g CSTR: 32241.14.CJAEBIology.2025.03001
ngfiﬁ%ﬁgiﬁliOL DOI: 10.19675/j.cnki.1006-687x.2025.03001

http://www.cibj.com/

ARENE, AT, DRI, WRLLAR. SR OGS IR 0 AN KRR e e J82 8 53 L3 [J]. 1 F S ERBE AR 24T, 2025, 31 (5): 715-727
Li GL, Tan XY, Bu LP, Pan HC. Transcriptomic analysis of the responses of Paramecium bursaria to polystyrene nanoparticles [J]. Chin J Appl
Environ Biol, 2025, 31 (5): 715-727

R B AW BRI O M oK Bk B B Nl
B RB R
SHT, B4%, M, GIE

TROTE A2 f B2, SEi 241000

TE  EF RN AR TS S0 N SRR BRI, FErR R R R AT — 8 AR B . VBRI B4l B S 5t
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AHXT R IE 75 K FIRNA-Seq AR 1k 2 (85 s AR DSRS0 AIE T4 S i@ S0 7 R o vl Sk, B, g skt
PS NPs/Ha )7 T WRIEE R RPS NPsXf R 58 4t /) RUE 30— R . (K16 %6 2:53)
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Transcriptomic analysis of the responses of Paramecium bursaria to
polystyrene nanoparticles

LI Guili, TAN Xinyu, BU Liping & PAN Hongchun™*
College of Life Sciences, Anhui Normal University, Wuhu 241000, China

Abstract After entering the natural environment, discarded plastics decompose into particles of various sizes,
among which nanoscale particles exhibit biotoxicity. To investigate the responses of unicellular organisms
to nanoplastics, in this study, we initially assessed the toxic effects of polystyrene nanoparticles (PS NPs;
diameter: 20 nm) on Paramecium bursaria via acute toxicity tests and population growth experiments. The PS
NPs markedly impacted the survival and cellular division of P. bursaria, showing notable lethal effects (24 h
LCs, = 15.93 mg/L). Subsequently, transcriptomic analysis was performed after treating P. bursaria with 13.5
mg/L PS NPs (control group: 0 mg/L). High-throughput sequencing revealed 371 differentially expressed genes
(DEGSs) between the treated and control groups, including 298 upregulated and 73 downregulated genes. Gene
Ontology (GO) analysis revealed 764 significantly enriched terms (P < 0.05); the top 20 most significant terms
were directly related to cell cycle and cellular division. Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis revealed 10 significantly enriched pathways (P < 0.05), including five metabolic pathway
clusters centered on the MAPK signaling pathway that regulate cellular division: the cell cycle, phospholipase D
signaling, p53 signaling, progesterone-mediated oocyte maturation, and oocyte meiosis pathways. Furthermore,
the high correlation between the relative expression levels of 10 DEGs identified using gRT-PCR analyses
and those identified using the RNA-Seq analysis verified the reliability of the high-throughput sequencing and
transcriptomic analyses. Thus, our findings underscore the molecular responses of P. bursaria to PS NPs; these
NPs may disturb cell division-related processes in P. bursaria to a certain degree.

Keywords Paramecium bursaria; polystyrene nanoparticle; acute toxicity test; transcriptome; cellular division
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R BOABAR Tkt 2T iz B A k], 5
CASPNE YRS SV b B il B o T Ay &t (0l N
W E B IR BT YR A2 I B A R

(gt FeAR IR H S R LM RNE R
B R 77, BT BN HE N B AR SO AN AT A 1 2
B, Wik RS RT5 mm) Bidss 2
Pe—eZpiR & )5 AL E R 2 S 8BTS,
[F) Fof 272 0 R ARk 7 5 140 5 47 S Aol L R A 7 L 5
SRS G 2EWIHR R SO ha S AL R 2R 11
PERTR, 225l 2 B N TIOK 2 SR BTRL ChiAz
A-F100 nm55 mmzz [a8]) RGP FIERERL CRiAZ/N
F100 nm) P AR NIRRT S T DA A
ERITIS, R MRS B R L, RAEM SRR
T20 pmP¥ERFRAERAR EBA—E Bk, HAH
SAIEFT LT 2 M 3R B BOR SRR 4 SRR )2 4y
AT 3 AR S R A KA R TR, A
T PE ARG KA TR, KR B A Rl 5 AR SRR
il AR ANROK BB RIAR EL, 9K 2% 58}
UKL A= ) A B R AR N R AN oK S} SR
REZF B YN B, 4T B A 20 Pt 25 S 5 A 1 o oA N A
YIAnAE. AReS e, LK B T e A B
Bl B B R0, 51 & e E AR S G L.
U, Bl B E A A AGA T T Rk SRR
SO AE D PR RIS Ik AR RS g A FE B I AR
HLEE,

RHE K (polystyrene, PS) & iz 4f i
R R 7 —, BRLIGHK PR (polystyrene
nanoparticles, PS NPs) fIAEY) ik K HHLH 5| K
T HZSE. AR H THPS NPsS5/KIER
TR A o P38 I R 7 9 Ak A 5 ) M T o) AN [ R FE 1)
PS NPsE M, Himifedi7 € mrIPS NPsf s sk
5, Uk AW 7E S LK A S o gz ie 507
£E/KH8 (Hydra sinensis) #:#a (£ —EIKZIPS NPs

