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ER TR, LN K a2 SR
InEIE gk, AT LR 3l £ KT R AR
R, TR/ SR8 e A 2l >,

FEARJE)V (quorum sensing, QS)Ai AL K 25142
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A R ITH 1. Tang N %% BUENSE (Hizikia  fusi-
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Figure 1 (Color online) The relationship between protists and bacterial antibiotic resistance (at the individual level). (a) Autotrophic protists may
contribute to the reduction of antibiotic resistance in the environment, including the removal of antibiotics through bioadsorption, bioaccumulation, and
biodegradation (1), and the production of secondary metabolites, such as alternatives to antibiotics, quorum sensing inhibitors, and efflux pump
inhibitors (2). (b) Phagotrophic protists play an important role in bacterial antibiotic resistance by inducing antibiotic production (1), accelerating the
transformation of ARGs (2), and hotspots for horizontal gene transfer of ARGs (3)
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JE . B4 z ki BE 7 Ao WA FE IR AR )
A USTSS] A A AT A 2R A T AL B B AL A
—B7 Jousset¥ A\ i 1T S A B, AT IR
PHEPUER2,4-— CBERE] R =B (DAPG) B ZEG R
MR (Pseudomonas fluorescens)(ZEZER) R E, HREIGE
TE S A B AR RSO R IR R AR R AN, HBR T
AR I B A3 b ) T AE R DAPG AT LUK JE A A 9 7= A
FEE A P I ) S, JoussetFlIBonkowski ' 7E
B F A S B B T L B AR S PO R
R R, 22 MAPG(DAPGHYRTIAY) i) ik
AL D APGH N X AR TE B, (A4 A AT LA s
&R A W BORAS. [FIRE, MazzolaZs AR
FERW, TIPSR LR AT LS AR R R (cyclic
lipopeptide, CLP)IHLAHIE S &1EH, et
TR 538 IKE AH 5C 1 3L Rl mass A B 2325 8 240 P

G 1 T o 1N < RSSO B L e o B S )
HOHAY AR EAE I, ATRESSIE MR 22 R,
TR BT Z 2B R K585, I 5 35bi 2B 2
2R L BURLHR.

Jir A Bl W75 AN AR B A 2R T 24 35 R HE i 2 A5
o, I EAERE RS, AT DR R P BURAS B
T EER, FEARGsHIZKT-IER R k55 mZAER
(B 1(b)). IshiiZe A ““FiKawabata: A st 2B LF
BRI A E 1T EDNARBR R AR h Y
FEERE. Bien AN Y7 B YCATH (Photobacterium
damselae, ¥57 &7 2 B PR A Ok S4B R
S FR ORIt ) B SRR & P A B T h A R it
i ter(M), WEMWEPHE, BMEIERIER W
tet(M)F= BEBOR AR IF BAEREASCI0 ], ree(M)MILS
PR TT LRSS FA G AR, Cairns A1V % 95/
S B IN T ML B0 R AL T [ (Serratia
marcescens) ¥y P4 R PUPE ORI RPARYFE AN, flifi]
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21 B R BB HE R R A e B R, B Lk Bt ok
A1 PRI A S B A e — P A
HE T ARGSTEIREE H AL 5.

AL B & AR Gs & A2 KT 3k RGBS A <30 X (BT 1
(b)). BB WA P 20 22 Fh 4 DA (LA i 24 1)
TRAEANAE N, RN LTI, A0 B K- SE
R TEET. Schlimme A7 ¥ UE B 40 AT L)
TEJEAE S B Y T KL N 54 R, MatsuoE
NN B UAB(E. coli , RIVEZHME)MZ K
F(E. coli , FRPIVD B PUIE)ILRE I, il i oL R A2 B il
BEXT LA TR (R B 2k (0 5 GER ) N2 AR B R4 7 2 3B
PRGBS T R HLL ). MR R, fEaEh
A3 T DA RIS 2 — 38 A A AE, JF HAEF B
0k P A T PRGN 1) ) 200 TR PR 4 S R v AR R R
()RR, R[] & ORI HT E.coli) B AR PR TE R A=
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NP FnMatsushitaZ AU 53 SIIE A S A 54 20 i
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2 TR, MEZ R T—E M, Hh s 15k
BT AR RERE AT, XL PRI R 3R A — e
JiE AR T ARGs & Az K 5L P R U7, gk,
H ATAH S 78 S A Js BRF A -an s 2 1), X IRk
WILE L P B R (A T — R R T,

R FEEYI A R 2R RS (MEOKE)

LR IEAE SR E AT (R D), PR
TR REARE A FREGDFTEHEWT: SAOKF 1 A 3R IR
AWy n] e S REARDUA RN 251, 1578 IR A= 2R Pyl fig
SAeREPUE R G1E. (FRMAOKFIFE A R AN
A RMET RS KT I SEPRIE oL, IR ZE 20
SR E JEUAE A WU AE 1 AR AR 5T X AR Gs B BEAE AT
FERRI MR, I8 HIEAE AL,

