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FHE: I Fi 4 )R B & H (Metallothionein, MT) X A= W) KT 5 4 8 B P 1K 2008, SRAS—Fh BAG 4 i g 52 PRI
K & T HU(Colpoda inflata) R ALFNEE, ZFPEFOOh I BT 52 10 mg/L, H & @M E A & =R I 55k
P BT MR K SRR IEM OCOC R . SRR & B IR 1 Col-MTI5E R, % I R 7 51 RS 5L R T B R AIE
MR, HoN4 B AR N F R 7a R 38 2« qQRT-PCREZIRAFSE, Col-MTIFEKTE6Oh. 84hA1108h=
AN ] X SRR R AR e 38 _E R FRIE, SRR 2 I R — 2 MR- R R . H TR HLENE A A
B . FRGE RN TR A IMTIEE R B R, it — PR C. inflata MTIERI Dy Rg, DL H T

S G MR AE B BOE T A

RBEIE: RS2 SmBiE A, T ERACREE K R
MEHS: 1000-3207(2023)08-1284-09

HhES S Q344 .1 SCERARIRES: A

HEJE RGP EE R R, M
HI R B &R s e R HEE E . IR R T
FOME R A AAR RSB AW B, FRd it ATl
KA e NISHERRE . TR, [ Sedi 1 = 2 R0N Al
VERMLEE 5 R pria s i F e 7 REM . ik
7 Y552 N A AL AR XG4 7 A 1) L AL, 17 42
it RS SR A G, AT LR S LU B I 3k
TR, RV RS e E A 1,

4 J& T & H (Metallothionein, MT)#E FK i) 72
FET A, OFFHEsIY . OFHEa. R
AEYI . YA, 3 HE 520%—30%F: bt
S W (Cysteine)' . ¥ AMTTE 19574 HiMargo-
shesZs "IN T 5 v 4y B 4B (L IRAR AR 45 & SR TR AR
H(Cd-MT), )5 o8 T HgmbS I . Dhag AR HL
IS 2 — o~ . MTEA @ERSTE, 2T
IR AR, IF 5 &R T R AR R ",
EAEMEN FEES 5 S ENIE PGS 15
O e N 0 AR o N1 )11 R
R P e b 24 4 Jad i B A 4 40 915N SR, B iR

ks B HA: 2022-04-19; 1817 HHER: 2022-06-23

A FEMT I RAE AL T 25 B 171 DY R 2
gt B TR B, BT
X3 R TaFTO AN 5, Fo R R HES ) 7 X
& BESLER A AR,

K & B (Colpoda inflata), & FET 1B )R
FRIRERAIRY, FEFR T AR 32, A 2 R s>,
CLAER FE A R BZIK B Tt B A B 4 U IR e 1,
FI B 4R 85 G IR RIR R R B e R, KR
BT HURR R AR G52 24 H AR KB 2 35 N R, SR
HEBRYIRE . 8. MR AT —
vk, 1 HAZ K S Y s AL e R, EAEA
Fo I 2 4 B s e it s et R SR T
Figt 17— FhI K T B 2R AR AR, X AR 52
PEASIG R I = T AR SR E KT, Xz A BRI &
TE s 4 it B 1 R N R B e R B
IR E By (A 2 —m Mok R, B e bE Tz
FhEFRIMTE R, 5 H R AAR 5 S R IE1E
BEAT T o3 AT, WD ERT I i A B AL, A
SRS A IR A FHALEI BT AL 5%

EEWE: WYNH R T RI(KQTD20190929172630447) %t ) [Supported by Shenzhen Science and Technology Program (KQTD

20190929172630447)]
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1 #R5ERZE

11 SERuy

Colpoda inflataBI R ES AL FF ENGIVEE
PRI C. inflataR 4 B o E 7R AL 355 1 (N 45°59
47", E 126°38'18"), [X 34 [% /K ££400—800 mm, 4
R N10C A, 4P 34pH 6.75. R “IEHE
Be bt i HEAT YD B 3R R gk, R4
T244L B IR, KB TR CK T B 22 KL, 1557
T2hE, RS efLE R, £E25 CIEIRIE DG
FE A AT Y KB 3R, AN A 1107 ind./
mLJ5 Al T 5286 . S StiAnEd B A LS
TEW)Z(SSU IDNAY AR L e WFh

FERF Taqi#(Easy Tag" DNA polyme-
rase). T, DNAJEF:HE. DNA Marker. 2244000
(Trans1-T1 Phage Resistant Chemically Competent
Cel)ly B AL 5 2 EDHARA IR A7 . RNASE
HiA 71 &5 (TaKaRa MiniBEST Universa RNA Extrac-
tion Kit) Rl % 53577 &1 (PrimeScript™ I 1st Strand
cDNA Synthesis Kit)ltJ § = 4= TREARAH,
I B HEBE B s DN A RIS 771 £ (TIANgel Midi Puri-
fication Kit). pGM-T b % i 77 & A TG N 2 2= 50k
KIZRAFN & (DP120)H B KRR E B A IR A A,
FLZH B S RN AR S 20 3865057 & (Single Cell Se-
quence Specific Amplification Kit)F1%% ) i€ & ik 7
#(ChamQ Universal SYBR qPCR Master Mix)i] 14
TURMERR A IR A F, ARG s R T AL AR
WIHARAG PR A ], LBR; I5 5 M £ 15 45 At 24
H ElgA TAY TREARGIRAF.
12 R MHAEN