CKif220 nm) NI B F 46 56 i F o i &
TR i M B RO RS T S B S E B 401,
/K& (Daphnia pulex) ##TPS NPs Chif2£)75
nm) Ji5 & P AE KRB B A0 s DU (Mytilus
coruscus) ZFTPS NPs Chif24170 nm) /)& & H:
RE B S I AT TS T R KT 32 BN ]
FEERIPEZN; 20 dfIPS NPs CHif2£123 nm) 5%
2> G554 (Ctenopharyngodon idella) 4}1fi K ik A
FPS NPs. bR T LSRG H 1) 2. 15 BR
B B 35 00T B85yt (Danio rerio) #FEtE S5
PS NPs Chif££942 nm) [J/K+196 hfgH k&4 K
HEMPS NPs, Ffi Bl A K HE A2 3hfE 1 N R, DA
PFERFE R, AT, PS NPsxf K E5h ) H
R AR, H LAY B 1 4 R 4y AL EE

WA FERAIRT

SZ M shymLt, i sh ) w g B (genus
Paramecium) %§ 45l P55 77 F0 A 5 AR A
B AR B, DR R A B o # A &
WA AT . Horh, 2% JE i (Paramecium
bursaria) 40 BT A B AN NI ANERE, IS
INERVE T KRR R LA R G, IXFETEA IR
THOL 2R 58 R T AR B3R E 7% L IERELA
A AL D SRR P YIE R E FRANA, FTLLS A
B AR R A L, SRR B R 4l
Sy EGHREE, AR N TR 9% 5610 N A0 B) Y B3R 15K
AR B M, DRSS U R AR
P2 sE s i 2 s B A — e R A, iRiE R
TEEHRAAE umR K L6 HOKBURL (polystyrene
microparticles, PS MPs) 7% rh () % i iz 5 g
T, EARIEOKE R, B EHRTR WLPS NPsX}
BRI A DS AT SR T, A S PS
NPs CRif£20 nm) % G55 A7 o Pk ShE A
FE K R, SR 5 T 5 S AR T SR B U PS
NPsHa 1) 7 TS, BEATFEPS NPsHIAEY) #1E
SHVER R LR TR

1 RS T

1.1 SEIG AR

A B FKED10 gfg A FF3RE A2 000
mLEE F/KFE 10 min, A HE 52 E AT
JE, FHEETRGER S 2 000 mLENTE 358 i IR .
SRR B R RS SRS IR 7R N AR O IR
J£500 Ix, iR E25 C, HE12 hid) WNBELT. SR JE B
JE AR R T R A BEK R, 76 B0 TN EF AR
(5] (PR KA B B — e e S 7 SR R T
EHE A&, BRI 7R R N K E LT
AR B R SR SN M3 Fr i 9950 pLss 77
W RE 7% SRR E A E IR RE IR R
(B (I TRI BRI T 20286 b, REIUTE b 1 5 e 3k T 14
Oy BAFAMA R L BN 30 R, 0 M E R E S
EIBNES mLEF TR ISR E Py KR 7R, ik
B SR E R)E RE IR B 291 2003 /mLIs; (S5 E H
FREE KIS . WHEL200 pLa & s dif ks 77
AN 50 mLBs 77 W R B il i K8 9% 4k
TFEAWERN Y KB IR 58 T 5 22506

1220 nmifJPS NPsJER WA ik o YR
Fenw], YT TR L HIPS NPs TAE.
1.2 2MSMHRE

HICHGE 50 mLE 2R JE B S IR (FLJE H
FIE N1 200 /mL) , 68 EE 7R HIPS NP
43#1°50.0. 5.0, 10.0. 15.0. 20.0. 25.0 mg/L, O
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PS NPs 24 h/5 W 24k 5 JE duit 28 A A7 05 1
W FIRTRSCI 45 R %W, 24 h/520 mg/L PS NPs
WE A WD B4 E BUf715, 25 mg/L PS NPs
EOE PR AT S SR A5 R, 21
E50 mLF SREJE B IR (S5 U2 N
1 2002 /mbL) , 73474, BHINER. 7THIFIPS NPs
W43 7413.04 13.5. 14.0. 14.5, 15.0. 16.5 mg/LF
17.5 mg/L, I APS NPs 24 hjg W&tk ik pr
A SLISHAE N TAFFE OGRRERFES00 Ix, #5525 C,
JEH812 h/d) kAT, I HISPSS 26. 0% X s 46 %1
PEEAT AL B, S8 5 FHEXCELR A il VB 26 M Bl )5 7 72,
RGN 7 FE 1524 hisf FIPS NPs2- 8 ALk &
(semi-lethal concentration, LCy,) Flf/NALik
(minimum lethal concentration, MLC) .

1.3 MEFEKIAIE

RELC s MMLC ¥ E51PS NPsR RS, W

SAEA R FIPS NPsHE T2 5 i d A K
fEOL. 15850 mLE af g 55 7R i (B8 B
B350 /mL) , 4 A5, BAH3NER. SAMIPS
NPs¥ %73 %10, 5. 10, 12.5. 15 mg/L. & T\ T %
6 OBHEERES00 Ix, #7525 °C, Y612 hid) HiEsEE,
12 hf 5 JE T L FIFHSPSS 26.0% i i3t
ATALEE, PR T EXCELSA22 il A i 3 K i 28,

1.4 #%FAERAXE

1.41 PS NPsRERESLWMEERFEREE A&
LCso MIMLC, AHFFLIE SR E 913.5 mg/LIJPS NPs
ACFR LB B AT S A A0 A. X650 mLE SR ELE
TR TR CRJE A% E N1 200 /mL) , HA3%
RSEEH (A PS NPsKJE#°413.5 mg/L, 45
4 NPB_1. PB_2KPB_2) ; AN x4 (L
FIPS NPsiE 450 mg/L, 735l fir 4 NCK_1.
CK_2K&CK_2). BTN ITAMFE O65EZ500 Ix,
W25 C, Y6HR12 hid) HhREFE, 24 h5 5 % A& 5
J& BT A B (4 °C, 10 min, 10 000 r/min) . &
O EE R EIEWR, E RS L% 21,5 mL
BOE T, TN mLZERNARG %57 /K I 787> B
JE A, HAEEO (4 °C, 10 min, 10 000 r/min) J5%
FrIE. $e IR ERAE 7 H 2 RNARE Z& TR K 207
YR e B8 UK G 0 U L 75 21,5 mLIGRAT
&, R EHRAE IR AN A R & H.