3 BRI 2P P BEE KT

T 22 6] A ELATE PR S M R L R A 2T
2P L R Y SR R . T R e R
IR T TR R B R Y PR
HERREEMMEM, BT L 8 B K s 20
TS AR, DT BE— A MR A WAV O 2
AEL SR, FRGC TR AR A e RS KO 1 S At
AWIAREAE L, TS0 A0 TR BT A ZR 25 TR A A OGN
PV M Bz 405 R, T AR A R
PO v 4 3t (5 AR e AR A WIS A I R, A BT
P B TN AAE B A M B RE ST, AT A g Sk
b A RIS A A Z AU, kAT B T BT e 2
HEIBTA R 2GR B

30 IR HixtEe
PR A 0 TR 6 R K 2 S R

Table 1 Role of protists in regulating antibiotic resistance (individual level)

e fat JA ) TR S A SCHR
HIFREAEAY) BRI IR F AR 2Bk /Y R e / SERy [44]
Al H N / S [44]

e B Gy, HAIREDro choer PRBIIRE s 51

G AR R 3 1 741) EXIES Bl LRI PR L PR (Pseudomonas aeruginosa) — SLYRE [55]

U NHEZE A 7 b KIGHFTFH (Escherichia coli ) S E [56]

SFEREA A AN A & A DI BAHE R (Pseudomonas fluorescens) LB [61]
HIBW / Bk DA B (Pseudomonas fluorescens) L [59]

1% S 41 R BT ARGs LFER K ICFFEE (Photobacterium damselae) S EE [64]

AeFFpitE oA AR ZEH FhiY> 7 QA (Serratia marcescens) T [65]

BALHGT 57 St R I = T S

I 8 A= sh ) R (Klebsiella)—3Z 4 (Salmonella) SR [69]

AEh MK (Escherichia coli) Segy [70]

— % (Aeromonas caviae )
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BFFETT, DR R T A R T i A A R 4 4 e
PR T I A PR AR SRR 2 DU R AR Y
W, R E SRR, ARRIR AR E LS
Irik, M NI Y B & T8 3 5 25 53 b F 4514
J7 PR A2 2 R R R LR ™, Zhu 26 A5
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P20 N AR A 2 P BLAR G4 A & A MR B A2 4. BF
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(1) A (key stone), SEGUZEEYM %0, AT
36 28 G 0 A TR AR A —— A W AR i A A ) A X
F B, A LT (top-down) M52 i 3524701 2H 1 41 1
(K12). HAERENE, DL ESEFI 5O T R e
WA H R BRPE. T 5e X R A B e i 2R, BIRR 2K
R B e 0 H R s Y RS R R4s
AR B SR Bl Y (data-driven), Ji ST BB SE KN LA
ISIE.

i b, AR R KRR A P AE R P
RIS =, BRI TR B A5
F2 B T LN 2] 1) BSCHHE ) A DG I £ (network) il
SER T REALTY, PR ORI A A e A A R
M2 7= A . S AL RE O BTk, X F A L
P, A PR AR S R T THE RS, 8%
A EAREIE, A e see B it — P JRIFIRANE.

3.2 YRR A A

FARREE AP S A, InAmis . R o
WASAEAYIAE, ENTZ MR AR (. 52
FUALAEHE SHAHEE ZEINER), WREEEAE

(a) Top-down control: Predator control (D®@)

Nematodes and rotifers

Protists

; Protists Protists
bacterivores omnivores fungivores
& A & ®

-
Ad=
F Y '<£}Z4
YA AT
SO L
Bacteria Fungi

(b) Bottom-up control: Resource control (®@®®)

2 (PIZERRR () U AL I REIE 2 BB A LR B4 (a) F
ARE SR A T L BB IRER I (b)

Figure 2 (Color online) Top-down versus bottom-up drivers of the
protistan microbiome assembly. The Top-down predator control on the
protist communities (a) and the bottom-up resource control to the
protistan microbiome assembly (b)

YRR RN R, HIE TR A Y g
SRS A=w o s S WA

) FE R J A A W S ERR 20 148D B,
S B RG AR S B 94 7 BT Tz A
TR AR P R A 8. Singer
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W B SREE. BEWE. MIERRMBEESE, BilEwE
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i, It Pk I 2O A 25 R G o A 4

Bt mags, #—-PXETENMEERENT
@T[‘)I,QZ]'