A2 B 1 K AR DV R SRA B (= 99.5% 73 1T
afl), FC i Sk 2100 mg/LIRRE & H . £ BT KR
J& 713E KREST-RO-107 Hr RUB 4K AL B il . £
TSI, AR 32 SLU6 i BEBR BERE 92, 4. 6. 8
10 mg/L. 124K, BEFLIAN2 mLEG 7R, DK
FRLIFHER 100 C. inflata, TRN25C 18 i 18 75 1
FRAh, BENKERR A R R EIANER .
5l F24h. 48h. 72h. 96h. 120h. 144hFH168h%f
W B HOBEAT BT U BR C. inflata B FE) o
FLIF B EE S5k, &:k2.5 uL, FlHExcelfOrigin
201 85 A TH BLARIR A A B 16 4 R Ml IR 2 ) AR
2k, WK EIE AL r=(InN~InNy)/t,
No~ N3 5l R S 56 T 4 i 128 3o ¢6F 1] J5 A4 A
. R AR G=n2/ ),
13 ERMEASENE

WA R A FLARIC. inflata BAKES 023G

B, BB AR B2 91%10° ind./mL, #EATMT 2
HIWE . PN ZE T KPR AL 24h, 5 2k
N BV B, RS i T I B MT &
B E AR . AR5 FHPBS S i RIE U HUAK, J5
FH 241 P 24 f# W2 (20 mmol/LTris, 150 mmol/L NaCl,
1% Triton X-100, 1 mmol/L EDTA)Zf# 40, 7E4°C
F, 1000 r/min & 0> 10min, Y 5, H LT
4 B Wt £ Wl K A 9% o A iR AT MT & &2
5E . FFHIBM SPSS Statistics 21X} 45 kT2 7 B
Z MM, 7 Origin 20182l FEIK
14 SREWMEAERERE

S RNARE K cDNAA X T e B Al R
FEHI100 X C. inflata® T1.5 mLIES L F, 4C T
8000 r/min®y0>2minfF, F 2 BiGW. HIERNALE
AR G A D R AT Ve B R 15 51 I & IRNA, 28
S 4 W0 3 S i) e A AP IR 7E Mlicrotube H BC )
SNV A W Oligo dT Primer 1 uL, dNTP Mix-
ture 1 pL, #HRNA 5 pL, RNase free ddH,O 3 pL,
SRR N0 pLo B SEE65 C o T IRIRSmin/5,
UK _E IR A E . AR RNAAR M, 32 5 I i s )k
. £ _EiRMicrotube s H1C il e 5 5% SN Bk
AR JE S 10 pL, 5xPrimeScript 11 Buffer 4 pL,
RNase Inhibitor 0.5 uL, PrimeScript II RTase 1 pL,
RNase free ddH,0 4.5 L, B4k R 820 pL, 221271
G5 BHRAESOC KM N L, IRJE7E95C 5%
PR A FE Smin, AT R R PP T
UK A, BE S K B AE-20 C AR A7 4 H

SRRt S &K RIENCBIEUEEF A
A 1 VG DY R R MTHE R 1) 7 3045 2., AR H R 57 X
35 1 2 A %)) ) FH Primer Premier 5.0%0 4 1% 11 51
Y, L5191 N(MT-F): 5'-TGCAGGCAGAAGTC
TTTTCA-3', Fi# 518 (MT-R): 5'-TCACTGTTG
GATGCTCTTGC-3", H & /R A A= 0 B A 7
Ao

52 BE KM PLC. inflatal¥]cDNA AR,
& 5l IMT-F/MT-RY™ M T 5 51
PCRMAA Z: #HR 1 puL; B Fi#E5I44%0.5 pL;
2xTag MasterMix 10 uL; RNase free ddH,O 8 pL, &
A £20 uL. PCRY EFEFF: 94°C¥]4H 25 M Smin;
94°C A5 1E30s, B K 54°C 30s, 72°CIEMHI30s, L3514
FEFR; 72°C ZEAH5Smin. PCRHH 1.0% ) B i 7%
LTS DN, B AR R A TR AR AT, B S IE
(RIPCR =442 18 L5 e B T B e ke DNUA el Wi ik 1)
BAE UL, X H B AT VIR IR E . 2%
pGM-T b B i 422 700 & v 1 1 B 1520 B i 2 IR 0
B pGM-THAE I, ¥ N Trans1-T1E32 35401, 7
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TH &R 5 R KB R AT B T, Bk
MR P8 TR 7 3R 4T B 7 PCRASTI, () B %o LBYR A 85 7%
FEBATRE . EIATERPCRATI, H H AR % K
/N TE A B TR VR 2 0 IRV AL A A BR o w3k AT
Fy o
1.5 FMERFEIHN

| Prot-Param(http://web.expasy.org/prot-
param){EZR AP TF R E AW 0 T E. S & K&
Fo Al AH SCH BRALAE BT, F HI Prot Scale(http:/web.ex-
pasy.org/protscale/){E 2 F 73 Hr 8 H B SR 7K ML
B K% FlH Signa IP(http://www.cdb.dtu.dk/ser-
vices/Signa IP/)7E £ B AT BEAT 8 1 I AE 5 IR T
F|FH TMHMM 2.0(http://www.cbs.dtu.dk/services/
TMHMM-2.0/){EZ A 73t 8 B BB IR 5 k3
FHTASSER (https://zhanggroup. org/I-TASSER/) & [
AR TIN5 1 24544, FFH SWISS-MODEL(http:/
swissmodel. expasy.org/){E £k B A T 2 H — K 45
¥J; F| F ClustalW (https://www.genome.j p/tools-
bin/clustalw)f1ENDscript/ESPript(https://espript.ib-
cp.fr/ESPript/cgi-bin/ESPript.cgi) 31T & A 1) £ ¢
FIELXS LA K 7 BUARABA: 73 B o
1.6 RGEmEaE