1.4.2 RNARBESBEENF L i R
A2 mLIE I A H oK i S 10min 5 K A R 25
L (4 °C, 5 min, 1 000 r/min) , [\l FiEw (BB
HERRD JEEFEOERE S ATTE GEAE) .
i FITRIzoli® 7] (Life Technologies, Carlsbad,
USA)NELJE AR B S U RNA. RNATE# M @
iIBioanalyzer 2100 (Agilent, Santa Clara, CA,

USA) BEATEGAE. 1 FIRINVES> 8HIFEA. R E
TruSeq RNAF: fiil % i f) & v245 /e (lllumina, San
Diego, USA) Hfiiik 177 58, MWEEAFE b 2 2
MO RNAF FC I 2%, {8 FH AgilentZE4 7 HiT (X
2100 (Agilent, Santa Clara, USA) ftii13C T4
A KN, I KAPAY € B ik 7 & (KAPA
Biosystems, Foster City, USA) #47€ #PCR. &
=5, 1# FHHiSeq2500i# il &= /7 2 4t (llumina,
San Diego, USA) HEAT .
1.4.3 MFHW\HLERSFRE RO R
TrimGalore (hA<0.6.5) it JiE Fl 8 B j5 45 20 3ok € Js
%l (clean Reads) ", F#E 4 £ di]] (Ciliophora) N
A48 2 1 5t R F TopHat% - %f clean readsit4T
BT A A AR 2,
1.4.4 DEGsHITFZRINGEEEST  KRHAZHER
#it, fi FfiBioconductor =415 B A IR AT $2E 1L
DESeq24i it il %5 e 7= S ik B K (differential
expressed genes, DEGs) . fEGii+ T2 /i, XiE 5%
ABEIEIAT U R (D BRI T R %
A CRFIL) 5 (2 PIFAFEAD T 1 reads i
RIHE b AERIRERIE) 5 () BBREDINFEARTA
TEAERIE (JRARID) | R =Y RIS | 250 00
A, #— A AR RIS W E DS 2 o B ok oK
FiiBenjamini-Hochberg /7 iR HIDEGs *”, ¥4 % &
FI% (False discovery rate, FDR) il ££0.05LL /.
1# FIDAVID#1 45 % (database for annotation,
visualization, and integrated discovery) #{7DEGs
ff1GO (gene ontology) iRt a4, FFIHIKEGGE
W B HOE 24> i DEGs AR i B & 15 L. GO
Uife s £ M KEGGH il i & i M PE & T
Fisherfr 4, 3% EP <0.05 8 53 54, 5L 1IN
Al AL AL 1 B Goplot R f1 kK 58 ik
1.4.5 qRT-PCREGIEIX & FENLIEE10 NDEGS
(R #H1T7qRT-PCRA#r, 18 H 5wy i & W J7 fir
FH R R B S RNA ISR 3R AT 101 4% 5% ) L. i3 A
i) Ambion TURBO DNA-free®DNase (Life
Technologies, Grand lIsland, NY) 4B, PL2< &
RNAH 75 J«DNA. B %68 s 75 cDN A i 5%
k7l #& (Life Technologies, Grand Island, NY)
AT W % (RT) ] M., F#7EApplied Biosystems
QuantStudio™12 K Flex%4: (Thermo Fisher
Scientific, Waltham, MA) L #{7qRT-PCR. %
18S rRNATE NN Z B (21D , i@ QuantStudio 12
K Flex#f4 (Thermo Fisher Scientific, Waltham,
MA) 5 f b CHZ 0 i i Jik D] () AN 08 & AT
SE B FIHISPSS 26.0% ¥k T 4bH, it
TEXCELH AR .
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Table 1 Primer sequences for qRT-PCR

FER A F5 519751
Gene name Primer (5'—3’)
VoSt ATGCCGCTGACCGGTCCGATGACCA
p CAGGTCCTGCAGCGAACCGAAGA
BUbRT CTACAGGTACATGCAAGCTCAG
CTGTCATCATGCACAGTCATCA
D CTGCCACAGATCGCTGTGGTTG
CATTTGGTGAATAGACGCGCAGGT
Arf TCCTAGTGCGATTCGTTTATTGATGATAT
GTCACGATCGTTGCTGTCAACCAC
CveB ATTACATGAAATATCAACATGATAT
4 TGAAGCCATTAACATCGATGTTAT
RiI2B CTCCACTGTGACTTTGCTTGCCTGAT
CAGTTCCAGCAGCAGCCTATCAG
AUTKA GTATAATCTCTCAGCAGCCTTCTG
u CAGCTGATGTTCTACACCTGCT
CaN ATCATGACTGTCGTTCGTTGCGA
CTGATGATCCATAGTGCTTGCT
. GTACTATGATGCAGGTGACAATG
g GATTGCTGGGGCTGATCTTGTA
L0900 TCATCCGGATCGTTCCTGATAAGAC
P GTGCTTGGTCGTGACGATGACT
185 RNa  ATAGCAGAACCGCGAGACATCTG

