPY, HETMHK 0.1uM), F (0.5uM),
& (1.0ouM) =4Ik & 8 MeHgCl iR R A EE X &, &% 10min # 5 5
A& L EMHEE 60min, I /5 &% 30min FUKF 5% & & E 240min &
Ao ERHHTAEEANHBELENLSEN, HFIHTEHLTE,

FEFTEBUKFE S AlEgen & 4 B € R R 5, #1875 K g U & 7 A i
MrRE, FirELBRNE, S EAREE &I ERELEXN MeHg K
e EA; AUERBEFE TGN (ICP-MS) I = K+ + 8 MeHg &
¥, 5 AlEgen T & % B0l £ 48 R AE LI 4T,

TEFTEUE & &4 & F w\ AlEgen, R v —EE Az )G, HEEHERRKAT
DL 4R BB OE B A B W MeHg 72 18 4 & 1R 1 B9 4 A £ & % AL
ABH A ELEREE, RUAEANHTER R, ETERFRAZ L,
F UL AlEgen BB H#HATRE, ME AR AL LREX L DHME THTARFEN
2.4.2 MeHg # # it

DI (0.1pMD. # (0.5uM). & (1.0uM)  =Fh ¥k B ¥ MeHgCl % %
AL T R 2 % 30min, BUKFEG T 5 B & & X MeHg R K &, A
EWBEAEBNFKT . B0F 10min FELBKFE LB L EZE 60min, /5
% 30min BUAH 5 B4 F E 240min & F . EES4E T W EL o 2B 4



¥3E PARERSGERNNEEKT: £F AR
EWWAZAN, T HAN AT X,

R PRI E, R AERENSHEERER LT ME,
MeHg B B Z A (5 ICP-MS M E 4 BM i) UREBRLEZERAN L
RN (ERFEKHEARE),

2.5 FRH BN
251 BBHEN SRR

DL CO.1uMD ., (0.5uM). & (1.0pM) =4k 8 MeHgCl V& /& 37
WAL WERE (Euglena gracilis) 30min, 3% L 4500 r/min B9 3 3% &0
Imin 5& . BHRAAENMAERER L LME, MEREKRN MeHg
Hy 4 & (5 ICP-MS Il = 4 R i) URS AL E. /5 EMLENER
HRELE,

2.5.2 MeHg #4946 |

F% 10min EE&HAFE SR L EZE 60min, /5 & 30min BUKEES
' 4% % 240min & . AR HE TR LA HERE L ENL S LA, it
HABRL BT EABNSL TR R PR PTOR 7k, MR ROE RN HFHOE LR ER
HEME, BMEEENERE MeHg EE L XA N4 E (5 ICP-MS
MEZERHELE) BRoffaTn (EREe&HAALE),

2.6 AT 4 AT

MU REEHGRBRALRERNRRE (BEAENITILARMA. LT E,

MeHg % & . MeHg 4L 5), 4T % & &EEAKBI R T EE MeHg #

E ERIR. MeHg X & & & B BOUALE % ; JFT AT 8 UL Hg A B & & & oy



%35 PERERESENOEERT BT ALRIE
BWER, MANRE ALK ER 504 WAL H 87

7/ I

=, RRER
3.1 #F AlEgen &9 MeHg # | 77 i B 2 31

3.1.1 AlEgen 5 MeHg R A7 R 3 7 #Y 45 K/ 7, & e 7

REF 2K AR4 AlEgen fn F AR MeHg E R FW A A S E T (KR
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dedEE, SRUITAET(HE 3-8(al). (a2), FIEEEFH
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ARTICLE INFO ABSTRACT

Edited by Dr G Liu Mercury ion (Hg?") is a toxic heavy metal ion and Hg?" is convertible to methylmercury (MeHg) by many

aquatic microorganisms, leading to bioaccumulation and biomagnification in aquatic organisms, which can

Keywords: interfere with brain development and function in humans. This study employs a newly developed AIEgen (Ag-

MeHg . gregation-induced emission fluorogen) to quantify and visualise the process of MeHg bioaccumulation in vivo on

S\;O?cczmu]a“on the species of water flea Daphnia carinata. Two approaches to MeHg absorption were taken, either by direct
ater flea

incubation in a MeHg solution or by indirect consumption of algae contaminated with MeHg. We analysed the
relationship between the ratio of photoluminescence (PL) intensities (Isgs/I4g0) and MeHg concentration (Cyeng)
and generated a master curve for determining MeHg concentration based on the measurement of PL intensities.
Fluorescent image analysis showed the occurrence of MeHg in D. carinata to be mainly in the compound eyes,
optic nerve and carapace. This study indicates that MeHg absorption can be quantified and visualised in the body
of zooplankton, and the MeHg transfer to zooplankton is more likely through direct exposure than via indirect
food intake. The accumulation of MeHg in the eye and the nervous system could be the cause of the high

Aggregation-induced emission fluorogen

mortality of D. carinata exposed to MeHg in water.

1. Introduction

Mercury (Hg) is a toxic heavy metal and can be found in polluted
water. Its wide distribution has been a worldwide concern for human
health and environmental protection (Cariccio et al., 2019; Clarkson
et al., 2003; Ullrich et al., 2001). Although Hg exists in aquatic eco-
systems at a low concentration, it has been listed as a dangerous and
ubiquitous element in water, with toxicity ranked third behind arsenic
and lead as hazardous substances (Freire et al., 2020; Kidd et al., 2012).
A great concern with Hg contamination is its transfer and bio-
magnification along the food chain in aquatic ecosystems. Hg exists in
different chemical forms that can combine with other elements such as
chlorine and carbon to form toxic substances (Kidd et al., 2012). The
mercury ion (Hg?") can penetrate the skin and digestive tract of the
human body and damage the visual and nervous systems (Campbell
et al., 2005; Cariccio et al., 2019). Moreover, HgZJr is convertible to
organic mercury. The major form of organic mercury that has high
toxicity to humans is methylmercury (MeHg, [CH3Hg]™), which is the

* Corresponding authors.

most deadly form of mercury because it can be easily absorbed into the
blood from the digestive tract (Harris et al., 2003). Moreover, Hg2+ is
convertible to MeHg by many aquatic microorganisms, leading to bio-
accumulation and magnification in aquatic organisms, which can
interfere with brain development and function in humans (Watras et al.,
1998).

MeHg is present in many types of seafood through bioaccumulation
in aquatic food webs. The concentration of Hg in fish varies between
species and age. Carnivorous and senescent fish usually contain higher
Hg than herbivorous and young fish (Korbas et al., 2012). The bio-
accumulation of MeHg in aquatic organisms through food chain transfer
is surprisingly high. However, traditional methods for measuring MeHg
absorption, accumulation and transformation provide only a static pic-
ture of organisms at a given time, life period or habitat, and the mech-
anism of Hg transfer between aquatic organisms is largely unknown,
especially in microscopic organisms in water (Gobas et al., 2009).
Moreover, existing protocols are constrained to well-established labo-
ratories due to the requirement of expensive instrumentation, such as
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inductively coupled plasma mass spectrometry (Michael et al., 1992)
and synchrotron-based X-ray fluorescence (Korbas et al., 2012) and
labour-costly processes for sample preparation (Kelly et al., 2007).
Therefore, the development of a methodology for the detection and
quantification of toxic substances is necessary to enable the under-
standing of the processes of MeHg bioaccumulation and transfer in
aquatic organisms. Previous studies have reported MeHg transformation
and respective MeHg concentrations in aquatic communities (algae and
crustaceans) (Tsui and Wang, 2004b; Watras et al., 1998). However,
these studies have not provided an adequate understanding of the intake
and output kinetics of MeHg within organisms, yet these measures are
essential to interpreting and predicting the movement of MeHg in food
chains. It is unclear whether the accumulation process of MeHg in
crustacean zooplankton begins directly by absorption in water or indi-
rectly through food intake. The existing evidence suggests that MeHg in
fish is obtained through food intake, but it is unclear how zooplankton
obtain mercury in their body (Korbas et al., 2012; Lee and Fisher, 2017;
Schartup et al., 2018; Tsui and Wang, 2004b).