& F F National Center for Biotechnology In-
formation(http://www.ncbi.nlm.nih.gov)7E £ 4 &
BEATFE N R S FIBLASTPEL ST, SR EXUAIC. inflata
MTHEPR 7 5L B 1 PR 31, 2047 2 55 41 B
xf, AL, B 5 s B R I B 73 52
HIRTE BEREAT VAl o FLOK, S AHAURE RA K FT A5
JEE H 73 W PPl e B 3 B0 5 71 ) 2 Fasta b XA 57
IS e a, R AFEMEGA-XIE A i KSR
ML(Maximum Likehood)#J #MT) R GL it AL, i3E
AP A4 72 5E 1% 5 1 FH Adobe Photoshop 20215044 3F
1T RS 4 AL B
17 SERPRIEEEPCR

AEERERIEE  SSN5OGE R B
A SIS v [ Y I MTEE DR BTt 5 W) AT SEBR BRI,
IEBIY N(MT-F): 5'-AGGCAAGAGCATCCAAC
AGT-3', N 5% N(MT-R): 5-GGGAGAAAACA
AGGGGAAAAGG-3'. VL4 £ HqRT-PCREZLH
¥ HIH18S rDNAE N 236, L33 45h(18s-
F): 5-AACCTGGTTGATCCTGCCAGT-3", it 5l
) N(18S-R): 5'-TGATCCTTCTGCAGGTTCACC
TAC-3',

qRT-PCRFEE KA A2 ] 918 51
VAT IR G, i B TUR 51 1% S I 29K B N
0.1 pmol/L), fENuclease free &0 F L B LK R

A5.0 uLIIRT-PreAmp Master Mix: 2xReaction Mix
2.5 uL, 0.1 umol/L Assay Pool 0.5 pL, RT/Tag enzyme
0.1 uL, Nuclease free ddH,O 1.9 pL. #K_ L& 5
L IS dufA, o5 B8 5, SRR UK R 2min,
4000 r/min®§ .0 2min, 37 B PCRACGEHAT 1Y, &
J650°C i % £ 60min, 95°C AP 3min, 95°C A
15s, 60°C3B K ZEMH15min, SEA2MEFR. 045
HUE, FEIMA20 uL ddH,O(H% I8 L 1 - 5%,
JievR 2], 3000 r/min 0>2min, 37 B i#E47 5 4E QR T-
PCRJX N o % 5 BEPCRX M AR R A: 2xCham Q
Universal SYBR qPCR Master Mix 10 pL, Primerl
(10 umol/L)0.4 uL, Primer2(10 pmol/L)0.4 pL, Tem-
plete cDNA 1.0 pL, dd H,0 8.2 uL, S 4& %20 uL.
NSRRI EEXS S B3N R EE S, IF ik
B ADBAYERE, SNAER A 95°C 3min 1A,
95°C 10sH157°C 308340, 95C 155, 60°C
60sH195°C 15s3L1/MEIR.

BB 2T R IR (R
#*iA &, A GraphPad Prism 808K 43T 1E K

2 %R

2.1 HEZKIColpoda inflatatPEE 3T 5RHIT =14

FESANIR EERR A SL IR 4R, C. inflata¥) R PI
o RPN A2 (B 1), SRR, 2.
45116 mg/LARAL TR C. inflata’t: K& IZE LA K,
X B K Y 24—72h, FE 720 B IA B i K
B, SR G PP REIE N IR 1. Hob, BT SO0 A i
FhBE RS R Em TX . 48h N ALBEALC. in-
SflataCHS /NF 56 R AL(FE 1), 48— 720 FACHS U 75
Xof MR A i K 3R R 48h N 4 mg/L AL FE 2 5% i,
48—72h, 6 mg/LALFLA 5% &

8510 mg/ L% b B 241 (1) A K iih 28 5 5% B A L
fiby S 56 ZH AN [R], 3 I A e Hi i K R 2 08 1 35 4E
Jei o X EUHE K h48—96h, SR JEHEN IR, 1F
96hik B FhEE e K, H.10 mg/LAL R 2 5 T8 mg/L
DA% sEo0dl . HIJS 18 2 1 3 Mo 36 KR AR
I, 10 mg/LAbFEZH AR A i i

zi b, 1052—8 mg/LIr 4R e A L, B8 E
TE R HOM K AL 5 7 2240, (HFREE & =%
£ A 8 K 2R 38 TR R B A R R, ATt B
5. B, ZRICHIX C. inflataFhFExT ik B 48
18 E AT 52, 96hix =i 32 4 fE 910 mg/L.

2.2 FEZKILColpoda inflatathEE & B HREAXTR
P8 B i 2

53 ARSI T ek HE 2L RN S AN AN [ v i 4 o 3 2L 7

24—96hif[H], C. inflata4I BB IMTHI & (K] 2). &
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—=— %R
—e— 2 mg/L
—a— 4 mg/L
—v— 6mg/L
—e— 8 mg/L
—<— 10 mg/L

YNt e
Cell density (x10° ind./mL)
o
T

0 24 48

72 96 120 144 168
i} [l Time (h)

BT REWRERMNE T C. inflatalt) K 2%

Fig. 1 The growth curves of C. inflata in different concentrations of cadmium solution

F 1 FEEREREBXTC. inflatath BRI 220
Tab. 1 Effects of different concentrations of cadmium on C.
inflata

o WRIZ panti iR FEEMKE U
(mg/L) Time (h) Nt (ind./mL) r G (h)
0 48 1300.00+141.42 0.07 10.09
72 4000.00+0.00 0.05 14.80
96 833.33+47.14 -0.07  -10.61
2 48 2733.33+£94.28 0.10 7.15
72 7022.50+22.50 0.04 17.63
96 2433.33+47.14 -0.04  -15.70
4 48 2433.33+47.14 0.15 4.62
72 8058.33+65.62 0.05 13.89
96 4450.00+40.82 —0.02  -28.02
6 48 433.33+47.14 0.12 5.57
72 5043.33+41.90 0.10 6.78
96 2866.67+94.28 —0.02  —29.45
8 48 61.67+10.27 0.07 10.34
72 1006.67+9.43 0.12 5.96
96 8015.00+21.21 0.09 8.02
10 48 32.50+0.00 0.15 4.78
72 415.00+21.21 0.11 6.53

