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Abstract Quatemaw ammonium compounds ( QACs) are one type of widely used cationic biocide, and their usage amount is growing rapidly due to the flu and COVID-19

-

pandemic,“Many QACs were released into the environment in or after the course of their use, and thus they were widely detected in water, sediment, soil, and other
environmental media. QACs have stronger surface activity and non-specific biotoxicity, which poses a potential threat to the ecosystem. In this study, the environmental fate
and potential toxicity of QACs were documented in terms of their migration and transformation process, biological toxicity effects, and the main mechanisms of bacterial
resistance to QACs. Aerobic biodegradation was the main natural way of eliminating QACs in the environment, and the reaction was mainly initiated by the hydroxylation of C
atoms at different positions of QACs and finally mineralized to CO,and H,0 through decarboxylation, demethylation, and B-oxidation reaction. Toxicological studies showed
that QACs at environmental concentrations could not pose acute toxicity to the selected biotas but threatened the growth and reproduction of aquatic organisms like Daphnia
magna. Their toxicity effects depended on their molecular structure, the tested species, and the exposed durations. Additionally, our team first investigated the toxicity effects
and mechanisms of QACs toward Microcystis aeruginosa, which showed that QACs depressed the algae growth through the denaturation of photosynthetic organelles, suppression
of electron transport, and then induction of cell membrane damage. In the environment, the concentrations of (JACs were always lower than their bactericidal concentrations,
and their degradation could induce the formation of a concentration gradient, which facilitated microbes resistant to QACs. The known resistance mechanisms of hacteria to
QACs mainly included the change in cell membrane structure and composition, formation of biofilm, overexpression of the efflux pump gene, and acquisition of resistance
genes. Due to the similar targets and mechanisms, QACs could also induce the occurrence of antibiotic resistance , mainly through co-resistance and cross-resistance. Based on
the exisling data, future research should emphasize the toxicity effect and the potential QACs resistance mechanism of microorganisms in real environmental conditions.

Key words: quaternary ammonium compounds ( QACs) ; migration and transformation; toxic effects; mechanism of resistance; co-resistance
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R 5 SR 5 T L E L Tﬁ%%lﬂjﬂ{t%
QACs T 25 5 B M 1 A ss | ﬁﬁ?ﬂéﬂiﬁﬁﬂi .
96 h i, BAC(Clz) BAG(C14) 1 BAC(cm)XJ‘
Chlorella vu’lgans EI’J @E;‘KW‘F{?’J ECsoﬁﬁ%Uﬁ 0 203
0. 174 F1 0/ 1{ mg-l % f“‘” ﬁtﬁb,ﬁiréxﬁzrj;_x
SR a5 | Li 0 W Dugesia japonica T R e —
WREE BACUC12 YT, BBt BOBEIK I (1C) 5 2