Zooplanktons are an important trophic link bridging energy flux
between organisms at a low and a high-food chain. As Daphnia have a
relatively short life cycle, produce progeny through asexual reproduc-
tion and are sensitive to pollutants in water (Khangarot and Das, 2009),
they are commonly chosen in the study of toxicological responses in
aquatic animals (Adema, 1978; Cooman et al., 2005; Harmon et al.,
2003). In recent studies, Daphnia species have been identified as suitable
for developing an invertebrate test system for ecotoxicological assess-
ment to improve water quality for fishery and human consumption
(Korbas et al., 2012; Pereira et al., 2014; Phyu et al., 2004). For moni-
toring water quality, Harmon et al. (Harmon et al., 2003) suggested the
need to use indigenous fauna to screen the toxicity of local biotas in
order to reduce test variance due to habitant differences among species.

Aggregation-induced emission (AIE) refers to a photophysical effect
whereby the light emission of a fluorogen is activated by aggregate
formation, and AIE has the potential as a visual method in biological
assays (Mei et al., 2015). Fluorogens with AIE effects are known as
AlEgens and can luminesce more in the aggregate state than in the so-
lution state (Mei et al., 2014). In the AIE testing process, highly
concentrated solutions of fluorogens and their aggregates in an aqueous
medium can trigger the fluorescence turn-on function (Ding et al.,
2013). The discovery of AIE has enabled us to follow the distribution of
trace substances in microscopic organisms via the detection of AIEgen
florescence (Guo et al., 2015). Recently, AIEgen fluorescent probes have
been used as a novel method for detecting and quantifying Hg?" in so-
lution (Chen et al., 2017), bioaccumulation in algae, and Hg2+ release
from algae after bioaccumulation (Jiang et al., 2016). In addition, this
AlEgen has been used to detect the dynamics and distribution of Hg?" in
aquatic invertebrates, e. g., rotifers. However, it is unclear whether
organic mercury, MeHg, can be detected with AlEgens by a mechanism
similar to that reported with inorganic mercury, Hg?" (Chen et al.,
2017).

In this study, a specially designed AIEgen was used to quantitatively
evaluate the bioaccumulation of MeHg inside the waterflea Daphnia
carinata. This animal is vital in transferring energy from primary pro-
ducers to organisms at high trophic levels, such as fish. The objective of
this study is to use a novel AIEgen method to visualize the kinetics and
distribution of MeHg in a small aquatic invertebrate and to improve our
understanding of the dynamics of MeHg transfer between aquatic
organisms.

2. Materials and methods
2.1. Materials
Daphnia carinata (0.8-1.0 mm in body length, Fig. 1) were collected

from an outdoor tank located in the Biological Science Building at
Flinders University and fed with Euglena gracilis (15-20 um long and
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Fig. 1. The photo of Daphnia carinata.

8-10 um wide) and yeast. Before the experiment, the Daphnia were fed
only yeast to reduce the effect of algal pigmentation on the reading of
AlEgen fluorescence in animals. The yeast was supplied in suspension by
adding 3 g yeast in 60-mL water and vertexing for 2 min Euglena gracilis
were collected from the algal collection at Flinders University. The
culture medium included a mixture of 30 g wheat grain, 25 g rice grain
and 5 g skim milk powder in 1 L of water. After autoclaving at 120 °C for
5 min, the algal culture medium was preserved at 4 °C in a refrigerator.
The algae were added into the culture medium at 10% (v/v) and culti-
vated in 250 mL vessels in a room at the constant temperature of 24 °C
and illumination at 70 mmol photons m~2 sec™!. The flask was mixed
twice a day to prevent algae sinking to the bottom. The chemical re-
agents were purchased from Sigma-Aldrich, Australia. TPE-RNS, a kind
of AlEgen synthesized by the tetraphenylethene and its acceptor, pro-
vided by AlEgen Biotechnology (Hong Kong, China) and CHsHgCl
(MeHg) were prepared at the concentration of 1.0 mM as the stock so-
lution. The testing solutions used to determine MeHg concentration
included 5 pM TPE-RNS and different concentrations of MeHg.

2.2. Development of the master curve for MeHg determination

The MeHg detection mechanism for a specific AIEgen (Figs. S1, S2,
S3, S4) is similar to the reaction between Hg2+ and AlEgen (Chen et al.,
2017). Transfers of MeHg to D. carinata were designed using two ap-
proaches: direct MeHg incubation from the culture medium, and the
food intake of MeHg-contaminated algae (Fig. 2).

The AIE characteristics of TPE-RNS were examined in water and
acetonitrile (ACN) mixtures with different water fractions (fy, vol%)
from 0% to 90%, and the maximum photoluminescence (PL) intensity
occurred at the 60% fraction (Fig. S5). Therefore, the fraction factor (fiy)
was set at the mixture of 60/40 (water/ACN by volume) in the subse-
quent trials. To construct a master curve for MeHg quantification,
different MeHg concentrations (0, 1, 2.5, 5, 7.5 and 10 pM) were used at
the AIEgen concentration of 5 pM. As the intense emission peak of PL of
the TPE-RNS and TPE-RNO, which was synthesized by the reaction of
TPE-RNS and CH3Hg', was displayed at 480 nm and 585 nm, respec-
tively (Fig. S6), the PL intensity ratio was calculated at these two
wavelengths (Isgs/I4g0)- A fluorescence spectrometer (Varian, Australia)
was used to determine PL intensity at the excitation wavelength of
350 nm. The data were analyzed by Excel 2016 and SPSS18.0 to develop
the PL master curve, which shows the relationship between the ratio of
PL intensity and the concentration of MeHg in solution.
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Fig. 2. Illustration of two approaches of MeHg transfer to Daphnia, namely, direct incubation and indirect consumption of algae containing MeHg, and the
radiometric detection mechanism of MeHg using the AIEgen TPE-RNS (Chen et al., 2017).

2.3. Quantification of MeHg bioaccumulation in Daphnia

Survival was calculated based on the number of live and dead ani-
mals in each vial to determine the toxicity of MeHg to Daphnia at each
concentration. The D. carinata were obtained from the tank with a
100 ym screen net and rinsed with Milli-Q water before being intro-
duced into a solution containing different MeHg concentrations of 2.5
and 5.0 pM/L. The animal density was 25 individuals per mL. Group 1
was designed to determine the directional movement of MeHg dispersal
in Daphnia from the environment. The supernatant (600 pL) was
collected from the Daphnia-MeHg solution at the times of 0, 5, 10, 20,
30, 40, 50, 60, 90, 120, 150, 180, 210 and 240 min, respectively. Sub-
sequently, each of these supernatants was mixed with 400 pL AIEgen in
the ACN solution at the water-to-ACN ratio of 3-2. The PL intensity of
each stained solution was determined by fluorescence spectrometer.
Group 2 was set up to quantify the release of MeHg from Daphnia that
were submerged at two concentrations of MeHg, i.e., 2.5 and 5.0 pM/L,
for 10 min. The Daphnia were rinsed twice with Milli-Q water at the
beginning of the release trial. After incubation for the same time regimes
as in group one, 600 pL supernatant was collected from each Daphnia
solution for MeHg quantification. The MeHg concentration was deter-
mined by the PL intensity read on the fluorescence spectrometer. Each
treatment was set up with three replicates, and all data were analyzed by
Excel 2016 and SPSS18.0 using univariate ANOVA.

2.4. Visualization of MeHg dynamics in Daphnia

Daphnia were incubated in 5.0 pM/L MeHg as described in Section
2.3 at the density of 25 individuals per mL in 80-mL vials. A total of
10-15 Daphnia were collected at the time intervals of 5, 10, 20, 30, 60,
90 and 120 min after submerging, then stained in the 1.0 pM/L AlEgen
with the ACN to water ratio of 2-3 by volume. After rinsing with water
to remove MeHg residues on the body, Daphnia were observed using a
scanning confocal fluorescence microscope to conduct image analysis.
Before the fluorescence images were taken, two light channels were set
up: a blue channel with a 460-500 nm wavelength range and a red
channel with a wavelength range of 570-610 nm. The blue channel was
used for the image analysis of Daphnia submerged in AlEgen only, and
the red channel fluorescence was used for the image analysis of Daphnia

in MeHg plus AIEgen solution. The excitation wavelength of 405 nm was
used.