96 12015.00+£21.21 0.14 4.94

R AR Se 3 A P MT & & T IR, (HR R
FERRAEAN A ] SR IMT & B AR LA 2 5. H
H10 mg/LAAWHE 4L 7E24h C. inflatakb TARIRIRZ,
RLIEEMT & S A B N0

BN P2 RO MIT 1 1 F 22 30 I 4 1 [ g 7
WA TS5 0l . B 1] BOAS [ 4R B I AMT 7%

BT R, WEREMTI S 25 M BN KX A
B8R 2R 1o 3K U8 B %R0 RE XS 45 0 v i
Z 1 5EMTHE #2405 (=0.51, P=0.03), HiERMTH)
FIE 554 18 R P RN B TR A %
23  Col-MTIEFZ K DNAFFIBY 52 M 9 FHHIE

FIHRNASE AT ZHLELC. inflata RNA, DA
RNA IR [ 5% 5% H cDNA, F|FIMT-FAIMT-R N
S|WvalC. inflatafk WMTHER, PCRY ™14 A X 45
IR EHE . B T IS 3 BC. inflata MTH:
A B A B D241 bp, Bl & 2= T A 530.12%,
T1524.90%, G1526.91%, C1518.07%, HFGCE &
1544.98% . B0 MR, I K IF U HE A
159 bp, 43T 5 £)°49.69 kD, “F-4)%5 Hi 5 4.96,
SR 8533, FENCBIEUE J# #1417 BLASTX
X, BT 51 5 g A DU IS e ) MTHE TR 7 51 AR
U IE $30.90% A & o ZFER Ay 44 N Col-MT1, 7
s B C LA ENCBIEK FE

FEVEIE M R I, Col-MTI1JF 55 HAh LT £ dt
LA T H A B S AR, 5 2 60 &
(Tetrahymena pigmentosa)~ F=[E VY& Hi(Tetrahy-
mena americanis)FH W) VU i 41 (Tetrahymena ros-
trata) I MTHE R 7 5 1E140—240 bp [R] P51 55
PRSFAL S0 HT BRI, Col-MT14 746 XXCXXAMXCCX
PINRSFAL L, AR COREIERR, XN A R -
24 Col-MTIEREREEBMINEES T

Col-MTIF: R ILgmtg 8 1N s JE /R, 1F HiLfif & 3k
FR(K. R)181, 522.2%, i fi AT A IE MR (D E)
O, 11.1%, Bi/KHEZIERR (A I. L Fv W, V)
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304, 537.1%, IR IERN. C. Qv Sv T. Y)
164, 519.7%, TRIWTEREER (G A. V. Ly D)
274, 1533.4%, HEGRRAERE. W, V)8,
9.9%, BRIEEIEMR(K. R, H)191, 1523.4%, MRk
AHEEB. D. E. N, Q. 2)111, 513.5%. Hi
IS M 45 B o Col-MT 19w ()& A i /K 1 X
WAL F42—T77aa, KM XA T5—41aa. AFR
E RHBUNS55.49, GRAVY £-0.273, J& T3 /K &
Fo 35 Mmm g R SRS 50K, RIE s g
g C. inflata)& T S MAED, Wi ZEAR T
S8 AT 4T 5 25 o T 2 R R R K B T, AR
ForihE AR

TASSERZE [ R BT Col-MT1#5 [ — 2 45
F, R a- B2 B-4T B AT LR, o5 L2
967.90%- 11.11%#120.98%. SWISS-MODEL T4
M Col-MT1E F 13D (A1 2544, RIMH HIEEK S
JE& Bk 2 5 5 A8 A BA 1 B s GMIQE 9 0.18, QME-
ANDisCo Global }40.53+0.12% %,
25 Col-MTIERERIEERMNRGH LD

P T Col-MT15: K 5] ML B¢ K ALLSR b
(" 3), B R EIR, Col-MT1H: P FE % 5 1 3k Py i
HUL B AU S kR B DU K/ A PR S A i SR
EENVIMTERF RN —F, RERRRE. 5
BE R SR RN 2 5 2 A i B ) BURE ) o
Sk R IR BT
2.6 $EXTCol-MTIERERIEMIES

FIH QRT-PCRXS 54 B2 48 i i 4 Col-MTIHE
60h. 84hAHI108h =/ [H] s FIATE HLEEAT T AL,
SR RW Col-MTIHERR T T IL T4 L fRIA .

T2 T4 mg/Lik B R 5 S 4E B35 (K 4).
60h%51% 5 K (Kl 4A), 2 mg/L4H Col-MT13 75 52 %t
FRZHI1.281%, 4. 6. 8A110 mg/LIALFEAL F Col-
MTI_FRZIE A NN, 58 2 ] 23
—EMFE- KR, (E84hiRHE S T (K 4B), 7£
2 mg/LIFJ AL FELH o Col-MT1335 R, 1557 4440 52
IR B3 1 i RIE, (H560h LKA
AL, BIRRIAREEFHK. 7E108hRMHE T (& 40),
AR Col-MT13¥ N LifRIE, B L5 50 i
i F-84h_ AR IA &, SRR B IR - RN 9% RIS -
3 Wit
3.1 Colpoda inflatatZT R ESEBMERXR
1R & a5 JIR B L, R CE ORI 2
K F BRI T A RS e A Y, MTR R
e G EGBINBAEE DN, e IKESEN
APEE. HATOCT E AR AMT R EAE L
HILE S5 AR B W A R A LI LD o DAAEI 9 K
BLC. inflataX Vi BA — s WM 2 L2, AT 50 9
T ARSI R IRACME R, 96hiif 5294 i h2—10 mg/
Lo 201348 RIE—FhC. inflataith JLFH R 45 e
96hiii 32 94 FF A 1.9—12.0 mg/L, 152 I K4t 5t i% Fh
TR UBEA TR NTIT I, AR IRIEMTH S/ ™,
DL Fry % I 5 b R 2 P T e R DUt o
o R i 52 o e PR A2 2R D e e, JCAE 48 B ie T 24h
[RILCso 4.0 mg/L"", T AHE 7t h 3K 43K C. inflata
FACFH AR M R 24hILCsois 3 T 12.0 mg/LE,
A WAZC. inflataPh X0 TR 52 14 8 H 5T 238
JE A S R B, AR SR — DA Se L i 2