CERI R

£1 QACs W7k LM atsis

Table 1  Acute toxicity of QACs to aquatic organisms

QACs 251

ZiA: W) HINEIN N2 I8 W/ mg-L~! SCHik
Dugesia japonica 24 h/3ET: LCsy =4.02 [50]
Dugesia japonica 48 h/HET: LCsy =2.27 [50]
BAC(C12) Dugesia japonica 72 h/3ET> LCsy =0.43 [50]
Dugesia japonica 96 h/%LT: LCso =0.21 [50]
Chlorella vulgaris 96 h/ A=A ECs, =0.203 [48]
Microcystis aeruginosa 96 h/A: KAl EC5, =3.614 [51]
BAC(C14) Chlorella vulgaris 96 h/ LKA ECs =0.174 [49]
BAC(C16) Chlorella vulgaris 96 h/A= KA ECs, =0. 161 [49]
BAC(C18) Oryzias latipes 96 h/FET: LCs =2.12 [52]
Rainbow trout 24 h/FET> LCy, =0.6 [53]
CTAB/ATMAC(C16) Daphnia magna 24 W/ iE SR ECsy =0. 058 [53]
Chlorella vulgaris 96 b/ KAM ] ECso =0. 156 [49]
CTAC/ATMAC(C16) Chiorella vulgaris 96 b/ KA ECgy =0. 137 [49]
Chlorella vulgaris 96 h/ A KA ECs, =0.15 [54]
BAC(C8 ~ C18) Ceriodaphnia dubia 24 h/3ET> LCso =0.403 7 [55]
Daphnia magna 48 h/ 1% sl EC5y =0.038 2 [55]
BAC(CI2 il C14) Oryzias latipes 96 h/3ET= LCsy =0. 246 [56]
Daphnia magna 48 h/ 1 B il ECg, =0.04111 [56]
Daphnia magna 48 h/ Ml AR A EC5p =0.041 [17]
BAC(CI2, C14 F1C16) Brachionus calyciflorus 48 h/ Il A K B EC5 =0. 125 [17]
Tetrahymena thermophila 24 h/ Ml A BhE EC5p =2.941 [17]
BEC Cyprinus carpi 96 h/%L1= LCsy =4.57 [57]
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H T i QACs XF KA AW S ETE AL
i, A PRI A 25 S 0 A B AL 4R 5T T BAC
(C12) X 23t Fol 30 8 1% PR T PR B0 B LA, &
B 96 h N BAC ( C12) Xf Microcystis aeruginosa "1
I ECy M 3. 61 mg- L' ZERHIR T, drk
BAGTEREAR T 369% , E PN U5 5 28 M LR I = 1 Y
JL ARSI S i, AN BB RE O | R
TR B RS AR E IR B T 22 S e
M, W BAC(C12) EEE S BIREA R4,
SR TR Z R M AR AL BRI
il Microcystis aeruginosa B4, [A] B P9 U o 9 3 55
R R T I8 I A i A0 B SR B R
MG INT BAC(C12) XKAEAYIIfa .
2.2 MBS

EFYERMIE R QACs N2 HE RSN , 5
ZAMEI A0 G PE. 24 0EK BACs ¥ IAF] 5 mg-L™'
I, B S AL B TP B Yang 4517 % 8L
BAC(C12) 2 B K (8L 6 amod F1 niftd
BN R e, W BAC (C12) TTRE S ML

R OB T B T W A I A P T

&uﬁgﬁgﬁﬁiwmﬁiw%ﬁ;@ﬁﬁﬁ
A PSR LT o 5 2 T 7 e T A
(CTAB)J& ,J5 57 11 48 41 4 L €5 32 [ /UM 7
VA, W L sl U 2R D RS2 B, S P

AR T | AL 6 B 5 % BT IBAE 2

(CI12 &%t Microc_ystis aeruginosa 1 ﬁi’fﬂtﬂﬁiﬁm*f”

QACs XFF Daphnia magna . Ceriodaphnia dubia
H1 Rainbow trout 57K A=A W 018 M B R0 e 3%
WAE g L' 9. Lavorgna 25 #8595 T BAC(C18) Xt
Daphnia magna 1 Ceriodaphnia dubia "5 W) 521
K 21 d 9,0.06 pg-L~' ) BAC (C18) il T
Daphnia magna BI458E,7 d P 3.39 wg-L~ ' #) BAC
(C18) Mkl T Ceriodaphnia dubia ()54 , It Fh 5%
AR B ESK A B Y e BT &
PESCHEVE T, IR MR B QACs B 3118 1 B 1k 2 0 75
S

THZFLEIYIRS T QACs BB BLAI , 500 ¥k B2
e TE A me kg T A BRI R I AR A 120
mg-kg ™' QACs J& , HoS ARBCH Il I HLPR 42 fi] g o
(L4 O B A A A AR B A rh G 3 1
AFREERH QACs, I 4 B QACs 23 i e b & A
MR T K A 2R R T RE , B IR [ AR A
RO 5 QACs VR BE i 2 AH 51