TGCTTAAGTTCAGCGGGTGATCTTG

2 HBREDR

2.1 PS NPsHREEBRMSMEFEAR
St IR SRR, REE M RFEAAEPS
NPs— B i) tH Bz sl FE PR R B B A7 1k is ah, (=
PSS NPsR S eI 43 5 J d 5 A 20 L A 24 73
fEIL R (BT (B . XfPS NPsib#24 hf5 4 %iE

0.8
0.7
0.6
05
0.4 ]
0.3 ]
0.2

0.1 ¢

PS NPsXf 4% 5 )&t 8p1 5

Lethality of PS NPs against P. bursaria

HAET R E5PS NPsK FE [ AH S 24T [HH 2347 5 15
FHA T y = 01167x - 1.3616, R? = 0.9417, P =
0.0026 (E2) , FiR#E1% 7 FE AT 1HE 3R1FPS NPs
ot S4B s 1924 hoLBAEHRE (24 h LCsy) H15.93
mg/L, 1MPS NPsxf 455 124 hi/ NSBEH L (24
h MLC) "411.63 mgl/L.

E1 BEZEMKIHK (PS NPs) MR EEARFSHEN
GEZEMEBR) . A: 215 mg/L PS NPskEEO hfg 4k 8
JUAMA; B: 4215 mg/L PS NPsAbFE24 hjis 15 A 2 i 24 B0
FI G BAE.
Fig. 1 Effects of PS NPs on the morphology of
Paramecium Bursaria (optical micrograph). A: P.
bursaria treated with 15 mg/L PS NPs for O h; B: The
rupturing cell of P. bursaria treated with 15 mg/L PS NPs
for 24 h.

2.2 PS NPsx &R E g R B 1B AR N

Rl K5 45 1 (K3) KW, 5xtIEA (PS
NPsi 5 A0 mg/L) AHEL, 5F110 mg/Lifk /& 20 % I Bt
FREEIGAB BT X R 2H ; 11712.5 mg/LAI15 mg/Lik
JE 4H 4 5 8 R AR 0-12 hinf BRI T P LS 4 %
I} B SR PR P I T R

y=0.1167x-1.3616
R?=0.9417 °

12 125 13 135 14 145 15 155 16 165 17 175 18

PS NPsi& % PS NPs concentration (o/mg L")
El2 REZHEMAKFAL (PS NPs) 20124 g RERE R TR 5PS NPsRE B X MMBIE RIS, R ZELAREETINE

LI bRiE 2.

Fig. 2 Regression fitting analysis of the correlation between the mortality of Paramecium bursaria and PS NPs
concentration after 24 h treatment. The error bars exhibit the standard deviation of triplicate experiments.
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2.3 EHFEANFHIELIE, FHHERREEREE  UnigeneflE R Z, 1536 0274, &SPt E R &k A
(unigene) BO3EHE [(146.14%; {6504 % (Nr, GO, KEGG, Pfam,
s ol il N R A B 2l iE AL P IS AR YY) eggNOG Kz Swissprot) H & #7132 ity Unigene 5
AL T3.98 x 1074 fIclean reads (£2), clean 10 807%%, diPtf/a 4l 5L M 1113.84% (%3) .
readsZ it — P 5 L3815 7132 4414 Transcript 2.4 DEGsHIE SR

78 0811 Unigene. ik NRE # & v B 345 1) HeFEiE I AR, NSREE HEIPS NPs

1000 PS NPsi# /% PS NPs concentration

—O0mg/L
%04  ____. 5 mg/L
8004 10 mg/L

———12.5mg/L
700 A —-——-15mg/L I
eo{ L 3z A e

------- -

500 A
400

300 1
2004 -

/7
1004 Y

0

SR MU
P. bursaria density (n/mL")

0 12 24 36 48 60 72 84 96 108 120 132 144 156 168 180
SLIG IS E] Experiment time (t/h)
E3 BEZHMNKFIAKL (PS NPs) 3 5 E 8 B EKAISINT. 1R ZAACRIE TR EHE IR AR %2,
Fig. 3 Effects of PS NPs on the population growth of Paramecium bursaria. The error bars exhibit the standard
deviation of triplicate experiments.

=2 NFHEgTt

Table 2 Summary of sequencing data

o DRSS RS R T 200 M et IR AU KT 30U Rtk )
Sample Number of clean Rroportlon of bases whose sequence \ Proportlon of bases whose sequence ?uallty
reads quality is greater than 20 after filtering (P/%) is greater than 30 after filtering (P/%)

CK_1 42507708 98.09 94.65

CK_2 40144342 97.94 94.33

CK_3 39828632 97.74 94.78

PB_1 42800344 97.58 94.67

PB_2 41056724 98.19 94.71

PB_3 40280884 97.78 94.29

=3 BERBIRERGT
Table 3 Summary of unigene annotation results

K e L IR A P B 1 LR g M BRI L
Database Number of unigenes Percentage in total unigenes (P/%)
TR EE T EHEE Nr 36027 46.14
HER AR E R ZE GO 30370 38.90
SUARSE DR AL R 5 B4 KEGG 23757 30.43
FE RS E Pfam 20400 2613
R kb R B eggNOG 36299 46.49
F T HIHE 2 Swissprot 35052 44 .89