CJ0 B 2mg/lL. E54mglL 2 6mg/L :IbSmg/L XY 10 mg/L
a a

16 ab

—_
~

- ab

—
[\8)
I
A\

e}

T = g s
MT content (x10* pg/mL)
)
T
o

pd
|/l Ll

(=)}

a

ab -

be %

d NI
ab

it

a
cd | N
a be N

N . d
N

— C
TJ.
EE
24

48

be
cd _-

[ [EAN BN
96

72

I} ] Time (h)

B2 C. inflatasJE RS FORAS (R4 FE4R 18 9 6h A i 13
Fig. 2 Responds of C. inflata metallothionein on different concentrations of cadmium in 96h
FZERLEM A by oy dbRVE, T _EFRRAT 2 R B MR X (P<0.05)

The significant difference analysis is marked with “a, b, ¢ and d”, no common superscript has significant difference (P<0.05)
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P 5 MT RO AR5 1F T 25 D0 AR 555,

BRI Ve 0 /NER B R 9T, A PR IR JEE PO 4
B B ImPoNsREREK . AW C
inflata B3I HAHARIRRAE, JCH Z8—10 mg/Li&
WEEAR G T, RILH s K, FIREEKN
MER . X5C. inflataft w5k LR MNE T B 0 HaE
BEN TR LUK AR e o WLk e,
A, GG E B HE A S BRI RRIE AL, £
S P ) 4 JR B A 1 S AR L R R AE I (AR AT
SN72h PSR B8 ) SR, (HAE K e R
(96h i), &R B & A& s A R R IR H AN B 35 1
TN, AE R () 385 K AT SR PR35, i B B FE AR HIR A
FhEEE KR W C. inflata B BHIPE R, HoT
VA AE B ML S fF i — D IR AL
32 Col-MTIH FHHESHRFESFRIE

RIGEEH IR C. inflata MT3: R 3E47 v FE A
I3 HT, A3 Col-MTIFERF 4. Hor 78 5P
5y 7R (8.2—19.3 kKD)YBEUNERIR, Z At 2
VY HL(17.944 kD). KWy DY i H(16.438 kD) Al
I [ DY ¥ H1(15.876 kD) IMT 43 T & AF & DU HL 43
TRMX 8], AT Col-MT1F 5| bt = Fft U fi5t
EFAE H Ay T ERMK. AN, Col-MTI15 1B
T I NYIMT 4> T 5 (6—7 kD), 551 AW 7
FEES 3 Col-MT1HER 11 ¥4 5% v, i RN B i 25
B, FE KA A MTHE R 25 v 453.5—6.0 ", Col-

MTIEARERT IR TSR ARG S
R PP fi5E e [R] RE  X CCX M X CX ¥ ok 52 % 1 57 7
HIPY T PN G A MT 2 T4 5 A
R 5T AKTMTIER otk 2 A &1,
AW FL R 2 (0 DI R (Tpig-MT1) FE#Y
T (M TTT) RN BT DU I H (Tp-MT 1A Tp-MT2) £ [
TERG TR 91 1A 5 s i R ), AL I gt e
(Tp-MTI1FITp-MT2) WERWUE R (MTTI. MTT3H!
MTTS). #GH5 IU J5 H (Ttrop-MT1)F1 K Wy Y fiE
(Tros-MTI¥ Fy7a i 8 B34 % 2505, 45
HCA-MTHEFiH, PR E 2 LLCCC. CCXH
RERERERGFE, HPCCCRATE T 7all R,
CCX[AFEH WF7ai 2, FE7TOW IR el . A
W 582 7 41 ek B ik 1) = 2% DU st 7 31 55 Col-
MT1FFIARAUE S s, I H = 45 DU B 5 3 2
HCCCHRIEME, Col-MTIHEHCCHE. I, C.
inflataff) Col-MT1%: R J& T 7a 7 B ) MTE R ™,
LI X AL U S e R 22 £, DY B e PR A 7 2 3R
BIMTIE R R IE B 58RI E A — KK R,
AR P 8 o e R [ 2Rk B 2 BN, { R R Rk
T IA B B K BB, [ A R R 5 4 0 2 TR R IA
DI TRE™ . AW FRE R B Col-MT1E
2 I8 B S A B R bl 20 I 1) 28 R B M — 2 A 9%
. WL qRT-PCRECAR 73 M ANC. inflataZH i
MTH R M RIEE AN, KIC. inflataFh A [H

93 ,—ﬂf%@ Danio rerio X97278

51

L 3E0 ¢ Danio rerio AAS00514

13 " /\Z Triticum aestivum AF470355

m

; 44 JBNE JLWE Drosophila melanogaster NM_176518

49

55

35

S Bl Drosophila melanogaster M16250
87 | AAHE MR Drosophila melanogaster NM_079575
SR HLWE Drosophila melanogaster K02314
33 L @ U b Tetrahymena pigmentosa AF479586
4‘— rhAEFEe Oxya chinensis KJ153014
W45 Lumbricus castaneus AJ010264
Ik 5T 1 Colpoda inflata*
71 E IR MEELE . Paramecium tetraurelia NW_001799255
73 VYR IME g . Paramecium tetraurelia NW_001799233
LU Tetrahymena malaccensis KU167648
50 | REINU R R, Tetrahymena thermophila DQ517936