3 QAGCs EEHEHI QACs FlEHIEENHI

TR TR B QACs 2515 S 4w H ik,

W 72 5 75 BACs M85 TP Y Staphylococcus aureus
SR BACs 77 AR TP, e A0 78 ¥ ( minimum
inhibitory concentration, MIC) )\ 5 mg-L ™" - F+-%] 10
mg - L™ BB e 1 B 5 R B, Bl 4 A e
B 200 0 JE 25 4y . 0 ok B AL 2 1 X5 QACs 13z
W ANEA 1 R s B AR KRS Shon S pL
A QACs Btk

MR ARIE QACs A% T 1Y T SR A, 20 7 o T8
o AR 20 P A A5 R AN LI, B QACs ITEA FE
IXF QACs HREUEANE. 4N, Pseudomonas aeruginosa
BACs TR A0 M v ) i A5 0 i 07 R 1) 5 2 =
BT URAR ) 7 BACs S F, Bacillus cereus 4l
i e i A O TR e W b T ; Pseudomonas
aeruginosa 8 i BE IV AE e (—Fh B P F) A6 L
ST I 7, LU A QACs B3 A 4REIE 1]
A4 A M RSS2 5 28 1 1 o T % QAL C 11
. A BT 55 R R AL B 11 35 N 1 A A 8
Pseudomonas!®®®) Fl Escherichia coli'™ Xﬂ*BﬁCs E"Jﬁfl

TV R 300 PR AT DR ) B 05 52 PRI R 1
DA LR T DL B B QACs R4t B
Staphylococcics epidermidis GIP53124 J& EE’EE% Ji6 )5 Fg_}
{15 7 BAGS Ay PE TP A7l sy g
) BACs $UM: Bscherichia coli J& 1A= 4 B 04 BE 1 38
TR , U ME 2 #E T BACs — BLi ] J5 P ik
AR RE Al B AR T A, 2 TR AR
X QACs Y BT MR T BATE R A K7 Giaouris
SEUYR B 2 T R A ) B T B RE B W 3 R IR
Pseudomonas putida % BACs A RBURYE.

HMHEZR S R o B R A A m] DL A T A
QACs FitE. SMHFAE A 5 5 IR X i B2 1, HOB
FIR 168 T R % 3 5 0 T DA 00 L S 0 i v
BT ARG R M QACs BUMEAEAE S Qac AMIESRE
AR, Qac SN F ZK % EZALHH QacA | QacB,
QacC . Qac EA1, QacG. QacH Fl QacJ, H:H' QacA ,
QacB J& F A2 £ (major facilitator, MF ) 8% , 1 H:
AR /N 2 25 $1 PE (small multidrug resistance,
SMR) %ﬁ%,w,?tﬂ B A , Listeria monocytogenes
I QacH SMHEFR Y i ik, FEAIR T X BACs HUK
P, 7 AE A0 HE 30 ) 0 A AR B SRR IR TR
BACs MRS thah 40 B34 vl LU Bhbi A &
AN ST QACs BYSMHE. 4N, F0s 5 T 2 47t
" ZAMIERE CemABC , NorA FIEIEMEFF A ZAh
HEZE EmeE 0] B3 [ QACs SMHERO™, L84 HE R
3k BE 3RGA , 23 [ 40 TR X QACs FIAH N YT A= R 1Y
M2 AT 2 ~ 8 4
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PUPEFE N P52 AR R 3115 QACs BTLikRY
T —EEIRTE V2 QACs PUk LR 8 & 7 F kL
B TR ) 55 AT % 301352 4% ST (mobile genetic
elements, MGEs) . #1411, 415 Qac #MHEZE 1) £ Fh
gac 3 (gacA . qacB . qacC . qacEAI | qacG. qacH
qac)) Y00 F kL 8, HEHF QACs Bk AR
berABC fAAAIZE KL (IneP) |12 430 76 QACs WA
il e BE PR TP, ELAT LA BT AT B o 22 TR T 1 =2 )
BRSO B PET Tn6188 1ALk B qacH A
emrE L0388 MGEs 7] LU i 7K 54 B 16 A [H]
AT 22 AL IR T QACs FibERd ™ >