2.5. Toxic response of Daphnia after feeding on algae containing MeHg

Euglena were counted on a haemocytometer to determine the cell
density. After incubation in 5.0 pM/L MeHg for 30 min, Euglena were
recovered using a centrifuge at 4500 rpm for 1 min as feed for Daphnia
(25 individuals per mL). The MeHg residue in the supernatant was
determined according to the PL ratio using the equation derived from
the master curve. Soon after Daphnia were fed with Euglena containing
MeHg, changes in appendage movement and shape of Daphnia were
observed on an optical microscope. Images were taken every 30 min.
Survival of Daphnia was determined by counting live and dead in-
dividuals at the end. The supernatant (600 pL) was removed from each
Daphnia solution at 5, 10, 20, 30, 40, 50, 60, 90, 120, 150, 180, 210 and
240 min. The MeHg concentration of each sample was determined by
the equation derived from the master curve. Each treatment was set up
with three replicates, and all data were analyzed by Excel 2016 and
SPSS18.0 using univariate ANOVA. At the end of 60 min, Daphnia were
collected and stained with AlEgen in the working solution for 90 min to
obtain fluorescence images.

3. Results
3.1. Development of the AIE method for MeHg determination

After adding 5.0 pM/L AlEgen to MeHg with different concentra-
tions, we separately calculated the PL intensity ratio and developed the
regression equation between the PL ratio (Isgs/Is4g0) and MeHg con-
centration (Cyeng), as shown in Fig. 3. The linear equation between
CMeHg and 1585/1480 was yielded as: CMeHg =1.14 *In (1585/1480) -0.333.

3.2. Quantitative evaluation of MeHg bioaccumulation by D. carinata

Two groups of different concentrations, 2.5 and 5.0 pM/L, showed
similar trend lines, as shown in Fig. 4. The amount of MeHg absorption
increased continuously to 0.123 uM in the 2.5 pM/L group and 0.218 uM
in the 5.0 pM/L group, respectively, before 60 min, with no D. carinata
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Fig. 4. MeHg absorption of D. carinata from the solution at different times.

mortality during that period (Fig. S7). However, mortality occurred after
60 min, and the amount of MeHg retention began to level off and pla-
teaued until the end of the study at 240 min

Fig. 5 shows the MeHg release from D. carinata to water at different
times. In the 5.0 pM/L group, after being transferred into Milli-Q water
for 5 min, the D. carinata released 0.061 pM into the clean water, and the
MeHg concentration in water was kept relatively stable until 60 min.
Although D. carinata began to die after 60 min (Fig. S7), the amount of
MeHg release did not change much and levelled off until the end of this
experiment at 240 min. In the 2.5 pM/L group, the D. carinata released
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Fig. 5. MeHg release from D. carinata to water at different times.
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0.076 pM after 5 min and kept stable until 60 min, and then the dis-
solved MeHg decreased continuously to 0.061 pM until 240 min

3.3. In vivo visualization of MeHg dynamics in Daphnia by AIEgen

As shown in Fig. 6(a), i.e., without MeHg and AlEgen, the Daphnia in
the control group showed no fluorescent signals, a finding similar to that
from the Daphnia exposed to MeHg without the addition of AlEgen, as
shown in Fig. 6(b). The Daphnia submerged in AIEgen displayed blue
fluorescence in the blue channel (Fig. 6¢) and red fluorescence in the red
channel after the MeHg was stained by AlEgen (Fig. 6d).

After submersion for 5 min, low emission in the red channel occurred
on the compound eyes (Fig. 7(al) and 7(a2)), demonstrating that the
compound eyes were a target location for the absorption of MeHg in
Daphnia. The red fluorescence became clearer on the surface of com-
pound eyes (Fig. 7) and continued to move into internal tissues with the
elapsed incubation time (Fig. 8). At 40 min, the red fluorescence showed
weak emission at the optic nerve (Fig. 8(c)), which became more
noticeable with the increased incubation time. However, there was no
fluorescent signal on the ocellus and brain, despite their closeness to the
compound eyes and optic nerve (Fig. 8(c1) and 8(c2)).

3.4. Toxic response of Daphnia after eating algae containing MeHg

The Daphnia fed Euglena gracilis containing MeHg demonstrated re-
sponses unlike those suffering direct submersion in the MeHg solution,
as shown in Fig. 9. In the direct absorption group, the amount of MeHg
absorption became increasingly higher with the lapse of incubation time
until 150 min. In the other group where Daphnia were indirectly sup-
plied with MeHg via food intake, the MeHg accumulation continued to
increase from 10 to 30 min and then decreased at 60 min. After the
Daphnia had fed on contaminated algae for 60 min, the amount of ab-
sorption began to level off and plateaued over time.

After feeding on algae, Daphnia showed red fluorescence at the
foregut sac and intestine after ingestion. However, no signals appeared
at the compound eyes and optic nerve, as shown in Fig. 10(b1) and 10
(b2), a result which is remarkably different from Daphnia directly
incubated in MeHg solution, as shown in Fig. 10(al) and 10(a2).

4. Discussion
4.1. Quantitative evaluation of MeHg bioaccumulation by D. carinata

On increasing the concentration of MeHg, the emission intensity of
AlEgen at 480 nm dropped, and a new peak at 585 nm enhanced
gradually (Fig. S6), while 480 nm and 595 nm in Hg?" respectively
(Chen et al., 2017). Cheng et al. suggested using PL intensity ratio
(Is95/1480) and Hg2+ concentrations as the ratio can better reflect the
change of Hg?* concentrations than the absolute value from a single
wavelength. Jiang et al. (2016) established the function between PL
intensity ratio (Isgs/Isgo) and Hg?™ concentration, which was used to
quantitative evaluate the bioaccumulation of Hg*" by the rotifer.

In the present study, we further developed a linear regression be-
tween MeHg concentration and AlEgen fluorescence ratio (Isgs/I4g0) to
quantify MeHg in a solution. The dynamic of MeHg change was possibly
associated with the reduction of the Daphnia population and MeHg
efflux through faecal production, shell replacement and reproduction
(Tsui and Wang, 2004a, 2004b). In a previous study, MeHg concentra-
tions were strongly correlated to zooplankton (Copepoda, Cladocera and
Rotifera) community and biomass composition, and the biomasses of
Daphnia hyalina were negatively correlated with MeHg accumulation,
while Bosmina longirostris, Thermocyclops brevifurcatus, and Asplanchna
priodonta had a positive association (Long et al., 2018). In addition,
nutrients could mediate the effects of temperature on methylmercury
concentrations in freshwater zooplankton. High temperature treatments
increased Daphnia methylmercury relative to controls, but with
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Fig. 6. Images of Daphnia on a confocal microscope using 5.0 pM MeHg. (a) the control, i.e., presence of AlEgens but absence of MeHg; (b) exposure to MeHg but in
the absence of AlEgens; (c) exposure to 1.0 pM AlEgens in the absence of MeHg, emitting blue fluorescence; (d) exposure to 5.0 pM MeHg stained in the 1.0 pM

AlEgens solution, emitting red fluorescence (arrow). BF: bright field.

warming, nutrients reduced zooplankton methylmercury compared to
no nutrients (Jordan et al., 2019). Other factors, such as terrestrial
organic matter, could also increase methylmercury accumulation in
zooplankton (Poste et al., 2019). Poste et al. found that increases in
terrestrial organic matter transport from catchments to brown water can
affect methylmercury accumulation in aquatic biota both directly by
increasing concentrations of aqueous MeHg, and indirectly through ef-
fects on MeHg bioavailability.