ML
0.2

O Ui b Tetrahymena malaccensis KU167649

K3 HRAEAS RV R M T2 57 50 R e PR d K ALLSR R
Fig. 3 Phylogenetic tree inferred from different species of M7 gene sequences using ML
> fREC. inflata I A S50 F A ARACFIEE

“*” representing the northeast population of C. inflata used in this experiment



1290 K& A& Y ¥ 47 &

8 -
- 7E A k%
‘ ' g 6 L skskok
i B
% g3
RS 4r
EZst
= 5
T 2r
iniN ﬂ
o (L] .
0 2 10
%n(’f?)#
Cadmium concentration (mg/L)
4 -
B
=
.% 3t
2
X &
KB 2
2
oI =
LS
< 1t
~ k%
O 1 1 1 1
0 2 4
%n(ﬁt%
Cadmium concentration (mg/L)
3rcC . T
* *

AR Feh
Relative expression

0 2 4 6 8 10
i
Cadmium concentration (mg/L)
Bl 4 HAEE R Col-MTIZRIL R AL,
Fig. 4 The change of Col-MT1 expression under cadmium treat-
ment

AGRAL 3 5 60h; B.5R A0 f5 84h; CARALHE 5 108h
A. 60h after cadmium treatment; B. 84h after cadmium treatment;
C. 108h after cadmium treatment; *P<0.05, **P<0.01 and ***P<
0.001

KB MTER R LR L. MTEO S ®
TEFP IR I 2 R RS, 520 N MTH A
RIEEETEW 2 TR FR XA
C. inflataFP R SLIG A AP REAH L, Col-MTI1R R
R EIRAZBRNGS, 35050 4 & T X R4,
{EBE & I A, FhEE M S AE K IENTEIR, RS
MTHE R AN 8 22 18] PR 551 - RN Ok R B DS, I
A& TRE, XHXREREREMEDRZERR
i AL 2 —

4 ZEHip

AT IRAF —Fho 4 B A B m e 52 I C. in-
fataZ<AEFHEE, (EB HMT S H a8 iy 52 Y B3 A

Ko WEIRRC. inflata MTHER Col-MT1, 831t 53 Hr
SRR S R 1 SR AE, 1 HEMTHR N K% Ta i
Yo Itk — 2D E S DR 1 2R 08 52 3 B8 Tk R A
TR R R . Hr IR ALEE A fr it — 20t
o g AN TR AR B M TE R 58 e, A
WE—2B R C. inflata MTHEE R B3 68 2 AE L,
A B FH T4 75 G s AN BRI 48 &2 24 5 1 Bkt

SEHL:

[1] Almeida]J A, DinizY S, Marques S F G, et al. The use of
the oxidative stress responses as biomarkers in Nile
tilapia (Oreochromis niloticus) exposed to in vivo cad-
mium contamination [J]. Environment International,
2002, 27(8): 673-679.

[2]1 Park J D, Liu Y, Klaassen C D. Protective effect of metal-
lothionein against the toxicity of cadmium and other
metals [J]. Toxicology, 2001, 163(2-3): 93-100.

[3] Squibb K S, Cousins R J, Silbon B L, ef al. Liver and in-
testinal metallothionein: function in acute cadmium toxi-
city [J]. Experimental and Molecular Pathology, 1976,
25(2): 163-171.

[4] Cobbett C, Goldsbrough P. Phytochelatins and metallo-
thioneins: Roles in heavy metal detoxification and homeo-
stasis [J]. Annual Review of Plant Biology, 2002(53): 159-
182.

[51 KagiJH R. Evolution, Structure and Chemical Activity
of Class I Metallothioneins [M]//Suzuki K T, Imura N,
Kimura M (Eds.), Metallothionein III, Basel, 1993: 29-55.

[6] Coyle P, Philcox J C, Carey L C, et al. Metallothionein:
the multipurpose protein [J]. Cellular and Molecular Life
Sciences CMLS, 2002, 59(4): 627-647.

[71 Margoshes M, Vallee B L. A cadmium protein from
equine kidney cortex [J]. Journal of the American Chemi-
cal Society, 1957, 79(17): 4813-4814.

[8] Santovito G, Irato P, Palermo S, et al. Identification, clon-
ing and characterisation of a novel copper-metallo-
thionein in Tetrahymena pigmentosa. Sequencing of
c¢DNA and expression [J]. Protist, 2001, 152(3): 219-229.

[9] Ghoshal K, Jacob S T. Regulation of metallothionein
gene expression [J]. Progress in Nucleic Acid Research
and Molecular Biology, 2001(66): 357-384.

[10] Felix-Portillo M, Martinez-Quintana J A, Arenas-Padilla
M, et al. Hypoxia drives apoptosis independently of p53
and metallothionein transcript levels in hemocytes of the
whiteleg shrimp Litopenaeus vannamei [J]. Chemosphere,
2016(161): 454-462.

[11] Chang Y. Characterization and expression analysis of Cd-
metallothionein gene in the protozoan Tetrahymena and
construction of heavy metal biosensor [D]. Beijing: Uni-
versity of Hydrobiology, Chinese Academy of Sciences,

2014, 16-18. [ M. J5i 4= 347 VU 6 4 4 i T e 71 2 1A
HI4E5E . RIBIFIE R B & R AL RIS M [D]. b



8 AR E

TR T R e < J i T 1 B PR ) 36 0 5 S RIL

1291

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Rl 2ERE K2, 2014, 16-18.]

Dar S, Shuja R N, Shakoori A R. A synthetic cadmium
metallothionein gene (PMCdlsyn) of Paramecium spe-
cies: expression, purification and characteristics of metal-
lothionein protein [J]. Molecular Biology Reports, 2013,
40(2): 983-997.