FECL_E T 61 080 P b s R

Annotated in all the six databases above U e
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AhERA (PB) 5% HRZH (CK) 2 [a] i ik 3] 73714
DEGs, H 35298 1 3L K F7 34 T i S [A].
DEGsIEZHr 4531 (K4) £ W, PS NPsX| 4t 5 &
HIERR AR R, 55, PS NPs #4134
A= A () P DR R A AR AR B, Sk R ZE P ) 34
Ay 5 A T P DR SR A AR TR AR B, XA AE T AR IR
I B v 8 B 1 A MR
2.5 DEGSHIGOINEEEE DT
FF371/1DEGsit 1T GOE £ i1, 3k 17764
MNGOEFHEFHELH (P < 0.05) , Hrha#E90% 41
HArFHR S HL 95554 T UIREAH G Sk H BT 9% W)
MK KEH. Kb EEREE (PEHB/NEENGO
ZHEREE PIET20N % HAE 16N Wi FR ARG 4%
HAAAN A A0 26 H, FEHIX 2056 H A8 541
6 0 B A L oy B LA O (R4
2.6 DEGSHIKEGGIIEEE&E ST
3 FDEGsE L E 45| 71664 KEGGHH i, H
5102 B EEE (P < 0.05) il 1%, X 104618 ik
JAT 5y 34, U R P N B RS AN AR
WS/ (R5) . HL A oA 225 24 ) 20 i A 3
14 AR i D15 5 38 1% S p5 317 538 1% 25 3/ il I 4 2 1Y)
131DEGsH /N F R IA B 24 B KR IA T
Vs PR R Aoy 2L 2 3R T R IR REGH Y Fs 24 R B
R 200 it sk £ 2 2445 20 3 B A0 5 110N DEGs 4 i &
K s VR G N ) A B M 2T R L 1T
3NNGEGsA: ik iA L WA SIS HIMATPL & &
BRI AAE B A5 15 DEGsH 4 R pH 26 35 _R
AN FRRIFRIE B PR R R AR RS R
R I 2 R A U5 R v g £ U 55 34 1 I 0. & 9N DEGs
I TAN R R I B 24N R R IA B,
2.7 REBHRSMMSHEXNE EDEGS
BTKEGGEEME I TR (K5, #—F
Guit 3| 7R E B A M o REAR G 32 ZEDEGS, 3%
157 (R6) , X EEELR H 4y (134 ik B, H
FiMps1. BubR1l AurKAZ: 34 R K 8 1 T R
tk, CaNIE R P e & A i LRk, Cdc14. Cdc45/%
Orc1553/ 3 [N 5EDNAKE Hill L 4h H A0 K, Rrm2b3t
K12 5DNAS %, CycBIp533E K 2 540 i J& 1 i 2
&), Sos. Arfl Hsp90%5 345 K1 b 4 Mo J& 3 ) 1
#, DnmJEHZ S9N EAEH, Eg2i K M
TK fifE.
2.8 qRT-PCRIEIEDEGsHIZFRIA
qRT-PCR%: 5 £I101DEGsIMHI X Fik B 5
RNA-Seqf3 2| ff1HH % 5 & 2 [HAH R = (E5) ,
AN EE R AIE | e s 2H a0 e S oA IR ] Sk

CK2 CK3 CK1 PB2 PB3 PB.1

B4 ERFREEFERLMRE. CK: x4l PB: PS NPskb#
. FHRE A, FATAR N IERE. ERMERRILE
ARG R R, B il sk (S TRISA A EBEs
AR I R R B, R (il 5% B i AR R FE ]
RIEBAK. 7E 1% 72 5 R IE L KN FDR < 0.05.

Fig. 4 Clustering heatmap of the differentially expressed
genes. CK: Control group; PB: Group treated with PS NPs.
Each column represents a sample and each row represents
a gene. The relative gene expression level is represented
by different colors. The closer the color is to the upper
segment of chromatographic strip (located in the upper right
corner of the figure), the higher the gene expression level
is; and the closer the color is to the lower segment of the
chromatographic strip, the lower the gene expression level
is. FDR < 0.05 is applied as the adjusted threshold when
screening the differentially expressed genes.

3 WigSLEe

31 BMEYIEERERIIPS NPsihiBEGHKE

BB R 1

B RLAE A BRVE R P9 456 B H 2538 0, PR 37 1) SR}
T 3R 8 T B RS — B BB R ARfokr L 3 i T ™
el AT e 20T st A R P A BIR )
WFFE R0, 52 W SRR OK 20 SRR BURL AR L, 4K
2 SRR B A W E I AR PR, (B gk g 2R
TR A= B P A LR 3 T LER M A RN R . —
BB ST B, N K S SRR 1) A 0 B P LR K
INEIL AR SR, B GhK G ERHRORE R ST N
A ER RO E TR ST T IR T LA R PN R
Bi: (D 9K gOERHER N T4 R Z R, HAl
BEAE RSB ARH AL A2 72 I PS NPsti/NR S
20 nm P% (2) 2 2RV 9K ZORREURL e
(T N (CINAT AR 5 . TS A BR I BT 25 A
S, IXPEAG T B R0V Al R P A 40 K 2 SRR 1 A
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x4 ETRERABRRCHNKTALRESRABEFREEFREZELEIHAT201GO%HE (P<0.05)
Table 4 The top 20 significantly enriched GO terms based on DEGs between PS NPs-treated and control group of
Paramecium bursaria (P < 0.05)