In reality, researchers have done lots of work on the MeHg accu-
mulation in recent years (Huffman et al., 2020; Wu et al., 2020; Yao

et al., 2020). However, the MeHg release from the zooplankton has not
been studied closely. In this study, we tested the MeHg release from
D. carinata to water at different times. The result showed that the
amount of MeHg released from D. carinata was extremely small, and it
seemed that MeHg was locked inside the body of D. carinata, similar to
the result of Hg2+ release from the D. carinata (He et al., 2019). Inter-
estingly, Hg?>" could not be deposited in the rotifer, possibly dissipating
from the rotifer body via the processes of defecation and excretion
(Jiang et al., 2017).
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Fig. 7. Confocal fluorescent images of Daphnia in MeHg solution after incubation for (a) 5 min; (b) 20 min; (c) 60 min. Ai: anterior intestine; B: brain; Ca: carapace;
Ce: compound eye; E: embryo; H: heart; Pi: posterior intestine; Sg: shell gland. (a;, by, ¢;: white background) and (ap, by, co: black background).

4.2. Visualization of MeHg dynamics in Daphnia

Conventional fluorescent probes suffer from the notorious effect of
aggregation-caused quenching that limits their labelling efficiency or
concentration to achieve the desired sensitivity. The recently emerged
fluorogens with aggregation-induced emission (AIE) feature offer a
timely remedy to tackle the challenge (Liang et al., 2015). TPE-RNS
based AlEgens have been used for Hg?' detection in zooplankton,
rotifer and Daphnia (He et al., 2019; Jiang et al., 2017). The potential
MeHg detection for TPE-RNS in the solution provided a hint for us to
investigate the application in the MeHg image in Daphnia. In our pre-
vious study, Hg?* was observed in the compound eyes of D. carinata, but
Hg?' could not move through the eyes and reach the optic nerve.
Similarly, the heavier and broader red signals on the body carapace
corresponded to the elapsed incubation time. A previous study reported
that the carapace of Daphnia was comprised of chitin (Anderson, 1933).

Since the binding of mercury to chitin is strong and irreversible (Bar-
riada et al., 2008), Daphnia’s carapace is a target location for MeHg
deposition, as indicated through the fluorescence signals of the AIEgen.
Although the reaction between MeHg and chitin occurred on the cara-
pace, the carapace shape remained intact (Fig. S8) as observed by optic
microscopy. In contrast, the carapace of D. carinata became deformed
and even fragmented after direct incubation with Hg?", indicating that
the reaction between Hg?*and chitin was stronger than that of MeHg
with chitin.

Ingested Hg in fish can be found in muscle, kidney, gonad, liver, and
gut (Kasper et al., 2009). Korbas et al. (2012) found that the maximum
MeHg deposition was in zebrafish’s eye lens and skin. Wang (2021)
tested the toxicity of Hg at the subcellular level using embryonic
zebrafish fibroblast cell line by AlEgen as a model, and lysosomal pH
could be used as a potential biomarker to assess the cellular toxicity of
Hg in vitro (Yuan et al., 2021).
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Fig. 8. Fluorescent images of the head of Daphnia after (a) 5 min; (b) 20 min; (¢) 40 min. B: brain; Ce: compound eye; O: ocellus; On: Optic nerve; Sac: S. (c;: white

background) & (cy: black background).
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Fig. 9. Comparative MeHg concentration in Daphnia between direct absorption
and indirect food intake through contaminated algae.

In addition, The Hg accumulation in golden grey mullet Chelon
aurata was observed at the brain and eyes (Pereira et al., 2014), and in
river prawn Macrobrachium nipponense was at the gonads and fertilized
egg (Sun et al., 2021). Nevertheless, the location for MeHg deposition in
planktonic crustaceans is unclear due to their small size. The AIEgen
fluorescence was used for the first time to visualize MeHg distribution in
Daphnia after MeHg was absorbed from the water. Interestingly, the
visual (compound eyes and optic nerve) and protective (carapace) or-
gans were the major targets for MeHg distribution in D. carinata, but the
nerve (brain), digestive (intestine), excretory (shell gland), and

circulatory systems were less engaged in MeHg absorption.

Methylmercury is greatly bioconcentrated and biomagnified in
aquatic ecosystems by plankton, and these communities form the basis
of food webs (Ullrich et al., 2001). Some particular zooplankton, such as
Daphnia could be important in transferring Hg to higher trophic levels in
aquatic food webs (Pickhardt et al., 2005). Long et al. (2018) demon-
strated that MeHg concentration was strongly correlated to zooplankton
community and biomass composition, and MeHg concentration
increased significantly as body size increased. Other researchers also
suggested that MeHg biomagnification is more prominent in large
zooplankton, and the trophic magnification ratio to food assimilation
efficiency increases with increasing body size while the excretion rates
decrease (Wu et al., 2020). The biomagnification of methylmercury was
mainly considered by the quantitative evaluation (Kidd et al., 2012; Yao
et al., 2020). However, the visualization MeHg test, especially in vivo,
has not been reported in the food web. In this paper, the toxic response
of Daphnia after eating algae containing MeHg was visualized by AIEgen.
Daphnia may take longer to release MeHg from algae due to the slow
digestive process of algal cells in the digestive tract. After digestion,
MeHg could be released from algae and then show the signal of red
fluorescence after AlEgen staining. Moreover, Daphnia showed higher
mortality in submersion with MeHg than those fed on the algae con-
taining methylmercury (Fig. S9). Most Daphnia died in 150 min after
direct incubation in MeHg, but 50% of those fed algae were still alive at
180 min (Fig. S7). The reason for this low mortality was possibly the
differential diffusion of MeHg through direct incubation and indirect
food intake through contaminated algae. It is inferred that the deposi-
tion of MeHg into the visual organs is the likely reason for the high
mortality of D. carinata.
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Fig. 10. Comparative confocal fluorescent images of Daphnia submerged in MeHg (a) and fed with algae containing MeHg (b). B: brain; Ce: compound eye; Intestine:
I; On: Optic nerve; Sac: S. (a;, by: white background) and (a,, bs: black background).

5. Conclusion

The specially designed AlEgen is a simple and easy procedure for
evaluating the bioaccumulation of MeHg in Daphnia. The AIEgen
method could visualize the MeHg dynamic and distribution in Daphna
for the first time with fluorescent image analysis. The visual (compound
eyes and optic nerve) and protective (carapace) organs were the major
targets for MeHg distribution in D. carinata. Daphnia carinata suffered
higher mortality by directly incubating MeHg in a solution than by
indirectly ingesting algae contaminated by MeHg. The reception of
MeHg by visual organs may trigger the death of D. carinata. The visu-
alization of MeHg through AIEgen provides a novel tool for observing
the distribution of MeHg in microscopic organisms and understanding
the bioaccumulation process of MeHg in aquatic food webs.
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Abstract

Mercury ion (Hg2+) is a toxic heavy metalion and Hg2+ is convertible to methylmercury (MeHg) by many aquatic microorganisms, leading to
bioaccumulation and biomagnification in aquatic organisms, which can interfere with brain development and function in humans. This study employs a
newly developed AlEgen (Ag-gregation-induced emission fluorogen) to quantify and visualise the process of MeHg bioaccumulation in vivo on the species
of water flea Daphnia carinata. Two approaches to MeHg absorption were taken, either by direct incubation in a MeHg solution or by indirect consumption
of algae contaminated with MeHg. We analysed the relationship between the ratio of photoluminescence (PL) intensities (1585/1480) and MeHg
concentration (CMeHg) and generated a master curve for determining MeHg concentration based on the measurement of PL intensities. Fluorescent image
analysis showed the occurrence of MeHg in D. carinata to be mainly in the compound eyes, optic nerve and carapace. This study indicates that MeHg
absorption can be quantified and visualised in the body of zooplankton, and the MeHg transfer to zooplankton is more likely through direct exposure than
via indirect food intake. The accumulation of MeHg in the eye and the nervous system could be the cause of the high mortality of D. carinata exposed to

MeHg in water.
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Editor: Christopher Rensing Methylmercury (MeHg) readily accumulates in aquatic organisms while transferring and amplifying in the
aquatic food chains. This study firstly explores the in vivo accumulation sites and metabolic regulation of MeHg

Keywords: in the rotifer Brachionus plicatilis by aggregation-induced emission fluorogen (AIEgen) and metabolomics.