LuJ G, Xu J, Zhang P X, et al. Analysis of functional
compensation of two different metallothionein subfami-
lies from Tetrahymena thermophila [J]. Acta Hydrobiolo-
gica Sinica, 2014, 38(2): 249-256. [ 5 &L, i, TKME=E
S g A DY I ek 2R AN IR < SR R AR R T REAMEE AT
[J]. ZKAEAE W24, 2014, 38(2): 249-256.]

Lu J g. Recombinant expression and functional analysis
of metallothionein MTTI and MTT2 from Tetrahymena
thermophila [D]. Taiyuan: Shanxi University, 2013: 7-9.
(A1), AR R &R EAMTTIAMTT2 I E A
RIEANTREHr [D]. KJE: (PR, 2013: 7-9.]

Li Y H. Taxonomy of ciliates from different types of soil
[D]. Qingdao: Institute of Oceanology, Chinese Academy
of Sciences, 2010: 1-4. [ZE R L. AN[FZEA L34 F H 4y
KEWA [D]. F & o ERF2ER G T, 2010: 1-
4.]

Abraham J S, Sripoorna S, Dagar J, et al. Soil ciliates of
the Indian Delhi Region: Their community characteristics
with emphasis on their ecological implications as sensi-
tive bio-indicators for soil quality [J]. Saudi Journal of
Biological Sciences, 2019, 26(6): 1305-1313.

Xu Z, Bowers N, Pratt J R. Variation in morphology, eco-
logy, and toxicological responses of Colpoda inflata
(Stokes) collected from five biogeographic realms [J].
European Journal of Protistology, 1997, 33(2): 136-144.
Bowers N, Pratt J R, Beeson D, et al. Comparative evalua-
tion of soil toxicity using lettuce seeds and soil ciliates
[J]. Environmental Toxicology and Chemistry, 1997,
16(2): 207-213.

Forge T A, Berrow M L, Darbyshire J F, ef al. Protozoan
bioassays of soil amended with sewage sludge and heavy
metals, using the common soil ciliate Colpoda steinii [J].
Biology and Fertility of Soils, 1993, 16(4): 282-286.
Campbell C D, Warren A, Cameron C M, et al. Direct
toxicity assessment of two soils amended with sewage
sludge contaminated with heavy metals using a proto-
zoan (Colpoda steinii) bioassay [J]. Chemosphere, 1997,
34(3): 501-514.

Zheng W B, Wang L, Wang X, et al. Dominant proto-
zoan species in rhizosphere soil over growth of Beta vulga-
ris L. in Northeast China [J]. Bioengineered, 2020, 11(1):
229-240.

Taylor W D, Berger J. Growth of Colpidium campylum in
monoxenic batch culture [J]. Canadian Journal of Zoo-
logy, 1976, 54(3): 392-398.

Zhang Y, Wang J, Geng X, et al. Does microplastic in-
gestion dramatically decrease the biomass of protozoa
grazers? A case study on the marine ciliate Uronema
marinum [J]. Chemosphere, 2021(267): 129308.

[24]

[25]

[26]

[27]

[28]

[29]

[30]

B1

[32]

[33]

[34]

[35]

Morby A P, Turner J S, Huckle J W, et al. SmtB is a me-
tal-dependent repressor of the cyanobacterial metallo-
thionein gene smtA: identification of a Zn inhibited DNA-
protein complex [J]. Nucleic Acids Research, 1993, 21(4):
921-925.

Guo Xiangxue, Shi Dingji, Ru Binggen. Metallothionein
and its studying trends in Cyanobacterium [J]. Progress
in Biochemistry and Biophysics, 1996, 23(3): 237-239.
[FRAEAE, JtoE ik, AR, TR ¥ D8 45 A T A 11 B LT
FERE [ ENES YRR, 1996, 23(3): 237-
239.]

Suhani I, Sahab S, Srivastava V, et al. Impact of cadmium
pollution on food safety and human health [J]. Current
Opinion in Toxicology, 2021(27): 1-7.

Trielli F, Chessa M G, Amaroli A, et al. Effects of organo-
phosphate compounds on a soil protist, Colpoda inflata
(Ciliophora, Colpodidae) [J]. Chemosphere, 2006, 65(10):
1731-1737.

Diaz S, Martin-Gonzalez A, Carlos Gutiérrez J. Evalua-
tion of heavy metal acute toxicity and bioaccumulation in
soil ciliated protozoa [J]. Environment International,
2006, 32(6): 711-717.

Zou T, Liu X L, Huang W D, e al. Effects of Cd’'.
Pb’'and Hg2+ on Colpoda inflata [J]. Hubei Agricultural
Sciences, 2013, 52(7): 1556-1560. [45#%, XI56H), #& P&
. Cd™\ PbT. Hg XK L 2 2T (1],
JeAb B, 2013, 52(7): 1556-1560.]

Ziller A, Yadav R K, Capdevila M, et al. Metagenomics
analysis reveals a new metallothionein family: sequence
and metal-binding features of new environmental cysteine-
rich proteins [J]. Journal of Inorganic Biochemistry,
2017(167): 1-11.

Vilas-Boas J A, Cardoso S J, Senra M V X, et al. Ciliates
as model organisms for the ecotoxicological risk assess-
ment of heavy metals: a meta-analysis [J]. Ecotoxicology
and Environmental Safety, 2020(199): 110669.

Zheng W B. The response mechanism research of heavy
metal cadmium on Colpoda inflata [D]. Harbin: Harbin
Normal University, 2020: 35-36. [XB4EM. IZAK B HUx
R B ) WA AL AT [D]. e RS MR ERITER
2£,2020: 35-36.]

Guo L, Fu C, Miao W. Cloning, characterization, and
gene expression analysis of a novel cadmium metallo-
thionein gene in Tetrahymena pigmentosa [J]. Gene,
2008, 423(1): 29-35.

Wang Q, Xu J, Chai B, et al. Functional comparison of
metallothioneins MTTI and MTT2 from Tetrahymena
thermophila [J]. Archives of Biochemistry and Biophysics,
2011, 509(2): 170-176.