GO HER

35 LDEGsHI%URE KA N HDEGsHI ¥ &

Category of ggir%n Number of up- Number of down- P-C;ﬁlue
GO term regulated GEGs regulated GEGs
A 2257 2L [ J8 ) Mitotic cell cycle 40 3 2.30E-10
#2448 Organelle fission 29 3 2.60E-10
1% 43 %4 Nuclear division 26 3 410E-09
4N sr%¢ Cell division 29 3 5.90E-09
TR LT B 4T A% 5 %4 Meiotic nuclear division 19 2 9.80E-09
2 JE 35 2 Cell cycle process 4 4 1.20E-08
Ly 2min B A2 Mitotic cell cycle process 33 2 1.60E-08
At gk 2021 Spindle organization 19 1 1.60E-08
Biological 4R fE B Cell cycle 47 4 4.50E-08
process B 34 Al A% 4322 Mitotic nuclear division 19 1 1.10E-07
41 i YR FE 5 Regulation of cell cycle process 27 3 1.80E-07
HENBMBRORAGE 15 0 2.00E-07
Mitotic sister chromatid segregation
ik 41 % Spindle assembly 14 1 2.60E-07
YLt k454 Chromosome condensation 11 0 3.40E-07
TR 2440 i A 130 2 Meiotic cell cycle process 19 2 3.60E-07
i i JE 3 Y Regulation of cell cycle 33 3 6.30E-07
YR 1135 22 01X Centromeric region of chromosome 13 2 2.40E-08
Y ZH 53 BEER M e E0 AR 1) 22 KL X 10 9 1 90E-07
Cellular Centromeric region of condensed chromosome ’
component i fk Nuclear chromosome 22 0 2.90E-07
WY Bk Condensed chromosome 13 2 6.00E-07

*R5 ETRERARKCHNKRBFRALIBESREBEFRIEEEEZEEFIKEGGHHIER (P <0.05)
Tab. 5 The significantly enriched KEGG metabolic pathways based on DEGs between PS NPs-treated and control
group of Paramecium bursaria (P < 0.05)

KEG?@E?@E% ik FIHDEGs) &AM HDEGsH]
o KEGGAUf il i HE HE PiE
Classification of KEGG metabolic pathway Number of Number of down-  P-value

KEGG metabolic up-regulated GEGs regulated GEGs

pathways
4T A i % Cell cycle pathway 7 0 3.95E-04
Hersrd Wi NEREDASE 5
Mitosis Phospholipase D signaling pathway € R HEAIS0
p5315 5@ p53 signaling pathway 3 0 1.75E-02
B F A S IO B (AT R
NI Z RS T ) O B2 D R i
ﬁiﬁgf Progesterone-mediated oocyte maturation pathway 0 5.49E-03
YR REAN AR A0 4> 2438 % Oocyte meiosis pathway 5 0 3.46E-02
ERRITESS RGIELLBDRIEE B
; 5 0 6.40E-03
Immune response Systemic lupus erythematosus pathway
B BLE U
Transmembrane  ~1F70 5 ?ﬂﬁ:z%ﬁ% 4 1 1.35E-02
ATP-binding cassette transporters pathway
transport
ME AR 48 % Purine metabolism pathway 4 1 3.49E-02
AR N J= s 1N SELY
i A R
Material L : . & 0 411E-02
. Arginine and proline metabolism pathway
metabolism

mEE AR % Pyrimidine metabolism pathway 2 1 4.30E-02
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Fig. 5 gRT-PCR validation of DEGs in Paramecium bursaria exposed to PS NPs. The error bars exhibit the standard

deviation of triplicate experiments.

*6 REEHEMMORBXNEEERRIZEE
Table 6 Major DEGs associated with cellular division of Paramecium bursaria

Fﬁ’%ﬁﬁ%? Z 51 g Bl
R IE R DEGsZ 514 MniE 5
HEHID [ e L PEesZ it
Gene ID Gene annotation Regula.tlon Life act|V|t|es.|r?| which DEGs
pattern in P. participate
bursaria

I [ iz 1L Protein phosphorylation

HE R
Protein phosphorylation

TRINITY_DN112328_c0_g1 ) F:45 11 Monopolar spindle 1 (Mps1) i Up

B3 L F R A TR B
BUB1 mitotic checkpoint serine/threonine il Up
kinase B (BubR1)

TRINITY_DN114966_c0_g1

TRINITY_DN11881_c1_g1 #fiffu[#}E&HB Cyclin B (CycB) i Up 4i i A HAMIE 2l Cell cycle initiation
A4 2L R 114 . DNA il 24
TRINITY_DN125485_c0_g1 g/ Givision cycle 14 (Cdc14) Eil U pNA replication initiation
A 53 2 JH 2 145 . DNAS il 46
TRINITY_DN14312_c0_g1 o givision cycle 45 (Cdc45) LEID G e e
JE AR B SR A . DNAK fill i
TRINITY_DN19636_c0_g2 Origin recognition complex subunit 1 (Orc7) £38 Up DNA replication initiation
TRINITY_DN25088 _c0_g1 3171% K Dynamin (Dnm) if Up 4RI #1E A Endocytosis
TRINITY_DN30090_c1_g1 Jt-tz 71 Son of sevenless (Sos) i Up 21 A JE 41132 Cell cycle regulation
ADPHZHE AL T . — .
TRINITY_DN38271_c0_g2 ARy o e () N1 Down  4fiJfa il #1145 Cell cycle regulation
P53 T AL AZL AT I 340 R T 11 /N IE 2
TRINITY_DN50778 _c0_g1 M2B ribonucleotide reductase regulatory i Up DNA% i DNA synthesis
TP53 inducible subunit M2B (Rrm2b)
Jit g 1 1) £ 1 p5 3 . - - o
TRINITY_DN56703_c0_g1 4 — ey R R (558) i Down  4iiffa A #if1 /S 3 Cell cycle initiation
TRINITY_DN6915_c0_g1  #oL#MFA Aurora kinase A (AurKA) i Up E iRz 1L Protein phosphorylation
. . N ) EHSIPRHE
TRINITY_DN79061_c0_g1 451 Calcineurin (CaN) i Up T o
TRINITY_DN89195_c0_g1 MW HElF2 Endoglucanase 2 (Eg2) ki Up W BEIK MR Glucan hydrolysis
F
TRINITY_DN99268_c0_g1 /- 190 L Up 4N Cell cycle regulation