FEME T, QACs AR BEIE (R T2 MIC, H QACGs
TERREE ha] AR Gr S R, T2 vk BE R B2 | S A0 T 7™
Az QACs BUrE s T BP9 2. Yang 55 & B
10 pg-L™" QACs &5 S/KIEAE YIREE 1 gacA/
B FERHE It RSP IR A Y X QACs
) FZHCERLR R A4 AN RIS B AR ) LA L
LR AEAE R 5 5 IRBE UL Y Hh 5L QACE Hir 4
AR B AR JBE L B35 QACs PPk JE R K36 8% 10
Mk e W pmeaisesl | S

¥

4 (QACs XMLEHA FH LM FIEHATEL

m¢¢mﬂﬁﬂ¢mw%mm@ﬁ@§y%
ST P AT R SR T 1 BT/ R 0T e

>

BB 2 SO 1 £ 5 I e

% B K0 25 S0, Bk 2 H0PE T i) L) BT
FRE SR — > 3T 0 R BRYERIE ™ )l T
H AR | AR LS | ik R btk
FE[H (antibiotic resistance genes, ARGs) B2 # 51
— ARG ). ORI 2 AIEE R BT, QACs 2315
ST P e B AR B PUME. Han 25 DR R AR K M
5B Y Pseudomonas aeruginosa 13 QACs H
i e R LRGSR 30 d G, R IR U R AR
Vb B B BB E 1) 0 25 AR, BT K AT A ) 2
FEAS TR MR B 1) QACs T, & 3068 il 28 ot 14 O
(sull ), VUARREIEPUHESE A (tetA | tetM ) F10E i [
KBt (qnrD) 14 B AR IR R -T2
HHETIAAET QACs XA HTAE R Uik Ee L]
T AT PRGN ST BT

P FIFTEERLHZ 48 QACs HTtE 3L 5 ARGs fi
F[i]— MGEs |-, Z5 QACs HiiPEILR AT ARGs 1137
T L REE T (Il 0T BURLEC ) F 1 DNA
BATEME) F ) Heuer 287 % 16 Rl b+ 333
708, K Psull F1 gacEAI 5 Inel W% 30 2 1EAH 2.
Xt Escherichia coli F1 Klebsiella pneumoniae 1473 K
HorHT UESE Ine ] 5T B-INBERE S BT A R P ek

(bl ). 2 50 BP0 4 R bt dE
(aacAl) . sull 1 gacEAI"™. Han %' K I AE 48
MIAKARFEAR T 7 v ARGs S Int] 1 gacEAT B35 1F
2,5 FRIABEIREE T 1) QACs ¥ 2 UE T ARGs
Uk OB (RP4 BORL) 78 KA Bl G 7 5% A
538 2 X552 666 4528 FF AT FH B 40 7 4% A R FI T 926
ASBORLGEAT 43 0T, &% B QACs BTt SE R Al ARGs =2
[BIFEAE IE A 56 58 &R, qacEAD 1E UKL b WA 4G
Hj [99] .

&SRR A B o ANHESE | R AR P A
R 2 L RS2 53 2 TP E LR 345 QACs Tk
[ AR AU AE R PU k. a0 bSOk, — 2B HESE AR
B2 25 /MEZE , W NorA . CemABC F1 QacC 4b
HEZE AL 7T [7] o B 2 B- P I i 2 i AR R R A
SR AR 0 T AR AP 1 905 B IR ) —
s FHBL A, McBain %61 % 3L QACs fgd At 4
BT I 0 T ARG (1 A QACs AT 2 10 i
A I, A0 o 2 MR A A
REAA 5 2R WA I IR IS O S 5, 0 QACs Tl
HE 22 K A DA T A 40 P g 7