Chen B. Role of extracellular polymeric substances from
Chlorella vulgaris in the removal of ammonium and or-
thophosphate under the stress of cadmium [D]. Xiangtan:
Xiangtan University, 2015: 20-22. [[5)%. B 4@ ia
T HANR G WAL/ N BREE S R B R B AE T [D).
T IR R 2, 2015: 20-22.]


https://doi.org/10.7541/2014.37
https://doi.org/10.3969/j.issn.0439-8114.2013.07.019
https://doi.org/10.3969/j.issn.0439-8114.2013.07.019

1292 K& A& Y ¥ 47 &

[36] Liu Y, Niu Y N. Research progress on cell dormancy of 46(25): 15-18.]
protozoan ciliates [J]. Biology Teaching, 2012, 37(10): 2- [41] Ru B G. New kind of food additive-metallothionein [J].
4, [R5, -Gk, JRAE ST B gl AR IR B R AT 7 3k Fine and Specialty Chemicals, 2002, 10(8): 15-16. [
& [1]. EW2E#E, 2012, 37(10): 2-4.] B, —FE e RIA—~&EREA U] a5 %

[371 Wu C, Chao Y, Shu L, et al. Interactions between soil FAE2E 5, 2002, 10(8): 15-16.]
protists and pollutants: an unsolved puzzle [J]. Journal of [42] Zhou Y, Li L, Ru B. Expression, purification and charac-
Hazardous Materials, 2022(429): 128297. terization of B domain and B domain dimer of metallo-

[38] Yang X B, Wang J T. Review of research on metallo- thionein [J]. Biochimica et Biophysica Acta (BBA)-Gene-
thionein in mammals [J]. Animal Husbandry and Feed ral Subjects, 2000, 1524(2-3): 87-93.

Science, 2009, 30(4): 134-136. [#R%), TR, HFL3) [43] Amaro F, del Pilar de Lucas M, Martin-Gonzalez A, et al.
Y& R E A P ARER [1]. B85 EREE 2, 2009, Two new members of the Tetrahymena multi-stress-indu-
30(4): 134-136.] cible metallothionein family: characterization and expres-

[39] Guo R. Heterologous expression and functional analysis sion analysis of 7. rostrata Cd/Cu metallothionein genes
comparison of two metallothioneins from Tetrahymena [J]. Gene, 2008, 423(1): 85-91.
elliotti [D]. Taiyuan: Shanxi University, 2016: 5-7. [F[5€. [44] Diaz S, Amaro F, Rico D, et al. Tetrahymena metallo-
VU s B Tetrahymena elliottitA B4 SRR & A HI 7 IR R IA thioneins fall into two discrete subfamilies [J]. PLoS One,
FIhae L [D]. A JE: 1P KE, 2016: 5-7.] 2007, 2(3): €291.

[40] Li TT, Zong J J, Gao X H, ef al. Research progress of [45] Santovito G, Irato P, Piccinni E. Regulation of metallo-
metallothionein [J]. Journal of Anhui Agricultural Sci- thionein (MT) in Tetrahymena: induction of MT-mRNA
ences, 2018, 46(25): 15-18. [Z¥F1%F, SRUGHS, =i 245, and protein by cadmium exposure [J]. European Journal
ERBEANRIERE [1]. ZHAL R, 2018, of Protistology, 2000, 36(4): 437-442.

IDENTIFICATION AND INDUCED EXPRESSION OF THE METALLOTHIONEIN
GENE OF A HIGH CD-TOLERANCE COLPODA INFLATA POPULATION

HOU Sen', ZHAO Xue', GAO Rong', WANG Ying', ZHENG Wei-Bin', WANG Li',
PAN Xu-Ming', REN Nan-Qi’ and CHEN Ying"’

(1. Key Laboratory of Biodiversity of Aquatic Organisms, Harbin Normal University, Heilongjiang 150025, China; 2. School of Civil
and Environmental Engineering, Harbin Institute of Technology (Shenzhen), Shenzhen 518055, China)

Abstract: Cadmium ranks first among the heavy metal pollutants under limited controll in water. Metallothionein is
one of the key proteins that can bind to cadmium and regulate the oxidative stress response of organisms. The protozo-
an MT has been reported in two ciliates, Tetrahymena and Paramecium. In this study, we obtained a northeast popula-
tion of Colpoda inflata with high cadmium tolerance. Metallothionein content of C. inflata showed a positive correla-
tion with cadmium concentration and growth rate of population in five gradient concentration of cadmium stress experi-
mental groups from 24—96h. The highest Cd-tolerance concentration was 10 mg/L in 96h. Metallothionein gene of
Colpoda inflata was cloned and named Col-MT]. The gene sequence and amino-acid sequence were analyzed. The re-
sults showed that Col-MT1 had high homology with the amino acid sequences of other ciliates, and contains two con-
served sites XXCXX and XCCX. It was a new member of subtype 7a of metallothionein gene family. TASSER protein
model predicted that the secondary structure of Col-MT1 protein was composed of a-helix, B-folding and random
crimp, accounting for 67.90%, 11.11% and 20.98%, respectively. SWISS-MODEL predicted that the 3D structure of
Col-MT1 protein was the most similar to that of cyanobacteria metallothionein. qRT-PCR experiment confirmed that at
60h, 84h and 108h, the expression of Col-MT1 gene was up-regulated to different concentration cadmium and showed a
dose-response relationship with cadmium concentration. The molecular mechanism of gene expression still needs fur-
ther study. Above results supplemented the MT gene database of protozoa and lay a foundation for revealing the mecha-
nism of C. inflata MT gene. As well as provide reference for monitoring and remediation of cadmium pollution.

Key words: Cadmium tolerance; Metallothionein; Northeast China population; Colpoda inflata
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