Heat shock protein 90 (Hsp90)
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WIEEE, TR IO 328 X6 490 K 2% B ) SOR P 38 ABURR 1) 57 3
A0 BT 40K G SRR R B ML ER (AT 9T
AWFFEAEHEAT20 nm PS NPsX} 43¢ 25 i &k
B IG I R BIPS NPsx 458 d1/f124 h2FHIEHk
[ (24 h LCsyy) 415.93 mg/L, MPS NPsX} 45 )& th
124 his/NEBEHE (24 h MLC) 411.63 mg/L (|
2) . MU TERIPS NPs (Kif220 nm) X 47K i
flILCs, 336 mg/L ', IXANE{H /220 nm PS NPsxf
SR B HLC o BT 2015, 3X J Bt T 453 0 Jig Ha X 20
nm PS NPs/irf (U8 i T 2 4 i sh ¥ 4% K .
AEN, AW G EE3ET 920 nm PS NPs T4 &
BRI ARG 25 R R, UPS NPsIRIEZEKT
PS NPsx 4 & dMLCHS, PS NPs/ira i 44 5 i
B R AN B (HMPS NP L =T
MLCHT, PS NPs/ it X & B s b e K (0 52 i 4

IR (3D, 12.55115 mg/Lif [ 41 1 45 B g 5
7E0-12 hif B SR N F%, X B 7 7EIX -/ NMPS NPsik
R EE B —E AT R, 12.5 mg/LIR 4K
L PR B P R KR G 3R AT 2184 hil i sk
B TP ORI WA RS, 1115 mg/ Lk FE 40 i) 43 5 g
5 B P 1 K S 6 3 AT 1120 Wi 4 e S2 06 R4k
I UG 2 R, LI NI B 40 i 492 45 ) B A L J T
5 1 PR AR T R4 (B3 , XA IS ~PS NPs
PO S 453 B JE P I S B AR B P A T R P
Hil. Bz, SRR At B E RIS (PR K
I 4 R R LR E dPS NPsbba £ 4 i
K, GRS BTV PS NPsAEIER I ST 7T 4%
IR AR
3.2 PS NPs¥REE HA R REIERHLEI

PS NPs{2 N AW LI AAS R 5 A1 2

N EEDAS S %
Phospholipase D
signaling pathway

ADP-ribosylation
factor

Dynamin

'VVWV\;
3

CVWWWWWYWN

‘Cyclin B/Cdc2 complex‘

P53f5 5@ '
P53 signaling pathway

é S R
Cell cycle pathway

——» Cyclin B/Cdc2 complex |q---| ‘3
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[ s RE
Oocyte meiosis pathway
MAPKK

»

'I

p42MAPK

\ ‘ Cyclin B/Cdc2 complex bt -

0 Dwe] )

‘ Cyclin B/Cdc2 complex }¢ - --4:

ZAYRER A T (R G B 4 P i A
Progesterone-mediated oocyte
maturation pathway

El6 RAZIGMATHKL (PS NPs) 3 FE B HAMM D REXHS MRS BEAOM ). BEILEHERELRPS NPs; BHRLL R
PS NPsH] fit i i dynaminig 42 57 i £ 5 H 20 ik A\ LA ot XAk R 4RI A s i B SR 2R I i Sk ARG &, Pt
AR SEER I FTSRs IEAH G OR R, M E T B SEER IR B Sk SR IR O s B A SCAME R AR TS %, 10 BAT PR LB S SUAHE R R
AW TR S B (A QU % s LA SCAHE R A i 10 2 AR, Herp e R RIE BRI AT, I AARERIE T

Fig. 6 Perturbation of five metabolic pathways associated with cell division in Paramecium bursaria by PS NPs.
The solid black ball represents PS NPs; wavy line indicates that PS NPs may traverse the cell membrane of P. bursaria
via dynamin to enter its cytoplasm; double line represents cell membrane; arrows with a single solid line indicate metabolic
relationships, where red arrows indicate positive correlations and blue arrows indicate negative correlations; text boxes
with rounded corners represent metabolic pathways, while those with light red background are the enriched pathways in
this study; rectangular text boxes indicate key metabolic nodes within these pathways, where red text signifies upregulated
metabolic nodes, while blue text signifies downregulated metabolic nodes; dashed lines indicate that different metabolic
pathways have the same metabolic node.
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Yl iE H AR R, EAE AR T 0 i I BRI, % 2
M FIIZE AL 3BT o R 5 R B, PS NPsa A
BENAEIR R G, 3 i i B s, 9 78 K i o B R,
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NPsAE 7 fa 4 Y. PS NPsHIXFEE 151k TA
ITXTPS NPsfa o N\ fi Fe ml Ge e o), 2 A 41
P HATRES B HIPS NPsZERE A4 5t B i WL AH
el RART A IR, 4R S IR R AE BRI, A
WTERIN T IR ZR, TREXT TR ZREPS NPsR M A1)
BRI R —ENSHEME. F—NEEREPS
NPsfl 43¢5 8 I GTPases) /1% 1 (dynamin)