Methylmercury

Fluorescent image analysis by AlEgen showed that MeHg in B. plicatilis mainly occured in the ciliary corona,

&ggtrzg?tlor_l'mduced emission fluorogen esophagus, mastax, stomach and intestine in the direct absorption group. In the other group, where B. plicatilis
etapolomics were indirectly supplied with MeHg via food intake, the accumulation of MeHg in the rotifer occurred in the
Brachionus plicatilis

ciliary corona, various digestive organs, and the pedal gland. However, the MeHg accumulated in the rotifer is
difficult to metabolize outside the body. Metabolomics analysis showed that the significant enrichment of ABC
transporters was induced by the direct exposure of rotifers to dissolved MeHg. In contrast, exposure of rotifers to
MeHg via food intake appeared to influence carbon, galactose, alanine, aspartate and glutamate metabolisms.
Besides, the disturbed biological pathways such as histidine metabolism, beta-alanine metabolism and panto-
thenate and CoA biosynthesis in rotifers may be associated with L-aspartic acid upregulation in the feeding
group. The significant enrichment of ABC transporters and carbon metabolism in rotifers may be related to the
accumulation of MeHg in the intestine of rotifers. In both pathways of MeHg exposure, the arginine biosynthesis
and metabolism of rotifers were disturbed, which may support the hypothesis that rotifers produce more energy
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to resist MeHg toxicity. This study provides new insight into the accumulation and toxicity mechanisms of MeHg
on marine invertebrates from the macro and micro perspectives.

1. Introduction

The heavy metals in aquatic ecosystems are a widespread concern
because they tend to accumulate in aquatic organisms (Kakade et al.,
2023). Mercury (Hg), a heavy metal element known to be one of the top
environmental pollutants in water (Munoz et al., 2023), has been
recognized as a priority hazardous substance that enters aquatic eco-
systems through natural processes and anthropogenic activities (IVol-
tedo et al., 2019). Human exposure to Hg is primarily associated with its
organic form, methylmercury (MeHg), through the uptake of polluted
seafood (Nogueira et al., 2019). MeHg is the most toxic form of all
mercury compounds, and it is formed when inorganic mercury in the
aquatic environment is methylated by microorganisms (Lin et al., 2021).

MeHg pollution risks human health via fish intake due to bio-
accumulation and magnification of MeHg in aquatic food chains
(Kucharzyk et al., 2015). Phytoplankton can concentrate MeHg from the
surroundings, which is the first step of MeHg entry into the aquatic food
webs (Li et al., 2022). MeHg concentrations in zooplankton can increase
with a rise in body size and biomass (Todorova et al., 2015). Research
has shown that MeHg reaches up to 80-100 % of the total Hg (THg)
measured in fish muscle (Bloom, 1992; Bravo et al., 2014; Lamborg
etal., 2014). The biomagnification of mercury was observed through the
food web, and the top predator tigerfish, Hydrocynus vittatus, has the
highest mercury concentration (van Rooyen et al., 2023). There is ample
evidence that mercury accumulates in fish at concentrations of concern
for human consumption (Pickhardt et al., 2005). Thus, studying the
distribution and metabolic level of MeHg in aquatic food chains is of
great practical significance. However, there is limited information on
MeHg accumulation in invertebrates, such as rotifers and copepods (Lee
et al., 2017), which play an important role in energy transfer in aquatic
ecosystems (Kim et al., 2017).

In aquatic food chains, zooplankton is a crucial link between primary
producers and higher trophic-level consumers (Petrik et al., 2022) and
plays a vital role in global biogeochemical cycles (Ratnarajah et al.,
2023). Rotifers are a primary class of zooplankton widely distributed in
aquatic environments (Mao et al., 2022), as they consume microalgae
and organic detritus and also serve as food for fish, shrimp and crabs
(Daewel et al., 2014). The species of Brachionus plicatilis has been used as
live food for fish and crustacean larvae in aquaculture (Rahman et al.,
2018). In addition, B. plicatilis has been used as a model species on the
influence and toxicity measurements in marine ecosystems due to its
suitable size, short life cycle, fast population growth and ease of culti-
vation (Li et al., 2020). Yang et al. explored the effects on the ingestion
and digestive performance of rotifer B. plicatilis after treatment with
2,2',4,4-tetrabromodiphenyl ether (BDE-47) (Yang et al., 2021). Han
et al. studied the deleterious effects on reproductive features of
temperate B. plicatilis after exposure to iron (Fe) (Han et al., 2022).
Furthermore, Cao et al. explored the reproductive toxicity of triphe-
nyltin (TPT) to B. plicatilis (Cao et al., 2022).

In 2001, Professor Ben Zhong Tang and co-workers raised the
concept of aggregation-induced emission (AIE) (Luo et al., 2001). Over
the last two decades, massive attention has focused on AIE in materials
science, analytical chemistry, and life sciences (Mei et al., 2015). The
fluorogens with AIE attributes have been referred to as AIEgens, which
have appeared as an appealing tool for bioimaging due to their flexible
steerability, ignorable toxicity and superior photostability (Wang et al.,
2019). So far, AlEgens for detecting heavy metal ions (including mer-
cury, arsenic, cadmium, copper, zinc, chromium, and lead) have been
developed (Huang et al., 2021). AIEgen (m-TPE-RNS) is an Hg2+ sensor
with high selectivity and high sensitivity to Hg?" in water (Chen et al.,
2017) and has been used to in vivo visualize Hg2+ kinetics in rotifers

(Jiang et al., 2017). In previous research, we found that the MeHg
detection mechanism for m-TPE-RNS resembles the reaction between
Hg?>" and m-TPE-RNS, and visualized the process of MeHg bio-
accumulation in vivo on water flea Daphnia carinata by m-TPE-RNS (He
et al., 2022). However, information about potential mechanisms of
MeHg toxicity in zooplankton is limited.

Metabolomics is to profile metabolites in biofluids, cells and tissues
in response to environmental stressors and exposure to toxicants or
pathogens (Lankadurai et al., 2013). Metabolomics provides a snapshot
of the phenotype of biological systems, which is conducive to under-
standing organisms' functional states and critical metabolic processes
(Lin et al., 2006). Metabolomics has been widely applied in aquatic
ecotoxicology (Hu et al., 2023) and become an important tool in expo-
sure studies (Bedia, 2022). According to the metabolomic analysis in
zebrafish, exposure to norethindrone (NET) can disrupt the antioxidant
defense system of zebrafish by inhibiting the Nrf2-ARE and NF-kB
pathways in the synthesis of superoxide dismutase and glutathione
(Wang et al., 2021). In the metabolomic analysis of B. plicatilis under
tributyl phosphate (TnBP) stress, high concentrations of TnBP can
interfere with the basic metabolic pathways in rotifers, causing distur-
bances in purine metabolism and lipid metabolism, thus adversely
affecting rotifer reproduction and population growth (Zhang et al.,
2021). A previous study exploring the mechanisms of nanoplastics (NPs)
in B. plicatilis, indicates that disruptions in purine-pyrimidine meta-
bolism, TCA cycle, and protein synthesis might be collectively respon-
sible for the changes at individual and population levels (Li et al., 2023).
Recently, metabolomics research has helped explore the biological ef-
fects at the molecular level exerted by xenobiotics.

In this study, we specially designed an AlEgen to visualize the bio-
accumulation of MeHg inside B. plicatilis and aimed to understand how
MeHg is transferred from primary producers to higher trophic level
consumers. Furthermore, the impact of MeHg on the metabolite
composition of rotifers was analyzed to clarify the potential mechanisms
of MeHg toxicity. This study sheds new light on the bioaccumulation and
toxic effects of MeHg on an invertebrate that is an essential player in the
aquatic food web.