QACs S/ ey HI B 17 30 38 1 s 2434 5
ARGs H7*24 Lo %19 S5 JILIBE A= 4 21, 28 TR AT
CTAB J5i {2 ARGs Tl it Ty, 3o D 26
UL (ferO F tesW) Foah e INAS e £ WESL 2
H T CTAB #0153 T 4t M BRI IF 0 Bl 2 Ak, TP+
TRIBIRFR AT O, 1538 i 7252 B, 41 A H 30 0 8
B, FEOMEREHLH B ARGs 13 B ik ")

5 RE

(1) KT IR SE PRI A B b QACs [
fiff 3k A R ARCEE e 1o ML BF 9. S PR A BE TR A A R
G3F SN HoAth Z2 B i 52 1K QACs BB iR S i
FRESAILGI A P B8 A A= A8 Ak, 7 A= B T 5 1 v )
P 2 AR AE R PRI AR T, QACs L H
WA 7 ) 2 o) T A s S R R ELAE T DG 227 A
BRI 7 WX L ) B B T AR QACs (3R
BEAT R RIARON;

(2) KT QACs XJ B Z 4= Wy iy K18 M s PR AL
NEAFSE, JUHSE AR A SR R B AR T AEY).
A BRI QACs TEIREE P B Ik BE A 253 32 1A=
YR W EAE B AR X Daphnia magna %5 7K =904
S PR TE RN, HLBE PR RN Wk B 52 A M) Fh 25
e ded 2. Ry 1 AT T QACs A BREE XU, iR 157 43 A
X B 22 A 0 ) 00 8 o i P 2 R LA i —
A, QACs TEREE i 5 HA V5 e Wy e ay , KA G 3
PR AT 25 T 7853 CTE.
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(3) KT IEEUE W REE X QACs JHpif i = 22
PUPEMLEIRF I . S AR BT ERL IO 98 & B, th T4
JLAM S5 R 14 25 55, 0 % EG I I A o 2 B P
X QACs PUHENLHIAETE B E 2 5. fEL PRI, £
R WAL AE O X QACs k36 Al 32 B v HL il
AT A ARTRIZER A W i 7 %o 56 W S 15 A7 22 57
LR EATZ I8 B BAE OC 2R AN TG b, B B S 02
QACs Z M5 F B A Y 1 8L QACs Btk Fi i
HEBT P FE PUAEAS [R) P ) K E 56 88 | S5 1K i VR v
JEREZ2 /D B S ) A Bl i A4 200 QACs

6 it

(1) QACs FEZKMR | T3P Y b T iz K
H ZEAR A e BE I L A L ~ JL g L1 R DT
Py LIk BV L ~ JL Tug-kg ™' WCBFN
U A W R AR R S rh ) BT R A 7R
WAL 3 0 S B S e T o1 B K
. G TEERXT QACs FEff T o3& I, FEIF A 5%
T, QACs —T #  Pseudomonall
Xanthomonas %ﬂ Baallus LT T8 40 lil’f/j?ﬂ\j
ﬂﬁﬂﬂﬂ,l‘kﬁﬁﬁ'—ﬁﬁi%ﬁﬁ‘ S E,"ﬁ{l‘ﬁ
. TE4H T SAE SR NG TT (NADPH) 1925 5, 1
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%W ﬁwﬂﬂf?kiﬁﬁ%mﬁfzhmfH _

(DEW%%&%?FKVTQMS =
HE R 2o P SO, BRI R QACs EI’JJL(
WA FZ 2] Daphnia magna B4R ZFH. QACs

BEMERON ERAZ F By A | Ak i I TR AN A2 AR ) D
) S R — b o L R R R, R R
P PR R A AR AR AR, 7 & A 5 T K AR LR W T 5
"1 Daphnia magna %} QACs fie U,

(3) B ML AT Py Xt QACs B AT 3 e W b ik
K7 HAE PR EE b ) AE I ], 00 | IR & QACs
JiiE 2515 S AR ) B QACs ik, IEAh, QACs 1Y
Az WA P BOLAE PR B 8 ik BB A T
A3 N B T R IR, BR TR RN A
SRR ZE AL | S0 SL AR FI X QACs 1Y
ik . 25 AN RS R s ROk L H 3K MGEs 315
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