A W TR i A A W T LA o A A R R AR AT i
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AAE IR ERE20®@). L2 RAAY
PLANB A, XRAEPET- R BRI A FRE, i
FASRGE P UAAET DS MW 2 B4, e
KL/ IMNAT T BRI R R, R SR A I
AR FEMBE AR, MReEMNMetshBA
BRI, ELASTRIFR 28 04 S A A A% A () 240 27 7
IRFPER A RARIR . s b, B SR O R AT
VT TEAMCL P Fh Xt 5] — 20 B 04l 2 A T o H A 22
SOV R, SRR A B AT T LA B SR 4 T
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WA A A AU B A S A% A, el
DU A FR 5 A A 00 BB F A g s
HEAY). Viridiraptoridae /& — ] LK EAZ B AE R
YRR LA, e B R S A i A B SR T D) 2
BN, BRI 5 TIX — G A H
TRAKES RGN, HELM0F5E KA A IS
WAFFET HHUE S ARG, SRR A R T
BETE R ME— YRR, 1l DO S BB
A RS B RAEAY . 4 R Gross-
glockneriidae)® T-RIA, 1 RRALI C1 IS S5 R (= T0k
RIS Y, AR R v — e s a1
2©). etk B R R R Y R R (KT
100 wm), 4A“m i %P7 K [ (vampyrellid amoe-
bae)' . Thecamoeba spp.'"Y. 7 ASTE i (testate
amoebae) L Jzeumycetozoans(— RS d1)l*> 1 *1 45
(F2®), — 5 e A 14 £ 40 T AN B B 25 IS SR )
AW, i —TEA AT DLk A PR AR R
B@éﬁﬂ[fﬂ,lﬂﬂl

3.3 ML IRER A I T

(1) BERMIE Y. SR ETE 7 XA m A
H LM T (top-down)Fl H T 1fij_E (bottom-up). H LM
(R IR Ty 2K T RO Tl A R R R )
P ABCR. A R LA, s R
LI IR B2 1 BT DAL 7 R 45 i S B W I A ) i R
i AR YIE R TN, MR e R e A,
PRI G 52 3] 2 o e S s A AR ) A TR B R AR
(F12(a)), 52 2040 5 A B R SEAEAE Y B R B
SEMA(E20)" . VRIS A A B, AR
L B RN 2R AT DL 4 T A A W R e N 2 R
P, XA T IR BR R P B —Fh [ R I B PR R
RO T A SR R, R AR, T
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FHUL A B g R,
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Since Alexander Fleming’s discovery of penicillin in 1928, numerous antibiotics have been discovered and produced
industrially. Approximately, 30% to 90% of antibiotics cannot be absorbed by humans and animals and, are released into
the environment in different forms. As a result, antibiotics are much more concentrated in human-affected environments
than in natural environments, forming a pervasive selection pressure and accelerating the evolution and emergence of
antibiotic resistance genes (ARGs). With ongoing research, we are gradually gaining more insights into how human
activities impact ARGs. However, in natural environments with little anthropogenic disturbance, microbial interactions are
the main drivers of antibiotic resistance, which have been largely overlooked. Protists are central to a wide array of food
web processes and biogeochemical cycles, and deserve more attention. It is well documented that protists prey on bacteria,
the main carriers of ARGs. Thus, protists can indirectly affect resistome by changing bacterial community structure
through predation. Likewise, antibiotics are secreted by bacteria as a means of avoiding predation by protozoa, increasing
the selective pressure on the environment. Therefore, understanding the relationship between protists and bacterial
antibiotic resistance will help us improve the ability to predict and manage microbes to better guide agricultural production,
reduce antibiotic overuse and prevent or mitigate the emergence of new antibiotic resistance.

This paper first introduces the origin, evolution and spread of antibiotic resistance, and then summarizes that the main
factors driving its evolution vary from the pre-antibiotic era to the antibiotic era. In the second section, this paper reviews
that autotrophic protists may contribute to the reduction of antibiotic resistance: (1) By bioadsorption, bioaccumulation,
and biodegradation, autotrophic protists can remove antibiotics from the environment, reducing selection pressure and
slowing the speed of evolution; (2) autotrophic protists can secrete some secondary metabolites, including alternatives to
antibiotics, quorum sensing inhibitors, and efflux pump inhibitors, all of which contribute to reducing antibiotic resistance.
Besides, phagocytic protists also play an important role. In addition to serving as the hotspot for horizontal gene transfer
(HGT), they also stimulate bacteria to secrete antibiotics through predation and increase the frequency of HGT between
different bacteria. Since individual level studies do not represent the actual situation of communities in natural
environments, research on the community level is required. Therefore, the third section is focused on the community level.
Protists display a myriad of sizes, morphologies and nutritional modes, making it difficult to study them with the traditional
method. The ultra-deep high-throughput sequencing combined with statistical approaches provides new insights into the
conundrum of how protists regulate bacterial antibiotic resistance at the community level. It is noteworthy that studies
based on sequencing data also have their limitations. First of all, data requirements are high, that is, a large number of
samples and key environmental variables need to be covered. Secondly, the results are data-driven and need to be verified
by other experiments. The last section discusses perspectives regarding the role of protists in preventing and controlling the
risk of bacterial antibiotic resistance: (1) Screening secondary metabolites from autotrophic protists, searching for
substances that can reduce antibiotic resistance, and realizing industrial production; (2) protists should be considered as one
of the indicators of environmental monitoring, especially in hospitals, preventing intracellular bacteria from becoming
super-resistant bacteria via HGT; (3) it is necessary to develop novel disinfection techniques to kill antibiotic resistant
bacteria protected by protist cysts; and (4) the regulating mechanisms between protists and bacterial antibiotic resistance
should be explored at the community level.

antibiotic resistance genes, protist, individual level, community level, microbial interaction, horizontal gene
transfer
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