2. Materials and methods
2.1. Materials

Unless otherwise specified, all reagents were gained from Aladdin
(Shanghai, China). The AlEgen (m-TPE-RNS) was produced by AIEgen
Biotechnology (Hong Kong, China) and dissolved in acetonitrile (ACN).
Stock solutions of AlEgen and CH3HgCl (MeHg) at a concentration of
2.5 pM were prepared. The maximum photoluminescence (PL) intensity
of AlEgen appeared with the ACN to water ratio of 2-3 by volume (He
et al., 2022). Therefore, the water volume fractions (fw, vol%) were
fixed at 60 % in water/ACN mixtures in the subsequent fluorescence
staining experiments.

Rotifers Brachionus plicatilis were initially collected from Ningbo,
China, and hatched from the resting eggs stocked in the College of
Fisheries, Southwest University (Chongqing, China). The rotifers were
cultured in artificial seawater (20-35 %o salinity) under the photoperiod
of 16 h light and 8 h dark at 3000 Ix of illumination and 26 °C. The
artificial seawater comprised NaCl 21.1 g/L, NazSO4 3.55 g/L, KC1 5.99
g/L, NaHCO3 2.94 g/L, KBr 86.0 mg/L, H3BO3 23.0 mg/L, NaF 3.00 mg/
L, MgCly-6H20 9.96 g/L, CaCl, 10.1 g/L, SrCly-6H,0 22.0 mg/L.
Chlorella pyrenoidesa were used to feed the rotifers. The algae were
cultured in f/2 medium under photoperiods of 12 h (LD 12:12) at 5000
Ix in an illumination incubator at 28 °C.
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2.2. Visualization of MeHg accumulation in B. plicatilis by AIEgen

This study examined MeHg accumulation in B. plicatilis by directly
incubating in a MeHg solution and indirectly consuming Chlorella pyr-
enoidesa that had accumulated MeHg. In group one, rotifers were har-
vested from an aquarium tank with a 50-pym mesh net and added to a
solution containing 1.0 pM MeHg with a density of 400 rotifers mL ™.,
Rotifers (10-15 ind.) were collected at 5, 30, 60 and 120 min intervals
after submerging, then stained in the m-TPE-RNS solution of 1.0 pM
with the ACN to water ratio of 2:3 by volume. After rinsing twice, ro-
tifers were subjected to a scanning confocal fluorescence microscope for
imaging. In group two, rotifers were harvested by the method above and
adjusted to a density of 400 ind mL™! in artificial seawater. After in-
cubation with MeHg-poisoned algae for 120 min, the rotifers were
collected and stained in the m-TPE-RNS solution described above to
obtain fluorescence images.

For fluorescence imaging, the wavelength range of blue channels was
set at 460-500 nm for the image analysis of B. plicatilis submerged in
AIEgen. The red channel fluorescence was set at 570-610 nm for the
image analysis of B. plicatilis exposed to MeHg and stained in AIEgen
solution. Furthermore, the excitation wavelength was set at 405 nm. The
algae contaminated with MeHg were obtained as follows: after incuba-
tion in 1.0 pM MeHg for 60 min with the algae density of 3.6 x 10® ind
mL 1, algae were collected by centrifugation at 4500 rpm for 1 min as
feed for B. plicatilis.

2.3. Metabolomics analysis of rotifers exposed to MeHg

The newly-born rotifers (<6 h, 1000 ind mL™) were exposed to
MeHg for metabolomics profiling. Rotifers of the control group (C) were
fed with non-toxic C. pyrenoidesa (3.6 x 10° ind rnL_l) only. Based on
the control group, the immersion group (IR) rotifers were exposed to
MeHg at a concentration of 1.0 pM. Furthermore, rotifers of the feeding
group (FR) were fed with 3.6 x 10° ind mL~! MeHg-poisoned C. pyr-
enoidesa, and the algae contaminated with MeHg were obtained as
described in Section 2.2. Each group had three replicates. After 60 min
of exposure, the rotifers were rinsed and introduced into the medium
without MeHg. The rotifers were collected in 50-mL centrifuge tubes
after incubation for 24 h. Absolute ethyl alcohol was added to reach a
concentration of 10 % (v/v), mixed the samples and stood for 5 min, and
centrifuged (2000g, room temperature) for 10 min. After centrifugation,
the supernatant was discarded, the rotifers were resuspended, intro-
duced into the 300 kDa microsep, and centrifuged (13,000g, 4 °C) for 2
min. The resulting samples were drained and stored in liquid nitrogen
for subsequent testing. Metabolomics detection of rotifers entrusted
Biomarker Technologies (Beijing, China) to complete.

2.4. Statistical analysis

The principal component analysis (PCA) and orthogonal partial least
squares discriminant analysis (OPLS-DA) of multivariate statistical
analysis methods were used for data analysis. We employed the PCA to
determine the differences in metabolites of rotifers between the treat-
ment groups and the control group. The R software (www.r-project.
org/) was used for hierarchical cluster analysis (HCA) on the accumu-
lation patterns of metabolites between different samples. For initially
screening for metabolites with differences, a multivariate analysis of
variable importance in the project (VIP) in the OPLS-DA model was used
based on the results of the OPLS-DA. At the same time, by combining the
P-values in the univariate analysis, differential metabolites could be
further screened. The differential metabolites were ultimately confirmed
and annotated using the KEGG database (Kanehisa and Goto, 2000).
Enrichment analysis of KEGG annotation results using R package clus-
terProfiler (Yu et al., 2012).
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3. Result
3.1. Invivo visualization of MeHg accumulation in B. plicatilis by AIEgen

The rotifers in control without MeHg and AIEgen showed no fluo-
rescent signals (Fig. 1A), which was similar to the fluorescence imaging
from rotifers exposed to MeHg without AlEgen (Fig. 1B). Blue fluores-
cence at 460-500 nm was observed inside rotifers after they were
directly submerged in AIEgen (Fig. 1C). Red fluorescence at 570-610 nm
was observed within rotifers after the rotifers incubated with MeHg and
stained by AlEgen (Fig. 1D).

After submersion in MeHg for 5 min, emission in the red channel
occurred in the ciliary corona of the rotifers (Fig. 2A). After submersion
for 30 min, red fluorescence signals appeared in the ciliary corona and
mastax. A small amount of fluorescence existed on the lorica of the ro-
tifers (Fig. 2B). At 60 min, red fluorescence appeared in the ciliary
corona, mastax, stomach and lorica of rotifers (Fig. 2C). As shown in
Fig. 2(D), the red fluorescence became more noticeable after submersion
for 120 min. In addition to the above sites, red fluorescence also
appeared in the intestine of rotifers, and the fluorescence intensity in
vivo rotifers was significantly stronger than that on the lorica. There
were no fluorescent signals in the kidneys of the rotifer in the process of
MeHg accumulation in the rotifer within 120 min.

After feeding on algae containing MeHg, rotifers showed no fluo-
rescent signals in the blue channel due to the reaction between MeHg
and AlEgen (Fig. 3). Contrary to the blue channel, the red fluorescence
became more noticeable because of the combination of MeHg and
AlEgen. Our results demonstrated that red fluorescence appeared in the
ciliary corona, mastax, stomach, intestine and pedal gland, and a small
amount of fluorescence on the lorica of the rotifers. MeHg-containing
algae delivered the MeHg and accumulated in the digestive system
through rotifer digestion. Besides, the MeHg also accumulated in the
pedal gland of the rotifers.

3.2. Metabolomic alterations of rotifers induced by MeHg

Principal component analysis (PCA) showed the control group (C)
separated from the immersion group (IR) and feeding group (FR),
respectively, indicating that metabolic profiles in the rotifers were
significantly affected by exposure to MeHg via immersion and feeding
(Fig. 4).

The HCA could assess discrepancies in the characteristics of MeHg
treatment that resulted in metabolite accumulation, including intra-
treatment homogeneity and inter-treatment variability. As shown in
Fig. 5, compared with the feeding group, the location of the immersion
group was farther away from the control group, indicating that the
immersion group had a greater influence on the metabolite expression of
rotifers. Metabolites with a VIP of >1 and a P-value of <0.05 were
selected. The metabolites screened under the above conditions had
significant differences. Compared to the control group, the rotifers of the
immersion group significantly up-regulated 99 metabolites and down-
regulated 299 metabolites, while the rotifers in the feeding group
significantly up-regulated 34 metabolites and down-regulated 529 me-
tabolites (Fig. 6; Table S1-S2).