R B B (85) , MGTPasesh 1EH B4
GTP&E & E IR ME . FA MR VLA AL 5T, fg
EAYIB AN, JF 2 5MigEa SR NEER
A B T 20 WLsh & A A A g i AL R
HYENFEAR S T, 18 5GTPasesh 1& 1 H 4L 35 i R
AR, NIRRT EANGTPaseit . ) 1& A
KR VF 2 5 5 &P AP I CH i R 20 i 2
JEE) B S A, A0 HE 4 B P I8 i FE VR K 4H i 2 (an
SRR R 2R A4 1R 2R AR RIR A DA S 4= 40 i 2 ¢ (BRI
>3 , MGTPasesh & FAMEA “/r T 85 )]

e B2, &2 5 W AR R AE O 8 E B 50 B
TR A, X 4 R A A0 P 5T AT A S B 06 EE A
FAREL S AR R I T4 R thPS NPsAbFE 415 %}
MR ZH M DEGs & & 2] TATPZ & Gt ia ik (ATP-
binding cassette transporters) Qi iE # (£5) .
ATPZ: & Gt il i M ATPISE G /K g AIE IR #h
PRI & BIAN R A 1 5 I 1 1 R 5 53 T WL AR
FPOL JRASE A 2R SRR R B ES TR R A
JF ZHE R AMEMEYI . PS NPs/2 7 # fiGTPases)
NEAFEFMAMER N EER, L2 IKITATPE &
WS IS 3 N R B R A, B X M IE
BUSIFETTA 2, MAFdE— SR IT.

ERFEENE, fEE TSR LPS NPsib# 4
Ext IR M DEGs i # & 4 2 1 3 104 AL 6 18 2%
A5 S MMy R EEMK GRS, W AE
2257 24 1R 40 i R L T B DS 5 d % X p5 315 5l
P 55 3N 18 % AN V5 SR o R R R A R 1 R B
2 1 ok 28 R O BE 0 0 B oy SR A 20N S B, T X 54
T8 %R DL 22 RF iR SR E I (mitogen-activated
protein kinase, MAPK) 55 i@ i (MAPK signaling
pathway) ““ e )i B AERE (16) . PS NPsH[fE
IR MG DAE 5@ B H N GTPasesh T EHE A
SR B R AN G 5 2 ADP B SE L IR (ADP-
ribosylation factor, Arf) XA~ (&5, K6), Arf

LS E3Z R N (1157 p53FF ik 1 & H D
GG I FE I 1 AT OR3P R #0125 1 p 5 3,
30 A2 U0 ArfER IR T U = S 2 LA ) p 5 3 B 1 Uik
AT AR AT 40 A 1 2R B (Cyclin B) fl1p53
ZHH R R, — Bk, p53AICyclin BIfj#&
BRI, XA R AR AT A0
£ 3 Kp5315 5@ B 1 Cyclin BRI i (E5, K
6) . Cyclin BIfi¥ 54 i i #A d (A 4 st 1 i 2 (cell
division cycle kinase-2, cdc2) 45 & E A& 1K S 54
F oy 24 AR (1A 51, T E p5 315 B B 41 A
T JRE S R BE A T B I BRI A R R S
B RE 21 B ik K043 34 8 4% 45 4N i@ % Cycelin B-cdc2
HA RS AU (E6) . =2, PS NPs
A] e 2 i i 2 MAPKAE 5 18 B%AE 22 T (1) A8 oG A 5
R BN 7 ER 8t A0 o R Y, AR AN I AR
Cyclin B-cdc25 & 1k 7k HH %5 H 2L (1.

AT 5T T KEGG & £ 18 % 1) 73 T 45 R 4e vt
B o8 S A0 o> A DG 15 £ ZEDEGs X
A aTE B 2R (R6) &, PS NPsAl gt 41~ 3
Fipg A s A SR AL JE A 7 2. (D AR SR BPS
NPsXT B4 A 1 22 8 15 il 2 40 i o A G B
JR T R AR A5 B35 P S i o), i 2R R P R
R R 54 IE 5 3 T E MG, B 1
404> 4 M % 1) 3 EDEGsH A5 33K (MpsT.
BubR1)X AurKA) # ) s A BB R AL , i A 14 A

(CaN) Wl EE R LR AL, #tbHENIPS NPsHl g

S SR R L — e R S B R AR, i — B8
S ZAH R A NG 55 5 1%48: (2) DNAK)
A S S A R R RE Y, s E
Y B 4> AR 1 £ B DEGs 1 U5 Cde14. Cdc45k
Orc1%5 315 DNAS il 2 4f B A0 G [ 2L R J A2
E5DNAARHIZEE (Rrm2b) , X1 7RPS NPst A {E
TP 2R E dDNAR A RS 5% 240 i 7 3
FEAE LA (3D 4 4y 22 b 2 AR R R Bh A ok
SEPR, SRR dUS A1 4> R4 R S 1543 L DEGs
Hf 5N R 5 40 i A B R (CyeBHIp534:
K2 540 & 530, MiSos. ArflHsp90%534
SR R A0 E I 5D, X ULIPS NPsH g X 4k
L R P A e 0 — e AR FE R RS IR, e A Bl SR
& EL PRI 43 2R, T 24 D A P A o A s 4
B, PS NPs2& & E e sh A28 )45 f ALie,
T T 5 ) ) 240 L )0 2 A i B U4 B A ] A
FHIOCUEYE, A FRF 4k SR

H AR S AR EVE 2 AR se v e 1 AR B AN A M AR
B R AR T 2T RS TE B sh Y, X s zh )
TR & B B+ 8 SRR K AT o R
B, T T I 2R AN B S = A IR R )
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