Compared to the control group, the functional annotation of differ-
ential metabolites in the immersion and feeding groups was performed
according to the pathway type in the KEGG database (http://www.ge
nome.jp/kegg/) (Tables S3-S4). The differential metabolites were
mostly organic acids, alkaloids, aldehydes and phenols. Table S5 shows
the results of the enrichment analysis of differential metabolites in the
immersion and feeding groups compared with the control group. In the
immersion group compared to the control group, a total of four KEGG
pathways show significant enrichment of differential metabolites,
including arginine biosynthesis (ko00220), arginine and proline meta-
bolism (ko00330), ABC transporters (ko02010), central carbon meta-
bolism in cancer (ko05230). Among them above, arginine biosynthesis,
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460-500 570-610

Fig. 1. Images of B. plicatilis on a confocal microscope using 1.0 pM MeHg. (A) the control without MeHg in rotifers and AIEgen staining; (B) exposure to MeHg but in
the absence of AlEgen; (C) exposure to 1.0 pM AlEgen in the absence of MeHg, emitting blue fluorescence; (D) exposure to 1.0 pM MeHg stained in the 1.0 pM AIEgen
solution, emitting red fluorescence; BF: bright field.
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Fig. 2. Confocal fluorescent images of B. plicatilis in MeHg solution after incubation for (A) 5 min; (B) 30 min; (C) 60 min; (D) 120 min. Cc: ciliary corona; M: mastax;

Lo: lorica; S: stomach; I: intestine; K: kidneys; Bar = 30 um.

Fig. 3. Confocal fluorescent images of B. plicatilis incubated with MeHg-containing algae for 120 min. Cc: ciliary corona; M: mastax; Lo: lorica; S: stomach; I: in-

testine; K: kidneys; T: tail; Pg: pedal gland; Bar = 30 pm.

arginine and proline metabolism and ABC transporters showed
extremely significant enrichment. In the feeding group compared to the
control group, a total of ten KEGG pathways show significant enrich-
ment of differential metabolites, including galactose metabolism
(ko00052), arginine biosynthesis (ko00220), alanine, aspartate and
glutamate metabolism (ko00250), arginine and proline metabolism
(ko00330), histidine metabolism (ko00340), beta-Alanine metabolism
(ko00410), pantothenate and CoA biosynthesis (ko00770), carbon
metabolism (ko01200), biosynthesis of amino acids (ko01230), estrogen
signaling pathway (ko04915). Among them, arginine biosynthesis, beta-
Alanine metabolism, pantothenate and CoA biosynthesis showed
extremely significant enrichment.

4. Discussion
4.1. Visualization of MeHg accumulation in B. plicatilis by AIEgen

The uptake of MeHg by phytoplankton primarily via passive

diffusion of neutral complexes across a cell membrane, thus permeating
into cellular cytoplasm and bioconcentrated in phytoplankton (Gosnell
and Mason, 2015). Prior research suggests that MeHg accumulates
mainly in the compound eyes, optic nerve and carapace of D. carinata
(He et al., 2022). In addition, ingested MeHg in fish can be found in
muscles, kidneys, gonads, liver and gut (Kasper et al., 2009). However,
the accumulation mode of MeHg in rotifers has not been reported yet. In
this study of MeHg fluorescence tracing by AlEgen, we found that the
MeHg accumulation sites in rotifers could be observed by superimposing
the bright field of a light microscope and the fluorescence field of a
scanning confocal fluorescence microscope. The target organs or sites of
MeHg accumulation in rotifers were outlined in the fluorescence field by
AlEgen, and the specific organs or tissues of MeHg accumulation in ro-
tifers could be identified by combining the images of bright fields.

In this study, the fluorescence imaging from rotifers directly exposed
to MeHg showed that MeHg entered the rotifers through the digestive
tract and accumulated in the ciliary corona and various digestive organs.
In addition, a small number of fluorescent signals were observed on the
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Fig. 4. Principal component analysis (PCA) score map: (a) control group (C) and immersion group (IR), (b) control group (C) and feeding group (FR).

lorica of rotifers, and there were no fluorescent signals in the kidneys of
rotifers during the study period. However, the fluorescence imaging
from rotifers directly exposed to dissolved Hg?t showed that the Hg?"
accumulated in various digestive organs, visualized around the lorica of
rotifers, and observed in the excretory system such as the kidneys (Jiang
et al., 2017). MeHg is somewhat lipophilic and binds readily to proteins
(Chattopadhyay, 2005). For example, once MeHg passes through the cell
membrane, it strongly binds with the protein sulfhydryl groups (Li et al.,
2022). It is reasonable to infer that MeHg can be absorbed by the rotifer
by binding to proteins in the body integument, resulting in low fluo-
rescence intensity on the lorica, while Hg?" cannot permeate into the
rotifer by diffusion through the body integument (Jiang et al., 2017). In
addition, unlike Hg?", the fluorescence signal of MeHg was not found in
the excretory system of the rotifers. The transformation from the hy-
drophilic of inorganic mercury to the lipophilic state of organic mercury
makes mercury more apt to biomagnification in aquatic food chains
(Hansen and Danscher, 1997). Most of the MeHg may not be metabo-
lized by the excretory system of rotifers but instead remained in the
rotifers by combining with protein sulfhydryl groups. Moreover, MeHg
could be formed when exposed to inorganic mercury by gut microbiota
from aquatic organisms like fish, and mammals like rats and even human
beings (Li et al., 2019).

Significant fluorescence was observed in the ciliary corona, mastax,
stomach and intestine of rotifers fed on MeHg-poisoned algae, indicating
that the accumulation of MeHg in various digestive organs of rotifers
was caused by the process of MeHg-exposed algae passing through the
digestive tract of rotifers. The biomagnification of MeHg through
aquatic food webs can adversely affect the health of organisms. The
elevated dietary MeHg exposure reduced spawning success, altered
reproductive behaviors, and suppressed the sex hormones of fish
(Drevnick and Sandheinrich, 2003; Sandheinrich and Miller, 2006).
Moreover, embryos of Pimephales promelas exposed to high-diet MeHg
delayed hatching and lowered livability (Bridges et al., 2016). The pedal
glands of rotifers can secrete an adhesive for temporary attachment to
surfaces, and the ducts of pedal glands exit near the toes (Wallace,
2015). In the present study, the fluorescence results showed that the
MeHg also accumulated in the pedal glands of the secretory system of
rotifers via food take, which may affect the adhesion behavior of rotifers.
This study firstly visualized MeHg distribution in the rotifer by AlEgen,

which enhanced the understanding of the MeHg bioaccumulation pro-
cess in aquatic food webs.

4.2. Metabolomics analysis of rotifers exposed to MeHg

In rotifers B. plicatilis, some studies have used biomarkers such as
glutathione S-transferase (GSTs), acetylcholinesterase (ACHE), adeno-
sine triphosphatase (ATPase) and cytochrome P450 (CYP) to determine
the response of B. plicatilis to microplastics, harmful algae, organic
pollutants and pesticides (Han et al., 2019; Kang et al., 2021; Xiaodong
etal., 2020; Yang et al., 2021). In this research, we investigated the toxic
effects of MeHg on rotifers by the functional annotation and enrichment
analysis of differential metabolites according to the KEGG database.

Compared to the feeding group, the differential metabolites of roti-
fers in the immersion group showed up in ABC transporters. The ABC
transporters constitute a large, ubiquitous and diverse superfamily of
integral membrane proteins (Rees et al., 2009) that are responsible for
the transportation of a variety of substrates, including inorganic ions,
amino acids, nucleotide, polysaccharides, polypeptides and proteins
(Neumann et al., 2017). ABC transporters constitute an integral part of
cell detoxification, which can pull a variety of endogenous and exoge-
nous substances out of the cell through ATP binding and hydrolysis, thus
limiting the accumulation and potential toxicity of endogenous and
exogenous substances (Szakacs et al., 2008). In the various biological
functions of ABC transporters, the ABC transporters mediated by mul-
tixenobiotic resistance are considered the first line of defense for aquatic
organisms to cope with environmental pollutants (Jeong et al., 2017).
Investigators believed that, in aquatic organisms, ABC efflux trans-
porters should be expressed in organs involved in secretion, absorption
or as a barrier function, like the liver and intestine (Ferreira et al., 2014).
Previous studies have shown that ABC transporter family genes in
aquatic invertebrates had several roles, such as cellular lipid transport,
formation of a waterproof barrier and efflux pump for metals (Jeong
et al.,, 2017). In several aquatic invertebrates, such as B. plicatilis,
Daphnia magna and Mytilus galloprovincialis, the protective effect of the
ABC transporters has been demonstrated when the aquatic invertebrates
responded to various environmental contaminants (Della Torre et al.,
2014; Jeong et al., 2017). Futhermore, numerous studies have
confirmed the expression and function of ABC transporters in fish
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Fig. 5. Heat maps of differentially expressed metabolites in rotifers in the immersion groups (IR), feeding groups (FR), and control groups (C). Red color stands for

the upregulation, and blue for the downregulation of metabolites.

intestines (Bieczynski et al., 2021). Long et al. discovered that Hg and Pb
significantly induced ABCC2 expression in the intestine of zebrafish
(Long et al., 2011). Zhang et al. reported the upregulation of ABCG2B
induced by Hg in the intestine of zebrafish (Zhang et al., 2020). The
results suggest that the MeHg directly exposed to the rotifers is accu-
mulated in various digestive organs such as the intestine and is induced
the significant enrichment of ABC transporters pathway. Presumably,
MeHg accumulated in the intestine induced the expression and efflux of
ABC transporters in the intestine of rotifers.

In addition, compared to the immersion group, the significant
enrichment pathways of differential metabolites of rotifers in the
feeding group were mainly found in carbon metabolism, galactose

metabolism and alanine, aspartate and glutamate metabolism. Carbon
metabolism is the most basic aspect of life and is the basic pathway in
vertebrates and invertebrates of energy generation (Dubois-Deruy et al.,
2020). Galactose belongs to carbohydrates, and galactose metabolism is
one of the carbon metabolism pathways. Carbohydrate is a nutrient that
first degrades when the organisms are subjected to external pressure
(Jyothi and Narayan, 2000). The change in carbohydrate metabolism
readily produces harmful effects on the survival of animals. In humans,
the metabolites involved in carbohydrate metabolism were used as in-
dicators to evaluate cancer and other diseases (Beger, 2013). Previous
studies proved that the process of carbohydrate metabolism in fish and
shellfish was affected by toxic stress (Verma et al., 1983). In this
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Fig. 6. Volcano plot of metabolites in rotifers exposed to MeHg: (a) immersion group vs control group, (b) feeding group vs control group.

research, the rotifers exposed to MeHg through directing feeding
showed significant enrichment of the carbon metabolism pathway, L-
Glutamate and L-Malic acid metabolites were downregulated, and L-
Aspartic acids were upregulated, thus affecting energy production in
rotifers. The down-regulation of amino acid metabolism is always
accompanied by impaired protein synthesis and causes abnormalities in
functional proteins such as neurotransmitters, hormones and enzymes
(Li et al., 2023). Unfortunately, information about the carbohydrate
metabolism of rotifers induced by toxic stress is quite limited. In addi-
tion, glutamate is a major excitatory neurotransmitter for signaling and
is connected with alanine, aspartate and glutamate metabolism (Duman
et al., 2019). Furthermore, the glutamatergic neurotransmitter system is
a major target mediating MeHg-induced neurotoxicity (Farina et al.,
2017). MeHg exposure disturbs neurotransmitter metabolites, thus
increasing sensitivity to neurological responses. Wang et al. reported the
regulatory role of the gut microbiota of rats in MeHg-disturbed neuro-
transmitter metabolic pathways (Wang et al., 2023). The intestine of
rotifers is involved in the absorption of nutrients, and the results showed
that the MeHg exposed to rotifers via food intake accumulated in the
intestine of rotifers. Thus, we speculated that the MeHg accumulated in
the intestine of rotifers via food intake may affect the absorption of
nutrients, further influencing the degradation of carbohydrates and the
process of carbon metabolism in rotifers. Also, the significant enrich-
ment metabolic pathways such as histidine metabolism, beta-alanine
metabolism and pantothenate and CoA biosynthesis in rotifers were
disturbed, given that L-aspartic acid was upregulated while other me-
tabolites were downregulated in the pathways.

The results showed that the arginine biosynthesis and metabolism
significantly enriched rotifers in both exposure pathways to MeHg.
Arginine plays a vital role in the metabolism of organisms and is
involved in the synthesis of proteins in animal cells (Wu and Morris,
1998). It has been proved that arginine can promote the growth of
various fish species (Alam et al., 2002). Chen et al. found that arginine
also promoted the expression of genes associated with fish growth at the
transcriptional level (Chen et al., 2012). The metabolism of arginine is
initiated by arginase, resulting in the production of ornithine and urea
(Berge et al., 2002). In invertebrates, the phosphoarginine is dephos-
phorylated by arginine kinas to produce arginase and a lot of ATP, which
can provide energy for energy-consuming processes such as cell division
and movement (Tanaka et al., 2007). The existing reports have proved
that arginine kinase (AK) is an important indicator of stress response in
various species (Kim et al., 2022). Previous studies have shown that the
Daphnia magna stressed with microcystins will produce more energy to

resist the toxin of the microcystins and improve its tolerance through the
catalytic action of arginine kinase in D. magna (Lyu et al., 2015). Our
results demonstrate that the MeHg exposed to rotifers by immersion and
feeding induced the significant enrichment of arginine biosynthesis and
metabolism pathways in rotifers. These results support the hypothesis
that the rotifer produces more energy to counteract the toxicity of MeHg.

5. Conclusion

This study indicated that the accumulation of MeHg in the rotifer by
ingestion of contaminated algae was via the mouth surrounded by the
ciliary corona to the digestive tract. In addition, the MeHg accumulated
in the rotifer is arduous to metabolize out of the body, thus, remaining in
the rotifers and biomagnifying through aquatic food webs. The mercury
can be absorbed and methylated/demethylated in the gut and cause
intestinal microbial disorders (Tian et al., 2023). The investigation of the
effects of mercury exposure on intestinal microbes could reveal the
mechanism of mercury toxicity, especially the neurotoxicity of MeHg (Li
et al., 2019). Our results suggest that changes in some metabolic path-
ways in rotifers may be related to MeHg exposure in the intestine.
However, the effects of MeHg exposure on the intestinal microbes of
rotifers are unclear and require further studies. Taken together, our
study revealed the distribution of MeHg in zooplankton B. plicatilis and
promoted the understanding of the bioaccumulation process of MeHg in
aquatic food webs. Meanwhile, the present study provided an essential
theoretical basis for understanding the toxicity mechanisms of MeHg in
zooplankton.
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Abstract

Methylmercury (MeHg) readily accumulates in aquatic organisms while transferring and amplifying in the aquatic food chains. This study firstly explores the
in vivo accumulation sites and metabolic regulation of MeHg in the rotifer Brachionus plicatilis by aggregation-induced emission fluorogen (AlEgen) and
metabolomics. Fluorescent image analysis by AIEgen showed that MeHg in B. plicatilis mainly occured in the ciliary corona, esophagus, mastax, stomach
and intestine in the direct absorption group. In the other group, where B. plicatilis were indirectly supplied with MeHg via food intake, the accumulation of

MeHg in the rotifer occurred in the ciliary corona, various digestive organs, and the pedal gland. However, the MeHg accumulated in the rotifer is difficult to
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carbon metabolism in rotifers may be related to the accumulation of MeHg in the intestine of rotifers. In both pathways of MeHg exposure, the arginine
biosynthesis and metabolism of rotifers were disturbed, which may support the hypothesis that rotifers produce more energy to resist MeHg toxicity. This

study provides new insight into the accumulation and toxicity mechanisms of MeHg on marine invertebrates from the macro and micro perspectives.
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